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A Satellite Cross-Calibration Experiment
Jens Nieke, Teruo Aoki, Tomonori Tanikawa, Hiroki Motoyoshi, and Masahiro Hori

Abstract—Recently, the Advanced Earth Observing Satellite 2
(ADEOS-2) was launched (December 14, 2002) successfully, and
the Global Imager (GLI) onboard the ADEOS-2 satellite became
operational in April 2003. In a first calibration checkup, the
radiometric performance of GLI was compared relatively to that
of other sensors on different satellites with different calibration
backgrounds. As a calibration site, a large snowfield near Barrow,
AK, was used, where space sensors in polar orbits view the same
ground target on the same day with small differences in the
local crossing times. This is why GLI, the Moderate Resolution
Imaging Spectroradiometer (Terra, Aqua), the Sea-viewing
Wide Field-of-view Sensor, the Advanced Very High Resolution
Radiometer (N16, N17), the Medium Resolution Imaging Spec-
trometer, and the Advanced Along Track Scanning Radiometer
datasets were selected for the following clear-sky condition days:
April 14 and 26, 2003. At the same time, ground-truth experi-
ments (e.g., measurements of ground reflectance, bidirectional
reflectance distribution function, aerosol optical thickness) were
carried out. Thereinafter, top-of-atmosphere (TOA) radiance/re-
flectance was forward calculated by means of radiative transfer
code for each sensor, each band, and each day. Finally, the
vicariously retrieved TOA signal was compared to TOA sensor
Level 1B data. As a result, GLI’s performance is encouraging at
that time of the mission. GLI and the other seven sensors deliver
similar sensor output in the range of about 5% to 7% around the
expected vicariously calculated TOA signal.

Index Terms—Advanced Along Track Scanning Radiometer
(AATSR), Advanced Very High Resolution Radiometer (AVHRR),
Global Imager (GLI), intersatellite calibration, Medium Res-
olution Imaging Spectrometer (MERIS), Moderate Resolution
Imaging Spectroradiometer (MODIS), Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), vicarious calibration.

I. INTRODUCTION

THE MULTICHANNEL optical whiskbroom scanner
Global Imager (GLI) [1] (see also http://sharaku.eorc.

nasda.go.jp/GLI/) was launched successfully on the Advanced
Earth Observing Satellite 2 (ADEOS-2) in December 2002.
GLI provided highly needed data of the earth’s surface in the
spectral region from 0.38–12 m for a better understanding of
the environment in global and regional scale. From Table I, the
main specifications of GLI can be depicted.
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TABLE I
MAIN SPECIFICATIONS OF GLI

Earth observation data require a careful calibration of the
sensor and validation of the algorithms to demonstrate the reli-
ability of the data products at the required accuracy, such as de-
scribed in [2]. Consequently, the calibration of the GLI is one of
the key parts in the sensor design, and efforts are made to check
the sensor before launch (prelaunch calibration) and during mis-
sion duration time (onboard and vicarious and cross-calibra-
tion methods). From launch until the failure of the ADEOS-2
satellite (October 24, 2003), GLI was in the calibration and
validation (CalVal) phase. In the CalVal phase, which gener-
ally ends 12 months after launch, the sensor output has to be
checked rigorously using different CalVal techniques before the
GLI data will be made available to the remote sensing user com-
munity. Besides onboard (e.g., solar, lamp, blackbody) and vi-
carious (e.g., desert sites, ocean sites) calibration, the compar-
ison with other space sensors delivers a better understanding of
GLI’s performance. In the following, an approach is described
to make use of simultaneous observations of space sensors on
different satellites combined with ground-truth experiments per-
formed during the satellites overflights. The selected space sen-
sors have some similarity with GLI in respect of the spectral,
spatial, and radiometric characteristics. These sensors were ob-
serving almost at the same time a ground target, where simulta-
neous ground-truth measurements are performed.

The capability of this cross-calibration approach over snow-
fields has been demonstrated recently in a case study for a Sea-
viewing Wide Field-of-view Sensor (SeaWiFS)–Medium Reso-
lution Imaging Spectrometer (MERIS) intercomparison [3]. At
that time, only ground-truth data were taken into account, which
describe the atmospheric conditions.

In this letter, the cross-calibration approach was improved by
performing additional ground-truth reflectance measurements.
For April 14 and 26, 2003, GLI Level 1B (L1B) datasets were
successfully compared with L1B datasets of the Moderate Res-
olution Imaging Spectroradiometer (MODIS) (Terra, Aqua),
SeaWiFS, the Advanced Very High Resolution Radiometer
(AVHRR) (N16, N17), MERIS, and the Advanced Along Track
Scanning Radiometer (AATSR) over a large snowfield close
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to Barrow, AK. At the same time, a ground-truth campaign
at Barrow delivered a good in situ site description during the
overflights of the satellites.

