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ABSTRACT

After 10 years of successful operation of the Tropical Rainfall Measuring Mission (TRMM)/Visible
Infrared Scanner (VIRS), based on sensor performance, the authors have reexamined the calibration
algorithms and identified several ways to improve the current VIRS level-1B radiometric calibration soft-
ware. This study examines the trends in VIRS on-orbit calibration results by using lunar measurements to
enable separation of the solar diffuser degradation from that of the VIRS Earth-viewing sensor and by
comparing the radiometric data with two nearly identical Moderate Resolution Imaging Spectroradiometer
(MODIS) instruments on board the NASA Earth Observing System (EOS) Terra and Aqua satellites. For
the VIRS, with spectral bands quite similar to several of the MODIS bands, the integrated lunar reflectance
data were measured, from January 1998 to March 2007, at phase angles ranging from 0.94° to 121.8°. The
authors present trending of the lunar data over periods of 4 yr (Aqua/MODIS), 6 yr (Terra/MODIS), and
10 yr (TRMM/VIRS) and use these observations to examine instrument radiometric stability. The VIRS-
measured lunar irradiances are compared with the MODIS-measured lunar irradiances at phase angles
around 54°–56°. With the upcoming modified VIRS level-1B version 7 calibration algorithm, the VIRS,
along with MODIS, should provide better references for intercalibrating multiple Earth-observing sensors.

1. Introduction

The Tropical Rainfall Measuring Mission (TRMM)
spacecraft was launched in November 1997 for an origi-
nally designed 3-yr rainfall measuring mission (Simpson
et al. 1996; Barnes et al. 1996). The currently operating
Earth-viewing sensors aboard the TRMM are the Vis-
ible and Infrared Scanner (VIRS), the precipitation ra-
dar (PR), and the TRMM Microwave Imager (TMI).
Using the PR and the TMI, TRMM provides a regular
long-term set of precipitation measurements in the
tropics and subtropics. VIRS was not designed to mea-
sure rainfall, but to provide cloud-top temperatures and
structure that complement the measurements from the
other sensors. This study will focus on the validation of
the on-orbit calibration of VIRS over 10 yr using mea-
surements from viewing the moon, the sun, and Earth.

The VIRS instrument description and design, pre-
launch and postlaunch calibration and characterization
results, and a complete report of currently adopted
radiometric calibration algorithms are described by
Barnes et al. (1997), Kummerow et al. (1998), Barnes et
al. (1998), Lyu et al. (2000), Lyu and Barnes (2003), and
Barnes et al. (2000).

In this study, we use both Terra/Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Aqua/
MODIS as a semibenchmark for TRMM/VIRS based
on the following four reasons: first, the designs for
VIRS and MODIS are very similar, yet MODIS has
significant improvements in sensor sensitivity, electron-
ics, and calibration mechanisms. Second, nearly all of
the MODIS solar and thermal bands have been per-
forming well according to design specifications for 8.5
yr (Terra) and 6� yr (Aqua). Third, intercomparisons
show that Aqua and Terra MODIS differ in their re-
spective bands, but these differences are mostly within
their combined calibration uncertainties. Fourth, simi-
lar degradation trends have been observed (and prop-
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erly corrected) for both VIRS and MODIS. For a de-
tailed description of the MODIS calibration and its
quality, see the MODIS Web site (http://www.mcst.ssai.
biz/).

