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Abstract—High-resolution spectra measured by the ENVISAT
SCanning Imaging Absorption spectroMeter for Atmospheric
CartograpHY (SCIAMACHY) are used to develop spectral cor-
rection factors for satellite imager solar channels to improve the
transfer of calibrations from one imager to another. SCIAMACHY
spectra averaged for various scene types demonstrate the de-
pendence of reflectance on imager spectral response functions.
Pseudo imager radiances were computed separately over land and
water from SCIAMACHY pixel spectra taken over two tropical
domains. Spectral correction factors were computed from these
pseudo imager radiance pairs. Intercalibrations performed using
matched 12th Geostationary Operational Environmental Satel-
lite and Terra MODerate-resolution Imaging Spectroradiometer
(MODIS) visible (~0.65 pzm) channel data over the same domains
yielded ocean and land calibration gain and offset differences
of 4.5% and 41%, respectively. Applying the spectral correction
factors reduces the gain and offset differences to 0.1% and 3.8 %,
respectively, for free linear regression. Forcing the regression
to use the known offset count reduces the land-ocean radiance
differences to 0.3% or less. Similar difference reductions were
found for matched MODIS and Meteosat-8 Spinning Enhanced
Visible and Infrared Imager channel 2 (~0.86 pm). The results
demonstrate that SCIAMACHY-based spectral corrections can be
used to significantly improve the transfer of calibration between
any pair of imagers measuring reflected solar radiances under
similar viewing and illumination conditions.

Index Terms—Calibrations,
Absorption spectroMeter for
(SCIAMACHY), spectral response.

satellites, SCanning Imaging
Atmospheric CartograpHY

1. INTRODUCTION

CCURATE calibrations of satellite imager channels are
essential for converting the observed radiances into phys-
ical parameters through remote sensing techniques. The need
for these calibrations, particularly acute when monitoring long-
term changes in a given variable, has led to the development of
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the Global Space-based Inter-Calibration System (GSICS) [1].
Operational meteorological satellite imagers have long been
equipped with onboard calibration systems for their infrared
channels but have typically lacked similar systems for channels
measuring spectral reflectance at solar wavelengths. Thus, var-
ious methods have been developed to calibrate solar channels
against other reference sources, such as well-calibrated aircraft
measurements [2], stable desert sites [3], and other satellite im-
agers [4]. Those approaches have been unsatisfactory because
aircraft measurements are sparse and sporadic, the absolute
calibrations of the reference surface sites are not well known
and can vary, and the accuracies of the reference satellite im-
agers are highly uncertain. This dilemma has been diminished
substantially with the availability of long-lived research satel-
lites having well-calibrated solar channels, employing solar
diffusers, particularly the MODerate-resolution Imaging Spec-
troradiometer (MODIS) [5] on the Terra and Aqua satellites.

Operational geostationary (GEO) and polar-orbiting satellite
(POES) imager visible (VIS) and near-infrared (NIR) chan-
nels have been calibrated against comparable channels on the
MODIS by matching pixels at nadir [6] or off nadir [7] and
computing the gain for the target satellite in terms of the
MODIS radiances. Thus, the MODIS calibration is transferred
to the target imager. Since the channel spectral response func-
tions (SRFs) for a given imager are not the same as their
counterparts on other satellites, ideally, the transferred MODIS
calibration should be adjusted to account for those spectral
differences. To avoid such corrections, only pixels containing
cloudy or clear scenes over snow and ocean have been used
based on the assumption that such scenes are relatively flat
across the relevant wavebands [4], [6], [7]. Theoretical cal-
culations have also been used to develop spectral corrections
to improve the accuracy of the calibration transfers [8] but
have not yet been verified. High-spectral-resolution satellite
measurements have been used to verify onboard calibrations
of imager channels by integrating the nearly monochromatic
radiances over the imager SRFs and comparing the results to
matched radiances observed by the imager [9], [10]. Although
this approach, so far, has been used only for calibration ad-
justment of the coincident imager [9] or the spectrometer [10],
presumably, it could be used to develop spectral corrections
for transferring infrared calibrations across satellites. High-
resolution reflected solar spectra have been measured by the
SCanning Imaging Absorption spectroMeter for Atmospheric
CartograpHY (SCIAMACHY) on ENVISAT since 2002 [11].
These measurements should be ideal for making empirical
spectral corrections to transfer solar-channel calibrations across
many different platforms. This letter demonstrates the potential
for using SCIAMACHY data to improve the intercalibration of
imagers, both past and future.
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II. DATA AND ANALYSIS METHODOLOGY

