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Preface

The need for consistency in sensor calibration terminology, and the definitions for these terms, has been
an issue in the Earth observing community for more than two decades. With this volume, it is gratifying
to see progress in this direction; more so because ISPRS has taken a leadership role in its production. In
1998, the Committee on Earth Observing Satellites (CEOS) passed a Resolution requested by the terrain
mapping subcommittee of the Working Group on Calibration and Validation (WGCV) to form a Joint
WGCV/ISPRS Task Force on Radiometric and Geometric Calibration. For its part, Dr. George Joseph
(then President of ISPRS Commission-I, 1996-2000) drafted a white paper outlining why confusion arises
among various calibration terms used to measure spatial, radiometric, and temporal resolution of sensors.
He also suggested definitions for several of these terms. His white paper is published here as the lead article.

After passing the presidency of Commission-I to Dr. Stan Morain for the 2000-2004 Congress qua-
drennium, a profile of perceived expertise was created by ISPRS prior to organizing the first meeting of
the Joint Task Force. A founding group of some fifteen people convened at the Commission-I midterm
symposium in 2002, one of the outcomes of which was to schedule an International Workshop on
Radiometric and Geometric Calibration. Over 80 experts from seven countries met for four days in
December 2003 to discuss issues and methods for post launch calibration of infrared and visible optical
scanners (IVOS) onboard commercial and government satellites. Their discussions also touched upon dig-
ital aerial cameras, characterization of image quality, and design of field calibration sites and test ranges.
This volume is a collection of presentations forming the technical program for that workshop.

The volume addresses only a fraction of the complexity of calibration terms
and definitions. In the 2004-2008 Congress quadrennium, it is hoped that
Commission-I will continue this important work through incremental improve-
ments, and perhaps by expanding the Task Force’s scope to include the full range
of sensors.

John Trinder, President, ISPRS

Vil
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Foreword

It is now generally recognised that calibration is an essential component of any sensing system; however,
interest in the topic is limited to a few scientists who are directly involved. The December 2003 workshop,
the CD of technical presentations, the workshop report, and this published volume are designed to review
current activities in radiometric and geometric calibration, and to create discussion on this topic in con-
text of image quality, mapping, and data analysis. The topic is a wide one involving many organizations
and touching upon topics beyond just calibration. Standards are also involved, along with interoperability,
traceability of units, and the presentation of data. I was pleased to see representatives from all of these
communities at the workshop and I know that the discussions were constructive in preparing for the 20th
ISPRS Congress in Istanbul.

Working groups coordinated by Technical Commissions carry out the technical work of ISPRS. In the
2000-2004 quadrennium there are seven technical commissions and a total of 47 working groups. Five of
these working groups specifically mention calibration or standards in their terms of reference, and work
with organizations such as ISO and OGC in developing standards or collaborating in developing new pro-
tocols and techniques. ISPRS also works with other international organizations, is an Associate member
of CEOS, and also attends the United Nations Committee of Peaceful Uses of Outer Space. We also have
memoranda of understanding with IEEE-IGARSS and SPIE.

Many different committees and groups are involved in sensor calibration and image and data quality
assessment. The CEOS Working Group on Calibration and Validation (WGCYV) is one. In this working
group, several national space agencies and national standards laboratories are represented. ISO and OGC
are also involved, as is the wider international community of photogrammetry and remote sensing, repre-
sented by ISPRS, and other organizations. It is essential that these bodies work together, not only to
advance the science of calibration, but also to gain a better understanding of each others’ perspectives on
the topic and to avoid duplication of effort. With so many new sensors, calibration and inter-comparison
is increasingly important. We should also note that new digital aerial sensors and LiDAR create new
challenges.

One of the components of the December 2003 workshop leading to this volume was a set of in-depth
discussions conducted by the Joint WGCV/ISPRS Task Force. This group arose from a conviction that
commercial satellite data providers and space agencies should present data about sensors in a way that
would ensure one’s ability to intercompare sensors and products. This conviction was later formalized in
a resolution of the CEOS Plenary, leading to the creation of the Task Force. The basic task could be con-
strained simply to listing parameters in a uniform way, but the implications are much wider.

Finally, I would like to thank Stan Morain and Amelia Budge for the effort
they have invested in producing this volume. They brought together a formida-
ble group of experts covering a wide range of topics for the workshop, then
coordinated and edited the manuscripts published here. I would also like to
thank Karsten Jacobsen, University of Hannover, and Manfred Schroeder, DLR,
for their valuable services as consulting editors; and both NASA and USGS for
their financial and scientific support for the meeting and the book.

Ian Dowman, Secretary General, ISPRS
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How well do we understand Earth observation electro-optical

sensor parameters?

G. Joseph

Former Director, Space Applications Centre, ISRO, Ahmedabad, India

ABSTRACT: There is a strong need for consistency in terminology, definition of terms, and measurement
techniques for Earth observing sensors. It appears that none of these conditions is met by either governments or
industries currently involved in developing sensors, designing in-flight or on-orbit calibrations, measuring the
performance of sensors, or characterizing the geometric or radiometric quality or products they produce. The
paper presented by Dr. George Joseph in 1999, while serving as the President of ISPRS Commission-I, sum-
marizes the issues surrounding these inconsistencies, and forms the basis for creating the Joint ISPRS/CEOS-
WGCYV Task Force on Radiometric and Geometric Calibration [editor].

1 INTRODUCTION

Extensive use of Landsat data for monitoring and
managing various resources, along with detailed field
and laboratory studies, have pointed out the need for
Earth observation sensors of improved performance.
Users are demanding data with better spatial, spectral,
radiometric, and temporal resolution. Improvements
in the quality of data products also are required, espe-
cially in the area of geometric (location/internal dis-
tortions) and radiometric accuracy (absolute/relative).
For many applications like disaster monitoring/miti-
gation and agriculture, quick delivery of data is
demanded.

2 SPATIAL RESOLUTION

Spatial resolution is a parameter often mentioned but
little understood. Is spatial resolution the smallest
object one can discern in an image? Experience shows
that in Landsat TM imagery one can see roads with
widths much narrower than the specified resolution
of 30 m, provided there is adequate contrast with sur-
roundings bordering the road. Sensor designers refer
to this as the instantaneous geometric field-of-view
(IGFOV). IGFOV can be defined as the geometric size
of the image projected by the detector on the ground
through the optical system, often called “pixel foot-
print.” Any optical system reduces the contrast in the
image compared to the contrast of the objects imaged.
This is expressed as the modulation transfer function
(MTF). The question is: whether it is justifiable to
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specify the sensor quality just in terms of geometric
projection without any consideration of the contrast
reduction it produces? How does one judge image
quality of different sensors with the same IGFOV, but
different MTF? Keeping this in mind, a concept of
effective instantaneous field-of-view (EIFOV) was
developed by NASA (1973). EIFOV is defined as the
resolution corresponding to a spatial frequency
(ground resolution) for which the system MTF is 50
percent. This concept appears to be a good measure to
compare different sensors. However, if the MTF curve
shapes are different, the EIFOV may not be a good
indicator for intercomparison of sensor quality.

The NASA concept did not gain popularity amongst
sensor designers. To add to the confusion, yet another
term was added: ground sample distance (GSD). That
means that data can be generated by sampling at cer-
tain specified ground distances (although GSD is
sometimes used as a synonym for IGFOV). Consider
the pushbroom sensors currently used in many (espe-
cially high-resolution) Earth observation systems.
In the along-track direction, if radiometric and elec-
tronic performance allow, the GSD can be made smaller
than the IGFOV to achieve better image quality because
of reduction of smear. Does across-track performance
improve just because, the data are resampled at
smaller intervals compared to IGFOV? Can 5 m IGFOV
sensor data, sampled at 1 m, have the same perform-
ance as a 1 m IGFOV sensor? What is the maximum
allowable ratio of IGFOV over GSD?

Generally, MTF is considered as an indicator for
how sharp the edges are after contrast reduction dur-
ing imaging. However, MTF is also a measure of how



accurately the actual radiance from a pixel is mea-
sured, since a lower MTF indicates contribution from
other pixels to the pixel under observation (and vice
versa). Consider an object with 100 percent contrast
(white surrounded by black objects). When the con-
trast in the image space is 10 percent, only 10 percent
of the actual energy is measured. This could lead to
problems in multispectral classification, since the
radiance of a measured pixel is dependent on the
nature of adjacent pixels. Thus, the same object with
different surroundings will have different signatures.
This concern was raised by Norwood (1974).
Therefore, the question is: what is “radiometrically
accurate IFOV?” Let us define this as the resolution
for which the MTF is higher than 0.95.

Thus, the instrument designer should specify three
parameters relating to resolution: (a) IGFOV; (b) radio-
metrically accurate IFOV (RAIFOV); and (c) MTF at
IGFOV. For completeness, the designer should also
give the sensor swath, i.e. the total field-of-view
(TFOV). All this should be referenced to orbit height,
or expressed in terms of angular measures.

3  RADIOMETRIC RESOLUTION

Radiometric resolution is the noise equivalent
reflectance (NEAp), or temperature (NEAT). This can
be defined as the minimum change in reflectance
(temperature) that can be detected by the sensor. It
depends on a number of parameters such as the sig-
nal-to-noise ratio (S/N), the saturation radiance set-
ting; and the number of quantization bits. Satellite Pour
I’Observation de la Terre (SPOT) has an 8-bit quanti-
zation, while the Indian Remote Sensing Satellite
(IRS) Linear Imaging Self-Scanning Sytem (LISS)
cameras have 7-bit quantization. In principle, both can
have the same NEAp for a specific reflectance radi-
ance, if S/N and saturation setting are properly cho-
sen. Current systems are being designed with 11 or
more bit digitization. Such systems, unless they have
a corresponding S/N, do not imply a better radiomet-
ric resolution. This is illustrated in Table 1.

Table 1. Comparison of design parameters for two sensors
and the trade-offs in instrument performance.
Parameters Sensor-1 Sensor-2
Saturation radiance (SR) 20 35
(mW/cm?/steradian/pm)
Quantization (bits) 7 8
Radiometric Sampling
Interval (RSI) 0.16 0.14
System S/N at SR 120 150
NEAp 0.17 0.23

Sensor-2 can sample at a smaller radiometric inter-
val compared to sensor-1 and has a better S/N at the
saturation radiance. However, sensor-1 gives a better
performance in terms of the noise equivalent radiance
at the saturation radiance. Thus, the radiometric reso-
lution capability of an instrument in terms of quanti-
zation does not necessarily increase the accuracy with
which it can measure radiance. Nevertheless, a higher
number of bits increases the dynamic range, so that
measurement of highly variable objects like oceans
and snow can be made without changing the gain.

It is suggested that designers give not only the num-
ber of bits to which data have been quantized, but also
the NEAp . For example, one should state that “the data
are quantized to 12 bits, (with NEAp X mW/cm?/stera-
dian/pm for Bands 1, 2, 3...).” Many users may not get
an adequate sense of a sensor’s radiometric quality
using NEAp . It may be easier to compare sensors (and
to get a real feel) by giving the S/N at two radiance val-
ues. In addition, S/N is a measured quantity, whereas
NEAp is a derived parameter. It is suggested that for
land observation sensors, the lower values of the radi-
ance unit per micron (R;) may be selected as SmW/
cm?/steradian/pum for the VNIR region and 1 mW/
cm?/steradian/pum for SWIR. The upper reference level
(Ry) may be set as 25 mW/cm?/steradian/pm for VNIR
and 5mW/cm?%steradian/pm for SWIR. The lower
value has been chosen based on average vegetation
reflectance, while for ocean observation a 10 times
lower value has been chosen.

Spectral bandwidth is another important sensor
parameter. Each band is defined in terms of a “cen-
tral” wavelength and a bandwidth. When one says that
the TM band 1 is 0.45-0.52 pm, what does this really
mean? In an ideal case, the system response should be
1 between 0.45 and 0.52 wm and 0 for wavelengths
outside this range. Of course, this is not practical.
There are a number of ways in which effective band-
widths are expressed. Usually, bandwidth is defined
as the 50 percent value on either side of the peak value
on the lower and upper cut-off. However, for any prac-
tical filter, there is ‘ringing’ in the pass band, making
it difficult to identify the peak value. Palmer (1984)

Table 2. Comparison of the Palmer moment and full-
width, half maximum (FWHM) methods.
Moment FWHM

TM Band e AN e AN

1 486 71.5 485 66.1
2 571 88.7 569 80.6
3 660 77.1 659 68.7
4 839 134.9 841 129.1
5 1678 227 1676 216.9
7 2217 269 2272 250.2
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suggested a technique called ‘moments’ to compute
\. and A\ . Table 2 taken from Palmer’s paper shows
the comparison between the two methods.

While A\, almost matches in both cases, there is
about 8-10 percent difference in AN . Since the radi-
ance received by the sensor is computed by multiply-
ing the source radiance and the spectral bandwidth,
the same instrument can give a different transfer
function (radiance to count), depending on which way
AN is calculated. Therefore, there is a need to use a
universally accepted methodology. Palmer’s moments
method is more apt since this is independent of the
ringing effect.

On another issue, what about the response below
and above the 50 percent points? How do these
responses affect radiometric accuracy? This is very
important, especially when the spectral resolution is
high, as in the case of ocean color sensors. However,
there are practical limitations in the reduction of the
out-of-band response that depend on the filter fabri-
cation technology and the filter design. Here, the out-
of-band contribution is referred to as the total system,
which is a convolution of the response of filter, detec-
tor, and optics.

4 TEMPORAL RESOLUTION

For LANDSAT 1-3, any part of the globe (except
around the poles) was imaged every 18 days. The
images so taken have the same instrument view-
angle for any location, which is important so that bi-
directional reflectance distribution function (BRDF)
differences do not influence the data. With the launch
of SPOT, the term “revisit capability” was added. This
novel concept is an excellent idea to image a particu-
lar place at shorter intervals than the temporal resolu-
tion of 26 days by across-track tilting of the sensor.
The revisit capability should not be misconstrued to
temporal resolution (also called “repeat coverage” or
“repeat cycle”). The revisit of a location is carried out
at the cost of not acquiring data over some other loca-
tions, and at viewing angles off-nadir. Can one ever
have a coverage of the whole globe within a specified
time duration, as was possible with Landsat, if the
revisit capability is exercised?

It is suggested that sensor manufacturers give both
repeat and revisit periods. If sensor pointing cannot
be changed, then repeat and revisit periods will be
same.

5 DATA COMPRESSION

Especially with high resolution imaging, the generated
data rate is quite high and has to be compressed so that

Copyright © 2004 Taylor & Francis Group plc, London, UK

the transmitted data are compatible with transmission
technology. The effect of compression influences end
use of the data. One should not compare the panchro-
matic data compression performance with that of
multispectral data compression. In high resolution
panchromatic imagery, one is generally trying to iden-
tify an object by shape, so a loss of data at random does
not affect very much the end application, except per-
haps the accuracy of stereo matching. On the other
hand, when one is using multispectral data for classifi-
cation, the affect can be quite different. Suppose there
is 5 percent error in one band due to compression.
Since the error is random, it need not be the same for a
given pixel in all bands. Thus for a four band multi-
spectral analysis, the accuracy is (0.95)* = 0.81. Thus,
this will be the dominant error in classification. It may
be more prudent to have a lower number of bits per
pixel consistent with radiometric quality so that the
compression error is less. Therefore, both the optimum
number of bits per pixel and the data compression
technique are important for radiometric quality of the
image.

Table 3. Suggested mandatory parameters to be specified
by the sensor manufacturer (for Earth observing sensors).
Parameter Metric
1. Instantaneous Geometric Field IGFO,
of View (IGFOV) IGFOV ¢
2. Radiometrically Accurate IFOV RAIFOV
(RAIFOV) RAIFOV ¢
3. Ground Sample Distance (GSD) GSD,.
GSDy¢
4. Swath (TFOV) mrad
5. SWR at IGFOV SWRiGrov AL
SWRGrov ac
6. SWR at GSD SWRGsp AL
SWRGsp ac
7. Band to band registration
8. Central wavelength A
9. Band width AN
10. Percent of out of band
response
11. Saturation radiance mw/cm?/Strad/p
12. Quantization bits
13. S/N at Ry; Rp
14. Radiometric accuracy (a) Absolute
(b) Relative
15. Data compression RMS error*

16. Polarization sensitivity
17. Revisit period (a) 0° Latitude
(b) 40° Latitude

18. Repeat period (° off-nadir?)

AL — Along-track, AC — Cross-track.
* The compression error depends on the scene, so one may
refer to scene qualitatively as urban, farm land, etc.



6 CONCLUSIONS

Sensor designers should, among other things, specify
the parameters given in Table 3. The specifications
mentioned in the table are those measured at the sensor
level; but the user is also concerned with product
specifications like location accuracy, distortions, and
post-launch calibration techniques.

In context of increasing relevance and dependence
on data fusion from several sensors, the calibration
community should identify a set of sensor parameters
that, if standardized globally, would ensure maximal
retrieval of information. The intrinsic capabilities of
the sensors should be transparent so users can make
their choice depending on their needs. The next step
should be to formulate standard procedures for mea-
surement of each of these parameters.

Copyright © 2004 Taylor & Francis Group plc, London, UK
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Metrology for remote sensing radiometry

B.C. Johnson, S.W. Brown & J.P. Rice

Optical Technology Division, National Institute of Standards and Technology, Maryland, USA

ABSTRACT: Metrology, the science of measurement, is discussed in terms of measurements of radiant flux
and associated quantities. Radiometric measurements are naturally remote; that is, they are non-contact. One
broad application lies in Earth science, where global measurements using satellites are spatially and temporally
efficient, and sufficiently long term, to provide information on climate and global warming. Accurate radiometry
requires a thorough understanding of the measurement problem, a complete description and understanding of the
instruments, and mechanisms for comparing and assessing results. Here, an introduction to useful terminology
and review some of the National Institute of Standards and Technology (NIST) activities are given in support of

remote sensing.

1 INTRODUCTION

Measurements of radiant flux from the Earth, Sun,
Moon, or planets using optical instruments deployed
remotely are used to determine a wide range of phy-
sical parameters. For the Earth-Sun system, a critical
long-term goal is to acquire an accurate and detailed
understanding of processes affecting global climate
change, in particular the role of human activities.
From radiometric data, it is possible to study and
quantify the Earth’s temperature distribution, energy
budget, properties and dynamics of the atmosphere and
oceans, land use, carbon cycle, and other systems that
relate to climate. The accuracy of these data depends
on the radiometric calibration and characterization of
the instruments involved. Recognizing the stringent
requirements for radiometric stability and accuracy,
and the difficulty of radiometric measurements, veri-
fication activities involving experts in metrology are
needed.

This paper is a brief description of radiometric
metrology with emphasis on remote sensing for the
spectral interval from the ultraviolet (UV) to the thermal
infrared (TIR). First, some background is provided on
metrology, followed by terminology and definitions.
These are followed by examples relating to character-
ization, calibration, traceability, and validation.

2 NATIONAL METROLOGY INSTITUTES

The International System of Units (SI) is the metric
system of measurement for scientific, technical, and
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commercial endeavors. Adopted internationally, the
SI defines base and derived units, and an associated
system of physical quantities (BIPM 1998). National
metrology institutes (NMIs), with an eye towards pub-
lic safety, science, technology, and the global market-
place, realize these quantities, perform research to
improve their experimental and theoretical foundations,
establish methods to disseminate their values to users,
participate in international comparisons and related
activities, and carry out specialized activities such as
measurement assurance programs. In summary, NMIs
represent the expertise in metrology. International inter-
actions among these organizations (such as through
the Treaty of the Meter) help ensure the robustness of
global measurement science. This is necessary for
international activities in science such as climate
change monitoring.

The NMI for the USA is the National Institute of
Standards and Technology (NIST), a non-regulatory
agency in the Department of Commerce’s Technology
Administration. The measurement and standards labora-
tories within NIST interact with users through various
established mechanisms, such as: 1) calibration serv-
ices; 2) standard reference materials; 3) reference infor-
mation; 4) databases; 5) special publications; 6) training
courses; 7) workshops and conferences; 8) cooperative
research and development programs; and 9) special tests
that are typically an extension of an established calibra-
tion service. In addition, collaborative efforts between
various USA federal agencies and NIST are under-
taken in areas of national interest or broad scope, such
as defense, health, or global climate change. Similar
NMI functions and activities exist in other countries.



Several agencies involved with remote sensing for
environmental applications have started or expanded
radiometric collaborative efforts with the Optical
Technology Division (OTD) in the Physics Laboratory
at NIST over the past decades. The advantage to these
programs includes independent validation of their
methods by direct measurement and access to metro-
logy programs that are permanent. NIST benefits
because the often difficult measurement problems
faced by users lead to incorporation of improved tech-
nologies, which are then available for all to use, as
well as increased sophistication in the NIST expertise.

The spectral interval discussed in this paper is from
about 0.3 wm to 20 wm. In terms of radiant flux from
the Earth, it covers much of the reflected solar and a
portion of the emitted thermal radiation. This spectral
region overlaps with the measurement programs in the
OTD. The needs of the remote sensing community in
other regions of the electromagnetic spectrum are also
served at NIST, but not discussed here. For example,
the NIST Synchrotron Ultraviolet Radiation Facility
(SURF) is used to calibrate sensors for solar physics
(Woods et al. 1993). In the microwave region, NIST is
developing a calibration/validation program with the
National Polar-orbiting Operational Environmental
Satellite System (NPOESS).

3 METROLOGY OF RADIOMETRY

A brief introduction to this topic is presented here. For
additional descriptions of the NIST activities in remote
sensing, see Rice & Johnson (2001) and Brown &
Johnson (2003).

3.1 General terminology

It is necessary to begin with terminology. A frequently
used phrase is “NIST-traceable.” But what does this
mean? The definition recommended by NIST and other
NMIs is from the International Vocabulary of Basic
and General Terms in Metrology, known as the VIM
(ISO 1993a). Traceability is defined as the property
of the result of a measurement or the value of a stan-
dard whereby it can be related to stated references,
usually national or international standards, through
an unbroken chain of comparisons all having stated
uncertainties. It is NIST policy that for claims of
traceability of measurement results, or values of stan-
dards, the provider is responsible for documenting
support of the claim, and the user is responsible for
assessing the validity of the provider’s claim. These
verification steps may not involve NIST; but, if they
do, the procedures can be selected from existing tools
or made specific (e.g. a joint radiometric calibration
program).
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Proper assessment and statement of uncertainties
is required for the measurements used to establish
claims of traceability. Evaluation and expression of
uncertainty is often an area of confusion, and it is not
unusual to have incomplete information on this topic
stated by the provider, or reported by the user. Fortu-
nately, again one can turn to international documents,
in this case the Guide to the Expression of Uncertainty
in Measurement, known as the GUM (ISO 1993b).
Other useful documents are available from NCSL
International (NCSL 1997 & 1995) and NIST (Taylor &
Kuyatt 1994).

The VIM, GUM, and related documents provide
clear definitions and recommendations of usage for
common metrological and statistical terms typically
encountered when describing the results of measure-
ments; examples include error, uncertainty, accuracy,
and repeatability. For example, the term “combined
standard uncertainty” refers to the combination of the
uncertainty components with consideration of their
interdependence, or correlation. Uncertainty compo-
nents can be distinguished as Type A or Type B. Type
A uncertainties are evaluated using statistical methods
and Type B uncertainties are evaluated using models
or other external information. The term “standard
uncertainty” refers to an estimated standard devia-
tion. Type B components of standard uncertainty are
evaluated to be equivalent to one standard deviation.
The expanded uncertainty is the product of the com-
bined standard uncertainty and the coverage factor £,
where the value of & is chosen based on the desired
level of confidence (typically k£ = 2). In reporting the
uncertainty for a measurement, the components of
standard uncertainty should be listed and their desig-
nation stated (A or B). It should be clear if the final
result corresponds to a combined standard or expanded
uncertainty, and, if the latter, the value of the coverage
factor.

For more information on terminology, including
how to acquire the reference documents, see the NIST
Technology Services Division website (http://ts.nist.
gov/).

3.2 Radiometric quantities

3.2.1 Radiant energy quantities

Three radiant energy quantities are discussed that are
significant to remote sensing radiometry, but other
quantities exist. For a more complete discussion, see
Hengstberger (1989), DeCusatis (1998), or McCluney
(1994). The distinguishing features for the quantities
are with respect to the geometry of the measurement
situation. The first, radiant flux or radiant power, is
simply the total amount of power in a defined optical
beam, measured in watts. When measuring optical
power with a simple radiometer consisting of an aper-
ture in front of a detector, the optical beam must be



well defined, such as from a laser, and it must underfill
the aperture.

More generally, the optical beam of radiant flux at
the detector is constrained by the geometry of the
source and the radiometer, and this leads to the second
and third radiant energy quantities — irradiance and
radiance. Irradiance is radiant flux per unit area, with
the reference area located with respect to the radiome-
ter. For the simple radiometer described above, let
radiant flux, such as from a distant point source, over-
fill the aperture. If the spatial distribution of the irra-
diance is uniform across the aperture (for this case it
should be), then the irradiance from the source at the
location of the aperture is the radiant flux measured by
the detector divided by the area of the aperture. An
example from remote sensing is determination of the
solar irradiance at the top of the Earth’s atmosphere,
e.g. Lawrence et al. 2003 & Frohlich et al. 1995.

Radiance is radiant flux per unit area per unit solid
angle. Fundamentally, radiance is a differential optical
beam concept, and the direction of the beam is part of
the definition. For radiance, the area of interest is the
projected source area in the viewing direction. The
solid angle (unit steradian) is an example of a SI
dimensionless derived unit. Typically in radiometry, a
pair of apertures separated by some distance defines the
solid angle. If both apertures are filled by the source,
radiance is measured, since both the cross-sectional area
and angular extent of the beam have been defined. An
example from remote sensing is the radiance of the
Earth in the TIR, from which the thermodynamic tem-
perature can be determined using Planck’s Law, if the
emittance is known, e.g. Moeller et al. 2003, Minnett
etal. 2001.

3.2.2  Material properties
Quantities describing the optical properties of materi-
als are also of interest to remote sensing radiometry.
Examples are reflectance, transmittance, and emit-
tance. Quantification of material properties is neces-
sary to realize of radiometric quantities. In addition,
prior to final sensor assembly, it is often important to
determine the optical performance of critical compo-
nents such as filters, mirrors, beam-splitters, or lenses.
The elementary reflectance quantity is the
bi-directional reflectance distribution function (BRDF),
which is defined as the ratio of radiance leaving a
target to the irradiance incident on the target (Barnes
et al. 1998). Samples subjected to BRDF studies are
typically “diffuse,” that is, flux incident from one
direction is scattered into the entire hemisphere. The
reflectance of mirrors, which are highly specular, does
not have to be measured for all exitant angles in the
full hemisphere at each incident angle, although
in some critical applications this is necessary. In
general, reflectance depends on polarization and
wavelength.
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The transmittance of a sample is the ratio of the
incident to transmitted flux. Scattering within the sam-
ple and sensitivity to temperature, beam divergence,
humidity, and air pressure must be considered in addi-
tion to the factors mentioned above, especially for
optical elements coated with thin film multilayers.

Finally, the emittance of a sample is the ratio of its
radiance to the radiance emitted from an ideal black-
body at the same thermodynamic temperature of the
sample.

3.3 Methods of traceability

The realization of values for radiant quantities is usually
based on either electrical and dimensional metrology,
or on temperature metrology. The former utilizes
electrical substitution radiometry (ESR) and the latter,
blackbody physics.

3.3.1 ESR

The basic principle of ESR is that an optical watt is the
same as an electrical watt (Hengstberger 1989). Optical
power is compared to electrical power in an absorbing
receiver by direct substitution using a shutter and
external electrical heating of the receiver. Since the
scale is realized on an optical detector, this is often
termed detector-based radiometry.

One ESR method utilizes intensity-stabilized lasers
and cryogenic receivers to determine values of radiant
flux very accurately. A scale of radiant flux responsi-
vity is then realized on transportable, stable radiome-
ters by direct substitution; the units are amps per watt
(Gentile et al. 1996). Here, the radiometers are as
described in §3.2.1 — an aperture in front of a detector.
However, use of a single detector element has several
disadvantages when one recognizes the primary objec-
tive is to realize values for other radiant energy quan-
tities. Instead, for the spectral range corresponding to
silicon photodiodes, multiple photodiodes are arranged
in a light-trapping configuration. This is termed a “trap”
detector.

The disadvantages of the single detector are related
to the “like-to-like” rule in radiometry: to avoid intro-
ducing bias in the measurement result from systematic
effects, the measurement conditions in the traceability
“chain of comparisons” should be as similar as
possible. However, this is not always achievable. For
example, for general detector spectral responsivity
realizations, radiometers are calibrated with laser
beams and then used as the reference standards in a
system where the source is the exit slit of a lamp-
illuminated monochromator (Larason et al. 1998).
Hence the radiometer is used with sources that differ in
terms of their coherence, polarization, degree of mono-
chromaticity, f/#, flux level, and spatial uniformity.
Compared to a single photodiode, the trap detector is
less sensitive to these source parameters (Eppeldauer &
Lynch 2000).



3.3.2  Blackbody physics

The basic principle here is Planck’s Radiation Law,
which predicts the spectral radiance from an ideal
blackbody in terms of its thermodynamic temperature
and the measurement wavelength. Since the scale is
realized with an optical source, this is often termed
source-based radiometry. In “fixed-point” blackbod-
ies, the temperature is set by surrounding the black-
body cavity by a pure molten metal that is undergoing
a freeze. With the temperature at a constant value dur-
ing this phase transition, the spectral radiance is cal-
culable. Values for the relevant freezing temperatures
of the metals are given in The International Temperature
Scale of 1990 (ITS-90) (Preston-Thomas 1990).

Fixed-point blackbodies are expensive, tedious to
operate, and exhibit substantial temperature gaps in
their coverage. Instead, variable temperature blackbody
standards are constructed with various materials and
instrumented with calibrated contact thermometers,
such as platinum resistance thermometers (PRTs). Thus
the traceability of spectral radiance values is established
using temperature standards that are calibrated accord-
ing to ITS-90. Of course, this procedure will not work
at higher temperatures where contact thermometers
cannot function.

If a cavity is black (unity emittance) and its tem-
perature is uniform, the uncertainty of the radiance is
determined only by the uncertainty of the temperature
and associated fundamental constants. Real blackbodies
are only an approximation of this ideal, and therefore
they must be characterized to determine the emittance,
spatial uniformity, stability, and so forth. For large-
area blackbodies typically used in the TIR to calibrate
Earth-observing sensors, it is difficult to achieve unity
emittance. If the background environment is not cooled
to low temperatures, the reflection of the background
radiance from the blackbody must be considered.

3.4 Scale realization at NIST

The previous section gave examples of detector-based
radiometry for realizing radiant-flux and spectral-flux
responsivity, and source-based radiometry for realizing
spectral radiance. Using these concepts, various other
methods at NIST are used to realize spectral irradi-
ance and radiance. For both irradiance and radiance,
limiting apertures play a critical role. At NIST, these
areas are determined using optical metrology in a
dedicated facility (Fowler & Litorja 2003).

3.4.1 Radiance

The Low Background Infrared (LBIR) facility at NIST
has a vacuum chamber with 20K cryoshrouds. The
radiance temperature of blackbodies is determined
using a cryogenic ESR (Carter et al. 2003). Radiant
flux from the aperture of the blackbody overfills the
aperture on the radiometer. The area of the apertures
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and the distance between them is measured. The
radiometer is designed to absorb equally at all wave-
lengths, so the measured flux is proportional to the
blackbody exitance (Stefan-Boltzmann Law). Consid-
eration of the geometric factors allows determination
of the radiance temperature. For small blackbody aper-
tures, diffraction effects must be considered. From the
LBIR measurements, it is possible to assess the accu-
racy of the user’s source-based radiance scale that is
based on the temperature standards.

In the Medium Background Infrared (MBIR) and
Ambient Background Infrared (ABIR) facilities at
NIST, large area (10cm diameter apertures) black-
bodies serve as standard sources of spectral radiance.
The cryoshrouds in the MBIR vacuum chamber are
operated at 80 K, or room temperature (ambient). With
80K cryoshrouds, the MBIR cryogenic blackbody
operates over the temperature range 200K to 350K
(Fowler et al. 1998). In the ABIR facility, which is a
standard laboratory environment, water- and oil-bath
based blackbodies cover the temperature range 288 K
to 460 K. The blackbody temperatures are traceable to
ITS-90 by use of calibrated PRTs.

In the Facility for Automated Spectroradiometric
Calibrations (FASCAL), a gold-point blackbody
(1337.33K) is the source standard for spectral radi-
ance (Walker et al. 1987). A prism-grating spectrora-
diometer is used to measure spectral radiance ratios
of the gold-point blackbody at 654.6nm to higher
temperature sources (tungsten filament lamps, or high
temperature graphite blackbodies). The spectral radi-
ance values of lamp-illuminated integrating sphere
sources are then determined by comparison to the high
temperature blackbody. Calibrated integrating sphere
sources are used as spectral radiance standards in the
remote sensing community.

The Spectral Irradiance and Radiance Responsivity
Calibrations with Uniform Sources (SIRCUS) facility
is detector-based and designed for determination of
absolute spectral irradiance or radiance responsivity of
complete radiometers (Brown et al. 2000 & Eppeldauer
et al. 2000). The output of tunable lasers is input into
an integrating sphere. The irradiance of the laser-
illuminated sphere is determined using a standard
radiometer such as the aperture/trap detector radiome-
ter described in §3.3.1. As in the LBIR facility, the
sphere is fitted with a known aperture, and the distance
between the source and detector apertures is meas-
ured. This allows determination of the radiance of
the laser-illuminated sphere.

Integrating spheres with large exit aperture diame-
ters that overfill the field-of-view of the radiometer
under test are used for radiance responsivity, and
smaller ones that underfill the field-of-view of the
radiometer under test are used for irradiance respon-
sivity. Currently, the laser systems in SIRCUS are con-
tinuously tunable from 350 nm to about 5 pm, with



discrete output at CO and CO, laser wavelengths (5 pm
to 7pm and 10 wm to 11 wm, respectively). Several
methods are under development for operation to 20 pm.
For the longer wavelengths, the reference radiometers
utilize Indium Gallium Arsenide (InGaAs) photodi-
odes, or an electrically substituted bolometer. In addi-
tion, the interior of the sphere is coated with diffuse
gold, instead of the polytetrafluoroethylene (PTFE)-
based material used in the visible.

3.4.2 Irradiance

NIST has recently modified the procedure for realizing
spectral irradiance. In the past, spectral irradiance val-
ues were traceable to the gold-point blackbody spec-
tral radiance at 654.6 nm using multiple comparison
steps. Spectral radiance values were assigned to a small
integrating sphere source as described in §3.4.1.
Then, the prism-grating spectroradiometer was config-
ured with irradiance fore-optics (a small integrating
sphere with a circular input aperture) and, using the
integrating sphere source as a standard, the spectral
irradiance responsivity of the spectroradiometer was
determined. Using the calibrated spectroradiometer,
spectral irradiance values were assigned to 1000 W
quartz-tungsten standard irradiance lamps, type FEL
(not an acronym).

In 2000, a new NIST irradiance scale was introduced
(Yoon et al. 2000). It is detector-based, not source-
based. The spectral irradiance values of the NIST FEL
working standard lamps are determined by compari-
son to a high temperature (3000 K) blackbody using a
spectroradiometer. The temperature of the blackbody
is determined using filter radiometers calibrated for
absolute spectral irradiance responsivity by separate
determination of the aperture area and the filter/
detector spectral flux responsivity. The great benefit is
a factor of between 2 and 10 times reduction in uncer-
tainty for the assigned spectral irradiance values, with
the greatest improvement in the short-wave infrared
(SWIR).

It is possible to realize spectral radiance using the
FEL spectral irradiance standards to illuminate a dif-
fuse reflectance standard. If the BRDF of this target is
known (see §3.2.2), then the spectral radiance is cal-
culable (Mueller & Austin 2003). Therefore, there are
two methods to establish traceability to NIST spectral
radiance standards — via a calibrated integrating sphere
source, or by use of an irradiance and diffuse reflectance
standard. In an ideal world, one would utilize both
methods and then intercompare the results routinely.
In the practical world, the choice between the two
methods should involve discussion of issues such as
size limitations, operating environment, planned fre-
quency of calibration schedule, methods in place to
monitor the stability in spectral radiance, and sensitivity
to uniformity, scattered flux, and so forth.
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4 CHARACTERIZATION

The authors have described how traceability of values
can be established for detector responsivity, irradiance,
and radiance. Although not described here, determi-
nation of reflectance, transmittance, or emittance
values also utilize sources and radiometers, e.g.
Barnes et al. 1998 & Hanssen 2001. One can see how,
as measurements progress through the “chain of com-
parisons” required for traceability, it is possible to
violate the “like-to-like” rule. For proper assessment
of uncertainties, the sources and radiometers must be
characterized.

4.1 Measurement equation

A measurement equation is a mathematical expression
that describes the role and effect of all of the influ-
encing parameters, the wavelength, polarization, direc-
tion, beam size, and flux level of the radiant quantity
(Nicodemus et al. 1976). The responsivity of a radio-
meter depends on, and the specifications of a source
involve, these parameters. Time is also an essential
variable, as it relates to both the measurement preci-
sion (short term stability) and drift or degradation
(long term stability). Temperature of the environment,
intervening medium, or instrument components can
be a significant influencing parameter.

One usually starts by assuming that the parameters
can be treated independently, which allows for sepa-
rate characterization measurements for each parameter.
This assumption should either be confirmed, or the
experiments designed to minimize possible systematic
effects. An example of testing would be to perform the
measurements verifying that linearity of the radiome-
ter output with flux level is independent of integration
time. An example of reducing sensitivity to system-
atic effects would be to fill the entire entrance pupil
of the radiometer with monochromatic flux during
spectral responsivity characterizations, taking care to
match the f/# of the beam to final measurement con-
figuration. For cases where correlations must be con-
sidered, see Gardner (2000) & Gardner (2003).

4.2 Spectral responsivities

Determination of radiometer spectral responsivity is
critical for the correct interpretation of measurements
of natural sources. For filter radiometers or spectrora-
diometers at a particular wavelength setting, both the
in-band and out-of-band spectral responsivites are of
interest. The measurement equation with all of the
other influencing parameters neglected (or at some
reference values) is:

i= [LA)RA)dA (1)



where i is the measured output current, L(A) is the
source spectral radiance, A is the wavelength, and R(A)
is the absolute radiance responsivity at wavelength
A. Note that Equation 1 could have been written in
terms of source irradiance and absolute irradiance
responsivity.

One way of determining the function R(A) is in two
steps — by measuring the relative spectral responsivity
and then performing a calibration measurement using
a source standard. The relative spectral responsivity
values are typically determined using dispersive or
interferometric systems that are illuminated with con-
tinuum sources. The determination of the relative spec-
tral responsivity is sometimes done at the component
level, with the relative spectral responsivity for the
entire sensor calculated as the product of the individ-
ual values for transmittance, reflectance, and related
measures. This can introduce bias from systematic
effects such as interreflections and scatter that are
present in the complete system, but not for the indi-
vidual components. Modeling of such effects is possi-
ble and provides useful insight, but such estimations
of bias may not have the required uncertainty.

A second way to determine R(A) is to use the method
employed in the SIRCUS facility. The absolute respon-
sivity is determined in one step. Compared to methods
that use filtering of continuum sources, it is straight-
forward to achieve the correct beam geometry, flux
level, and bandwidth. The output of SIRCUS is con-
tinuously tunable and has a wide dynamic range in
flux. In the TIR, the laser can be chopped as a means
to eliminate thermal background radiation.

4.2.1 In-band example

Often it is convenient to refer to a measurement chan-
nel of a filter radiometer in terms of its measurement
wavelength, A, and bandwidth, AA:

[AR(DaA
e T 2)
[R(A)dA
A=AV RA)dA
(AA) =2.354 I( o) RA) A3)

J’R(A)d/l

In general, the limits of integration in Equations 1-3
correspond to the entire region of finite detector respon-
sivity. The in-band profile is defined by restricting the
region around A, with the location of the upper and
lower wavelength defined in various ways, e.g. where
the responsivity is a certain percentage of the maxi-
mum responsivity.

Measurements to determine the in-band profile can
be incorrect through improper assignment or under-
standing of the wavelength scale, inadequate spectral
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resolution or bandwidth, or mistreatment of interreflec-
tions, scattered light, and thermal effects. Although
the example of a filter radiometer is used for Equations
2 and 3, similar issues exist in spectroradiometers.

The in-band example concerns the Robotic Lunar
Observatory (ROLO), which is a pair of Ritchey-
Chrétien telescopes, each fitted with a rotating filter
wheel and an array detector (Anderson et al. 1999).
Relative spectral responsivities were estimated from
the transmittance traces provided by the filter vendor.
However, the f/# for these measurements was not the
same as for the illumination conditions in the ROLO
telescopes. For interference filters, the wavelength
scale depends on f/# because of the sensitivity to the
angle of incidence, and errors of this type impact
the ROLO atmospheric correction algorithm as well
as the values determined for the lunar radiances.

The solution involved construction of a collimator-
source assembly with beam properties designed
to simulate lunar illumination (Stone et al. 2003).
A portable version of SIRCUS, “Traveling SIRCUS,”
was deployed to ROLO outside Flagstaft, Arizona.
Using a tunable Ti:sapphire laser configured for intra-
cavity doubling that was fiber-optic coupled to the
collimator, the relative in-band profiles for eight chan-
nels were determined. Shifts of up to 2.5nm were
observed.

4.2.2  Out-of-band example

As seen from space in the visible and near-infrared
(VNIR), the total radiance when viewing the sunlit
oceans is a function of the atmospheric contribution,
reflection at the ocean surface, and flux scattered from
the oceans. The latter component, the water-leaving
radiance, depends on the optical properties of the
oceans, which are a function of bio-physical parame-
ters, e.g. chlorophyll concentration. The water-leaving
radiance is a small component of the total radiance,
and to achieve the desired accuracies for ocean products
continuous in-situ measurements from optical sensors
such as the in-water marine optical buoy (MOBY) are
used to revise the satellite calibration coefficients
(Gordon 1998 & Barnes et al. 2000).

Typically, lamp-based sources are used for the pre-
flight satellite sensor and the in-situ radiometer calibra-
tion. Lamp-based sources produce an overabundance of
red and near-infrared flux compared to natural ocean
scenes. This is another example of unavoidable viola-
tion of the “like-to-like” rule, and results in bias if the
sensors have significant spectral out-of-band response
that is not properly accounted.

In the MOBY instrument, two charged-couple
device (CCD) spectrographs are used to cover the
interval from 360 nm to 940 nm. In the overlap region
of the two spectrographs (560nm to 640nm), the
derived radiant values did not agree. However, a
simplified version of Equation 1 was in use, which



assumed that the sensor output at a measurement
wavelength was proportional to the product of spec-
tral responsivity and spectral radiance at that wave-
length. As Equation 1 demonstrates, the relative
effect of spectral out-of-band response on the total
output depends on the spectral shape of the source.
Since the sources measured are quite different, the
effect can be significant. It is most apparent in spec-
tral regions where the system responsivity is small,
e.g. where a dichroic beamsplitter is limiting the flux,
as the fraction of measured signal from the spectral
out-of-band effect is significant. In MOBY, a dichroic
beamsplitter directs the incoming flux to the spectro-
graphs, and spectral out-of-band (or “stray light)
was suspected as the cause of the discrepancy in the
region of overlap.

The size and deployment schedule of MOBY made
it impossible to perform characterizations at NIST,
so Traveling SIRCUS was deployed to the MOBY
Operations Facility in Honolulu, Hawaii. A dye laser
and several discrete lasers were included in addition
to the Ti:sapphire laser. By fine-tuning the Traveling
SIRCUS wavelength, the relative in-band profile at
selected regions on each CCD for both spectrographs
was determined.

The features observed in the images of monochro-
matic illumination were identified — they arose from
the image of the slit, haze and diffuse reflections, and
interreflections of higher-order diffraction. Using the
laser characterization data along with the lamp-based
calibration data, an iterative solution that results in
“stray-light corrected” values for the MOBY spectral
responsivities, as well as the measured up-welling
and water-leaving radiances was implemented. As
anticipated, the magnitude of the discrepancy in the
region of overlap was reduced with application of the
stray-light correction. In the spectral region between
410 nm and 550 nm, the values for water-leaving radi-
ance reported by MOBY were revised by several
percent, with concomitant improvements in the
uncertainties for water-leaving radiance (Brown et al.
2003a).

5 CALIBRATION & VALIDATION

The results of instrument characterization measure-
ments are methods to describe sensor performance
for all operating conditions, e.g. a system of equations
and associated parameters, lookup data tables, results
of thermal models, and uncertainty budgets. Calibration
of a sensor involves measurement of a known source,
with the roles reversed for calibration of a source. As
a result, radiometric quantities are known in terms of
measured quantities. In the case of a primary device,
such as an ESR or blackbody, a calibration measure-
ment is not performed. In either case, the uncertainty
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is based on the measurement equation and the charac-
terization experiments.

Validation is the process of verifying radiometric
performance by using an independent method. With
values traceable to SI quantities, as is recommended
for remote sensing (CCPR 1995), the results of inter-
comparison measurements should be consistent within
the combined uncertainty because all values are trace-
able to the same system of measurement. Validation of
an instrument can be performed by comparison of
detector- and source-based calibration approaches.
Primary instruments are intercompared, or used in
specialized experiments that determine fundamental
constants radiometrically. Here are mentioned results
of validation programs with the National Aeronautics
and Space Administration (NASA), the National
Oceanic and Atmospheric Administration (NOAA),
and the Departments of Energy and Defense (DOE
and DOD).

5.1 VNIR

The Earth Observing System (EOS) Project at NASA
established a calibration/validation program with NIST
in the mid-1990s. One part of the program involves
validation of the spectral radiance of sources using
NIST-designed, built, and deployed transfer radiome-
ters. The sources are used to assign preflight calibra-
tion coefficients for EOS sensors, and they consist of
lamp-illuminated integrating sphere sources (VNIR)
or blackbodies (TIR).

The EOS/NIST Visible Transfer Radiometer (VXR)
(Johnson et al. 2003) and the Shortwave Infrared
Transfer Radiometer (SWIXR) (Brown et al. 1998)
are filter- and grating-based instruments, respectively,
that cover the spectral interval from 412 nm to 2.5 pm.
They have been used in conjunction with transfer
radiometers from other institutions to independently
determine spectral radiance values of radiance stand-
ards. Because of resource constraints, it is generally
not possible to perform validation tests during the cali-
bration of flight hardware. Therefore, the measurement
protocol is for the hosting institution, immediately
prior to the comparison measurements, to assign
spectral radiance values to the source using the same
methods of establishing traceability that were used
for the calibration of the EOS sensor. The VNIR
results to date confirm that the uncertainties in spectral
radiance assigned by the manufacturer (£3 percent,
k =1) are valid.

As for radiometers, their calibration can be vali-
dated by using different methods and comparing the
results. For example, the VXR was calibrated using
SIRCUS and FASCAL and the results agreed within
the combined uncertainties (Johnson et al. 2003). In
the NOAA/MOBY project, a portable version of the
optical system used in the buoy was characterized and



calibrated using the SIRCUS facility at NIST, and
also used to measure a lamp-illuminated radiance
source that was calibrated on FASCAL. The stray-
light corrected system responsivities derived from the
source agreed with those from SIRCUS to within
2 percent (Brown et al. 2003b).

52 TIR

The  NIST/EOS  Thermal-infrared = Transfer
Radiometer (TXR) is a two-channel portable filter
radiometer that operates in vacuum or ambient condi-
tions (Rice & Johnson 1998). The detectors, filters,
and reflective optics are built into a liquid-nitrogen
cryostat with a ZnSe window. The two TXR channels
are at 5 pm (photovoltaic InSb detector) and 10 wm
(photovoltaic mercury cadmium telluride detector).
A variable-temperature, vacuum compatible black-
body that can rotate in front of the TXR window
under computer control is used to monitor the
stability of the TXR radiance responsivity during
deployments.

The motivation for the TXR was as described above
for the VNIR spectral regions: to validate the spectral
radiance scale of standard sources using a portable,
NIST-calibrated radiometer. There are differences worth
noting, however. For the VNIR, the radiance values are
traceable to NIST standards using a chain of mea-
surement steps that involve radiometric artifacts —
typically spectral irradiance standard lamps and diffuse
reflectance standards. For the blackbodies used in
thermal/vacuum chambers to calibrate infrared sensors,
the spectral radiance values are traceable to NIST
temperature standards. As pointed out in §3.3.2, there
are uncertainties associated with the emittance of
the blackbody source, and these are often difficult
to evaluate. Finally, in the TIR spectral region, all
“warm” structures (>100 K) are an additional source of
radiant flux. Reflection of this background flux from
a non-ideal blackbody results in a calibration that
is dependent on the temperature of the surrounding
environment.

Calibration of the TXR has been performed using
multiple approaches. Initially, the NIST water-bath
blackbody (Fowler 1995) was used (Rice & Johnson
1998). More recently, the TXR was calibrated in the
MBIR chamber using its cryogenic blackbody. The
blackbody was characterized and the emittance deter-
mined using the TXR with the MBIR thermal back-
ground at 300K and 80K. At the present time, the
TXR uncertainty is <0.1K at 300K (k£ = 2). In the
future, the TXR will be calibrated on SIRCUS and an
ESR based on high-Tc superconducting temperature
sensors will be used to determine the total irradiance
from the MBIR blackbody, thus validating the calibra-
tion of the TXR and the blackbody using independent
methods.
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The TXR has been used on multiple occasions to
verify TIR spectral radiance values. In July 1999 and
August 2001, it was deployed to the remote sensing
radiometric calibration facility at Los Alamos National
Laboratory (LANL) in support of DOE programs.
The LANL system has two chambers connected by a
gate valve — one with a cold shroud at =80K for the
sensor, and one at room temperature for the standard
blackbody, two cold blackbody sources, and a colli-
mator for coupling radiant flux to the sensor. With
the TXR located in the cold chamber at the location
normally used by a remote sensor, the measurements
validated the LANL blackbody-collimator system.
The 1999 results at 5 um agreed in spectral radiance to
within 0.16 percent, or 50 mK at 300K (k = 2) (Rice
et al. 2003). At the time of the 1999 deployment, the
10 pm channel had offsets of up to 0.5 K with cryo-
cycling. Measurements of a check-source were used
to correct for this effect, and the resulting agreement
with LANL was within 0.1 K (Rice et al. 2000).

In May 2001 the TXR was used in an EOS sea-
surface temperature (SST) intercomparison at the
University of Miami (UM) (Rice et al. 2004). Ship-
based measurements of SST are used to validate
satellite results using different types of infrared
radiometers and field-deployable blackbody sources.
Members of the international Committee on Earth
Observing Satellites (CEOS) helped organize and sup-
port the 2001 comparison, which included ship-based
measurements (Barton et al. 2004), and deployment
ofthe TXR and the NIST water-bath blackbody source
as part of the laboratory comparison. Five blackbody
sources were measured using the TXR — the NIST
source plus four sources used for field calibration of
SST radiometers. The comparison was performed in a
University of Miami (UM) laboratory at ambient tem-
perature. All blackbodies agreed to within 0.1 degrees
C near ambient; measurements at other temperatures
provided information on the emittance of the SST
sources (Rice et al. 2004).

In July 2001 the TXR was deployed to the
Geostationary Operational Environmental Satellite
(GOES) Imager radiometric calibration chamber at
ITT in Ft. Wayne, Indiana. The chamber is not
equipped with cryoshrouds. The GOES Imager is cal-
ibrated from measurements of the Earth Calibration
Source (ECT) and a cold blackbody source. The ITT
procedure involves correcting for temperature gradi-
ents in the ECT, which were believed to be driven by
the thermal background of the chamber (Farthing
1993).

During the GOES TXR deployment, measurements
were made at a range of temperatures of the ECT and
the TXR check-standard blackbody, as well as the
cold blackbody source. An analysis procedure was
developed that enabled parameterization of the results
in terms of a non-unity emittance and a temperature



gradient in the ECT. The results are in qualitative
agreement with the existing GOES model, thus pro-
viding valuable confirmation to the project.

More recently, in the fall of 2003 the TXR was used
to measure a blackbody source at Santa Barbara
Remote Sensing (SBRS) in Goleta, California in
support of DOD research. Plans are in place for TXR
measurements of a second blackbody source at SBRS
in early 2004. This source was used to calibrate the
MODerate Resolution Imaging Spectroradiometer
(MODIS) sensors on the EOS satellites Terra and Aqua.
Plans call for use of this blackbody for the calibration of
the Visible/Infrared Imager/Radiometer Suite (VIIRS)
sensor that will be flown as part of NPOESS.

6 CONCLUSIONS

Metrology and radiometry are established fields and
substantial reference material is available regarding
standards, terminology, and protocols. International
organizations and NMIs represent a valuable resource —
they maintain and disseminate the SI, validate their
own results through international comparisons, and
engage with industry and the research community in
specialized measurement assurance programs in broad
efforts such as remote sensing.

Characterization and calibration of sources and
radiometers, and validation of measurement results
are all essential for reliable products such as that
required for climate quality data. The expanded use of
tunable laser facilities such as SIRCUS at commercial
facilities appears possible and would benefit the
remote sensing community. Calibration of radiometric
artifacts should be in terms of the SI to produce long-
term data sets on a common measurement system.
Validation is the process of verifying a result with an
independent approach, and it should be performed
whenever a technically feasible method with appropri-
ate uncertainties is available. Examples include using
a common instrument with multiples of its radiomet-
ric counterpart, e.g. the TXR and several blackbody
sources, using source- and detector-based calibration
methods with the same instrument, and investigating
ways to validate model results.
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ABSTRACT:

In the remote sensing community, stability and accuracy are two critical terms that need to be

used in a consistent and clear way for their use to be of maximum benefit. Their definitions in combination with
the vocabulary of the International Organization for Standardization (ISO) Guide on uncertainty analysis have
been applied to long time series measurements using satellite instruments for climate monitoring. Based on the
definitions of these terms, requirements have been developed for satellite instrumentation at a calibration work-
shop in November 2002 organized by National Institute of Standards (NIST), National Oceanic and
Atmospheric Administration (NOAA), National Polar-orbiting Operational Environmental Satellite System —
Integrated Program Office (NPOESS-IPO) and the National Aeronautics and Space Administration (NASA).
The background analyses that lead to some of these requirements are discussed.

1 INTRODUCTION

To assess the impact of anthropogenic effects on global
climate and to distinguish them quantitatively from
natural effects is a daunting scientific task. To meet
this challenge, satellite instruments must be capable
of observing atmospheric temperature trends as small
as 0.1 degrees C/decade, ozone changes as small as
1 percent/decade, and variations in the sun’s output as
small as 0.1 percent/decade.

The importance of understanding and predicting
climate variation and change has increased signifi-
cantly in the last decade. In 2001, the White House
requested the National Academy of Sciences (NAS)
National Research Council (NRC) (NRC 2001) to
review the uncertainties in climate change science.
One of the three key recommendations from the
NRC’s report is to “ensure the existence of a long-term
monitoring system that provides a more definitive
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observational foundation to evaluate decadal- to
century-scale changes, including observations of key
state variables and more comprehensive regional meas-
urements”. To accelerate research and reduce uncer-
tainties in climate change science, the Federal
government created the Climate Change Research
Initiative (CCRI) in 2001.

To develop recommendations for improving the
calibration of satellite instruments to meet the chal-
lenge of measuring global climate change, the National
Institute of Standards and Technology (NIST), National
Polar-orbiting Operational Environmental Satellite
System-Integrated Program Office (NPOESS-IPO),
National Oceanic and Atmospheric Administration
(NOAA), and the National Aeronautics and Space
Administration (NASA) organized a workshop in
November 2002 (NIST 2004). Some 75 scientists,
including researchers who develop and analyze long-
term data sets from satellites, experts in satellite



instrument calibration, and physicists working on
state-of-the-art calibration sources and standards,
participated.

The final report: (a) defines the required absolute
accuracies and long-term stabilities of global climate
data sets; (b) translates the data set accuracies and sta-
bilities to required satellite instrument accuracies and
stabilities; and, (c) evaluates the ability of current
observing systems to meet these requirements.

The focus of the report is on passive satellite sen-
sors that make observations in spectral bands ranging
from the ultraviolet to the microwave. The climate
change variables of interest include: (a) solar variables
(Earth radiation budget, and clouds, total solar irradi-
ance, spectral solar irradiance, outgoing long-wave
radiation, net incoming solar radiation, cloudiness);
(b) atmospheric variables (temperature, water-vapor,
ozone, aerosols, precipitation, and carbon dioxide);
and, (c) surface variables (vegetation, snow cover, sea
ice, sea surface temperature, and ocean color).

This list is not exhaustive. The variables were
selected using the following criteria: (a) importance
to decadal scale climate change, (b) availability or
potential availability of satellite-based climate data
records, and (c) measurability from passive satellite
Sensors.

There has been a number of previous reports that
have also discussed accuracy and stability measurement
requirements for long-term climate data sets, e.g.
Hansen et al. 1993, Jacobowitz 1997 & NPOESS 2001,
and for calibration issues Guenther et al. 1997, NRC
2000a, NRC 2000b. The next section discusses the
terminology of accuracy and stability as an extension
of the vocabulary of the Guide to the Expression of
Uncertainty in Measurement (ISO 1993), or simply
referred to here as the ISO Guide. The section follow-
ing it describes the requirements of accuracy and
stability for climate change variables given in the
Workshop report. The final section discusses the analy-
sis that led to requirements, giving examples of those
variables such as solar irradiance, total column water-
vapor, total column ozone and sea surface temperature.

2 ACCURACY AND STABILITY: EXTENSION
OF CURRENT VOCABULARY OF ISO
GUIDE

Measuring small changes over extended time periods
necessarily involves the concepts of accuracy and sta-
bility of time series. Accuracy is defined as the close-
ness of the agreement between the result of the
measurement and the true value of the measurand.
Specifically the quantity to be measured is called the
measurand and truth is the true value of the measurand.
So the measurands are the various climate variables.
This same definition is also given in the International
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Vocabulary of Basic and General Terms in Metrology,
commonly abbreviated as VIM (ISO 1993). In the
notes on the definition of the term accuracy, the ISO
guide observes it as a qualitative concept. As such,
Taylor & Kuyatt (1994) commented “Because ‘accu-
racy’ is a qualitative concept, one should not use it
quantitatively, that is associate numbers with it: num-
bers should be associated with measures of uncer-
tainty instead.” However, the community of experts at
NOAA have already established use of the term accu-
racy as defined above, but used in a quantitative fash-
ion (see for example Hansen et al. 1993). It has been
widely used in scientific as well as policy making and
contractual documents for various satellite missions
of NOAA, NPOESS and NASA.

Rather than change this widely accepted and used
terminology, its commonly accepted definition was
re-emphasized and used as an extension of the ISO
Guide. So, the term accuracy may be thought of as
closeness to the truth and is measured by the bias or
systematic error of the data; that is, the difference
between the short-term average measured value of a
variable and the truth. The short-term average value
is the average of a sufficient number of successive
measurements of the variable under identical condi-
tions such that the random error is negligible relative
to the systematic error. The ISO Guide elaborates the
meaning of the systematic error as that which would
result from an infinite number of measurements of the
same measurand carried out under repeatability con-
ditions minus the value of the measurand. Elaborating
further, “repeatability conditions include the same
measurement procedure, the same observer, the same
measuring instrument used under the same condi-
tions, with repetition over a short period of time.” The
systematic error is called bias in the case of a measur-
ing instrument. The ISO Guide takes the position that
since the value of the measurand cannot be com-
pletely known, the systematic error and its causes
cannot be completely known. However, the measure-
ment goal is to arrive at a true value of the measurand.
Therefore, one should follow the procedure of the
ISO Guide to determine the systematic error. For
example, “if a device is tested through a comparison
with a known reference standard and the uncertainties
associated with the standard and the comparison pro-
cedure can be assumed to be negligible relative to the
required uncertainty of the test, the comparison may
be viewed as determining the error of the device (ISO
1993).” Methods to establish the true value of a vari-
able (the measurand) should be consistent with the
internationally adopted methods and standards, thus
establishing the Systéme International d’Unités (SI
Units) traceability (BIPM 1998, NIST 1995). The
resolution adopted by the 20th Conference Generale
des Poids et Measures (CGPM 1995) states: “that
those responsible for studies of Earth resources, the



environment, and related issues ensure that measure-
ments made within their programs are in terms of well-
characterized SI units so that they are reliable in the
long term, be comparable world-wide and be linked
to other areas of science and technology through the
world’s measurement system established and main-
tained under the Convention du Metre”.

The term “stability” may be thought of as the
extent to which the accuracy remains constant with
time. Stability is measured by the maximum excur-
sion of the short-term average measured value of a
variable under essentially identical conditions over
a decade. The smaller the maximum excursion, the
greater the stability of the data set. Climatology
experts for monitoring climate change variables arbi-
trarily chose the decadal unit of time for ascertaining
stability. Stability could be considered as an exten-
sion of the ISO Guide terminology of “reproducibil-
ity.” It is the closeness of the agreement between the
results of measurements of the same measurand car-
ried out under changed conditions of measurement
(ISO 1993). In defining stability, the only changed
condition of measurement is time. Reproducibilty
assessed quantitatively over a decade of time deter-
mines stability. It is the mean excursion over a decade
of the short-term, e.g. yearly average of the measured
value of the measurand. The unchanged conditions
of measurements include principles of measurement,
method of measurement, observer, measuring instru-
ment, reference standard, and conditions of use.

For this report, the spatial scale of interest is gen-
erally global averages. This is not to say that regional
climate change is not important. On the contrary, all
climate changes are regional, e.g. desertification,
monsoonal changes, ocean color (coral death), and
snow/ice cover (retreating snowlines and decreasing
sea ice cover/receding glaciers). Since trends in glob-
ally averaged data will generally be smaller than
those of regional averages, meeting global average
requirements can often be more demanding than
meeting regional climate monitoring requirements
because of the smaller fluctuation requirements.

It should be pointed out that achieving the instru-
ment measurement requirements does not guarantee
determining desired long-term trends. Superimposed
on these trends is climatic noise, or short-term climate
variations, that may mask the signal to be detected, or
reduce one’s confidence in the derived trend.

Well-validated stability and accuracy statements
are critical to the success of a satellite sensor. Achieving
the required stability and accuracy on-orbit has been
plagued by a myriad of problems, from degradation of
plaques to unforeseen stray-light effects. An accuracy
claim supported by an uncertainty statement with
traceability to SI units as maintained by NIST, and
validated by comparisons with other instruments, ide-
ally provides the necessary information to establish
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the absolute value of a climate variable for absolutely
calibrating climate change models. It also facilitates
the search for the unforeseen or for new physics, i.e.
the discrepancy between model and measured atmos-
pheric transmission, and provides traceability to mea-
surements made by past and future generations and
by completely different instruments. A reliable accu-
racy statement also provides a route to make compar-
isons between two different sensors when satellite
overlap is not possible due to premature failure or
policy decision.

Stability allows one to look for the small drift in
climate variables, at levels often well below the accu-
racy of the instrument. Only by having a true under-
standing of the accuracy of the instrument can one
attribute these drifts to the climate variable of interest,
and not to instrument drift, or changes in other cli-
mate variables such as solar irradiance. The absence
of such an understanding requires that satellite sen-
sors measuring a common measurand have sufficient
time overlap that their measurements can be com-
pared to assess on-orbit accuracy and to provide con-
tinuity to establish that the measured drifts are related
to the expected small decadal drifts in climate change
variables. Certainly, reasonable scenarios are possible
where instrument drift between two sensors of
unknown accuracy would give the appearance of
change in a climate variable. Some of these scenarios
could be eliminated with satellite time overlap and
a proper understanding of an instrument’s absolute
uncertainty. The ability to attribute these drifts to
changes in climate variables requires continual truthing
by other measurements. Satellite time overlap itself is
not sufficient to ensure the continuity of the measure-
ments, as often the exact orbital paths of the satellites
will differ and additional corrections will need to be
performed. A sophisticated understanding of the mea-
surement accuracy will ensure that corrections are
properly applied and that comparisons are possible.