In our previous reports of VIRS calibration algo-
rithms by Barnes et al. (2000), Lyu et al. (2000), and
Lyu and Barnes (2003), the period (up to 4 yr) of the
observed VIRS data was not sufficiently long and we
were unable to perform a comprehensive validation of
the VIRS algorithms. Specifically, when we compared
calibrated VIRS radiances and reflectances with those
from MODIS, the VIRS 1.61-�m band was about 10%–
15% lower than the similar MODIS 1.64-�m band. This
paper examines the performance of 10 yr of VIRS data
in two steps. First, we perform checks of the currently
adopted (VIRS version 6) radiometric calibration algo-
rithms for both the reflected solar bands (0.62 and 1.61
�m) and the emitted thermal infrared bands (3.78,
10.83, and 12.03 �m). As mentioned by Lyu and Barnes
(2003), any observed degradation might not be due to
the sensor but to a change in the bidirectional reflec-
tance distribution function (BRDF) of the solar dif-
fuser. A way to determine the sensor degradation rate
is to use the trending results of about 9 yr (111 months)
of lunar measurements. We report the performance
and propose updates of calibration algorithms for the
VIRS solar and thermal bands in sections 2 and 3. Fur-
ther, we present VIRS calibration uncertainties in sec-
tion 4. Second, we compare calibrated VIRS reflec-
tances and brightness temperatures with those of simi-
lar MODIS bands to determine differences in their
coincident measurements. Both of these steps are im-
portant to the VIRS mission, since calibration is crucial
in the use of VIRS radiances to obtain cloud and aero-
sol properties, which is how the VIRS radiances are
used by the Clouds and the Earth’s Radiant Energy
System (CERES) team. In addition, an accurate cali-
bration of the VIRS radiances is fundamental to their
comparison with the radiances from past, current, and
future Earth imagers. Also, the consistency in the sen-
sor comparisons is fundamental to estimates of tropical
precipitation both before and after the TRMM mission.
We report these comparisons in section 5. The impli-
cations of the analyses and proposed updates are pre-
sented in concluding remarks in section 6.

2. Trends and algorithm updates for the VIRS
solar bands

The reflected bands use a two-point linear calibration
by periodically viewing the sun and space. These data
determine the solar responsivities (gains) that, together
with the sensor degradation rates (if applicable), are

used to derive Earth-viewing radiances. Early studies
using the coincident data measured in March 2001, per-
formed by P. Minnis et al. (2002, personal communica-
tion) and Lyu and Barnes (2003), indicate that the ra-
diances of the VIRS 0.62-�m band are comparable to
those of the MODIS 0.65-�m band, but the radiances of
the VIRS 1.61-�m band are about 15% smaller than
those of the MODIS 1.64-�m band. Furthermore, the
first 4 yr of on-orbit measured responsivities indicated
an annual degradation rate for the 0.62-�m band of
about 1.15% and no degradation for the 1.61-�m band.
In most recent studies by Minnis et al. (2007), however,
they conclude that the VIRS 0.62-�m band degrades at
less than 0.1% yr�1. After 10 yr of on-orbit TRMM/
VIRS measurements, we now have sufficient data to
revalidate the calibration algorithms as well as the sen-
sor’s performance.

a. Updated calibration algorithms for the solar
bands

The spectral radiances for the two solar bands (i � 1,
2 � 0.62, 1.61 �m) from the Earth view (EV) are de-
termined as follows:

LEV
i �

DNEV
i � DNSV

i

Ri �i��EV�
, �1�

Ri �
�DNSD

i � DNSV
i � ��DNSD

i � DNSV
i ���

Hsun
i �t��0.1286 � 0.8 cos��SD���i��DV�

, �2�

where DNi
EV, DNi

SV, and DNi
SD are the digital counts

(DN) from the EV, space view (SV), and solar diffuser
(SD), which include corrections for variations in the
scan mirror reflectance with angle of reflection and an
electronics temperature correction. The 	i(
EV) is the
reflectance of the scanning mirror, which is a function
of the reflection angle, 
EV, at which Earth is viewed;
	i(
EV) varies from 0.995 to 1.005 depending on the
wavelength band and reflection angle (Barnes et al.
2000). Note in Eq. (1), the space view radiance is taken
to be zero. Also, �(DNi

SD � DNi
SV) is a correction term

required because the baseline digital counts of SD
(dark) and SV differ, and Hi

sun (t) is the spectral solar
irradiance at the time of calibration [H1sun(t0) � 168.16
and H2

sun (t0) � 24.873, mW cm�2 �m�1, where t0 is the
time when the sun is at 1 A.U.]. To derive the above
spectral solar irradiance, we adopted a model solar ir-
radiance spectrum (Wehrli 1985) with a correction for
the difference of the Earth–sun distance from 1 A.U.
The 
SD is the solar reflection angle of the diffuser (mea-
sured from diffuser normal); 0.1286 � 0.8[cos(
SD)], the
empirically derived equation in the form of a � b
cos(
SD) from the measurements of BRDF of the dif-