II. GROUND-TRUTH EXPERIMENT AT BARROW

(APRIL 14/26, 2003)

A. Basic Approach

The datasets from different sensors, such as GLI, MODIS,
SeaWiFS, AHVRR (N16, N17), and MERIS/AATSR were
used for this intercomparison. These sensors are onboard
different spacecrafts (ADEOS-2, Terra, Aqua, ENVISAT,
Orbview-2/SeaStar, NOAA-16, NOAA-17) and passed the
CalVal site at Barrow at least once during the ongoing
ground-truth experiment. During the ground-truth campaign,
various measurements were carried out, such as (bidirectional)
spectral ground reflectance and aerosol optical thickness (AOT)
measurements.

Both ground and satellite data were input data in a radiance
transfer code (RTC), as RTC, a slightly modified version of
the 6S code [4], was used. The modifications in the 6S code
consist mainly of supplementary subroutines to account for up-
dated solar irradiance [5] and spectral response functions, such
as those of the above-mentioned space sensors.

Using the ground-truth data, the top-of-atmosphere (TOA) ra-
diance and reflectance for each sensor and each channel were
calculated forwardly for each overpass. The resulting calculated
TOA data were compared with the measured satellite sensor
data.

B. Satellite Data

Satellite sensor data of the following seven space sensors
were intercompared:

1) GLI onboard ADEOS-2; prelaunch calibrated (launched
December 2002);

2) MODIS onboard Terra; operational L1B TOA re-
flectance/radiance data (launched December 1999);

3) MODIS onboard Aqua; operational L1B TOA re-
flectance/radiance (launched May 2002);

4) AVHRR/3 onboard NOAA-16; L1B using MODIS-based
calibration coefficients [6] (launched September 2000);

5) SeaWiFS onboard Orbview-2/SeaStar; L1B retrieved
from L1A with SeaDAS 4.4 (launched August 1997);

6) AVHRR/3 onboard NOAA-17; prelaunch calibration
(launched May 2002);

7) MERIS and AATSR onboard ENVISAT; operational L1B
TOA radiance/reflectance (launched March 2002).

Table II gives an overview on the spectral characteristics of
the sensors, such as center wavelength and spectral bandwidth.

C. Geometric Information

In Tables III and IV, the successive passing times (all in UTC)
can be depicted for the satellite crossing at Barrow on April
14/26, 2003. In the following, the period from 22:35–23:33
(14th) and 21:41–23:19 (26th) was selected. Unfortunately,
there was no MODIS (Terra) dataset available for April 14,
same for the April 26 SeaWiFS dataset. On April 14, 2003,

TABLE II
SPECTRAL CHARACTERISTICS OF SPACE SENSOR DATA

USED IN THIS CROSS CALIBRATION

TABLE III
SATELLITE PASSING TIMES AND THE SENSOR’S SUN-OBSERVER

VIEWING GEOMETRY FOR APRIL 14, 2003

TABLE IV
SATELLITE PASSING TIMES AND THE SENSOR’S SUN-OBSERVER

VIEWING GEOMETRY FOR APRIL 26, 2003

the apparent sunrise was at 14:17, the sunset at 6:40 (April
15th), solar noon at 22:26. For April 26, these values change
slightly to 14:08 (apparent sunrise), 22:24 (solar noon), and
6:45 sunset at April 27. Note, that the 6S RTC is limited to 60
for viewing and 70 for solar zenith angles. Larger zenith or
viewing angles may cause additional uncertainties due to plane
parallel approximation of the atmosphere in the 6S code.

The CalVal site is located close to the Barrow observation
site from the National Oceanic and Atmospheric Administration
(NOAA). It is a horizontal field at the north slope of Alaska. For
this approach, a site with a size of km was selected having
the center point at N and W. Additionally, a
macro site of km was used for uniformity check of
the L1B data.
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D. Calibration Coefficients

The comparison was mainly performed on the basis of TOA
radiance or reflectance, depending on what kind of product was
delivered by the different projects.

• GLI was in operational mode from April until October
2003. For the comparison, L1B data with prelaunch cal-
ibration factors were used. No further correction factors
were applied, such as differences of the mirror sites or any
degradation factors. Note, it was the objective of this anal-
ysis to check the radiometric performance of GLI in com-
parison with other space sensors.