3  OUTCOME OF THE NOVEMBER 2002
WORKSHOP

3.1 Climate variables

The required accuracies and stabilities of the climate
variable data sets were established with consideration
of changes in important climate signals based on cur-
rent understanding and models of long-term climate
change. Such signals include the following: (a) cli-
mate changes or expected trends predicted by models;
(b) significant changes in climate forcing or feedback
variables, e.g. radiative effects comparable to that of
increasing greenhouse gases; and, (c) trends similar
to those observed in past decades (NIST 2004).

The first step in the process is specifying the anti-
cipated signal in terms of expected change per decade.



Table 1a. Required accuracies and stabilities for solar irradiance, Earth radiation budget, and cloud variables.
Column labeled “signal” indicates the type of climate signal used to determine the measurement requirements.
Stability

Variables Signal Accuracy (per decade)

Solar irradiance Forcing 1.5 W/m? 0.3 W/m?

Surface albedo Forcing 0.01 0.002

Downward longwave Feedback 1 W/m? 0.2 W/m?

flux: surface

Downward shortwave Feedback 1 W/m? 0.3 W/m?

radiation: surface

Net solar radiation: Feedback 1 W/m? 0.3 W/m?

top-of-atmosphere

Outgoing longwave radiation: Feedback 1 W/m? 0.2 W/m?

top-of-atmosphere

Cloud base height Feedback 0.5km 0.1km

Cloud cover (fraction Feedback 0.01 0.003

of sky covered)

Cloud particle size distribution Feedback TBD* TBD*

Cloud effective particle size Forcing: water Water: 10% Water: 2%
Feedback: ice Ice: 20% Ice: 4%

Cloud ice water path Feedback 25% 5%

Cloud liquid water path Feedback 0.025 mm 0.005 mm

Cloud optical thickness Feedback 10% 2%

Cloud top height Feedback 150 m 30m

Cloud top pressure Feedback 15hPa 3hPa

Cloud top temperature Feedback 1K/cloud emissivity 0.2 K/cloud emissivity

Spectrally resolved thermal Forcing/climate change 0.1K 0.04K

radiance

* to be determined.

The second step is determining the accuracies and
stabilities needed in the data set to permit detection of
the signal. Excellent absolute accuracy in the mea-
surement of the climate variable is important for under-
standing climate processes and changes. However, it is
not necessary for determining long-term changes or
trends as long as the data set has the required stability.
For most satellite instruments, stability appears to be
less difficult to achieve than accuracy. Difficulties
arise because of the many known and unknown sys-
tematic uncertainties that must be accounted for in
calibrating the instrument on the ground to establish
its absolute accuracy. Further challenging the effort is
the need to maintain or adjust the calibration and
continually monitor it on-orbit. Stability, on the other
hand, is the measure of repeatability and reproducibil-
ity of the metrological characteristics of the instru-
ment with time. Thus, a key attribute for climate data
sets is long-term stability. The required stability is
some fraction of the change in the atmospheric vari-
able, assumed to be one part in five (1/5) in this report.
If one cannot achieve the above stability, e.g. if one
can only achieve a stability of 0.5 of the signal, there
would be an increased uncertainty in the determina-
tion of the decadal rate of change.

The factor 1/5, or 20 percent, is arbitrary. It should
be reevaluated periodically. If the climate change

Copyright © 2004 Taylor & Francis Group plc, London, UK

signal is one unit per decade, a 20 percent stability
would imply an uncertainty range of 0.8 to 1.2, or the
ratio of minimum to maximum excursion is a factor
of 1.5 in the estimate of the signal. One basis for
choosing such a factor is related to the uncertainty in
climate model predictions of climate change. Thirty-
five climate model simulations yield a total range of
1.4K to 5.8 K, or factor of about 4 in the change in
global temperature by 2100 (IPCC 2001). Thus, a sta-
bility of 20 percent should lead to a considerable nar-
rowing of the possible climate model simulations of
change. Achieving the stability requirement does not
guarantee determining these long-term trends. Super-
imposed on these trends is climatic noise (short-
term climate variations) that may mask the signal
being detected or reduce confidence in the derived
trend.

Although excellent absolute accuracy is not critical
for trend detection, it is crucial for understanding cli-
mate processes and changes. Continuous efforts should
be undertaken to improve the accuracy of satellite
instruments. Accuracy is essential also when satellite
overlap is not possible for comparing measurement
across generations, for proving an absolute scale, for
modeling, or for related requirements.

Tables la—1c summarize required accuracies and
stabilities of the data sets for solar irradiance, Earth



Table 1b. Required accuracies and stabilities for atmospheric variables. Column labeled signal indicates the
type of climate signal used to determine the measurement requirements.

Variables Signal Accuracy Stability (per decade)
Temperature

Troposphere Climate change 0.5K 0.04K
Stratosphere Climate change 0.5K 0.08 K

Water vapor Climate change 5% 0.26%

Ozone

Total column Expected trend 3% 0.2%
Stratosphere Expected trend 5% 0.6%
Troposphere Expected trend 10% 1.0%

Aerosols

Optical depth Forcing 0.01/0.01 0.005/0.005
(troposphere/stratosphere)

Single scatter albedo Forcing 0.03 0.015
(troposphere)

Effective radius Forcing Greater of 0.1 Greater of 0.05 or
(troposphere/stratosphere) or 10%/0.1 5% /0.05
Precipitation 0.125 mm/hr 0.003 mm/hr

Carbon dioxide

Forcing/Sources — sinks

Table lc. Required accuracies and stabilities for sur-
face variables. Column labeled “signal” indicates the type
of climate signal used to determine the measurement
requirements.

Stability
Variables Signal Accuracy  (per decade)
Ocean color 5% 1%
Sea surface Climate 0.1K 0.04K
temperature change
Sea ice area Forcing 5% 4%
Snow cover Forcing 5% 4%
Vegetation Past trend 3% 1%

radiation budget and cloud variables, atmospheric
variables, and surface variables. The table also indi-
cates which one of the above climate signals (climate
changes, climate forcings, climate feedbacks, or
trends similar to recent trends) forms the basis for the
requirement.

3.2 Satellite instruments

The requirements for data sets must be translated into
the required accuracies and stabilities of satellite mea-
surements. In some cases, e.g. solar irradiance and top-
of-atmosphere (TOA) Earth radiation budget, there is
a one-to-one correspondence. For other climate vari-
ables, this translation is more complex; and for a few
of the variables, additional studies are needed to match
data set accuracies and stabilities with satellite accu-
racies and stabilities.

Copyright © 2004 Taylor & Francis Group plc, London, UK

Because of the difficulties in achieving necessary
accuracies, e.g. exo-atmospheric total solar irradiance
(Quinn & Frohlich 1999), a key attribute for satellite
instruments is long-term stability. This may be
achieved by either having an extremely stable instru-
ment, or by monitoring the instrument’s stability by
various methods while it is on-orbit. An ideal external
calibration source is one that is nearly constant in
time and able to be viewed from different orbit con-
figurations. In addition to other attributes, if there is
scientific evidence regarding the degree of stability of
such a source, and it is believed to be at an acceptable
level for long-term climate studies, then the stability
of the satellite sensor can be assessed independent of
other reference standards. With such monitoring, instru-
ment readings can be corrected for drift. However,
this brings up a measurement challenge for establish-
ing the degree of stability of the external reference
source. Obviously the methods and instruments test-
ing the stability of those sources must have stability
requirements far more stringent than given here. One
method that has been successfully implemented for
the reflected solar spectral interval is lunar observa-
tions by the sensor while on-orbit. An example is the
ocean color satellite Sea-viewing Wide Field-of-view
Sensor (SeaWiFS), which used lunar observations to
correct for degradation in the near-infrared channels.
The required lunar data are being supplied by a dedi-
cated ground-based facility (Anderson et al. 1999).

Since satellites and their instruments are short-term
(NPOESS satellites and instruments have design lives
of about 7 years), satellite programs launch replace-
ment satellites to continue the observations. Thus, the



Table 2a.

column indicates the type of instrument used to make the measurement.

Required accuracies and stabilities of satellite instruments to meet requirements of Table 1a. The instrument

Variables Instrument Accuracy Stability (per decade)
Solar irradiance Radiometer 1.5W/m? 0.3 W/m?
Surface albedo Vis radiometer 5% 1%

Downward long-wave
flux: surface

Downward short-wave
radiation: surface

Net solar radiation:
top-of-atmosphere

Outgoing long-wave
radiation: top-of-atmosphere
Cloud base height

Cloud cover

(fraction of sky covered)
Cloud particle

size distribution

Cloud effective particle size

Cloud ice water path
Cloud liquid water path

Cloud optical thickness
Cloud top height
Cloud top pressure
Cloud top temperature
Spectrally resolved

IR spectrometer and
Vis/IR radiometer

Broad band solar and
Vis/IR radiometer

Broad band solar
Broad band IR

Vis/IR radiometer
Vis/IR radiometer

Vis/IR radiometer
Vis/IR radiometer

Vis/IR radiometer
Microwave and
Vis/IR radiometer

Vis radiometer

IR radiometer

IR radiometer

IR radiometer

IR spectroradiometer

See tropospheric
temperature, water vapor,
cloud base height,

and cloud cover

See net solar radiation: TOA,
cloud particle effective size,
cloud optical depth, cloud top
height, and water vapor

1 W/m?

1 W/m?

1K

TBD*

3.7 pm: water 5%, ice 10%,
1.6 pm: water 2.5%, ice 5%
TBD*

Microwave: 0.3 K

Vis/IR: see cloud optical
thickness and cloud

top height

5%

See tropospheric temperature,
water vapor, cloud base height,
and cloud cover

See net solar radiation: TOA,
cloud particle effective size,
cloud optical depth, cloud top
height, and water vapor

0.3 W/m?

0.2 W/m?

02K

TBD*

3.7 wm: water 1%, ice 2%,

1.6 pm: water 0.5%, ice 1%
TBD*

Microwave: 0.1 K

Vis/IR: see cloud optical
thickness and cloud top height

1%
0.2K
02K
0.2K
0.04K

thermal radiance

* to be determined.

long-term data record for any climate variable will
consist of contributions from a series of satellite instru-
ments, some using different measurement techniques.
To assess the reproducibility of the measurement
results, to assist in understanding the differences that
arise even with instruments of similar design, and to
create a seamless data record, it is essential that the
satellites be launched on a schedule that includes an
overlap interval of the previous and the new instru-
ment. Acquiring multiple independent space-based
measurements of key climate variables would also help
insure maintenance of stability in the event of a single
instrument failure.

Tables 2a—2c¢ summarize the required accuracies
and stabilities of satellite instruments for solar irradi-
ance, Earth radiation budget and cloud variables,
atmospheric variables, and surface variables. The
tables also indicate types of satellite instruments used
for the measurements.
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4 ANALYSIS OF REQUIREMENTS

4.1 Solar irradiance, Earth radiation budget and
clouds

Overall, the variables in this section are linked in their
role in the energetics of the climate system. The Sun
is the dominant source of energy for Earth’s climate.
Once thought to be a steady, constant energy source
(hence the term “solar constant”) to express the
amount of solar radiation reaching the Earth, it varies
significantly on a decadal time scale. Accurate mea-
surements of solar irradiance are key to defining cli-
mate radiative forcing, and its accuracy requirements
are specified in that context. Changes in surface
albedo can represent both changes in climate forcings
due to human caused land-cover change, and climate
feedbacks due to changes in ecosystems and in snow
and ice cover resulting from climate changes. Cloud



Table 2b. Required accuracies and stabilities of satellite instruments to meet requirements of Table 1b.
The instrument column indicates the type of instrument used to make the measurement.

Variables Instrument Accuracy Stability (per decade)

Temperature

Troposphere MW or IR radiometer 0.5K 0.04K

Stratosphere MW or IR radiometer 1K 0.08K

Water vapor MW radiometer 1.OK 0.08 K

IR radiometer 10K 0.03K

Ozone

Total column UV/VIS spectrometer 2% (N independent), 0.2%
1% (N dependent)

Stratosphere UV/VIS spectrometer 3% 0.6%

Troposphere UV/VIS spectrometer 3% 0.1%

Aerosols VIS polarimeter Radiometric: 3% Radiometric: 1.5%
Polarimetric: 0.5% Polarimetric: 0.25%

Precipitation MW radiometer 1.25K 0.03K

Carbon dioxide

IR radiometer

3%

Forcing: 1%

Sources/sinks: 0.25%

Table 2c. Required accuracies and stabilities of satellite instruments to meet requirements of
Table 1c. The instrument column indicates the type of instrument used to make the measurement.

Variables Instrument Accuracy Stability (per decade)
Ocean color VIS radiometer 5% 1%
Sea surface temperature IR radiometer 0.1K 0.01K
MW radiometer 0.03K 0.01K
Sea ice area VIS radiometer 12% 10%
Snow cover VIS radiometer 12% 10%
Vegetation VIS radiometer 2% 0.80%

feedback remains the largest single factor in the cur-
rent large uncertainty in climate sensitivity (IPCC
2001). Cloud properties are critical to understanding
and defining the role of clouds as feedback mecha-
nisms in the climate system. Earth’s radiation budget
is critical to the climate system, and is a key diagnostic
for a wide range of climate forcings (aerosol), feed-
backs (clouds, ice/snow), and climate responses (heat
transport). Accuracies for clouds and radiation budget
are defined at levels sufficient to be at, or above, esti-
mates of unforced natural climate variability in current
climate models. These accuracies also must be suffi-
cient to observe directly decadal changes in clouds
and radiation budget that would constrain potential
cloud feedback mechanisms in climate models.

The largest time and space scales will drive accuracy
and stability requirements. For solar irradiance and
surface albedo, climate radiative forcing drives the
requirements. For clouds and radiation budget, climate
feedbacks drive the requirements. Recent studies of
the last two decades of cloudiness (International
Satellite Cloud Climatology Project [ISCCP]) and

23
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radiation budget data (Earth Radiation Budget
Experiment [ERBE], Scanner for Radiation Budget
[ScaRaB], and Clouds and Earth’s Radiant Energy
System [CERES]) have indicated significant interan-
nual to decadal variability in the tropics between 20S
and 20N latitudes. This variability is not shown in
current climate model simulations and is represen-
tative of changes that are critical to assess accurately
from observations, and to be able to predict from cli-
mate models. A climate observing system that cannot
rigorously observe such changes with high confi-
dence is very unlikely to be able to constrain and verify
cloud feedbacks within climate prediction models.
Accuracy requirements can also be determined by
considering the amount of climate change likely over
the next few decades. For example, many climate
change models use a one percent/year increase in car-
bon dioxide to simulate a nominal doubling of CO, in
70 years. This doubling is a radiative forcing of the
climate system of about 4 Wm ™2, or about 0.6 Wm >
per decade. A change in global average cloud fraction
sufficient to offset this radiative forcing would be



about 0.015 if all other cloud properties remained
fixed. This would be a cloud feedback so strong that
climate change due to greenhouse forcing would
become negligible. It is suggested that a minimum
signal-to-noise ratio (SNR) of at least 5 is needed
to detect such change, leading to a requirement for
stability per decade in global cloud cover of 0.003. This
would be sufficient to detect a cloud feedback. This
approach essentially follows that used by Hansen et al.
(1993) in a workshop report that summarized accuracies
required for long-term monitoring of global climate
forcings and feedbacks. The accuracy requirements in
this section are, in general, similar to those in Hansen
et al. where the same climate variable was evaluated.
As in that report, the November 2002 workshop con-
cluded that the appropriate scaling for climate
requirements are the radiative flux changes that can
potentially alter climate: either forcing or feedback.
The NPOESS project convened a workshop to
assess climate measurement requirements for the
Integrated Operational Requirements Document
(IORD) variables (Jacobowitz 1997). The report influ-
enced the IORD to add or change stability require-
ments, but had little effect on other IORD requirements,
which were focused on instantaneous observations
and, often, high spatial resolution. Climate spatial
scales run from 50km through global, and climate
time scales run from a few weeks to centuries for cur-
rent global change concerns. The requirements in this
report and in Hansen et al. (1993) for clouds and radi-
ation budget are often more stringent than in the
NPOESS climate workshop. The NPOESS workshop
does not appear to have used a consistent definition
of the radiative forcings and feedbacks. Many of its
threshold stability values would not be able to detect
the decadal changes expected for forcings and feed-
backs. Following Hansen et al. (1993), the November
2002 workshop addresses the requirements in a con-
sistent radiative forcing or feedback metric (NIST
2004). It also assumes that the forcing or feedback
must be detected accurately enough to assess decadal
change at the level of 20 percent of the anticipated
greenhouse gas forcings per decade. If four forcing
and/or feedback mechanisms are found to be signifi-
cant at this level, and the data verify that a future cli-
mate model predicts them to this accuracy, then the
uncertainty in future predictions by the climate model
is composed of four likely independent errors, each of
which is 20 percent of the base greenhouse forcing.
One might anticipate in this scenario that the uncer-
tainty in future predictions would be: 20 percent X
square root (4) = 40 percent. This would be a dra-
matic improvement over the current factor of 4 or
larger uncertainty. But it also suggests that the stricter
stability requirements in the November 2002 work-
shop and in Hansen et al. (1993) are to be thought of
as thresholds or minimum values, not as desired
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objectives. The objectives should be set even tighter
by a factor of 2 to 4 (10 percent to 5 percent of the
greenhouse forcing).

NIST (2004) does not discuss spatial, angular, and
time sampling requirements in depth, because the focus
was on calibration. But climate data record (CDR)
accuracy includes these issues as well. For an observ-
ing system with fixed sun-synchronous orbits such as
NPOESS, angular and time sampling biases are pri-
marily a function of the orbit. Time sampling for
many of the cloud and radiation variables can be aug-
mented by incorporating the geostationary satellite
data sets (imager and sounder), especially where they
can be routinely intercalibrated with climate instru-
ments to provide consistent data. Angle sampling
errors are being reduced markedly through the efforts
of the new multi-angle POLarization and Directionality
of the Earth’s Reflectances (POLDER), Multiangle
Imaging SpectroRadiometer (MISR), and CERES
observations. Spatial sampling errors become signifi-
cant for instruments that only view nadir, such as the
new active LIDAR and Radar systems. Nadir viewing
primarily limits their climate-monitoring role to zonal
and global means, but in some cases they can be suf-
ficiently accurate for 1000km scale annual mean
regional values.

Regional climate change signals will be larger than
zonal or global climate signals, but internal climate
system noise will also be larger on these regional
scales. The tradeoff of the internal climate noise ver-
sus signal has yet to be clearly defined for all of the
variables in this report. There should be a continuing
effort to estimate climate noise for each variable at a
range of time and space scales. This information can
then be used to refine the observing system require-
ments. There is little justification to measure more
than a factor of 2 more accurately than the back-
ground climate noise. In the current analysis, climate
model noise estimates have been used to help set
requirements for several climate variables.

4.1.1 Solar irradiance as an example

IORD-II requirements were reviewed and were
endorsed for both total irradiance and spectral irradi-
ance accuracy and stability (NPOESS 2001). The
threshold for absolute accuracy of total irradiance is
1.5Wm™2 (0.1 percent), and for stability 0.02 per-
cent/decade over many decades. As for many instru-
ments, the stability of the active cavity radiometers
greatly exceeds the absolute accuracy. At least a one-
year overlap of observations is needed to remove
instrument differences in absolute calibration. A 0.02
percent/decade stability requirement is sufficient to
detect a 0.3 Wm ™2 change in solar irradiance over a
decade. This stability will constrain solar radiative
forcing of the Earth’s climate to within (0.3)(0.25)
(0.7) = 0.05Wm™2 per decade. The factor of 0.25



converts solar constant to the global average insola-
tion over the Earth’s surface, while the factor of (0.7)
is the approximate fraction of energy absorbed by the
Earth. This stability requirement will also allow rigor-
ous tests of decadal to century time scale variability
in solar output as the length of the data record grows.
The system would be capable of detecting 0.5 Wm ™2
per century change in solar forcing. Even this subtle
change would be a significant fraction of anticipated
greenhouse gas forcing over the next century.
Spectral irradiance requirements are in general
about a factor of 10 less stringent, but details vary
with wavelength as indicated in the IORD-II. Spectral
irradiance measurements are crucial for properly
specifying the way that solar radiative energy enters
the climate system. Absorption, scattering, and
reflection (in the atmosphere, at the surface, and in
the mixed layer of the ocean) all depend on wave-
length. Solar radiation at different wavelengths has dif-
ferent variability. As an example, UV radiation that is
deposited in the stratosphere, and that influences
ozone, varies by one to two orders of magnitude more
than visible radiation that reaches the Earth’s surface.
IR radiation varies least. Hence solar radiation at
different wavelengths is deposited in different ways,
depending on geography and altitude. Measurements
of total irradiance alone provide no information about
the spectral content of the irradiance variability, so a
physical understanding of the processes by which cli-
mate responds to solar forcing requires measurement
of spectral irradiance. Spectral irradiance observa-
tions are also important for verifying solar physics
models. On the whole, the accuracy and stability
requirements of this important variable, solar irradi-
ance, map directly into radiometer requirements.

4.2 Atmospheric variables

The expected decadal changes in a variety of atmos-
pheric variables were used to determine accuracy and
stability requirements. This usually involved using
the expected response to global warming estimated
from general circulation model experiments. As in the
previous section, one assumes that an SNR of at least
5 is required to detect these changes reliably from an
instrument stability standpoint. The instrument accu-
racy, as has been discussed above, is less of an issue.
As long as overlapping satellite records can be con-
structed to determine the calibration offsets between
instruments, absolute accuracy requirements can be
relaxed to what is expected (and indeed already
achievable) from a variety of sensor technologies in
the coming decade. This is not to minimize the impor-
tance of understanding the sources of absolute accu-
racy errors, since some of these sources could affect
the stability required for climate monitoring. For many
passive microwave or infrared technologies, instrument
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absolute accuracies of 0.5 degrees C can meet require-
ments, as long as these accuracy numbers are domi-
nated by a systematic bias that can be accounted for
during satellite overlap periods.

4.2.1 Total column water-vapor as an example
Again, the accuracy (bias) associated with measured
humidity is less important than the long-term stability
of that measurement. A somewhat arbitrary assump-
tion of a 5 percent accuracy requirement, which for
deep layer averages, or vertically integrated water
vapor, is being achieved already from the Special
Sensor Microwave Imager (SSMI). This is consider-
ably more stringent than that listed in IORD II (20-25
percent), primarily because of large uncertainties in
the retrieval of humidity in shallow layers to meet
NPOESS weather forecasting requirements.

Assuming that constant relative humidity is main-
tained during global warming, at least in the lower tro-
posphere, then an absolute humidity (or total water
vapor) increase of about 1.3 percent/decade would be
expected (global average) for a warming of +0.20
degrees C/decade. Again, very substantial regional
deviations from this average value would be expected.
Utilizing a factor of (1/5) leads to a 0.26 percent/decade
long-term stability requirement. This is substantially
more stringent than the 2 percent threshold stability
requirement in the NPOESS IORD II (2001). Again,
this is the requirement to observe the global moistening
of the atmosphere associated with global warming —
regional changes could be much larger and would have
a much less stringent stability requirement.

Weak water vapor absorption lines in the infrared
(on the wings of the 6.7 wm band or in the water-vapor
continuum from 11 pm to 12 wm) or in the microwave
(around the 22 GHz water vapor line) are used to
observe emission from the lower atmosphere.
Discrimination of water vapor in the lower tropo-
sphere is dependent on the relative contrast between
surface emission and atmospheric emission. In the
infrared, both ocean and land surfaces have emissivi-
ties near 1.0, creating a low sensitivity to lower tro-
pospheric water vapor. In the microwave near 22 GHz,
ocean emissivity ranges from 0.5-0.6 but land emis-
sivity is near 1.0. Because of this, there is good con-
trast in the microwave and a greater sensitivity to
changes in lower tropospheric water vapor over the
ocean versus infrared techniques. In the microwave,
the water vapor weighting function, i.e. change in
transmittance with change in logarithm of pressure,
is stable and the radiance is related linearly to bright-
ness temperature. In contrast, in the infrared, the
weighting function is more highly variable (and is a
function of the water vapor profile), and radiance is a
non-linear function of temperature (about T® near
6.7 um).



Both microwave and infrared water vapor mea-
surements operate at frequencies where the expected
increase in vapor accompanying, say, a 1 K warming
leads to a larger instrument response than 1K, i.e.
from a 2 K increase at microwave frequencies to 0 K
to 4K decreases at infrared wavelengths, depending
upon the channel frequency. Thus, the signal magni-
tude of increased humidity might be expected to be
larger than the expected global warming signal by a
factor of 2 to 4. Unfortunately, since water vapor is
not a uniformly mixed gas like oxygen (for microwave
temperature) or carbon dioxide (for infrared tempera-
ture), there are significant data interpretation prob-
lems when trying to retrieve water vapor in the
atmosphere from passive measurements.

In the microwave, total column vapor can be mea-
sured near the 22 GHz water vapor line, while tropos-
pheric profiles of vapor can be retrieved with several
frequencies near the 183 GHz water vapor line. Using
a 2:1 instrument response factor just described, one
can double the temperature and stability requirements,
i.e. 1.0 degrees C absolute accuracy and 0.08 degrees
C/decade, for microwave water vapor measurements.

In the infrared, the response of individual channels
varies widely, but one can assume an average response
factor of around 2 to 4. For the global warming case
in which relative humidity remains approximately
constant, the global average brightness temperature
also remains approximately constant. This is because
the radiative impact of the warmer temperature pro-
file offsets the effect of increased specific humidity
in the free troposphere. The approximate simple rela-
tion between an infrared channel brightness tempera-
ture and upper tropospheric humidity is:

a+bTy = In(UTH Per) (1)

where Ty, = brightness temperature, UTH P, — upper
tropospheric humidity at P, a reference pressure
level,and b =—0.115.

Although UTH depends on both water vapor mix-
ing ratio and atmospheric temperature, observations
indicate that the main variations are due to water
vapor. This equation indicates that to detect a 0.3 per-
cent change in water vapor requires a stability of
0.03 K in brightness temperature.

4.3  Surface variables

Surface variables include land vegetation, snow
cover, sea ice, ocean color, and temperature. One
problem with defining requirements for satellite
measurements of the Earth’s surface is the wide range
of surface types covered. A fundamental concern is
the need for both accurate pre-launch calibration and
post-launch validation of all satellite instruments.
By their very nature satellite measurements do not
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sense directly the parameter of interest, and it is only
through these calibration and validation efforts that
one can develop methods to estimate the desired
parameters from satellite data. These concerns apply
both to present and future satellite measurements.

4.3.1 Sea surface temperature as an example
Climate models predict air temperature increases of
about 0.2 K/decade due to greenhouse warming. Sea
surface temperature (SST) can be expected to increase
at about the same rate. To measure this change requires
a data set stability of 20 percent of 0.2 K/decade
or 0.04K/decade. Accuracy of 0.1K is considered
adequate.

Ocean buoys measure the SST at 1 m to 2 m below
the surface representative of the “bulk SST” that were
also measured by ship buckets prior to the 1950s, and
ship injection SSTs since then. Satellite measured
SSTs are sensitive to the topmost “skin” layer of the
ocean, but they are generally corrected to bulk SSTs.
The Surface Panel recommends that the satellite SST
program include an in-situ program of calibration/
validation measurements that combine both skin and
bulk SSTs.

The required SST stability and accuracy are
0.04 K/decade and 0.1K. Sea surface temperatures
are generally measured at infrared atmospheric win-
dow wavelengths. The relevant equation is:

SST =T+ 2.5(T, — Ty) @)

where, T and T, are IR brightness temperatures at
two IR window wavelengths.

Error analysis of this equation assuming that T,
and T, have the same absolute errors leads to a stabil-
ity requirement of about 0.01 K for each window
wavelength brightness temperature. Required accu-
racy for the measurements is 0.1 K. For sensors with
additional channels, such as the Visible/Infrared
Imager/Radiometer Suite (VIIRS) and MODIS, other
SST algorithms may be more effective. The proposed
SST algorithm for VIIRS is a “dual split window”
that uses a brightness temperature difference at the
shorter 4 micron channels together with the longer
11 micron channel difference to give a more stable
SST estimate. But the above error analysis should hold
for any split window type of SST measurement.

Microwave observations at 6.9 GHz can also be
used to measure SST. A 1K change in SST causes
about a 0.33 K change in observed brightness temper-
ature. The reduction in sensitivity is due to the low
microwave ocean emissivity of about 0.5 and wind
roughening effects. Thus, to maintain a stability of
0.04K in SST requires about a 0.01 K microwave
instrument stability. Required accuracy is 0.03 K.

These values ignore the influence of sensor point-
ing angle on SST accuracy for passive microwave



sensors. Both the passive microwave and thermal
infrared sensors will require an in-situ calibration/
validation program to insure that these requirements
are met. This in-situ program must include both
skin and bulk measurements of SST and should be
continuous.

5 CONCLUSIONS

A more detailed discussion of the definitions of stabil-
ity and accuracy as an extension of the vocabulary and
usage of the ISO guidelines on uncertainty determina-
tion in measurements is presented. The stability and
accuracy requirements for long time series data sets
for climate change variables have been developed.
Explanations of how the requirements have been
arrived at for various climate change variables with a
few examples taken from the full report are presented.
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Validated data and removal of bias through traceability to SI units

N.P. Fox
National Physical Laboratory, Teddington, Middlesex, UK

ABSTRACT: The paper describes recent advances in establishing primary radiometric scales and transfer
standards, and their application to improving accuracy and traceability to Standard International (SI) units of
Earth Observation measurements. It further discusses how to ensure that all steps in generating a data product,
data collection, processing and validation, have associated with them an analysis of their uncertainty and assess-
ment of any known biases so that end users can compare and combine reliably all levels of data product that may
be derived from them. Finally, the paper concludes with options for how future accuracy and traceability can be

improved significantly.

1 INTRODUCTION

1.1 Background

In recent years there has been an increasing demand
for improved accuracy and reliability of Earth obser-
vation (EO) data. This is stimulated not only by the
desire to understand better the workings of Earth
and the causes and impacts of climate change, but
also because improvements in models allow us to dis-
criminate better between data. A further driver is the
increasing reliance on the combination of data from
different sensors and sources (satellites, aircraft and
in-situ) to establish more sophisticated data products.
These will be important for “operational services” of
the future, as envisaged in initiatives such as Global
Monitoring of Environment and Security (GMES) of
the European Union (EU) and European Space Agency
(ESA). This combination of data from different sources
can only be carried out if each data set has a clear and
reliable statement of uncertainties.

However, when only relative spatial maps are
required, only radiometric resolution (signal-to-noise)
and uniformity of response of the sensor are critical. In
these applications, absolute accuracy is of lower impor-
tance. However, as soon as temporal information is
required, combination of data from more than one
source (satellite or ground) or where the data may form
a baseline for a future long-term study (as in most cli-
mate change research), accuracy and a clear knowledge
of its associated uncertainty, is essential. This in turn
requires “traceability” of measurement to the interna-
tionally agreed system of units (SI). The term trace-
ability in this context has a clear definition requiring
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a full analysis and description of uncertainties and an
unbroken chain of calibrations back to an internationally
recognized primary standard, usually as maintained by
a National Metrology Institute (NMI) such as NPL or
NIST. This requirement has been formally recognized
by the Committee for Earth Observation Satellites
(CEOS) with the adoption at CEOS Plenary 14 in
November 2000 of the following resolutions:

1. All Earth observation (EO) measurement systems
should be traceable to SI units for all appropriate
measurands.

2. Pre-launch calibration should be performed using
equipment and techniques that can be demonstra-
bly traceable to, and consistent with, the SI system
of units; and traceability should be maintained
throughout the lifetime of the mission.

These resolutions follow closely those adopted by
the 20th General Conference of Poids et Mesures
(CGPM 1995) (the international body responsible for
SI system of units). This meeting concluded that: those
responsible for studies of Earth resources, the environ-
ment, human well-being and related issues ensure
that measurements made within their programmes are
in terms of well-characterized SI units so that they are
reliable in the long-term, are comparable world-wide
and are linked to other areas of science and technology
through the world'’s measurement system established
and maintained under the Convention du Métre.

This paper describes how recent improvements in
the development of traceability routes from the primary
standard can help meet the needs of user applications.
It is limited to passive optical radiometric sensors, but



the principles translate to other EO technology disci-
plines. The paper will start from the establishment of
the primary scale before describing the development
and use of specialized transfer standards tailored to
the calibration of a satellite/airborne sensor or a
ground based field-spectrometer.

1.2 Terminology

To ensure that the emerging commercial EO user com-
munity understands the quality statements associated
with both low and high level data products, it is essen-
tial that the underpinning metrological terminology be
clearly and consistently defined. At present, relat-ively
common terms are frequently misinterpreted and mis-
used when applied to metrology, causing lack of clarity
and understanding. Table 1 contains formal, interna-
tionally agreed upon definitions (ISO 1993), and it is
appropriate that they be used when writing and review-
ing documents and articles for EO work.

Table 1. Definition of key metrological terms as agreed by
the international community, ISO, IEC, and SI.

SI units The coherent system of units adopted
and recommended by the General
Conference of Weights and Measures
(CGPM).

Closeness of the agreement between the
result of a measurement and a true
value of the measurand.

No metrological definition except to
state that it should never be used in the
context of “accuracy” and, because of
possible confusion, its use should
normally be avoided in metrological
applications.

Closeness of the agreement between
the results of successive measurements
of the same measurand carried out under
the same conditions of measurement.
Closeness of the agreement between the
results of the measurements of the same
measurand carried out under changed
conditions of measurement.

Parameter, associated with the result of a
measurement, that characterizes the
dispersion of the values that could
reasonably be attributed to the measurand.
Result of a measurement minus a true
value of the measurand.

Ability of a measuring instrument to
maintain constant its metrological
characteristics with time.

Property of the result of a measurement
or the value of a standard whereby it
can be related to stated references,
usually through an unbroken chain of
comparisons all having stated
uncertainties.

Accuracy

Precision

Repeatability

Reproducibility

Uncertainty

Error

Stability

Traceability
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2 PRIMARY SCALES

2.1 Introduction

Figure 1 is a schematic representation of the inter-
linking and interdependence of the primary optical
radiometric quantities as a result of innovation and
research over the last 20 years. This figure illustrates
the key role of filter radiometry, which provides the
interface between the primary monochromatic scales
and those (polychromatic) of the real world.

2.2 Cryogenic radiometry and spectral responsivity

The primary standard of Figure 1 could in principle
be a detector or source. However, the majority of
NMIs are currently using a special form of electrical
subsitution radiometer (ESR) known as a cryogenic
radiometer (Fox 1996) as the primary standard. An
ESR is essentially a detector that compares the heat-
ing effect of optical radiation with that due to electrical
power. Electrical substitution has been used in radio-
metry for more than 100 years, but it is only since the
1970s when Quinn & Martin (1985) successfully opera-
ted an instrument at liquid helium temperatures that
uncertainties of a few tenths of a percent have been pos-
sible in disseminated scales (Fox 1996) (the uncert-
ainty in the primary scale being <0.005 percent).

Fundamental
s1 Constants
CODATA

Instrument /
Techniques

Improved

Spectral
Responsivity

Detectors

FILTER
RADIOMETRY

Figure 1. A schematic representation showing the inter-
linking and interdependency of primary radiometric quanti-
ties and their route to the user.
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The cryogenic radiometer described by Martin et al.
(1985), and in a modified form by Fox et al. (1996),
can be used to calibrate the spectral responsivity of a
detector by determining the radiant power in a beam
of monochromatic radiation, which is then made to
fall on the detector. The process can be repeated at
different wavelengths until sufficient spectral data have
been obtained for interpolation of a continuous scale.
The most commonly used source for this purpose is an
intensity stabilized laser (Geist et al. 1977, Fox 1996).
Such a source is highly stable (power variations of
<0.001 percent over many hours can be achieved),
monochromatic of known wavelength, and highly
collimated, making it easy to manipulate. However, to
achieve continuous spectral coverage requires a large
suite of lasers, which are only available in one or two
NMIs, e.g. the National Laser Radiometry Facility
(NLRF) of NPL (Fox 2001) and Spectral Irradiance
and Radiance Responsivity Calibrations with Uniform
Sources (SIRCUS) of NIST (Brown et al. 2000).

Fortunately, solid-state photodiodes exist with
relatively smooth variation in their spectral response,
allowing continuous spectral responsivity scales to be
established by interpolation with relatively few direct
calibrations against the cryogenic radiometer. This
process is further simplified through specially pack-
aged photodiodes “trap detectors” as a transfer stan-
dard. Trap detectors were initially conceived as a means
of independently establishing primary spectral respon-
sivity scales (Zalewski & Duda 1983) and consist of
three photodiodes arranged so that the reflection of
radiation from each photodiode surface is incident
onto a subsequent detector as shown in Figure 2. In this
way, incident radiation undergoes five internal reflec-
tions before exiting the device, making it insensitive to
changes in surface reflectance. Since photodiodes can
be chosen that have a near unity internal quantum
efficiency (conversion efficiency of absorbed photon
into detected electron), they also have spectral respon-
sivities that can be modeled easily, making them
highly suitable for interpolating between calibration
points (Fox 1991).

diode diode
: — lout =lin x (reflectance)®
%\ lout
e
di(%de ‘_-T—Im
Figure 2. Schematic of the trap device. [;, and [, refer to

the total radiation entering and exiting the device, respectively.
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2.3 Spectral irradiance

To determine the spectral radiance or irradiance from
a broad band source, e.g. an incandescent lamp or
reflected sunlight from the Earth, a detector with a
quasi-monochromatic spectral response has to be
used, i.e. a filter radiometer. A filter radiometer can be
a simple interference-filter-detector combination or a
grating spectrometer-diode-array imaging camera, as
used in many remote sensing instruments. It is simply
an instrument capable of defining a known narrow
spectral response band out of a broad continuum
source.

It is the development of methods to accurately cal-
ibrate the filter radiometer’s spectral response that has
led to improvements in accuracy of primary spectral
emission scales established by NMIs. In particular,
use of tuneable lasers makes possible the calibration
of a filter radiometer so that it can measure the spectral
radiance of a source with an uncertainty of <0.05
percent (in any spectral region — UV, VIS, NIR)
(Anderson et al. 1992, Fox et al. 1991). Since most
sources have only slowly varying spectral emissions,
Anderson & Fox (1991) showed that it is necessary only
to have a few filter radiometers to define the general
shape, allowing interpolation between calibration
points. In practice, because of the need to calibrate a
wide range of different sources, including those with
line emission, NMIs generally calibrate an intermedi-
ate high temperature blackbody (operating temperature
around 3000K) to establish a spectrally continuous
scale (Johnson et al. 1993, White et al. 1996, Sperfeld
etal. 1996, Yoon et al. 2002). The procedure for estab-
lishing such scales is relatively simple in concept, with
the most important measurement being determination
of the radiant temperature of the blackbody using a
radiometrically calibrated filter radiometer. In princi-
ple, only a single spectral-band filter radiometer is
needed to determine the absolute spectral irradiance
or radiance from the blackbody and thus, through
Plancks law, thermodynamic temperature. In practice
however, for the most accurate measurements a num-
ber of filter radiometers spanning the spectral range
of interest is generally used to take account of any
non-Planckian characteristic of the blackbody cavity.

After determining its thermodynamic temperature,
the blackbody is then viewed by a monochromator
spectroradiometer to give a short-term calibration of its
spectral response before it is used to view a transfer
standard lamp, in effect transferring the calibration
from the blackbody. A schematic representation of the
NPL Spectral Radiance and Irradiance Primary Scales
(SRIPS) facility is shown in Figure 3. NPL currently
uses a blackbody operating at temperatures up to
3500K to establish its scales down to 200nm
(Woolliams 2003). These new “detector-based” scales
have much lower uncertainty than previous realizations,
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Figure 3. Schematic representation of the NPL primary
spectral irradiance facility.

Table 2. Uncertainty budget for the NPL spectral irradi-
ance scale.

Effective uncertainty,
3050 K, blackbody

Individual
Uncertainty uncertainty 300nm  550nm 2000 nm
component (K) (%) (%) (%)
Impact on temperature
Blackbody 0.327 0.17 0.09 0.03
uniformity
Blackbody 0.258 0.13 0.07 0.02
stability
FR absolute  0.115 0.06 0.03 0.01
responsivity
Lens 0.103 0.05 0.03 0.01
transmission
Blackbody 0.089 0.05 0.03 0.01
emissivity
SRIPS 0.26 0.08 0.28
repeatability
Lamp 0.06 0.06 0.06
alignment
Total scale 0.37 0.17 0.30
uncertainty
(1o)

which will allow significant improvements in the accu-
racy of derived quantities such as radiance.

The last international comparison of spectral irradi-
ance was carried out in 1990 and generally demon-
strated agreement between participants within 2 percent
in the visible region of the spectrum (Walker et al.
1991). A new comparison piloted by NPL is nearing
completion, and it is hoped that the introduction of the
new detector-based scales described above (and their
reduced uncertainties) will lead to closer agreement.

Table 2 presents a summary of the uncertainty com-
ponents of the new NPL spectral irradiance scale for a
few specific wavelengths (many of the components
have a spectral sensitivity). Uncertainty sources with an
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effect less than 0.03 percent include blackbody tem-
perature, blackbody absorption, blackbody-integrating
sphere geometry, SRIPS linearity, and monochromator
wavelength error. Elements unique to blackbody
temperature are: size of source effect; mathematical
approximations; geometric factor; electronics; and fil-
ter radiometer relative shape. This table is included as
an example of the detail that needs to be considered
and presented when describing a measurement, and
should be encouraged within the EO community.
Because of the added difficulty in using a blackbody,
it is rare that customer lamps are calibrated directly.
Instead, a hierarchical calibration chain is generally
established so as to minimize burn hours, and thus
drift, on any particular lamp. Such a process is illus-
trated in the left and middle panels of Figure 4.

2.4 Diffuse reflectance

The primary scale of diffuse reflectance in most
NMIs is that of total hemispherical reflectance. It is
this quantity that is generally compared internation-
ally. For this reason, most of the world’s NMIs who
have established such a primary scale have done so by
developing methods that collect all the radiation
reflected from a reference target scattered over a
hemisphere using a well characterized integrating
sphere. Some of these NMIs have also developed
independent facilities for measuring angular resolved
diffuse reflectance, or radiance factor, using some
form of goniometer operating either at one or more
fixed angles or continuously. NPL is unique in being
the only NMI that has established its primary hemi-
spherical diffuse reflectance scale by using a goniome-
ter. In this approach, the total hemispherical reflectance
is determined through modeling and summing together
of the angularly resolved reflectances (Chunnilal
et al. 2003).

In terms of the EO community, the most important
quantity is that of angularly resolved reflectance and
more specifically bidirectional reflectance distribu-
tion function (BRDF). Recently, a comparison was
organized between NPL, NIST and PTB to compare
primary realizations of gonio-diffuse reflectance. The
results (Fig. 5) show agreement to better than +0.5
percent between all laboratories for most of the angles
and most wavelengths. Figure 5 shows the results for
400 nm, one of the more difficult spectral regions.

3 APPLICATION TO EO MEASUREMENTS

3.1 Introduction

Although spectral irradiance has some direct applica-
tions in the EO sciences, e.g. the measurement of
input solar irradiance, spectral radiance is a far more
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important parameter. This is not surprising because most
Earth viewing instrumentation measures spatially
resolved Earth reflected sunlight, or emitted thermal
radiation, which are radiances. Of course, in the case
of solar reflected radiation, the real biogeophysical
parameter of interest is reflectance; but it is deter-
mined through radiometric measurement. Although,
in principle, satellite and aircraft based measure-
ments could be processed directly in terms of reflec-
tance (by assuming or measuring input solar spectral
irradiance), the need to correct measurements for
transmission through the atmosphere makes it more
convenient to use radiance units. However, by contrast,
measurements made in-sifu, to validate data products
of the satellite or aircraft instrument, or provide vicari-
ous calibration, are often made in reflectance terms and
then converted to radiances.

Spectral reflectance of the ground is usually deter-
mined by reference to a standard of known reflectance,



for example a white diffusing panel made of spectralon.
The measuring instrument (spectroradiometer/filter
radiometer) alternately views the solar illuminated
panel or solar illuminated surface at the same viewing
angle, and the reflectance is then calculated. If the
spectral BRDF characteristics of the diffusing panel
are known, the BRDF of the surface can be deter-
mined. This is usually converted to radiance by using
a known value for solar spectral irradiance and cor-
recting for atmospheric loss. There are many sub-
tleties in this process and a good review of the
subject, at least in terms of desert sites, based on the
efforts of the University of Arizona can be found in
Duingard & Slater (1999).

Care needs to be taken when using these reflectance
based methods because, although appearing to be a
relatively simple technology, differences in the level of
reflectance from the reference diffuser (~100 percent)
and the target surface (~30 percent) can result in
errors due to differences in interreflections between
the spectroradiometer and the respective measured
surface. Therefore the in-situ measuring community
ought to make measurements directly in spectral radi-
ance units for which these interreflection errors are
not present. This would result in little change to the
measurement instruments and procedures being used,
except to calibrate the spectroradiometer for spectral
radiance. This could be carried out in a similar man-
ner to that of other instruments described below.

3.2 Spectral radiance

Spectral radiance is a primary quantity and its direct
route of dissemination in the visible spectral region
from NMIs is often through a calibrated tungsten strip
lamp. These lamps have an emitting ribbon of a few

Standard
lamp

——
§d/

Panel
diffuser

irradiance

millimeters width. In the thermal infrared, the transfer
standard usually takes the form of a small aperture
blackbody linked to SI through the International
Temperature Scale (ITS-90), usually using a platinum
resistance thermometer. Neither of these transfer
standards is very suitable for calibrating a large aper-
ture or field-of-view instrument. However, it is not
difficult to see how a thermal infrared (TIR) radiance
traceability route can be established by simply
increasing the size of the aperture of the blackbody
and modeling/measuring the change in emissivity as
compared to a small area blackbody. There are diffi-
culties with this method if care is not taken at each of
the steps involved, e.g. if the contact thermometer is
not measuring the emitting surface temperature, or if
the emissivity model is not truly representative of the
blackbody. But, in principle, a link to ITS-90 can be
established through a fairly simple modification of
the normal transfer standard.

This is not the case for the UV/VIS/NIR region of
the spectrum. In this region, an alternative method
has been widely adopted. A spectral irradiance stan-
dard lamp is obtained (with a traceable calibration)
and positioned at a measured distance from a diffus-
ing panel of known angular diffuse reflectance (radi-
ance) factor, or BRDF. If this is a good Lambertian
diffuser such as spectralon, the spectral radiance
reflected from the panel is defined by the output of the
spectral irradiance standard lamp, and the reflectance
characteristics of the diffuser (Fig. 6). The diffusing
panel is then viewed directly by an instrument need-
ing calibration, or used to calibrate an intermediate
spectroradiometer, which is then used to calibrate
another radiance source, e.g. a large lamp-illuminated
hemisphere or sphere (Fig. 7).

Calibration via lamp
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Radiance-
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Spatially uniform
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Black ;
body

A

Satellite instrument
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—
b

Integrating sphere Spectroradiometer

Figure 6. Establishing spectral radiance scale using an
irradiance lamp and diffusing panel.
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Calibration via thermometer

Figure 7. Spectral radiance calibration of an EO instru-
ment using a large aperture source.



Until recently this has been the only route available
for a calibration traceable to the SI. Even smaller lamp
integrating sphere sources used as transfer standards
from NMIs, were calibrated in this way. As described in
§3.1, large errors can occur through interreflection
effects when using a highly reflecting diffusing panel.
For the method shown in Figure 7, a spectral irradi-
ance lamp is generally placed very close (~0.5m) to
the highly reflecting panel, so interreflection prob-
lems can be large when illuminated as a large bright
lambertian source. New transfer standards are now
available that overcome this problem.

3.3 Transfer standards

One of the principle difficulties facing users of spectral
irradiance is the transfer standard itself. The most fre-
quently used source is a 1 kW tungsten halogen lamp
of the FEL type. Such sources can operate at color
temperatures of ~3200 K and thus give reasonably high
levels of UV/blue irradiance. In the Key Comparison
of spectral irradiance (see above) more than 60 such
lamps have been used, each being measured under
highly controlled conditions. NPL was the organizer for
this comparison and thus has been able to investigate
the performance of this large set of lamps, which have
undergone various forms of transportation (hand car-
ried, air-freight, and road) in their journeys between
participants across the globe. The results indicate that
the spectral irradiance of approximately one in three
lamps changed significantly (>1 percent) on trans-
portation. This result highlights the need to improve the
performance of transfer standards for source related
quantities.

Anticipating this result, NPL (Fox et al. 1998,
Windsor et al. 2000, Woolliams et al. 2003) and oth-
ers (Sperling & Bentlage 1998) have developed new
irradiance sources based on coupling a tungsten halo-
gen lamp with a group of stable filter radiometers. In
such sources, one filter radiometer can be used as a
reference to control the output of the lamp by varying
the current supplied to it from the power supply in a
feedback control circuit. Other filter radiometers, with
peak spectral response spread across the spectrum of
interest, can be used to monitor spectral changes. In
this way, drifts and changes in the output of the lamp
can either be corrected or at least monitored, to allow
the user to assess their significance for their application.

Similarly, this technology can be applied to lamp
illuminated integrating spheres used as radiance
sources. NPL has constructed transfer standard
absolute radiance sources (TSARS) specifically for
application in the EO sector (Woolliams et al. 2002).
In addition to detector stabilization, these sources
also have been optimized for spatial uniformity of
output radiance, and non-uniformities of <=*0.2 per-
cent have been achieved over emitting areas of 80 mm
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diameter. Sources such as TSARS allow a wide range
of EO instrumentation to be calibrated for spectral
radiance, either in the lab or in the field, without the
need to use diffusing panels. Since the TSARS are
self-monitoring, they can alert the user to any problem
of drift in the calibration caused by aging or damage.

3.4 Shortening the calibration chain

The previous section illustrated a number of improve-
ments in transfer standards that improve the accuracy
of optical radiometric measurements. However, even
greater accuracy, and in some cases flexibility, can be
achieved by slightly more radical approaches. These
approaches are highlighted in the schematic shown in
Figure 4, and represent a shortening of the calibration
chain, in effect reducing the number of steps to the
primary standard.

Calibrated filter radiometers can be used directly as
the transfer standard to generate absolute radiance,
instead of using an incandescent lamp and diffuser
(panel or sphere). Filter radiometers measure the radi-
ance of an intermediate source, which might still be a
lamp and diffuser, but in this case the source only has
to be lambertian and stable in the short-term, since its
radiance is being measured directly by the filter
radiometer (Fig. 8). Fox (1995) showed that for the
highest accuracy, the spectral shape of the response of
the remote sensing instrument can be matched by the
filter radiometers, in principle achieving accuracies
of <0.1 percent. In practice, other sources of error are
likely to limit the accuracy and not the primary cali-
bration and traceability to SI units. This approach has
been widely used in the United States for preflight
calibration, at least as a means of comparing different
calibration facilities led by NIST (Johnson et al. 2004).
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Figure 8. The use of filter radiometers in the determina-
tion of spectral radiance of the calibration source.



The technique could be applied equally for in-situ
measurements with the filter radiometer being used
directly to view the ground target.

The technique is not limited to the UV/VIS/NIR
region and also has many advantages for the TIR,
allowing spectral radiances of large aperture black-
bodies to be measured directly rather than estimated
from models and contact thermometry (Theocharous
et al. 1998, Rice & Johnson 1998).

Multispectral and hyperspectral space instruments
provide an additional challenge for this approach
because they need greater spectral resolution. However,
tuneable filter radiometers, or absolute spectral
radiometers, are being developed which are expected
to meet this challenge (Fox 1996, Fox et al. 1998).

An alternative approach is to calibrate instruments
directly against the primary standard blackbody
source. NPL recently performed such a calibration,
using its ultra high temperature blackbody (UHTBB)
with an optical imager called CHRIS (Compact High
Resolution Imaging Spectrometer) built by SIRA
Electro Optics Ltd (currently onboard the ESA Proba
platform). Calibration required the construction of a
class 100 clean environment in the NPL calibration
laboratory and the blackbody was then used to cali-
brate CHRIS in terms of spectral irradiance and radi-
ance, the former for an in-flight calibration monitor.

Instruments can also be calibrated using a laser
illuminated integrating sphere, which can provide a
source of spectrally tunable, stable, spatially uniform
sources of radiation. This can easily be tailored to
meet the specific needs of any EO sensor. NIST has
used such sources in a number of measurements
(Johnson et al. 2004) and NPL recently used such a
source in a calibration of GERB 2 (Geostationary
Earth Radiation Budget) due for flight onboard the
Eumetsat satellite Meteosat Second Generation (MSG).

3.5 Traceability to SI in-flight

As shown in Figure 4 (right hand panel), the domi-
nant issue for the EO community is establishing
traceability to SI in-flight, and consequently deter-
mining accuracy and uncertainty of the primary data
products: radiance or reflectance. Current use of
onboard calibration systems limit accuracy to at best
3 percent because of the potential for degradation
between preflight calibration and in-flight operation.
They also are prone to degrade in-flight. Vicarious
based methods have until now been limited to similar
uncertainty levels due to difficulties in establishing
traceability to SI. The Moon, for example, is highly
stable and offers the prospect of an excellent calibra-
tion target if its absolute radiance can be determined
with sufficient accuracy (Keiffer & Wildey 1996).
Similarly deserts or lakes (for the TIR band) may
offer large enough areas of spatially uniform terrain
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to fill the pixel of the sensor (this is significantly
easier with the high spatial resolution imagers).
Together with improved transfer standards this offers
the prospect of improved calibration accuracy.
However, in this case, the poor long-term instability
of the best-characterized sites, means that their cali-
bration coefficients need to be regularly updated and
ideally tied to the time of overpass. By contrast, other
sites, e.g. Northern Africa, have been shown to be
highly stable in the long-term, but due to inaccessibil-
ity are much more difficult to characterize on the
ground.

4 TRACEABILITY

4.1 Traceability to SI and the Mutual Recognition
Arrangement (MRA)

In October 1999, Directors of the NMIs of 38 countries,
signatories of the convention of the meter, agreed to a
new arrangement under which calibration and mea-
surements certificates issued in one country are
accepted in another without the need for further bilat-
eral agreements. This arrangement is the Mutual
Recognition Arrangement (MRA) (www.bipm.org).
It operates through comparisons organized by the
consultative committees, e.g. Consultative Committee
of Photometry and Radiometry (CCPR) of the Comité
International des Poids et Mesures (CIPM).

Most important are the “Key Comparisons” of the
most basic quantities associated with each SI base
unit (generally <10 for each SI unit) and involve a
subset of NMIs that have a proven historical record of
research activity in the technical area, and that also
span the globe. The quantities chosen for these Key
Comparisons are selected to evaluate the principle
methodologies within a technology area so as to
underpin the broader range of measurement services
provided by NMlIs. In context of radiometric mea-
surements for the EO community, they are: spectral
irradiance, radiance, responsivity, transmittance and
diffuse reflectance. It is worth noting that spectral
radiance is not one of these quantities, as in principle
it is derivable from irradiance and reflectance, and
uses the same principle techniques as irradiance.
However, although not a Key Comparison, there is a
“Supplementary Comparison” of spectral radiance
being carried out under the auspices of the CCPR.
Since this comparison is in terms of tungsten strip
lamps, i.e. emitting areas of a few millimeters, it is of
little practical use to the EO community.

The results of these Key Comparisons establish the
degree of equivalence between participating NMIs for
the specific quantities being compared. This is gener-
ally followed by a series of regional comparisons of
the same quantity to link all the other NMIs into the



system. The results of all the comparisons, together
with the degree of equivalence between each labora-
tory, are then entered into a database and available to
all via the internet. This then underpins the process
whereby all calibrations performed within any coun-
try can be compared to those in any other, providing
that appropriate checks are made on the quality pro-
cedures of any secondary calibration laboratory. In
addition to the results of comparisons, the database
also contains an appendix that provides peer reviewed
information (including uncertainties) for a wide
range of standard measurement services. This appen-
dix is structured so that each NMI entry is presented
against a predetermined consistent set of measure-
ment service categories to allow users to readily com-
pare information.

A long-term goal for the EO community might be
to establish a similar database of EO specific quanti-
ties populated by information from the calibration
teams of the world about their measurement capabili-
ties, but with the quality of the data underwritten by
formal comparisons/audits organized by an independ-
ent authority, e.g. an NMI. Such information then
could be reliably used to compare results made with
different instruments or at different calibration sites,
allowing the user to remove calibration offsets and
biases easily without having to debate, which is the
“correct” answer.

4.2 Traceability to SI in the EO community

Successful strengthening of traceability for EO data
sets requires field personnel to have a clear understand-
ing of its benefit. The principle benefit is to improve
the likelihood of data products derived from a remote
sensing instrument being a quantitative description of
the biogeophysical parameter that it is seeking to meas-
ure, and that such measurements are invariant with
time and are robust enough for regulatory, policy or
commercial decisions.

While pre-launch activities help evaluate the
extent to which the instrument meets specifications, it
is in the post-launch environment that the issue of
traceability to SI units becomes critical. This is par-
ticularly so for post-launch calibration of satellite
sensors in the visible and near infrared where there
are many examples of pre-launch calibration coeffi-
cients needing revision due to changes in the sensor
caused by storage and launch into orbit. Frequent
revisions need to be made throughout the life of the
mission due to degradation of the instrument while in
the space environment. Measurements by Los (1998)
of NDVI (Normalized Difference Vegetation Index)
for a nominally stable desert site demonstrate the dif-
ficulty of ensuring long-term stability in-flight, and
consistency between instruments, even when they are
of the same design. In the Los example, when there is
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no onboard calibration system, results can be used as
a vicarious ground calibration to apply correction fac-
tors to normalize results to a common baseline.

How such calibration updates should best be deter-
mined is a fairly hot debate between the advocates of
onboard calibrators and those of vicarious tech-
niques. The latter offers a range of options for deter-
mining correction factors usually based on solar
reflected radiation from a “stable” natural target such
as desert, snowfield, or the Moon. In most cases,
there is little to choose between the techniques. All
are adequate for monitoring change, but when deter-
mining radiometric accuracy in terms of SI units, all
are relatively poor, with accuracies ranging from 3 to
10 percent. If such uncertainties are to be improved,
then the following issues need to be addressed: (a)
what is the attainable accuracy of radiation measure-
ments in the visible and near-infrared with onboard
calibrators?; (b) what is attainable through vicarious
techniques?; (c) are the results from onboard and
vicarious techniques in agreement?; and, (d) what is
the accuracy for the user?

The solution to all these issues requires a common
measurement system against which results can be
compared. This is best achieved by ensuring that all
measurements are made traceable to SI and have reli-
able estimates of their uncertainty. Without this, it is
impossible to compare meaningfully the results and
performance of different research groups, techniques,
instruments, or calibration sites. It is important that
traceable calibration includes not only preflight activ-
ities, but also all the equipment associated with
ground calibrations and validations throughout the
life of a measurement mission (which may exceed
any one satellite’s lifetime). These include the field
spectroradiometers, both portable and site-based, air-
craft spectroradiometers, sun photometers, and ocean
buoys. These support instruments need to have asso-
ciated with them well documented, auditable trace-
ability chains demonstrating the uncertainty of the
measurements made with the same rigour of the satel-
lite mission. Each instrument should have been cali-
brated by an organization using a procedure that has
in some way been through an auditable process to
assure traceability to SI. This audit could take a num-
ber of forms, but is likely to be either a direct bilateral
comparison, or participation in some more formal
intercomparison or round-robin exercise. Traceability
cannot be demonstrated sufficiently if workers rely
solely upon a manufacturer’s data sheet. Even a cali-
bration certificate would require clear demonstrable
evidence that the calibration has independent verifi-
cation of its uncertainty statement.

It is, of course, important to emphasize that even if
full traceability for these primary measurement quan-
tities, e.g. radiance/reflectance is achieved, there are
many additional sources of uncertainty that will effect
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Figure 9. Schematic representation of the production
process for a data product from a typical satellite sensor.

the final accuracy of the users’ higher level data
products due to various processing steps. Figure 9
illustrates how validation activities (comparing the
processed data products with real variables) may also
result in feedback to the process leading to further
correction of the calibration coefficients. Such feed-
back mechanisms make it difficult to evaluate in an
independent manner the real uncertainty of the final
released data product. It is therefore essential that any
strategy to improve the quality assurance of the EO
product, includes all the steps in the production chain:
data collection; correction; and processing, each having
clear traceability for all input or measured variables.
Data processing algorithms also require validation
through an independent route, through appropriate
testing and/or comparison to understand any associ-
ated biases.

Obviously, simple improvements in the traceability
to SI of primary input variable, such as spectral radi-
ances or reflectances, will not improve immediately
the EO data product. Without demonstrable traceabil-
ity in these primary measurands, however, it is hard to
see how improvements in accuracy can be made in the
processing chain, since any incremental gain is likely
to be masked by large uncertainties of the input
parameters.
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5 OPTIONS FOR THE FUTURE

One option for improving accuracy and traceability
of EO data significantly would be to implement a
dedicated calibration mission such as proposed
in TRUTHS (Traceable Radiometry Underpinning
Terrestrial- and Helio- Studies) (Fox et al. 2003a,
2003Db). This proposal was for a mission to establish a
set of calibration reference targets, Earth deserts,
Sun, and Moon to transfer calibrations of radiance or
irradiance to other in-flight sensors. Broadly, this is
similar to current best practice for vicarious calibra-
tions. However, in TRUTHS, the calibration coeffi-
cients of these targets would be updated regularly
through observation and calibration by instruments
onboard a small satellite. TRUTHS instruments
would be calibrated using a novel onboard procedure
that mimics those performed on the ground by NMIs
when establishing primary scales. This procedure
includes the flight of a primary standard, so traceabil-
ity to SI can be established fully and regularly in-
flight with very high radiometric accuracy (<<0.5
percent for spectral radiance) avoiding any problems
due to drift either pre- or post-launch.

While TRUTHS offers complete solution, the prin-
ciples and techniques it proposes can be used inde-
pendently. For example, the in-flight calibration system
can be incorporated onto any Earth viewing imager.

Similarly, it is perhaps timely to consider establish-
ing a global network of calibration test sites to acquire
benchmark data sets. Global Instrumented And Net-
worked Test Sites (GIANTS) has been proposed by
Teillet et al. (2001). Use of “standard” ground reference
calibration test sites as a means of cross-calibration
and validation of satellite sensors is well established.
In many cases, dedicated campaigns have been organ-
ized using teams supported by the respective instru-
ment. In some cases, particularly atmospheric chemistry
applications, use has been made of existing ground
networks of validation equipment, much of which is
automated. In the case of land imagers, some test sites
have become recognized “standards,” e.g. White
Sands National Monument and Railroad Valley Playa
in the western USA, and La Crau in Southern France.
These and other sites have been well characterized
and shown to be relatively homogeneous spatially, and
are relatively stable temporally (at least in the short-
term). However, significant differences have been
observed by different sensor teams when using the
same target area for vicarious calibration activities
because of biases originating from subtle differences
in the methodologies used, instrumentation, and cali-
bration traceability. Such biases also can occur for
networked sites, although these can be reduced by
using common instrumentation and standard method-
ologies. Each site requires a common set of automated
instrumentation, including sun photometers, standard



meteorological parameters, video images of the site in
real time, down-welling solar irradiance, and surface
spectral reflectance/radiance. All instruments should
be automated and should transmit data independently.
Continuous year round availability of a single calibra-
tion site is difficult to achieve and highly susceptible
to local weather conditions, e.g. snow. However, hav-
ing a global network of essentially interoperable test
sites overcomes this limitation.