2260 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 25



fuser by Santa Barbara Remote Sensing (SBRS), rep-
resents the fraction of the reflected solar irradiance re-
ceived by the detector for a given 
SD. The 	i(
DV) is the
spectral reflectance of the scan mirror viewed from the
diffuser at 
DV, where 	1(
DV) � 0.8976 and 	2(
DV) �
1.005 (Barnes et al. 2000; Lyu and Barnes 2003). Note
also that the original adopted 	2(
DV), which was 0.9231
in the VIRS 1B01 version 6 (level 1B) algorithm, and
was found to be in error. The original 	1(
DV) is accept-
able for the upcoming level-1B (version 7) algorithm.
Using the above corrected 	i(
DV) terms, we find that
the initial (measured at launch) responsivities Ri should
be 67.34 and 388.14 for the 0.62- and 1.61-�m bands,
respectively. The original initial responsivities (Lyu and
Barnes 2003) were 69.30 and 422.58. The adjustment of
the responsivities, based on a degradation rate of 0.05%
versus 1.15% yr�1 (see the following section), and the
trending results for the 0.62-�m band minimize the ra-
diance differences between MODIS and VIRS, espe-
cially for data after 2001.

Comparison of the reflectances from the VIRS 1.61-
�m band and the MODIS 1.64-�m band indicate that
the VIRS 1.61-�m band is lower by about 14% (see the
following sections). We examined the calibration algo-
rithm, but we did not find any clue to this problem until
we reviewed the calibration documents and found that
the BRDF of the SD and the reflectance of the scan
mirror were not clearly defined. After determining the
correct values of the scan mirror reflectance, we find
that the reflectance measurements of the VIRS 1.61-
�m band are comparable to those of the MODIS 1.64-
�m band.

b. Degradations using solar and/or lunar
measurements

Diffuser measurements occur about twice a month,
and the exposure of the diffuser to the sun during each
measurement lasts about 2 min. From these measure-
ments, we calculate the responsivity Ri using the reflec-
tance of the diffuser, the digital counts, and the irradi-
ance from the sun [Eq. (2)]. The responsivities (or
gains) of the VIRS 0.62- and 1.61-�m bands from 210
on-orbit solar calibrations are shown in Fig. 1. If there
is no change in the diffuser reflectance on orbit, the
changes in the diffuser-based measurements over time
will track the changes in the sensor responsivity Ri. As
shown in Fig. 1, only the 0.62-�m band exhibits a de-
crease in response over the VIRS mission. This is not
surprising in that both optical components and diffuse
surfaces have a tendency to degrade in the shorter
wavelengths first. The 1.15% yr�1 loss in sensitivity (or
responsivity) of the 0.62-�m band, measured while
viewing the sun via the diffuser, cannot a priori be di-

vided between the sensor and the diffuser. Since the EV
data do not include the SD in the optical path, the
question arises as to whether the decrease in respon-
sivity is due to the sensor, to a change in the reflectance
of the SD, or to both. Measurements of the moon, as
with the EV measurements, do not include the SD in
the optical path.

VIRS lunar measurements have been made near-
monthly for over 9 yr. This 9-yr dataset, as mentioned
previously, was collected to enable the separation of
any solar diffuser degradation from that of the sensor.
We have compiled 713 lunar measurements during 3400
observing days (Fig. 2). These data occur over a wide
range of lunar phase angles, ranging from 0.94° to
121.8°. Besides the data presented in Fig. 2, we have
removed about 300–500 partial lunar measurements.
This is based on the fact that some of the lunar sequen-
tial measurements have significant drops (�10%) in the
integrated spectral counts. This implies that the moon
was not completely (only partially) detected. These
partial data are found mostly at the beginning and end
of the series of lunar scanning orbits and are probably
due to obscuration by the edges of the SV port.