• MODIS (Terra) was launched in December 1999, and the
data were calibrated and validated recently. An overview
of the performance is given in [7]. Whereas the Terra satel-
lite is flown on a descending node during daytime, a sim-
ilar instrument [MODIS (Aqua)] delivers daytime obser-
vation data in the ascending node. The Aqua satellite was
launched in May 2002 [8].

• MERIS/AATSR are onboard the ENVISAT, which was
launched in March 2002. At the time of the previous
cross-calibration exercise [3], MERIS was in the commis-
sioning phase. Now, MERIS and AATSR data products
are considered to be calibrated and validated [9], [10].

• SeaWiFS has a much longer and rigorous calibration
history, such as described in [11] for the direct methods
and in [12] for the vicarious methods. SeaWiFS is an
ocean color mission, and the calibration for ocean targets
(dark signals) are retrieved vicariously over the Marine
Optical Buoy (MOBY) site close to Hawaii. The vicarious
calibration at MOBY is not applied to SeaWiFS’s land
and cloud measurements. The calibration for these bright
targets is retrieved via direct calibration methods, i.e.,
not vicariously. The SeaWiFS project does not deliver
Level 1B data as a standard product. This is why Level
1A data were processed using the code SEADAS 4.4
(http://seadas.gsfc.nasa.gov). It delivers the required L1B
data format as an optional output in TOA radiance.

• Also for the AHVRR sensors, there exists a long cali-
bration history from early NOAA missions to the most
recent NOAA-16 and NOAA-17 missions. The TOA
reflectance and radiance for NOAA-16 were calcu-
lated using updated calibration coefficients provided
by Heidinger et al. [6] recently. For NOAA-17, the
prelaunch calibration factors were used (see http://orbit-
net.nesdis.noaa.gov/crad/sit/page_of_pages.html). For
the TOA radiance representation, the visible channel
information for effective wavelengths, equivalent width,
and solar irradiance based on [13] was used.

The L1B data (as TOA radiance) at the sensor crossing times
during the April 14 calibration day (see Table III) are plotted
versus center wavelength of each channel in Fig. 1.

E. Ground-Truth Data

The CalVal site is a large snow field in Alaskan tundra lo-
cated about 5 km northeast of Barrow town and 2 km south
of the NOAA’s Climate Monitoring & Diagnostics Laboratory
(CMDL).

Fig. 1. TOA L1B data from GLI, SeaWiFS, MERIS, MODIS (Aqua), and
NOAA-16/17 data. TOA radiances at the CalVal site plotted versus center
wavelength of each channel.

From April 11 until April 27, a CalVal campaign in the scope
of the ADEOS-2 project was carried out. The site and the type
of measurements performed at the site were described in detail
recently [14], [15]. The results of this campaign are summa-
rized in the following four parameters, which are relevant for
this cross-calibration approach:

The CalVal site is a large horizontal flat snow field of
km . The center point of the field is located at N

and W; additionally, a larger macro site km
around the CalVal site was selected to perform uniformity
checks of the satellite signal by comparing the TOA L1B of
the CalVal site with those signals (and its deviation) retrieved
from the macro site.

The spectral reflectance measurements were performed using
an FieldSpec FR (Analytical Spectral Devices, Inc.). The re-
flectances of the selected days (April 14 and 26) differ slightly,
caused by differences in the snow grain size. An average spec-
trum for each day’s CalVal period was used as RTC input.

The AOT was retrieved using the measurements of a Prede
“Skyradiometer.” The AOT varies between the days, since the
atmospheric conditions were different. Additionally, spectral re-
flectance and BRDF measurements on the ground were carried
out. As shown in [15], the characteristics of a snow site are
not entirely Lambertian over the entire spectral range. For the
sun-observer viewing geometry during the satellite over flights
(see Tables III and IV), no correction must be applied in the
visible spectral range. In the NIR and shortwave infrared, cor-
rections must be taken under consideration, especially regarding
large viewing angles.

Additional local weather information and data from the U.S.
Department of Energy’s Atmospheric Radiation Measurement
Program (ARM) and CMDL site was taken into account to in-
tercompare and validate the measurement results performed at
the CalVal site. An overview of the atmospheric conditions is
given in Table V.

F. Algorithm

Both satellite and ground-truth data are input data for radia-
tive transfer modeling. As RTC, a slightly modified version of
the 6S code [4] was used. From the satellite data, the geoloca-
tion information, such as sun and viewing angles, is retrieved
for each passing time of each satellite sensor.