VIS (0.65 pm) channel data taken at a 4-km resolution from
the 12th Geostationary Operational Environmental Satellite
(GOES-12, G12) during September 2009 were matched with
1-km Terra MODIS channel-1 (0.63 pm) radiances within a
domain between 15° N and 15° S and between 55° W and
110° W. A second domain, 15° N to 15° S and 20° E to
20° W, was used to match March 2007 MODIS NIR (0.86 pm)
radiances with their counterparts from the 0.81-m channel on
the Meteosat-8 (M8) Spinning Enhanced Visible and Infrared
Imager. For each Terra overpass, the data from all pixels for
the relevant pair of imagers were averaged over each 0.5°
region in the domain. Those 0.5° regional averages containing
any saturated MODIS radiances were eliminated. The averaged
radiances were then separated between land and water regions,
where ocean regions are those having a land percentage less
than 10%. All data pairs taken during a one-month period
were then used to perform an intercalibration via a nearly
simultaneous ray-matching procedure [7].

The regional data pairs were screened to obtain an approx-
imate match in time and viewing angle by only using the
data taken within 15 min of each other and with viewing
zenith and relative azimuth angles differing by less than 15°.
The data taken over water in near-sun-glint conditions were
eliminated. The GEO radiances were adjusted to the POES
solar zenith angle (SZA) and solar constant Egs. For this study,
the subscripts S1 and S2 correspond to the GEO and POES,
respectively. The solar-constant adjustment, i.e., multiplication
by Eg2/FEgs1, must be reversed to obtain the absolute values of
radiance for a given channel. Since the corrections are based
on measured SCIAMACHY solar spectra [12], which may
yield slightly different values of E than those associated with
each imager channel, any complications due to solar-constant
differences are thereby removed. The filtered data are used in
a linear regression to obtain gain and offset for one imager in
terms of the other

Lsy = a;iLgy +b; ey

where L'y, denotes the radiance of questionable calibration.
The G12 radiances are given in terms of 10-b raw digital counts
C't. The coefficients a and b are determined for surface type i.
For water and land, © = 1 and 2, respectively.

ENVISAT operates in a 98.55°-inclined sun-synchronous
orbit crossing the equator around 10:00 LST [11]. Combined
measurements from SCIAMACHY channels 1-6 provide
continuous high-spectral-resolution radiances at wavelengths
from 240 to 1750 nm. This study uses 1-s integration of the
SCIAMACHY version 6.03 spectral radiance Level-1
SCI_NL_IP data product [13], yielding a nadir footprint size
of about 30 km x 240 km to develop spectral correction factors
for the imager channels noted before. The SCIAMACHY
spectral radiance and daily solar irradiance [12] are used to
derive spectral reflectances over the measured range.

Two data sets are considered: one to illustrate the spec-
tral data and the other to develop correction factors. Average
spectral radiances were computed for various scene types us-
ing SCIAMACHY data taken from July 2003 through July
2006. The scene types were determined by matching the
SCIAMACHY pixels with the Clouds and the Earth’s Radiant
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Energy System Single Scanner Footprint Terra product cloud
property data [14] taken approximately half an hour after the
ENVISAT overpass. Various constraints were used to specify a
uniform scene type. For clear and cloudy scenes, only data hav-
ing cloud fractions < 0.01 or > 0.99 were used, respectively.
Clear ocean and forest data were further restricted to the view-
ing zenith angles VZA < 10° and to locations equatorward
of 50° latitude or SZA < 45°, respectively. Deep convective
clouds (DCCs) were selected from the tropics for pixels having
VZA < 40°, SZA < 45°, cloud-top temperatures less than
225 K, and optical depths > 70. The radiances and reflectances
for a given SRF were computed by convolving them with
the scene-type averaged SCIAMACHY spectral radiances and
reflectances.

To calculate correction factors for normalizing the calibration
of one imager to that of another, SCTAMACHY footprints taken
during seasonal months of 2003-2007 in the domains used for
matching the GEO and POES data were classified as land or
ocean. The spectra from each SCIAMACHY pixel were then
convolved with the imager SRFs to compute pseudo imager ra-
diances for each pixel. These pixel radiances presumably cover
a large dynamic range in a fairly continuous manner accounting
for most cloud and surface types in the domain. They are as-
sumed to represent the radiances in a perfect observing system.