FIG. 1. Nine years of on-orbit responsivities for the VIRS (a)
0.62- and (b) 1.61-�m bands.
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Besides the partial lunar data at larger phase angles,
one might worry that small phase angles could result in
at least a partial lunar eclipse. This is because the moon
and sun will be nearly in opposition as viewed from
Earth, putting the moon partly in Earth’s shadow. This
would not be true for an observer at some distance
from Earth, but TRMM is not at a high enough altitude
to avoid the eclipse at small phase angles. However,
even when the lunar phase was 0.94° on 26 May 2002,
the moon had already moved outside the penumbra
completely. Thus, the lunar data in this analysis repre-
sent completely scanned moons at the given phase
angles. Note that the lunar data acquired after March
2007 are not usable, because there is an unexplained
10% drop in the integrated lunar counts for both the
0.62- and 1.61-�m bands. However, this decrease does
not seem to affect the radiometric calibrations.

In Fig. 2, we have shown the best fit of the lunar
spectral intensity versus phase for both the VIRS 0.62-
and 1.61-�m bands. Because of lunar librations, the
moon does not always show exactly the same face to
Earth. There is more scatter in the VIRS 1.61-�m data
than in the VIRS 0.62-�m data. Note that libration ef-
fects are changes in the lunar radiance as seen from the
spacecraft due to variation in the side of the moon that
faces Earth during the lunar observations. For the
VIRS solar bands, libration effects are estimated to
change the lunar brightness by as much as 
5% at 1.61
�m and by as much as 
2% at 0.62 �m. However, it is
not certain that libration is the principal cause for this
increased scatter.

After sorting out the time series of the VIRS lunar
calibrations and normalizing the integrated values with
the best-fit phase curve of Fig. 2, the quadratic best fit
through the VIRS lunar spectral intensity data indicates
that the VIRS sensor has been degrading approxi-
mately 0.05% yr�1 (see Fig. 3). Since the solar obser-

vations of the VIRS 0.62-�m band indicate a decrease
in responsivity of 1.15% yr�1, it follows that the SD
reflectivity is decreasing approximately 1.1% yr�1.
Therefore, the next reprocessing of the VIRS data
should include a time-dependent responsivity that de-
creases 0.05% yr�1. The responsivity function for the
VIRS 0.62-�m band due to the newly determined deg-
radation rate should be 67.34–9.22466 � 10�5 � (days
since 1 January 1998).

To understand more about the performance of simi-
lar sensors, we compare the trending result using the
lunar measurements of the Terra/MODIS and Aqua/
MODIS 0.65-�m band with that of the VIRS 0.62-�m
band in Fig. 3. We find that Terra/MODIS in its first
five operational years degraded at a similar rate as
VIRS. Aqua/MODIS, on the other hand, has a unique
trending pattern. The Aqua/MODIS 0.65-�m band had
an increase (as much as 3%) in its first 3 yr. However,
in the recent 2 yr both Terra/MODIS and Aqua/
MODIS seem to have similar degradation rates of
0.7% yr�1. Because there are some bad detectors in the
MODIS 1.64-�m band, together with significant (opti-
cal) signal leaks and cross-talk issues, we could not ap-
ply the lunar data for this band properly. The signal
leaks and cross-talk problems have been minimized by
adopting special data processing algorithms for the EV
data, but not for the SV lunar data (because a sudden
bright target appears in the SV for only a short time
duration). Thus, we did not perform comparisons of
sensor performance trending between the MODIS
1.64-�m band and the VIRS 1.61-�m band. Note the
bad detectors found in both the Terra/MODIS and
Aqua/MODIS 1.64-�m bands. The bad detectors in the
Terra/MODIS were only observed in its early opera-
tional periods and were due to the use of specific con-
figurations during on-orbit testing. These detectors re-
turn to normal after applying appropriate configura-
tions. Please refer to Lyu et al. (2006) for a detailed
description on how we adopt the scaling factors (m 0
and m 1 for MODIS scan mirror sides 0 and 1, respec-
tively) to determine the MODIS sensor performance
changes. Note also that for trending studies, both for
the VIRS degradation data shown in Fig. 3 and the
irradiance curves shown in Fig. 4, the VIRS data are
derived by applying best fits to 9 yr of lunar measure-
ments, whereas the MODIS results are based on indi-
vidual lunar measurements.