In context of the TRUTHS mission, data from the
ground will correlate with absolute information from
the satellite such that other satellite sensors need only
be stable in the short-term, which is easier to achieve
than absolute calibration. However, in the near-term,
in the absence of such a satellite, calibration updates
would need to be carried out by ground support teams
or aircraft overpass.

6 CONCLUSIONS

Recent developments in the techniques used to estab-
lish primary radiometric scales, in particular the cali-
bration of filter radiometers, makes it possible to
improve significantly the accuracy and traceability of
EO instrumentation. These improvements and tech-
niques also make it possible to carry out detailed
comparisons to understand and remove biases that
may exist between calibration methods employed by
different calibration teams, both in instrument cali-
bration and in-sifu calibration/validation activities.

The paper also has highlighted the importance of
traceability for all steps in the production of an EO
data product, from data collection to data processing.
It recommends that this process is best carried out
through some form of independent quality assurance
(QA) assessment that likely will involve comparisons
or audits and that NMlIs are well placed provide. It
further suggests that the results of such QA assess-
ments could be stored in a publicly accessible data-
base to aid users when trying to compare and
combine data sets from different sources.

In looking to the future, options were briefly
described that offer the possibility for improving sig-
nificantly the accuracy and traceability of many EO
data products. The adoption of one or more of these
options is likely to be essential to ensure that the
accuracy of future EO products fully meets the needs
of the user community. This is particularly true for
those studying climate change, but it is also true for
customers of future commercial operational services.
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Status of standardization project ISO 19130
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ABSTRACT: Worldwide official standards are developed by the International Organization for Standardisation
(ISO) and two other similar organizations. The ISO Technical Committee 211 (ISO/TC 211) is responsible for
geographic information including imagery data. In 2001, ISO project 19130 “Sensor and data models for
imagery and gridded data” was approved. The project team has developed an International Standard for auxil-
iary data that relate imagery type data to the Earth. The focus of the first phase of standardization projects by
ISO/TC 211 was geographic vector data. In the second phase, the project dealt primarily with imagery type
data. Two related new standardization projects are ISO 19101-2 “Reference model — imagery” and ISO 19115-
2 “Metadata — Part 2: Metadata for imagery and gridded data.”

1 INTRODUCTION

After decades of rapid innovation, remote sensing and
geographic information systems have reached matu-
rity. Today many excellent or exotic ideas do not sur-
vive because commercial success has gained the first
priority. Photogrammetry has moved from its expert’s
corner to wider acceptance. Standardization has become
a top issue.

2 ROLE OF ISO

ISO is one of several international standards-developing
organizations. Others include the International Elec-
trotechnical Commission (IEC) and the International
Telecommunication Union (ITU). The Bureau Inter-
national des Poids et Mesures (BIPM) sometimes is
considered an international standards organization
whose primary focus is on standard international (SI)
units.

ISO was founded in 1947. The letters “ISO” are
derived from the Greek word “isos” meaning “equal.”
The full name is “International Organization for
Standardization.” IEC and ITU have their specific
topics. The ISO is responsible for all other fields of
standardization that are not covered by the IEC and
the ITU. IEC and ITU follow standardization proce-
dures that are comparable to those of the ISO.

The ISO and the IEC have formed the Joint Tech-
nical Committee-1 (JTC-1) that is dedicated to all
questions of computer science. Many well-known
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programming languages and imagery formats have
become standards developed by this committee.

ISO, as well as IEC and ITU, are official organiza-
tions. They are composed of the national standardiza-
tion organizations and of external liaison members.
The national standardization organizations represent
individual nations. They have the right to vote. The
external liaison members are technical international
organizations that provide expertise to the develop-
ment process and that have the right to take part in the
discussions during the meetings. In addition there are
internal liaison members that are other ISO Technical
Committees serving in neighboring fields of work.

The ISO is subdivided into Technical Committees
consisting of Working Groups and in some cases,
Subcommittees.

The development of ISO standards follows a for-
mal procedure that takes up to five years. It has recently
been shortened from seven years to keep pace with
accelerated technical developments. After the publi-
cation of an International Standard, it is reviewed at
least every five years. Technical committees such as
the ISO/TC 211 are standing committees. It means
that they care for their standards on a long-term basis
that is enabled by agreements with the national stan-
dardization organizations around a guaranteed annual
budget.

Standards documents can be purchased via the
Internet. Details are on the homepages of the organi-
zations. In some cases, standards can be downloaded
from the Internet at no cost, or they may be found in
other publications.



3 ROLE OF ISO/TC 211 “GEOGRAPHIC
INFORMATION/GEOMATICS”

ISO/TC 211 (Geographic information/ Geomatics) is
one of about 190 Technical Committees of ISO.
According to its name, it develops standards in the
field of geographic information. According to the
ISO, geographic information is a specialization of
computer science. The title “Geographic information”
is meant in a fairly wide sense. This is best reflected in
the spectrum of the presently more than 20 external
liaison members. They include organizations like the
Committee on Earth Observation Satellites (CEOS),
International Society for Photogrammetry and Remote
Sensing (ISPRS), International Association of Geodesy
(IAG), Open GIS Consortium (OGC), International
Hydrographic Organization (IHO), Food and agricul-
ture Organization of the United Nations (FAO), Digital
Geographic Information Working Group (DGIWG),
and regional initiatives.

As 0f 2003, the work of ISO/TC 211 is subdivided
into five Working Groups and about 40 project teams.
Each project team results in one International Stan-
dard, or in some other ISO-deliverable. The standards
range in number from ISO 19101 to ISO 19140.
Some project teams already have finished their work
and their standards have been published.

From the ISO perspective, photogrammetry and
remote sensing are a subtopic of geographic informa-
tion. Therefore, it is advisable to allocate future stan-
dards for remote sensing to ISO/TC 211. However,
relevant standards may have been developed already
by other ISO technical committees, e.g. photography,
intelligent transport systems, or the ISO/IEC JTC-1.
for hypertext markup language (HTML), virtual real-
ity markup language (VRML), or basic image inter-
change format (BIIF).

4 TYPE OF PROJECTS IN ISO/TC 211

Standardization projects may be categorized in one
of at least four types: infrastructure standards, basic
standards, imagery standards, and implementation
standards. Those categories are not official, but they
help to understand the overall structure.

Infrastructure standards serve as a basis for the
others and include the reference model (ISO 19101),
terminology (ISO 19104), testing of conformance to
the standards (ISO 19105), and the creation of pro-
files (ISO 19106). Those standards have all been
completed.

Basic standards cover the classical world of GIS.
They include the application model (ISO 19109), spa-
tial schema for vector-data processing (ISO 19107),
methodology for feature cataloguing (ISO 19110), the
coordinate reference model (ISO 19111), metadata
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(ISO 19115), portrayal (ISO 19117), encoding (ISO
19118), and others. Those standards have been com-
pleted also. They are profiled for specific needs and
are implemented in various GIS environments. Their
completion made the ISO/TC 211 a powerful player
in the GIS-world.

Imagery standards are under development. The
concept includes imagery, gridded, and coverage
data. Imagery data have pixels that represent a physi-
cal value such as light or temperature. The resulting
images may be pictures or temperature maps. Gridded
data do not necessarily represent a physical value
such as population data. Coverages have been stan-
dardized in ISO 19123. A coverage is a widely used
concept in geographic information systems. It is well
comparable with the concept of a “field” in physics.

Implementation standards are not considered the
primary goal of ISO/TC 211, but they are necessary
to bridge the gap between the original abstract stan-
dards of ISO/TC 211 and users. In addition, many
requirements from specific user communities need a
home for finalizing their standardization process.
Examples for implementation standards are the Web
Map Server interface (ISO 19128), and the Geography
Markup Language (GML, ISO 19136). It is still ques-
tioned whether the implementation standards are well-
positioned within the ISO/TC 211 suite of standards
(Kresse & Fadaie 2003).

5 RELEVANT PROJECTS FOR
PHOTOGRAMMETRY AND REMOTE
SENSING

Since the ISO/TC 211 has focused its work on imagery,
interest among ISO experts in photogrammetry and
remote sensing has grown. Both sciences are a major
data source for GIS. Though technical details of indi-
vidual sensors or systems are not a topic for ISO-
standards, both sciences were considered mature
enough to standardize all important data interfaces
between sensor and GIS.

Imagery has been split into a number of standardi-
zation projects. Work began almost three years ago
when the first two projects were approved: “Imagery,
gridded, and coverage data framework™ (ISO 19129)
and “Sensor and data models for imagery and gridded
data” (ISO 19130). During 2003 two other projects
were approved: “Reference model — imagery” (ISO
19101-2 and “Metadata — Part 2: Metadata for imagery
and gridded data” (ISO 19115-2). Further standardi-
zation projects on encoding for imagery and calibra-
tion/validation of sensors are planned (Di 2004).

Work on “Coverage geometry and functions” (ISO
19123) was the earliest to start. Though not com-
pletely finished, the document has matured. Because
of its very generic approach towards the definition of



images, ISO 19123 has influenced the creation of all
other standards for imagery.

6 FRAMEWORK (ISO 19129)

The goal of “Imagery, gridded data, and coverage
framework” (ISO 19129) is to create a roadmap
towards individual imagery standardization projects
within the ISO/TC 211. ISO 19129 contains a deci-
sion support list for all existing standards of the ISO
19100 family. Each entrance is a work item necessary
to qualify the existing ISO 19100 set of standards for
imagery purposes. In some cases minor or even no
amendments were necessary for an extended validity

Table 1. Distribution of imagery topics to the existing
standards of ISO/TC 211 according to ISO 19129.

ISO 19100 Imagery and gridded

Standards data elements Solutions
19101 ISO 19101-2
19104
19105 TBD Annex to ISO
19107 Surfaces required Make appropriate
references. e.g. to
GM_Tin
19109 Apply rules to imagery, Create template
gridded data, and imagery
coverages application
schemas in ISO
19129
19110 No additional feature No action
elements necessary for
imagery and gridded data
19111 Need for Earth Centered ~ Apply 19111 to
Inertial coordinate refer- ~ ECI and ECR
ence system (ECI) and in 19130
Earth Centered Rotating
coordinate reference
system (ECR)
19115 FGDC ISO 19115-2
THO: S61
DGIWG
Quality elements (ISO
19113, IS0 19114)
19117 Look-Up Table, color maps Present:
Color-systems: discussion in
Commission Inter- ISO 19129;

Future: technical
amendment to
ISO 19117

national de
I’Eclairage(CIE)
Munsel etc.
Scaling and rotation
(resampling)

Stying:
ISO 19136 (GML)
W3C SMIL (Synchro-
nized Multimedia
Integration Language)
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to include imagery. In some cases new ISO standards
are required. The ISO 19101-2 and the ISO 19115-2
are examples for such cases. Table 1 is a shortened
version of the decision support list.

In addition, some imagery topics of major impor-
tance and minor size are a part of the ISO 19129
itself. The related sections of the document deal with
the structure of gridded data, with n-dimensional
grids, with the shape of grid cells, with radiometric
processing, and with data compression.

7 REFERENCE MODEL (ISO 19101-2)

ISO 19101-2 provides a reference model for imagery
based on concepts developed in computer science.
The core model is standardized as ISO/IEC 10746
“Information technology — Open distributed process-
ing — Reference model.” It describes five points of
view that enable a comprehensive understanding of a
computer system before, and during, its development.

Three of the points of view are relevant for
imagery standardization: (a) computational describes
the functional decomposition of a system; (b) infor-
mation describes the semantics of a system; and
(c) engineering describes for example, the interaction
between sensor and platform. To draw a complete
picture, the remaining two points of view (enterprise
and technology) are mentioned, though they have a
very limited meaning to imagery standardization.

Standards of the ISO 19100 family follow a model-
driven approach. As a consequence, the core elements
of every standard are mandatory models written in a
conceptual schema language, which is the Unified
Modeling Language (UML) in the ISO 19100 family.
The models of all standards are bound to a compre-
hensive UML model that governs the whole ISO/TC
211 series. For imagery standards this top level model
is provided by the ISO 19101-2.

The top level model distinguishes between two dif-
ferent schemes for classifying imagery information,
operations on imagery, and refinement of imagery
information.

The model provides six classes of operation:
(a) image sensing, (b) image processing, (c) image
analysis, (d) image interpretation, (e) image synthesis,
and (f) image presentation. It also provides five classes
of image refinement: (a) data assimilation, (b) data
fusion, (c) knowledge from imagery, (d) identifying
features from imagery, and (e¢) decisions based on
geographic imagery (Percivall 2003).

8 SENSOR AND DATA MODELS (ISO 19130)

The primary goal of “Sensor and data models for
imagery and gridded data” (ISO 19130) is the provision
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of parameters necessary to georeference imagery. The
standard includes sensor models that are traditionally
applied in the domain of photogrammetry, and the
functional fit models that are widely used in remote
sensing. Ground control points (GCPs) may be used
on their own as a georeference or in conjunction with
sensor models or functional fit models. The GCPs
reside in a category called “sensor and data models”
(SD), or more specifically, SD_GCPCollection (Fig. 1).
ISO 19130 addresses all sensors that are common in
the domain of ISO/TC 211. However, in the version
of the standard that has been elevated to the commit-
tee draft (CD)-stage, only linear sensors, frame cam-
eras, paper and film scanners, and a “virtual sensor”
remained. Light Detection and Ranging (LiDAR),
Synthetic Aperture Radar (SAR) and hydrographic
sonar were deleted because of the lack of technical
contributions. By convention within TC 211, names
of UML classes include a two-letter prefix that iden-
tifies the standard and the UML package in which the
class is defined. In the following figures, SD stands
for “sensor and data model” and MI stands for “meta-
data for imagery”.

8.1 Sensor models

A sensor model describes the physical reality of a
sensor in mathematical terms as far as necessary for a
rigorous 3-D transformation of points with a control-
lable error budget.

The sensor model consists of the sensor type, the
location model, the platform, and the process (Fig. 2).
Sensor components are associated with the sensor
model. A specific sensor such as the scan linear array
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SD_GCPCollection

+ collectionIdentification : Integer
+ collectionName : CharacterString
+ coordinateReferenceSystem : MD_CRS

Sensor model, functional fit model, and GCP collection.

or the frame camera consists of components that are
taken from the pool of components defined in the
class SD_Sensor-Components. The sensor optic with
its calibrated focal length is an example of a compo-
nent; film with fiducial marks is another. The georef-
erence of the sensor is defined in the location model.
It contains the exterior orientation parameters, the
orbit parameters, and others.

In remote sensing, sensors are often referenced to
their platform. The parameters involved are defined
in the class SD_Platform. This class includes station-
ary and dynamic platforms, and distinguishes
between spaceborne, airborne, and landborne plat-
forms. The geometric relation between a sensor and
its platform is called “the mounting of the sensor.”

The virtual sensor shown in Figure 3 is a collection
of hardware-describing parameters that are independ-
ent of any type of sensor. These parameters are
grouped in the simple case for constant and “unlim-
ited” translation and rotation; and in the linear case,
for a more detailed description such as start and stop
distance. The virtual sensor enables the application of
standards to new sensors even though they might not
fall into one of the other categories of sensor types.

Coordinate systems (CSs) are an essential part of a
sensor model. They are attached to physical units
such as the sensor, the platform, and the Earth.
Different applications use different transformation
pipelines between the CSs. For instance, photogram-
metry usually sets a transformation between the sen-
sor (camera) CS and the projected (ground) CS.

A complete sensor model takes all physical steps
into account, beginning with the data taken at the
focal plane of an imaging system to the creation of a
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Figure 2.  Sensor model with sensor type, location model, platform, process, and sensor components.
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Sensor types described in ISO 19130.

SD_PaperAndFilmScanner

+detectorArray : SD_DetectorArray

+scannerControlPoint[0..1] : SD_GCP
+papersize[0..1] : SD_Paper
+interiorOrientation[0..1] : SD_Film

+scannerTransformation : SD_DistortionAffine
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Figure 4. Location model with position, attitude, and motion.

georectified data set. The process requires a sequence
of transformations that are related to coordinate sys-
tems (CSs). The ISO 19130 defines the sensor coor-
dinate system (sensor CS), the platform CS, the orbit
CS, the ECR CS, the ECT CS, the projected CS, and
some specialized CSs such as the stereo model CS.

The majority of the coordinate systems in ISO
19130 are defined as coordinate reference systems
within the frame provided by the ISO 19111 “Spatial
referencing by coordinates.” The ECI CS cannot be
derived yet from the ISO 19111.

One of the major contributors to the development of
ISO 19130 is the sensor model language (SensorML).
It is an extensible mark-up language (XML) based
implementation of sensor models that has been devel-
oped independently of ISO. As the models of ISO
19130 and SensorML are similar, both developments
are merged presently to enable SensorML to function
as an implementation of the abstract standard ISO
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19130 (Botts 2002). Figures 2—5 show the sensor,
sensor type, location, and functional fit models.

8.2 Functional fit models

A functional fit model provides relationships between
an image and a ground coordinate system. The sim-
plest functional relation is an affine transformation
with six parameters. Often used ground coordinates
are the state plane coordinates of a projected coordi-
nate system.

ISO 19130 defines four types of functional rela-
tions: (a) polynomial fit, (b) ratios of polynomials,
(c) universal real time model, and (d) grid interpola-
tion. The polynomial fit model has two-dimensional
polynomials to describe the relation. Though the
grade of the polynomials may have any number, it is
hardly ever greater than three. The ratios of polynomi-
als model has ratios of two-dimensional polynomials,
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Figure 5. UML model of the functional fit model.

while the universal real time model has piecewise
ratios of polynomials. The pattern of these pieces is
mostly rectangular. Finally, the universal real time
model is often called a rapid positioning model as it
allows precise online positioning calculations even
with slower computers than today.

The grid interpolation model provides image-to-
gound relations at the vertices of a grid pattern.
Values within the grid have to be interpolated.

The basic equations for the polynomial fit model
and the ratios of polynomials in the functional fit
model are:

Polynomial fit model:

p=3 33 autyler (1)

k=0 I=0 m=0

Ratios of polynomials model:

i, =[p(x, 5,201 q,(x,, ¥,,2,)] 2
Ju =P (x5 9,201 45 (%,5 y,5 2,)] 3)
with

p=3 3 S amtylel )

k.l _m

qi= bumx, y, 2, 5)

8.3  Timeframe for ISO 19130

Development of an ISO standard follows a well
defined timetable and must not take longer than five
years. The ISO 19130 project was approved by the
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members of ISO/TC 211 in 2001. By this approval,
the project changed its status from “New Work Item
Proposal” (NWIP) to “Working Draft” (WD). For
more than two years the project team has tried to find
consensus on the working draft document. The long
time was mainly caused by insufficient expert contri-
butions for the subtopics LIDAR, SAR/InSAR, and
hydrographic sonar. In addition, the ideas of SensorML
delivered a major input to the structure of the ISO
19130 document. In early 2004, the project team
reached consensus about the future ISO standard 19130.

The working draft has changed its status to
“Committee Draft” (CD). A committee draft is a pub-
lic document within the Technical Committee. The
CD will be reviewed by members of the other project
teams and, in particular, by representatives of liaison
organizations. Within the CD status, a standard shall
become mature. People who need to have their views
included as part of the new standard should contact
their national standardization organizations or one of
the liaison members to gain access to the document
and to place their comments.

Once the CD stage is completed, the document is
forwarded to the central secretariat of ISO in Geneva.
Subsequent drafts are called “Draft International
Standard” (DIS) and “Final Draft International Stan-
dard” (FDIS). Usually no major technical changes are
applied to the document during these phases. Finally
the ISO central secretariat publishes the document as
an “International Standard” (IS).

9 METADATA FOR IMAGERY (ISO 19115-2)

The already published International Standard
“Metadata” (ISO 19115) provides guidelines for
describing geographic information and services. It
contains the complete listing of all metadata elements



of the ISO 19100 family as far as the published stan-
dards are concerned. The requirements for imagery
and gridded data were not fully defined at the time the
standards were drafted.

“Metadata — Part 2: Extensions for imagery and
gridded data” (ISO 19115-2) is presently under devel-
opment. It will include all metadata elements that are
addressed in the ISO 19100 standards for imagery
and gridded data. The listings will not be created from
scratch. Rather, existing metadata catalogues will be
used. Prominent examples of such catalogues are the
Content Standards for Digital Geospatial Metadata
(FGDC 1998), the IHO:S61, DGIWG, and the
Deutsches Institut fiir Normung (DIN 1995).

Metadata listings of ISO 19115-2 also will contain
the elements required to georeference imagery
according to ISO 19130. The aforementioned stan-
dard mainly explains how these elements must be
applied to establish unambiguously the transfor-
mation pipeline between the sensed image data and
coordinates on the ground, or in some other user
environments.

10 ENCODING FOR IMAGERY

The standardization project “Encoding for imagery”
has not yet started. The need for a standard is obvious.
The most successful former development is the
GeoTIFF format that combined a TIFF image with
header information about the georeference of the data
(GeoTIFF 2003). The technical and semantic limita-
tions of GeoTIFF are known. However, it is difficult
to establish a better or more comprehensive solution.

Two aspects of the problem are the great number of
existing and already standardized image data formats,
and awareness about the long-term validity of deci-
sions to be made. Presently, the existing image data
standards are reviewed. In particular, the work of the
ISO/IEC JTC-1/Subcommittee 24 “Computer graph-
ics and image processing” and the de-facto standards
need special consideration. Important examples of
these standards are TIFF and BIIF.

Once the prerequisites have become clearer, the
new ISO standards certainly will be built upon the
combination of existing standards or de-facto stan-
dards for image data and an environment described
in XML.

11 COVERAGES

Coverages represent a concept to handle spatial and
temporal data and their attributes. Coverages may
have two or three spatial dimensions and zero or one
temporal dimension. Space and time are subdivided
into a pattern of vertices. Each position is the anchor
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Figure 6. Three-dimensional coverage.

point for an associated record of attributes. Space and
time are called the spatiotemporal domain. The attri-
butes form an attribute range.

A 2-D grid with a soil-type attribute at each grid
point is a simple example of a coverage. A 3-D grid
(Fig. 6) with a temperature attribute at each grid point
may represent an ocean-body. A digital image with
gray value information at each pixel may be viewed as
a coverage also. Coverages represent the most general
concept to describe digital imagery.

The general conceptual approach and the almost
completed development of the “Coverage geometry
and functions” (ISO 19123) make the coverage stan-
dard a basic component for all other imagery and for
gridded data standards of the ISO/TC 211 family. As
stated in ISO 19123, coverages support mapping from
a spatiotemporal domain to feature attribute values
where feature attribute types are common to all geo-
graphic positions within the spatiotemporal domain.
A spatiotemporal domain consists of a collection of
direct positions in a coordinate space that may be
defined in terms of up to three spatial dimensions as
well as a temporal dimension. Examples of coverages
include rasters, triangulated irregular networks,
point coverages, and polygon coverages. Coverages
are the prevailing data structures in a number of
application areas, such as remote sensing, meteoro-
logy, and mapping of bathymetry, elevation, soil, and
vegetation.

12 CONCLUSIONS

ISO 19130 standardizes the models and the associ-
ated parameters for georeferencing photogrammetric
and remote sensing imagery. The development of this



standard is almost completed. Other ISO standards
for imagery and gridded data, such as reference model
and metadata, are under development.
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A proposed ISO/TC 211 standards project on radiometric calibration of
remote sensing data
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ABSTRACT: ISO/TC 211 is the technical committee responsible for setting international standards on geo-
graphic information. Its Working Group 6 (WG6) is responsible for developing imagery-related standards. In
recent years, ISO TC 211 has worked intensively on setting standards for geographic imagery data, including
those from remote sensing. The ISO 19130 project is setting a standard for information that will allow determi-
nation of the geographic location of sensor data, which is provided with its location given in a coordinate system
relative to the sensor. ISO does not have standards to describe the radiometric properties of remote sensing data.
Consequently, ISO/TC 211 WG6 decided to initiate preparatory work for setting an ISO standard on radiometric
calibration and validation of remotely sensed data under the ISO 19130 project team. The decision was reported
to the ISO/TC 211 Plenary in May 2003. This paper discusses the status of preparatory work, current thoughts
on the scope and content of the planned standard, and the work plan. It also discusses the plan to cooperate with

relevant international stakeholders for developing such an important international standard.

1 INTRODUCTION

Remotely sensed data are a major contributor to geospa-
tial data. Large amounts of remotely sensed data have
been collected by government agencies and the private
sector. For example, the NASA EOS program gener-
ates more than two terabytes of data per day (King et al.
2003, McDonald & Di 2003). Most of these data are in
the form of imagery that needs to be processed further
to derive useful information. To facilitate further pro-
cessing, useful metadata have to be available.

Remote sensing data are very useful in many
aspects of socio-economic activities, ranging from mil-
itary operations to natural disaster mitigation. A single
type of data can be used in many diverse applications.
On the other hand, current application developments
call for integrated analysis of multiple types of remotely
acquired data from multiple sources (Asrar & Dozier
1994). Required data for any given project may be
collected and archived by multiple international space
agencies and data providers. To do so requires inter-
national interoperability and sharing. To achieve inter-
operability, international standards on remote sensing
data have to be developed.

ISO/TC 211 is a technical committee within the
International Organization for Standardization (ISO)
responsible for setting standards on geographic data
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and information. Since remotely acquired data are
a major form of geographic data, ISO/TC 211 has
worked on setting standards in the past few years
through its Working Group 6 (WG6): “Imagery.”
After several exploratory projects on imagery and
gridded data, ISO/TC 211 began developing its first
standard on imagery and remote sensing: ISO 19130
“Sensor and data models for imagery and gridded
data” in March 2001 (Di et al. 2002). Currently, the
standard is near the end of the development stage, and
a committee draft (CD) is to be released for public
review in early 2004.

Remote sensing data have two major sets of prop-
erties: radiometric and geometric. Standardizing the
descriptions of these two sets is one of the keys for
data interoperability and sharing, especially data at
low levels of processing. Standardization of the geo-
metric properties of remote sensing data is being
covered by ISO 19130. However, there is no standard or
standards project in ISO/TC 211 to facilitate descrip-
tion of radiometric properties of sensor data and
products. Therefore, the ISO 19130 project team
and WG6 feel it is necessary to create a radiometric
standard for remote sensing data, and work toward
this goal was initiated in May 2003. This paper sum-
marizes the preparatory work for the planned ISO
project.



2 ISO 19130 AND ITS RELATIONSHIP TO
THE PLANNED NEW PROJECT

The ISO 19130 standard specifies a sensor model for
describing the physical and geometrical properties of
each kind of sensor producing imagery of type two or
higher dimensions (Di et al. 2002). It also defines a
conceptual data model that specifies the minimum
content requirement for each kind of sensor and the
relationship among the components of the raw data
that were recorded in an instrument-based coordinate
system. The purpose is to make it possible to geolo-
cate and analyze the data. Figure 1 shows the top level
Unified Modeling Language (UML) model from the
ISO 19130 Committee Draft (CD). In the UML model,
all classes starting with an SD prefix are defined in
ISO 19130, while classes that start with MD or MI are
defined in ISO 19115, or ISO 19115-2, respectively.
The prefix VC indicates that they will be part of the
UML model for validation and calibration. This VC
prefix is tentative and may be different in the actual
standard.

This top level UML model shown in Figure 1 defines
a georeferenceable data set that consists of sensor
measurements and metadata. Any georeferenceable
data sets that comply with the ISO 19130 standard have
make both components available to data users. Sensor
measurements represent the matrix of values measured
by the sensors. MD_Metadata has been defined by ISO
19115: “Geographic Information-Metadata,” which is

SD_GeoreferenceableDataSet

[T

an International Standard. However, the metadata
defined in ISO 19115 are general geospatial metadata
(ISO 2003). Some of the specific metadata needed by
remote sensing and imagery are lacking. Consequently,
ISO 19115 is being extended, with FGDC remote sens-
ing metadata as a basis (Di et al. 2000, FGDC 2002, Di
2003). These extensions are ISO 19115-2: “Geographic
Information — Metadata — Part 2: Extensions for
imagery and gridded data.” One of the classes defined
in ISO 19115-2 is MI_GeolocationDescription. SD_
Geolocation-Information is the top level geolocation
class defined in ISO 19130. It specifies three types of
geolocation information; namely, sensor models with
platform information, ground control points (GCPs),
and functional fitting. Because more than one kind of
geolocation information may be supplied with the
data, the aggregation of SD_GeolocationInformation
into MI_Geo-referencingDescription has multiple car-
dinalities (1..n). Metadata for quality description has
been defined in ISO 19113 “Geographic information —
Quality principles,” ISO 19114 “Geographic
information — Quality evaluation procedures,” and the
ISO 19138 “Geographic information — Data quality
measures” standard under development. However,
additional quality description metadata are needed for
imagery data. The only component that has not been
covered by ISO/TC 211 is radiometry. It is likely that
ISO 19115-2 will develop a general description of
the radiometric properties of imagery and gridded
data. However, it was decided that VC_Radiometry

SD_SensorMeasurements

—

<f ......

MI_RadiometryDescription MI_GeoreferencingDescription DQ_Quality
‘ <f l.n <f
VC_RadiometryInformation SD_GeolocationInformation VC_Quality

A

SD_GCPCollection

SD_FunctionalFitModel

SD_SensorModel

Figure 1.
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The top level UML model for a georeferenceable data set as shown in ISO 19130 CD 1.



Information and VC_Quality and their subclasses
should be defined in a separate International
Standard.

3 A PROPOSED ISO PROJECT ON
RADIOMETRY

Large quantities of geographic data are being pro-
duced and distributed by government mapping and
remote sensing agencies and commercial data ven-
dors. Many of these data originate as measurements
made by sensors such as frame cameras, whiskbroom
scanners, pushbroom scanners, synthetic aperture
radar, and lasers. Without a common standard, infor-
mation required by the user to understand the radio-
metric characteristics of data from different providers
may be in different forms, requiring them to under-
stand and handle data from each data source sepa-
rately. Existence of a common standard will allow
data providers to package their calibration and valida-
tion information in a way that will make it accessible
to the widest possible number of users, promoting
interoperability of data between application systems
and facilitating data exchange.

In May 2003, ISO/TC 211 WG6 met in Thun,
Switzerland to discuss future standards development
for imagery and gridded data. It was concluded that it
was necessary to develop an ISO standard on the
radiometric properties of remote sensing data. WG6
assigned the preparatory work for setting the new
ISO standard to the ISO 19130 project team. Since
then, some preparatory work has taken place. The
project team discussed the matter in several project
team meetings. The planned project also was dis-
cussed with other relevant international organiza-
tions, including the Committee on Earth Observation
Satellites (CEOS), the International Society for Pho-
togrammetry and Remote Sensing (ISPRS), and the
IEEE Geosciences and Remote Sensing Society
(IGARSS). Based on the results of those communica-
tions and discussions, a new work item proposal has
been drafted and circulated for comments.

The tentative title for the new ISO standard is
Geographic Information-Radiometric calibration and
validation of remotely sensed data. The purpose of
this International Standard will be to define standards
for radiometric calibration and validation of the results.
An essential aspect of deriving geographical informa-
tion from sensor measurements is the conversion of
raw data values into physical variables that can be
interpreted in context of geographical information.
For this conversion to be done, the instrument must
be calibrated: its radiometric properties and its
response to input signals must be known and available
to data users. The utility of derived geographic infor-
mation depends upon the quality of input data and of
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the calibration information. Other standards in the
ISO 19100 series define the principles for data qual-
ity and the measures for them. This standard will
define the precise information that must be provided
for different kinds of measuring systems as this
process is carried out.

The standard will cover two groups of remote sens-
ing data: radiometrically uncalibrated data, e.g. data
still in sensor readout units such as digital numbers
(DNs), and radiometrically calibrated non-thematic
data, e.g. radiance images.

For uncalibrated data, the standard will define all
necessary parameters required to derive physical val-
ues quantitatively from raw sensor measurements for
each type of sensor. It also will specify the informa-
tion needed to evaluate the quality of measurements,
such as the response of the sensor system to input sig-
nals, and signal-to-noise ratio.

For calibrated, non-thematic data, the standard
defines mechanisms for reporting the methods used
for radiometric calibration/correction, the accuracy
and precision of the calibration, and the methods for
determining the accuracy and precision.

Development of this standard will complete the
process of defining the content required to use and
evaluate geographical information obtained through
sensor measurements.

4 THE PROPOSED CONTENT OF THE
STANDARD

Current thoughts on the content of the standard envi-
sion two parts. The first part will define the terms and
definitions for parameters and measurements required
for radiometric correction of raw remote sensing data
acquired by each type of sensor. The second part will
define the methods for reporting radiometric correc-
tion and validation procedures applied to radiometri-
cally corrected data, and the radiometric fidelity of
such data.

For this standard, remote sensors are divided into
two groups, based on the way they work. Active
sensors emit signals and measure those returned by
objects being sensed. Examples of such sensors include
LiDAR and Radar. Passive sensors measure signals
emitted or reflected by objects being measured. The
sensors themselves do not emit the signals. Examples
of such sensors include frame cameras and linear
scanning sensors.

Based on the wavelength at which the sensor
works, each group of sensors will be further classi-
fied into five types: visible/near infrared (optical),
thermal infrared, microwave, radio wave, sound wave.
It is very common for a remote sensing instrument to
have multiple bands working at different wave-
lengths. In this standard, each band (or group of bands



if they work in the same wavelength region) will be
considered as a separate sensor because the parame-
ters to describe the radiometric properties of the data
from each band are different.

5 THE DEVELOPMENT PLAN

An ISO standard typically has the following develop-
ment stages: Proposal, Working Draft (WD), Commit-
tee Draft (CD), Draft International Standard (DIS),
Final Draft International Standard (FDIS), and Inter-
national Standard (IS). The project team is responsible
for developing the working draft and submitting it to
the ISO/TC as a CD. Once the standard is in the CD
stage, it will be reviewed by the public, and an editing
committee will edit the CD based on comments from
member nations and liaison organizations.

As a result of preparatory work, a new work item
proposal has been drafted for comment by stakehold-
ers. The proposal was briefed at the WG6 meeting in
Berlin in October 2003, and also has been available
on the WG6 Forum for comments. Many valuable
comments have been received from members of WG6.
Based on consensus between WG6 and the U.S.
national body for ISO/TC 211, the proposal will
be submitted to ISO/TC 211 through the body as a
U.S. national contribution. The proposal must first
be approved by the International Committee for
Information Technology Standards/Technical Com-
mittee L1 INCITS/L1, which is responsible for setting
U.S. national standards on geographic information
and acts as the U.S. national body to ISO/TC 211. It is
expected that the proposal will be submitted to
INCITS/L1 for review and vote in mid 2004. If L1
approves the proposal, it will be submitted to ISO/TC
211 for vote by all principal members of the TC. If
TC 211 approves, it is likely that a project team will
be formed before the end of 2004, consisting of a
project chair, an editor, and experts nominated by
national and organizational members of ISO/TC 211
to write the working draft. Based on new ISO rules on
standards development, the project team has 12
months to draft the standard before moving the draft
into editing stage. Under the above development plan,
the standard should reach the CD stage by June 2005.

6 CONCLUSIONS

Standard setting is a consensus-building process.
A successful standard should be developed by as many

Copyright © 2004 Taylor & Francis Group plc, London, UK

56

stakeholders as possible. Because of the importance
of this planned standard to remote sensing, the inter-
national remote sensing community should partici-
pate fully in its development. The International Society
for Photogrammetry and Remote Sensing (ISPRS), the
Committee on Earth Observation Satellites (CEOS),
and the IEEE Geoscience and Remote Sensing
Society (IGARSS) have expressed interest in partici-
pating in developing a standard. The International
workshop on Radiometric and Geometric Calibration
organized by the ISPRS/CEOS joint task force in
December 2003 was a very important venue for
reporting the best international practices on radiomet-
ric and geometric calibration. It is expected that doc-
uments from the workshop will serve as one of the
information sources for drafting international stan-
dards. It is also expected that the above-mentioned
international organizations will nominate experts to
the project team.
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System-level approach to characterization and radiometric calibration of a
space-based electro-optical sensor

J. Tansock, A. Thurgood & M. Larsen
Space Dynamics Laboratory, Utah State University, Logan, Utah, USA

ABSTRACT: State of the art electro-optical sensors being designed for today’s space-based applications require
more complete characterization and thorough calibration to permit increasingly smaller calibration uncertainties
needed for many applications. This is especially true in the remote sensing community to assess global climate
change. The Space Dynamics Laboratory (SDL) at Utah State University has been a pioneer in calibrating IR
electro-optical sensors for over 30 years. Based on SDLs experiences, this paper describes a system-level cali-
bration approach that addresses each phase of calibration, from planning to on-orbit operations. This approach
leads to a thorough understanding of sensor performance, provides a complete calibration, and minimizes risk
of not meeting measurement requirements. The overall calibration philosophy is presented along with example

calibration parameters. Considerations for estimating uncertainty and lessons learned are also discussed.

1 CALIBRATION PHILOSOPHY

A thorough system-level calibration should address
calibration throughout a sensor’s lifetime, from the
design phase through on-orbit operations. To accom-
plish this goal, an efficient, cost effective approach to
calibration should be developed early in the sensor’s
design stage. Through this approach, a thorough under-
standing of sensor performance is achieved, a complete
calibration is obtained, and risks of not meeting mea-
surement requirements are reduced.

1.1 Complete calibration

A complete sensor calibration provides thorough un-
derstanding of sensor operation and performance. It
verifies that the sensor meets mission instrument re-
quirements, verifies a sensor’s readiness for flight,
quantifies radiometric and goniometric performance,
provides traceability to appropriate standards, and
quantifies measurement uncertainties.

Five responsivity domains should be addressed in a
complete calibration of radiometric, spectral, spatial,
temporal, and polarization parameters (Wyatt 1978).
The radiometric responsivity domain includes calibra-
tion parameters that describe the radiometric response
of a sensor and includes radiance and/or irradiance cal-
ibration coefficients, response linearity, array detector-
to-detector response uniformity, nominal and outlying
detector identification, and radiometric calibration of
internal calibration sources.
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The spectral domain describes the spectral respon-
sivity of a sensor. This responsivity can be made relative
by applying a relative normalization factor, or scaling
to appropriate engineering units.

The spatial responsivity domain includes calibration
parameters that quantify spatial and/or angular figures
of merit of a sensor. These parameters include point
or line responses, effective field of view, modulation
transfer function, field of regard, optical distortion,
and optical scatter.

The temporal response domain includes repeat-
ability for a specified time period, i.e. short, medium,
and/or long, and amplitude response as a function of
optical input temporal frequency.

The polarization domain characterizes the sensor’s
response as a function of polarized light input. This
domain can be quantified with Mueller matrix coeffi-
cients and Stokes parameters (Peterson et al. 2000a, b).
These parameters can then be used to calculate polar-
ization properties such as S and P vectors, degree of
polarization, and angle of polarization.

The goal of calibration is to characterize each of
these responsivity domains independently. However,
various dependencies between domains can compli-
cate calibration, making it difficult to quantify each
domain independently. An example of this is spectral
and spatial dependence, which can be caused by out-
of-band filter scattering known as the Stierwalt effect
(Fequa et al. 2003). Sensors must therefore be designed
with calibration taken into consideration to minimize
the impact of these dependencies.



1.2 Calibration parameters

An electro-optical sensor responds to optical or radio-
metric input energy. A sensor-specific calibration equa-
tion, which incorporates certain calibration parameters,
is then used to convert the sensor output to engineer-
ing units, like counts or volts, or to equivalent SI
units. Calibration parameters that are not included in
the calibration equation, but are required to fully cal-
ibrate or characterize the instrument, are incorporated
into the radiometric model. This allows the calibra-
tion parameters to be grouped into two categories:
parameters associated with the calibration equation,
and parameters that comprise the radiometric model.

1.2.1 Calibration equation

The form of the calibration equation depends on sen-
sor design and specific measurement application. For
example, a sensor designed to measure the degree and
angle of polarization will have a different calibration
equation than a sensor designed to measure extended
source radiance. A generic radiance (extended source)
calibration equation for an imaging array-based infrared
radiometer is given by:

Lm k= (m]rk.:

_ \GI[ Frea(rr e = ro.k.i)-racs
_( 1 )[BG[F ]] .

RLARL,« Frr kAFFF k.0

where Ly, ; , = measured radiance (W/cm?’sr), 0 =
array-average peak-radiance responsivity (counts per
W/em?st), AR, , = array-average peak-radiance
responsivity change vs. time (unitless), 7, = cor-
rected detector response (counts), B, = bad detector
mask function (unitless), G; = gain or integration nor-
malization factor (unitless), F; 4 ( ) = nonlinearity
correction function (counts), rr,=raw detector
response (counts), 7, 4 , = detector offset correction
(counts), rg 4, = linearity corrected response due to
telescope thermal emission (counts), Fpp = flat-
fielding or non-uniformity coefficient (unitless),
AFFf . , = flat-fielding or non-uniformity coefficient
change vs. time (unitless), £ = detector index (param-
eter is unique to each detector), and ¢ = time (param-
eter varies as a function of time).

1.2.2  Radiometric model

As previously discussed, the radiometric model quan-
tifies all parameters that are not included in the cali-
bration equation but are required to fully calibrate or
characterize the instrument. Table 1 lists possible radio-
metric model parameters that may be required for cal-
ibrating an imaging array-based infrared radiometer.
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Table 1. Radiometric model parameters for an imaging
array-based infrared radiometer.

Radiometric model parameters

Noise equivalent radiance

Saturation equivalent radiance

Noise equivalent irradiance

Noise equivalent temperature

Saturation equivalent irradiance

I[lluminated short-term repeatability vs. radiance
Saturation response

Relative spectral responsivity

Effective field of view

Point response function

Modulation transfer function

Near angle scatter

Array coalignment

ICU response settling time

ICU response repeatability

ICU response uniformity

Dark offset repeatability

Dark offset drift rate

Point source repeatability (short, medium, and long)
Extended source repeatability (short, medium, and long)
Angular measurement accuracy and precision
Polarization sensitivity

Uncertainty

Off-axis rejection

Optical distortion

1.3 Considerations for estimating uncertainty

Measurement results cannot be compared with refer-
ence standards unless they are reported in standard units
and include an estimate of uncertainty. When possible,
it is recommended that calibration results be expressed
in the International System of Units (ISO) (Pollock
et al. 2003). Guidelines for estimating uncertainty have
been established (ISO 1992, Wyatt et al. 1998). The
following guidelines apply to a system-level approach
to calibration:

1. Establish an uncertainty budget early in the cali-
bration planning process that can be used to track
uncertainty estimates against instrument require-
ments throughout the planning process. Direct efforts
to reduce the largest uncertainties to give the small-
est possible overall uncertainty.

2. When possible, report results in SI units and make
use of established guidelines for estimating uncer-
tainty. Recognize the need for other programs to use
your results.

3. Do not underestimate the effort required to quan-
tify a comprehensive estimate of uncertainty. It is not
uncommon to spend more time estimating uncer-
tainty than deriving calibration results.

4. Be realistic and honest when estimating uncertainty.
No one ultimately benefits by providing an overly
optimistic level of uncertainty.



5. Establish multiple traceability paths to physical stan-
dards. This will verify or help quantify uncertainty
estimates.

6. Provide sufficient detail when documenting uncer-
tainty estimates. This provides confidence that all
sources of uncertainty were considered and allows
the reader to make an independent assessment, if
new uncertainty information becomes available at
a later date.

2 PHASES OF CALIBRATION

Several phases of calibration are required to ensure a
thorough calibration and complete understanding of
sensor performance throughout the sensor’s lifetime.
These include calibration planning during sensor
design, ground calibration measurements, and on-orbit
calibration measurements.

2.1 Calibration planning during sensor design

Calibration planning should begin early in the sensor
design phase to ensure that the design can accommo-
date the methods used to calibrate the instrument. The
calibration approach should be optimized during this
phase to meet the program’s performance requirements,
and to minimize schedule and cost risk by understand-
ing what is required to perform a successful calibration.

Figure 1 is a block diagram of the calibration plan-
ning process. Mission requirements flow down to
instrument or sensor requirements. These requirements
then flow down to the sensor design effort. From a
calibration perspective, they are also used to formu-
late calibration equations and to identify the needed
radiometric model parameters. This information then
flows down to detailed calibration planning, which is
essentially a trade study among cost, schedule, mea-
surement uncertainty, required ground support equip-
ment (GSE), e.g. hardware and software, and risk.
This process should also allow interaction and feed-
back between calibration planning and sensor design.

2.2 Ground measurements

Measurements made during ground calibration are
used to verify proper instrument operation, to quantify
calibration equation and radiometric model parame-
ters, and to estimate measurement uncertainties.

For many sensor applications, detailed calibration
is most efficiently performed during ground calibra-
tion because on-orbit time dedicated to calibration is
limited and expensive. In addition, on-orbit calibra-
tion will not provide a sufficient number of calibration
sources with the required radiometric traceability, spec-
tral content, and/or flux levels.
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Figure 1. Block diagram of the calibration planning process.

Ground measurements are grouped into four cate-
gories: subsystem and/or component level, engineer-
ing calibration, sensor-level calibration, and optical
bench or satellite-level integration and test.

2.2.1 Subsystem and component measurements
Subsystem and component measurements should be
made prior to system assembly to predict sensor per-
formance, evaluate sensor design, and assist with other
planning activities such as calibration and mission plan-
ning. Obtaining subsystem and component measure-
ments will also minimize schedule risk by identifying
problems at the lowest level of assembly.

Component-level measurements should not be
merged to predict final end-to-end sensor level cali-
bration parameters because it is difficult to predict
interactions between subsystems (Hansen et al. 2003,
Lorentz & Rice 2003). These interactions may pro-
duce calibration uncertainties that are unknown until
they are quantified at the sensor or system level.

2.2.2 Engineering calibration

An engineering calibration is performed prior to the
sensor-level calibration to characterize the sensor suf-
ficiently to optimize the physical adjustment of the
integrated measurement system. The sensor may not
be in its final flight configuration during this phase, but
information can still be obtained to verify the com-
bined operation of the sensor, GSE, test configurations,
and calibration procedures. In addition, preliminary
data can be obtained that can be used to evaluate sensor
performance. Performing these tests several weeks
prior to the final calibration allows time to make



appropriate procedural or hardware updates based on
results, and/or lessons learned.

2.2.3  Sensor-level ground calibration

An end-to-end sensor-level calibration accounts for
interactions between subsystems and components, and
should be performed at the highest possible level of
assembly. For many space-based systems, it is practi-
cal to perform this calibration at the sensor level, and
then perform cross checks after the sensor has been
integrated into the system or satellite.

To bracket the instrument operational bounds, it is
important to perform calibration measurements under
expected operational conditions for the intended appli-
cation. For many space-based sensors, this will involve
operating the sensor in a thermal vacuum chamber to
simulate the appropriate thermal environment. For
infrared applications where room temperature or stray
thermal emission may affect the radiometric purity
of calibration measurements, cold radiometric baf-
fles, should be considered in the design to reduce
these errors to levels consistent with measurement
requirements.

A complete sensor-level calibration prior to launch
will minimize problems during integration and pro-
mote mission success during on-orbit operations.

2.2.4 Optical bench or satellite-level integration
and test

For platforms that contain a suite of sensors, it is rec-

ommended that the calibration approach contains cross

checks after integration for each sensor installed on the

Off-axis parabola
Pointing mirror

Fold mirror

Entrance port

Filter & aperture
wheel

Figure 2. SABER calibration facility.
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satellite or optical bench. Emphasis should be placed
on verifying flight readiness, and/or identifying if sen-
sor calibrations have changed compared to the base-
line established during sensor-level ground calibration.

2.2.5 Ground calibration and data collection
facilities

Sufficient time and resources must be allocated during
the calibration planning phase to develop and acquire
the facilities needed to perform ground calibration
measurements. In addition, calibration hardware and
software should be tested and characterized prior to
the actual calibration to minimize schedule delays, and
to prevent a possible degradation in the calibration
due to equipment issues.

If possible, calibration measurements should be inte-
grated into a single facility. This approach minimizes
calibration time by reducing or preventing repeated
cycle times associated with pump, cool-down, warm-
up, and configuration times. This is particularly impor-
tant for time-constrained projects where calibration is
on the critical path.

Figure 2 shows an example of the Sounding of the
Atmosphere using Broadband Emission Radiometry
(SABER) calibration facility (Tansock et al. 2003),
which was designed and built to measure individual
parameters of the calibration equation and radiomet-
ric model. This facility consisted of a test chamber
interfaced with a collimator, and provided all the
required radiometric calibration testing in a single test
setup. SABER was mounted and operated in the test
chamber, which also provided blackbody and knife

’ Temperature controlled shroud
(i.e. simul aft envir )

P



edge calibration sources. The collimator provided
source configurations for spectral, spatial, linearity,
and temporal calibrations.

The data collection system required for ground cal-
ibration should include a GSE computer to control and
view the status of the sensor, a GSE computer to con-
trol and view the status of the GSE, a data collection
computer to initiate and execute data collection and to
control and monitor status, and a quick look analysis
station. Figure 3 shows a data collection environment
for an infrared sensor calibration performed at SDL.
This picture shows an example of an efficient data
collection environment that is obtained by locating
equipment, tables, chairs, and computers strategically
within a relatively small working area located next to
the sensor under test.

Data collection should be implemented to ensure
that calibration measurements are complete, performed
efficiently, and are readily repeatable. This can be
accomplished by developing and using detailed and
mature data collection procedures that describe prepa-
ration activities, step-by-step test procedures, time and
data volume requirements, and associated as-run doc-
umentation, i.e. script files, data collection log sheets,
notes, and similar information.

Data collection should be automated when practical.
Scripting languages or other high-level application
programs may be used for this automation, including
Java (Jscript), Visual BasicV(Bscript), Perl and Tool
Command Language/Tool Kit (TCL/TK). The high-
level software code used for automation should be
developed and maintained by a calibration engineer.
Also, automation scripting or software code can be
used to document as-run data collection, making the
measurements repeatable.

As part of automation, ensure that all environmental
conditions and measurement configurations for the
GSE and sensor under test are logged at an appropri-
ate rate and can be cross-referenced easily to specific
calibration files. In addition to monitoring vacuum,

Instrument Daltla "
computers collection
& racks GSE computer computer

Quick look
analysis station

Example calibration data collection environment.

Figure 3.
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pressure, and temperatures, contamination should also
be monitored, and the levels at which corrective action
is required should be identified.

Quick look analysis should be performed in near
real-time to verify the quality of the calibration data.
The first step of data quality verification is performed
during data collection by viewing the real-time sensor
output monitor. The sensor output monitor should have
sufficient flexibility to show sensor response in a way
that can be used to verify that the sensor is responding
as expected for a given calibration source and setting.

The second part of data quality verification is per-
formed in parallel with data collection and shortly
after a specific test. Data are processed through spec-
ified data management steps. Preliminary analysis are
then performed on these data by a calibration analysis
engineer to ensure data quality for the intended appli-
cation. To avoid discovering degraded or insufficient
data quality after calibration testing, data quality ver-
ification should be completed before the end of cali-
bration testing.

For many sensor development projects, calibration
is performed just before delivery of the sensor and it is
on the critical schedule path. For this reason, there is
usually pressure to complete calibration in the shortest
time possible. Since it is impractical to maintain a
large calibration crew throughout the duration of a
project, sensor engineers, and/or technicians, who have
familiarity with the sensor under test can assist with
data collection, if sufficiently detailed procedures are
developed in advance. This will facilitate the data
collection schedule by making shift work possible.

2.3 Onm-orbit calibration

On-orbit calibration is the last phase of calibration. Its
goal is to maintain calibration throughout a sensor’s
operational lifetime by quantifying calibration uncer-
tainty and updating calibration coefficients, if neces-
sary, to meet measurement requirements. A thorough,
complete, and sufficiently bounded ground calibration
will minimize the satellite operational time required
for on-orbit calibration.

A sensor contains internal calibration sources that
are common to all phases of calibration, and are used
in trending the response of a sensor. These sources are
thoroughly characterized and calibrated during sen-
sor-level ground calibration to establish baselines.
Assuming these sources are stable and repeatable,
they can be used to quantify uncertainty and even
update specific calibration coefficients, if necessary.

On-orbit calibration is comprised of two phases:
early on-orbit and normal operations. A comprehensive
system check-out is performed during early on-orbit
operations to ensure the system is ready for normal
operations. A series of on-orbit calibration experiments
should also be conducted during this period to assess



calibration readiness for normal operations. During
normal operations, the same calibration experiments
conducted during early operations should be performed
periodically.

To maintain calibration, it is desirable to obtain
reference calibration source measurements through-
out the operational phase of a sensor. The frequency
of these measurements will depend on requirements
and the stability of the sensor. A common practice is
to bracket science experiments with calibration mea-
surements. Internal calibration sources provide a con-
venient means for this purpose because they require
less experiment time than a calibration measurement
that requires satellite attitude adjustments. They are,
however, prone to errors. Often they do not use the
entire optical path, and they are sometimes variable
themselves.

On-orbit sources provide a means for calibration
external to the sensor that can be used in addition to
the internal calibration sources to track and trend the
response of a sensor. For many applications, these
types of measurements require special satellite maneu-
vers. As a result, they are performed less frequently
than measurements using internal calibration sources.

In recent years, efforts have been made to develop
and characterize on-orbit sources. Each measurement
community tends to concentrate on specific sources
that meet their needs for specific processing tech-
niques, and/or measurement requirements. There are
a number of on-orbit sources that may be considered
for a specific application.

Stars are used for both goniometric and radiomet-
ric calibrations. In the visible and short wave IR, there
is a number of available star catalogs, including Air
Force Geophysics Laboratory (AFGL), Infrared Astro-
nomical Satellite (IRAS), Midcourse space Experiment
(MSX), and 2 Micron All-sky Survey (2MASS). For
the mid and long wavelength regions, a number of
stable standard stars have been identified including
aBoo, aLyra, aTau, aCma, Gem, and Bpeg (Cohen
et al. 1999, Russell et al. 2003).

Other celestial objects such as planets, asteroids,
and the moon may be candidate calibration sources
depending on specific measurement requirements. The
moon is a stable source in the visible and near IR and
has a radiance that is generally in the dynamic range
of downlooking sensors in these bands (Kieffer &
Anderson 1998). Little radiance information is avail-
able for the moon in the mid and long-wavelength
infrared; however, the moon is a good candidate for
off-axis scatter characterization in these bands.

In addition to celestial objects, space-based Earth-
observing geological remote sensing applications tend
to use other vicarious techniques for their calibrations.
These include using large panels on the surface of the
Earth with known emissivity for radiometric calibra-
tions and known geometry for spatial calibrations.
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In addition, geodesic point targets are used for gonio-
metric calibrations.

3 CONCLUSIONS

State of the art electro-optical sensors being designed
for today’s space-based applications require more com-
plete characterization and thorough calibration to allow
for the increasingly smaller calibration uncertainties
needed for many applications.

This paper discussed SDLs philosophy for cali-
brating electro-optical sensors. It presented a system-
level calibration approach that addressed each phase
of calibration including planning, ground measure-
ments, and on-orbit operations. Through this approach,
a thorough understanding of sensor performance is
achieved, a complete calibration is obtained, and risks
of not meeting measurement requirements are reduced.
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On-orbit MTF assessment of satellite cameras
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ABSTRACT: The modulation transfer function (MTF) is a technique for characterizing the spatial resolution
of optical sensors. Therefore, the MTF of satellite cameras is one of the image quality parameters assessed dur-
ing on-orbit operations. Since launching the first Satellite Pour I’Observation de la Terre (SPOT 1) in 1986, sev-
eral methods of on-orbit MTF assessment have been studied and implemented. The main methods are the step
edge method and the point source method. Trials have been made also with the bi-resolution method and peri-
odic target method. A neural network method is in progress. All these methods give an absolute MTF assess-
ment. Other methods give the relative MTF in the field-of-view. The paper presents the principles of the various
methods and their implementation, and comments about their advantages and drawbacks. Characteristics of
SPOT cameras are given for illustration. Vibrations during the launch and transition from air to vacuum may
slightly defocus the cameras and degrade their MTFE. Therefore, SPOT cameras are refocused before measuring
their MTF. The paper also presents the defocusing assessment method of SPOT cameras and other methods in

progress for future satellites.

1 INTRODUCTION

The spatial resolution of satellite-borne cameras is
usually described by the modulation transfer function
(MTF), i.e. the Fourier transform (FT) of the impulse
response (response at a point source or point spread
function (PSF)). MTF results from the cumulative
effects of instrument optics (diffraction, aberrations,
focusing error), integration on a photosensitive surface,
charge diffusion along the array, and image motion
induced by the motion of the satellite during imaging.

This important parameter for image quality has to
be checked in orbit to be sure that launch vibrations,
transition from air to vacuum, or thermal state have not
spoiled the sharpness of the images. Some MTF losses
may be compensated thanks to a refocusing mecha-
nism. Therefore, the amount of SPOT camera defocus
is assessed and the cameras refocused before measur-
ing their MTE. Moreover, an accurate knowledge of
MTF is useful to adjust deconvolution filters used in
the SPOT 5 Trés Haute Résolution (THR) mode.

The first section describes the SPOT focusing pro-
cedure and alternative methods for other cameras.
The second section concerns the relative MTF mea-
surements, i.e. the comparison of one instrument with
another and, for one instrument, the MTF quality in
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the field-of-view. The third section addresses absolute
MTF measurements, presents results, and describes
methods in progress.

2 CAMERA REFOCUSING

The SPOT cameras, Haute Résolution Visible (HRV)
aboard SPOT 1-3, Haute Résolution Visible et
InfraRouge (HRVIR) aboard SPOT 4 and Haute
Résolution Géométrique (HRG) aboard SPOT 5, are
equipped with a refocusing mechanism. On the
ground, this mechanism is positioned on the best step
measured in a vacuum. Nevertheless, possible shift
during launch may upset this focusing so that the
position of each mechanism has to be checked and, if
necessary, altered.

The SPOT refocusing method is based on the SPOT
satellites having two identical cameras. Future satel-
lites without this feature will need other methods.

2.1 Two-camera method

The SPOT refocusing method (Begni et al. 1984,
Meygret & Léger 1996) uses two cameras simultane-
ously viewing the same target. Several scene pairs



having complex details, such as urban areas, are
selected from the refocusing image sequence. The
focus of one camera is left fixed and is used as a ref-
erence, while the focusing mechanism of the other
camera is varied around its initial position. For each
scene pair, the ratio of the FTs of corresponding
images is calculated. The best focus is reached while
maximizing this spectrum ratio, which varies as a
near-parabolic function around its vertex.

Column-wise and row-wise spectrum ratios are
computed to characterize camera astigmatism.
Moreover, the method is performed in several areas of
the field-of-view: each array for SPOT 1-4; the center
and two edges for SPOT 5. This focus measurement
is performed in the panchromatic mode, i.e. the
sharpest mode.

The first version of the method was to effect
a large defocusing and to fit merely a parabola
on measurements by a least-square optimization.
Therefore, at the beginning of the SPOT program, the
refocusing operation was done only if necessary. This
was a careful decision based on risk of mechanism
failure. After a technological experiment of the
method on SPOT 1 in 1994 (Meygret & Léger 1996),
and the improvement of the method explained below,
refocusing operations have become nominal since
SPOT 4.

To improve accuracy and to limit the mechanism
moving, a defocusing model replaced the parabola
(Steel 1956). The Steel defocus model is an adapta-
tion of the geometrical defocus model to approach
results obtained with the diffraction theory. As before,
the model is fitted on measurements by a least-square
optimization. The vertex of this curve gives the best
focus position. To have a cautious protocol, the mech-
anism was moved only a few steps around its base
position, p, (£8 steps, or about 10 wm, for SPOT 5).
Therefore, the focusing mechanism was tested with-
out reaching large defocusing values. If the vertex of
the curve is not found between p, — 8 and p, + 8, the
vertex position is extrapolated from the measure-
ments, but the resulting best focus determination can
be inaccurate. Therefore, the mechanism is operated
again with a sufficient walk to overpass the best focus
(Figs 1-2).

The global best focus is a weighted average of the
best foci for the different field areas and both mea-
surement directions (rows and columns). Once its
best focus is determined, the first camera is focused
and can be used as a reference for the second one.
Table 1 gives an example of best focus position in the
field for the HRG cameras of SPOT 5.

2.2 Methods in progress

Other methods are currently studied for future satellites
having only one camera.
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Figure 1. SPOT 5 HRG 1 refocusing (field center — rows).
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Figure 2. SPOT 5 HRG 1 refocusing (field center —
columns).

Table 1. Best focus position with respect to initial
position, po.

HRG 1 HRG 2

Fieldarea  Left Center Right Left Center Right

Rows —12.8 —16.6 —13.0 07 —87 —14.6
Columns =59 -100 —-87 26 —53 -7.1
Mean -94 -133 -108 1.7 =70 —10.8
Astigmatism —6.8 —6.6 —43 —-19 -34 -75

2.2.1 Neural network

The method for evaluating the defocus with an artifi-
cial neural network (ANN) is a univariate method: it
needs no reference imagery. However, this method
still acquires images taken with different steps of the
focusing mechanism. The first step consists of train-
ing the neural network with information coming from
images having positive focusing steps. The second
step uses images having negative focusing steps
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Figure 3. Best focusing step obtained with a neural network
method using an assumption of symmetry.

(y axis on Fig. 3). The ANN gives results correspon-
ding to the positive focusing mechanism position it
has learned (x axis on Fig. 3). Assuming symmetry
about defocusing, it is then possible to find the best
focus position, as shown in Figure 3. From a typical
image of SPOT (6000 by 6000 pixels), several hundred
subsets can be extracted to train the neural network.
Thus, only a few images are needed at any given
focusing mechanism position.

The characteristic input vector describing the
images must provide relevant information linked with
the output, i.e. the current focusing step, and knowl-
edge of the landscape. These elements, because of their
image frequency properties, are quite similar to those
described in §4.7.1 concerning the absolute MTF
measurement. The training set of images also must be
representative of the whole set of images in order to
train the network efficiently. In that case, the ANN
will have a property called the “generalization capa-
bility”: it will give a proper interpolated output for any
image. Because simulated images are not used, the
generalization process must be limited to selected
landscapes. This is done by selecting the characteristic
vector in a hypersphere centered on the mean vector,
and with a radius of twice the standard deviation value.

The accuracy of this method is improved by treat-
ing row and column defocus independently to take
into astigmatism into account. Good results have been
achieved on SPOT 1 images, giving the best focus
position at £0,6 step (Fig. 3). A further stage will be
to test an operational implementation of this method.

2.2.2 Fitting model on step edge

The edge method is a widely used way to assess in-
flight MTF (see §4.3). For high spatial resolutions,
artificial targets are available to ensure good radiomet-
ric quality of the edge. This enables one to make accu-
rate measurements. The idea is to use this accuracy to

Copyright © 2004 Taylor & Francis Group plc, London, UK

estimate the defocus of the camera. This is done using
a transfer function parametric model. The transfer
function is written as the product of the well-focused
camera transfer function by the Steel defocus function.

An ideal edge described by two parameters is built.
It is convolved with the line spread function (LSF)
computed by inverse FT of the three parameter trans-
fer function model. The quadratic difference between
this edge and the edge obtained from the image is
computed and minimized thanks to having five param-
eters. The first trial based on simulated images exhibits
a very accurate MTF estimation, but the physical
meaning of the parameters is not ensured. This prob-
lem can be solved by using a widely defocused image
of the edge. In this case, the behaviors of the focused
and defocused term of the model are different enough
to separate the effects and to solve properly the mini-
mization problem. First results are very promising
and studies are continuing, particularly for future
focus assessment of the Pleiades camera.