For a given pair of spectral channels, scene, and set of
viewing and illumination conditions, the radiance measured by
a given imager is related to that of another by the function

Lpsii = fsiLpsoi (2)

if both are perfectly calibrated. The function fg is simply the
ratio of the two imager radiances, which are the convolved
radiances Lp from the SCIAMACHY data. Thus, the actual
radiance Lg; measured by imager 1 can be obtained from (2)
by simply multiplying the value of Lgs; from (1) by fg;. Thus,
if imagers 1 and 2 are perfectly calibrated, then

a; =1/fsi 3)

if there is no offset radiance for either imager.

III. RESULTS AND DISCUSSION

Fig. 1 shows the average SCIAMACHY reflectance spectra
for three scene types together with the SRFs for the G12 and
Terra MODIS VIS channels [Fig. 1(a)] and the M8 and Terra
MODIS NIR channels [Fig. 1(b)]. For clear ocean, the wide
G12 band yields a VIS reflectance of 0.0641, which is 3.6%
greater than that for MODIS. Because the G12 filter includes
the relatively strong reflectance for wavelengths greater than
0.7 pm, this difference rises to 60% over clear forest scenes,
where the average G12 reflectance is 0.0836. For the bright
DCC scenes, the G12 and MODIS VIS reflectances, 0.8316
and 0.8387, respectively, differ by less than 1%. The differences
(not shown) increase to 1.7% for clear snow and 2.7% for stra-
tus clouds and drop nearly to zero for cirrus clouds. Thus, the
spectral difference varies nonlinearly with background surface
and, hence, intensity.

The two SRFs in Fig. 1(b) barely overlap, yet the NIR
reflectance differences are no greater than those for the G12 and
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Fig. 2. Scatterplots of pseudo G12 and MODIS VIS radiances determined from SCIAMACHY spectra over G12 tropical domain, autumn 2003-2007. Linear,
forced, and quadratic fits are shown in black, red, and green, respectively. The dotted line indicates a slope of unity.

MODIS VIS channels. The SCIAMACHY data indicate that
M8 would measure reflectances of 0.0513, 0.1885, and 0.8156,
values 5.4%, 14.8%, and 0.5% less than those from MODIS
over ocean, land, and DCC clouds, respectively. Differences for
the other scene types (not shown) are comparable to those for
the VIS channels.

The SCIAMACHY pixel spectra were used to compute
pseudo G12 and Terra VIS radiances and M8 and Terra NIR
radiances for each season, as described earlier. Those pixel
data were used to determine fg for land and ocean through
multiple regression analysis. Results are shown in Figs. 2 and 3,
respectively, for the fall VIS and spring NIR pairs. The linear
regression slopes for ocean [Fig. 2(a)] and land [Fig. 2(b)]
are 0.977 and 0.942, respectively, with corresponding offsets
of 1.3 and 14.6 W-m~2.sr~! - um~!. These are qualitatively
consistent with the results in Fig. 1(a), particularly at the low
end of the range. The regression lines merge toward the line
of agreement at the high end of the range corresponding to
bright cloudy pixels. However, the linear regression does not
satisfactorily fit the data. Quadratic fits (shown in green) match
the observations more closely. Linear regressions performed
over all seasons reveal a 1.2% range in the slope relative to the
annual mean over land. Over ocean, the linear slope varies by
0.8% during the year relative to the annual mean slope. Thus,
it is clear that higher accuracy can be obtained using seasonally
averaged spectra.

Over water [Fig. 3(a)], the NIR slope and offset are 0.944
and —0.8 W-m~2.sr™!. um™!, respectively, compared to
1.014 and —12.5 W-m~2-sr ' - um~! for the land scenes
[Fig. 3(b)]. The offsets are negative because the MODIS SRF
includes the more reflective part of the spectrum. The NIR scat-
ter exceeds that for the VIS channels, most likely because the
MODIS SRF does not include the water vapor absorption band
near 0.8 pm that can be seen in Fig. 1(b). The standard errors
of the NIR linear fits ST Derr are two to four times greater
than their VIS counterparts in Fig. 2(a). Similar differences in
ST Derr are found for the quadratic fits. Because saturation
tends to clip the range of the MODIS NIR data, the fits are
valid only over the observed range of data. To cover the broader
range of possible observed radiances, it is assumed that the
imager-to-MODIS radiance ratios Rmin and Rmax computed
from the fits at the minimum and maximum observed values,
respectively, hold for all radiances less than or greater than the
respective endpoints. These values are included in Figs. 2 and 3.
This assumption could introduce some significant errors if the
range is small for the SCIAMACHY data.