218 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 1, NO. 3, JULY 2004

TABLE V
OVERVIEW OF ATMOSPHERIC CONDITIONS ON

APRIL 14 AND 26 AT SOLAR NOON

The atmospheric input parameters for the RTC were defined
using the AOT (measurements) and the aerosol components (as-
sumptions) and taking additional atmospheric data into account
(such as H O, ozone contents). For the aerosol components, a
typical composition of 2.85% dust-like, 12.85% oceanic, 70%
water-soluble components and 14.3% soot components was as-
sumed [16] for the April 26. This composition could be con-
firmed with skyradiaometer measurements at scattering angles
of 5 , 7 , 10 , 15 , 20 , 25 , and 30 . However, measurements
performed during April 14 showed a lower imaginary part of the
refraction index, indicating that less absorbing aerosols could
be found in the boundary layer. Using additional information
from ARM Mircopulse Lidar (MPL) measurements, a thin ho-
mogenous cirrus layer could be identified. This nonvisible cirrus
layer caused higher AOT, but since placed on the top of the
boundary layer, the cirrus results in an offset in the TOA re-
flectance. However, the influence on the results for relative cross
calibration is considered to be small, since the AOT measure-
ments and MPL response (ARM measurements) were homoge-
neous during the observation time from 21:41 to 23:19. Also,
the spectral influence of the cirrus is small, assuming constant
spectral reflectance in the visible (ice cloud).

G. Results and Error Estimation

To provide an intersatellite comparison relatively to the space
sensors under consideration, the ratio of L1B TOA to ground-
truth modeled TOA data was calculated and plotted versus the
center wavelength of each sensor channel.

Fig. 2 shows the result of this normalization for April 14 and
26, respectively. Keeping in mind that the error budget for each
of the sensors is in the range of 5% and that the method has an
inherent error of 5% for a single comparison, all satellite sensor
L1B data are in the limits of the error bars.

However, the following tendency becomes obvious. GLI’s
performance is encouraging at this early point of the mission
(GLI was operational from April 2003). There is an excellent
agreement in the visible (channels 7, 8, and 13). Channel-1 and
Channel-19 seem to be too low; however, the deviation between
the calibration days is significant.

For the other space sensors, the following tendency becomes
“interesting”: when looking at Fig. 2: MODIS Aqua, AATSR,
and AVHRR Channel-1 are located at the upper limit of the
range and MODIS Terra (together with GLI) are at the lower
limit. MERIS and SeaWiFS seem to have a similar performance
(with MERIS a bit higher then SeaWiFS) and are located in
the center of the range. AVHRR Channel-2 is more difficult
to assess, since this channel has a broad spectral bandwidth

nm in a spectral region where snow reflectance
is decreasing.

Fig. 2. Ratio of L1B satellite data and vicariously calculated TOA data using
ground-truth measurements for April 14/26, 2003. For GLI channels, also the
center wavelength and the channel number are indicated. GLI, MERIS, MODIS
(Aqua), and SeaWiFS for the April 14 datasets are indicated in solid lines.

H. Accuracy of the Method

The accuracy of a single satellite intercalibration depends
mainly on the accuracy of the space sensor (4% to 5%), which
will be used as a reference calibration source. Further un-
certainties are measurement accuracy (e.g., uniformity of the
site, positioning accuracy) and uncertainties from atmospheric
modeling and assumptions (e.g., change of atmospheric condi-
tions, atmospheric characterization, and correction for viewing
angle differences). Hence, the rms error of a single intersatel-
lite comparison is in the range of 5% to 6.6%. Assuming this
error budget, all 12 L1B datasets used in this satellite inter-
calibration are within the error bars of the sensors’ calibration
accuracies and the uncertainties of this vicarious calibration
approach.

III. CONCLUSION

For the 12 datasets, this comparison showed that all TOA
radiances are within the error bars of the sensors’ calibration
accuracies and the uncertainties of this vicarious calibration
approach. However, a tendency in the datasets was recognized:
GLI and MODIS (Terra) seem to slightly underestimate
the snow site, and AATSR, MODIS (Aqua), and AVHRR
upel-1 are slightly overestimating the same site. In the center,
SeaWiFS and MERIS are close to the predicted TOA values,
whereas MERIS seems slightly higher then SeaWiFS. AVHRR
Channel-2 is difficult to assess, since the channel has a broad
spectral bandwidth of nm.

Concluding, it was an encouraging result for GLI at that point
of the mission. Using the prelaunch calibration factors, GLI de-
livers comparable results to other space sensor in the visible and
near infrared.

These results are currently compared with other CalVal tech-
nique results, such as the onboard (solar, lamp) and vicarious
(e.g., desert sites, ocean sites) calibration, such as described in
[17]–[19]. This ongoing comparison will deliver a better under-
standing of GLI’s performance and the limitations of the various
CalVal techniques.
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