3 RELATIVE MTF MEASUREMENT

The spectrum comparison tool used for refocusing
also can compute the MTF ratio of the two cameras
near the frequency 0.3 f; where f; is the sampling fre-
quency. One can compare directly one instrument
with another when both instruments view the same
landscape. As for the focusing measurements, the
comparison can be done versus the field area: each
array for SPOT 1-4, the center and the two edges
for SPOT 5. To compare the MTF in the field of
one instrument, e.g. SPOT 5, one needs image pairs
where the same landscape is viewed by the field cen-
ter of one instrument, say, HRG 1, and a field edge of
the other instrument, say, left field of HRG 2 (Fig. 4).
Thus, it is possible to obtain successively the MTF
ratio for both HRG center fields and for HRG 2 left
field against HRG 1 center field. It is easy to deduce
the ratio of MTF HRG 2 left field to MTF HRG 2
field center and, in the same way, all other ratios. The
method is used for both directions (rows and
columns) and for every spectral band. The accuracy
of such a comparison of image frequency contents
is estimated by the measurement dispersion, which is
2 percent (see error bars in Fig. 1).

HRG MTF relative measurements showed that
both SPOT 5 cameras have equivalent MTFs and have
a uniform quality in the field-of-view.

4 ABSOLUTE MTF MEASUREMENT

In spite of its accuracy, methods based on comparison
only give relative MTF measurements. Since the
launch of SPOT 1, several methods have been studied
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Figure 4. Successive modes for relative MTF measurement.

and brought into operation to evaluate absolute MTF.
The on-orbit commissioning phase of SPOT 5 has
given the opportunity to perform most of them.

4.1 Visual assessment

The first method used to evaluate the SPOT MTF is a
photointerpretative method. Before launch, a reference
image catalog simulating SPOT panchromatic images
was prepared with a set of various parameterized
MTFs. During flight, corresponding SPOT images
are acquired. Then the SPOT images are ordered into
the reference catalog by visual comparison.

The catalog method was used for the commission-
ing phases of SPOT 1-3. It was very important for
SPOT 1 because it was the only method of MTF eval-
uation. Its use led to a conclusion that the MTF spec-
ification was satisfied for both HRV cameras, and the
refocusing operations were not necessary (Léger et al.
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Figure 5.
Fauga-Mauzac center near Toulouse.

Spotlight located on a grassy area in ONERA

1986). Some years later, a technological refocusing
experiment confirmed that the SPOT 1 defocusing
was too small to be distinguishable visually (Meygret &
Léger 1996). Catalog images from both SPOT 2-3
were compared visually to those from SPOT 1. Ulti-
mately the catalog was considered obsolete and the
visual method was abandoned. Nevertheless, a visual
examination of first on-orbit images gave a subjective
assessment of the sharpness of image quality.

4.2 Point source methods

The MTF can be obtained by making the FT of the
PSF of the system. It is obtained by imaging a point
source lying on the ground. In a general case, the
ground sampling distance (GSD) is too large to get the
MTF directly by computing a FT of the point image; in
other words, the PSF is undersampled. This difficulty
can be overcome in two ways: by using one point image
and fitting it to a PSF parametric model (§4.2.1); or
using a combination of several images with different
sub-positions on the sampling grid to rebuild an over-
sampled PSF from which the MTF can be computed
without undesirable aliasing effect (§4.2.2).

As a point source, a spotlight aimed at the satellite
can be used. The spotlight is located in the middle of
a grassy field, i.e. in a quasi-uniform area (Figs 5, 7).
The spotlight can be oriented in site and azimuth by
means of two rotating plates. The satellite position
when looking at the spotlight location can be calcu-
lated from orbitography predictions. The spotlight
Xenon lamp power is 3 kW and the beam divergence
is about 6 degrees.

4.2.1 Single point source method
The cheapest way to overcome the aliasing problem is
to use a model. The method consists of using one
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spotlight image and fitting it to a PSF parametric model
to compute two parameters: one for the MTF shape;
the other, for the sub-position on the sampling grid.
To simplify the problem, the process is limited to one
dimension. Therefore, the method consists of fitting a
LSF model to the observed LSF (Léger et al. 1994).

For SPOT, an analytic MTF approach based on the-
oretical and experimental criteria was modeled in the
principal directions. For the SPOT panchromatic
band, the model is:

MTF ( fx,0) = exp(—Asfi)sinc(zfy) @))

MTF (0, f,) = exp(—Afy)sinc’ (7zfy) 2)

where f, and f; are normalized frequencies. Similar
models have been obtained for spectral bands. The
1D-MTF model allows computing oversampled LSFs.

To use the model, it is necessary to normalize the
samples of the spotlight image by the sum of the
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Figure 7.

SPOT 5 THR image of Fauga-Mauzac center
with two spotlight experiment.

samples. The observed LSFs are then obtained by
summation over rows or columns. The last step con-
sists of searching the best matches between the
modeled LSFs and the observed LSFs (Fig. 6).

4.2.2  Multiple point sources

The second way to overcome undersampling uses a
combination of several images with different sub-
positions on the sampling grid to rebuild an oversam-
pled PSF from which the MTF can be computed
without undesirable aliasing effect. This method was
used for Landsat TM (Schowengerdt et al. 1985,
Rauchmiller & Schowengerdt 1988) with an array of
16 passive point sources. The implementation of an
array of spotlights has been studied (Robinet et al.
1991), but the method is too cumbersome. A way of
simplification is to rebuild a LSF rather than the PSF.
The needed number of sources decreases from 16 to
4. Furthermore, if one can consider that the MTF is
negligible beyond f =1, it is sufficient to have 2
point sources. Indeed, a trial with two spotlights
was executed during the commissioning phase of
SPOT 5 (Fig. 7).

Another way to obtain multiple point images is to
acquire several images over time. The single point
method allows obtaining the position on the pixel
grid. With a sufficient number of acquisitions, one
can have two images with a 0.5 pixel shift in one direc-
tion. Therefore, one can obtain a twice-oversampled
LSF in this direction and calculate the 1-D MTF by a
discrete FT.

For the panchromatic band of the SPOT 5 HRG
cameras, there is a peculiar case where the THR mode
directly gives a sufficiently sampled image that is
equivalent to a two-point image with a classical mode.



4.3  Step edge method

The step edge (or knife edge) method is well known in
optics to obtain an MTF measurement. This method
uses a natural or artificial target with sharp transitions
between dark and bright uniform areas. The principle
is that the derivative of Heaviside step function is a
Dirac. Therefore, the derivative of the step image is
the camera LSF.

Again, with a sampled image it is necessary to over-
come undersampling. The edge method has been used
widely to estimate the resolution of satellite cameras
(Anuta 1984, Malaret 1985). The answer to under-
sampling is to use a transition slightly inclined with
respect to the row-wise (or column-wise) direction.
Therefore, one can interleave the successive rows (or
columns) in order to get an oversampled response to
the Heaviside function, and then the 1-D MTF (Fig. 8).

Actually, rather than the derivative method, one
can calculate the MTF as the ratio of the FT of the
observed step to the FT of the ideal Heaviside step.
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Figure 8. Principle of 1-D oversampling edge response.
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4.3.1 Natural edge

The edge method was used during the commissioning
phase of SPOT 4 (Kubik et al. 1998). Some edges were
extracted from images of the Maricopa site, near
Phoenix. This site includes a number of agricultural
field edges having good contrast. However, the method
requires uniform areas. Such natural areas may be
difficult to select. Another difficulty is the eventual
presence of tracks between the fields. After 2-D and
1-D visualization, only very few were kept and used
for the MTF assessment. Therefore, the method was
not used with SPOT 5 HRG because there were other
methods: spotlight or artificial target. However, the
method was still used with SPOT 5 Haute Résolution
Stéréoscopique (HRS) for lack of other methods: the
spotlight was used for HRG and the artificial target
was too small. As for SPOT 4, images of the Maricopa
site have been acquired as shown in Figure 9.

4.3.2  Artificial edge

The Office National d’Etudes et de Recherches
Aérospatiales (ONERA) and the Centre National
d’Etudes Spatiales (CNES) have laid out an artificial
edge target at Salon-de-Provence in the south of France.
The target looks like a checkerboard (Figs 10, 11).

Figure 9. Maricopa site seen by SPOT 5 HRS.

p=0.05

Figure 10. Checkerboard target.



This shape allows performing row-wise and column-
wise measurements and distinguishing between upward
and downward steps. This last point is useful in case of
lag effects. The overall size of the target is 60 m X 60 m.
The target is a tar pad painted with road paints. The
white diffuse reflectance is about 0.70 and the dark
one is 0.05. Due to its dimension, it can be used only
for the SPOT 5 panchromatic mode.

(Fig. 12) shows an MTF curve measured with the
edge target. The curve is straight obtained by Fourier
calculations, only followed by a scale change to com-
pensate for the effect of edge inclination. The method
could be improved by fitting an MTF model to the raw
curve.

4.4  Bi-resolution

Another method to assess in-flight MTF relies on image
couples of the same landscape acquired in the same
spectral band with two spatial resolutions. The higher
resolution image stands for the landscape so that the

Figure 11.  SPOT 5 THR image of Salon-de-Provence target.
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Figure 12. SPOT 5 HRG1 MTF (edge method).
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ratio of the image spectra gives the lower resolution
sensor MTF (Schowengerdt et al. 1985).

For most satellites, the only way to obtain an ade-
quate image couple is to image the chosen landscape
with an airborne camera. This has been attempted for
the HRVIR sensor on SPOT 4. Use of this method is
much easier if both sensors are on the same satellite.
This is the case for the VéGéTation (VGT) and HRVIR
couple aboard SPOT 4 for the B1 and B2 spectral bands.

The method is sensitive to aliasing. Work has been
done to overcome this problem (Viallefont-Robinet
2003). A theoretical expression of the image spectra
ratio has been proposed and checked. This ratio is not
far from the quadratic summation of the transfer func-
tion and the aliased transfer function. This relation is
taken as an equation to be solved. One way to solve it
is to take a parametric model for the transfer function
and to minimize the difference between the image
spectra ratio and the quadratic summation of the
transfer function, and the aliased transfer function.
The parameter value obtained allows one to compute
an in-flight MTF of the sensor. This is illustrated, in
Figures 13 and 14.

HRVIR1 MTF for row direction

—— Spectra ratio

e MTF model

a

Quadratic summation
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Figure 13. HRVIR 1 B2M row-wise MTF.
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Figure 14. VGT B2 column-wise MTE.
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Figure 15. Standard three-bar target.

Figure 16. THR SPOT 5 image of Fort Huachuca target.

4.5  Periodic targets

Periodic targets are other strategy for evaluating MTF.
Such targets were studied at Stennis Space Center
(SSC) (McKellip et al. 1997). A possible use of these
targets also is studied at ONERA and CNES. An
advantage of periodic targets is that they can be
examined visually. The commissioning phase of
SPOT 5 gave an opportunity to acquire such targets.

4.5.1 Three-bar target

The three-bar target, also known as United States Air
Force (USAF) target, was designed and standardized
at the beginning of the 1950s. It is used widely to
evaluate spatial resolution. Each target consists of a
series of three black and white bar pairs (Fig. 15). The
progression factor of the series is based upon a root of
two, usually 26, The target was designed at the time
of analog imagery. Its use can be difficult with digital
images due to sampling effect.

During the commissioning phase of SPOT 5, an
opportunity arose to acquire imagery of the three-bar
target located near the Fort Huachuca Air Force base
in Arizona. One can see on Figure 16 that no target is
resolved, but some frequency dependent information
is perceptible in the first targets. This is not surpris-
ing. The period of the biggest target is 3 m whereas
the Nyquist frequency of THR mode in the 45 degree
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SPOT 5 HRG 2 HM image of radial SSC target.

Figure 17.

direction is 1/3.5 m™!. The perceptible structure in the
target corresponds to aliasing.

4.5.2 Radial target

A radial target was laid out at SSC. Unlike a three-bar
target, a radial target accommodates different flight
tracks. Radial targets provide a continuous estimate
of the MTF. Recent studies have shown that a radial
target must give a better MTF estimation than the
three-bar target. To confirm this, an attempt was
made to evaluate MTF with an image of the SSC tar-
get. The calculations were not easy because the target
was not in good maintenance condition. Nevertheless,
some results were obtained and compared to other
methods (discussed in § 4.6).

Figure 17 shows the SSC radial target image in the
Haute Résolution Monomode (HM) mode. In this
mode, the GSD is 5 m. It is beyond the target range.
One can only see aliasing. Figure 18 shows a radial
target image in the THR mode. The THR 2.5 m mode
is created by combining two 5 m images (called HMA
and HMB) each having 5 m GSD. Now, the Nyquist
frequency is in the target range, which allows MTF
calculations (Fig. 19).

4.6  Comparison of results

Three methods were used to measure the in-flight
MTF of SPOT 5 HRG cameras. The HRG 1 results
are shown in Table 2. In-flight results also are com-
pared to ground measurement and to instrument
design specifications. Results from the different
methods are close. May be the radial target result is
a little too high. This method needs dark and white
references that are not easy to measure on the SSC
target.



Figure 18. SPOT 5 HRG 2 THR image of radial SSC target.
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Figure 19. MTF results from THR image of radial SSC
target.

Table 2. Comparison of SPOT 5 HRG 1 MTF
measurements.

Direction Rows Columns Diagonal
Spotlight 0.35 0.32 0.15
Step edge 0.33 0.30

Radial target 0.38 0.18
Ground 0.31 0.36

Specification 0.25 0.23

The spotlight allows measurements in the 45
degree direction, while the edge method is limited to
rows and columns. The radial target orientation does
not allow a row-wise measurement in the SPOT case.
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4.7  Methods in progress

There are two new MTF calibration methods being
investigated. These are based on artificial neural
networks and least squares.

4.7.1 Neural network
Artificial neural networks can be used to evaluate the
MTE. The principle is first to use ANN to learn the
MTF of simulated, or perfectly known images, then to
use it to assess MTF parameters of unknown images.
To estimate any parameter (output) with a neural
network, it is necessary to find a characteristic vector
correlated to the problem. This characteristic vector
(input) is the entrance of the neural network and is
computed for a set of images. The neural network
learns how to establish a correspondence between the
inputs and the outputs for known examples. In the
end, the neural network is able to estimate any output
from any image through its learning process. The
characteristic vector includes general information rel-
ative to the image derived from the first four
moments of the image. Image frequency properties
are added using the FT. A transformation on the FT
on an image was built to define a vector that has a
wide variation with the parameters of the MTF
model. This characteristic vector is supplemented by
components describing the landscape, which in turn
is described by the image variogram. The variogram
of an image is a measurement of the mean variation of
the gray level (squared) of two points separated by a
number of pixels (Raffy & Ramstein 1989). Variation
can be modeled with a 3-parameter function named
“Landscape structure parameters.” An interesting
property of the model is that two landscape parame-
ters are invariant for the MTF (Delvit et al. 2002). The
method has been studied and validated using simu-
lated images. The next stage is to apply it to actual
in-flight images.

4.7.2  Least square method
An alternative technique supposes that there is a
higher resolution image of the same landscape
viewed by the satellite camera being evaluated. The
method consists of searching the PSF that minimizes
the difference between the lowest resolution image
and its simulation obtained from the highest resolu-
tion image by convolution with the PSF, then under-
sampling. The PSF is calculated from a two-parameter
MTF model. Two other parameters are used for a PSF
phase shift. At last, two coefficients allow matching
the image radiometric levels. In all, there are six
parameters.

Simulations have yielded good results. The next
step is to evaluate the method with actual images, e.g.
SPOT 5 images to compare with classical methods.



5 CONCLUSIONS

Successive commissioning phases of SPOT satellites
have resulted in using several MTF measurement
methods. Three methods were compared with SPOT
5: the step edge, the point source, and the radial target.

The step edge is well suited to high-resolution sen-
sors because the method needs an artificial edge tar-
get to give the best results. The GSD limit with the
Salon-de-Provence target is 4-5m depending on the
angle between the edge and the satellite track. Target
orientation is a constraint of the method, and only two
measurement directions are obtained. The method is
rather precise. Furthermore, it can be improved by fit-
ting a model. A drawback is that target maintenance is
expensive. It must be repainted every five years.

The spotlight method can be used with lower reso-
lution cameras, typically with a GSD up to 30 m. The
advantage is that there is no orientation constraint.
The drawback is that the method is more difficult to
operate and needs a team on the ground when the
satellite is imaging the spotlight.

The bi-resolution method is attractive if there are
several cameras with different GSDs aboard the satellite.

The radial target allows a visual assessment of the
resolution in addition to the calculated MTE. Unlike
the bar target, it is insensitive to track orientation. As
for the step target, the main drawback is its cost.

All these methods, with the exception of
bi-resolution, present the same constraint: the need to
image a specific test site. That is why new methods
should be explored. Preliminary results with neural
network and least square methods are promising.
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ABSTRACT: The United States Geological Survey (USGS), in cooperation with The Ohio State University
(OSU) and Calgary University (CU), have developed procedures and software for calibrating metric quality
aerial cameras; both film- and charged-couple device (CCD) based sensors. With the advent of the global posi-
tioning system (GPS), and its use for positioning the exposure station of an aerial camera, it became necessary
to establish accurately camera interior orientation under operational circumstances (in-situ calibration) to
assure agreement of the photogrammetric procedure results with positional data provided by GPS.
Disagreement between photogrammetric resection methods based on laboratory calibration and GPS results
were consistently as large as one part in 1000 of the flight height. This paper describes the development of the
airborne method of camera calibration, software development, and some results of accuracy improvements

when using the in-sifu method of camera calibration.

1 INTRODUCTION

With the advent of global positioning system (GPS)
technology and other airborne sensors, it became nec-
essary to revise the traditional concept of camera cal-
ibration. Influences on the camera and its spatial
relationships to other sensors require that data used in
calibration be collected under conditions closely
approximating those expected in application of the
photogrammetric system and its associated sensors
(the in-situ method).

This paper presents a revised concept of calibration
of aerial photogrammetric systems. Justification for
this revised approach is presented by comparing pho-
togrammetric results to corresponding GPS results. In
terms of positional information these results should
be in agreement if the full spatial accuracy of GPS is
to be exploited.

The US Geological Survey (USGS) sponsored devel-
opment of appropriate software programs for use with
the aerial method of calibration. Two programs are
described for image measurement and calibration
purposes. These programs are specialized to work in
connection with use of aerial imagery, controlled by
GPS, and taken over a suitably targeted control range.
Either conventional film based or digital cameras
may be treated for calibration.
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2 BACKGROUND

Rapid acceptance of digital cameras range across the
photographic industry from low-end 35 mm, hand-
held cameras to special purpose mapping cameras. At
the low end, digital cameras offer advantages over tra-
ditional film-based cameras for measurement appli-
cations. Digital advantages in range of light sensitivity
(speed) over a wider spectral response, and immedi-
ate access to imagery, are well known. For measure-
ment applications, digital cameras provide a direct
means of recovery of the internal orientation, since its
basic character provides a known and stable relation-
ship between the lens and the captured image. As a
consequence, there is a growing interest in using digital
cameras for measurement applications, generating a
need for an efficient and relatively inexpensive means
of camera calibration. This need has recently been met
by the USGS facility for camera calibration located in
South Dakota.

For cameras intended for aerial surveying and
mapping applications, both digital and film-based,
the introduction of added sensors such as GPS and
inertial navigation system (INS) require that careful
consideration be given to a systems approach to cali-
bration to assure the added sensors are fully exploited
metrically.



In recognition of this need, the United States Geo-
logical Survey (USGS) awarded a grant to provide
and demonstrate a means for camera system calibra-
tion for aerial mapping cameras. During the contract
a Nikon D1X camera equipped with wide angle and
narrow angle lenses was flown over a specially devel-
oped camera calibration range. Trimble GPS receivers
controlled the imagery in the air. In addition, film-
based photography was collected by a Zeiss LMK 15/23
camera, also controlled by GPS receivers. Programs
were developed for image measurement and subse-
quent camera calibration using Visual C+ + software,

During this development, a number of interested
organizations participated along with USGS. Software
development was a cooperative program between The
Ohio State University and the University of Calgary
with a grant from USGS. The Madison Test and
Calibration Range was developed and maintained by
the Ohio Department of Transportation / Aerial Engi-
neering Office. Flight testing of the digital cameras
was accomplished by Topo Photo, Inc. of Columbus,
Ohio.

2.1 In-situ approach to calibration

In a benchmark publication by Eisenhart (1962), a
rationale for calibrating measurement systems is set
forth. His work provides clear guidance for designing
and applying a calibration program for airborne sen-
sors associated with the aerial mapping industry.
To summarize Eisenhart’s concept of calibration:
(a) establish first the “Measurement System Specifi-
cations;” and, (b) exercise the measurement system as
specified and compare results to a standard of higher
accuracy until sufficient information is available to
achieve a “State of Statistical Control.”

System specifications describe all aspects of the
system including hardware, software, environment of
the system, and operational procedures necessary to
achieve the final measurement. Procedures may include
specified ranges within which the system will oper-
ate. In the aerial case, a range in altitude can be spec-
ified that represents an important practical aspect of
the concept.

By accepting the concept of measurement system
calibration, it is clear that certain aspects of camera
calibration, as traditionally practiced, need to be recon-
sidered. For aerial cameras, independent of the added
sensors, the primary difference in measurement accu-
racy for application is due to temperature differences
between a laboratory and an in-situ method of data
collection. This difference is most evident for an
open-port windowed aircraft, most typical of the
aerial industry. For the closed-port case, the addition
of the window adds an additional optical component
to the system not conveniently treated during labora-
tory calibration.

Copyright © 2004 Taylor & Francis Group plc, London, UK

Experimental data collected under operational cir-
cumstances tend to support the need for adopting an
in-situ approach to calibrating aerial cameras.

For the aerial case, the choice of camera platform,
as with digital cameras, offers a wide range of possi-
bilities with the technically best being the most
expensive. The choices discussed below range from a
minimum cost, single-engine, open-port aircraft to a
multi-engine, windowed-port aircraft.

2.1.1 Single-engine open-port

In the United States one popular, relatively inexpen-
sive aircraft is the Cessna 207. The aircraft represents
an adequately stable platform for carrying the camera,
mount, and supporting equipment. However, when
considering use of airborne GPS for survey control,
one must assume that a significant disturbance is gen-
erated in the volume of air below the aircraft through
which the camera must function. The engine exhaust
may be diverted; however, cooling air for the conven-
tional reciprocating engine can cause a rise in tem-
perature from external ambient to cowl exit of 66°C.
In addition, as with all open-port systems, the influ-
ences of temperature differences between cabin and
external air will have an influence on the metric char-
acteristics of the camera.

2.1.2  Multi-engine open-port

Probably the most widely used aircraft for collecting
photography of photogrammetric quality is a light twin,
open-port platform. With this aircraft, no significant
disturbance to the volume of air beneath the aircraft is
expected. However, the influence of the temperature
difference between cabin and outside air can be extreme.
This difference causes a change in relationship
between the optical and image collecting components
of the aircraft, which usually is seen as a centering
error that can be represented as a corresponding change
in the camera constant. Accordingly, recording tem-
peratures within the cabin and at the camera lens may
become a means for accounting for the open-port
installation errors.

2.1.3  Multi-engine windowed-port

The ideal, but most expensive aerial platform
includes a windowed-port. The window consists of
high quality glass, as specified by military and other
standards. Clearly, in operation, the window becomes
part of the optical system and must be included as part
of the photographic system during calibration. When
operating without cabin pressurization, the influences
of temperature differences are mitigated. When pres-
surized, the differences between cabin and external
pressure generates a stress/strain relationship on the
window, producing an image deformation that requires
additional mathematical modeling during the calibra-
tion process (a component of the system specification).



3 USGS/OSU PROJECT

The USGS project is an initial step toward camera
system calibration on a national basis. Software was
developed for the image measurement process and for
the subsequent computation of interior orientation, the
primary components of camera calibration. Subse-
quently, a series of flights was conducted over the
Madison range to verify the systems approach to cam-
era calibration for both digital and film-based cameras.

3.1 Sofiware development

Programming was accomplished in Visual C++
language.

3.1.1 [Image measurement program

The first program, termed “Image Measure” (IM)
software, was designed for measuring image coordi-
nates and producing files for subsequent introduction
to the calibration program. Observation of target
images is facilitated by computing a single photo
resection after the first four targets have been identi-
fied and measured manually. At that point, the pro-
gram indicates the residuals of the fit to control, and
selects only those targets that appear within the cur-
rent photograph. This is followed by automatic move-
ment of the measurement mark to the first of the
imaged targets in the selected set of targets. When the
coordinates of the first point have been determined,
the observer can record them rapidly before the soft-
ware automatically directs the observer to the next
target in the set. Auto-location is accurate to several
pixels for a system of low distortion. After all the
reduced target list images have been brought forward
for fine pointing, the observer saves results and
moves on to the next photograph.

For processing of film-based images, the film is
first scanned and the fiducials are measured. This is
followed by a 2-D transformation into a fiducial coor-
dinate centered system. All subsequent image mea-
surements on this frame are transformed accordingly,
resulting in photo coordinates in a fiducial system,
but corrected for film deformation. Digital image
coordinates are measured directly from the photo file,
then transformed by a rigid-body transformation to
the photo center, resulting in a conventional photo
image coordinate system.

Additional input files provide the GPS coordinates
of the antenna phase center, the survey coordinates of
the targets, and the first approximations to parameters
of both interior and exterior orientation along with
associated variance/covariance files for weight con-
straint purposes.

A right-handed coordinate system and right-handed
rotations are assumed in all cases. When all images on
a given photo are measured and transformed to photo

Copyright © 2004 Taylor & Francis Group plc, London, UK

coordinates, a final single photo resection is com-
puted, resulting in the angles relating the photo coor-
dinate system to the ground system of coordinates.
This transformation of coordinate systems proceeds
from the object space to the image space. Given the
rotation matrix expressing the relationship of ground
to camera coordinate systems, its inverse is used to
transform the photo parallel offsets, and GPS phase
center to camera entrance node into corresponding
components in the ground control system. The expo-
sure station then is computed by addition of the trans-
formed spatial offsets to the phase center coordinates
of the antenna.

For any given photo, final processing applies
atmospheric refraction correction using the Saasta-
moinen model (1972). The final step applies the
transformed spatial offsets, and antenna phase center
to camera node directly to the GPS coordinates for
any given exposure. Results of this program are data
files containing refined photo coordinates of targets
(lens distortions remain) and exterior orientation.

3.1.2 Camera calibration program
The calibration program titled “Bundle Adjustment
with Self Calibration” (BASC) is designed to use files
produced by the image measurement program (PIC).
Additional files used by the program include a
description of the camera including first approxima-
tions to the interior orientation, target survey coordi-
nates, and variance/covariance information for all
parameters describing interior and exterior orienta-
tion, image measurements, and target coordinates.

The mathematical model used is the SMAC model
as defined by the USGS, a model that represents focal
length correction, symmetrical and decentering dis-
tortion, and location of the principal point.

In accord with this SMAC model, radial distortion
is expressed as: (8x, dy)

8 = (x—xp)(Ko + K,r2 + Kyr* + Kyr©..) (1)

&=(y-y,NKo+ K,r* + Kort + K,rS...) )

Where: Xp, Yp are photo coordinates of the principal
point

r2=(x—)cl,)2+(y—yp)2 3)

K coefficients representing radial,
distortion.

The distortion due to decentering of the compound
objective is expressed as: (Ax, Ay)

symmetrical

Ax=(1+Pr? B (r? +257)+2P,xy) (4)



Ay = (1+Pr*J2Pxy + B, (r* +2y%)) 5)

Where: P coefficients represent decentering distortion.
The corrected photo coordinates are then:

X, = x+ &+ Ax (6)
Y. =y+dy+Ay ©

Note that the K, represents a scalar term for photo
coordinates. Accordingly, it accounts for small differ-
ences in the chosen value of focal length. This per-
mits use of an arbitrary but close approximation when
using the nominal focal length associated with the
lens design in the computations.

3.2 Flight test verification

Flight testing of both digital- and film-based cameras
was conducted concurrently with the development of
the software programs. This assured that all elements
of the calibration process could be identified and
treated accordingly during development of the pro-
grams. It also verified that digital cameras, even with
narrow fields of view, can be accommodated by the
in-situ approach to aerial camera calibration. In addi-
tion, these flight tests demonstrated the contrast in
results between a laboratory and in-situ form of cali-
bration. These differences further justify the need for
a systems approach to aerial camera calibration.

3.2.1 Madison test and calibration range

The Madison range currently consists of about 100
targets located within a 1.6 km by 2.6 km region, 50 km
west of Columbus, Ohio. Target coordinates were mea-
sured by GPS methods with elevations augmented by
spirit leveling. Adjustment results indicate that the
internal accuracy of the network is better than 2 cm on
each axis and includes the base station, MADI1. The
base station is located 5km from the range center at
the Madison County Airport. The range was con-
structed and is maintained by the Office of Aerial
Engineering of the Ohio Department of Transporta-
tion (ODOT). The Range is centered at latitude 39°
56' 25" N. and longitude 83°31'28” W (Fig. 1).

Targets are painted on existing asphalt roads and
are centered on magnetic PK nails. Targets are 2.4 m
in diameter with a 0.80 m flat white center. The targets
were designed to provide optimum images for auto-
matic pointing and recording of image coordinates
for film-based cameras flying at about 1200 m above
the field.

To image sufficient targets on a single photo when
using conventional digital cameras, targets were densely
distributed in the vicinity of the intersections of
US40, Potee Road, and Markley Road. In the vicinity
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of the intersection, targets were separated by 10 m. As
targets radiated from this intersection, the intervals
were sequentially increased by the cube root of 2. In
this way, relatively narrow field cameras flying at low
altitudes can acquire sufficient target images for cali-
bration purposes. The target distribution for use by
low-flying or narrow field camera systems is shown
in Figure 2.

3.2.2  Resection comparisons to GPS exposure
station

To demonstrate the improvements offered by an in-situ

approach to camera calibration when compared to a

Figure 1. The Madison test and calibration range.

Figure 2. High density range for digital cameras.



conventional laboratory calibration, two single photo
resection computations were computed. The first used
results from a laboratory calibration; the second com-
puted results of an in-situ calibration. The exposure
station coordinates for each case were compared to
the station coordinates derived from GPS.

3.2.3  Flight tests of the Zeiss LMK/15-23 camera
In open-port aircraft

The standard film-based mapping camera was flown
in a Patenavia light twin aircraft equipped with an open
port. The comparison of results obtained from single
photo resections based on laboratory and in-situ cali-
brations, compared to exposure station coordinates
provided by GPS, are presented in Figure 3. The dif-
ferences in resected elevations [Z] from those pro-
vided by GPS are seen clearly in Figure 3a. These
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differences are produced by what may be termed a
centering error, an error that may be corrected by
choice of an appropriate value for calibrated focal
length. It is also interesting to note that both calibra-
tions produce nearly the same horizontal components
of root mean square error (RMSE) and bias. Figure
3b provides comparisons for the same aircraft under
the same circumstances but at a higher altitude above
ground. The resected results at 3070 m are the same
as those for 1260 m except for the magnitude of the
centering error, due in part to the differences in scale
of the imagery.

3.2.4 Flight tests of the Wild RC30 camera in a
windowed-port aircraft

To demonstrate the influence of a port window on

results of resection, a Cessna Citation aircraft was flown
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over the Madison Range at two different altitudes. The
lower altitude did not use cabin pressurization, the
higher did.

Normally, at the lower altitude of 1316 m AGL, no
pressurization is used. Figure 4 indicates the character
of the window’s influences. When no pressurization of
the cabin is used, the window tends to introduce a mod-
erate centering bias and a small increase in RMSE (Fig.
4a). This is probably due to the inability of the mathe-
matical model used for calibration to represent the
deformations of imagery introduced by the window.

The influences of cabin pressurization for the
higher altitude flight is indicated in Figure 4b. Of par-
ticular interest in the pressurized case is the inability
of the calibration model to account for image defor-
mations for both the in-sifu and laboratory proce-
dures. This is implied by the large bias errors in
elevation, and for horizontal components when com-
pared to the GPS result.

4 CONCLUSIONS

Recognizing significant differences between labora-
tory and in-situ methods of calibration, and preparing
appropriate software to conduct an in-sifu calibration
has taken the USGS closer to having a calibration
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procedure that can accommodate added airborne sen-
sors such as GPS effectively.

The Eisenhart concept of “measurement system
calibration” provides guidelines that can be adapted
well to calibration of aerial cameras and its support-
ing equipment and procedures. The results of an
in-situ calibration represent one element in the “mea-
surement system specification”. It still remains to
establish a “state of statistical control” through an
ongoing process of testing the measurement system
by comparing it to a standard of higher accuracy, such
as provided by a calibration and test range.

This work was undertaken through support given
by the USGS. In addition, recognition and thanks are
given to the Aerial Engineering Office of the Ohio
DOT for range preparation and film based camera
flight tests, and to Topo Photo Inc. for conducting
flight testing of the digital cameras.
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Issues and methods for in-flight and on-orbit calibration

K. Jacobsen
University of Hannover, Hannover, Germany

ABSTRACT: The result of a geometric laboratory and an in-flight calibration of analogue or digital cameras may
be not the same, because of different environmental conditions and mechanical stress during transport. The mathe-
matical model for handling images has to respect instant geometry. Not all components of laboratory calibration
will change. Distortion values usually are stable over longer time. On the other hand, focal length and principal
points are not very stable. By self-calibration with additional parameters, the real geometry of a sensor can be deter-
mined and the results can be used partially as a pre-correction for other images. Individual additional parameters
must be able to solve special geometric problems, so the formulas used have to be fitted to the special geometric
problems of the sensor. The residuals at ground control points and in the images must be analyzed for unsolved
geometric problems. Not all parameters can be determined by self-calibration. In particular, the focal length only
can be improved if control points with quite different elevations in the same test area are available; or, if the posi-
tion of the projection centers is known. Using a larger number of additional parameters usually results in high cor-
relation causing misleading results. For this reason additional unknowns have to be checked for their significance

and for exceeding a correlation tolerance limit.

1 INTRODUCTION

A correct determination of the 2-D or 3-D geometry
of imaged objects requires reconstructing the imaging
rays. This includes exterior and interior orientation. The
exterior orientation describes the location of the pro-
jection center and the attitude of the bundle of rays,
while the geometry of the bundle of rays will be recon-
structed by the measured image position and the interior
orientation. There is one projection center for perspec-
tive images like those taken by an analogue frame cam-
era or digital cameras with a charged-couple device
(CCD) array. Digital cameras based on a linear CCD,
or panoramic cameras, have the same exterior orien-
tation only for each image line. Corresponding to this,
the interior orientation is restricted to this line. For these
sensors, reconstruction of the image geometry requires
mixing the interior and exterior orientation. Still more
difficult are systems using just an imaging detector
(like Landsat). Here the interior orientation is reduced
to the relationships of the moving parts.

The simple mathematical model is based on the
colinearity condition. Object point, projection center,
and image point are located on a straight line and the
image is generated in a perfect plane or line. Of course
this does not respec the real physical situation: refrac-
tion has to be considered, the imaging surface is not a
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perfect plane, the CCD-lines are not totally straight
lines, and the imaging rays do not transit the optics
without change of direction. The expression “imaging
ray” is a simplification because of the wave-structure
of light; nevertheless it is used for geometric recon-
struction. The field-of-view is a function of the
focal length. Usually it is determined by laboratory
calibration, but it changes with environmental condi-
tions. Hence, the calibrated focal length is only an
approximation.

2 AERIAL APPLICATIONS

2.1 Perspective cameras

A schematic for a perspective camera is shown in
Figure 1. The difference between the entrance nodal
point, which is identical to the projection center in the
object space, and the exit nodal point (the projection
center in the image space), will only be respected in
the case of direct observations of the projection centers
as, for example for combined block adjustment with
projection center coordinates, or by direct sensor ori-
entation. Usually a simplified model with the positive
location of the image is used, as shown in Figure 2. The
geometric condition of the original image above the
projection center is identical to the positive location



Image

ext nodal point

entrance nodal point

Figure 1. Optical system.

Projection center

principal point /

Figure 2.

Simplified model.

below the projection center. In this simplified model
there is a projection centre with the distance of the focal
length, f, from the image plane and a principal point
which has the closest distance from the image plane to
the projection center. Like the focal length, the location
of the principal point will be determined by laboratory
calibration, but it also may change slightly over time or
by thermal influences. Analogue film cameras describe
the location of the principal point indirectly by means of
the fiducial marks. CCD-array cameras do not need
fiducial marks; the CCD-array is fixed in the camera,
so the location of the principal point is known from
laboratory calibration using rows and columns.
Analog film is not as stable as it should be. It
changes dimensions during processing. Investigations
by Koch (1987) have shown a scale reduction of up to
0.4 percent or 92 microns across a 230 mm film for-
mat. The dimensional change is different in the x- and
y-directions up to 0.3 percent or 69 microns have been
detected. In addition, there may be also an angular
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affinity up to 0.15 percent or 35 microns. The change
in film dimensions is not the same for all photos on a
film roll; a variation of 0.1 percent or 23 microns is
usual. But the change of the film dimension is not a
problem; it will be compensated by the standard affinity
transformation to the calibrated fiducial mark coordi-
nates. Only a deformation of the fiducial mark location
will cause an affinity deformation of all images taken
by a given camera.

Over-determination of image orientation by bundle
block adjustment permits self-calibration using addi-
tional parameters. Systematic discrepancies of image
coordinates against the mathematical model used can
be detected and addressed using additional unknowns.
There are different sets of formulas for additional para-
meters of perspective images. Gotthardt (1975) has
developed a set of parameters that is able to eliminate
systematic image errors at the position of the Gruber
points (3 X 3 positions). This set of formulas was used
by Ebner (1976) and is known under his name. Griin
(1979) extended this set of formulas to 5 X 5 image
positions (Gruber points and the points on half the
distances). The formulas used by Ebner are optimal if
the image points are just located in the Gruber points.
The set extended by Griin often causes problems by
having too many parameters that are strongly corre-
lated. The author developed the set of parameters
shown in Table 1.

This set of parameters is a combination of physical
values extended by other general parameters. Para-
meters 1 and 2 describe an angular affinity and an affin-
ity deformation. Parameters 9, 10, and 11 compensate
radial symmetric distortions, while 7 and 8 character-
ize tangential distortion (Fig. 3). The other parameters
are similar to a Fourier series in polar coordinates and
are able to fit remaining systematic effects. If the
image positions are well distributed, as is usually the
case, this set of parameters shows little correlation one
to another, and has the additional advantage of provid-
ing physical explanations. A tangential distortion can
be caused by off-center location of individual lenses.
This problem is not normally checked by standard
laboratory calibrations, but it often exists.

Very often, especially for close range applications,
a set of polynomial parameters is used to characterize
radial symmetric distortion like K1*r3, K2*r°, K3%1’.
This set has the disadvantage of strong correlation
and the higher degree values are only effective in the
extreme image corner. With a set of 11 aerial images,
the values K1 and K2 have been adjusted, leading
to a correlation between both of 0.91 which is above the
critical value. The same data set processed with para-
meters 9, 10 and 11 in Table 1 lead to a maximal cor-
relation of 0.32. All additional parameters of radial
symmetry are highly significant with student test val-
ues larger than 4.5. Because of the strong correlation,
the parameter K2 was not accepted, so only K1, the



Table 1. Additional parameters for perspective images used in the Bundle adjustment, University of
Hannover program (BLUH).

Parameter x' equation y' equation

1 x'=x —ye*Pl y =y —x°*Pl

2 X'=x—x+P2 y'=y+ye-P2

3 x'=x —x°*cos2b*P3 y =y —yecos2b+P3

4 X' =x — x*sin2b P4 y' =y —ye*sin2be+P4

5 x'=x—x°*cosb*P5 y =y—yecosbeP5

6 X' =x — x *sinb * P6 y'=y—yesinbeP6

7 x'=x+yerecosbeP7 y =y —xerecosbeP7

8 X'"=x+yeresinbeP8 y'=y—xeresinbe+P8

9% x'=x—xe* (@ — 16384) « P9 y =y—ye@*>—16384) P9
10* x' = x — x *sin(r * 0.049087) « P10 y' =y — ye*sin(r+ 0.049087) « P10
11* x" =x — x *sin(r*0.098174) « P11 y' =y — y*sin(r » 0.098174) « P11
12 X' =x — xe*sin4b P12 y' =y —ye*sin4b+Pl12

*r2 = x? + y? arctan b = y/x. Constant values in parameters 911 are scaled to the actual image size. The
listed constant values are valid for maximal radial distance in the image of 162.6mm = 115.0 « 212,
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Figure 3. Effect of some additional parameters used in program BLUH.

() (b)

Figure 4. Radial symmetry lens distortion: (a) polynomial K; (b) parameters 9—11.

radial distortion shown in Figure 4a, could be charac-  (Jacobsen 1980, Jacobsen 1982a). The unjustified
terized. With parameters 9, 10, and 11, the more  parameters should be excluded from the adjustment,
detailed situation shown Figure 4b was derived. as well as the very strongly correlated ones. In pro-

Empirical tests showed the negative influence of  gram system BLUH the additional parameters are
highly correlated and unjustified additional parameters  analysed by a student test. The parameters with values

85

Copyright © 2004 Taylor & Francis Group plc, London, UK



NSNS L A
o o Y o o o ¢ 1 H ~ o o« o - - TN
. L r . LI 4 . . . . . . N B . T R R NG
=) V4 r - - - 0 LN NG
* o LY o o o o o o . o« o « 1
N IR B SN N T I B 1 r 2 - 2 1\ N\
Vv e ey
. L4 . . . . . . . . . . . . . .
. e ¢ 4 LI . e a - o o o o o o \ \ ! - = = ’ ! ‘
- NN T
. o ] [ Y . o -~ - v v “ . . ~~ - 1] \ \ NS !
. ' . . -~ ..
. 4 LI ¢ 4 —~— - P \ \ \ , ,
T
(a) (®) (©
Figure 5. Systematic image errors: (a) OEEPE test block, company 2, averaged image coordinate residuals (adjustments

without self-calibration); (b) OEEPE test block, company 2, showing tangential distortion (b) (the largest vector is 20 pm);

(c) OEEPE test block, company 1(largest vector 7 pm).

below T = 1.0 are excluded, as well as parameters caus-
ing correlation coefficients exceeding 0.85 (Jacobsen
1982b).

Using additional parameters to determine image
coordinates characterizes systematic image errors.
Figure 5 shows these “systematic image errors” deter-
mined by self-calibration using the set of additional
parameters given in Table 1 for images taken with aerial
cameras. The bundle block adjustment used the test
field at Frederikstad, Norway with the data of the
OEEPE test block (Heipke et al. 2001). The middle data
set (151 photos, 4203 photo points) has been handled
also without self-calibration. The resulting image
coordinate residuals have been averaged in 9 X 9 image
sub-areas (Fig. 5a). The trend of the discrepancies
agrees very well with the corresponding systematic
image errors (Fig. 5b). Such a good fit requires a higher
number of observations. In general, the analysis of
residuals can be used to determine remaining system-
atic effects that cannot be handled by using additional
parameters.

Systematic image errors determined by additional
parameters can be used for pre-correcting image coor-
dinates. This is only valid if the systematic image errors
do not change. Image geometry of analog aerial photos
is not only dependent upon the camera itself, but also
on the film magazine and pressure plate. Moreover,
systematic image errors change from mission to mis-
sion. Only the radial and tangential lens distortion, and
the affinity deformation, are more stable. Radial and
tangential deformation can be determined with only a
few images and with only a few control points. The
affinity deformation requires control points or crossing
flight strips.

Under usual conditions of an aerial mission, the
focal length cannot be determined by bundle block
adjustment with self-calibration. Geometric informa-
tion depends on the Z-variation of the control points.
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The standard deviation of well defined ground point
heights determined from wide angle photos taken from
a flying height of 1000 m is SZ = 48 mm under the opti-
mal condition of an x-parallax accuracy of 5 pm. For a
vertical height difference between control points:

SDZ = SZ o2 = 68mm (1)

To achieve a standard deviation of the focal length
of 15 wm, a height difference between vertical con-
trol points of 153 mm/15 pm X 68mm = 680m is
required. Of course, with 9 control points in both height
levels, this would be reduced by the factor of 3, or a
height difference of 330 m at a flying height of 1000 m.
But even under such conditions there are configuration
problems and a standard deviation of 15 um in the
focal length is not sufficient. A different situation
exists if the projection center coordinates are avail-
able from relative kinematic GPS-positioning.

With this, the focal length can be determined, but it
will be totally correlated to constant Z-errors of the
GPS-positioning which cannot be avoided. Only in a
combined adjustment with images taken from at least 2
different height levels, can the constant GPS-errors be
separated from the focal length, as shown in Table 2.

With the data set of the referenced OEEPE test
block, standard deviations of the focal length of Sf = 3
to 4m are noted. Even here there is a limitation
because the focal length changes with air temperature
and pressure (Meier 1978). Using the determined
focal length for other missions with an image scale
outside the range used for in-flight calibration, is lim-
ited, but it is a better estimation of real conditions
than a focal length derived from laboratory calibra-
tion. Camera calibration under flight conditions
requires correct data handling. The effect of Earth
curvature and the net projection should be accounted.
Proper data handling requires an adjustment in an



Table 2. Correction of focal length and principal point by bundle block adjustment
using GPS values of projection centers in 2 different height levels (program BLUH).

GPS shift Standard deviation
X Y Z SX SY SZ
GPS values (set 1) .001 .003 .086 .007 .007  .004
GPS values (set 2) —.016 .054 257 014 .014  .006
Change of focal length —.037
GPS shift (absolute) —.095
Corresponding .001 .000
shift of principal
point
1\ 4
) . \ ' ’,
N~ N , -~ H
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A ~ »
AW
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Figure 7.  Systematic image error of Rollei Q16, f = 41 mm,
largest vector = 270 pm.
’
temporal deformations. In addition, the positions inside
the CCD are nearly perfect. Existing distortions are

Figure 6. Systematic image errors of Z/I DMC, largest
vector — 11 wm.

orthogonal coordinate system, like a tangential system,
to the Earth ellipsoid. Also, refraction must be consid-
ered. Most published formulas for the refraction correc-
tion are valid up to a flying height of about 14 km. For
space application, polynomial formulas are leading to
totally wrong results. Deformation of the radiance by
atmospheric refraction can be corrected by using
image coordinates.

The situation for digital perspective cameras is less
complex. CCD-arrays have the advantage of a fixed
surface. Usually they are perfectly flat and have no
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dominated by the influence of the optics. Experiences
with the Z/I Imaging digital mapping camera (DMC)
have shown high internal stability of this system (Fig.
6). The synthetic image generated from the DMC is
based on a configuration of 4 individual CCD-cameras,
each of which is calibrated, and the calibration values
are respected. The synthetic image should be free from
systematic image errors. A bundle block adjustment
over a test field with some crossing flight lines showed
only a small affinity deformation. A check of the CCDs
confirmed that the elements were not exactly square.
This affinity deformation was taken into account, lead-
ing to images free of systematic image errors.

Other digital cameras equipped with only one CCD-
array showed a dominating radial symmetric charac-
teristic (Fig. 7). The lens systems used are off-the-shelf



and not made specifically for photogrammetric pur-
poses. No special care has been taken for distortion-
free geometry, and radial symmetric distortions in the
range of 200 um are usual. The distortion of the
Rollei Q16, 41 mm-optics, shown in Figures 7 and 8,
has been determined from 12 overlapping images.
The radial symmetric additional parameters 9, 10,
and 11 have student test values between 302 and 67
(size of the parameters in relation to their own stan-
dard deviation). The significance level always starts
at the value 3. The correlation between these parame-
ters does not exceed 0.10, indicating the significance
of the results.

Cameras with unstable optics, like the thermal
camera ThermScan with a variable focus, may show a
tangential distortion like that shown in Figure 9. A
variable focus does not allow calibration, even if it is
set to infinity. After changing the focus and resetting
it to infinity, the geometric properties will not be the
same. The same problem exists if the optics are
exchanged. If they are mounted again, the geometric

DR

200 «

-2004

Figure 8. Radial symmetric distortion of Rollei Ql6,
f=41mm.

properties will not be the same. Of course, if the
optics are fixed, they can be calibrated, and may be sta-
ble until there is a change in the optical system. This is
not the case for zoom lenses. The inner optical system
usually is not fixed very well, so the camera geometry
may change as a result of even mild vibration.

2.2 Other systems

Not all perspective aerial cameras are panoramic cam-
eras and CCD-line scanners. Self-calibration by addi-
tional parameters of panoramic cameras is not a
calibration. With the geometry having been determined,
the dynamic effect of the scan can be computed (Fig.
10). It is dependent not only on the scan speed and the
aircraft speed, but also upon angular effects of roll,

>
)
)
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Figure 10. Systematic discrepancies of a panoramic camera.
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Figure 9. Systematic image errors of the ThermScan camera: (a) wide angle optics, largest vector 1.5 pixels; (b) normal

angle optics, largest vector 1.7 pixels.
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pitch and yaw. The linearity of the image line usually
cannot be calibrated under flight conditions but in any
case and is negligible compared to the dynamic
effects. In Figure 11, the laboratory calibrations of two
high-resolution stereo camera (HRSC) CCD-lines are
shown. These include the non-linearity of the CCD-
line and the rotation against the reference direction.
The general trend can be determined also under flight
conditions, if crossing flight lines are available; or,
there is a higher number of control points. For
the HRSC, like the corresponding Leica airborne
digital sensor (ADS40), the relation of the inertial
measurement unit (IMU) to the CCD-line cameras is

T ]
-18.210 10. 18.006

-39.3

-39.3

-18.391 17.862

Pl

more important. This boresight misalignment has to
be determined under flight conditions.

3 SPACE APPLICATIONS

By theory, there are no differences between aerial and
space applications. The difference lies in the sensors
used and the restriction of the orbit. Because of the
large areas covered by space images, a mathemati-
cally correct ground coordinate system is required.
Earth curvature also requires consideration.

Only Russia is still acquiring photos from space.
For these photos, conditions similar to those for aerial
images exist. Some images, like the TK350, have a
reseau platen. This reduces the problems with film
stability and the imaging plane.

The systematic film deformation of a TK350 photo
determined by the reseau can be seen in Figure 12.
This is an individual film correction not requiring
calibration. The systematic image errors in Figure 13,
however, indicate that the camera has geometric prob-
lems. Of course the results of a single determination
of image geometry has to be verified by independent
data sets.

The determined geometry of aerial images com-
puted by self-calibration with additional parameters
is based mainly on the over-determination of a bundle
block adjustment. If crossing flight directions are
available, ground control points (GCPs) have little
influence, but it is different for space images where
there are single images or image pairs. The geometric
characteristics of single images can be determined

Figure 11. HRSC CCD-line linearity. || —— —
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Figure 12. TK350 systematic film deformation determined =~ Figure 13. TK350 systematic imager errors of central part,
with 1050 reseau points, mean square deformation = 10 pm. largest vector 280 wm.
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only by control points. For overlapping image pairs, the
influence of the GCPs is dominating. So, for geometric
analysis of space images, a higher number of accurate
and well distributed GCPs is required. Points located
on corners cannot be identified as well as symmetric
points. Corner points always are shifted from the bright
image parts to the dark parts. For symmetric points,
such a shift is unimportant because it is equal in all
directions.

Only small satellites are equipped with CCD-array
cameras, like the group constructed by Surrey Satellite
Technologies (SSTL), e.g. the UoSAT-12 and the
BILSAT-1. Calibration of these systems is controlled
by the quality of the optics (the radial symmetric and
the tangential distortion), as well as the focal length
and the location of the principal point. In addition, the
CCD-array may have a slightly different dimension in
both directions. The very narrow field-of-view does
not really require determining the principle point
since the bundle of rays will not be deformed by a
small offset from the center. Also the focal length is
not so important because the rays are close to parallel.
The radial and tangential lens distortion can be deter-
mined without problems with a limited number of
control points and overlapping images.

Most space sensors used for mapping purposes are
CCD-line sensors. Areas are mapped via the movement
of the satellite along-track and/or by rotating the system.

The geometric relation of the Indian Remote Sensing
satellite (IRS-1C) Pan-camera has been investigated
using the original sub-images for an area near Hannover
where there is ample ground control (Jacobsen 1998).
The IRS-1C Pan-camera has three CCD-lines. The
parts imaged at the same instant on the ground are
shown in Figure 14a, b. The time delay of CCD2 can
be respected by matching the slightly overlapping

CCb2.
" Fiter _.....- Separation
of image to
3 linear CCD

configuration

(b)

sub-images. With a special group of additional
parameters (Table 3), the relation of the roughly
merged sub-images were determined by bundle orien-
tation using the Hannover program BLASPO for pro-
cessing satellite line scanner images. The geometric
relation can be seen in Figure 14e. Obviously the
CCD-lines are not exactly aligned. This calibration
information has to be used for matching sub-images
to a more or less error free synthetic image.

This calibration is possible just by using one scene,
based on control points. The configuration derived
from of three subscenes taken from different directions
has the advantage that one sub-scene stabilizes the oth-
ers (Fig. 14d), connected by tie points. So by theory,
calibration with additional parameters is also possible
with a minimum of control points.

The described calibration has to be made for all
space systems based on the configuration of CCD-
lines. It belongs to the calibration phase, which for very
high resolution space systems takes between one and
two months.

Bundle adjustments of different original space
images have been made using the BLASPO program.
In no case was a deformation of the imaging line
detected; otherwise, an additional calibration of the

Table 3. Special additional parameters for
IRS-1C calibration.

Parameter

X=X+Pll*(X—-14) ifx>14
X=X+PI2*X+14) ifx<-—-14
Y=Y+PI3*(X—14) ifx> 14

Y=Y +Pl4*X+14) ifx<-14

X = X + P15 * SIN(X * 0.11) * SIN(Y * 0.03)

—
Y
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———
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——
7 1}
—c}
[ 1—
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T

20 pixels

(d) (e)

Figure 14. Geometric calibration of IRS-1C pan-camera: (a) configuration of CCD-lines in camera; (b) imaged elements on
ground; (c) configuration of test data set; (d) configuration on ground; and (e) image geometry of full scene.
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CCD-line sensors would be justified. The computed
deformations are just compensating discrepancies of
the orbit and attitude information; or in other words, the
individual exterior orientation. The values are in the
range of a few pixels.

Rectified space images like IKONOS Geo and
QuickBird Standard and OrthoReady have shown no
systematic effects. For the exact handling of early vin-
tage IKONOS Geo data prior to information about the
rectification plane height level and relief displacement,
an affinity transformation to control points is neces-
sary. The sub-pixel accuracy obtained showed no
systematic effects, confirming the calibration used.
Of course the available exterior orientation can be
analysed, leading to a system calibration that includes
the relation of the imaging sensor to the inertial meas-
urement unit and the star cameras, as well as the focal
length. The very narrow field-of-view does not allow
a separation between effects of the focal length and the
flying height (satellite orbit ellipse). For the boresight
calibration, a higher number of controlled scenes in
different areas is required.

4 CONCLUSIONS

The geometry of perspective aerial cameras can and
should be determined under flight conditions by a bun-
dle block adjustment with self-calibration by addi-
tional parameters. The difference of the real geometry
against the mathematical model of perspective is
shown by the systematic image errors. Only some
parts, like radial symmetric distortion, show long-
term stability. The focal length and the location of the
principle point usually can be determined only by using
projection center coordinates determined by relative
kinematic GPS positioning at two altitudes. The set of
additional parameters used has to be reduced to the
required parameters that have a limited correlation.
This should be done automatically by the bundle
adjustment program using statistical tests. Self-
calibration should not include additional parameters
that under usual conditions are highly correlated.
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CCD-line scanners often use a combination of
shorter CCD-lines. Calibration of such systems can
be made under flight conditions. For aerial systems,
the geometric advantages of crossing flight lines can
be used, thus reducing the number of required control
points. For space sensors, the number of required
control points can be reduced if images are available
of the same area taken from different orbits. The cali-
bration of a single image requires a higher number of
precise control points.
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In-flight intersensor radiometric calibration using vicarious approaches

K.J. Thome
Optical Sciences Center, University of Arizona, Tucson, Arizona, USA

ABSTRACT: Improvements in the protocols and approaches used for in-flight radiometric calibration and
validation of imaging sensors has led to using vicarious calibration for intercomparing multiple sensors. The
concept presented here is different than the typical cross-calibration techniques used successfully since the
1980s, but instead assumes that results for one sensor can be compared directly to results using the same vicar-
ious approach for another sensor. This is similar to using spherical integrating sources as a calibration standard
in multiple laboratories for multiple sensors. Traceability of these sources to a set of specified standards allows
sensors calibrated in the same way to agree within the uncertainties of the methods. Extending the idea of a cal-
ibration source to that of a ground-reference target readily shows how these concepts can be used in-flight. This
paper illustrates this based on results from the reflectance-based approach of vicarious calibration. The
reflectance-based method relies on ground-based measurements of surface reflectance and atmospheric trans-
mittance to predict the at-sensor radiance for a selected sensor viewing a test site. The method has been applied
to numerous Earth resources sensors of varying spatial resolutions, and improvements in the application of the
approach over the past several years have led to precisions better than 2 percent (one standard deviation) in
many spectral bands. Thus, results from one sensor can be compared to those of another sensor without the need
for coincident acquisitions and disagreements in excess of 2 percent should be indicative of possible biases
between the sensors. Examples using the MODerate resolution Imaging Spectroradiometer (MODIS) on Terra
and Aqua, the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), the Advanced
Land Imager (ALI), Hyperion, and the Enhanced Thematic Mapper-plus (ETM+) are presented. Results show
that all of these sensors agree for the most part in similar bands except for the ASTER visible and near infrared
(VNIR) bands. Also presented is a discussion of the uncertainties in the reflectance-based approach leading to
a set of recommended protocols necessary to ensure the accuracy and precision of the reflectance-based
method. The ultimate goal of this concept is to extend calibration philosophy to other vicarious methods to
allow multiple vicarious methods to be compared directly with each other.

1 INTRODUCTION standards is maintained and estimates of absolute

accuracy are themselves accurate.

Excluding dedicated atmospheric, meteorological, and
defense satellites, there are more than 30 sensors, in
space designed for terrestrial imaging. These sensors
are a variety of national and international efforts rep-
resenting more than 12 countries. They range in spatial
resolution from 0.6 to 1000 m with spectral resolution
from multispectral to hyperspectral spanning the
wavelength regions from visible, near-infrared, ther-
mal infrared, and radar. Swath widths and repeat visits
also span a wide range of values all leading to an
opportunity to study Earth processes on a global scale.
Critical to this approach is the ability to compare data
between scales and sensors, and a key part of this is
absolute radiometric calibration. Absolute radiometric
calibration allows data from individual sensors to be
compared directly so long as traceability to known
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Absolute radiometric calibration of a sensor begins
in the laboratory during the final stages of the sensor’s
preparation for launch. The typical approach is to
have the sensor view an extended radiance source for
which the output of the source is known. An extended
source is necessary to simulate the type of source that
will be measured by the sensor in flight. These radi-
ance sources are either traceable to source- or detector-
based standards (Yoon et al. 2002). For a source-based
standard, the given output of a source of spectral irra-
diance that is traceable to a national laboratory is
transferred to the radiance source. Detector-based
calibrations have the advantage of not relying upon an
intermediate step but instead the output of the extended
source is calibrated directly using the detector-based
standard. Accuracy of sensor calibration in the



laboratory is dependent on the individual calibration
facility’s skill at implementing a rigorous set of proto-
cols and traceability to the standards chosen.

If a set of well-defined protocols is followed dur-
ing the preflight calibration process, it should be pos-
sible to compare the output of two sensors calibrated
in different facilities. The output from these two sen-
sors should agree to within the stated uncertainties
when the sensors view a common source. This has
been shown to be true for a set of traveling transfer
radiometers that have been compared through a series
of round-robin exercises at several calibration facilities
(Butler et al. 2002, Butler et al. 2003, Johnson et al.
1997). These round-robin exercises were made with
carefully crafted, non-imaging radiometers and repre-
sent a “best possible situation.”

Unfortunately, there are many issues when the sensor
is a more complicated imaging system typical of ter-
restrial remote sensing. These issues can impact the
actual accuracy of the radiometric calibration but not
the modeled traceable accuracy. That is, even though
rigorous protocols are followed, actual errors can be
larger due to overlooked aspects of the calibration
process. Two examples of this are the size-of-source
effect and the spectral difference between the source
used in the laboratory and that used in the actual
implementation of the sensor. Flittner & Slater (1991)
and Slater et al. (2001) show the impact of errors in
spectral characterization and the importance of simu-
lating the spectral shape of the in-flight source during
the preflight calibration. The issue of size-of-source
can be viewed as a stray light issue and is related to
the fact that some sensors behave differently when
viewing the output of a small extended radiance source
in the laboratory, as opposed to the much larger in-
flight source. Both of these effects, though well known,
are difficult to assess in laboratory calibration. Thus,
it should be clear that it is possible to overlook other
effects as well, and any overlooked source of errors
leads to a bias in the accuracy and/or an underesti-
mate of actual uncertainty.

It is these two effects, size-of-source and spectral
difference, that is a partial motivation for the current
work. This work proposes that the Earth and Earth’s
atmosphere can be viewed in a like fashion as a labo-
ratory calibration source (both figuratively and explic-
itly). The emphasis of this work is on the solar reflective
part of the spectrum covering approximately the spec-
tral range from 400 to 2500nm, but this is done
merely for brevity and there are analogous methods for
other parts of the spectrum. The Earth and the Earth’s
atmosphere act as an extended radiance source in the
same way that the spherical integrating source acts in
the laboratory, hence the use of these laboratory
sources. If this Earth-atmosphere source is accurately
characterized, then the calibration of the sensor can be
determined and the analogy between the laboratory
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source and the in-flight calibration source should be
straightforward. The primary reason for using scene-
based sources for in-flight characterization of a sensor
is to understand changes that occurred with the sensor
after preflight calibration, but which are not charac-
terized by onboard calibrations. Thus, vicarious cali-
bration can be used to correct for changes that occur in
the system’s response or other effects such as size-
of-source and spectral differences.

There is good justification for including vicarious
calibration approaches that are independent of pre-
flight and onboard calibrations. The typical methods
used involve either in-situ measurements or model-
based predictions. Kaufman & Holben (1993) devel-
oped one of the first models using a method that
predicts the source radiance based on assumptions of
molecular scattering and appropriate assumptions of
surface reflectance (for water in their case). This
method is applied to short wavelength bands for wide
angle sensors and was originally used for the visible
channels of the Advanced Very High Resolution
Radiometer. Vermote et al. (1992) used a similar
approach to calibrate the short-wavelength channels
of the SPOT-1 HRV sensor where the contributions
from aerosols and sea-surface reflection were deter-
mined from data at longer wavelengths. Cosnefroy
etal. (1996) applied a similar method over land, but in
their case the atmosphere did not play a dominant
role. Surface reflectance was the key parameter. This
approach assumes that test sites in desertic regions
are invariant targets and that they provide a well-
understood ground target of known radiance. If
absolute accuracy is not a requirement, but only inter-
band relative calibration is critical, then approaches
using clouds and sun glint have been shown to be suc-
cessful (Hagolle et al. 1999). Lunar calibrations are a
more recent approach using no in-situ measurements,
and several sensors now use the moon in a relative
sense for calibration (Barnes et al. 1999, Kieffer &
Wildey 1996).

Hovis et al. (1985) made one of the earliest attempts
at in-situ measurements by measuring the radiance
above a ground target from a high altitude aircraft to
verify the degradation of the response of the Coastal
Zone Color Scanner’s (CZCS) shorter wavelength
bands. The Remote Sensing Group (RSG) at the
University of Arizona followed this work by develop-
ing three vicarious techniques of absolute calibration
that rely on in-situ measurements. These methods are
referred to as the reflectance-, irradiance-, and
radiance-based techniques (Slater et al. 1987, Biggar
et al. 1990). The advantage these in-sifu approaches
have over modeled approaches is better absolute
accuracy. However, these methods have suffered from
a lack of precision as well as low frequency of data
collections. This situation has improved over the
years producing results that often rival those from



solar diffuser approaches and with precisions
approaching 2 percent in some bands and cases.