Fig. 4 shows the plots of the matched September 2009
G12 and Terra MODIS data along with linear (and forced)
regression fits. Slopes for the different types of fits are also
listed along with the offset OF'F', correlation coefficient R,
the standard error of the fits ST Derr, and the number of
samples NU M. The force fits (red) fix the offset at the G12
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Fig. 5.

space count of 29. The ocean least squares fit [Fig. 4(a)]
yields an offset of 30.9 Ct, while the land fit [Fig. 4(b)] yields
46.8 Ct. The two least squares slopes differ by 4.5%. For
Ct = 100, the ocean and land fits yield radiances of 58.9 and
473 W -m~2.sr!. um~!, respectively. After multiplying the
MODIS radiances by the quadratic fits in Fig. 3, the ocean
[Fig. 5(a)] and land [Fig. 5(b)] lines are very similar, with
differences in the slopes and offsets reduced to ~0.1% and

G12 DAY CH1(0.65um), CNT (10 bit)

Same as Fig. 4, except MODIS data adjusted using quadratic fit fg from Fig. 2.

1.2 Ct, respectively. The linear regressions also appear to fit
the data better over the observed dynamic range. For C't =
100, the new ocean and land fits yield radiances of 58.2 and
592 W -m~2.sr7! . um™!, respectively, a difference of 1.7%,
down from ~22% for the original fits. The difference for a
count of 600 is 0.6 W-m™2-sr ' - um~' (0.1%), a value
reduced from 7.4 W -m~2 - st - yum~! (1.5%) for the original
fits. The absolute value of the G12 radiances can be obtained



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

DOELLING et al.: REFLECTANCE CORRECTIONS FOR SATELLITE INTERCALIBRATIONS USING SCIAMACHY DATA 5

by multiplying the resulting radiances by the ratio of the G12-
to-MODIS solar constants.

The slopes of the force fits in Fig. 4 differ by 9.3%. After
applying fs (Fig. 5), the ocean slope increases, while the land
slope decreases, reducing the gap to 0.3%. If the adjusted force
fits are applied, the ocean—land differences at C't = 100 and
600 are 0.15 (0.2%) and 1.2 W-m 2 -sr ! oum’l (0.3%),
reducing the overall reflectance errors compared to the free
offset fits.

Similar results (not shown) were found for the fits to the
March 2007 M8 and MODIS NIR data. The slopes for the
initial fits are 0.475 and 0.514 W-m 2 -sr . pum~'-Ct ™!
for land and ocean, respectively. The corresponding offsets
are 27.2 and 51.8 Ct. After applying the corrections from
Fig. 3, the ocean and land slopes are 0.476 and 0.474 W - m~2 -
st—t . um~! - Ct™!, respectively, and the offsets are 50.4 and
50.3 Ct, values very close to the M8 space count of 51. The
force fits through that space count yield slopes of 0.479 and
0477 W -m~2-sr' . yum~' - Ct"! for land and ocean, respec-
tively. These differences are less than 0.5% compared to 4.2%
for the uncorrected force fits. Again, the absolute value of the
MBS radiances is obtained by multiplying the resulting radiances
by the ratio of the M8 and MODIS solar constants.

IV. DISCUSSION AND CONCLUSION

The differences in ocean and cloud reflectances measured in
similar channels on two different imagers are not negligible.
The SCIAMACHY spectra reveal that the SRFs give rise to
G12 and MODIS VIS reflectance differences ranging from 60%
for clear forest to less than 1% over DCC scenes. Somewhat
smaller errors were found for the M8 and MODIS NIR chan-
nels. SRF corrections should result in the same calibration
equations regardless of scene type as long as the variability
of the spectral reflectance fields is captured in both the ob-
servations used for the spectral response corrections and in
the radiances used for the imager intercalibrations. Using two
different cases over both water and land, which differ the most
spectrally, this letter has demonstrated that the SCTAMACHY
spectra can be used to accurately account for the spectral
response differences between similar channels, even those that
barely overlap, on different imagers yielding calibration equa-
tions that differ by less than 0.5%. Based on these initial results,
it is concluded that the SCTAMACHY data can be successfully
used to develop spectral response corrections for many pairs of
imager channels having wavelengths within the SCTAMACHY
spectral range. Further study should address the dynamic range,
seasonal and regional variabilities, and other issues that impact
such corrections and determine how well these initial results
represent the accuracy of the corrections in general.
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