It is this improved precision of the reflectance-
based approach, and vicarious approaches in general,
that is the other motivation for the work described
here. Improvements in vicarious approaches, and the
confidence in these methods, now make it possible to
use them in the same fashion as preflight laboratory
calibrations to allow intercomparisons of sensor data.
The discussion focuses on reflectance-based methods
as an example for implementation, but this is purely
for convenience. The concept can be extended to any
vicarious approach shown to have sufficient repeat-
ability with limited band-to-band and spatial resolu-
tion effects. The method is also suitable for both
multispectral and hyperspectral sensors. The paper
begins with a brief description of the reflectance-
based approach and desired test site characteristics.
The recommended minimum set of measurements is
included based on past work by the RSG and a dis-
cussion as to the importance of following these guide-
lines. Finally, examples of recent results for several
sensors are given demonstrating the current status of
in-situ vicarious calibration approaches.

2  REFLECTANCE-BASED APPROACH

Past works have described this method in more detail
(Slater et al. 1987, Thome 2001). Essentially, the
approach relies on measurements of the surface
reflectance of a test site at the time of sensor over-
pass. Atmospheric measurements are made concur-
rent with surface measurements, and the results from
both are used as input to a radiative transfer code to
predict at-sensor radiance that is compared to sensor
output to provide the calibration.

2.1 Surface reflectance retrieval

The reflectance-based approach relies on surface
reflectance measurements of a selected test site.
There are two aspects to the size of a test site. The
first is the size and orientation of the site measured by
in-situ radiometers. The size and orientation of a test
site, and the ground sampling within it, varies for the
sensor type and the spatial resolution of the sensor.
Size is a compromise between sampling a large area of
the ground for adequate coverage of the sensor’s focal
plane, yet small enough that the site can be covered in
a reasonable amount of time. Measurements extending
beyone one hour tend to suffer from changes in
atmospheric illumination, solar angle effects, user
fatigue, and instrument power limitations. The second
aspect of test site size is the overall size of the sur-
rounding area that has similar surface composition to
that sampled by ground measurements. As an example,
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the RSG collects surface data within a 480m by
120m area for the Landsat-series of satellites. This
site size is the same at both White Sands National
Monument and for Railroad Valley Playa. The size of
the entire Railroad Valley Playa, however, is approxi-
mately one-fourth the size of White Sands National
Monument. Orientation of the test site should be
aligned with its long side in the cross-track direction
for a pushbroom sensor. Of course, nothing precludes
the use of a square site.

Reflectance of the test site is obtained by referenc-
ing measurements at the site to those made of a refer-
ence of known reflectance. Past work relied on
multispectral instruments for these collections and
more current work has moved to hyperspectral collec-
tions. Three factors to consider in collecting surface
reflectance data are the number of samples to collect
within the test site, the field of view of the ground-
based sensor, and the number of measurements of the
reference. These reference measurements require time,
but they allow correction for changes in instrument
response with time and changing atmospheric condi-
tions. Similarly, greater sampling of the test site offers
a more accurate characterization of surface proper-
ties, but this is at the expense of time. Finally, a large
field of view for the ground instrument will improve
spatial sampling but can introduce surface bidirec-
tional reflectance effects. Knowing the bidirectional
reflectance properties of the reference negates many
of the issues related to time because it allows correc-
tions for sun-angle effects.

2.2 Atmospheric characterization

Atmospheric characterization data are collected at the
same time as the surface reflectance measurements.
The primary instrument for the RSG in this character-
ization is a solar radiometer. Data from this instru-
ment are used in a retrieval scheme to determine
spectral atmospheric optical depths. Optical depth
results are inverted to determine ozone optical depth
and a Junge aerosol size distribution parameter. Aerosol
size distribution and columnar ozone are used to
determine the optical depths at 1 nm intervals from
350 to 2500nm. Columnar water vapor is derived
using a modified Langley approach.

2.3 Radiative transfer code

Atmospheric and surface data are used in a radiative
transfer code. There is a variety of codes available
that all satisfy the requirements of predicting the at-
sensor radiance to the required accuracy. The RSG
relies on an historical code based on a Gauss-Seidel
iteration approach. Developed at the University of
Arizona, this code has been in use with the reflectance-
based approach since the first implementation of the



method (Herman & Browning 1965, Slater et al.
1987). Minor modifications have made it more versa-
tile for view angle and to allow for hyperspectral pre-
dictions (Thome et al. 1996). More recently, the group
has used the DISORT code included in the Moderate
Resolution Transmittance model (MODTRAN).
Comparisons made between the Gauss-Seidel and
MODTRAN show that the result of these two codes
agree to better than 0.5 percent when care is taken to
ensure that identical inputs are used for each. Past work
has shown that similar conclusions can be drawn for
other code types such as doubling-adding and the
methods used in the 6S code (Thome et al. 1998).

Inherent to the codes are solar irradiance models
that allow conversion of relative radiance (can be
viewed as reflectance) to absolute radiance. Two solar
irradiance standards are currently employed by the
RSG. The first is from the World Radiation Council
selected for NASA’s Earth Observing System (EOS)
project. The second is based on the Chance/Kurucz
model that is part of MODTRAN4.0. These two solar
models have significant differences between them
that have to be understood (Thome et al. 2001). In all
cases, the RSG takes care to ensure that a solar model
consistent with the calibration team of each sensor is
used. As long as users take care to convert data to
reflectance, comparisons between sensors should be
consistent. Once the at-sensor, hyperspectral, absolute
radiances are determined, they are band-averaged
across the sensor spectral response.

2.4 Test sites

The reflectance-based approach relies on several criti-
cal characteristics of an ideal test site (Scott 1996).
These include a high-reflectance to reduce the impact of
atmospheric errors. In addition, low aerosol loading and
predominance of clear skies also reduce these atmos-
pheric errors. The surface reflectance, in addition to
having a high value, should have spatial uniformity that
allows a large area to be characterized from only a few
measurements. Other aspects of the site, such as near-
lambertian reflectance, spectral uniformity, and site
accessibility are also desired. There is no ideal calibra-
tion site that satisfies all of these conditions, but in the
Southwestern United States there exist several that have
been used for many years. The three most frequently
used are the White Sands National Monument in New
Mexico, the Railroad Valley Playa in Nevada, and the
Ivanpah Playa in California. The most important aspect
of these sites is that they are well-understood, and a
large number of data sets exists for them.

3 INTERCOMPARISON RESULTS

During the past three years the reflectance-based
approach has been used for more than 14 satellite-based
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Figure 1. Average percent difference between reflectance-

based and pre-flight calibrations for ETM +. Negative value
indicates vicarious calibration predicts a higher radiance
than the sensor.

sensors. The results from six of these in the visible
and near infrared are shown as an example of the pro-
posed intercomparison approach. In addition, five of
these sensors had sufficient data sets in the short-
wave infrared spectrum to warrant inclusion. Results
from the other sensors are not included to allow fur-
ther evaluation and consultation with the calibra-
tion/validation groups from each sensor. The sensors
shown here are those for which the author is, or was,
a member of the calibration/validation team.

As an example of the precision currently achievable,
a summary of the results from Landsat-7 Enhanced
Thematic Mapper-plus (ETM+) is shown in Figure 1.
The figure shows the average percent difference
between the predicted calibration coefficient for
ETM+ based on the reflectance-based results of the
RSG. These averages include data from all RSG test
sites that are 480 m by 120 m in size and are based on
39 data sets between July 1999 and May 2003. The
standard deviation of the average is indicated by the size
of the box surrounding the average value. In addi-
tion, =3 percent standard deviation is indicated
by the error bars adjacent to each average. The zero
percent difference line, as well as the =3 percent
lines, are also highlighted. Three key conclusions can
be drawn from Figure 1. The first is that the vicarious
and preflight results agree to within the combined
uncertainties of the two methods. The second is that
there appears to be a bias between the vicarious and
pre-flight calibration. This possible bias is still under
investigation, but is not the primary effect considered
here. It is the third conclusion that is of primary inter-
est here; that is, the standard deviation for all bands is
less than =3 percent and less than 2 percent for several
bands. This standard deviation can be viewed as a proxy
for the accuracy of the reflectance-based retrieval and
implies that the accuracy is better than 3 percent.

A second way to evaluate the accuracy is to subset
these data. This is shown in Figure 2 for Band 3 of
ETM+. The original results for band 3 are shown at
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Figure 2. Average percent difference and standard devia-
tion for Band 4 of ETM+. First set is based on all 39 RSG
data sets. Other 10 are based on random selection of groups
of five data sets.

the left side of the graph. All others shown are aver-
ages and standard deviations of randomly-selected
sets of five from the original 39. All of these subset
results are within the *£2 percent standard deviation
of the original data set. Results were similar for all of
the other bands of ETM +. Further analysis regarding
the statistical significance is needed, but this result
adds confidence to the accuracy of the reflectance-
based approach. It should be pointed out that both
onboard and vicarious calibrations indicate that the
radiometric calibration of ETM+ has remained sta-
ble since launch. This fact permits use of the average
and standard deviation to examine the accuracy of the
reflectance-based method.

Figure 3 shows a plot similar to that shown in
Figure 1, except that results for five other sensors are
included. The sensors shown are the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) on the
Aqua and Terra platforms, the Advanced Spaceborne
Thermal Emission and Reflection radiometer
(ASTER), also on the Terra platform, the Advanced
Land Imager (ALI) on the Earth Observer-1 (EO-1)
platform, and the Hyperion sensor, also on EO-1. The
data shown are for the visible and near infrared bands
of MODIS and include bands at 250 m, 500 m, and
1000 km spatial resolution. The results of the other
sensors are shown with the closest MODIS band.
Thus, only results for Terra and Aqua MODIS, and
Hyperion, are shown for 412 nm since these are the
only sensors with bands at this wavelength The data
include averages and standard deviations for each
sensor (39 for ETM+, five for Hyperion, 15 for Terra
MODIS, six for Aqua MODIS, nine for ALI, and 20
for ASTER. Results for the same sensors, except
Hyperion, are shown for three shortwave infrared bands
in Figure 4. Hyperion data are omitted here because
only two data sets were available at RSG test sites for
the short-wave detectors.

All of the sensors shown in Figure 4 agree to
within the accuracy of the approach in the shortwave
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Science Enterprise.
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Figure 4. Reflectance-based results for shortwave infrared
channels.

infrared except for ALI and ASTER compared with
Aqua MODIS at 1640 nm. It also should be noted that
the standard deviation of ASTER results is much
larger than the others for 2130 nm. This is due to a
known optical crosstalk effect where light from the
1640nm band leaks into other bands including the
2130 nm channel. This effect varies significantly with
the test site used, leading to larger standard devia-
tions. For the visible and near infrared, the most
noticeable feature is that ASTER appears radically
different from the other sensors. Other conclusions
are that Aqua MODIS and Hyperion disagree at larger
than their combined precision at 412nm and Aqua
MODIS and ETM + disagree at 469 nm.

The above discussion ignores any possible bias
between the reflectance-based results and a given sen-
sor. While the odd behavior at 905 nm relative to the
vicarious results is unsettling, the fact that it is con-
sistent in three separate sensors indicates that there is
either a bias in the vicarious approach or consistent



errors in the pre-flight calibrations. It seems that all
three sensors agree, indicating that there is no bias
between these sensors in this particular spectral band.
This assumes that the reflectance-based method is
repeatable within the RSG and this has been accom-
plished through attempts to assure consistency in the
measurement sets.

4 EXAMPLE PROTOCOLS

Consistency of the measurements over the past five
years has been developed through a combination of
many collections to gain practical experience, model-
ing work to examine which measurements are signif-
icant, and laboratory characterizations to ensure that
the equipment being used is consistent. The primary
result of all of this work is that the most important
factor in maintaining high accuracy is consistency of
a basis set of measurements. The intercomparison
method relies on the fact that a single group making
vicarious calibration maintains consistency with itself
to allow an adequate level of accuracy. The next step
would be to allow different groups to compare their
results with a different group using the same vicari-
ous calibration approach. In this case, it is important
for both groups to use nearly identical collection pro-
tocols for a select set of key measurements. The idea
is not to preclude different groups from making alter-
nate data collections, but rather, to ensure that two
separate groups can compare results with confidence
that any differences between them are real.

The analogy to the above in terms of laboratory
calibrations is that a group calibrating two sensors in
its laboratory should do so using a portion of the same
approach for both systems. Thus, if the group uses a
spherical integrating source for radiometric calibra-
tion, it should use that same source with the same
number of lamps, under the same operating condi-
tions for the second sensor. If that second sensor was
then taken to another facility, the goal would be to use
a similar integrating source with the same output
aperture with similar output radiance and color tem-
perature. This would not preclude the second group
from using additional measurements, but the ideal
would be to have at least some portion of the mea-
surements at both facilities to be “identical.”

Thus, it is useful to have a basis set of measure-
ments emphasizing the critical components of a vicar-
ious approach. This set of measurements ultimately
would provide a set of protocols that could be fol-
lowed by all groups to ensure accurate intercompar-
isons. This can be done for each separate vicarious
approach, and a set of proposed measurements is given
here for the reflectance-based approach. It cannot be
emphasized enough that due to the vagaries of instru-
mental effects, it is critical that each measurement

group keep a set of measurements that is consistent
from campaign to campaign. Thus, the first recom-
mendation is that groups that are currently collecting
vicarious calibration data sets, radiance validation data
sets, or validation data in general, should continue to
collect data in the manner in which they are most
familiar. It is also critical that groups maintain this con-
sistency in terms of equipment, processing schemes,
and test sites. When any of the three are modified
(and they should be from time to time to ensure
improvement), there should be a transition period to
understand the effects of the changes and, more
importantly, provide traceability to the past data sets.
Eventually, groups should migrate to an approach
similar to that described above for the reflectance-
based approach.

While this recommendation may appear self-
serving, this conclusion, and the approach used by the
RSG have not been reached lightly. Rather, they are
based on nearly 20 years of field data measurements.
It has included improvements in field reference stan-
dards and equipment, changes in test sites, new satel-
lite sensor technology, and most importantly, continued
attempts to improve the field measurements and pro-
cessing schemes. Early attempts to improve the mea-
surements served to improve dramatically the accuracy
of the data (from uncertainties >5 percent to values
that hopefully can be shown some day to approach
2 percent) but for which a price has been paid in that
older data sets are now obsolete and exist only in the
literature in a useful form.

5 SUMMARY

In summary, the basic measurement set consists of:

1 Surface reflectance measurements that are refer-
enced to a panel of known reflectance. While sam-
pling strategies are important, work by the RSG
has shown that if sampling creates uncertainties
approaching 1 percent, an alternate site should be
selected.

2 Solar extinction measurements that include bands
to allow for ozone and water vapor characterization
and sufficient bands to allow retrieval of aerosol
optical depth at 550nm (or some other reference
wavelength), and an Angstrom turbidity coeffi-
cient. The frequency of data collection, accuracy of
calibration, and specific bands of the radiometer,
while important, are of secondary importance if an
appropriately bright site can be located. Surface
reflectance in excess of 0.3 ensures this to be the
case for aerosol loadings giving aerosol optical
depths at 550 nm less than 0.15.

3 Use of a radiative transfer code including multiple
scattering and a method for taking into account
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ozone and water vapor absorption. It is strongly
recommended that users select a radiative transfer
code with which they are familiar and understand the
code’s limitations. This is far more important than
selecting the most complicated and accurate code.
In other words, an accurate code that is run improp-
erly is far worse than a code with slightly lower
accuracy, but used properly. In addition, if the site
has reflectance greater than 0.3, the selection of
radiative transfer code becomes less important.

If the above three requirements are met, the data
set collected should be of sufficient quality to be
compared with results from other groups. This is
important in that it increases the number of data sets
available, thus increasing the power of vicarious meth-
ods. However, if the data sets are of questionable her-
itage, the results are not useful even if they are
extremely accurate.

The final step in the process will be to understand
any biases in a given approach relative to a traceable
standard. When this is done for multiple types of vicar-
ious approaches, it then becomes possible to compare
results from different methods. This is critical to allow
vicarious results to be used to evaluate the sensors. For
example, assume that the reflectance-based method,
invariant desertic scenes, and lunar-based methods are
used for a given sensor. Further, assume that careful
work has been done to determine the absolute radio-
metric accuracies of each. Then, for example, if com-
parisons of results indicate that the desertic scene
approach and reflectance-based results agree, but that
the lunar-based calibration disagrees by more than the
estimated uncertainties, it could be concluded that the
sensor may have a significant size-of-source effect.

6 CONCLUSIONS

Recent work by the RSG has indicated that the accu-
racy of the reflectance-based approach of vicarious
calibration by experienced groups can approach
2 percent. Other approaches are also at or better than
this level, which can only be achieved if users take care
to collect a consistent basis set of data for each collec-
tion. It is further felt that this accuracy can be improved
through additional field instrument characterization,
higher frequency of collections, and separation of
results by test site and users. At this level of accuracy, it
is possible to use the results from a single group to
intercompare results from multiple sensors. This inter-
comparison does not require joint overpasses of the
sensors, but rather consistent processing and collection
methodologies for the vicarious approach.

The power of such a method should be clear when
considering the lifetime records of Landsat and
MODIS. The goal is to continue these data records
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through the National Polar-orbiting Operational Envi-
ronmental Satellite System (NPOESS) Preparatory
Project and later through NPOESS itself. However, it
is possible that neither Thematic Mapper™ nor
ETM+ and that both Aqua and Terra MODIS could
fail prior to launch of their follow-on missions. The
current precision of vicarious methods should allow
for a consistent data record across any gaps in data
collections.
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Validating the MISR radiometric scale for the ocean aerosol science
community
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R.A. Kahn & J.V. Martonchik
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ABSTRACT: The Multi-angle Imaging SpectroRadiometer (MISR) is one of five instruments onboard the
Earth Observing System (EOS) Terra spacecraft. MISR employs nine cameras that view up to 70 degrees forward
and aft of the spacecraft track and enable unique geophysical retrievals. As an example, many on-orbit sensors are
able to estimate the amount of aerosol loading present in the underlying atmosphere. MISR, however, is capable
of retrieving information on both aerosol amount and microphysical properties. A necessary prerequisite, how-
ever, is that the instrument be calibrated to its absolute, band, and camera-relative specifications. Previous work
has demonstrated that MISR is calibrated to better than 4 percent absolute uncertainty (1o confidence level) for
bright land targets. This paper validates that MISR has met its calibration specification for dark target (10 percent
p_toa = 0.02). As part of this study, a new look has been taken at the band-relative scale, and a decrease in the
radiance reported for the Red and NIR Bands has resulted. The calibration process is now routine, fully developed,
and tested. Bimonthly on-orbit calibrations will be continued throughout the life of the mission and will allow

MISR to accurately report incident radiances, even in the presence of expected sensor response changes.

1 INTRODUCTION

1.1  Science drivers to accurate radiometry

The Multi-angle Imaging SpectroRadiometer (MISR)
(Diner et al. 1998a, Diner et al. 2002) is one of five
instruments onboard NASA’s Earth Observing System
(EOS). Data products include cloud height and albe-
dos, surface bidirectional reflectances, and aerosol
parameters, i.e. airborne particles derived primarily
from urban and industrial pollution, forest fires, vol-
canoes, sea spray, and desert dust. These measurements
are routinely provided over the globe, and are impor-
tant in understanding Earth’s radiation budget and
climate change.

One unique contribution that can be made by MISR
is providing aerosol products with improved accuracies
and with some degree of distinguishability. Calibration
accuracy is particularly important for aerosol retrievals
over dark ocean targets. Based upon theoretical stud-
ies, Kahn et al. (1998) & Kahn et al. (2001) provide a
clear statement of the MISR pre-launch aerosol science
objective for such conditions. “We expect to retrieve
column optical depth from measurements over calm
ocean for all but the darkest particles, with typical

size distributions and compositions, to an uncertainty
of at most 0.05 or 20 percent, which ever is larger,
even if the particle properties are poorly known. The
measurements should also allow us to distinguish
spherical from nonspherical particles, to separate two
to four compositional groups based on indices of refrac-
tion, and to identify three to four distinct size groups
between 0.1 and 2.0 um characteristic radius at most
latitudes.” To achieve this goal in practice requires
accurate top-of-atmosphere (TOA) radiances. The vali-
dation of MISR radiometry under low light conditions
is not only of interest to the ocean aerosol science
community, but also to the dense, dark vegetation,
and ocean surface color communities.

Top-of-atmosphere equivalent reflectance is defined
here as:

p_toa = (nlL/ Eo) (1)

where L is the TOA radiance within a given MISR
band, and E, is the MISR total-band-weighted exo-
atmosphere solar irradiance, derived from the World
Climate Research Program (WCRP 1986) published
values of solar irradiance. Very low light levels, in the
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equivalent reflectance range below 7 percent, are typi-
cally found over dark water scenes having aerosol
burdens on the order of 0.2 or less at mid-visible
wavelengths. Here the desired MISR radiometric cali-
bration accuracy is at the cutting edge of current
capabilities. The needed constraint amounts to
Ap_toa = 0.002 or better, for equivalent reflectance
below 0.02, in all channels. This translates to a 10
percent absolute uncertainty at a scene equivalent
reflectance of 0.02.

MISR calibration requirements for bright targets
(p_eq = 1) include 3 percent absolute, and 1 percent
band and camera-relative calibrations. MISR radio-
metric accuracy has previously been documented for
homogeneous desert targets (Bruegge et al. 2002).
Here vicarious calibration (VC) experiments, in con-
junction with sensor cross-comparison studies and
onboard-calibrator (OBC) error assessments, have
demonstrated that MISR radiances are uncertain to
within 4 percent (1o) for targets that fall mid-range in
the sensor’s dynamic range (p_toa = 0.3 to 0.4).
Vicarious calibration experiments are intensive field
campaigns located at uniform desert sites such as
Railroad Valley, Nevada. These are conducted annu-
ally for MISR by the Jet Propulsion Laboratory (JPL)
staff (Abdou et al. 2002). Unique tools for this JPL
operation include AirMISR (Diner et al. 1998b), an
ER-2 based aircraft prototype for MISR, and the
portable apparatus for rapid acquisition of bi-directional
observation of the land and atmosphere (PARABOLA)
instrument (Bruegge et al. 2000, Abdou et al. 2000), a
surface based radiometer that measures upwelling
and downwelling radiance in 5 degree samplings. For
these desert VC experiments, the surface reflectance
term dominates the TOA radiance. Under clear sky and
low aerosol conditions, typical for southwestern sites,
radiances are measured within an uncertainty of 3
percent. Vicarious calibrations are used to validate the
radiometric scale of some sensors. In the case of MISR,
the June 2000 vicarious campaign was used to cali-
brate the OBC, which in turn produces radiometric gain
coefficients for the cameras on a bimonthly basis.

Validation of MISR radiometry over desert targets
does not assure accuracy over dark ocean sites. Instru-
ment artifacts, such as additive stray light or electronic
biases, if present, would lead to large radiometric errors
in the measure of incident radiance. These could be as
large, or larger than, the actual radiance to be meas-

simultaneously and with similar band-passes. Unfor-
tunately, ocean images acquired by nadir-viewing sen-
sors such as MODIS are frequently contaminated with
ocean glint. The large radiance gradient of these scenes
makes data comparisons less reliable.

The validation of MISR radiometry over dark tar-
gets has proceeded with all proposed approaches: (1) an
error tree analysis of the potential contributors to low
light errors, (2) cross-comparisons with MODIS scenes,
(3) use of a lunar calibration experiment, and (4) dark
water vicarious calibrations. The first three of these
topics are covered in this publication.

A dark water vicarious calibration of MISR has
been described by Kahn et al. (2004). Here data from
the AERosol RObotic NETwork (AERONET), in con-
junction with an ocean reflectance model and radiative
transfer calculation, are used to predict TOA radiances,
which are then compared to MISR and MODIS.
AERONET radiances are found to be systematically
lower than MISR, by about 10 percent. MISR and
MODIS ocean channels are found to agree within 4 per-
cent, with MISR reporting higher radiances. The agree-
ment of MISR with MODIS ocean channel data over
ocean sites is consistent with the agreement with MISR
and MODIS land channel data over land sites. These
data indicate that MISR ocean data are valid to within
the needed uncertainty for these nadir observations.

The validation of MISR radiometry over very
bright targets, such as clouds, will be reported else-
where. Cloud studies have demonstrated that MISR
radiance data over very bright targets are consistent
with simulations and cross-sensor comparisons, again
to within 4 percent uncertainty.

1.2 The MISR instrument

MISR produces global data sets at nine day intervals or
less. The effective center wavelengths given in Table 1
have been computed using a moments (centroid) analy-
sis within the region delimited by the 1 percent response
points (Bruegge et al. 2002). The effective bandwidths
also are given. These parameters are used to define an
equivalent square-band response function and to sum-
marize instrument characteristics. Band weighted (both
in-band and total-band) exo-atmospheric irradiance
values are also shown. As Level 1B radiances have
not been adjusted to remove out-of-band response, total

ured. Although dark water vicarious calibrations can  Table 1. MISR spectral parameters.
be conducted, they are not routine. For these cases, the
atmospheric contribution to TOA radiance dominates A1 d\in-band Eg,n-band E,'otal-band
the surface term, and the process of computing TOA ~ (nm) (nm) Wm?2pm™)  (Wm™ pm™")
radiances from in-situ measurements is less certain.
Cross-comparisons with other sensors provide an alter- 447 41 1871 1867
nate validation approach. The Terra/MODIS instrument ggg % ig;; 123‘2‘
is one possible cross-comparison source. Co-located 367 38 969.6 977.8
on the same platform, MODIS and MISR view a scene
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bandpass solar irradiance values are used to compute
Level 1B equivalent reflectances. Approximately 3
percent of the camera output comes from signals at
wavelengths outside the 1 percent limits, for a spec-
trally neutral scene.

Each of the nine cameras has a unique name, and is
associated with a specific view angle. The cameras
view a target consecutively in the order Df (70.5° fore),
Cf(60.0°), Bf (45.6°), Af (26.1°), An (nadir), Aa (26.1°
aft), Ba (45.6°), Ca (60.0°), and Da (70.5°), with 7 min-
utes from first to last acquisition of a target. Here the
first letter of the camera name refers to the lens design
and the second designates the fore-, nadir-, or aft-view
directions with respect to the spacecraft track. MISR
has 14-bit quantization, and therefore has roughly
16,384 gray levels (the finite video offset and square-
root encoding reduces this by about 300 counts). A sig-
nal of p_toa = 0.02 results in an output digital number
(DN) of from 300 to 800 DN, depending on the detec-
tor. For dark targets, errors of 30 DN may begin to
affect radiometric accuracy significantly.

MISR cameras acquire data in a pushbroom con-
figuration, using the spacecraft motion to build an
image from each of the 36 charge-coupled device
(CCD) linear arrays. The spatial resolution of the
MISR cameras, established by the size of the detector
elements, optical focal length, and spacecraft altitude,
is 275m cross-track (for the off-nadir cameras), or
250m (for the nadir viewing camera). Down-track
instantaneous field-of-view increases due to view
angle effects, ranging from 214 m at nadir to 707 m at
the most oblique angle. Downtrack sampling is 275 m
for all cameras.

In practice, most data are acquired in Global Mode,
where pixel averaging is performed to reduce the data
rate. Here 24 of the 36 data channels have been 4 X 4
sample-averaged before transmission from the instru-
ment. For these channels, data are transmitted at 1.1 km
resolution. Even in Global Mode (GM), however, high-
resolution pixels are maintained for the four nadir chan-
nels, and the eight additional Band 3/ Red channels.
Complete high-resolution data sets for all 36 channels
can be obtained from an instrument configuration
called Local Mode (LM). Here specific sites are tar-
geted, such as those where intensive field campaigns
are being conducted. The size of a Local Mode region
is 300 km down-track by 380 km cross-track. About a
dozen Local Mode sites are acquired routinely, includ-
ing observations over desert calibration sites.

2 THE CALIBRATION PROCESS

2.1 Onboard calibrator

Radiometric data products include geolocated radi-
ance images at nadir and off-nadir Earth view angles.

These are total band-weighted camera incident radi-
ances, in units of W/m?/sr'/um'. The MISR radio-
metric response scale is established by use of an OBC,
as well as vicarious calibration experiments (Bruegge
et al. 1993a). The strength of the OBC is its ability to
provide camera, band, and pixel-relative calibrations,
as well as to measure temporal stability. Experiments
using the OBC are conducted once every two months.
The bimonthly frequency is desirable in that it is pru-
dent to deploy the calibration panels only as needed to
capture camera response changes. The MISR cameras
have degraded by no more than 2 percent per year, as
reported by Bruegge et al. (2002). The OBC consists of
two Spectralon diffuse panels and six sets of photodi-
ode detectors. The latter measure solar reflected light
from the panels, and provide a measure of the camera
incident radiance. These are regressed against the
camera output to provide the radiometric response for
each of the 1504 CCD detector elements per line array,
nine cameras, and four spectral bands per camera. One
such photodiode set is on a goniometric arm, and allows
panel Bidirectional Reflectance Factor (BRF) degrada-
tion to be monitored. Photodiodes are either of a light-
trapped design called High Quantum Efficiency (HQE)
diodes, or Positive, Intrinsically pure silicon, Negative
doped layers (PIN) photodiodes. The latter are con-
structed with a single diode per package.

Although OBC system degradation can occur in
principle, MISR experiment accuracy has benefited
from the stability of the calibrator with time. Pre-
launch testing (Bruegge et al. 1993b, Stiegman et al.
1993) established Spectralon preparation and han-
dling procedures that would reduce the risk of on-orbit
degradation. Hydrocarbon contaminants introduced
during manufacture or testing were shown to cause
degradation when exposed to on-orbit vacuum ultra-
violet light. Knowing this, the MISR Spectralon panels
were vacuum baked following laboratory reflectance
testing to remove any such contaminants. In addition,
the project elected to replace the panels used during
instrument integration and spacecraft testing. Prior to
launch, the original panels were replaced with panels
that had been kept in a nitrogen-purged container fol-
lowing vacuum baking. Degradation analysis on the
OBC (Chrien et al. 2002) has demonstrated the suc-
cess of this plan. The flight Spectralon panels have
degraded on-orbit by no more than 0.5 percent.

Degradation of the Spectralon panels would be of
concern if the BRF were to change in shape, or if the
relative spectral reflectance were to change at MISR
wavelengths. Since MISR makes use of in-flight detec-
tor standards, a decrease in the panel’s hemispheric
reflectance would otherwise be inconsequential. The
blue-filtered HQE device, a light-trapped three detec-
tor radiometer, has remained stable to better than 0.5
percent throughout the mission (Chrien et al. 2002).
This diode is therefore used as the primary standard.
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Not all of the monitoring photodiodes have remained
stable on-orbit. For this reason, all other photodiodes
are recalibrated against this standard prior to the
bimonthly data analysis.

Reduction of the OBC experiment data begins with
an assumption that the instrument response can be
modeled as:

DN — DNo = GiLs 2

where:

— L, is the incident spectral radiance, weighted over
the total-band response function,

— DN is the camera output digital number,

— DN, is the DN offset, unique for each line of data as
determined by an average over the first eight “over-
clock” pixel elements (output samples that follow
clocking of the CCD line array), and

— G are linear gain coefficients that provide the radio-
metric calibration of a specific pixel.

Originally it was believed that the photodiodes could
be used to measure panel-reflected light as the Sun-
panel path traversed a varying amount of the Earth’s
atmosphere. This would provide radiance and DN
points along the sensor’s response curve, including low
light levels, and hence, determine camera linearity
and offset. Several lines of evidence lead to the con-
clusion not to utilize atmospherically attenuated data.
These are:

1. Photodiode linearity. The linearity of the photodi-
odes cannot be validated at p_toa less than 0.03.
Levels below this are outside the linearity range of
the preamplifiers.

2. Photodiode offset. A finite photodiode output oftf-
set is known to exist, but is not well characterized,
due to digitization error for these units. Offset
knowledge would be required for low light meas-
urements, but can be ignored at higher light levels.

3. Refraction. Much of the signal observed at the low
light levels has been deviated by refraction as light
traverses the Earth’s atmosphere. The signal is atten-
uated differently with time depending on spectral
band.

4. BRF uncertainties. There is increased uncertainty in
the laboratory measured Spectralon BRF database
for large illumination and view angles, like those
encountered at low light levels. For these cases,
Spectralon becomes more non-lambertian and the
BRF increases. Extrapolations to geometries out-
side the limits of the measured BRF database are
highly uncertain.

These issues have led the MISR team to reject any
calibration data that have been contaminated by the
Earth’s atmosphere, and to adopt a linear calibration
equation rather than a more complex form. The linear

method is often referred to as a two-point calibration,
since only the gain and offset need to be determined.
The gain is computed from DN and radiance pairs
measured when the Sun-spacecraft path is free of the
Earth’s atmosphere. The offset term is set equal to the
system electronic bias. Since the dark current is too
small to measure, the DN value assumed for a zero inci-
dent radiance is equal to the system electronic bias as
measured by DN,,. Differences in coefficients derived
using the Clear-of-Atmosphere algorithm are typi-
cally less than 1 percent. For the An-camera on-axis
observations (center of the CCD array), the new
algorithm yields a —0.2, —0.3, —0.2, and 0.7 percent
change in radiance. For the Blue-Red bands, the new
radiances are darker; for the NIR band, the new radi-
ances are brighter.

The results of these and other OBC validation stud-
ies (Chrien et al. 2002) have led the team to use the
OBC as a stability monitor, with the absolute scale
determined by vicarious calibration experiments.

2.2 Process updates

MISR radiometric coefficients are delivered in a file
named the Ancillary Radiometric Product (ARP). Over
time, the processing algorithm used to derive these
coefficients has changed. Table 2 summarizes these
revisions. Each change has reduced radiometric uncer-
tainty incrementally. From this table it can be seen
that a band adjustment was made to MISR radiances
for data processed after November 2003. The analysis
that led to this adjustment is given in §2.4, and is
based upon studies of data processed with the previ-
ous (linear-off-axis) algorithm.

To understand data heritage, MISR data users should
document the version number of the products they
use. For Level 1B products, the ARP version used to
generate the data should be documented. To deter-
mine which ARP file was used to produce a Level 1B
data product, one would use the Hierarchiecal Data
Format (HDF) browser, hdfscan. This software, writ-
ten to view MISR data and generic HDF files, is
available from the Langley Distributed Active Archive
Center (DAAC). Using this browser, one can read the
metadata published within the MISR data product.
The ARP file name can be found under Annotation
Text: Input Data files. This file name can be
compared to the latest delivered ARP file name for a
specific time period.

2.3 Vicarious calibration

The MISR team has conducted annual vicarious field
campaigns, using desert targets in the southwestern
United States. As MISR radiances change with pro-
cessing algorithm updates, the ratio of MISR to VC
radiances may also change. To look for consistent
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Table 2. ARP algorithm revision history. ARP files are
designated by a format Tx_y, where x are the experiment
indices (time), and y is the revision number for a given Tx
file. T = 1 represents pre-flight computed coefficients.

HQE-Blue.

— The blue-filtered HQE photodiode is used as the primary
radiometric standard. This device is selected based upon
its stability with time.

Impact: First calibration attempt. Uses pre-flight
calibration of the Blue HQE diode — on-orbit validation
not yet in place.

Date: T2_4: Aug. 24, 2000

VC scaling.

— The June 11, 2000 vicarious calibration experiment is
used to calibrate the HQE-Blue photodiode standard.
Impact: 9 percent increase in MISR radiometric scale.
Date: T2_5: Feb. 24, 2001

Quadratic.

— A quadratic calibration equation is introduced, believed
to show an improvement in the radiances reported over
dark targets such as oceans.

Impact: Changes in MISR reported radiances are
negligible for equivalent reflectances >0.02, and a few
percent otherwise.

Date: T8_1: May 17, 2001

Provisional.

— The South Pole calibration panel is shown to have
measured BRF data that agree with the pre-flight
determination. The goniometer is used to update the
BREF profile for the North calibration panel.

Impact: Aft-camera radiances decreased by a few percent.
Date: T12_1: Dec. 22, 2001

Linear-off-axis (Linear equation & off-axis correction).

— A linear calibration is restored.

— Data ignored that are contaminated by the Earth’s
atmosphere.

— Fixes error in BRF indexing code which caused an error
for radiance reported for off-axis view angles.

Impact: — Linear equation is less risky.

— Eliminating data contaminated by the Earth’s atmosphere
increases experiment accuracy.

— Error fix does not impact on-axis radiances. Greatest
improvement is for An-camera west edge of swath (10
percent change).

Date: T17_1: Oct. 24, 2002

Band & Clear-of-Atmosphere adjust.

— Decreases Red band radiance by 3 percent and NIR by
1.5 percent.

— Made use of Clear-of-Atmosphere calibration data.
Impact: — Radiances are more consistent with vicarious.

— Accuracy increased due to elimination of erroneous data
Date: T24_1: Dec. 5, 2003

biases with respect to MISR, a comparison must be
made with a common processing algorithm. This was
done using the “linear-off-axis” algorithm (see Table
2), which was in place through October 2003. The
results are shown in Figure 1.
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Figure 1. An-camera vicarious calibration results for nadir

Terra overpass dates, linear-off-axis algorithm. Lines from
top to bottom are: (square) 30-June-2001, Railroad Valley;
(circle) 07-July-2003, Black Rock Desert; (dash at inflection
points) 22-July-2003, Railroad Valley; (dash line) mean; (dia-
mond) 06-Jun-2000, Lunar Lake; (triangle) 10-Jun-2002,
Ivanpah playa.

For these experiments, data were acquired at Lunar
Lake, Railroad Valley, Ivanpah, and Black Rock
Desert (all located in Nevada). Of these, Ivanpah is
the smallest playa, roughly 2km across. Although
MISR Level 1B data are corrected for point spread
function response as part of the standard processing,
the data are exceptionally low, indicating that some
residual out-of-field effect may still be present at the
1 percent level. Excluding Ivanpah, the accuracy of
the vicarious calibration process appears to be 2—4
percent and smallest for the Green and Red spectral
bands. The dashed line in Figure 1 shows the mean of
these calibrations. These multi-year data show no sys-
tematic change in the reported MISR calibration to
within the accuracy of the vicarious calibration method-
ology. For this reason, no updates have been made to
the response coefficient of the OBC primary photodi-
ode standard (Blue-HQE), other than its initial adjust-
ment in February 2001.

2.4 Band-relative adjustment

For these “linear-off-axis” data, the band-relative scale
was determined as follows:

1. The June 2000 VC campaign was used to calibrate
the Blue-HQE photodiode, the OBC primary stan-
dard. This transfer establishes the 2000 VC cam-
paign as the absolute radiometric standard for the
MISR experiment. If needed, future VC experiments
could be used to update the response of this primary
standard, as may be needed if photodiode degrada-
tion is measured.

2. For each bimonthly experiment, the measured radi-
ance from the Blue-HQE photodiode is used to
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predict the band-weighted radiances for the second-
ary photodiodes. Differences in field-of-view are
taken into account, and the Spectralon reflectance
is assumed to be spectrally invariant (Bruegge et al.
2001). The latter assumption is uncertain at the
1 percent level, but impacts the experiment to a
lesser degree. For example, Early et al. (2000) pub-
lished results of a Spectralon BRF measurement
round-robin that involved several institutions,
including JPL and the National Institute of Standards
and Technology (NIST). From this study, it was
found that reflectance of Spectralon in the Red band
is 0.1 percent higher than that for the Green band.
MISR BRF data were acquired at the Helium/Neon
(He/Ne) laser wavelength of 632 nm. This result is
for a solar illumination angle of 45 degrees and for
the nadir viewing pixels, which have the largest
viewing angles to the panel. Although the Early
report suggests there is some wavelength depend-
ence to Spectralon’s reflectance, it is insufficient to
explain the wavelength dependent biases shown in
Figure 1.

3. The response coefficient of each secondary diode
is adjusted such that the measured and Blue-HQE
derived radiances agree. This step removes any
response degradation from the secondary photodi-
odes. The photodiodes have degraded differently
for the different wavelengths. As an example, the
Green and NIR HQE response has changed by 5
percent and 10 perecent, respectively.

4. The secondary photodiodes are used to calibrate the
cameras with filter-matched diode and camera pairs
used in turn. The nadir viewing PIN is used to cali-
brate the An camera, and Da and Df off-nadir PINs
are used to calibrate the eight off-nadir cameras.
BREF corrections are required for the C, B, Aa and Af
cameras, as there are no photodiodes at these angles.

With this “linear-off-axis” process in place, it can
be seen from Figure 1 that there is an inconsistency
with wavelength when comparing VC radiances to
MISR-measured radiances. In particular, looking at
the mean VC comparison, one sees that the MISR
radiances are about 3 percent too high in the Red, and
1 percent too high in the NIR.

Figure 2 shows this same mean VC result, but in
addition plots lunar comparisons, discussed in §4.2.
For this band-relative comparison, a 5 percent bias was
removed at all wavelengths from the lunar curve. The
consistency of these VC and lunar band-relative
results demonstrates the consistency of band-dependent
biases. It is noted that these two studies cover a range
of target radiances and scene contrasts. The desert tar-
gets are roughly 0.3 in equivalent reflectance, the
lunar surface approximately 0.04; the desert target is
homogeneous and extensive, whereas the lunar target
covers only a fraction of the MISR field-of-view.
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Figure 2. Comparison of mean vicarious calibration (dashed
line) results with bias-removed Lunar data (solid line).

As discussed in §2.1, MISR radiances were adjusted
slightly when the “Clear-of-Atmosphere” algorithm
was implemented (here a two-point calibration method
is used, and DN versus radiance data are deleted that
are contaminated with the Earth’s atmosphere). The
Blue-Red radiances are not significantly impacted,
whereas the NIR radiances are increased by 0.7
percent, as compared to the linear-off-axis algorithm.
This will slightly increase the discrepancy between
the MISR NIR band, as compared to the VC and lunar
results shown in Figure 2.

Based on these results, supported by Kahn et al.
(2004), MISR radiance data products processed after
November 2003 have a 3 percent decrease in the red
band and 1.5 percent in the NIR. The correction com-
pensates for a systematic error whose origin remains
unknown.

3 ERROR SOURCES

Fabrication of a precision camera such as MISR begins
with the design of a stable sensor, continues with a
component characterization, and is followed with a
system-level evaluation. These steps provide: (a) a lower-
bound on the experiment uncertainty, (b) a sufficient
knowledge of the system such that deviations from the
performance specifications, if detected, can be pro-
posed and implemented, and (c) allow design “lessons
learned” to be documented for the benefit of future mis-
sions. As part of this routine system analysis, potential
contributors to radiometric uncertainty, specifically at
low light levels, have been investigated. These error
sources are discussed in the following sections.

3.1 Electronic offset: baseline stabilization

MISR camera signal chains incorporate a circuitry
called BaseLine Stabilization (BLS). The BLS circuitry
was incorporated into the MISR design to adjust for
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Figure 3. DN from the 512 extended overclock pixels as

measured during pre-flight testing. Each line is the response
to integrating sphere illumination, spanning the range of
equivalent reflectance from 0.05 to 1.0.

sudden changes in the system response, e.g. that
which could follow radiation-induced damage to the
detector, or undesirable operational amplifier feed-
back. The circuitry adds a floating electronic pedestal
to the signal chain. In the presence of a sudden
change in the incident illumination, the BLS stabi-
lizes its output in about 75 lines (3 seconds). To meas-
ure the light-induced portion of the signal, this offset
must be subtracted. This offset is estimated by use of
overclock pixels (Fig. 3). MISR detectors clock out 512
samples of the serial register. These follow reading of
the light-sensitive portion of the signal chain. Of
these, eight are transmitted from orbit with the active-
pixel data. The average of these eight overclock pixels
is computed, and used as a measure of the electronic
offset, DN. The BLS circuitry also makes use of these
overclock pixels to drive the signal chain electronics
to —2.9'V, when no optical illumination is present. It
is not known whether the BLS circuitry samples the
same samples that are transmitted to the ground.

There are several uncertainties associated with the
BLS circuitry:

1. Pre-flight testing has shown that the 512 overclock
pixels are not constant for a given line of data.
Further, it is not known which of the 8 overclock
samples is used to establish the BLS output con-
trolling the magnitude of the electronic offset.
There is therefore some uncertainty, which can be
quantified as the difference in the overclock over
the 512 samples.

2. In theory, the BLS should be independent of illu-
mination level. This is found not to be the case,
presumably because of light leaking into the serial
register even after the CCD signal has been clocked
out. This deviation reduces confidence in measur-
ing the electronic offset. A light leak would cause
DN to underestimate the bias signal to subtract.

3. The effective offset signal could vary spatially
across the active array, and thus no one value of DN
would accurately represent the electronic bias. Light
leakage into the serial array is one such mechanism
by which a spatially variable bias signal could be
induced across the CCD array.

With these potential errors, one can bound the radio-
metric uncertainty due to BLS. If the first 8 overclock
samples are used correctly as a representation of the
electronic pedestal, then there is no error in the static
illumination case. If the electronic pedestal is better
represented by the last eight overclock samples, then
the error is 20 counts out of 300 DN. This is a 7 per-
cent error for a 2 percent equivalent reflectance signal
(worst case error for a homogeneous scene). This
BLS uncertainty error would be larger for mixed
ocean/cloud or ocean/snow and ice scenes. Here the
bright targets would drive up the overclock as well as
contribute to leakage into the shield register.

3.2 Electronic offset: dark current

Detector capacity is roughly 1 million electrons and
data are digitized to 14 bits. Thus, there are about 60
electrons per DN bin. The CCD readout rate is
40 msec, and the pixel size is 21 mm. The dark current
can be expressed as:

D =2.5x1015PNT1.5¢ - Eg(2kT) A3)

where P is the pixel size (cm?), N is the dark current
at 300K, 26.85C (nA/cm?), Eg is the silicon band-
gap energy (eV), k the Boltzmann constant, and T the
operating temperature (K).

This equation shows that for a —5 degree C operat-
ing temperature, the digitized dark current is 1 DN. It
is noted that this is an overestimation, as charge is col-
lected only over the integration time (roughly 20 msec),
and that the actual pixel area is 21 X 18 pm.

In reviewing MISR’s measured dark current, a dig-
itized dark current of 0 or 1 DN has been observed for
both pre-flight and on-orbit conditions. Thus, this the-
oretical prediction agrees with the calculations given
here. One can conclude that dark current is a minor
source of radiometric error, even for dark targets.

3.3 Signal chain: square-root encoding

MISR makes use of square-root data encoding to
decrease the data rate required from the spacecraft to
the ground station. The algorithm to encode MISR
DN into a compressed number is as follows:

DN _encoded = round (32.0 * sqrt( ﬂoat(DN ))) 4)

During data processing, these numbers are restored to
their linear representation. To decode these numbers,
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Figure 4. Ghosting in the MISR Bf-NIR band. Data were
acquired over the Ross Sea, Orbit 10521, Path 54.

the following operation is performed:
DN _ L1A = round(float(DN _ encoded)/32.0)° 5)

where DN_L1A are DN numbers that are reported to
the Level 1A data product. They are only approximately
equal to the original camera DN output because the
compression scheme cannot be reversed perfectly.

One now can estimate the percentage radiometric
error by assuming a typical overclock value:

DN _overclock =350 6)

%_error = (DN _L1A—- DN)*100./(DN = DN), (7)

Thus, it is shown that the radiometric error attributa-
ble to square-root encoding is 0.5 percent for DN
greater than 200 DN above overclock (an equivalent
reflectance of 0.005), and decreases with increasing
illumination. The error due to square-root encoding is
therefore considered to be negligible.

3.4 Optical effects: ghosting

Figure 4 shows an iceberg surrounded by a dark ocean.
The image was acquired on December 9, 2001 over
the Ross Sea. The lower image shows a highly contrast-
stretched image of the normal view, shown above. The
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Figure 5. Comparison of pre-flight and in-flight empirical
PSF’s. Curves from top to bottom are in-flight derived, oper-
ational functions, and pre-flight measurements.

iceberg shown in the lower figure is an inverted, blurred
ghost image of the original iceberg. The reflectance
of the ice is approximately 0.43 in all bands, whereas
the ocean reflectance varies from 0.06 to 0.01 from
the Blue to NIR wavelengths. In this image, 0.3 per-
cent of the bright target has been reflected into the
adjacent dark ocean. For ghosting of this magnitude,
a target brighter than p_toa = 0.66 would be required
to induce a radiometric error of 10 percent in a dark
ocean scene of magnitude 0.02. The dark target would
have to be located specifically in the ghost location. It
can be concluded that for all but a small number of
cases, ghosting will not impact radiometry over dark
ocean targets.

No attempt is made to correct for ghosting, as the
effect is small, and as the secondary image is not in
focus. Any attempt to remove the ghost would result
in a shadow where the image had been. We also know
that only the A and D cameras were tuned to produce
blurred ghost images. This was never done for the B
and C cameras. The degree of focus for these ghost
images, therefore, is unknown and camera dependent.

3.5 Optical effects: point spread function response

The image of a point object source is always blurred
due to diffraction, lens aberrations, and scattering. This
output response to a point source is known as the
point-spread-function (PSF) for a given optical system.
MISR PSF functions have been measured pre-flight.

For an in-flight determination of the PSF, the
derivative of the edge response was taken using the
iceberg edge of the December 9, 2001 Antarctica
scene. The updated response was found to have the
same shape, but with a larger halo, as compared to the
pre-flight measurement. These pre-flight and in-flight
derived PSF kernels are shown in Figure 5. This fig-
ure indicates that the pre-flight PSF’s underestimate
the amount of contrast adjustment needed.
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PSF correction is done on all MISR radiance data
products. The operational PSF functions were derived
by the following procedure:

1. Start with the pre-flight point spread functions.

2. Average right and left about the center to make
them symmetrical.

3. Multiply the entire function by a scale factor that
adjusts the background halo to that empirically
derived from the on-orbit data. A value of 1.5 has
been used to produce the operational kernels.

4. Renormalize to unit area by adjusting the energy in
the central 3 pixels (which contain ~95 percent of
the energy).

5. Take the inverse Fourier transform (FT).

6. Multiply the inverse Fourier transform by the
Fourier transform of the central 9 pixels of the PSF
(the “core”). This step is performed so that the
deconvolved images correspond to the PSF of the
core, rather than a delta function, and is done to
avoid ringing at contrast boundaries.

7. Inverse transform, take the real part, and average
left/right to correct any numerically-induced
asymmetries.

It is believed that this procedure minimizes the
ringing associated with a sharper PSF core, and
improves the contrast. Inspection of MISR Level 1B2
radiance products reveal that sharp radiance disconti-
nuities can be observed in the presence of contrast
edges, such as iceberg edges. This is validation of the
PSF deconvolution process.

4 CROSS-COMPARISON STUDIES

4.1 MODIS

MODIS is a useful sensor with which to cross-compare
MISR radiometric products. The MODIS passband
parameters, when derived using the MISR moments
analysis algorithm, are listed in Table 3. MODIS Band
4 (land) and Band 9 (ocean) are examples of bands that
are well matched for the two sensors. For all bands a
radiometric correction is made to predict the radiance
that MODIS would have reported, had it been built with
MISR bandpasses. This spectral-correction algorithm
has been described in Bruegge et al. (2002). MISR to
MODIS radiance ratios reported in this Section have
all had these spectral corrections performed.

MODIS reports a Reflective Solar Bands (RSB)
calibration uncertainty of 2 percent for the reflectance
factor and 5 percent for the radiance product. Both
land and ocean channel calibrations utilize a solar dif-
fuser (SD). In addition to a direct view of the panel, a
second data set is acquired using a 7.8 percent trans-
mission screen deployed in front of the SD. This cali-
brates those channels that would otherwise saturate.
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Table 3. MODIS spectral parameters. The last two columns
give spectral correction factors for two scene types.
Sensor/MISR radi-

MISR Eop ance scale factor

Band A O\, (Wm? —mM—

no. Sensor (nm) (nm) pm~') (Desert) (Ocean)

1 MODIS 466 21 2015  0.906 1.054
Band 3

2 MODIS 554 21 1858  1.002 0.978
Band 4

3 MODIS 646 50 1601  0.986 0.903
Band 1

4 MODIS 856 45 989.8 0.982 0.997
Band 2

1 MODIS 442 11 1865  1.010 0.978
Band 9

2 MODIS 547 12 1870 1.012 0.933
Band 12

3 MODIS 677 14 1505 1.003 1.027
Band 14

4 MODIS 866 19 969.7 1.005 1.029
Band 16

The MODIS detectors view the calibrated SD to
place their data products on a TOA reflectance scale.
The measurement precision is about 0.2 to 0.5 percent
depending on the bands; or, if the SD screen is used in
the calibration (ocean bands use the SD screen).
SWIR band uncertainties are higher due to residual
cross-talk errors.

The Solar Diffuser Stability Monitor (SDSM) is used
to track SD degradation. The SDSM is a small inte-
grating sphere and filtered detectors that look at the
Sun and SD respectively. The ratio of the SD to the Sun
view provides a measure of the spectral reflectance of
the SD, thus tracks the SD degradation. The SDSM
makes use of a 2 percent transmission screen when
viewing the Sun. This is done to place the incoming
signal on the same point on its dynamic range curve.

More recent data use a direct view of the SD for
both the land and ocean channels. The MODIS cali-
bration team has found that the difference in using, or
not using, the screen is less than 1 percent. Thus, they
believe the relative calibration between the ocean and
land bands is within 1 percent.

Figure 6 compares the radiances measured by several
sensors against the vicarious calibration radiances
conducted July 22, 2003. For comparisons over uni-
form desert playas, MISR is typically 3—7 percent
brighter than MODIS, for MISR data of “linear-
off-axis” heritage. The agreement is within 4 percent
for MISR “band-adjusted” data. The radiometric bias
between MISR and MODIS can be traced to utilizat-
ing different standards and processes used to establish
their respective scales. For example, Thome (University
of Arizona) provides VC datasets for the MODIS team,
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Figure 6. Measured radiances from Vicarious Calibration
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Figure 7. A comparison of radiometry from MISR (squares),
MODIS land channels (long dash, triangles), and MODIS
ocean channels (dash, diamonds), for a dark ocean target.
Data are for a dark ocean target over the Arabian Sea on
06 April 2001 (57.43°E, 17.80°N).

and reports a discrepancy of —1.4, —0.9, —3.4, —2.5,
and —3.4 percent respectively, for the MODIS 412,
469, 555, 645, 858 nm bands. MODIS radiances are
lower than his VC observations. As MISR is calibrated
against a VC standard, greater consistency between
MISR and a VC-adjusted MODIS is found. MODIS
VC studies are done using the land channels, since
the ocean channels saturate over these bright targets.
MISR and MODIS comparisons were next made over
uniform dark oceans. One such example is provided
in Figures 7-8. In Figure 7, radiances are compared for
a clear, dark ocean target, from MISR and MODIS. In
making a large number of such comparisons, one gen-
erally sees that MISR data agree with MODIS land-
channel data, to within 3 percent, when land targets
are observed. For ocean targets, the agreement between
MISR and MODIS ocean-channel data is comparable.
Figure 8 shows a discrepancy between MISR and
MODIS land channels when an ocean scene is
observed. In this figure, the scene is half land and half
ocean. The upper panel shows the column averages
and standard deviations of radiances, for both MISR
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Figure 8. (Top) Plot of mean equivalent reflectance versus

sample for the scene compared in Figure 7. The mean is
calculated by averaging MISR or MODIS radiances in the
vertical (north-south) direction. Standard deviations around
the mean are also shown. High standard deviations occur
where both land and water contribute to the calculations.
(Bottom) Median MISR/MODIS radiance ratio at each
sample location, calculated by combining all points in the
north-south direction. Standard deviations are also shown.
Note the inconsistency between the ratio over water (dark
scene) relative to land (bright scene).

and MODIS. The lower panel shows the median ratio.
It is noted that the ratio agrees well over land, but
increases over ocean. This suggests a non-linearity in
one or the other sensor. It is noted that MISR is an all-
refractive system, with a Lyot depolarizer as its front
element. MISR is insensitive to polarization effects.
Since MODIS may have greater polarization sensitiv-
ity, this may partially explain the variation in the ratio
for the ocean site, as compared to the land. A more
detailed validation of MODIS radiometry, using the
ocean bands, is on-going by the MODIS ocean com-
munity. Further validation studies on the radiometric
response of MODIS land channels over dark ocean
targets are needed. It is noted that MODIS land chan-
nels are used to retrieve aerosol properties over ocean
sites. Issues that the MODIS team are investigating
include uncertainties in the SD reflected light due to
excess radiance (scattering or Earthshine), uncertain-
ties in the effects of the SD attenuation screen, and
changing polarization sensitivity.

To summarize, MISR and MODIS radiance data
agree to within a 4 percent uncertainty, providing that
the MODIS land channels are used over land and
the MODIS ocean channels are used over ocean. The
agreement of the ocean values, using the MODIS ocean
channels, provides a validation of MISR radiometry
at these low light levels.

4.2 Lunar observations

Lunar observations are routinely used by the Sea Wide
Field-of-View sensor (SeaWiFS) (Barnes et al. 1999),
an ocean viewing sensor to track degradation with time.
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(a)Df-Red-1x1 (b) Df-Green-4x4
Figure 9. MISR viewed the moon in its baseline Global
Mode configuration. (a) Twelve of the 36 MISR channels are
configured to high-resolution (no averaging) during Global
Mode, including this Df_Red image. (b) Twenty-four chan-
nels are in 4 X 4 pixel averaging mode, such as this
Df_ Green_4 X 4 image.

On April 14, 2003, MISR had its first opportunity
to view the Moon. A special maneuver of the Terra
spacecraft was performed on this date as it traversed
the nightside of the orbit. The maneuver entailed a
backwards somersault of the spacecraft as it pitched
end-over-end, allowing the normally Earth-viewing
instruments to look at deep space and the waxing
Moon. The purpose of this acrobatic feat was to assist
in cross-comparing MISR, MODIS, and ASTER (all
Terra instruments), as well as several other sensors on
an assortment of platforms. During a 16-minute inter-
val, the lunar disk passed through the fields-of-view
of all nine MISR cameras, resulting in a unique set of
images. Figure 9 (left) shows one such image for the
high-resolution Df-red channel. Familiar lunar fea-
tures are clearly recognizable. The dark lunar “maria”
are vast plains of basaltic lava.

Lunar data were acquired in GM, with 12 high-
resolution channels and 24 channels in 4 pixel by 4
line averaging mode, called 4 X 4 (Fig. 9 right).
Varying resolution is also encountered with the four
camera designs, due to differences in focal lengths.
Examples of the resolution as a function of camera
design are shown in Figure 10.

These data were used to derive a measure of lunar
irradiance, which was compared to that of the empir-
ically derived Robotic Lunar Observatory (ROLO)
model. In computing this irradiance, one must account
for a large amount of over-sampling. The equation
used for this analysis sums the radiance samples,
multiplies by the detector solid angle, and corrects for
over-sampling.

Lunar Irradiance[me -2nm-— l] =

(fraction of IFOV not in previous samples)*

(detector solid angle[sr]) *

(L[me_zsr"nm"]) ®

(a)Df-Red

(b) Cf-Red

(c) Bf-Red (d)Af-Red

Figure 10. Lunar image resolution degrades progressively
from the D to A cameras due to progressively shorter focal
lengths from D to A.

Table 4. Lunar calibration parameters for April 14, 2003.

Lunar observation date: April 14, 2003

Orbit: 17672

Time: 2200-2220 UT

Planned Terra pitch rate: D [rad/sec] = 0.002129, or
0.122 deg/sec

Lunar distance: D [1000 km] = 366.5-6371/
1000—1738/1000—0.705 = 357.7

MISR camera sampling rate: tsamp [msec] = 40.8

Camera focal length, Df-Da order: f [mm] = {123.67,
95.34,73.02, 58.90, 58.90, 59.03, 73.00, 95.32, 123.65}

Cross-track detector dimension: Dxdet [mm] = 21

Along-track detector dimension: Dydet [mm] = 18

Sum of MISR radiance samples: L [mW m ™ 2sr™'nm™']

Fraction of IFOV not in previous sample: tsamp*D*{/Dxdet

Detector solid angle [sr]: Dxdet* Dydet* 107/f2

The required inputs are given in Table 4.

The results of this comparison are shown in Figure
11. Although there appears to be a 5 percent bias
between MISR and ROLO, in fact a similar bias is
found between the ROLO model and SeaWiFS, as
well as between the model and MODIS land channels
(Kieffer 2003). It is concluded that the lunar observa-
tions confirm that MISR radiometry is consistent
with MODIS land channels, as well as SeaWiFS, for
this low light, small extent target.

The accuracy of the MISR measure of lunar irradi-
ance is limited by the over-sampling correction. Its
uncertainty is at least 5 percent, based upon the scat-
ter of measurements from the nine MISR cameras.
Nevertheless, the experiment proved to be extremely
valuable for the MISR community in that it validated
the band-adjustment values obtained from the vicari-
ous calibration experiments (Fig. 2). It also con-
firmed that the absolute radiometry is consistent with
comparisons made over land targets. Confidence in
MISR radiometry over low light level targets is there-
fore increased.
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ROLO measure of lunar irradiance.

5 CONCLUSIONS

The MISR calibration and science teams have reviewed
carefully the contributors to radiometric accuracy over
low light scenes. As with any instrument, radiometry
for these conditions is challenging. The impact of elec-
tronic bias, dark current, and data compression have
been investigated, and there is no evidence that these
error sources are degrading the quality of the data. It is
felt, however, that system level validation offers the best
evidence of radiometric accuracy. Cross-comparison
with MODIS over both ocean and lunar observations
demonstrate the consistency of data for dark targets,
as do dark water vicarious calibrations. For these rea-
sons, it is concluded that MISR is meeting its absolute
calibration specification for dark water conditions,
including an uncertainty specification of 10 percent
at p_toa = 0.02. Further, for data processed after
November 2003, it is concluded that the band-relative
requirement for an uncertainty of 1 percent is also being
met throughout the dynamic range of the instrument.

This experience leads to a proposal, for future mis-
sion designs:

1. a floating electronic bias should NOT be added to
a signal chain;

2. Spectralon does not degrade on-orbit, if contami-
nation is avoided;

3. multiple methodologies are required in many
calibration programs since not all pathways will
succeed;

4. cross-comparisons of sensors need to be made at a
range of illumination levels, crosstrack view angles,
and scene contrasts; and

5. having a calibration program over desert targets is
only the first step in achieving a calibrated instru-
ment. Science communities need to make use of a
range of scene brightness and contrast conditions
in their validation studies.
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Forty years of experience with SPOT in-flight calibration
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ABSTRACT: Since SPOT 1 launched in February 1986, several teams of engineers from the Centre National
d’Etudes Spatiales (CNES), Institut Géographique National (IGN) and Office National d’Etudes et de Recherches
Aérospatiales (ONERA) in Toulouse have been involved in on-orbit image quality monitoring. Methods to
insure the best quality of imagery delivered to SPOTIMAGE customers have been improved and updated con-
tinuously through five commissioning phases and more than 40 years of accumulated life in orbit. These meth-
ods had to evolve to be adapted to several on-board improvements in terms of sensor resolution, geometric
accuracy, addition of spectral bands, and new instruments. This process has culminated with the on-orbit calibra-
tions phase of the Satellite Pour I’Observation de la Terre-5 (SPOT 5), the most complex, innovative, and demand-
ing satellite in the family. It will be used to illustrate this paper. Traditionally, on-orbit image quality monitoring
is divided into two phases depending on the technical domain each covers: the first one (called “calibration”)
consists of determining and updating the optimal parameters used in the image ground segment to “de-spatialize”
the images, i.e. to correct them from all specific onboard defaults affecting raw images. The second one (called
“image quality assessment”) consists of evaluating the image quality obtained by these final products, quality
which is measured through specific figures-of-merit in each technical domain. These two phases are applied in
the two technical domains used to divide image quality into: (a) radiometric quality — correcting for the differ-
ent responses of the detectors (normalization) and establishing the rules for converting the digital numbers to
radiance (absolute calibration). In terms of image quality, it is quantified by the signal-to-noise ratio (for a given
radiance) and accuracy of calibration; and, (b) geometric quality — tuning the parameters involved in the geolo-
cation model (geometric calibration). Besides attitude and orbit restitution tuning (not considered here), geo-
metric tuning consists of estimating the biases between the instrument orientation and the attitude and orbit
control subsystem (AOCS) reference frame, and in modeling both pointing mirror movement and each detec-
tor’s line of sight in the focal plane. In terms of image quality, it is quantified by the absolute geolocation accu-
racy, length alteration, and planimetric and altimetric accuracies. This paper will present the best practices as
they have evolved for each theme.

1 INTRODUCTION to locate the pixels on the Earth), radiometry (capac-

ity to interpret radiometric counts in terms of radiance),
Great emphasis has been put on the quality of imagery  and resolution (capacity to identify small objects).
delivered by the Satellite Pour 1’Observation de la Terre Beyond pre-launch activities (not addressed in this
(SPOT) satellites to address as many needs as possible.  paper), §2 presents the operational organization to
A constant effort has been made during design, devel-  monitor image quality of the SPOT constellation,
opment, and on-orbit testing to insure the best quality of ~ while §3, 4, and 5 describe the methods used for each
imagery in three technical domains: geometry (capacity ~ domain.
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2 SPOT SYSTEM OVERVIEW

2.1 SPOT space segment

The SPOT constellation consists of 5 satellites: SPOT
1 (launched in February 1986), SPOT 2 (launched in
January 1990), SPOT 3 (launched in September 1993),
SPOT 4 (launched in March 1998), and SPOT 5
(launched in May 2002). The first three satellites share
the same design and characteristics. They carry two
identical instruments called the High Resolution
Visible sensor (HRV) with 4 onboard spectral bands:
a 10m panchromatic band with a 6000 pixel linear
array; and, three 20 m registered color bands (green,
red and near infrared) with a 3000 pixel array.

Thus, each image covers a 60 km swath (for nadir
viewing), and both instruments can observe up to
27 degrees on either side of the vertical by virtue
of a steerable mirror that gives them access to a
900 km wide corridor on each orbit.

With SPOT 4, significant improvements were made:
(a) inclusion of a new 20 m short-wave infrared (SWIR)
band onboard the two newly named Haute Résolution
Visible et InfraRouge (HRVIR) sensors; (b) onboard
registration of these 5 bands; (c) new payload called
VéGéTation (VGT), with four 1km resolution color
bands (blue, red, near and short-wave infrared) over a
2200 km swath; and, (d) a new device devoted to real-
time onboard orbit determination called Determination
d’Orbite et Radiopositionement Integre par Satellite
(DORIS).

SPOT 5 also included enhanced equipment: (a) an
Haute Résolution Géométrique (HRG) payload to
provide 10m registered color images, a short-wave
infrared sensor at 20 m, and 5 m called Haute résolution
Monomode (HM) or 2.5m Trés Haute Résolution
(THR) panchromatic images, all with the same 60 km
swath; (b) a new Haute Résolution Stéreoscopique
(HRS) instrument devoted to automatic digital elevation
model (DEM) determination consisting of two tele-
scopes allowing a 20 degree forward and aft view over
a 120km swath, respectively; (d) a stellar sensor to
improve on-the-ground attitude determination, leading
to better geolocation accuracy; and, (e) a yaw steering
function used to balance Earth rotation during acqui-
sition. Currently, 3 satellites are used operationally
(SPOT 2, SPOT 4 and SPOT 5) in the same 832 km
sun-synchronous orbit, with a 26-day cycle giving
daily access to any point on the globe. Table 1 lists the
names, sensors, and imaging modes discussed in the
following sections.

2.2 SPOT ground segment

The SPOT ground segment is operated by different
entities: (a) the Satellite Operations and Control Center
ensures optimal behavior of the bus and transmits data

Table 1. Names and characteristics for all SPOT sensors
and imaging modes.

Satellite ~ Sensor Mode Spectral bands Resolution (m)
SPOT 1-3 HRV P PAN 10
XS BI1,B2,B3 20
SPOT4 HRVIR M B2 10
XS BI1,B2,B3 20
XI BI1, B2, B3, 20
SWIR
SPOT5 HRG THR PAN 2.5
HM PAN 5
HX BI1,B2,B3 10
HI B1,B2,B3, 10
SWIR
HRS PAN 5 X 10

acquisition commands; (b) the Programming Center
determines the acquisition plans of each Satellite
from its clients’ image needs; (c) the Processing and
Archiving Center archives image telemetry and con-
verts data into products; (d) a network of Direct
Receiving Stations that program and process imagery;
and, (e) an Image Quality Expertise Center (IQEC)
ensures the quality of images.

This IQEC is the operational entity centralizing all
methods, means, and people needed to: (a) determine
the optimal onboard parameters concerning image qual-
ity (focus, radiometric gains, and compression parame-
ters); (b) elaborate, validate, and supply processing
centers with optimal ground processing parameters
(geometric biases, interior orientation parameters, and
normalization coefficients); (c) establish the image
quality performance budgets concerning geometry,
radiometry and resolution; and, (d) analyze and resolve
any identified image quality problems. Thus, this cen-
ter has the capacity to program the satellites for its
own purpose, implement expert methods and algo-
rithms, manage all data produced during its activity,
and operate several calibration sites.

3  GEOMETRIC CALIBRATION AND QUALITY
ASSESSMENT

3.1 Geolocation model

Calibration of the geometry of Haute Résolution Visible
(HRV), HRVIR and HRG images has not changed since
1986. Test sites have been chosen to estimate location
model accuracy on a global scale. The availability of
accurate maps and distribution of sites are the main
selection criteria. Selected test sites are observed during
the commissioning phase to calibrate location models.
They also are observed during the operational life of the
satellite to detect any evolution of sensor performance.
The main expected evolutions are related to aging of
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attitude restitution equipment and steering mirror
axes deformation as a result of repeated off-nadir
acquisition.

3.1.1 GCP database management

Since test sites used for SPOT 1 calibration were to be
used for subsequent SPOT satellites, a ground control
point (GCP) database was created. Map extracts cor-
responding to each GCP have been digitized, and each
corresponding image observation is extracted and
stored in the database. Thus, it has been possible to
produce a GCP database from the first images acquired
on each test site. Once completed, this database par-
ticipated in reducing workload for SPOT 1-4. Only
minor evolutions have occurred during these first ten
years of service.

With SPOT 5, resolution was improved, making it
difficult to get accurate identification of GCPs in the
images. Furthermore, experience accumulated with
SPOT 1-4 has shown that for some test sites GCPs
lacked accuracy. That was of great concern with the
specified improvement in location model accuracy.
The objective of decametric location performance
requires reliable GCPs, even if only ten GCPs per
image are needed. Thus, SPOT 5 was the occasion to
refurbish the GCP database, keeping in mind the need
for a homogeneous and global distribution of test-
sites to ensure daily access to any of them, and various
observation conditions to detect unexpected behav-
iors. Commissioning phase results have shown that
such preparation was relevant.

3.1.2  Model calibrations

Since SPOT 1, location model errors have been esti-
mated for each image independently. Bundle block
adjustment software for calibration was started with
SPOT 5. For each test site, estimates of all available loca-
tion models can be made. Consistent calibration results
are obtained for all instruments with reduced noise level.
The software can be used also to improve GCP ground
coordinate accuracy, especially for test sites for which
there are no GPS measurements. When enough data
have been collected, their statistical analysis leads to bias
estimation for each HRVIR or HRG look angle.

The steering mirror viewing model is calibrated
according to an optical model relying on reflection law
on a plane mirror rotating around an axis that is not per-
fectly in the mirror’s plane. Such a model was created
after SPOT 1 commissioning and is still in use (Fig. 1).

Once such a model is calibrated, the remaining errors
are interpreted in terms of misalignments between the
instruments themselves and the AOCS reference
frame. Thanks to the global distribution of test sites, it
is possible to detect peculiar trends such as a variation
of misalignments with latitude (Fig. 2).

Once biases between instruments, AOCS reference
frame, and steering mirror viewing model are estimated,
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Figure 1. SPOT 5/HRG 2’ along-track location perform-

ance as a function of mirror angle: (a) before; and (b) after
calibration.

they are transmitted to every processing station to
process images with the best available calibration
coefficients.

3.1.3 Geolocation accuracy assessment
Geolocation accuracy is assessed after geometric cali-
bration simply by looking at the remaining location
errors of all images used during the calibration process
(Fig. 3). Once again, the global distribution of sites and
the various observation conditions is the best way to
ensure good confidence in performance estimation.

3.2 Internal orientation

Internal orientation refers to alignment of sensor
detectors.

3.2.1 Distortion model calibration

From the beginning of SPOT, it has been a goal to
estimate the geometric shape of the charged-couple
device (CCD) alignments, first to evaluate their effect
on the geometric quality of images (SPOT 1-4), then
to calibrate and correct this effect (SPOT 5). For
SPOT 1-4, the main geometric defect was due to the
optical junction between the four arrays. The possibility
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of simultaneously acquiring the same scene (slightly
shifted across track) with both instruments made it
possible to compare images geometrically, with and
without the junction. Outside of the junction area, the
method brought information about the relative shape
between the two instruments and allowed a compari-
son of the regularity of geometric sampling against its
specification. Furthermore, the steering mirror per-
mits one to choose the overlap between images leading,
under certain assumptions, to absolute knowledge of
the shape of each alignment of detectors. A descrip-
tion of this latter method is given in Gachet (1999). It
has been applied experimentally to SPOT 4 instruments.
Figure 4 shows the results in pixels for both HRVIR
instruments across- and along-track.

For SPOT 5, the improvement of most geometric
characteristics of data acquisition led to a decision to
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Figure 3. SPOT 5/HRS 2 geolocation performance: (a)

before; and (b) after calibration of orbital position.

include improved ancillary data regarding viewing
directions, i.e. instead of providing the viewing angles
of'the first and last detectors, this information is given
for each detector and each spectral band. Therefore,
the measurement of these viewing directions became
a necessity. On the other hand, the monolithic aspect
of the SPOT 5 focal plane implied a more regular shape
that could be approximated to a low order polynomial.
To achieve these measurements, an “absolute”
method was developed. It is based on a “super-site”
spreading 60km east-west and 5km north-south in
Southeastern France, covered with reference airborne
digital images having accurate external and internal
orientations (0.4 m RMS, 80 percent overlap), as well
as a precise DTM. Each airborne image is projected in
the SPOT 5 acquisition geometry and automatic 2-D
correlation is performed to estimate residual discrep-
ancies between simulated and acquired satellite data
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Figure 4. Estimated shape of SPOT 4 HRVIR 1-2, focal
planes obtained through “relative” method: (a) across-track;
(b) along-track.

both along- and across-track. These discrepancies are
further averaged per detector to produce an estimation
of the detector’s alignment. Finally, after removal of a
bias in both directions, the detector alignments are
modeled by up to fifth order polynomials. This
method has been applied to each SPOT 5 mode and
instrument from HRG’s panchromatic and multi-
spectral bands to HRS. Figure 5 shows the results in
pixels for both HRG instruments in both modes,
across-track.
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Figure 5. Estimated shape of HRG 1 and 2 focal planes,

across-track, obtained through an “absolute” method:
(a) HMA; (b) B2.

3.2.2  Registration performances assessment

Since SPOT 1, registration performance between
spectral bands has been assessed by acquiring multi-
spectral images over desert and other landscapes having
as little vegetation coverage as possible. The spectral
bands are compared using correlation methods. For
SPOT 5, the viewing angles for each detector of each
spectral band are obtained relative to the B2 reference
band, and registration performance assessment takes
into account these viewing angles. Thus, the typical
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performance for SPOT 1-4 (0.3 pixel max) is reduced
to 0.1 pixel max for SPOT 5.

3.3 Image deformation quality assessment

This § deals with image deformation sources assess-
ment and linked performances. First, methods to assess
dynamic perturbation in the images will be presented.
This is followed by evaluation of two classical per-
formances directly linked to image deformations:
length alteration and planimetric accuracy.

3.3.1 Dynamic perturbation monitoring

An image’s ancillary data can be classified into static
and dynamic data. Static data are the object of geo-
metric calibration described in §3.1 and §3.2; they
depend on each instrument and detection line. Dynamic
data are composed of orbit, attitude, and mirror posi-
tion restitution given by onboard sensors; they depend
on the acquisition date.

The objectives are to identify residuals in the
images due to dynamic perturbation monitoring
phenomena such as (a) satellite micro-vibrations;
(b) orbit and attitude restitution quality for different
time tags; (c) impact of one instrument’s steering mirror
displacement while the others are imaging; (d) pertur-
bations due to the magnetic tape recorder (SPOT
1-4); (e) stability and drift of steering mirror; and,
(f) steering mirror’s stabilization phase.

To assess these factors, specific sets of images
are used. Each of them fits with specific dynamic
phenomena, including “phased” pairs of images,
“coupled” pairs of images, and Autotest images (only
available onboard SPOT 5).

3.3.1.1 Assessment of dynamic satellite
perturbation

Phased pairs consist of two images acquired with an
integer number of SPOT cycles (26 days), over the
same area, and with the same observation conditions,
i.e. same satellite, same orbit number, same instru-
ment, and same mirror angle. Specific areas are chosen
for these phased pairs of images, usually radiometri-
cally stable rocky deserts, offering good correlation
results and favorable weather.

Coupled pairs are used to study dynamic satellite
perturbations. Indeed, for such a pair, errors due to
dynamic ancillary data are not the same, but errors
due to static ancillary data are. The superposition per-
formance of the couple thus gives a measure of
dynamic errors combined for both images. In case of
steering mirror perturbation, the coupled pair is com-
posed of a “reference” image, acquired with no per-
turbation and a “perturbed” image, acquired during a
mirror displacement.

Processing of a phased pair is based on correlation
methods. As both images are in close geometry, they

can be compared directly by image matching based
on correlation coefficient. The process can take into
account a prediction of the shifts based on the physi-
cal model of each image. Correlation grids are fil-
tered and synthesised into a mean column to reduce
noise due to correlation process and landscape. Each
point represents the mean relative filtered shift between
the two images for a given image line: this represents
the evolution of relative shifts as a function of acqui-
sition time. Spatial and frequential analysis of the
mean column allows identification of dynamic phe-
nomena present in the images. Correlation results are
also compared to the physical model to assess the
quality of dynamic ancillary data. The analysis is
divided into two parts: first, bias and linear defaults,
i.e. low frequency, which are then removed to identify
high frequency residuals (Fig. 6).

The first experiment was conducted on SPOT 1 in
1987 to determine whether image quality of one HRV
was affected by the movement of the steering mirror
of the other HRV. Conclusions led to improvements in
the SPOT 4 imaging system. For the same reasons, an
increase in speed of the inertial wheels was successfully
tested on SPOT 1 in 1991 (Pausader et al. 1999).
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Figure 6. Impact of HRG’s mirror rotation on HRS, com-
puted from a phased HRS 1 pair: (a) Across-track roll shift
measured by correlating a phased HRS pair (arrows show
mirror movements on HRG); (b) Residual roll shift after
removing physical models, i.e. no visible impact of mirror
movements.
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Since SPOT 2, monitoring of dynamic perturbations
with these methods has become standard.

3.3.1.2 Assessment of steering mirror
perturbations

An image quality (IQ couple) is composed of two
simultaneous images acquired on the same satellite
with both instruments. 1Q couples are used to:
(a) study perturbations related to a specific instru-
ment instead of dynamic satellite perturbations (in this
case, the two images of the pair share the same satel-
lite dynamic errors but not the same instrument
dynamic errors); and, (b) assess mirror stability, drift,
and stabilization phase. One image is taken with a
“fixed” instrument as a reference, the other with the
“mobile” instrument with mirror movement and sta-
bilization phase, as illustrated in Figure 7.

Processing 1Q couples is similar to that for phased
pairs. An example of such dynamic analysis is shown
on Figure 8.

Until SPOT 5, dynamic perturbation monitoring
was limited to using ground images subject to prob-
lems caused by bad weather and leading to poor
correlation results. A new and specific device called
Autotest has been installed onboard SPOT 5 that
allows acquisition of a test pattern located in each
HRGs focal plane when the steering mirror is in an
auto-collimation position. The Autotest image’s char-
acteristic is to have the same pattern reproduced for
each image line (see Fig. 9). It is possible to locate
finely the pattern in the field by a 1-D correlation.
Such analyses have been carried out for SPOT 5 to
assess mirror stability, drift, and stabilization phase,
and to compare with the previous method.

The advantages of this method with respect to the
previous one is its flexibility and processing simplic-
ity. Autotest images can be acquired during night
orbits, the 1-D correlation method used is much faster
than classic 2-D correlation of two images, and its

Moving mirror (HRG 1)

Fixed mirror (HRG 2)

Figure 7. HRG IQ couple during mirror stabilization.

success is guaranteed because of the test pattern used.
As an example, 1-D correlation of an 800,000 line
Autotest image takes 20 minutes (same duration as
the acquisition of the image), whereas correlation of a
100,000 line IQ couple every ten points usually takes
several hours.

3.3.2 Length distortion assessment
Length distortion performance is the accuracy of dis-
tance measures on images using the geometric model.
This performance is assessed using the same GCPs
on the same images. Differences of distance between
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Example of frequency analysis. Mirror’s specific
frequency is computed from a coupled THR pair: (a) Result
of THR pair correlation during mirror stabilization phase.
X-axis is line number; y-axis is the across-track shift (in
pixels); (b) Time (x-axis)/frequency (y-axis) analysis.
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Figure 9. Description of autotest acquisition characteristics.
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Figure 10. Length distortion evaluation for SPOT 5/HM
mode on Johannesburg site during SPOT 5 commissioning
phase. Black line represents RMS specification.

two GCPs and the two corresponding points in the
image and processed for each pair of GCPs in a given
image. The ratio between the distance difference and
the measured distance gives the length alteration. A
statistical analysis of the measures is realized as a
function of orientation and length of each couple of
points (Fig. 10).

3.3.3 Planimetric accuracy assessment

This performance quantifies the remaining location
errors after correcting system physical geolocation
model using perfect GCPs. This performance is the
result of high frequency residual distortion in the
images. The operational method to estimate it consists
of compiling the residuals over GCPs after bundle
block adjustment. This method is applied many times
over the same sites, which are also used for calibration
purposes, leading to several observations of the same
GCPs and refining their geographic coordinates, if
needed.

Another method is to produce geocoded images
using their adjusted geolocation models, and to compare
their superposition either to a reference ortho-image,
or between themselves (multitemporal superposition).
Such a method can only be applied on a site with a
precise reference DTM available to be independent
from distortion due to relief knowledge. Thus, such
an evaluation is performed along with altimetric
accuracy assessment.

3.4  Altimetric accuracy assessment

Altimetric accuracy represents stereoscopic restitution
capacity of the system. It is based on the exploitation
of stereoscopic pairs allowing altitude estimation
(usually base-to-height (B/H) ratio > 0.6) with adjust-
ment of the pair’s geolocation using GCPs. Pairs
are then exploited into a DTM production process.
Altimetric accuracy results from combined location
errors of each image comprising the stereoscopic

DTED 1 BDALTI®

HRS

Figure 11. HRS DTM compared with digital terrain eleva-
tion data (DTED) 1 and IGN BDALTI® over an area in
Corsica.

pair. Thus, performance focuses every potential non-
linear error source for each image of the pair, and is
linked with planimetric accuracy.

As CNES is not a producer of DTMs, it contracts
with value-added specialists to assess not only altimet-
ric accuracy but also operational DTM production
capacity (Nonin 2003, Rudowski 2003). Concerning
HRS and DTM production, a joint international pro-
gram was organized with the International Society for
Photogrammetry and Remote Sensing (ISPRS), provid-
ing data to international experts to generate DTMs over
given reference sites (Baudouin et al. 2003). Some
encouraging preliminary results are shown in Figure 11.

4 CALIBRATION AND QUALITY
ASSESSMENT

SPOT instruments observe the at-sensor radiance
from the Earth + Atmosphere system. For each spec-
tral band, the digital count of an image pixel depends
on the observed radiance. Because of the image sam-
pling principle, the detector number is used in the lin-
ear radiometric model (equation 1):

X(kmbom)=R A(k)G(m,k)g(k,n,b)y(k,b) O

L(k,n,b)+ C(k,n,b,m)
where, the raw digital count X(k,n,b,m) of pixels
from detector n of read-out register b in spectral band
k to input radiance L(k,n,b) when imaging is
performed with amplification gain number m. R is
the “round” function modeling the analog-to-digital
converter (ADC) (Fig. 12).

The parameters of the radiometric model are divided
into two families: normalization coefficients, i.e.
dark currents C(k,n,b,m), and inter-detector g(k,n,b)
and read-out register y(k,b) coefficients; and absolute
calibration coefficients, i.e. programmable amplifi-
cation gain G(m,k) and absolute calibration coeffi-
cient A(k). After estimation of these coefficients, the
main radiometric performances are assessed through
signal-to-noise ratio measurements.
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Figure 12. Radiometric model coefficients vs onboard
image chain.

4.1 Normalization

4.1.1 Normalization principles

The aim of normalization is to correct images for
relative inter-detector sensitivities so that a uniform
landscape gives a uniform image. The normalization
equation for each pixel is derived from (1). It gives
the ratio between the normalized radiometric count
Y (k,n,b,m) and the raw radiometric count X(k,n,b,m):

X(k,n,b,m) — C(k,n,b,m)

Y(kn,b,m) =
g(kn,b) nkb)

2

Equation (2) can be written according to equation (3):

Y(k,n,b,m)= A(k).G(m,k).L(k,n,b) 3)

Level 0 SPOT images are 8-bit raw radiometric counts
that show inter-detector dispersion. Full dynamics
(0255 last significant bit [LSB]) is tuned in red,
green and blue channels to fit image data with B3
(101-131LSB), B2 (170201 LSB) and B1 (164—192
LSB) respectively, so that image dynamics are about
30 LSB wide for each spectral band. Images show
high frequency inter-detector dispersion (thin
stripes), low frequency inter-detector dispersion and
inter-readout-register dispersion. Level 1A (or higher
level) SPOT images contain 8-bit digitization of nor-
malized radiometric counts, so that residual normal-
ization faults are due to instrument inter-detector
sensitivity instabilities. Full dynamics (0-255 LSB)
are tuned in red, green, and blue channels to fit
image data with B3 (103—122 LSB), B2 (175-192 LSB)
and B1 (164-184 LSB) respectively, so that image
dynamics are about 20 LSB wide for each spectral
band.

4.1.2  Darkness calibration: C(k,n,b,m)

4.1.2.1 Method
For the HR, HRVIR, and HRG instruments, dark
images are acquired by setting the steering mirror in

the calibration position, which closes the instrument
aperture. For HRS instruments, dark images are
acquired at night over oceans to avoid interference
light. Dark currents are measured by averaging the
signal for each detector.

The quality of normalization depends on the stability
of the dark currents. Short-term stability (several min-
utes) is estimated by measuring dark levels over long
segments (around 10 minutes). Medium term stability
(several days) is estimated by taking one dark acquisi-
tion per week for the visible channels. This frequency is
reduced to one per month for routine monitoring. Since
SPOT 4, an onboard offset control is employed to
reduce the dark current instability. Dark current evo-
lution is lower than 0.05 LSB per year for SPOT 4 and
SPOT 5. It rises to 0.30 LSB for earlier SPOT satellites.

4.1.2.2 SPOT 5 haute résolution monomode
(HM) model

On SPOT 5 HRG, electronic deregistration was
applied between two HM channels (HMA and HMB)
to induce particular patterns on dark current profiles.
The position and amplitude of these patterns depends
on the deregistration (Pa and Pb) for both channels,
and on onboard image chain amplification gain G(m,k).
The combined number of configurations from Pa—Pb
(varying from 0 to 15) and “m” (varying from 1 to 10)
gives 310 different dark currents for each HMA
or HMB retina of each HRG instrument. To avoid
in-flight calibration of every configuration, a model
was established during ground tests and validated on-
orbit to measure only the dark currents for deregistra-
tion configurations for a reference amplification gain
m = 0, and for all amplification gains when both
channels are registered (Pa = Pb = 0). Hence, dark
currents are measured for only 40 configurations for
each HRG instrument and are derived from these with
the model for the others. The model is therefore very
useful for making calibration less stringent.

Dark currents also are corrected from the digitiza-
tion effects when the noise on the D/AC input signal
is too low (low amplification gain configurations).

4.1.2.3 SWIR dark currents

The SWIR detection chain is different from the visi-
ble channels. Detectors are not CCDs but Indium
Gallium Arsenide (InGaAs) photodiodes assembled
into 10 modules of 300 detectors. The dark levels of
the detectors are deducted onboard to encode only
the effective part of the signal. The 3000 dark level val-
ues are measured and updated once a month during
calibration sequences, called dark level acquisition
(DLA). SWIR dark currents experience high increases,
extending to saturation in certain cases. These events
occur randomly, both in time and along the retina, and
are consecutive to solar proton collisions (Barde et al.
2000). The mean occurrence is about 3 and 2 detectors
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per month for SPOT 4 and SPOT 5 respectively. For
these detectors, the corresponding radiometry in the
delivered products is computed using a combined
spectral and spatial interpolation from all available
spectral bands, giving much better results than a sim-
ple linear interpolation between regular columns.

4.1.3  Inter-detector coefficients: g(k,n,b) and
Y(kb)

Determination of inter-detector coefficients requires
observation of a uniform input radiance. On-the-
ground uniformity is obtained using an integrating
sphere. In flight, one can use the calibration lamp unit
onboard SPOT 1-4 to detect evolution. However, as
the lamp signal may vary in the field-of-view accord-
ing to the mirror position, and as this device was not
kept onboard SPOT 5, the best method used in flight
is the acquisition of quasi-uniform landscapes such
as snowy expanses of Greenland in summer and
Antarctica in winter. The cumulative experience on
these landscapes has led to defining accurate targets
that provide the best uniformity.

Normalization campaigns are conducted once a
year for each satellite. The method consists of making
many acquisitions to select cloud-free scenes having
low-frequency uniformity. The ratio between acquired
and selected scenes is about 10 percent. For each spec-
tral band, five good scenes are needed. Therefore,
about 50 acquisitions are required. Thanks to the
simultaneous acquisition capacity between the various
modes (B1,B2,B3 and SWIR channels in multispec-
tral mode, HMA and HMB channels in THR mode,
the HRV/HRVIR/HRG “Image Quality” mode, and
the HRS channels in stereo mode), fewer than 200
acquisitions are needed in a campaign for one satellite.

For each scene, the process consists of correcting
the influence of solar incidence angle for every pixel
to avoid low-frequency variation at the edges of the
swath, computing the average line over the most uni-
form part of the image based on at least 1000 lines,
and deducting the dark currents from the average line.
Then, for each channel, the best average lines are
sorted and filtered according to a likeness criterion
that minimizes the low-frequency difference. Finally
they are averaged to provide the global average line
I(k,n,b) from which the inter-detector and readout-
register coefficients are derived.

I(k,n,b)

; 4
(Itk,n,b))"™

g(k,n,b)=

(Ik,n,b))™

5
(I1(k,n,b)) ©)

y(k,b) =

For SPOT 5, readout-register coefficients are cross-
calibrated between HMA and HMB channels for each

HRG instrument to enhance normalization of THR
products.

4.1.4 Normalization quality assessment

Before delivering the new coefficients to the ground
segment, changes since the last campaign are assessed
to measure the normalization residuals on the cor-
rected images. Differences between the new and
last coefficients are quantified through five criteria
(Fig. 13): High Frequency (HF), Low Frequency (LF),
Inter-Array (IA), HMA and HMB profile (HMA/B),
and even and odd detectors (E/O).

An amplitude greater than 0.30 percent on any of
these criteria may cause visible normalization
defaults (vertical stripes) on level 1A images until the
new coefficients are delivered.

Normalization quality is assessed computing
residuals derived from the same criteria. Average
lines of raw images (level 0) are normalized by the
new coefficients according to equation (2) and then the
criteria are computed. The residuals do not include
the 8-bit digitization noise (included in level 1A
images) and differ on this point from line-wise noise
described later.

4.2 Absolute calibration

4.2.1 Overview

Accurate conversion of image digital counts to radi-
ance values has become a challenge for space agen-
cies wanting to compare responses of different
sensors, to monitor changes through time, and to pro-
vide users with physical data that do not depend on
the sensor. Since the launch of SPOT 1, CNES has
placed particular emphasis on developing calibration
techniques (Begni et al. 1986, Dinguirard & Henry
1993) to improve the in-flight radiometric characteri-
zation of sensors. SPOT 1 was one of the first high-
resolution satellites to have an onboard Sun sensor
for absolute calibration. The experience gained with
onboard absolute calibration systems, the difficulty
of ensuring their stability on-orbit, and their high cost
have led CNES to study calibration techniques over

:'

R

Figure 13. Example of difference profile for SPOT 5 HRG 2
high frequency (HF), low frequency (LF), inter-array
(IA), HMA and HMB profile (HMA/B), and even and odd
detectors (E/O).
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natural targets. Natural targets enable CNES to calibrate
a sensor under operational conditions. Following this
logic, SPOT 5 was launched with no onboard cali-
bration system. However, such systems give access to
calibration data that cannot be provided by ground
methods. Both techniques are complementary. Thus
SPOT 4, which flies a calibration unit benefiting from
SPOT 1-3 experience, and which takes advantage of
CNES experience in calibration over ground targets,
is the best compromise.

4.2.2 Pre-flight calibration

Before launch, the cameras are calibrated by viewing
a large-aperture integrating sphere. This sphere is
regularly calibrated and provides a first estimate of
the camera sensitivity. This measurement is completed
by estimating the spectral sensitivity variation under
vacuum conditions. The accuracy of pre-launch cali-
bration is typically 5 percent for the visible channels
and 8 percent for the SWIR channel.

4.2.3  Onboard calibration systems
HRV and HRVIR instruments fly a lamp and a Sun
Sensor.

4.2.3.1 The onboard lamp

An onboard tungsten lamp computes the detectors’
relative sensitivity. But the lamp also has shown to be
stable on-orbit and is used to monitor instrument sen-
sitivity. Lamp stability is validated by comparing its
temporal changes to measurements provided by other
methods.

An experiment performed on SPOT 1 at the end of
1991 allowed the acquisition of images from a redun-
dant lamp, which to that time had never been used.
This experiment showed that the lamps agreed to
within 3 percent. Figure 14 shows typical variations
of sensitivity measured with the lamp for SPOT 4
HRVIR. The sensitivity variations are stronger for
short wavelength channels because of spectral filter
out-gassing and optics yellowing (due to UV irradia-
tion). For the SWIR channels, spectral filter out-
gassing increases the spectral sensitivity.

HRVIR 1 SWIR
HRVIR 2 SWIR

HRVIR 1B3

Variation (percent)

HRVIR 282

5 S e o] HRVIR 1B1
"'"'_'l HRVIR 281

-40

3/24/98 8/6/99 12/18/00 5/2/02 9/14/03

Date

Figure 14. SPOT 4 sensitivity variation measured with the
lamp.

4.2.3.2 The Sun sensor

The Sun sensor consists of an optical fiber unit (24
fibers for HRVIR and 48 for HRV) that projects solar
irradiance onto some of the detectors of each spec-
tral band. The fibers are grouped and oriented in
3 directions so as to always receive solar illumination
when getting out of the eclipse. They have a 12
degrees aperture (=6 degrees), and 8 degrees sepa-
rate the 3 directions. In the focal plane, the fibers are
set in a staggered line so as to always cover the multi-
spectral CCD line arrays regardless of rotation or
translation between the calibration unit focal plane
and the camera focal plane during the launch. The
system is calibrated before launch for bands PA, B1,
B2 and SWIR. In orbit, each Sun observation pro-
vides a known irradiance for comparison to the mea-
sured radiometric counts to compute the absolute
calibration coefficient (equation 6):

Li= u(t).Trs(j) [y Eo(A). Toe(A).5¢(A).dA
@) Tse(A).dA
0

(6)

where, E(\) = spectral  solar  illumination;
u(t) = Earth-Sun distance variation; w,(j) = solid
angle of fiber j; Tgp = transmission of fiber j;
Tge(N) = spectral transmission of the calibration
unit; and s, (N\) = spectral sensitivity of channel k.

Because of its complexity and the required accu-
racy, the difficulty in this system lies in characteriz-
ing it perfectly before launch (Tgp, Trg(N), ®,())-
The fibers also have shown sensitivity to solar irradi-
ation. These two problems made the system unusable
on SPOT 1-2. Efforts to better characterize it on
SPOT 3 made it operational during the first six months
after launch, after which the fibers began to loose
sensitivity. Better success came with SPOT 4 whose
Sun sensors fly new optical fibers with improved pre-
launch characterization. After more than four years,
the fibers have shown to be quite stable on orbit
(Fig. 15).
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Figure 15. SPOT 4 HRVIRI B1 calibration measurements.
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4.2.4  Rayleigh scattering

The Rayleigh scattering method is valid for short
wavelengths (B1, B2). It is one of the most attractive
calibration methods since it provides a standard radi-
ance to calibrate sensors in the short wavelength
domain without human operation. It is based on the
idea that the top-of-atmosphere apparent radiance
observed over a clear ocean comes mainly from
atmospheric molecular scattering. This scattering is
well understood and modeled as a function of pres-
sure and viewing angle. However, the measured signal
also comes from atmospheric scattering by aerosols
and from reflections over the sea surface (foam, sun
glint, in-water scattering). The difficulty of the method
lies in evaluating these terms, which contribute highly
to the error budget. Viewing conditions must be
defined to reduce them. Geographic areas having an
a priori well-known weak and stable chlorophyll con-
tent, with no clouds, a low wind speed, and few aerosols
are used. Aerosol optical thickness is estimated using
the near infrared channel (B3), which is supposed to
be calibrated. A large west-viewing angle increases
the atmospheric path and avoids sun glint. Gaseous
absorption is corrected using meteorological data
(water vapor content, wind speed, and surface pres-
sure) and TOMS data (ozone content). The accuracy
of this method is typically 5 percent for SPOT and is
improved for wide field-of-view sensors like VGT.

4.2.5 Calibration over deserts

Calibration over deserts consists of cross-calibrating
two sensors using site stability and atmosphere char-
acterization to avoid simultaneous viewing. The com-
parison is made between similar or reciprocal viewing
conditions to limit directional effects. The measure-
ments made with the sensor used as a reference are
corrected for atmospheric effects and used to fit a
spectral model of surface reflectance, which is then
integrated in the bands of the sensor being calibrated.
These reflectances are finally transferred at the top
of the atmosphere to be used for comparison. Although
the nominal method uses POLDER as a reference
because of its multispectral and multiangular capabil-
ities, the VGT sensor for the SWIR channel on SPOT
also is used. Twenty deserts located in North Africa
and the Middle East have been selected and are
viewed regularly by SPOT satellites. For each SPOT
acquisition, similar viewing conditions of the refer-
ence sensor are sought to take into account the atmos-
phere and to correct for spectral sensitivity differences.
SPOT measured reflectance can then be compared
with an estimated reflectance. Assuming that the ref-
erence sensor is well calibrated, one can deduce an
absolute calibration. A temporal analysis also pro-
vides the sensitivity variation of the instrument as a
function of time. This method is nominally used to
monitor SPOT 5 sensitivity variation since there is no

onboard lamp. The accuracy of this method applied to
SPOT is better than 4 percent.

4.2.6 Vicarious calibration over test sites

This technique consists of characterizing the
reflectance and the atmosphere of ground targets simul-
taneously with the satellite’s overpass to estimate the
top-of-atmosphere observed radiance. These ground
campaigns were performed by the Remote Sensing
group at the University of Arizona over the White
Sands National Monument in New Mexico from
1986 to 1998, and, by both the Laboratoire d’Optique
Atmosphérique (LOA) from Lille and the Laboratoire
Interdisciplinaire en Sciences de 1’Environnement
(LISE) from Wimereux over La Crau (France) from
1989 to 1999. These ground campaigns were replaced
in 2000 by an automatic radiometer ground based
station over La Crau test site. A CIMEL radiometer,
mounted on top of a 10 m high mast, provides cont-
inuous ground and atmosphere characterization to
calibrate any sensor every time it observes the site.
The data are transmitted to CNES by a phone link and
then processed. This autonomous station is now fully
operational and the processing software is being
commercialized.

427 HRV I 2; HRVIR I, 2; and HRG 1, 2
cross-calibration

Only one instrument on the same satellite is calibrated
for each spectral band. The other one is cross-calibrated
with regard to the first one using simultaneous viewing.
This cross-calibration is very accurate (better than
2 percent), and varying the spectral responses of the
viewed landscapes eliminates the slight spectral sen-
sitivity difference between the two instruments.

4.2.8 HRVIR and HRG cross-calibration with
VGT 1, 2

Nearly simultaneous images taken by HRVIR or
HRG and VGT (1 or 2) cameras on the same plat-
form provide an opportunity to cross-calibrate them
and to ensure the radiometric homogeneity of SPOT
and VGT data. Accurate registration of the two
images is made easier by their common geometric
reference. A first “coarse” registration based on the
two sensors’ geolocation model is refined using a
correlation technique.

4.2.9 Synthesis of calibration coefficients

The different techniques used to calibrate SPOT
cameras provide a set of measurements. The absolute
calibration coefficient at a given time is estimated by
matching a curve of sensitivity variation, either given
by the lamp for SPOT 1-4 or over deserts for SPOT 5.
By using different methods, systematic errors that
each of them can induce are avoided. The discrepancies
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between them give an estimate of calibration per-
formance: typically 6 percent for visible channels and
7.5 percent for the SWIR channel.

4.2.10 Calibration and use of electronic gains

A good calibration also is essential for the automatic
procedure to choose an onboard electronic gain
(G(m,k)) that fits the viewed landscape. Thanks to
work carried out to ensure good calibration of the cam-
eras during their orbital lifetimes, a large amount of
credible information is now available. In 1987 (one
year after SPOT 1 launch), CNES decided to store the
histograms of all cloud free images acquired and to
organize them into a database. Built by SPOT 1-4 (and
now 5), it gives a significant statistical estimate of
observed radiances on a worldwide basis along with
their monthly variations, at least in the five SPOT spec-
tral bands. Estimation of the maximum observed radi-
ance over a grid element makes it possible to determine
the viewing gain that optimizes image dynamics and
avoids image saturation. Thus, the IQEC regularly pro-
vides the Programming Center with an updated view-
ing gain file extracted from the SPOT histogram
database. This file gives a monthly and projected
annual estimate of the viewing gain for each spectral
band of each satellite and for each grid element of a
world map. The elementary period is one month so as
to take seasonal variations of reflectance into account.
The grid-sampling interval is 120 km. This grid size is
a good compromise between the spatial resolution of
the information extracted from SPOT images (for
which the nadir field-of-view is 60 km), and the relia-
bility of the statistics obtained over the grid. For areas
with no information, spectral, temporal, or spatial
reflectance interpolations are performed. The improve-
ment of SPOT 5 resolution with regard to SPOT 14 is
taken into account through margins on the reflectances.

4.3  Signal-to-noise ratio (SNR) assessment

The radiometric quality of corrected images is quan-
tified by several SNR measurements. Digital counts
observed on images over uniform landscapes are not
constant. Apart from the onboard 8-bit digitization
that induces maximum fluctuation of =0.5 LSB,
noise is caused by two separate phenomena: column-
wise noise (o,) and line-wise noise (o7). For each
image, these two types of noise are combined (quad-
ratic sum) in an “image noise” (o;) that quantifies the
variations of digital counts on a uniform landscape:

o'=0+0] ()

43.1 Column-wise noise
For SPOT 1-4, column-wise noise is calculated
directly on the calibration sequences obtained with
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the lamp unit. Although not uniform, the spatial pro-
file of the lamp is stable throughout imaging so that
each detector sees a uniform landscape. The images
are divided into 50 X 50 pixel chips. For each column
of every chip, the standard deviation of the digital
counts is computed. The column-wise noise is the
root mean square of the different standard deviation.

For SPOT 5, which has no lamp unit, images
acquired over the quasi-uniform landscapes of
Antarctica and Greenland are used. However, unifor-
mity of these landscapes is not sufficient to measure
column-wise noise accurately. Another experimental
method has been used during SPOT 3 in-flight com-
missioning. It consists of using two images I; and I,
of the same landscape, acquired simultaneously to
eliminate the landscape contribution. The two images
can be obtained with any of three combinations: the
two HRG instruments in IQ mode for multispectral
images, the HMA and HMB images for one HRG
instrument, or the two HRS instruments.

Differences between images I; and I, give a new
noise image (D) without landscape contribution. The
instrument noises noted B, and B, for images I; and
L,, respectively, are assumed to be separate and land-
scape independent. For each triplet I;, I,, D, the stan-
dard deviation of noise noted oy, oy, op can be
calculated. Then, the resolution of the following three
equation system (equation 8) gives the instrument
standard deviation noises noted o, and op,, and the
standard deviation of the landscape contribution
noted o7 :

2 2 2

0, =0, t0y
2 2 2

G, =0, +0p ®)
2 2 2

Op =0p T0p

These equations are valid for column-wise and
image noises. The two images must be registered with
a precision better than 0.1 pixel. Image 2 is re-sampled
for each pixel in image 1 geometry. The line and col-
umn shift of the re-sampling grid are computed
by the images’ correlation or by application of the
images’ geometric models. In the end, the noises cal-
culated in the re-sampled image are corrected from the
re-sampled effects. Indeed, re-sampling reduces the
noise by a factor that depends on the re-sampling filter
(cubic splines) and line or column shift.

4.3.2 Line-wise noise

Normalization defects (radiometric model devia-
tions) may cause visible “columns” on a uniform
landscape. This “line-wise” noise is estimated to be
less than 0.1 percent of signal for SPOT 5 and 0.3
percent for the other SPOTs. For all the instruments,



line-wise noise can be determined as a statistical
criterion computed on average lines of normalized
images (level 1A). The lines are divided in 50 pixel
intervals on which standard deviation is computed.
The root mean square (RMS) of the standard deviations
gives the line-wise noise. For SPOT 5, line-wise noise
can be deduced also from column-wise and image
noises thanks to equation 7.

4.3.3  Column-wise noise model

Column-wise noise represents onboard image chain
performances and is independent of normalization
operations. It can be considered as instrument noise.

4.3.3.1 Instrument noise

Column-wise noise may be divided into three main
contributions: signal noise caused by the Poisson
fluctuation of the signal delivered by the detector,
darkness noise caused by various constant chain
noises like electronic noise and detector thermal
noise, and 8-bit digitization noise. A model can be
given to express the standard deviation of each con-
tributor in radiance units (W/m?/st/um). Note that the
factor conversion between digital count unit and radi-
ance unit is A(k) - G(m,k) (from equation 3). The stan-
dard deviation of signal noise (o) is proportional to
the signal square root (Poisson distribution):

o’ =KL )

where, L represents the signal in units of radiance.

For all instruments, darkness noise standard devia-
tion is linear versus the programmable onboard image
chain gain G(m,k) when expressed in digital count
unit. In radiance unit, it gives:

a | B
A(k) A(k).G(m,k)

(10)

O park =

The coefficients o and 3 are estimated on the dark-
ness calibration sequences.

Eight-bit digitization induces a maximum fluctuation
of +/— 0.5 LSB so that the standard deviation of digiti-
zation noise (o ) expressed in radiance unit is equal to:

1

—— 11
% T A Gm N2 (1

Finally, the model of column-wise noise is the quad-
ratic sum of the contributors:

[ 2 2 2
OC= 4/Opagx T 04 + 05

For each detector and each spectral band, the column-
wise noise model (standard deviation o) depends

(12)

on the programmable onboard gain G(m,k) and the
observed radiance L. For a given detector, amplification
gain, and spectral band, the column-wise noise model
can be written:

0. =va+KL (13)

and the only unknown parameter remains K.

4.3.3.2 Compression noise

The new image compression algorithm, discrete
cosine transform (DCT) implemented on SPOT 5 is
used to increase the compression ratio significantly
(from 1.33 for SPOT 1-4 to 2.81 for SPOT 5) while
complying with SPOT user image quality require-
ments (Lier et al. 1998). With fixed rate telemetry
(100 Mbits/sec), a variable rate linked to landscape
complexity is optimised to eliminate residual block
effects in uniform areas. Nevertheless, a compression
noise model has to be added to the instrument noises
described above to assess system image noise. This
model depends on the digitization factor (F), which in
turn depends on landscape complexity (Lier 1998):

F
Oy =—=
o =TT (14)

4.3.4 Common reference configuration for SNR
Once the models have been established, one can deduce
the SNR for reference values of radiance Lref, and
amplification gain G(m.k). The reference radiance is
representative of the typical landscape acquired by
the SPOT family and corresponds to the same target,
i.e. where reflectance = 0.5, solar zenith angle = 60
degrees, standard atmosphere visibility = 23 km,
05 = 0.35 cm.atm, and H,0 = 2 g.cm ™2 as seen by the
different SPOT instruments.

The reference amplification gain is the lowest
operational gain for SPOT 1-3 and the neutral gain
(G(m,k) = 1) for SPOT 4-5, which is consistent with
the gain that would be used in operational conditions
to observe such a radiance. The example in Figure 16
presents results for SPOT 4 HRVIR2 in M mode (B2
spectral band) obtained in May 2003. The lamp meas-
ures are the dots, the models fitted on the measures
are the curves. The column-wise noise (o, = 0,64 W/
m?/sr/um) is deduced for reference radiance
(Lrefy, = 102 W/m?/st/um) and amplification gain
G(2,B2) = 1. The SNR is 159 for this configuration.

This approach enables a comparison of every
SPOT instrument’s radiometric quality with a com-
mon reference. This is what is published in the
Spotimage-edited “SPOT Image Quality Per-
formances” document, which provides SPOTIMAGE
customers with the latest estimations of image quality
in terms of geometry, radiometry and resolution, for
all operational satellites.
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Figure 16. Column-wise measures and model for SPOT 4
HRVIR 2/M, May 2003.

5 CONCLUSIONS

Monitoring image quality of five satellites implies
constant effort and involvement of many people.
Furthermore, a dedicated and independent sub-system,
the IQEC, has been designed to manage these tasks
operationally during the lifetime of the five satellites.
These two factors are the major contributors in the
effectiveness of SPOT on-orbit image quality activi-
ties. Needed improvements in calibration methods are
linked in general to a gain in accuracy. The trend is to
simplify instrument design (no calibration device and
no onboard registration), which implies increasing
complexity of both image processing methods and
calibration methods. For instance, for Pléiades (SPOT
high-resolution follow-on), the methods currently
being studied are:

1. For geometric image quality: automatic matching
to identify GCPs, elaboration of new test sites with
high-resolution GCPs, and improvement of atti-
tude restitution using image correlation,

2. Forradiometric image quality: normalization of non-
linear detectors, use of specific steering modes,
and use of artificial neural networks for noise
measurements.

Concerning test sites used for geometry, radiometry
or resolution, SPOT is interested in sharing and
exchanging reference data with other entities to faci-
litate intercomparisons of methods and results within
the ISPRS framework.
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ABSTRACT: The Joint Agency Commercial Imagery Evaluation (JACIE) team is an interagency group focused
on the characterization of commercial remote sensing data products. The team members include the National
Aeronautics and Space Administration (NASA), the National Geospatial-Intelligence Agency (NGA), and the
U.S. Geological Survey (USGS). JACIE characterizes delivered image products, focusing on three primary
areas: geopositional accuracy, image quality, and radiometric accuracy. For geopositional accuracy, the team
utilizes sites containing several “image-identifiable” targets and compares their known locations with those defined
by the image product. For image quality, spatial response and modulation transfer function (MTF) are characterized
using edge targets and pulse targets. Imagery is characterized also through the National imagery interpretabil-
ity rating scale (NIIRS). Radiometric accuracy is characterized using reflectance-based vicarious calibration
methods at several uniform sites. The JACIE team performed characterization of IKONOS and QuickBird prod-

ucts, and will evaluate OrbView-3 products.

1 INTRODUCTION

In recent years, U.S. Government agencies have begun
purchasing commercial remote sensing data to support
Government research and operational objectives. The
National Geospatial-Intelligence Agency (NGA) pur-
chased remote sensing products from, among others,
Space Imaging, Inc.; SPOT Image Corporation; Digital
Globe; and Intermap Technologies Corporation to
support Department of Defense (DoD) customers.
The National Aeronautics and Space Administration
(NASA) purchased commercial remote sensing prod-
ucts from Space Imaging, DigitalGlobe, and others to
support Earth science research. The U.S. Geological
Survey (USGS) has experience in validating and apply-
ing new sources of airborne and spaceborne data,

including commercial data, to support science and
mapping applications.

Historically, the U.S. Government has had exten-
sive insight and oversight in developing, launching,
operating, and characterizing space-based remote
sensing systems. In many cases, the scientific users of
the resulting data are intimately involved with detailed
system design and calibration. For commercial remote
sensing systems and products, however, this para-
digm changes. Government science and applications
objectives often require highly characterized sensors
and products. However, commercial requirements
for calibration and characterization may not be as
stringent as government users desire. Since govern-
ment-built satellite systems cannot compete with com-
mercial industry (National Research Council 2002),
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commercial providers must fill government require-
ments for high-resolution data. Such procurement
from the commercial sector requires independent data
characterization.

Recognizing the importance of characterizing
commercial remote sensing data for government use,
NASA, NGA, and the USGS formed the Joint Agency
Commercial Imagery Evaluation (JACIE) team in
February 2000 to capitalize on mutual interests and
to leverage resources for characterizing commercial
remote sensing data. The three agencies formalized
this partnership through a JACIE Interagency Space
Act Agreement signed in June 2002.

2 APPROACH

Since commercial systems are built and operated with
no government insight or oversight, the JACIE team
provides independent product characterization of
delivered image and image-derived products. End
product characterization differs from the systems
calibration approach that is typically used with gov-
ernment systems, where detailed system design
information is available. Although the focus is on on-
orbit characterization, some important information
required to characterize system performance fully can
be acquired only in a pre-launch laboratory setting.
The JACIE team interacts with individual vendors
through technical interchange meetings to under-
stand vendors’ pre-launch and post-launch calibration
methods and results. Results of vendor pre-launch
and early orbit measurements for parameters such as
spectral filter response, linearity, dynamic range,
polarization, spatial resolution, geometric calibration,
and bad pixel maps are reviewed and discussed with
the vendor. When the commercial system is on-orbit
and operational, JACIE team members characterize
imagery and derived products in terms of spatial res-
olution, geopositional accuracy, and radiometric
accuracy.

Each JACIE agency provides unique expertise and
capabilities for characterizing commercial data prod-
ucts. The USGS, with heritage in mapping and cartog-
raphy, conducts geopositional accuracy assessments
that include evaluations of georectified, orthorectified,
digital elevation model (DEM), and stereo image prod-
ucts. NGA and its customers perform DoD and intel-
ligence-based product evaluations, including image
interpretability, feature extractions, photogrammetry
assessments, and geopositional assessments. NASA
performs overall product performance characterization
by evaluating commercial remote sensing products’
spatial resolution, geopositional accuracy, and radio-
metric accuracy. NASA has partnered also with
experts from the Earth science community to support
system characterization. These experts from South

Dakota State University, the University of Arizona,
and the University of Maryland have years of experi-
ence in characterizing and validating NASA-developed
Sensors.

The JACIE characterization approach relies on mul-
tiple experts using different methods and test sites to
achieve a thorough assessment of commercial high-
resolution image products.

2.1 Geopositional accuracy

Geopositional accuracy is evaluated using sites contain-
ing many features that are identifiable in the image
products under evaluation and whose locations are
known within an accuracy better than that of the image
product. Identifiable features typically consist of road
intersections, permanent structures, or geodetic targets
(Helder et al. 2004, Dial & Grodecki 2004 this volume).
Exact latitude and longitude locations of such features
are measured to sub-meter accuracy with global posi-
tioning system (GPS) receivers for the products evalu-
ated by the team. The features or targets used must be
distributed evenly throughout the image and must be of
a sufficient number to perform valid statistical analysis.
The Federal Geographic Data Committee (FGDC)
standards for the number and distribution of points used
for geopositional accuracy evaluation states that a min-
imum of 20 points distributed across the image foot-
print should be used, that the points should be separated
by 10 percent of the diagonal distance across the image,
and that at least 20 percent of the points should fall in
each quadrant (FGDC 1998). For non-orthorectified
products, changes in terrain elevations within the image
footprint can affect the image-defined position of the
points. Therefore, terrain displacements must be taken
into account when assessing geopositional accuracy of
non-orthorectified products.

The true locations of identifiable features are com-
pared with the locations of the features as defined by
the image product. The differences in the X-directions
(Easting) and Y-directions (Northing) are determined
for each point, and the root mean square error (RMSE)
in both directions is calculated for all points in the
image using the following equations (Greenwalt &
Shultz 1968):

_ 2
RMSEx =y 2\t ~Xem 4 (1)

’ ‘ _ 52
RMSEy= Z yimg ymm 4 (2)

where X, and yjm, = X and'Y positions as defined in
the image product, X n and yeon = known X and Y
positions, and » = number of points used in the
analysis.
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The net, or radial, RMSE (RMSEY) is then deter-
mined for the image product under evaluation using

RMSEr =/(RMSEx) * + (RMSEy)® 3)

Commercial remote sensing imagery geopositional
accuracy is often specified in terms of circular error at
a 90 percent confidence level (CE90). To calculate
CE90, team members again follow FGDC methods
(FGDC 1998) using the following equation:

CE90=1.5175 RMSEr )

In addition to the CE90 accuracy value, team mem-
bers also report geopositional accuracy according to
FGDC standards, which require a circular error at 95
percent confidence level (CE95) (FGDC 1998). This
value is calculated using the following equation:

CE95 =1.7308 « RMSEr 5)

Equations (4) and (5) assume that the errors in the X
andY directions represent a bivariate normal distribu-
tion and that the X and Y errors are equal, independ-
ent, and zero-mean, with no systematic bias. If a bias
exists, the above approach can be modified to account
for known biases (Greenwalt & Shultz 1968). Alterna-
tively, the bias can be removed using the methods
defined by Mikhail and Gracie (1997) so that only ran-
dom error is considered.

An alternate and possibly more intuitive method for
determining CE90 involves plotting the RMSEr values
on a radial plot. The radius of the circle that includes
90 percent of the points in the plot determines the CE90
accuracy value.

JACIE team members employ these approaches to
evaluate georectified and orthorectified products hav-
ing various mapping accuracies. Differences in geopo-
sitional accuracy resulting from different geometric
resampling algorithms have also been explored.

Additionally, derived products such as stereo
imagery and DEMs have been evaluated also by team
members (Constance 2002). Vertical accuracy of DEMs
is evaluated by comparing the actual vertical location of
an image-identifiable feature to the location of that fea-
ture as derived from the DEM, similar to the method for
horizontal accuracy. Horizontal and vertical accuracy of
stereo images are also evaluated by comparison against
actual feature locations. JACIE members have evalu-
ated the accuracy of multiple stereo images through
block adjustment techniques (NASA et al. 2002).

2.2 Spatial response and image quality

Spatial resolution is often discussed in terms of a sys-
tem’s ground sample distance (GSD). Although GSD

is an important factor, image quality and the effective
resolution of a system or data product are driven by
several parameters, including GSD, point spread func-
tion (PSF), and signal-to-noise ratio (SNR). The PSF
represents the amount of blur caused by the imaging
system when viewing an ideal point source. The Fourier
transform (FT) of the PSF is known as the optical
transfer function (OTF). This function measures the
response of the system to sinusoidal inputs at all spa-
tial frequencies. A more commonly used metric is the
modulation transfer function (MTF) which is simply
the modulus of the OTF normalized such that the first
value is unity. (Hecht 1998). In principle, the MTF is
ameasure of a system’s ability to reproduce accurately
the content of a ground scene within the image. How-
ever, the relative edge response (RER) is a more intu-
itive parameter that is easier to measure. The RER of
an image is a measure of the system’s ability to clearly
distinguish a straight, high-contrast edge. The general
image quality equation (GIQE) (Leachtenauer et al.
1997) provides a mathematical relationship between
GSD, RER, image enhancement, and SNR to estimate
image quality objectively. The GIQE also includes ring-
ing and edge sharpness effects associated with an edge
response. One commonly accepted form of the GIQE
expresses this relationship in terms of the National
imagery interpretability rating scale (NIIRS) (Ryan
et al. 2003). The NIIRS is a 10-level rating scale that
defines one’s ability to identify certain features or tar-
gets within an image (IRARS 1996).

To evaluate RER, an ideal edge target is imaged by
the sensor to obtain the edge response of the system.
The “slope” of the edge is a measure of the amount of
blur in the resulting image and is used by team mem-
bers to measure RER. These targets may be “perma-
nent” as in the case of large painted concrete areas, or
may be deployable as in the case of tarps commonly
used by the team. Target size is critical to ensure that
enough pixel samples are available for analysis. The
JACIE typically uses 20 m edge targets for evaluation
of 1m GSD or finer resolution imagery. Tilted edge
techniques are employed that require the edge targets
to be placed slightly off-axis relative to the image pixel
grid. These techniques minimize aliasing and ensure
that the edges are properly sampled by the image pixels
(Reichenbach et al. 1991).

In the edge target method, an analysis area is selected
from the image of the edge target. Each line of pixels
across the edge is scaled by the cosine of the tilt angle
to provide a single edge response. The individual edge
responses are fitted to a smooth analytical function. A
superposition of three sigmoidal functions is used
to minimize effects of noise and limited sampling
(Tzannes & Mooney 1995). The slope and amount of
overshoot of the RER can then be measured. Addi-
tionally, numerical differentiation of the edge response
produces the line spread function (LSF). The full-width
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half-maximum (FWHM) value of the LSF provides an
estimate of edge sharpness that is often compared to
the system’s GSD. Example edge responses and LSFs
for panchromatic imagery of tarp targets are shown in
Figure 1. A FT and normalization of the LSF will
yield the MTF. The value of the MTF at the Nyquist
frequency is often the parameter used to specify sys-
tem spatial performance. RER and MTF analyses are
performed for both the across-track and the along-
track directions of image products.

For larger GSD products, it is difficult to find edge
targets large enough to estimate edge response. Thus,
for the commercial multispectral products evaluated by
JACIE, the pulse target method provides a better esti-
mate of image quality (Ryan et al. 2003). In the pulse
method, long “strip” or pulse targets are employed.

An ideal pulse input (the pulse tarp target) is imaged
by the sensor and the sharpness of the resulting image
is evaluated. From the image of the pulse target, exact
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Figure 1. Edge responses and fitted sigmoidal functions
for IKONOS panchromatic images (MTFC-off) (top row).
LSF from fitted edge responses for IKONOS panchromatic
images (MTFC-off) (bottom row).

Trimmed LSF

Continuous Fourier transform

edge locations are determined on a line-by-line basis
using model-based parametric methods that detect
sub-pixel edge locations. The sub-pixel locations are
then fitted to a mathematical function to define the
edges of the pulse output response (Helder & Choi
2003). Both the input pulse and the output are Fourier
transformed. The MTF is then calculated by dividing
each output value by its corresponding input and by
normalizing the result as described previously (Ryan
etal. 2003). Figure 2 illustrates input and output pulse
responses, their FTs and the resulting MTF estimate.

The pulse method balances the need for smaller
targets against SNR considerations for determining
the MTF. A target that is too narrow will create insuf-
ficient contrast for estimating the transfer function. If
the target is too wide, the zeros of the input sinc func-
tion will lead to infinities in the resulting MTFE.

Team members utilize a variable width, 60 m long
tarp target that is comprised of multiple 3 m by 30m
tarp strips. The particular target used is suitable for
estimating image quality in the blue and near infrared
(NIR) bands of 34m GSD multispectral imagery.
Again, tilted edge techniques are employed when
deploying the pulse target to ensure proper sampling
(Fig. 3).

Analyses have also considered effects of MTF com-
pensation (MTFC), a post-processing image restoration
technique that effectively enhances image sharpness
but increases image noise. Images processed with and
without MTFC applied were analyzed. MTFC was
found to be beneficial when image interpretation or
feature recognition are of primary importance. When
performing radiometric analysis, MTFC will affect
image digital number (DN) values for certain features;
when working with large, uniform areas, MTFC does
not appear to have adverse effects (Zanoni et al. 2003,
Pagnutti et al. 2003, Ryan 2001, 2002).

Team members also evaluated image interpretability
to support military and civilian applications. The NIIRS
and Essential Elements of Information (EEIs) are used
by NGA to assess imagery. EEIs are certain features
and targets, e.g. railcars, aircraft, that correspond to
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Figure 2. Plots illustrating the pulse method for spatial response. Examples of pulse input/output response (left), FTs of
input and output responses (middle) and the resulting modulation transfer function (right).
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the various NIIRS levels. Several image chips are
extracted from images acquired over a given time
period and over multiple locations. The image chips
are evaluated by a group of NGA-certified image
analysts. The analysts each evaluate the same set of
images under the same conditions, i.e. using the same
computer and amount of image magnification with
no additional image processing or enhancement. The
analysts assign NIIRS ratings and confidence ratings
associated with identification of EEIs. Statistical
analyses are performed on analysts’ results to under-
stand the consistency and reliability of the different
analysts and to identify any outlier image chips used
in the assessment. Good correlation among the ana-
lysts provides confidence in the average NIIRS and
EEIs generated (Ryan et al. 2003).

2.3 Radiometric accuracy

Radiometric accuracy characterization is performed
on delivered image products. Radiometric assessments
do not include methods that are dependent on special
satellite operations or maneuvers, such as use of
onboard calibration sources, or star or moon calibra-
tions. The team employs a reflectance-based vicari-
ous calibration approach that utilizes several sites
across the United States (Dinguirard & Slater 1999,
Kaufman & Holben 1993, Meygret et al. 2000, Slater
et al. 1987, 1994, 1996, Thome et al. 1993).

A

True
North 8 Tarp angle
Grass area 60 m
Grass area
12m
Figure 3. Illustration of tarp orientation with respect to

true north and corresponding example IKONOS image of
pulse target tarp.

The reflectance-based approach requires uniform
target areas that are at least four times larger than
the GSD of the system under evaluation. Exact target
size depends on the MTF of the system being charac-
terized. Additionally, knowledge of the target’s sur-
rounding area surface albedo is necessary to account
for adjacency effects. Typical sites used by JACIE
include: (a) large, dry lake beds such as Lunar Lake
Playa, NV; (b) Railroad Valley Playa, NV; (c) Ivanpah
Playa, CA; (d) White Sands National Monument,
NM; (e) large grass fields such as those in Brookings,
SD; and (f) artificial deployable reflectance tarps
such as those used at NASA Stennis Space Center
(SSC), MS (Fig. 2). Dry lake beds in arid climates
are ideal targets because of their nearly Lambertian,
high-surface albedo; their clear atmospheric condi-
tions; and their simplified adjacency analysis. Lower
reflectance targets in non-arid environments are more
challenging but are often more realistic in terms
of how the data may be examined by an end user.
Targets of multiple reflectance values also allow
radiometric characterization along a system’s full
dynamic range, which is important in understanding
system linearity and in identifying any systematic
biases.

At or near the time of sensor overpass, in situ meas-
urements of target radiance or reflectance are acquired
using analytical spectral devices (ASDs) hand-held
spectroradiometers that have been previously charac-
terized against sources traceable to the National
Institute of Standards and Technology (NIST). The
spectroradiometer collects radiance spectra within
the visible—shortwave infrared wavelengths and at
high spectral resolutions, e.g. 10 nm. Several hundred
spectra can be acquired with each measurement, and
measurements are typically acquired by walking the
instrument over the large uniform area to increase
spatial averaging. Averaging the thousands of resulting
measurements reduces overall measurement uncer-
tainties. Throughout this data collection period, ASD
measurements of a 99 percent reflectance Lambertian
Spectralon panel are also acquired to generate
reflectance values (Pagnutti et al. 2003).

Atmospheric measurements are also acquired
before and during the sensor overpass time. Optical
depth measurements are acquired using a calibrated
solar radiometer. Diffuse and direct solar irradiation
are measured with a multi-filter rotating shadow-
band radiometer (MFRSR). Radiosonde balloons are
launched to measure temperature, pressure, and humid-
ity profiles through the atmosphere (Pagnutti et al.
2003). Because the atmospheric modeling procedures
used by various team members are slightly different,
different team members may not utilize, or require,
the same amount and type of atmospheric instrumen-
tation, i.e. MFRSRs and radiosondes are not used at
all vicarious calibration sites.
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Blue band calibration summary - Average spectral radiance

DG revised radiance = DN* 0.2359

JACIE radiance = DN* 0.258
DG original radiance = DN* 0.2015
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Figure 4. Example of JACIE-derived blue band radiomet-
ric calibration curve and coefficient compared to original
and revised DigitalGlobe (DG) calibration curves/coeffi-
cients. The JACIE-derived curve was the result of several
vicarious calibration activities conducted by team members
during the 2002 acquisition season.

The in situ surface reflectance and atmospheric meas-
urements, site location, time, sensor viewing geometry,
and sensor and spectral response received from the
commercial operator are used within a radiative trans-
fer and atmospheric modeling software environment
to estimate at-sensor radiance (Pagnutti et al. 2003).

When the target albedo differs significantly from
the surrounding area albedo, adjacency effects can be
significant. For the non-playa sites used by JACIE,
adjacency effects must therefore be taken into account.
The Air Force Research Lab’s moderate resolution
transmittance (MODTRAN) radiative transport code,
which is used to predict at-sensor radiance, requires the
specification of an area averaged surrounding surface
spectral albedo in addition to the target surface spectral
albedo to properly account for adjacency effects.
Calibrated spectroradiometer radiance measurements
from fully characterized Spectralon panels are used
to verify the atmosphere and scene properties in
MODTRAN. Agreement between MODTRAN predic-
ted radiance and radiance measured using a calibrated
spectroradiometer gives confidence in the model.

At-sensor radiance estimates are produced for each
multispectral band (blue, green, red, and near-infrared)
using several reflectance values at several sites through
an acquisition season. JACIE radiance estimates for a
given season are plotted against image DN values, and
a least-square curve fit is performed to generate a cali-
bration curve and a JACIE-derived radiometric cali-
bration (gain) coefficient (Fig. 4). JACIE coefficients
are compared to calibration coefficients provided by
the commercial vendor and percent differences are
calculated. This method evaluates the absolute radio-
metric accuracy of a commercial image product.

Relative (pixel-to-pixel) radiometric accuracy has
also been evaluated using extremely large, uniform
sites, such as Sarahan desert areas and Antarctic ice
sheets. Images of large, highly uniform areas that fill

the system’s entire image footprint can indicate relative
radiometric differences within the focal plane and can
help identify bad pixels. Using this approach, team
members have examined the relative radiometric accu-
racy of selected image products (Pagnutti et al. 2003).

These same large, uniform areas have also been used
to approximate SNR. The ratio of the mean radiance
across the entire uniform image to the standard devia-
tion of the radiance is an approximation of the system’s
SNR. JACIE has used this method to examine the SNR
of a small number of images (NASA et al. 2001).

3 CONCLUSIONS

Since the start of the JACIE collaboration, the team’s
product characterization approach has been used to
evaluate Space Imaging’s IKONOS and DigitalGlobe’s
QuickBird. Team evaluations have resulted in several
improvements to IKONOS image products (Zanoni
et al. 2003), including an update to initially released
radiometric calibration coefficients (Peterson 2001,
Pagnutti et al. 2003). QuickBird evaluations are ongo-
ing but already have resulted in updates of Digital-
Globe’s radiometric calibration coefficients (NASA
et al. 2003, Krause 2003). In general, JACIE assess-
ments have found the geopositional accuracy and image
quality of both IKONOS and QuickBird products to
be quite good. To date, assessments also have found
the radiometric stability of these systems to be very
good. Future activities for the team include continued
assessment of QuickBird data products, evaluations
of products from Orb-Image Inc.’s OrbView-3 system,
and temporal stability assessments of IKONOS.

Initial results are presented and discussed with ven-
dors prior to release outside of the JACIE team. NASA,
NGA, USGS, and the commercial data vendors com-
municate openly to resolve any differences between
JACIE findings and those of the company. The interac-
tion between member agencies and commercial indus-
try is a critical component to the success of the effort.
Government agencies and industry have developed
trust and a collaborative spirit that benefits the U.S.
government, the commercial remote sensing industry,
and users of these high-resolution image products.

The JACIE effort and product characterization
approach provides a model for characterizing all
commercial remote sensing data purchased by the
government, as well as for other cases where access to
detailed system design and calibration information
are not available.
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Camera calibration program in the United States: past, present, and future

G.Y.G. Lee
U.S. Geological Survey, Menlo Park, California, USA

ABSTRACT: The U.S. Geological Survey (USGS), which has responsibility for camera calibration in the
United States, has been performing this function for the past 3 decades. The agency provides calibration serv-
ices for traditional film cameras to other government agencies, as well as to the private sector in North America.
Camera calibration has been performed with a multicollimator instrument designed and built in the early 1970s.
Although the relative merits of the various laboratory and in-situ calibration methods have been debated for
years, all of these methods have provided the camera calibration parameters required for photogrammetric
work. As cameras evolved beyond film to digital technology and were integrated with existing airborne global
positioning system (GPS) and inertial measurement unit (IMU) systems, the USGS could no longer provide
necessary camera calibrations for the mapping community in its Optical Science Laboratory. Furthermore, its
laboratory calibration method could not provide camera performance measures in conjunction with GPS and
IMU components, which are commonly used in modern aerial photographic systems. The USGS is currently
addressing this issue on three fronts: (1) procuring an interim laboratory calibration system for small format dig-
ital cameras, (2) developing an in-situ calibration range and software to compute camera calibration parameters
similar to the analog calibration model, and (3) establishing an independent product characterization activity.
Clearly, new calibration standards need to be developed, and new approaches for certifying aerial photographic sys-
tems and procedures must be established. Future strategy may include some form of International Organization

for Standardization (ISO) certification that establishes a quality assurance program and review process.

1 INTRODUCTION

The responsibility for camera calibration in the
United States was transferred from the U.S. National
Bureau of Standards (NBS now renamed NIST), to
the U.S. Geological Survey (USGS) in 1973. Since
then, the USGS has been providing camera calibration
services by using a multicollimator instrument cus-
tom built in 1951. These services enabled both gov-
ernment and private sector users to be assured that
acquired aerial photographic services were compliant
to specifications.

Over the years, additional collimators were added
to the multicollimator instrument to provide an angu-
lar field-of-view of 120 degrees with uniform spacing
along each bank of collimators. Furthermore, new
resolution targets in the collimators were installed to
extend the resolving power to accommodate the
improved aerial cameras being marketed. The multi-
collimator instrument performed well for its designed
purpose, and was extremely reliable. However, although
several modifications were made to accommodate
better performance cameras, it remained an instru-
ment for calibrating only analog cameras.

The USGS established a fee schedule for its camera
calibration services based on reimbursement for the
actual costs of labor and materials. In earlier years,
because the USGS contracted for its photographic
data and performed the subsequent map production
internally, it also subsidized part of the cost of camera
calibration, which was considered a quality assurance
step. However, no funds were collected to create a
capital fund for equipment modernization or replace-
ment. Furthermore, no resources were allocated to
research or develop new calibration techniques.

2 BACKGROUND

Digital technology changed the photographic world,
and photogrammetry. The early 1990s witnessed devel-
opment of film scanners as the first step toward softcopy
photogrammetry. Soon major camera manufacturers
began designing digital aerial cameras that would elim-
inate analog-to-digital conversion in film scanning.
A major problem facing the USGS was its inability
to calibrate digital cameras using the multicollima-
tor instrument designed for analog cameras with a
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230 X 230mm focal plane. The multicollimator
instrument provided insufficient targets for calibrat-
ing small format digital cameras having narrow fields
of view. Subsequently, more complex digital camera
designs presented another problem. For example, the
Z/1 Digital Mapping Camera (DMC), which nearly
approximates an analog aerial camera, uses eight
cameras and software to capture and compose full
frame panchromatic and multispectral images. Leica
Geosystems’ Advanced Digital Sensor-40 (ADS40)
camera, which uses a line scanning design, presents
an impossible case for traditional camera calibration.

The manufacturer’s combined hardware/software
solution, as well as the variation in camera types, pres-
ents numerous new problems for traditional analog
calibration methods. Furthermore, new digital cam-
eras are being integrated with existing technologies,
such as airborne global positioning system (GPS) and
inertial measurement unit (IMU) equipment, to form
a complete data collection system. Beyond digital cam-
eras, a multitude of nonoptical sensors also is being
used for acquiring geospatial data. Such technologies
as synthetic aperture and interferometric radar, and
light detection and ranging (LiDAR) have been in use
for years and will become increasingly important to
the mapping community. As already mentioned, both
optical and nonoptical sensors are commonly inte-
grated with other support systems, such as GPS/
inertial navigation system (INS) airborne surveying.
Yet another calibration issue is the data obtained by
satellite sensors. Note that in these types of systems,
the orientation and motion of the platforms carrying the
sensor must be precisely determined.

Finally, the USGS is changing how it conducts its
mission of providing base map data. The agency is
transitioning from entirely inhouse map production to
increasing dependence on private sector contractors.
The evolution of how the USGS will accomplish its
mapping work in future is further demonstrated with
The National Map concept (Groat 2003, Ogrosky
2003), which outlines a greater dependence on part-
ners to provide data. The underlying challenge is
for the USGS to develop appropriate standards and
quality assurance procedures to ensure that users of
The National Map are satisfied with the data obtained.
Furthermore, the USGS needs to establish a quality
assurance procedure for maps prepared by commer-
cial vendors. Thus, this changing environment has
implications for the entire mapping community beyond
camera calibration alone.

3 PAST

In 1973, the USGS provided calibration of both lenses
and cameras used for aerial mapping. Now, its Optical
Science Laboratory (OSL), performs only analog

camera calibrations and serves as the official calibra-
tion facility of aerial cameras for the United States
and its North American Free Trade Agreement
(NAFTA) partners.

The USGS has performed aerial camera calibration
by using a multicollimator instrument modeled after
an instrument introduced and used at the NBS. The
original instrument contained 37 collimators arranged
at 7.5 degree intervals along the diagonals of the pho-
tographic frame for calibrating cameras with a maxi-
mum of 90 degree field-of-view. Each collimator is
focused at infinity and photographically exposes a
position reticule and resolution target onto glass
or film. Later, the instrument was modified to add
additional collimators and higher-resolution targets
that allowed for calibration of both wide-angle and
super-wide-angle cameras and improved lenses. The
calibration method is based on measured versus
theoretical positions of the collimators’ reticules to
determine the calibrated focal length of the lens and
the location of the principle point and fiducial marks.
Values of resolving power are also read from the
high-contrast-resolution targets to determine radial
and tangential distortion characteristics. In addition,
the area weighted average resolution (AWAR) is com-
puted and reported. Camera performance, such as stereo
model flatness, platen flatness, shutter performance,
and filter traces are also determined (Tayman 1974).

The OSLs “Report of Calibration” is recognized as
the official aerial camera certification in the United
States (Tayman 1984). The USGS requires a camera
to have been calibrated within a 3-year period for
a company to compete for USGS contracts. This
requirement has become the de facto requirement of
other Federal agencies, as well as State and county
governments.

4 PRESENT

The USGS acknowledges its role and responsibility
for establishing standards, and accordingly, to provide
camera calibration services to the mapping commu-
nity. The USGS also believes that these functions are
“inherently governmental” and will continue its sensor
calibration efforts (ASPRS 2000).

4.1  Analog camera calibration

The USGS’ OSL is the only active camera calibration
site in North America. The OSL calibrates approxi-
mately 100 cameras per year from an active pool of
approximately 400 aerial cameras. Because analog
cameras are usually well maintained and kept operat-
ing for years, and new aerial cameras are still being
sold, the USGS plans to continue calibrating them.
For now, this service will be provided in the same
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manner as in the past. To ensure continued perform-
ance of this important function, and because of the
age of system components, steps are being taken to
eliminate major weaknesses in both the instrument
and its supporting software that might cause a service
interruption. Thus, the multicollimator instrument
has been modified to upgrade its lighting system and
supporting electronics, and a new comparator for plate
coordinate measurements was added. The simultane-
ous multiframe analytical calibration (SMAC) soft-
ware (Light 1992) was ported to a newer computer
system, and new database management software and
data handlers also were implemented. No further capital
expenses are planned currently for the analog calibra-
tion equipment and its existing support infrastructure.

Although the multicollimator instrument has oper-
ated satisfactorily and has been stable for many years,
deficiencies exist in its inability to calibrate both digi-
tal and analog cameras. The age and technology of the
instrument date to the 1950s and should be improved.
Recently, preliminary inquiries were made to esti-
mate the cost of designing and building a new instru-
ment that could calibrate both digital and analog
cameras. The preliminary estimate was judged to be
cost prohibitive. Clearly, other alternative approaches
will be pursued.

4.2 Small format digital camera calibration

In 2002, the USGS awarded a contract to Pictometry
International to design, develop, and implement a
digital calibration system for small format digital cam-
eras. One of the major requirements was that the sys-
tem would provide the same calibration parameters as
those from the SMAC software being used for analog
cameras. The rationale for this requirement was that it
would allow researchers to compare the performance
of analog and digital cameras and provide practitioners
a common processing path for both types of cameras.

The digital calibration system was delivered for
testing in June 2003. The system is based on a multi-
camera convergent method using nine images of a tar-
get “cage” taken from different camera-exposure
locations, orientations, and rotations; the “cage” is
3.6m wide by 3.0m high by 2.4m deep, with 207
reflective targets distributed on three planes. The
computation does not require known object-space
coordinates of the targets and uses the Australis pho-
togrammetric software, which permits automated
digital close range photogrammetric image measure-
ment, orientation/triangulation, and sensor calibra-
tion (Fraser 2001).

4.3 In-situ camera calibration

In 2002, the USGS awarded a research grant to the
Ohio State University (OSU) to develop and test an

in-situ camera calibration system. The motivation for
performing this work was to find a method for cali-
brating complex sensor systems beyond just digital
cameras. The method would include the influences of
in-flight operating conditions; and furthermore, might
provide a future alternative procedure to laboratory
calibration of analog cameras on an aging multicolli-
mator instrument. Again, the camera calibration
parameters computed were required to be similar to
those from the SMAC software. The resulting soft-
ware developed from this research is to become the
property of the USGS for use by the public.

4.4 Product characterizations

The main purpose of USGS involvement in camera/
sensor calibration is to ensure the quality of its map
products. Over the years, the systems used to acquire
imagery for geospatial products have become more
varied, as have the ways in which the USGS has
accomplished its mission of providing base map data
to mapping communities. The complexities of data
acquisition systems, the numerous map production
methods, and the number of data providers force the
USGS to consider alternative methods of quality assur-
ance and control beyond camera calibration alone.
Such product characterization or testing is a change to
the traditional camera certification paradigm.

In a parallel effort, the USGS has been actively
participating in the Joint Agency Commercial Imagery
Evaluation (JACIE) efforts for commercial satellite
data (Zanoni 2003). This evaluation is based on product
characterization. In support of this effort, the National
Aeronautics and Space Administration (NASA)’s
Stennis Space Center (SSC) has developed a targeted
testsite for performing geometric and spatial resolu-
tion evaluations. In early 2003, the USGS and NASA
signed an agreement to use SSC for characterizing
products developed from imagery acquired by digital
camera technology. NASA modified their testsite to
include a more densely targeted area that would
accommodate airborne sensors.

The USGS, with the support of NASA, is currently
scheduling test flights for all its contractors, subcon-
tractors, and cooperators providing data to the USGS.
Final products are submitted to NASA for evaluation.
The USGS will review the results and approve a specific
contractor/camera combination. The USGS plans to
provide this testing capability to others in the future.

5 FUTURE

The current USGS effort to develop alternative cali-
bration and validation methods for sensors and map
products needs to be expanded to meet the long-term
needs of both the agency and the mapping community.

145

Copyright © 2004 Taylor & Francis Group plc, London, UK



New calibration standards need to be developed,
reviewed, and accepted.

5.1 Analog camera calibration

The USGS will continue providing its analog camera
calibration services until new standards are developed
that encompass both analog and digital cameras. At
that time, in-situ calibration of analog cameras may be
an alternative method to present laboratory procedures.

5.2 Small format digital camera calibration

More work will be performed on small format cam-
eras using the laboratory digital camera facilities. As
new customers emerge, and as new cameras appear,
the USGS will perform camera calibration and make
comparisons with cameras already calibrated in the
OSL. Repeatability testing will be done to determine
the reliability and stability of individual cameras and
to compare results from other laboratory sensor cali-
bration methods. In addition, the results will be com-
pared with those obtained by in-sifu methods.

5.3 In-situ camera calibration

As for in-situ camera calibration, the next step is to
perform operational testing. Laboratory versus in-situ
calibrations will be performed, and comparisons will
be made for both digital and analog cameras. The
software will be generalized, if needed, to perform cam-
era calibrations over any site configuration and loca-
tion. The plan is to enhance the software to eliminate
the need for object-space coordinate control, similar
to the techniques developed by Leica Geosystems for
their ADS40 camera (Tempelmann 2003).

If the in-situ calibration approach is going to be part
of the solution for sensor calibration, more strategically
located test sites will be required for operational use.
These additional test sites should be easily accessible
and provide alternatives for weather and seasonal con-
ditions. They also should be representative of various
terrain and vegetation cover types, and permit testing
of different sensor, imaging system, and geospatial
product types. In addition to the SSC and the OSU test
range, the USGS also has performed extensive field
control efforts over areas in Colorado, Missouri, and
South Dakota. The USGS plans to extend its calibra-
tion development to include standards and specifica-
tions for inm-situ calibration ranges so that other
government agencies and the private sector can estab-
lish alternative test sites that better suit their needs.

5.4  Product characterization

The USGS plans to extend its product characterization
capability beyond that currently provided by NASA.

Three potential test sites that are located near existing
USGS facilities will be part of its regionalized quality
assurance program. Certainly, part of the quality assur-
ance function can be performed by contractor person-
nel, as in some of the current satellite monitoring
operations at the EROS Data Center in South Dakota.
Furthermore, product characterization by independ-
ent, certified, private consultants should be accept-
able in lieu of an evaluation by the Government.

Current product characterization work at the
USGS focuses only on geometric and spatial charac-
teristics of digital cameras used to generate digital-
orthophoto products. Calibration methods need to be
extended to radiometric and other calibration param-
eters. The USGS and NASA have been discussing an
extension of their product characterization capability
to include the radiometric performance of digital sen-
sors, both laboratory and in-sifu. The USGS wants to
pursue development of radiometric product charac-
terization techniques because their application
extends to data collected by multispectral and hyper-
spectral sensors.

NASA plans to extend its product characterization
capability at SSC to include LiDAR data. The USGS
believes that characterization of LiDAR data is its
next priority, and will be discussing possible cooper-
ative efforts.

5.5 Quality assurance for The National Map

The USGS plans to implement a more comprehensive
quality assurance program for data provided by The
National Map partners. In general, these data will have
been produced by various contracting mechanisms
within State and local agencies. Quality control and
review methods, as well as quality of the metadata, will
vary among potential partners. Product characteriza-
tion may be the only viable alternative for validating
these data.

6 CONCLUSIONS

The ultimate solution to camera calibration may not
be a single approach but a combination of different
approaches and methods that evolve into “best prac-
tices” for performing end-to-end quality assurance.
As demand for verification and validation mecha-
nisms increases, USGS will need to consider alternative
approaches for how it provides independent validation
of a new sensor, camera, production procedure, or map
product.

6.1 Acceptance of manufacturer’s calibration plan

Major camera manufacturers are likely to have spe-
cialized equipment to test the quality of their products.
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Clearly, they have intimate knowledge of how each
camera operates and how it was built. Test equipment
is probably custom built and applicable only to their
particular product. It would be cost prohibitive for the
Government to acquire such specialized equipment
for every camera in the market. Certifying the manu-
facturer’s testing and calibration procedures would be
an effective way to satisfy users of any particular type
of camera. Periodic inspection of facilities and records
will still be needed after initial approval of the test
procedure. To ensure objectivity, an oversight commit-
tee composed of qualified experts from government
agencies, the private sector, professional societies,
and academia can oversee the evaluation.

6.2 Calibration by independent testing
organizations

As mapping technology evolves, new methods and
procedures should emerge from research and devel-
opment activities. Comparisons of these new methods
and procedures will be needed in a research environ-
ment. As they mature, they also will need to be evalu-
ated on an operational basis to verify and validate any
new performance claims. An independent testing
organization, either in the public or private sector,
would serve the needs of practitioners, manufacturers,
and users.

6.3 ISO 9001 certification

The best approach to overall quality assurance of
products and services offered to the mapping commu-
nity may be greater emphasis on some form of
International Organization for Standardization (ISO)
certification for companies that would require them
to establish, document, monitor, and enhance on a

continuing basis a quality assurance program for their
products and services. Generally, ISO certification
also would require proper qualifications for workers,
as well as for the equipment and procedures being used.
Specifically, ISO certification would allow acceptance
of calibration methods established by data providers,
and ultimately, would ensure quality products and
services to every day users of geospatial data.
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In-flight characterization of spatial quality using point spread functions
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ABSTRACT: With the advent of high spatial resolution commercial satellite imaging systems, it is important
to assess the spatial quality of these systems. Prior to flight, laboratory measurements of spatial quality typically
depend on the system point spread function (PSF) or, equivalently, modulation transfer function (MTF) using
various targets. However, the majority of the life of these sensors is spent in flight, and it is during this time that
the sensor is actually acquiring data for which it was designed. Hence, it is important to measure the spatial per-
formance during the most important part of their life cycles to determine if any system degradations occur over
time. This paper reports on knife-edge, pulse, and point techniques that have been developed to accomplish this
task. Each of these has been optimized for a particular range of spatial resolutions, and for both one-dimensional

and two-dimensional PSF estimations.

1 INTRODUCTION

1.1 Rationale for measuring spatial quality

An important function of any imaging system is to
resolve spatial objects. A system’s ability to do this is
determined by many design attributes including optics,
focal plane, detectors, and electronics. However, one
of the most difficult things to define is an imaging
system’s ability to resolve spatial objects or it’s “spa-
tial resolution.” Often this term is improperly defined
and poorly understood. Also, it is sometimes con-
fused with the concept of instantaneous field-of-view
(IFOV). The problem is compounded because there
is no standard method for measuring spatial resolu-
tion, and there is no single metric that adequately
measures it.

When spatial quality is measured in the laboratory,
several targets and techniques are used. These measure-
ments quantify spatial quality of the imaging system
to a high degree, but in many cases only for a short
period of time in the life of the sensor. While airborne
sensors can be reevaluated periodically, spaceborne
sensors cannot. Thus, for most of the useful life of sen-
sors, spatial quality can be difficult, if not impossible
to measure. Conversely, for airborne sensors, labora-
tory measurements may not be an accurate reflection
of a sensor’s performance when it is airborne. There-
fore, it is important to assess the spatial resolution
performance of a sensor while in flight.
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1.2 Dpical measures of spatial quality

If an imaging system can be considered as a linear,
shift-invariant system, then it’s ability to resolve
spatial objects can be described mathematically by a
point spread function (PSF). The PSF is a direct
measure of the system’s ability to reproduce an infi-
nitely narrow source of radiance. However, this two-
dimensional function is difficult to obtain because of
difficulties in generating an infinitely narrow source.
The problem is compounded by the digital nature of
currently used systems. Edge targets are often used
because they are easy to generate; however, the draw-
back is that only a one-dimensional slice of the PSF is
obtained. The normalized magnitude of the Fourier
transform of the PSF, or modulation transfer function
(MTF), is used widely as a measure of the spatial qual-
ity of an imaging system. Specifications are written
to obtain minimum values of the MTF at critical spa-
tial frequencies. While these metrics are mathemati-
cally precise, they do not reflect adequately the human
contribution to image quality assessment. To address
this issue, other systems have been developed. For
example, the National image interpretability rating
scales (NIIRS) combines several attributes to assess
the overall quality of an image (Leachtenauer 1996,
Irvine 1996). However limiting they may be, this work
focuses on the PSF and MTF representations of image
spatial quality because they are mathematically pre-
cise and widely accepted.



1.3 Laboratory measurements

Laboratory measurement of image spatial quality has
been extensive (Feltz 1990, Samei 1998, Droege 1979,
Kaftandjian 1996, Tzannes & Mooney 1995, Cao 2000,
Hong 1996). One of the early attempts by Coltman
(1954) used a sinusoidal input illumination pattern for
evaluation of the MTF:

Input =0.5[1 + cos(s)] 1)

where s is a spatial parameter. The sinusoidal input
was changed in amplitude and phase to obtain the trans-
fer function from the resulting sinusoidal output. MTF
could be calculated by the ratio of output to input:

B__—-B_
MTEF = —max min
B, t+B @

max min

where B, = neighboring maximum; B, =
neighboring minimum of the output.

An MTF for a linear X-ray detector was calculated
by using ball, wire, edge, and bar/space patterns as
stimuli (Kaftandjian 1996). The ball target was a very
small sphere of high attenuation, which led directly to
the PSF of the system. A thin wire (smaller than the
pixel size) was used to derive the line spread function
(LSF), which was the 1-D PSF orthogonal to the wire
orientation. Lastly, instead of using a sine wave input,
a set of rectangular pattern inputs of diminishing spa-
tial width was used to measure the contrast transfer
function (CTF). The MTF was not directly calculated
from the bar/space pattern target; however, it could be
derived by the mathematical relationship:

MTF(u)=%|:CTF(u)+§CTF(3u)— %CTF(Su) + %CTF(7u)' }

3)

where u = the frequency domain variable. To avoid
noise influence on the MTF evaluation, the edge
spread function (ESF) was modeled by an error func-
tion e(x) defined:

e(x)=A-erf(B-x)+C 4)
erf(x)= —2— fexp(—tz)dt ) %)
Jr

where 4, B, C = constants depending on the experi-
mental profile. This parametric method resulted in
smooth ESF and LSF estimates from the differentia-
tion process; however, the profile could not follow
obvious ringing effects presented on both sides of
the LSF.

Another approach used a sharp edge positioned on
the detector array with a small angle to obtain a finely
sampled ESF (Tzannes & Mooney 1995). A PtSi
infrared camera’s spatial quality was characterized by
applying a modified knife-edge technique to fit the
ESF to a summation of Fermi functions, F(x), of the
form:

2 a.

F(x)=D+ z———b—

=0 cxp{x d :| +1
Ci

where D, a;, b;, c; = constants for 0 < i < 2. There-
fore, the LSF was completely specified by analytical
differentiation of the ESF and the values determined
by a;, b;, and ¢;. This model was used to avoid noise
from the data and noise amplification caused by the
numerical differentiation process. The target angle with
respect to the sampling grid was not critical because
the number of scan lines ranged from 20 to 40, which
was large enough to obtain good sub-pixel accuracy.

From a carefully located slight angle to the edge line,
a complete uniformly sampled ESF was achieved by
using the trigonometric relationship between sampling
grid and angle (Cao 2000). Even though the target angle
and length were carefully designed, this level of accu-
racy is not possible to achieve in satellite imagery.
Because satellite output images contain many sources
of uncertainties from original scene acquisition to post-
processing, a direct technique is needed to extract
edge angle and finely sampled sub-pixel locations with
areasonable error margin. After obtaining the 1-D ESE,
a boxcar mask and low-pass filter were applied to sup-
press the noise in differentiation and in the ESF itself.

As an alternative approach, random targets were
used to measure discrete MTF beyond the pass band
of the detector array (Hong 1996). Printed random
transparency targets aligned in the row direction were
designed by use of a microscan technique. The targets
may be easier to use and to construct than previously
mentioned targets (such as sinusoidal patterns), but
this approach is obviously limited to a laboratory
environment.

(6)

1.4 In-flight measurements

On-orbit spatial quality estimation for the Landsat 4
Thematic Mapper (TM) utilized scenes containing the
San Mateo Bridge over the south end of San Francisco
Bay (Schowengerdt 1985). The 18.3 m wide bridge was
used as a pulse input to the sensor at an angle of
31.1 degrees to the TM scan direction. Since the width
of the bridge was smaller than the TM resolution
(30 m), the Nyquist frequency of the bridge input spec-
trum occurred before its first zero crossing point. But
the small target size caused noise problems, which were
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solved by interpolation of the power spectrum values.
This work extracted image profiles perpendicular to
the bridge. Therefore, MTF plots did not quite follow
the conventional across-track direction.

Another paper (Rauchmiller 1988) presented a
method for measuring the TM imaging system PSF
using a 2-D array of black squares on a white sand
surface. The 16 square targets were shifted 0.25 pixel
throughout sub-pixel locations within a 30 m ground
sample distance (GSD) in along- and cross-track
directions. This superimposed TM pixel grid enabled
sub-pixel phasing to avoid aliasing in the MTF plot,
but four sub-samples were not enough to reconstruct
the original PSF in 2-D space.

Measurement results also were compared to a spatial
response model given by (Markham 1985). Markham’s
model described the TM and multispectral scanner
(MSS) PSF by pre-launch component and system
measurements. The PSF was separately described by
the optics, detector, and electronics that all affected the
net spatial response. The LSF in the scan direction was
described by the convolution of the three components:

LSF(x)= OSF(x)* DSF(x)* ESF(x) 7

where OSF(x) = the optics line spread function;
DSF(x) = the detector line spread function; and
ESF(x) = the electronics line spread function. These
results were generated by using pre-launch design
documents and test measurements.

By using modeling concepts, Storey (2001) imple-
mented a PSF model fit to predict the Enhanced
Thematic Mapper Plus (ETM+) optical system’s MTF
performance change. The least error model fit method
was developed to monitor the along-scan MTF by
using on-orbit data of Lake Ponchartrain Causeway in
Louisiana. The parallel, two-lane bridge structure made
a small angle to the along-track orbital path, which
allowed construction of an over-sampled target pro-
file for the along-scan direction. Model parameters
were adjusted to yield the best fit between the output
scenes and simulated profiles. Spatial performance
degradation over time was observed in the panchro-
matic band by comparing between on-orbit estimated
parameters and pre-launch values.

This paper focuses on in-flight estimation of PSF
and MTF for both spaceborne and airborne sensors.
Emphasis is given to target development, constraints,
and advantages/disadvantages of three types of tar-
gets found to be particularly useful: edge, pulse, and
point targets. The second part of estimating spatial qual-
ity involves proper processing of data recorded by the
sensor. Unless care is taken to extract the estimates
from noisy data properly, inevitable biases occur that
degrade the result. Thus, proper data handling methods
are presented that are heavily dependent on target

type. Lastly, examples will be presented for each of
these methods using commercially available, high
spatial resolution satellite sensors.

2 TARGET TYPES AND FIELD CAMPAIGN

2.1 General target attributes

A basic assumption for PSF/MTF characterization is
that the imaging system is linear and shift invariant. If
this is accepted, then it is possible, in theory, to char-
acterize any system simply when the input function is
known and the output is measured. Thus, in principle,
almost any target may be used. However, practice indi-
cates that the target must also have several other fea-
tures. One of the foremost is that the target must be
characterized, i.e. it must be accurately known in terms
of reflectance, size, and orientation. This must be true
at least at a scale equal to, or greater than, the [FOV of
the sensor.

Often orientation becomes critical due to the imag-
ing system being discrete, or sampled. As a result,
with only samples of the system response available on
a regular grid of locations, it is often required to ori-
ent the target so that sub-sample reconstruction of the
system response to the target is possible. For exam-
ple, an edge target may need to be oriented such that
the edge can be reconstructed at a much finer resolu-
tion than the sampling distance of the sensor.

Targets also need to be well controlled in terms of
homogeneity and contrast. In many cases the targets
consist of a sharp transition separating two or more
homogeneous regions. The homogeneous regions
should be uniform and isotropic. Any variation in the
regions will affect the accuracy of the PSF estimate. In
addition to this, the contrast across the edge must be as
large as possible. This is limited only by the dynamic
range of the sensor. A reasonable figure of merit for the
target in terms of a signal-to-noise ratio (SNR) may be
built upon the amount of contrast between the bright
and dark portions of the target divided by the variance
in the homogeneous regions. Simulations have shown
that an SNR > 50 is a reasonable lower threshold.

Another important property for all PSF targets is
that they must be time-invariant. This is important for
measuring the degradations of a sensor’s spatial
quality as a function of time. Changes with respect to
time should be due to change in the sensor rather than
change in the target. This means that the target must
be maintainable, which means it should be accessible
on a regular basis and be small enough to be painted,
paved, mowed.

Another important aspect of PSF targets is whether
they are designed for estimating 1-D or 2-D PSF’s.
The PSF is always a 2-D spatial function. However,
a 2-D target is difficult to develop. This often arises
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because one spatial dimension must be used to pro-
vide a phased set of image samples so that the target
can be reconstructed with enough resolution to
approximate the continuous PSF. Many times this is
adequate if a circular PSF is assumed to be an accu-
rate representation for the imaging system. However,
a PSF function may not only be non-circular, but also
vary with location in the focal plane. Hence, it is
desirable to design targets such that a 2-D PSF can be
estimated.

Figure 1 illustrates the three types of targets dis-
cussed in this section: edge, pulse, and point. These
targets were deployed at the Brookings, SD test site.

The edge target is a set of tarps developed by
Stennis Space Center (SSC). The blue tarps and mir-
rors were developed at South Dakota State University.

2.2 Edge target

Edge targets are the most common type of PSF target.
The concept is to present a sharp, high-contrast edge
to the imaging system so that an accurate edge
response function can be obtained. The edge response
can then be differentiated numerically to obtain a 1-D
slice of the PSF. Important aspects of this target are
size, orientation, uniformity, and homogeneity. In
many cases, an existing feature can be used for an
edge target, e.g. a bright concrete parking lot next
to a darker uniform grassy area. While these types of
targets can often produce acceptable results, a better
approach is a target where both sides of the edge can
be maintained. Examples of this are dedicated targets
painted on concrete or other surfaces, or tarps that can
be deployed as needed. An example of a tarp-based
edge target is shown in Figure 2.

A good edge target consists of a ‘dark,” or low-
reflectance side, and a ‘bright’ or high-reflectance side.
The high-reflectance side ideally has a reflectance level
that provides a sensor response near the high end of
its dynamic range; a rule of thumb is >75 percent of
the dynamic range of the sensor. This estimate must
include atmospheric effects as well. The dark side of
the edge should be a reflectance level as low as possi-
ble, yet coordinated with the surrounding background.
If the coverage region of the target is small enough
that the imaging system is affected by the surround-
ing area, the low-reflectance side of the target should
have a reflectance similar to the surrounding region.
If the target is large enough that the PSF measurement
is not affected by the surrounding region, then the tar-
get material should have as low a reflectance as pos-
sible, say less than 5 percent. There is no one measure
to determine whether the PSF measurement will be
affect by the surrounding area. However, a reasonable
rule of thumb is that the target should extend 7-10
IFOV’s beyond the edge. Most high quality image
systems will not have a PSF that extends beyond a

Figure 1. Panchromatic band QuickBird target area imaged
on August 25, 2002.

Figure 2.

SSC tarp on a flat grassy area.

distance of a few IFOV’s. The SSC tarps shown in
Figure 2 have a reflectance of 3.5 percent on the dark
side, and 52 percent on the bright side.

Spectral characteristics of the edge target should
be well known, and the target should be spectrally
flat. A target that is spectrally flat over a broad range
of wavelengths can be used for PSF estimation for a
broad variety of sensors. This enhances the usefulness
of the target with comparisons across sensors.
However, many targets may be used with less than
ideal spectral characteristics if they are well charac-
terized with a spectroradiometer. This should be done
on a regular basis in the field while the target is
deployed. Characterization is important to insure that
the target has the properties mentioned above for the
spectral band of interest, e.g. a target may have excel-
lent reflectance in the blue region, be unusable in the
red, and be quite bright again in the near infrared.
Figure 3 shows sample spectra for an edge target.
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Average Stennis Tarp Data Aug 25 2002
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Figure 3. Spectral response of both sides of an SSC tarp
edge target.
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Figure 4. GSI projection to ESF with angle.

Orientation of the target edge is important for dis-
crete imaging systems. If the edge is aligned with the
imaging system’s sampling grid, then samples of the
edge response will be aligned with each other no mat-
ter how long the edge is. However, if the edge is ori-
ented at a slight angle with respect to the sampling grid,
then samples of the edge response can be obtained
at a resolution much finer than the resolution of the
imaging system (Fig. 4). The angle to use is depend-
ent on the imaging system’s ground sample interval
(GSI) and the length of the edge. If the angle is cho-
sen incorrectly, the samples across the edge will align

Magnetic North

Transition Edge Angle

Type T Edge Transition Panel

A B c D

Type A Black < 5%

Type A White 50% ~ 55 ZJ
Witness Sample Strip

Figure 5. SSC tarp layout configuration.

with one another to form ‘clumps’ of data rather than
uniform sample spacing.

Figure 5 shows a typical edge target layout. This
target consists of four tarps forming the dark side of
the edge, four tarps forming the bright side of the
edge, and a smaller transition tarp that forms the actual
edge. For this target system, an angle of 8 degrees
with the image system grid is nearly ideal.

The length of the edge should be as long as possible.
However, the upper end of the length is driven by
the IFOV of the sensor, the size of the area available
for target deployment, the cost of the target material,
the amount of time and effort needed to deploy or
maintain the target, and the uniformity of the sur-
rounding area. The minimum length of the target
should be selected such that the desired level of sub-
pixel resolution is obtained when reconstructing the
edge response. A minimum value that works well is to
ensure that the edge is long enough to obtain at least
20 samples of the edge response. This should allow
reconstruction of the edge at a resolution at least
10 times greater than the resolution of the imaging
system, e.g. tarps with a length of 20 m are excellent
for use with 1 m or less GSI sensors.

2.3 Pulse target

A second type of useful target is a pulse target. This
consists of a uniformly bright region with two homo-
geneous dark regions such as grass on either side. The
boundaries between the light and dark regions are
straight edges. An example of such a target is shown
in Figure 6.

This target is designed to obtain a 1-D cross-section
of the system PSF. Its length is designed to obtain
several ‘slices’ of the PSF in the orthogonal direction,
similar to the length of the edge target. The orienta-
tion of the pulse target must be maintained so that the
over-sampled pulse response can be obtained from the
imagery.
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Figure 6. Blue tarp as a pulse input.

Usefulness of the pulse target is based on the GSI
of the sensor whose PSF is being estimated. For sen-
sors with a GSI in the 1-2 m range, an edge target is
probably a better target to use since both sides of the
edge are controlled more easily than a pulse type
target. For a larger GSI in the 3—10 m range, it is diffi-
cult to develop a target that is large enough and yet
deployable and maintainable, e.g. a 4m GSI sensor
requires an edge target 40 m in width (approximately
10 GSIs) to ensure there is no contribution due to
edge effects. This width is achieved easily in natural
objects such as asphalt parking lots or uniform grassy
areas. Deployment of bright tarps in the center of such
regions is often an attractive pulse target.

There are some disadvantages to pulse targets. One
is that the imaging system produces a pulse response
to the target and it is difficult to obtain the PSF directly
from the pulse response. Also, when calculating sys-
tem MTEF, a Fourier transform of the pulse response
function is required. Since the well-known Fourier
transform of a square pulse function is a sinc function,
it is necessary to deal with zero-crossings. The pulse
target width must be designed carefully to place the
zero-crossings at locations where the value of the MTF
is not critical to evaluating system performance. In
particular, since many systems are specified in terms
of the MTF value at Nyquist, care must be taken to
insure that a zero-crossing does not occur near this
frequency. Figure 7 illustrates the amplitude of the
input function at the Nyquist frequency as a function
of tarp width measured in pixels (or GSI).

From the figure, it is apparent that if zero-cross-
ings are to be avoided, the width of the pulse should
be as narrow as possible, say one GSI or less. How-
ever, the difficulty is that the strength of the signal
received by the sensor from the narrow pulse width
decreases linearly as the width of the pulse. As a result,
the SNR is compromised and a good estimate cannot
be obtained. Practice has shown that a pulse width of

Best tarp width

Normalized input at Nyquist frequency

0 1 2 3 4 5 6
Input tarp width

(Pixels)

Figure 7. Nyquist frequency position on the input sinc
function based on tarp width.

three GSI is optimal for this type of target. With this
width, a good compromise is reached between obtain-
ing a strong signal and maintaining ample distance
from placing a zero-crossing at the Nyquist frequency.

Deployment of pulse targets is more difficult than
edge targets. With an edge target, only one straight
edge is needed. With a pulse target two straight edges
are needed. Moreover, the two edges must be parallel
and separated by a precise distance. With both edge
and pulse targets, several pieces of target material are
often used to create the desired target size. In these
cases, it is important to join the sections so there is no
change in reflectance at the seams. Lastly, pulse tar-
gets should deliver a high reflectance across the
wavelengths of interest.

2.4  Impulse target

To measure the PSF of an imaging system, it is desir-
able to use a point source as the target. This has proven
to be difficult, but attempts have been made using a
passive source (Evans 1974). An advantage is that a true
2-D PSF can be produced. A complicating factor is
that many high-spatial-resolution sensors are pointable,
so it is difficult to determine where the sensor will be
when it images the target. This becomes a very diffi-
cult problem if the target is directing a radiance source
towards the sensor.

One approach has been to deploy a convex mirror
system as an array of point sources. These mirrors can
be designed to reflect the Sun’s energy over a given
solid angle so that it can be imaged by a pointable
sensor. They can also be designed to reflect the right
amount of energy so that a strong signal is received by
the imaging system without saturation. An array is
required for sampled data imaging systems much like
a long edge or pulse target is needed for 1-D estima-
tion of the PSE. In this case, each mirror produces a
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Figure 8. An example that relates incident energy at the

convex mirror and at sensor.

sampled response of the PSE. By properly placing
the mirrors in an array, an oversampled PSF can be
reconstructed.

The relation between incident energy at the convex
mirror and incident energy at the satellite sensor can
be developed using geometric optics (Hecht 1998).
The viewing geometry is shown in Figure 8. Assume,
without loss of generality, the incident angle of the
sun with respect to the mirror is zero, a; = 0.

From geometric optics, the following relationship
can be derived:

d 2
A = 2 sat 1 8
et 0

where, y; = radius of the circle made by circular cross-
section of the convex mirror, d,,, = altitude of the
satellite from the Earth’s surface, f'= focal length of
the convex mirror, and 4; = area of the circle through
which the convex mirror projects light at a distance
d,,, from the mirror.

From the law of conservation of energy, power
received at the satellite sensor (P,) is equal to the power
incident (P;) on the mirror.

)

where, E, is at-sensor irradiance [W/m?], E; is solar
irradiance [W/m?].

As the reflected energy passes through the atmos-
phere, a part of it is reflected, some is scattered, and
some is absorbed before reaching the sensor. Further-
more, only a fraction of this energy is captured by the
sensor. The sensor has an internal gain that amplifies
this energy to a larger quantity. All of these compo-
nents can be represented in a composite way by a
scaling factor, ‘k’, and the energy relationship can be
written as

(12)

Thus, the above relationship relates the focal length
of the convex mirror to the orbital height of the satel-
lite and the amount of energy the satellite receives.
Unfortunately, it is difficult to accurately determine
the scaling factor, ‘k’. One approach is to use an atmos-
pheric model to predict the amount of attenuation
expected at the site of interest, and to use the pub-
lished gain of the sensor to estimate a nominal focal
length for the mirror. Then, an inexpensive mirror of
this size can be deployed and the instrument response
can be measured. Based on this result, an accurate
estimate of the scaling factor can be determined and
the mirror focal length can be calculated precisely.
The focal length should be designed so that the peak
sensor response is on the order of 75 percent of its
dynamic range. This exercises the sensor over a broad
portion of its dynamic range yet insures adequate pro-
tection from saturation of the sensor. As an example,
this process led to a focal length of 0.67 m for a con-
vex mirror array designed for the QuickBird sensor.

An array of mirrors must be deployed to produce
an over-sampled estimate of the system PSF. This
implies that both the mirrors, and the background area
surrounding the mirrors, must be uniform. The num-
ber of mirrors used should be as large as is practical
for the sensor and site. Experience has shown that
15-20 mirrors can produce good results.

Deployment of the mirror array depends on the
GSI of the sensor. The following guidelines must be
followed to place the mirrors so they are properly
phased for reconstruction of the PSF. First, the indi-
vidual mirrors must be far enough apart so that the
PSF region of support from one mirror does not over-

P =P (9) lap any adjacent mirrors. For many systems, the PSF
does not extend over 3-GSI. Thus, a minimum mirror
EA =EA (10)  separation of 5-GSI should be adequate.
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A second criterion to consider is how many mir-
rors to deploy. This will drive the sampling grid lay-
out. Consider using a 20-mirror array to over-sample
a PSF function. One possible uniform sampling layout
is shown in Figure 9a. Here a 0.25-GSI spacing is used
in the cross-track direction and a 0.2-GSI spacing in
the along-track direction. To insure that the mirrors
are far enough apart, the physical spacing between
each mirror should be at least 5-GSI, or in this case:

Ax=0.25M >5-GSI , Ay=0.2N >5-GSI (13)

where M, N are integers. Choosing Ax = 1.25-GSI
and Ay = 10.2-GSI insures the above constraint is
met and defines the angle of orientation of the mirror
array with respect to the sampling grid of the sensor,

tan @ = Ax (14)
Ay

which yields an angle of 7 degrees. The resulting mir-
ror layout is shown in Figure 9b. The distance between
rows of mirrors is arbitrary, but must satisfy the above
constraints. The number of mirrors per row and num-
ber of rows are primarily determined by physical size
and orientation of the target site.

Since the size of the mirrors can be physically large
compared to the IFOV of the sensor, care must be taken
that the sensor is really imaging a point source (Slater
1980). In practice, the convex mirror design results in
an image of the Sun that is physically very small (on the
order of a few millimeters). This can be shown in the
following development. From basic optical theory:

=—+

(15)

Q|-

1_1
fp

where p = Object distance (approx. 1.5 X 10''m);

q = image distance; and /' = focal length. For convex
Mirrors:

f=-R2 (16)

where R = the radius of curvature of the mirror.
Substituting this relation in Equation 15 yields

(7

Now, since ¢ << p, this relationship can be approxi-
mated as

=8
q=-2 (18)

and it can be seen that ¢ is on the order of 1 m in size
for mirrors for this application. From geometric optics,
magnification ‘M’ can be defined as,

M=—_61

(19)
p
Magnification can also be represented as:
D,
M==r 2
= 20)

where D; = the diameter of the image, i.e. diameter
of the image of Sun inside the mirror; D, = the diam-
eter of the object, i.e. diameter of Sun = 1.4 X 10°m.
Rearranging this yields

D, =-4p, @1

p

Using the values for these parameters yields an image
diameter for the Sun on the order of millimeters to
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centimeters in size. Thus, the Sun’s image is signifi-
cantly smaller than the IFOV of typical high spatial
resolution sensors.

However, the mirror itself may be 1 m or so in diam-
eter. Thus, the target seen by the imaging system con-
sists of three components: the Sun; the surrounding
mirror area; and the surrounding background region
beyond the mirror. The surrounding mirror area is a
reflection of the diffuse radiance obtained from the sky.
The surrounding background region beyond the mir-
ror is the combined direct and diffuse radiance com-
ponents from the Sun and sky, respectively, reflected
from that surface. Therefore, it is important for the
surrounding background region beyond the mirror to
have an upwelling radiance component similar to the
amount of radiance produced by the surrounding mir-
ror area in order for this target system to be viewed by
the sensor as a bright point surrounded by a uniform
darker background.

3 PROCESSING TECHNIQUES

Once the targets have been deployed and imaged, it is
necessary to process the imagery to obtain estimates
of the PSF/MTF. The type of processing required is
largely dependent on the type of target used, e.g. an
edge target yields an edge response function that can
be differentiated to obtain a PSF. However, a pulse
target gives a response function that is analyzed easily
in the Fourier domain to obtain an MTF.

3.1 Non-parametric approaches

A decision to make when processing image data to
obtain a PSF estimate is whether or not to follow a
parametric or non-parametric approach, i.e. will the
approach assume an underlying analytical model that
accurately describes the imaging system? Both
approaches have advantages and disadvantages.

3.1.1 Underlying model assumptions

One general approach is to assume no knowledge of
the imaging system PSF. In this sense limitations on
the shape of the PSF are minimized. As an example,
many imaging systems can be modeled with an approx-
imately Gaussian PSFE. It is easier to estimate a few
parameters that describe the Gaussian function than it
is to estimate the value of the PSF at every point of its
surface. However, if the underlying PSF is decidedly
non-Gaussian, the parametric model will be inaccu-
rate. Disadvantages of the non-parametric method
include the need for additional processing and a sus-
ceptibility to noise. Thus, in practice it is generally
best to follow a parametric method when an underly-
ing model exists, and a non-parametric approach when
such information is unavailable.

3.1.2  SNR definition

One important figure of merit for estimating the
accuracy of PSF estimation is the SNR. Since there is
no standard definition for SNR in PSF estimation,
one is suggested in Figure 10 that is helpful. For an
edge target, the difference between the dark and
bright area pixel values (often measured in terms of
digital numbers, or DN) is divided by the one-sigma
standard deviation noise level to get SNR. For a pulse
target, the difference between maximum average
value and the background area brightness level were
divided by the one-sigma standard deviation noise
estimate of the background areas. Research on the
relationship between SNR and MTF values at
Nyquist was done by Choi (2003). Results of this
work suggested a minimum SNR value existed
(SNR > 50) for estimating stable MTF values at
Nyquist with edge target methods.

3.1.3 Edge detection and alignment

Since both the edge and pulse targets produce 1-D
PSF estimates based on aligning several ‘slices’ of
image samples to obtain over-sampled reconstructions
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Figure 10. SNR for edge and pulse targets.
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of the target, it is necessary to locate accurately the
position of the edge in each of the slices to align
them. When noise is present in the imagery, this can
be difficult.

Instead of using a numerical edge detection method
based on differentiation, a more accurate model-based
parametric method was developed to detect sub-pixel
edge locations. The Fermi function was chosen
(Tzannes & Mooney 1995) to fit to the ESF:

fx)= -4 +d (22)
CXP[M - l:l

c

Another underlying assumption is that the edge of
the target is a straight line. Any deviation from the
line represents errors in the geometry of the image
and a potential contribution to the overall MTF of
the system. With this thought in mind, all edge cross-
sections were forced to lie along a straight line. This
final edge alignment process was achieved by fitting
a line through the sub-pixel edge locations obtained
from the previous step and declaring the actual edge
locations to be on the line instead of where the pre-
vious algorithm step indicated the location to be.
Results of the process are illustrated in §4.

3.1.4 Interpolation scheme

Three different data interpolation algorithms were
developed: spline, sliding-window interpolation, and
modified Savitzky-Golay (mSG) filtering. Spline
interpolation was developed as an initial PSF interpo-
lator for IKONOS MTF measurements (Helder 2001,
2002). Cubic spline interpolation was used to resam-
ple the profile of each line with a uniform spacing of
0.05 pixel. A second sliding-window interpolation
method was designed to obtain uniformly spaced data
points for an averaged profile. Both of these tech-
niques smoothed the edge transition area, essentially
averaging the profiles so that sharp transitions were
not captured. In other words, the profile did not fully
follow the data trends. This phenomenon signifi-
cantly affected MTF estimates at higher frequencies.
By using a generic sensor modeling approach (Choi
2003), static MTF estimation errors were calculated
from these two methods. System frequency response
from spline and sliding-window interpolation with
edge targets under-estimated the system’s original spa-
tial resolution capability by as much as 55 percent and
13 percent, respectively. A novel interpolation method
was needed that did not dampen high frequency com-
ponents in the edge or pulse profile.

The aim of Savitzky-Golay (SG) filtering is to find
filter coefficients that preserve higher moments to
approximate the underlying function within a moving
window, not by a constant whose estimate is an aver-
age, but by a polynomial of higher order, typically

quadratic. At a given filter location, a least-square fit
polynomial is found for the data points in the moving
window. The value of the polynomial at the center point
in the window is then chosen as the output of the fil-
ter at that location. When the window is shifted to the
next point, a whole new least-square process is per-
formed for the new window. This is repeated at each
location in the data set. Unfortunately, this method was
only defined for equally spaced data.

A major problem is that data points after edge
location alignment are unequally spaced, as shown in
Figure 11. Thus, the SG filter was modified to accept
unequally spaced data points as input, and produce
equally spaced data points as output. This modified
technique, termed the modified Savitzky-Golay filter
(mSQG), still fits a polynomial to the data within the
window, but uses an alternative optimization method
to find the polynomial coefficients. Once the poly-
nomial coefficient values are known, the polynomial
is evaluated at the center of the window to obtain an
output value regardless of whether an input data point
exists at that precise location. Figure 11 illustrates the
mSG filter methodology. This approach was the most
accurate of all approaches mentioned, but still under-
estimates the PSF slightly (on the order of 5 percent).

Once the edge or pulse response function has been
aligned and interpolated, it is possible to determine
the PSF or MTF. Only a differentiation step is needed
for the edge-based method. The differentiated ESF is
the LSF. This step was performed by a simple
numeric differentiation described by

LSF(n)=ESF(n)— ESF(n+1) (23)
As the differentiation process always reduces SNR,
smoothing is sometimes employed in this step (Greer
2000). However, convolving with a spatial mask always
smoothes the ESF profile around the transition area,

MSG filtering with raw data

ottt e e g -+ 2nd order polynomial
700F 4
ion point
] .
600) { s
> ot

500) ! Wintiow shifted 0.05 pixel
z I ito thé right and found least
[a) 'squarg error fitting 2nd

400+ > [Horder polynomial

- "Desl;?d output resolution
300 .

200
One-pixel __,)
size window

.........

X .
] -4 -3 -2

Figure 11. Modified SGolay filtering with 1-pixel window
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which will cause degradation of the final PSF/MTF
estimate.

To avoid this undesirable smoothing and increase
SNR, another SG filter was applied to the LSFE
Normally a 1-pixel wide window and second order
polynomial filtering are used. Lastly, the LSF profile
was trimmed to reduce the noise present in the uniform
background areas on either side of the edges. The over-
all length of the LSF should be significantly larger than
the region of support for the PSF. Fourier transforma-
tion is applied to the trimmed LSF to obtain the MTF
by dividing the absolute transformed function values
by the first absolute value, i.e. the DC value.

Processing for pulse type targets is similar to edge
targets with a couple of exceptions. First, one side of
the pulse target must be chosen to perform the edge
alignment step. Since the pulse response function is
obtained after interpolation, the LSF cannot be found
directly. Instead the function may be transformed via
Fast Fourier transform and divided by the input sinc
function to obtain the MTF after proper normalization.

3.2 Parametric approaches

Parametric approaches will be illustrated by point
source targets. The algorithm first determines peak
locations of each synthetic point source data set to sub-
pixel accuracy using a parametric two-dimensional
Gaussian model. The individual point source data sets
are aligned along their model-estimated center posi-
tions to a common reference. Then, the 2-D model is
applied again to estimate the overall PSE. A Fourier
transform is applied to the PSF and normalized to
obtain the corresponding MTEF, as shown in Figure 12.
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Figure 12. Impulse technique using parametric two-
dimensional Gaussian model.
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The various steps of the algorithm development are
described in additional detail in the following sections.

3.2.1 Underlying model assumptions

Often, the form of the PSF of an imaging system can
be assumed to be known. This may be due to accurate
measurement of the PSF prior to flight, or through
well-understood modeling of the system. When this is
the case, and in-flight validation of the PSF is required,
an underlying model can be utilized to obtain more
accurate estimates of the PSF during flight. This
greatly simplifies the problem since only a limited
number of model parameters need to be estimated, as
opposed to estimating the value of the PSF at every
location in its region of support. The effects of system
noise are reduced using this approach. It is very use-
ful also when the amount of over-sampling that can be
obtained is limited. Thus, this method was found to be
especially appropriate for use with point source tar-
gets. In this case, the over-sampling that can be
obtained is limited by the physical size of the target
array, and, at the same time, the dimensionality of the
function being estimated is doubled. This process is
illustrated in the following discussion. The under-
lying PSF model is assumed to be Gaussian, which is
a commonly used PSF for many imaging systems.

3.2.2  Alignment of target samples

As in the 1-D cases discussed previously, the first step
is to align the individual mirror responses. This can
be difficult since the mirror array is designed pre-
cisely not to be centered or aligned with the imaging
sensor sampling grid. An example is shown in Figure
13a, b. Figure 13a shows the pixels for a synthetic
image of one mirror. Figure 13b shows a plot of the
values of these pixels with respect to their image loca-
tions. With this sparse data set, it is difficult to deter-
mine that the underlying PSF is Gaussian. Since there
is no guarantee that the brightest pixel represents an
image sample precisely centered on the mirror loca-
tion, it is necessary to estimate where the mirror was
located with respect to the sampling grid. This is done
by fitting a Gaussian surface to the data. The particu-
lar algorithm used to accomplish this is not critical.
A commonly used method is the Nelder-Mead down-
hill simplex algorithm (Lagarisa 1998). An example
of the resulting surface is shown in Figure 13c. The
location of the peak of this surface is an estimate of
the location of the mirror with respect to the imaging
system’s sampling grid.

Successful use of any optimization algorithm
requires initial estimates of model parameters. These
can be obtained from inspection of the pixel samples.
Results of a Gaussian fit to the data in Figure 13.
Table 1 lists actual and model predicted peak locations
of the example data.
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Table 1. Comparing actual and model parameters.

Noiseless X-mean position  Y-mean position
synthetic (cross-track) (along-track) Peak
point sources  [pixel] [pixel] DN
Actual 2.96 2.95 1196
Model 2.97 2.95 1200
Initial values 3.0 3.0 1000
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Figure 14.  Aligned point source data.

Once model estimates of peak location were
obtained from all of the available point source data
sets, the point source data sets can be aligned such that
the estimated model peak locations are at a common
reference location as shown in Figure 14. Twenty sim-
ulated noiseless data sets were used and the results
were limited to a 3 X 3 window. While the data are still
rather sparse, an overall surface shape is apparent.

3.2.3 PSF/MTF estimation

Once the data from all mirror responses are aligned, a
final 2-D Gaussian surface can be fitted using the same
approach described for individual mirror responses.
The resulting model should be centered at the origin.
The standard deviations in the ‘X’ (across-track) and
Y’ (along-track) directions are indications of the width
of the marginal 1-D PSF functions. One-dimensional
slices of this function are shown in Figure 15a and
15b. Full-width half-maximums (FWHM) values for
the marginal PSF’s can be calculated directly from
these standard deviations. Fourier transformation of
the surface leads to a 2-D MTF function.

4 HIGH-SPATIAL-RESOLUTION SENSOR
EXAMPLES

Examples and processing methods of the use of vari-
ous targets are presented for both the IKONOS and
QuickBird sensors. A target site has been developed
in Brookings, SD, consisting of gently rolling grassy
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region approximately 2.8 hectares in size. For
PSF/MTF characterization of high-spatial resolution-
sensors, a variety of targets are deployed as shown in
Figure 16. These consist of an edge target (lower left),
pulse target (upper left), and a point source array
(right edge).

4.1 Edge method procedure

Four plots illustrating the processing procedure are
shown in Figure 17 (a—d). Figure 17a shows edge
detection and the least square error line. Edges for
each image ‘slice’ are designated with a circle. The
center of the circle is aligned where the estimated
center of that slice is located. The line intersecting the
circles is the least squares estimate of the complete
edge. It also gives the estimated edge angle.

Each pixel from Figure 17a contributes a data
point in Figure 17b to construct the over-sampled
aligned edge profile. Second order polynomial fitting
and a one-pixel window mSG filter was applied to

Figure 16. Target layout plan.

this non-uniformly distributed data to produce a uni-
formly sampled profile, which is shown as a solid line
in Figure 17a. Differentiation and normal fourth order
Savitzky-Golay filtering was applied to obtain the
smooth LSF shown in Figure 17c. Finally, Fourier
transformation was applied to obtain the MTF plot in
Figure 17d. This particular example had an excellent
SNR of 141.

Overall results using this method on all three dates
from 2002 show that FWHM values varied from 1.43
to 1.57 pixels. Larger FWHM values contributed the
smaller MTF values at Nyquist, and similarly, smaller
FWHM values produced larger MTF values.
Conversely, sharper LSF profiles in the spatial domain
contain more high frequency components in the
Fourier domain. The process is repeatable using this
technique. FWHM values ranged from 1.44 to 1.57
pixels and MTF at Nyquist ranged from 0.13 to 0.18.

4.2 Pulse method procedure

A processing method sequence similar to the edge
method was performed also for a pulse target. The tar-
get consisted of eight tarps 3m by 30m in size and
arranged in a 4 X 2 pattern to produce a width opti-
mized for the IKONOS sensor’s multispectral bands.
This sensor has a multispectral GSI of approximately
4m. While these tarps are not spectrally flat, they
are very bright in the blue (0.5 um reflectance) and
the near infrared (>0.6 um reflectance) bands. The
data from an IKONOS overpass of the Brookings test
site on July 3, 2002. Figure 18a shows the sub-pixel
location of the left edge of the tarps in a row-by-row
fashion as identified by the circles. The complete
pulse profile after alignment of all rows (=102.03)
(Fig. 18b) showed excellent SNR using the mSG inter-
polation filter. Superimposing the interpolated pulse
response function with the input pulse function and
FWHM resulted in an FWHM of 2.8689 pixel (Fig.
18c). The MTF at Nyquist was 0.4511. Figure 18a—¢
illustrates the process sequence. Figure 18d, e shows
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the Fourier domain input and output, and the resulting
MTF function, respectively.

Results from analysis of the IKONOS Blue band is
shown in Table 2 for three dates in 2002 for the
Brookings site. Note that the SNR varied over a
broader range of values for these three dates, as did
the FWHM and MTF estimates. This is typical of a
pulse type target since there are two edges, and the
background region on either side is not controlled
precisely.

4.3 Point target using QuickBird data

As an example of point source targets and parametric
modeling, two QuickBird images are presented from
August 25 and September 7, 2002 overpasses of the
Brookings, SD site. On both dates, an array of convex
mirrors was deployed. A 2-D Gaussian model was
applied to the individual mirror responses to estimate
the peak position and their corresponding peak DN
values.

Figure 19a—d show the data for mirror #7 from the
September 7 scene. It is apparent, visually and from
examination of the DN values within the cropped
window, that the blurring is asymmetric in both the
cross- and along-track directions. Application of the
proposed model to this data set yields peak position
estimates that are shifted about 0.36 pixels right and
about 0.72 pixels above the center of the brightest
pixel.

Similarly, a 2-D Gaussian model was applied to all
the mirror responses of August 25 and September 7,
2002 QuickBird data to estimate their peak positions.
Once estimates of peak location were obtained for all
mirrors on both days, the mirror data were aligned to
obtain the oversampled PSF of the mirror responses
shown in Figure 20a,b.

Figure 20c,d display the least square error
Gaussian surface and the aligned mirror data of
August 25 and September 7 respectively. The
Gaussian surface model does not pass through the
data from mirrors #4, #15 and #17 from the August
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25 scene. Those mirror data were most likely
degraded due to errors in mirror placement, as well as
effects due to a spectrally non-uniform and spatially
uneven background. Similarly poor fits to the model

surface were observed with the data from mirrors #2,
#3 and #7 in the September 7 scene. The model
parameters and RMSE values of both dates are shown
in the figures and are listed in Table 3. The peak
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position on both days is at the center (0,0). The “Y'std’
(0.59) is greater than ‘Xstd’ (0.58) on August 25,
indicating more blur in the along-track compared to
cross-track. This is attributed most likely to the motion
of the satellite in the along-track direction. A similar
increase in blur is observed on September 7 (Xstd =
0.57, Ystd = 0.58). On both dates, the error between
the surface model and the actual data, as given by the

Table 2. IKONOS blue band analysis on 2002.

FWHM
Date (pixel) MTF at Nyquist SNR
6/27/2002 2.9149 0.4722 55.7
7/03/2002 2.8689 0.4511 102.0
7/22/2002 2.8336 0.3347 82.1

Xmean =.26.2471
-Ymean = 68.3297
Xstd . =0.5104
Ystd . =0.5354
Peak =1018.2276
RMSE =27.05
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RMSE, is fairly small. The mean DN value of the
grass background from August 25 (335) is greater
than September 7 (306). The grass background on
August 25 was more reflective than on September 7
indicating that the grass was brighter and probably
drier on August 25. The standard deviation (Noise
Stdev) of the grass was less on September 7 than on
August 25, indicating slightly more uniformity on
September 7.

Marginal PSF’s in the along-track and across-track
directions were obtained from the two-dimensional
PSF to compare the FWHM measurements with the
results obtained from using a 1-D edge target. First,
Figure 21a shows the PSF plots of August 25 (solid
line) and September 07 (dashed line) in cross-track
and Figure 21b in the along-track direction. The
FWHM value of August 25 data is greater than
September 07 data, as shown in Table 4. The relative
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Figure 19. Peak estimation of Sept 7, 2002 mirror #7 data: (a) mirror #7 image; (b) pixel values; (c) raw data; and, (d) 2-D

Gaussian model.

166

Copyright © 2004 Taylor & Francis Group plc, London, UK



error between August 25 and September 7 FWHM
values for cross-track and along-track is shown also
in Table 4.

The increased blurring on August 25 may result
from atmospheric scattering and manual errors dur-
ing mirror placement. The humidity on August 25
was 60 percent, compared to 48 percent on
September 07, which may be responsible for the
increased blurring. From Table 4 it is evident that the
FWHM in cross-track and along-track direction on
either day are about the same except for a slight
increase in the along-track direction compared to
their respective cross-track FWHM. The difference
(0.001 pixel on August, 0.002 pixel on September
07), even though small, may be attributable to blur
caused by satellite motion in the along-track direc-
tion. Note that there is excellent agreement between
the edge target approach FWHM = 1.45 from Figure
17¢) and the point source target approach (average 2-
date FWHM = 1.41) in estimating the cross-track
FWHM for the QuickBird sensor.

" Xmean = 0.0000
“¥mean = 0.0000

i eXstd.= 056793
. Ystd-.. = 0.6872
s Peak.. ='1390.1177
- RMSE =61,04

... Noise Mean = 335.18
. Noise Stdev =10.16
- =103.57

The measured MTF values also indicate similar
trends in along-track and cross-track directions as the
FWHM values, except that, as the FWHM value
increases, the MTF value decreases. Figure 22a
shows the MTF plots of August 25 (asterisks) and

Table 3. Comparison of model parameters, background
data and SNR of August 25 and September 7, 2002
mirror data.

August 25,  September 7,
Parameters 2002 2002
Xmean [pixel] [cross-track] 0 0
Ymean [pixel] [along-track] 0 0
Xstd [pixel] [cross-track] 0.58 0.57
Ystd [pixel] [along-track] 0.59 0.58
Peak [DN] 1390 1191
RMSE 61.04 66.79
Noise Mean [DN] 335.18 305.64
Noise standard deviation 10.16 9.85
SNR 103.67 90.24

““Xmean = 0.0000
Ymean.= 0.0000

1800 Xstd .= 0.5706
1600 “Ystd .= 0:5656 -
1400 Peak . =1191.269
1200 ~+..RMSE =66,79

% 1000 ..Noise Mean = 305.64

Noise Stdey ='9.85
~..=90.24

(d)

Figure 20. Gaussian Surface fit for aligned mirror data of August 25 and September 7, 2002, QuickBird images: (a) August
25 mirror data; (b) September 7 mirror data; (¢) August 2-D PSF; and, (d) September 2-d PSE.
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Table 4. Comparison of FWHM from August 25 and
September 07, 2002 QuickBird mirror data.

Full-Width at Half-Maximum

Mirror data measurement [FWHM]

Cross-track Along-track

Overpass date [pixel] [pixel]
August 25, 2002 1.427 1.428
September 7, 2002 1.396 1.398
Relative Error (%) 2.17 2.10

September 07 (diamonds) in the cross-track direction.
In Figure 22b for the along-track direction, the
August 25 data are shown as diamonds; the
September 7 data, as asterisks. Table 5 compares
MTF values at the Nyquist frequency, which is a com-
monly used value for specifying system performance.

5 CONCLUSIONS

In-flight estimation of PSF and MTF is possible with
suitably designed targets well adapted for the type of

August 25 and September 07 MTF plots in cross-track
direction; and (b) August 25 and September 07 MTF plots in
along-track direction.

Table 5. Comparison of MTF from August 25 and
September 7, 2002 QuickBird mirror data.

Mirror data MTF values @ Nyquist

Days/direction Cross-track Along-track
August 25,2002 0.163 0.162
September 7, 2002 0.190 0.189
Relative Error (%) 16.60 16.70

sensor under evaluation. The spatial and spectral
properties of the sensor are major considerations
when targets are developed. In general, sensors with
larger GSI’s are more difficult to evaluate. With the
current progress in high spatial resolution systems, it
may also become more difficult to build appropriate
targets. Point source approximations will necessarily
become smaller, and target material uniformity may
be more difficult to obtain. However, with current
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resolutions in the sub-meter to several meter range,
appropriate targets can be fielded to obtain PSF and
MTF estimates.

Edge targets are most commonly used. An advan-
tage of this is that the imaging system’s response to an
edge is intuitively attractive and can be well under-
stood by laymen. In addition, it is easy to derive a
1-D PSE. Targets are easy to maintain and deploy, very
high SNR can be obtained leading to accurate PSF
estimates, and a variety of materials and approaches
can be used to develop such a target. Drawbacks are
that only a 1-D estimate is possible and larger sensor
GSI make this target difficult to deploy. In many
ways, this is probably the best 1-D in-flight target for
most applications.

Pulse targets are useful for 1-D PSF estimates in
situations where the GSI of the sensor makes an edge
target difficult to deploy. While good results can be
obtained, limiting factors include controlling back-
ground regions on either side of the pulse, avoiding
zero-crossings when designing the target, and directly
deriving the PSF. However, this target may be optimal
for a range of spatial resolutions that are larger than
what is feasible for an edge target.

Point source targets have not been as widely used
historically, but show great promise for sensors in the
sub-meter to several meter GSI range. These targets
can be developed from convex mirrors and placed in
an array that can be shaped to best fit the available
test site. These targets provide a true 2-D estimate of
the PSE. This promising approach agrees well with
results from 1-D edge target approaches. More work
is warranted for optimizing this method.

Processing techniques are important to obtain
accurate PSF and MTF estimates. Improper process-
ing can result in estimates that have a large systematic
bias due to the PSF of the processing system itself.
Thus, it is important to use processing techniques that
contribute minimally to the PSF estimate.

Processing techniques can be divided largely into
two forms: parametric and non-parametric methods.
Non-parametric methods are most advantageous
when not enough information is known about the
imaging system to assume an underlying model. In
these cases, non-parametric processing can provide a
truer picture of the PSF. In fact, a non-parametric
method can be used potentially in all PSF estimation
situations. It is clearly sub-optimal when an underly-
ing model exists and can be used confidently. In these
situations, the advantages of a parametric approach
clearly outweigh the versatility of the non-parametric
method. Parametric approaches are significantly less
sensitive to noise, and estimation of a few parameters
is far easier than estimation of an entire function. In
some situations, a non-parametric method may be an
effective initial estimate of the PSF. Results from this
first analysis may indicate that an underlying model is

appropriate. From there a parametric technique can
be employed to estimate the model parameters.

While in-flight PSF estimation techniques have
been available for several decades, the advent of high
spatial resolution commercial sensors require their
further refinement so that accurate estimates of image
quality can be made during the operational mode
of these systems. With properly designed targets
and processing techniques, these estimates can be
obtained accurately to ensure adequate quality of the
imagery.

ACKNOWLEDGMENTS

The authors would like to thank the JACIE team at
Stennis Space Center for their support. This project
was funded under NASA grant NAG1303023.

REFERENCES

Cao, X., Huang, H K. & Shyhliang, A.L. 2000. A novel algo-
rithm for measuring the MTF of a digital radiographic
system with a CCD array detector. In J.T. Dobbins III &
JM. Boone (eds), Medical imaging 2000: physics of
medical imaging. Proc. SPIE 3977: 580-589.

Choi, T. 2003. Generic sensor modeling. In Proceedings of
the 2003 High spatial resolution commercial imagery
workshop, Reston, VA, USA, 19-21 May 2003.
NASA/NIMA/USGS Joint Agency Commercial Imagery
Evaluation Team, CD-ROM.

Coltman, J. W. 1954. The specification of imaging proper-
ties by response to a sine wave input. J. Opt. Soc. Am.
44(6): 468—471.

Droege, R.T. 1979. A megavoltage MTF measurement tech-
nique for metal screen film detectors. Med. Phys. 6(4):
272-279.

Evans, W. 1974. Marking ERTS images with a small mirror
reflector. Photogr. Eng. 40(6): 665—671.

Feltz, J.C. 1990. Development of the modulation transfer
function and contrast transfer function for discrete sys-
tems, particularly charge-coupled devices. Opt. Eng.
29(8): 893-904.

Greer, P.B. 2000. Evaluation of an algorithm for the assess-
ment of the MTF using an edge method. Med. Phys.
27(9): 2048-2059.

Hecht, E. 1998. Optics. (3rd ed.) Reading, MA: Addison-
Wesley.

Helder, D. 2001. Techniques for on-orbit spatial characteris-
tics of IKONOS. In Proceedings of the 2003 High spatial
resolution commercial imagery workshop, Reston, VA,
USA, 19-21 May 2003. NASA/NIMA/USGS Joint
Agency Commercial Imagery Evaluation Team, CD-ROM.

Helder, D. 2002. On-orbit spatial characteristics of
IKONOS. In Proceedings of the 2003 High spatial reso-
lution commercial imagery workshop, Reston, VA, USA,
19-21 May 2003. NASA/NIMA/USGS Joint Agency
Commercial Imagery Evaluation Team, CD-ROM.

169

Copyright © 2004 Taylor & Francis Group plc, London, UK



Hong, Q.H., Lettington, A.H. & Macdonald, J. 1996.
Measuring the MTF for focal plane arrays using random
noise targets. Meas. Sci. Technol. 7(7): 1087-1091.

Irvine, JM. 1996. A methodology for developing image
interpretability rating scales. ASPRS/ACSM Annual
Convention & Exposition Technical Papers 1: 273-281.
Bethesda: ASPRS/ACSM.

Kaftandjian, V. 1996. A comparison of the ball, wire, edge,
and bar/space pattern techniques for modulation transfer
function measurements of linear x-ray detectors. J. X-ray
Sci. & Tech. 6(6): 205-221.

Lagarias, J.C. 1998. Convergence properties of the Nelder-
Mead simplex method in low dimensions. SIAM J.
Optimiz. 9(1): 112-147.

Leachtenauer, J.C. 1996. National imagery interpretability
rating scales overview and product description. ASPRS/
ACSM  Annual Convention & Exposition Technical
Papers 1: 262-272. Bethesda: ASPRS/ACSM.

Markham, B. 1985. The Landsat sensor spatial response.
IEEE Trans. Geosci. & Rem. Sens. 23(6): 864-875.

Rauchmiller, R. 1988. Measurement of the Landsat
Thematic Mapper modulation transfer function using an
array of point sources. Opt. Eng. 27(4): 334-343.

Samei, E. 1998. A method for measuring the presampled
MTF of digital radiographic systems using an edge test
device. Amer. Assoc. Phys. Med. 25(1): 102—113.

Schowengerdt, R. 1985. Operational MTF for Landsat the-
matic mapper. In L.R. Baker & E.M. Granger (eds),
Image quality: an overview. SPIE 549: 110-116.

Slater, PN. 1980. Remote sensing optics and optical sys-
tems. Reading, MA: Addison-Wesley.

Storey, J. 2001. Landsat 7 on-orbit modulation transfer func-
tion estimation. In H. Fujisada, J.B. Lurie & K. Weber
(eds), Sensors, systems, and next-generation satellites V.
Proc. SPIE 4540: 50-61.

Tzannes, A.P. & Mooney, J.M. 1995. Measurement of the
modulation transfer function of infrared cameras. Opt.
Eng. 34(6): 1808-1817.

170

Copyright © 2004 Taylor & Francis Group plc, London, UK



Test ranges for metric calibration and validation of high-resolution
satellite imaging systems

G. Dial & J. Grodecki
Space Imaging, Thornton, Colorado, USA

ABSTRACT: Metric test ranges for satellite imaging systems have photo-identifiable features with surveyed
coordinates. Images of these test ranges are used to determine calibration parameters and to test system accu-
racy. The size of the test range, layout of the ground control points (GCP), and choice of photo-identifiable fea-
tures determines the utility of the test range and the accuracy of calibrations derived from it. In this paper, the
historical development of test ranges is traced for IKONOS™, as well as the application of those ranges verifying
design requirements, improving calibrations, and testing system accuracy. Lessons learned regarding ground
control points also are discussed. Test ranges used for IKONOS will be exhibited and the utility of those ranges

for various calibrations discussed.

1 INTRODUCTION

The IKONOS satellite launched September 24, 1999
provides high-resolution panchromatic and multi-
spectral satellite imagery. At nadir, the swath width is
11.3 km and the ground sample distance is 0.82 m for
the panchromatic sensor and 3.28 m for the multi-
spectral sensor. The multispectral blue, green, red,
and NIR bands approximate Landsat bands 1-4. From
its 681 km high orbit, IKONOS provides 3-day revisit
to mid-latitude locations.

Of particular interest is the metric accuracy of the
IKONOS system. IKONOS design requirements for
metric accuracy without ground control were 25m
circular error 90 percent (CE90) horizontal and 22 m
linear error 90 percent (LE90) vertical accuracy for a
stereo pair and 50 m CE90 for a monoscopic image
exclusive of terrain displacement. After recalibration
and test, IKONOS achieved 6 m CE90 horizontal and
10 m LE90 vertical accuracy for stereo and 8 m CE90
exclusive of terrain displacement for monoscopic
images without ground control. Relative accuracy is
similarly impressive: IKONOS imagery with ground
control achieves 2 m CE90 horizontal accuracy.

Specialized test ranges with high quality ground
control points were required to calibrate and validate
the accuracy of the system. The paper begins with the
test ranges established before launch, continues with
specialized tests used for in-flight calibration and test,
and concludes with a discussion of ground control
points (GCPs).
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2 PRE-LAUNCH TEST RANGES

Two test ranges were established pre-launch, one in
San Diego, California, and the other in rural Western
Australia. The purpose of the San Diego test range
was primarily to verify that the satellite met its design
requirements. These test results, reported in Cook
et al. (2001), were part of the sell-off of the satellite
from Lockheed to Space Imaging. The Southern Test
Range in Australia was designed specifically to test
satellite calibration. This pair of test ranges tested
performance in the northern and southern, as well as
the eastern and western, hemispheres.

2.1 Planning a test range

Considerations for planning a test range include (1)
geodetic control, (2) weather, (3) availability of suitable
ground control features, and (3) access.

If the test range is designed to test the absolute
accuracy of satellite imagery, it is necessary to know
exactly where the test range is. Geodetic grade GPS
equipment can measure relative displacement quickly
and accurately from a known point. Advanced coun-
tries have high quality geodetic control networks, such
as Australia’s continuously-operating global position-
ing system (GPS) network shown in Figure 1. Ideally,
the test range should be located near to a high accu-
racy geodetic control point.

Weather is also a primary consideration. The most
exquisite test range is of little value if it cannot be seen
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Figure 2. Cloud cover prediction for Dongara and Hobart
Australia.

through persistent cloud cover. Compare the predicted
weather for Dongara and Hobart shown in Figure 2. The
probability that clouds will cover less than 10 percent of
Dongara is about 40 percent, whereas the probability
for less than 10 percent cloud cover in Hobart is nearly
zero. The predictions from the weather database are not
completely reliable; indeed, an image was successfully
acquired from a research test range in Hobart on the
first attempt (Fraser et al. 2003, Fraser & Yamakawa
2003). Nonetheless, sites should be selected for high
probability of clear acquisition to minimize the time
required to calibrate and test the satellite.

A further consideration is availability of suitable
control points. It is expensive to place permanent
markers on the test range and to re-deploy those mark-
ers for every imaging access, so availability of perma-
nent features for ground control becomes important. It
is difficult to use natural features for ground control.
Bushes, trees, streams, and rocks do not possess the
well-defined geometric features permitting sub-pixel
positioning. Because paneling is not generally feasible,
and natural features typically lack well-defined,
photo-identifiable features, cultural features become
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Figure 4.

1 m by 2 m black rectangle on 1 m white pipe.

the ground control features of choice. Availability of
suitable ground control features leads one to use large
city and suburban areas for test ranges. Cities in the
desert southwest of the United States are particularly
suitable, considering their weather and gridded road
networks.

2.2 Southern test range

The Southern Test Range in rural Western Australia is
100km by 100km with 200 ground control points
(GCP)s laid out as shown in Figure 3. The intent of
this test range was to test large area mapping with a
minimum of control points. The west-most strip
includes two strong east-west lines of ground control
straddling a north-south line. The east-west lines were
intended to test IKONOS interior orientation while
the north-south line was to test exterior orientation.
Unfortunately, the features chosen were mostly too
small or had insufficient contrast to be reliably identi-
fied in test range imagery. An example of such a fea-
ture consisting of a 1 m by 2m black paint spot on a
white pipeline of 1 m diameter is shown in Figure 4.
The rectangle in Figure 4 identifies the black paint
mark finally located by a photo interpreter with eight
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years of experience working at the National
Geospatial and Intelligence Agency (NGA), formerly
the National Imaging and Mapping Agency (NIMA).
The interpreter reasoned that the black line was the
shadow of the pipeline, and that the white line above
it was the pipeline itself, and found the black marks
spaced 1 km apart along the pipeline. This experience
convinced the authors of the importance of human
sensory perception in spotting GCPs. The southern
test range pipeline marks made an important contri-
bution to the interior orientation recalibration described
below.

2.3 Northern test range

Space Imaging established its northern test range in
San Diego, California. Figure 5 is an overview of the
20km NS by 30 km EW area. It is populated with 140
cultural features. The width of the test range was
selected to be three IKONOS strips wide.

Features were selected and measured from a 1:600
precision aerial orthophoto with 0.5 m CE90 horizon-
tal accuracy and an accompanying digital elevation
model (DEM) with 1m LE90 vertical accuracy.

A

X

h 44 A A
a2 ®» L ‘N
A 4. Al (s
had A %)
X 4 »
A

L
3

Figure 5. San Diego Test Range.
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Selecting features from large-scale photography was
convenient because markings on playgrounds, streets,
and helicopter pads could be used without exposing
the surveyor and equipment to the hazards presented
by children, automobiles, or helicopters.

Initial imagery of the northern test range was
acquired between January 8 and February 7, 2000.
A stereo triplet, consisting of a stereo pair and an
interleaved monoscopic image acquired on the same
orbital pass, was acquired for the western strip. Same-
pass stereo pairs were acquired for the central and
eastern strips. Analysis of these data, reported in
(Grodecki & Dial 2001), showed that IKONOS met
all design requirements for metric accuracy. These
same images, known as the “San Diego 7” have on
occasion been made available to university researchers
and software developers to verify that user software
measurements are consistent with IKONOS ground
station results.

3 TEST RANGES FOR CALIBRATION OF
INTERIOR AND EXTERIOR ORIENTATION

The concepts of interior and exterior orientation of a
simple imaging system are illustrated in Figure 6.

Interior orientation comprises everything interior
to the camera from the perspective center of the opti-
cal system to the image detectors. Physically, interior
orientation results from mechanical alignments and
optical parameters such as focal length. The Field
Angle Map (FAM) describes the calibrated relation-
ship between detectors and field angles external to
the camera.

Exterior orientation comprises the position and
orientation (pointing direction) of the camera. For
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- Relates field angles to
image detectors
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Interior and exterior orientation.
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RPC Complete 3-D object to 2-D image mapping

Figure 6.
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satellite imaging systems, position is derived from the
satellite ephemeris and orientation is derived from the
attitude profile. Both position and attitude are func-
tions of time that must be correlated with the imagery.

3.1 Test range for interior orientation

It first became known that the original IKONOS cali-
bration for interior orientation could be improved
when studying a block of six side-by-side stereo
strips. When the imagery was adjusted with just one
GCP to correct absolute error, the residual error pat-
tern was strongly suggestive that there was a small
error in pixel scale of about 200 parts-per-million.
This scale error accumulated from the GCPs outward
to the edges of the block. Figure 7 shows the image
block and Figure 8 shows the residual error pattern.

A special test range was established near the main
office of Space Imaging. An area of gridded roads
was selected. Space Imaging personnel selected and
surveyed the GCPs. The points were arrayed along an
east-west line to be parallel to the sensor array. All
points would be acquired at nearly the same instant of
time, minimizing the impact of attitude changes dur-
ing image acquisition. The result was the “128th street”
test range shown in Figure 9.

Analysis of the data from the 128th Street test range
resulted in a new FAM calibration (Grodecki & Dial
2002) put online on November 19, 2001. After recali-
bration, the test range residuals were less than one
pixel (worst case), a remarkable achievement consid-
ering the difficulty of correctly locating GCPs and the
near-perfect calibration required. The calibration was
verified with new imagery of the pipeline from the
southern test range. Reprocessing the six stereo pairs
from Figure 7 that originally showed the problem did
the final verification. Residual errors after recalibra-
tion clearly are evident by comparing Figure 8 with
Figure 10.

3.2 Test range for exterior orientation

Exterior orientation is defined by the position and ori-
entation of the camera. For a satellite imaging system,
position is determined by the satellite ephemeris,
while orientation is a combination of satellite attitude
and camera interlock angles. Attitude is determined
by combining star tracker and gyro data. Interlock
angles orient the camera to the attitude determination
coordinate system. While ephemeris is determined by
onboard GPS measurements and attitude by stellar
reference, the interlock angles must be calibrated by
camera observations.

After initialization, IKONOS camera interlock
angles were refined with ground observations. Because
exterior orientation errors are somewhat random from
image to image, many observations are required to

Figure 7. Six IKONOS stereo pairs (rectangles) shown
with 60 GCPs (dots).
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Figure 8. Residual errors, shown as magnified arrows.
Worst case residual error is about 12 m.
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Figure 9. The 128th Street test range (bottom) shown
with line and sample residual error plots (top) after FAM
recalibration.
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Figure 10. Residual errors from the 6-stereo strip mapping
block after the FAM recalibration of November 19, 2001.
Worst case residual error is 2 m horizontal and 3 m vertical.

separate any bias errors from the random errors. To
eliminate survey accuracy and GCP observability as
issues, it is useful to use an easily visible target, accu-
rately surveyed, with many repeat observations.
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Figure 11. MTF target painted on asphalt used to measure
image edge response and exterior orientation. Excessive zoom
and nearest-neighbor resampling show the edge response.
The vertex of the three squares was used as the GCP.
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Figure 12. Historical trend of image position errors (exclu-

sive of terrain displacement) from May 2000 to December
2003, processed without ground control after the interlock
angle update.

Space Imaging painted the large target shown in
Figure 11 to test the edge response of satellite images.
This target was accurately surveyed, is easily meas-
ured, and so was used to test exterior orientation.

Historical imagery of the modulation transfer
function (MTF) target was processed using the target

coordinate as a GCP. The interlock angle adjustments
show considerable scatter during the early, initialization
period. Statistical control with less scatter was estab-
lished by May of 2000. The median average of the
interlock adjustments from May of 2000 to November
of 2001 was +4.5 micro-radian roll and —2.5 micro-
radian pitch (Grodecki & Dial 2002). Calibrations
were adjusted by this amount on January 31, 2002 to
correct for biases in all data processed after that date.
The median, rather than mean, average was used for a
more robust estimation of the bias error.

Figure 12 shows the historical trend of position
errors of the MTF and other nearby targets after the
interlock angles were adjusted. The data do not appear
to show long-term or seasonal trends, indicating that
the interlock angles have been stable. Within a single
image, all points show a consistent bias error of <10m,
showing good relative accuracy.

Key attributes of a test range to calibrate and mon-
itor exterior orientation are frequent observation of a
high quality GCP.

4 TESTING SYSTEM ACCURACY

While calibration test ranges require only a small
number of high quality GCPs, tests of system accu-
racy should be globally distributed and cover the entire
time span of system operation, thus they will require
large numbers of GCPs. Using GCPs from customer
orders has proven to be an economical approach to
system accuracy testing. Imagery collected for cus-
tomer orders can be reprocessed without using GCPs,
so they can be used to assess system accuracy. Even
low cost GCPs with 1 m CE90 horizontal and 2 m LE90
vertical accuracy are substantially better than uncon-
trolled system accuracy and so can be used for system
accuracy tests.

Two studies illustrate the use of imagery and GCPs
collected for customer orders to test system accuracy.
The first study (Dial & Grodecki 2002) used imagery
and GCPs collected to prepare a precision orthomo-
saic of Puerto Rico to determine the absolute and rel-
ative accuracy of long IKONOS image strips. The
second study (Dial & Grodecki 2003) tested the stereo
accuracy of IKONOS without ground control using
stereo imagery and GCPs from around the world.

4.1 Testing absolute and relative accuracy with
long image strips

The Puerto Rico orthomosaic project provided an
opportunity to test IKONOS accuracy in relatively
long strips. Eighteen strips more than 50km long
with five GCPs or more were selected for study. The
strips were reprocessed without ground control. The
RPC camera model (Grodecki 2001, and Tao & Hu
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Figure 14. Absolute image error measurements from 18
image strips in Puerto Rico.

2001) was used to predict the image line and sample
coordinate from the GCP latitude, longitude, and
height. Differences between the predicted and meas-
ured line and sample were analyzed to determine the
absolute and relative accuracy of long IKONOS
strips. Figure 13 shows relative image coordinate
errors for one such strip. Figure 14 shows absolute
image errors of the GCPs on the 18 strips.

The average error over the strip is the absolute
error of that strip. The slopes of the line and sample
errors, expressed in parts per million, is a measure of
the relative error of the system. Results showed that
IKONOS absolute accuracy is 4 m root mean square
(RMS) for line and sample, and 50 parts-per-million
RMS per axis relative error.

Stereo Position Errors
Noxth

Figure 15. Horizontal errors of stereo pairs processed
without GCPs showing 6m CE90 horizontal accuracy.
Vertical errors were 10 m LE90 from the same images.

4.2 Testing stereo accuracy

Testing stereo accuracy by reprocessing commercial
orders was similarly straightforward (Dial & Grodecki
2003). Stereo images were collected and processed
without using ground control from 24 locations
around the world. Available GCPs were used as check
points. Operators using commercial stereo measure-
ment software made 3-D coordinate measurements of
the checkpoints. Figure 15 shows the horizontal errors
from the 24 images. Results showed IKONOS stereo
to have 6 m CE90 horizontal and 10 m LE90 vertical
accuracy without ground control. Similar accuracy
results were found by Ager (2003).

5 QUALITY GROUND CONTROL POINTS

GCPs should be surveyed to sub-pixel accuracy for
use in calibration test ranges. Lower accuracy GCPs
can be used to assess uncontrolled accuracy. Surveying
GCPs to sub-pixel accuracy is wasted effort unless
the feature being surveyed can be identified within
the image to sub-pixel accuracy. Ground control accu-
racy and choice of features is discussed in (Main 2000).

Painting targets on roadways or deploying panels
for ground control is commonly done for aerial pho-
tography with 0.25 to 0.1 m pixels. Painting targets of
5 to 10 pixel size is hardly practical for 1 m pixels. We
must seek natural or cultural features that can be
accurately surveyed on the ground and precisely
measured in the imagery. The reluctance of surveyors
to stand in busy roadways limits the availability of
road markings, while difficulty measuring other
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Figure 16a. Road marks for GCP.

Figure 16b. Intersecting sidewalks.

Tennis court lines.

Figure 16c¢.

features limits their precision. Ideally, GCPs are well-
defined, photo-identifiable features surveyed with
great accuracy, but sometimes the practicalities of
collecting ground control overwhelm concepts of
absolute perfection as described by Andrews (pers.
comm. 2000) for sites in Kenya.

27m 9m 27m
._9_m 1.8m
18m om 18m
asm S=LY N RELY S—

Figure 17. Panel design used by EDC: (top) original design
and (bottom) revised design.

Roundabout for GCP. IKONOS image on left

Figure 18.
and best-fit ellipse on right.

5.1 Examples of good ground control points

The best photo-identifiable features are perpendicu-
lar intersections of thin, high-contrast lines such as
sidewalks, road markings, or sports fields. Narrow,
sub-pixel wide stripes found on roads and sports fields
can be seen because of their high contrast. For wider
features, such as sidewalks, the center of the intersec-
tion, rather than a corner, should be used. Examples
of good GCPs are shown in Figures 16a—16c.
Deploying panels for ground control is generally not
practical because of the large size required even for
high-resolution satellite imagery. Panels were success-
fully used by the EROS Data Center (EDC) to test
IKONOS accuracy (Helder et al. 2003). Figure 17
shows the panel design used by EDC. EDC sometimes
encountered difficulty resolving the central 90 cm by
90 cm panel from the adjoining leg separated by 90 cm.
They recommend increasing the separation between
tarps from 90 cm to 130 cm in future work. The origi-
nal and revised panel designs based on DEC’s experi-
ence are shown in Figure 17 (Coan pers. comm. 2003).
While narrow, intersecting linear features can be
picked reliably to the nearest pixel, combining multi-
ple point measurements can further improve GCP pick
accuracy. Figure 18 from (Fraser et al. 2001) shows a
“roundabout” road pattern. To determine the ground
coordinate of the center point, multiple points were
surveyed around the circumference of the roundabout
and the center was calculated. To determine the image
coordinate of the center point, multiple points were
measured around the image of the roundabout and the
center of a best-fit ellipse calculated. Accuracy to 0.2
pixels is ascribed to measurements by this technique.
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Figure 20. Walled compound.

5.2 Examples of poor ground control points

Ill-defined features, features that can be -easily
obscured, and corners make poor GCPs. As an example
of an ill-defined feature, consider the dirt road inter-
section shown in Figure 19.

Although the authors do not favor fences for ground
control, the intersecting fences in Figure 19 would have
been better than the dirt roads. The problem with
fences is shown in Figure 20. Depending on the sun
angle and camera perspective, the visual appearance of
fences and walls can change substantially, leading to
changes in image measurements made by the operator.

The difficulty with corner features can be seen in
the MTF target image in Figure 11. To the surveyor
on the ground, the exterior corners appear to be

distinct points, but the operator will have difficulty
picking the corner to the nearest pixel, much less to
sub-pixel accuracy, because the optical system blurs
the corner over several pixels.

6 CONCLUSIONS

The test ranges and control points used to calibrate and
validate IKONOS accuracy have been described. Test
ranges were used to update IKONOS interior and exte-
rior orientation. Commercial GCPs were used to vali-
date the global accuracy of IKONOS mono and stereo
imagery. Test ranges were selected for good weather,
geographic distribution, and ample control points.
Cultural features with intersecting, high-contrast lines
are preferred for control points. Others have used
panels and circular features with excellent results.
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Locating potential vicarious calibration sites for high-spectral resolution
sensors in the Negev Desert by GIS analysis

U. Gilead & A. Karnieli
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Ben Gurion University of the Negev, Israel

ABSTRACT: Deserts, and especially dry playas, are preferable regions for implementing reflectance-based
vicarious calibration of multi- and hyper-spectral sensors. This paper uses a Geographic Information System (GIS)
to locate potential vicarious calibration sites for small footprint sensors, i.e. analyzing spatially mapped, satellite,
and tabular data, with respect to certain criteria such as spectral reflection, temporal stability, size, and elevation.
This methodology was applied to the Negev Desert in Israel and resulted with 8 sites selected for further in situ
characterization and measurements for validation. Results of one validation campaign are presented. The GIS
analysis has proven to be a useful tool for saving time and effort by searching through vast and remote regions.

1 INTRODUCTION

Optimal operation of any air or spaceborne multi-
spectral imaging system for remote sensing applica-
tions depends on accurate calibration of the system.
Different methods and approaches are used commonly
for calibration, namely preflight, onboard, and vicari-
ous techniques. Regardless of the quality of the pre-
flight calibration, once launched, any spaceborne sensor
is susceptible to significant changes in its perfor-
mance (Teillet et al. 2001). Consequently, in order to
ensure the best performance of the system, all the
above-mentioned complementary methods should be
used independently to determine if systematic errors
exist in one or more techniques and, if possible, to iden-
tify, examine, remove, or account for them in the cali-
bration results.

Several approaches are usually used for vicarious
calibration. These are the radiance-, irradiance-, and
reflectance-based approaches. The latter involves
extensive ground truth measurements of the surface
spectral reflectance and the atmosphere during satel-
lite overflight. After applying a radiative transfer code,
it is possible to compare the sensor’s top-of-atmosphere
(TOA) measurements with those conducted indepen-
dently in situ. This absolute calibration method pro-
duces a new set of radiometric coefficients that can be
used instead of those derived during the preflight
process (Thome 2001).

Deserts, and especially dry playas, are prefer-
able regions for implementing vicarious calibration.
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Well-used and documented sites are the White Sands
National Monument, Railroad Valley Playa, Lunar
Lake, and Roach Lake Playa, all in the southwestern
part of the United States (Thome 2001), and Lake
Frome in South Australia (Barry et al. 2001). In order
to minimize calibration uncertainties, Scott et al.
(1996) and Thome (2001) listed crucial conditions for
selecting vicarious calibration sites. Such sites should
be characterized by:

1. High reflectivity values that reduce the impact of
errors in determining the radiance due to atmos-
pheric scattering. A site reflectance greater than
0.3 ensures that the radiance of the direct solar
irradiance from the surface is the dominant con-
tributor to the at-sensor radiance.

2. High spatial uniformity, relative to the pixel size,
over a large area that minimizes the effects of scal-
ing the reflectance data to the size of the entire
test site.

3. Nearly lambertian surface to decrease uncertainties
due to changing solar and view geometry. These are
flat sites that reduce bidirectional reflectance factor
(BRF) effects and eliminate shadow problems.

4. Spectral uniformity over as wide a spectral region
as possible. This simplifies band integrations and
decreases the effects of spectral mismatch between
ground-based measurements and the sensor.

5. High probability of cloud-free days.

6. Location in remote areas, far from anthropogenic
(urban and industrial) aerosols.



7. Extremely low precipitation providing minimum
change in soil moisture.

8. Lack of vegetation so seasonal dynamics are
minimal.

9. Location far from the sea to minimize the influ-
ence of atmospheric water vapor.

10. High accessibility for those who perform the

in situ measurements.

Scott et al. (1996) describe a search algorithm used
to identify suitable sites for vicarious calibration
based on Landsat-MSS imagery covering a vast por-
tion of the southwest USA drylands (including south-
ern California, Arizona, southern Nevada, and
southern Utah). This search program mainly focuses
on locating areas that have large spatial extent, spatial
uniformity, and high surface reflectance. The search
algorithm identified many promising sites, however
only two of them (Railroad Valley Playa and Lunar
Lake) were selected for further ground investigation.

The State of Israel, which has already manufactured,
launched, and operated several Earth observation satel-
lites (the EROS and Ofek series) (Steinberg 2001), is
seeking independent calibration sites for such small
footprint sensors. The current research explores the
Israeli Negev desert by Geographic Information System
(GIS) technology to locate and characterize potential
sites that may be used for vicarious calibration.

2 MATERIALS AND METHODS

2.1 GIS data

The search for potential calibration sites was conducted
in accordance with the criteria described above. That
is, the site should be characterized by high spectral
reflectance, high elevation, high spatial uniformity,
minimal slope, spectral uniformity, minimal seasonal
changes, and be readily accessible to the organization
that will perform the calibration. The site should also
be large enough relative to the pixel size of the sensor
(Clark et al. 2002).

Locating potential sites was performed, for the
most part, by GIS techniques, i.e. analyzing spatial
mapped data and satellite imagery along with tabular
data. This facilitated the location procedure by elimi-
nating areas that were not suitable, leaving only a small
number of appropriate ones. The idea behind this
methodology is to save time and effort by searching
through a vast and remote region while checking a
number of critical variables such as spectral reflection,
temporal stability, size, and elevation. Nevertheless, one
should keep in mind that as promising as the results may
be, there is still a need to perform in situ examinations
to verify the results and appraise the site’s suitability.

The general concept underlying the search for sites
was to join information from relevant GIS layers,

creating one polygonal layer with an inclusive attribute
table. The variables attributed to each polygon are
key parameters considered necessary to characterize
calibration sites. Building such a layer enables finding
ideal sites by selecting polygons that have specific
parameters.

2.2 Study site — the Negev Desert

The study area lies in the southern part of Israel in the
Negev Desert. The eastern (Jordan) and western
(Egypt) borders of this area were delineated according
to political considerations. The northern border of the
Negev is considered to be the 200 mm isohyetal line,
thought to be the beginning of the dryland (Stern et al.
1986). The overall size of the study area is 10,000 km?.

Summer in the Negev is characterized by hot (mean
annual temperatures of 25 degrees C), dry (relative
humidity ranges from 20 to 50 percent), and clear days
with little day-to-day variation. Rain falls almost exclu-
sively in the cool (9 degrees C) winter. Mean annual
rainfall decreases gradually from 200 mm at the north-
ern boundary to about 25mm at the southern edge.
The number of rainfall days per annum varies between
40 in the north to 5 in the south. Since the Negev has
a relatively small size, spatial changes in solar radia-
tion are minor. The horizontal global total radiation is
generally around 2000 kWh/m?/year. The highest radi-
ation is in June (220-250 kWh/m?/year) and the low-
est in December (90115 kWh/m?/year) (Faiman et al.
2003). The main soils found in the Negev are coarse
desert alluvium, calcareous serozems, sands, and bare
rocks. Perennial vegetation is sparse (less than 20 per-
cent) in the northern Negev, and concentrated only
along the ephemeral streams in the southern part
(Danin 1983). Annual phenology is limited to the spring
months (Karnieli 2003).

For this report, the Negev can be divided into three
zones that vary mainly in topography, mineral com-
position, precipitation, and radiation levels:

1. Northwestern Negev. Average elevation ~150m,
precipitation 100-200 mm per year, 20-25 percent
cloud cover per year, annual horizontal global total
radiation ~1900kWh/m?/year. The area is com-
prised of sandy regosol, sand dunes, and arid brown
soils.

2. Eastern Negev along the Rift Valley. Elevation
ranges between —400m to sea level (increase south-
wards), precipitation 25—-100 mm per year (increase
northwards), 15-20 percent cloud cover per year,
annual horizontal global radiation changes with ele-
vation, between 1900-2100 kWh/m?/year. The area
is comprised of regosols and coarse desert alluvium.

3. The central Negev highlands — average elevation
500 m, precipitation ranges from 0 to 100 mm per
year, 15-20 percent cloud cover per year, annual
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horizontal global radiation ~2100 kWh/m?/year.
The area is comprised of calcareous serozems
(higher areas), bare rock, desert lithosols, regosols,
and coarse desert alluvium.

2.3 Building the GIS

The first step in constructing the GIS was to gather
input layers that include relevant data. All compo-
nents of the GIS are described in Table 1 and are illus-
trated in Figure 1.

The digital elevation model (DEM) of the Negev is
based on the Geographical Society of Israel (GSI)
digital terrain model (Hall 1993). Forty sheets, each
consisting of a matrix of 801 X 801 pixels, were
mosaicked. The spatial resolution of the DEM is 25 m
while the height resolution is 10 cm. The DEM was
used for slope retrieval, after being converted to slope
map (Fig. 2a). Later on, since the site should be as flat
as possible, all areas with slope higher than 0 degrees
were excluded. The final product was a binary raster
map where 1 = 0 degrees slope and 0 = no data. After-
wards, the raster map was converted to vector poly-
gons. This enabled building topology for the slope 0
degree areas, i.e. size, perimeter and xy coordinates
for each polygon. An attempt to include more areas,
by including all pixels with value of slope = 1 degree,
presented similar results with no significant increase
in polygon size.

A major advantage of converting raster to vector is
the better handling of excess polygons. This occurs

since each pixel with 0 degree slope can become a
polygon. In the current research, more than 87,000
polygons were created for a size smaller than
10,000 km?. When not clustered, these polygons are
useless since they do not qualify as potential sites due
to their small size. One of the advantages of working
in vector format is the possibility of assigning each
aggregation of pixels (now polygon) an area dimen-
sion, whereas in raster format this operation is diffi-
cult, since pixels maintain the value of each single

Reflection
DEM —

E a

Slope 0°

Elevation

Meteorological data

Radiation levels

Cloud cover

Brightness

Brightness
stabili

Precipitation

Additional data

Training zones

Pollution Accessibility

Industrial sites

Nature reserve

Figure 1. Input layers of the GIS (graphic scheme).

Table 1. Input layers of the GIS.
Input Details Data use
DEM 25 m spatial resolution Obtain elevation and slope

10 cm height resolution Raster

Landsat TM and ETM + images

Frame 174-39 (South Israel)
Dates of acquisition: 18 Jan 1987; 14 Aug
1987; 29 Mar 1995; 21 Sep 1995; 6 Apr

Tasseled cap index was performed
to obtain brightness values
(represent high reflection)

1998; 7 Aug 1999; 10 Oct 1999; 30 Jan 2000;
21 May 2000; 27 July 2001 30 m resolution

Precipitation

Cloud cover

Radiation
Polygonal vector layer
Air polluting industry Air pollution sources
Polygon point layer
Roads Main roads of Israel

Line vector layer
Military training zone
Polygonal vector layer
Nature reserves
Polygonal vector layer

Annual mean precipitation in Israel
Polygonal vector layer 100 mm isohyets
Mean yearly cloud cover of the sky (percent)

Mean monthly radiation levels (kWh/m?/year)

Training zones of the Israeli Army

Nature reserves in Israel

Predicting precipitation amounts
at the selected site

Assess probability of clear days
throughout the year

Assess probability of clear days
throughout the year

Knowledge of air polluting
industries nearby sites

Distance information and
accessibility

Identify potential sites which are
inside military training zones

Additional information
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Figure 2. Input layers of the GIS. (a) slope; (b) brightness; (c) standard deviation (SD) of brightness; (d) DEM — elevation;
(e) cloud cover; (f) radiation; (g) precipitation, roads, and factories; (h) nature reserves; (i) military training zones.
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pixel and do not aggregate to one object with area
dimension. The conversion to vector format therefore
enables deletion of polygons under a specific size,
resulting in a smaller file with relevant polygons that
may be used as potential sites for vicarious calibra-
tion. Another advantage of working in vector is that it
permits integration of polygons that are close to each
other and could actually be considered as one large
site. After deleting all polygons smaller than 1km?
(minimum size determined for potential calibration
site) only 87 polygons remained, creating a reduced
polygonal layer on which the rest of the analysis was
performed. These polygons are referred to hereafter
as ‘potential sites layer’ or PSL.

The next step was associating the PSL polygons
with tasseled cap brightness values to locate sites with
high soil reflectance. The tasseled cap transformation
(Crist & Cicone 1984) is a vegetation index used to dis-
aggregate the amount of soil brightness, vegetation,
and moisture content in individual pixels. The transfor-
mation was performed on five Landsat TM and four
Landsat ETM+ images using the appropriate tasseled
cap coefficients of each sensor (Huang et al. 2002).
Later, all images were overlaid and a mean value of
each pixel was calculated to produce one brightness
image (Fig. 2b). Since the nine Landsat images were
acquired at different months of the year, it was possible
to assess the temporal brightness dynamics due to sea-
sonal changes of vegetation and/or wetness. This was
performed by calculating the standard deviation from
the mean brightness value. As seen in Figure 2c, the
lower the standard deviation, the higher the stability of
the site. A DEM was used to create a mean topographi-
cal elevation attribute for each PSL polygon (Fig. 2d).

Spatial distribution of meteorological data, such as
cloud cover (Stern et al. 1986), radiation (Faiman et al.
2003), and precipitation (Survey of Israel 1995), were
extracted from different maps. Industrial air polluting
facilities were mapped as points, and roads as vector
lines (Figs 2e, f, g). Polygonal vector layers of military
training zones and nature reserves were obtained and
intersected with the PSL, to gain additional informa-
tion involving potential restrictions for each potential
site (Figs 2h, i). Finally, the accessibility of each site
was calculated using a line-vector layer of roads. The
‘distance’ attribute was calculated from the remote
sensing laboratory at Sede Boker to the centroid of
each potential site. The final product is an inclusive
attribute table that enabled selecting, by means of a
query with desired parameters as input, optimal sites
out of the 87 sites that initially composed the PSL.

3 RESULTS

The final step, after completing the construction of
the GIS, was to locate potential sites for vicarious

calibration in the Negev by performing a query with
desired parameters on the PSL layer. Doing so
revealed, as expected, that no site has ideal characteris-
tics that meet all the attribute requirements. Conse-
quently, the chosen sites are a function of the flexibility
of the stipulations set in the query. The area with the
highest brightness values (>1.0) is the eastern Negev
along the Rift Valley, which is rich in bright surface
minerals. The downside of this area is the low eleva-
tion, between 0 to —380m. Furthermore, the ‘Dead
Sea Works’ industry, located near the Dead Sea, pro-
duce air pollution that might affect the visibility and
atmospheric conditions in this region. In terms of ele-
vation, the best potential sites are at the western parts
of the study area, where the highest points reach eleva-
tions of over 1000 m. However, these potential sites are
characterized by relatively low brightness (0.85-0.95).
Radiation and precipitation do not change dramatically
over the entire study area due to its relatively small
size. Similarly, the distance factor in the Negev is neg-
ligible, since every point can be reached in less than a
3-hour drive from any other point. In some regions,
such as along the Rift Valley, one principle wind direc-
tion (north to south) is dominant throughout the entire
year. In other regions, industrial air pollution should
be dealt with individually in each case since the wind
regime changes temporarily. A site within a distance of
2 km from a polluting factory can have aerosol-free air
in a certain month at certain hours, while at different
times the situation may be reversed.

To reduce the number of potential sites, a bright-
ness threshold was set at 0.95. This resulted in 8 poten-
tial sites rather than 87. These 8 selected sites should
be carefully examined by remote sensing methods and
by in situ measurements as well. Although the PSL
and its attributes may be comprehensive, there are other
factors that may prevent the potential site from being
used as a vicarious calibration site, e.g. sparse vegeta-
tion, surface roughness. Examination by spectroscopic
methods can spot unknown parameters of the site, e.g.
soil mineralogy with pronounced absorption features.
Therefore, ground verification is an essential condi-
tion to complete the GIS study.

Of the final eight sites, the most appropriate one
appears to be site number 5, with a size of almost 6 km?,
elevation of 370 m, and high brightness values of 0.96.
It also has low cloud cover and high radiation levels.
The disadvantage of this site is that it is located in a
military training zone, which may restrict access and
mobility. Site number 2 also is inside a military training
zone. Site numbers 7 and 8 have high brightness values
and are located outside military training zones. Their
setbacks are low elevation (—220m and —261m,
respectively) and relative proximity to the Dead Sea
Works industry (3.84 km and 13.94 km, respectively).

Some regions were disqualified due to unsuitable
conditions. The northwestern Negev, with relatively
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low brightness values (0.5-0.75) and medium eleva-
tion (~200m), is an example of such an area. Further-
more, precipitation levels are higher in the northwestern
Negev than in other regions and radiation is lower. All
of these conditions led to the removal of this region
from the potential site list.

4 AMIAZ PLAIN — CHARACTERISTICS

Within the framework of the GIS validation efforts,
each of the selected sites was visited to verify and
characterize its suitability for vicarious calibration.
This section presents one example. Site number 8,
Amiaz Plain, is located at 31°4’41"N, 35°22'10"E.
The total size of the plain, which is a part of the
‘Judea Desert Nature Reserve’, is about 6 km?. About
1km? has a 0 degree slope; the rest of the area has
slopes ranging up to 10 degree. The elevation of the
site ranges between —260 to —270 m below mean sea
level (MSL), with mountain ridges on the western and
eastern edges (—50, — 180 m below MSL, respectively).

Climatically, the site is found in an extremely arid
area. The mean annual rainfall is 47 mm, with large
variations between years. Ninety-nine percent of the
rainfall occurs between October and April. The proba-
bility for more than 50 mm/year is 45 percent. Cloud
cover is about 27 percent from October to May and
4 percent from June to September. Horizontal global
total energy ranges between 81 kWh/m? in December
to 231 kWh/m? in June. The prevailing wind directions
are south (December—February), north (March—May,
October—November) and northwest (June—September)
(Faiman et al. 2003). The site is located approximately
4 km northwest of the Dead Sea Works industry; there-
fore aerosol pollution should be taken into account,
particularly during December—February. The site is
within a one-hour drive from the remote sensing lab at

Bright surface consists of marls at Amiaz Plain.

Sede Boker. The plain’s substrate consists of bright
marls of the Lisan formation that contribute to its high
surface brightness (Fig. 3). Figure 4 presents the spec-
tral reflectance of the site as measured by a portable
analytical spectral device spectrometer (ASD).

The graph depicts the relative advantage of this
site — very high reflectance throughout the reflective
range (350-2500nm) with minimal fluctuations.

09
08
07
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05

Reflectance
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03
02
o1

350 850 1350 1850 2350

Wavelength (nm)

Figure 4. Spectral reflectance of Amiaz Plain.

%0

135°

180°

Figure 5.  NHDRDF for a smooth surface at Amiaz Plain for
the 850 nm waveband and for solar zenith angle of 75 degrees
(a) and 15 degrees (b). The basis of each diagram represents
the view angle with respect to the solar principle plane.
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The normalized hemisphere-directional reflectance
distribution function (NHDRDF) of the surface is pre-
sented in Figures 5a, b. Measurements conducted by
a CIMEL radiometer (Cierniewski, in press) reveal
near-Lambertian characteristics of the surface.

5 CONCLUSIONS

The advantage in using GIS analysis for locating
potential sites for vicarious calibration is the ability to
search through large areas and identify suitable sites
by intersecting various crucial parameters such as
reflectance levels and elevation. Furthermore, the tem-
poral dynamics of these variables can be checked over
time using time series techniques. However, this GIS
analysis is by no means a replacement for in situ
measurements; validation of the suitability of sites is
also essential. As extensive as the GIS characteriza-
tion may be, one must keep in mind that it provides
general results, which are dependent on the resolution
used in the GIS, and may not provide micro-
characterization of the site. A 25 m resolution DEM,
as used in this research, may not detect gullies, rough
soils, and other types of micro-morphologies that can
affect the distribution of incoming radiation. Such is
also the case for other parameters, e.g. precipitation
and radiation values, that should be extracted at site
resolution and not by regional interpolation. The
brightness values for each site are the average of all
pixels within the site, and do not necessarily reflect
a homogenously bright site. Consequently, further
research should be conducted to assess site reflectance
homogeneity as suggested by Bannari et al. (2002).

Another reason for in situ validation is the poten-
tial lack of information concerning land use. While
some land use maps are easily obtained and inserted in
the GIS, it is hard to obtain all possibilities. Generally,
the resolution of the GIS input is dependent on the
spatial resolution of the sensor intended for calibra-
tion. For high spatial resolution sensors, the higher
the resolution used in the raster input, the better the
results. However, it should be taken into considera-
tion that the higher the ratio between the study area
and the spatial resolution of input, the more compu-
ter power is needed for processing, especially when
working in vectors. Altogether, the GIS analysis has
proven to be a useful tool for saving time and effort by
searching through vast and remote regions.
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Acronyms

2MASS
ABIR

ADC
ADS

AERONET
AFGL

AGL
ALI
ANN
AOCS
ARP

ASD
ASTER

AWAR
BASC

B/H
BIIF
BIPM

BLS
BLUH

BRDF
BRF
CCD
CCPR
CCRI

CD
CDR

CEOS
CERES
CGPM

CHRIS

2 Micron All-Sky Survey

Ambient Background InfraRed
(facility at NIST, USA)
Analog-to-Digital Converter
Airborne Digital Sensor (sensor by
Leica Geosystems, Inc.)

AErosol RObotic NETwork

Air Force Geophysics Laboratory
(USA)

Above Ground Level

Advanced Land Imager

Artificial Neural Network

Attitude and Orbit Control
Subsystem

Ancillary Radiometric Product
(refers to MISR)

Analytical Spectral Device
Advanced Spaceborne Thermal and
reflection Radiometer
Area-Weighted Average Resolution
Bundle Adjustment with Self-
Calibrator

Base-to-Height (Ratio)

Basic Image Interchange Format
Bureau International des Poids et
Mesures

BaseLine Stabilization

BundLe adjustment University
Hannover

Bidirectional Radiance Distribution
Function

Bidirectional Reflectance Factor
Charge-Coupled Device
Consultative Committee of
Photogrammetry and Radiometry
Climate Change Research Initiative
(USA)

Committee Draft

Climate Data Record

Circular Error

Committee on Earth Observing
Satellites

Clouds and Earth’s Radiant Energy
System

Conference Generale de Poids et
Mesures

Compact High Resolution Imaging
Spectrometer

CIPM

CNES
CS
CTF
CZCS
DAAC

DCT
DGIWG

DIN
DIS
DLA
DMC
DN
DoD
DoE
DORIS

DTED
DTM
DTEM
ECR

ECT
EEI
EOS/Terra

ERBE

ESA
ESF
ESR

ETM+
EU
FAM
FAO

FASCAL

FDIS

FFT
FGDC
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Comité International de Poids et
Mesures

Centre National d’Etudes Spatiales
Coordinate System

Contrast Transfer Function
Coastal Zone Color Scanner
Distributed Active Archive Center
(NASA, USA)

Discrete Cosine Transform
Digital Geographic Information
Working Group

Deutches Institut fiir Normung
Draft International Standard

Dark Level Acquisition

Digital Mapping Camera

Digital Number

Department of Defense (USA)
Department of Energy (USA)
Determination d’Orbite et
Radiopositionement Integre par
Satellite

Digital Terrain Elevation Data
Digital Terrain Model

Digital Terrain Elevation Model
Earth-Centered Rotating
(coordinate system)

Earth Calibration Source
Essential Elements of Information
Earth Observing System/Terra
platform

Earth Radiation Budget
Experiment

European Space Agency

Edge Spread Function

Electrical Substitution Radiometer
(aka Cryogenic Radiometer)
Enhanced Thematic Mapper-plus
European Union

Field Angle Map

Food and Agriculture Organization
(United Nations)

Facility for Automated
Spectroradiometric Calibrations (at
NIST, USA)

Final Draft International Standard
Fast Fourier Transform

Federal Geographic Data
Committee (United States)



FT
FWHM
GCP
GERB

GIANTS
GIQE
GIS

GM
GML
GSD
GSE
GSI
GUM

HDF
HDRF

HM

HQE
HRG

HRS
HRSC
HRV
HRVIR

HTML
1AG

ICR
IEC

IFOV
IGN

IHO

M
IMU
INCITS/L1

InGaAs
INS
InSb
IORD

Fourier Transform

Full-Width, Half Maximum
Ground Control Points
Geostationary Earth Radiation
Budget

Global Instrumented and
Networked Test Sites

General Image Quality Equation
Geographic Information System
Global Mode (refers to MISR)
Geography Mark-up Language
Ground Sample Distance
Ground Support Equipment
Ground Sample Interval

Guide to the expression of
Uncertainty in Measurement
Hierarchical Data Format
Hemispherical Directional
Reflectance Factor

Haute résolution Monomode
(SPOT 5m mode; consisting of
HMA and HMB images to produce
a2.5m THR)

High Quantum Efficiency
Haute Résolution Géométrique
(SPOT 5 high-resolution cameras)
Haute Résolution Stéréoscopique
(SPOT 5 stereoscopic cameras)
High Resolution Stereo Camera
(DLR, predecessor to ADS40)
Haute Résolution Visible (SPOT
1-3 cameras)

Haute Résolution Visible et
InfraRouge (SPOT 4 cameras)
HyperText Markup Language
International Association of
Geodesy

Inertial Coordinate Reference
(system)

International Electrotechnical
Commission

Instantaneous Field of View
Institut Géographique National
(France

International Hydrographic
Organization

Image Measure (software program)
Inertial Measurement Unite
InterNational Committee for
Information Technology
Standards/Technical

Committee L1
Indium-Gallium-Arsenide
Inertial Navigation System
Indium Antimonide

Integrated Operational
Requirements Document
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IPCC

IQ
IQEC

IRAS
IRS

IS
ISCCP

ISO
ISPRS
ITS
ITU
JCT
JPL
JScript
LANL
LBIR
LISE
LM
LOA
LSB
LSF
MBIR
MFRSR
MISR

MOBY
MODIS

MODTRAN

MRA
mSG (filter)
MSG

MSL
MSX
MTF
MTFC

MTFC-off
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Intergovernmental Panel on
Climate Change

Image Quality

Image Quality Expertise Center
(CNES, France)

InfraRed Astronomical Satellite
Indian Remote Sensing satellite
(India)

International Standard
International Satellite Cloud
Climatology Project

International Organization for
Standardization

International Society for
Photogrammetry and Remote
Sensing

International Temperature Scale
International Telecommunication
Union

Joint Technical Committee (as in
ISO/IEC-ICT 1)

Jet Propulsion Laboratory

JAVA Script

Los Alamos National Laboratories
(USA)

Low Background InfraRed (facility
at NIST, USA)

Laboratoire Interdisciplinaire en
Sciences de I’Environment

Local Mode (MISR high-resolution
mode)

Laboratoire d’Optique
Atmosphérique

Last Significant Bit

Line Spread Function

Middle Background InfraRed
(facility at NIST, USA)
Multi-filter Rotating Shadow-band
Radiometer

Multi-angle Imaging
Spectroradiometer

Marine Optical Buoy
MODerate-resolution Imaging
Spectroradiometer

Moderate Resolution Transmittance
(refers to atmospheric correction
software)

Mutual Recognition Arrangement
modified Savitzky-Golay (filter)
Meteosat Second Generation
(Eumetsat)

Mean Sea Level

Midcourse Space Experiment
Modulation Transfer Function
Modulation Transfer Function
Compensation

MTFC (without compensation)



MTEFC-on
NAFTA

NAS
NASA

NBS

NGA

NHDRDF

NIIRS

NIMA

NIR
NIST

NLRF

NMI

NOAA

NPL

NPOESS-IPO

NRC
NWIP
OBC
ODOT
0GC
ONERA
OSL

OSU
OTD

OTF
PARABOLA

PIN

POLDER

MTEFC (with compensation)

North American Free Trade
Agreement

National Academy of Science (USA)
National Aeronautics and Space
Administration (USA)

National Bureau of Standards
(United States now NIST, see
below)

National Geospatial-Intelligence
Agency (USA, formerly NIMA,
see below)

Normalized Hemisphere-
Directional Reflectance
Distribution Function

National Imagery Interpretability
Rating Scale (USA)

National Imagery and Mapping
Agency (now NGA)

Near InfraRed

National Institute of Standards and
Technology (NMI for USA)
National Laser Radiometer Facility
(UK, NPL)

National Metrology Institute (each
nation has its own specific named
institution)

National Oceanic and Atmospheric
Administration (USA)

National Physical Laboratory (NMI
for UK, India)

Nation Polar-orbiting
Environmental Satellite System
Integrated Program Office (future
satellite platform)

National Research Council
(research arm of NAS)

New Work Item Proposal

Onboard Calibrator

Ohio Department of Transportation
Open GIS Consortium

Office National d’Etudes et de
Recherches Aérospatiales

Optical Sciences Laboratory
(United States Geological Survey)
(The) Ohio State University
Optical Technology Division (of
NIST, USA)

Optical Transfer Function

Portable Apparatus for Rapid
Acquisition of Bidirectional
Observation of the Land and
Atmosphere

p+ (Positive), i (Intrinsically pure
silicon), n~ (Negative) doped layers
Polarization and Directionality of
the Earth’s Reflectances
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PRT
PSF
PSL

PTB
PTFF
QA
RER
RMSE
ROLO
RPC
RSB
RSG
SABER
SBRS
ScaRaB
SD
SDL

SDSM
SeaWiFS

SensorML
SG (filter)
SI (Units)

SIRCUS

SMAC
SMIL

SNR
SPOT

SRIPS
SSMI
SST
SSTL
SURF III
SWIXR
TC

TCL/TK
THR

TIFF

Platinum Resistance Thermometer
Point Spread Function

Potential Site Layer (as in a GIS
coverage)

Physicalische Techniche
Bundessanasatlt
Polytetrafluoroethylene

Quality Assurance

Relative Edge Response

Root Mean Square Error

Robotic Lunar Observatory
Rational Polynomial Coefficient
Reflectance Solar Bands

Remote Sensing Group (University
of Arizona)

Sounding of the Atmosphere using
Broadband Emission Radiometry
(facility at SDL)

Santa Barbara Remote Sensing
Scanner for Radiation Budget
Solar Diffuser

Space Dynamics Laboratory (Utah
State University)

Solar Diffuser Stability Monitor
Sea-viewing Wide Field-of-view
Sensor

Sensor Model Language
Savitzky-Golay (filter)

Systéme International (d’Unités)
(as in metric)

Spectral Irradiance and Radiance
Responsivity Calibrations with
Uniform Sources (facility at NIST,
USA)

Simultaneous Multiframe
Analytical Calibration
Synchronized Multimedia
Integration Language
Signal-to-Noise Ratio

Satellite Pour I’Observation de la
Terre

Spectral Radiance and Irradiance
Primary Scales

Special Sensor Microwave

Imager

Sea Surface Temperature

Surrey Satellite Technologies (UK)
Synchrotron Ultraviolet Radiation
Facility

ShortWave Infrared Transfer
Radiometer

Technical Committee (as in
ISO/TC 211)

Tool Command Language/Tool Kit
Trés Haute Résolution, refers to
SPOT 5 2.5-m imaging mode
Tagged Image File Format



TIR
™

TOA
TRUTHS

TSARS

TXR

UHTBB
UM
UML
USAF
USGS
UTH

Thermal Infrared

Thematic Mapper (sensor on
Landsat)

Top of Atmosphere

Traceable Radiometry
Underpinning Terrestrial- and
Helio-Studies

Transfer Standards Absolute
Radiance Sources
Thermal-infrared Transfer
Radiometer

Ultra High Temperature BlackBody
University of Miami (Florida)
Unified Modeling Language
United States Air Force

United States Geological Survey
Upper Tropospheric Humidity

uv
VBS
vC
VGT

VIIRS
VIM
VRML
VXR
WCRP
WD

XML
ZnSe
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Ultraviolet

Visual Basic Script

Vicarious Calibration
VéGéTation (SPOT 4-5 low
resolution cameras)
Visible/Infrared
Imager/Radiometer Suite
International Vocabulary of Basic
and General Terms in Metrology
Virtual reality Markup Language
Visible Transfer Radiometer
World Climate Research
Programme

Working Draft

Extensible Mark-up Language
Zink-Selenium
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