In Fig. 4 we compare the MODIS lunar irradiance
data at phase angles near 55° with VIRS lunar mea-
surements at phase angles ranging from 0.94° to 121.8°.
We normalized both datasets by dividing by the total
integrated, band-averaged solar spectral irradiances.
The normalized irradiance data from Terra are shown

FIG. 2. Disk-integrated spectral intensity (counts) of the VIRS
0.62- and 1.61-�m data vs lunar phase angle.
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in Fig. 4a and those from Aqua in Fig. 4b. For compari-
son, the irradiance expected from an ideal Lambertian
surface is also shown as a function of viewing angle.
Also shown in the figure is the Terra/MODIS lunar
irradiance at 22° phase angle, which was acquired dur-

ing the second Terra deep space maneuver, imple-
mented on 14 April 2003. We find that the derived
lunar irradiances from both Terra/MODIS and Aqua/
MODIS are comparable to, but slightly higher, than
VIRS. Since different instruments view the moon at

FIG. 4. Irradiance vs phase. The irradiance of the moon is represented by the best fits to the
VIRS 0.62- and 1.61-�m data, normalized at 0° phase. The dotted line corresponds to the
irradiance expected from a Lambertian surface. (a) Terra MODIS normalized irradiance vs
VIRS; (b) Aqua MODIS normalized irradiance vs VIRS. The 1� error bars for the VIRS 0.62-
and 1.61-�m data are noted in (a) and (b).

FIG. 3. Sensor performance trending of TRMM/VIRS, Terra/MODIS, and Aqua/MODIS vs
days since 1998. The dates of the first lunar event for Terra and Aqua are 24 Mar 2000 and
20 Jun 2002, respectively. The 1� error bar for VIRS is noted.

DECEMBER 2008 L Y U A N D B A R N E S 2263



somewhat different angles (e.g., the moon appears in
waxing or waning phases), improved lunar models for
TRMM/VIRS may have a significant impact on the de-
rived irradiances.

3. Updates for VIRS thermal bands

During ground calibration, for the thermal bands, be-
cause of the nonlinear responses of the HgCdTe detec-
tors, the digital counts from detector output were fit to
a quadratic function of the measured radiance (Ld) as
follows:

DNXc � q2 � LdX
2 � q1 � LdX � DN0. �3�

In Eq. (3), q1, the dominant linear parameter, is differ-
ent for each band and each scan line. It is determined
on a scan-by-scan basis using the onboard blackbody.
Here q2 cannot be determined on orbit and is obtained
from prelaunch measurements. LdX is the radiation in-
cident on the detector, and X could be from the EV, the
internal blackbody (BB), or the SV. Note that DNXc

includes a correction (c) for drifts from the nominal
electronics temperature T. When the input radiance is
zero, the measured baseline count due to uncooled or
imperfect devices (e.g., scan mirror, electronics, etc.) is
DN0. In this case, DN0 � DNSVc.

For the VIRS thermal bands, the BB effective spec-
tral radiance (LBBeff) consists of three terms: 1) the
radiance emitted from the BB itself; 2) radiance that is
emitted from the cavity; and 3) radiance from the EV,
but reflected by the BB. Moreover, our assumptions are
that all sources can be described by a bandwidth aver-
aged BB (using Planck’s equation); the emissivity ��BB

is independent of wavelength across the bandwidth;
and the “view” from the calibration BB consists of 95%
cavity (Tcavity � TBB � 2 K) and 5% Earth view (Tearth �
283 K). Thus, the effective spectral radiance from the
calibration BB can be described by the following equa-
tions:

LBBeff � LBB � LBBcavity � LBBearth

� ��BB BBn�TBB� � �1 � ��BB�0.95 BBn�Tcavity�

� �1 � ��BB�0.05 BBn�Tearth�, �4�

where

BBn�T� �

�
�lower

�upper

BB��T���

�
�lower

�upper

��

and

BB��T� �
2hc2

�5�ehc��KT � 1�
. �5�

Further, the incident radiation can be characterized
by the reflectance of the mirror that directs the radia-
tion from the source to the detector. That the mirror
reflectance is not perfect implies that it is also a radiant
source that must be taken into account when measuring
the calibration BB, SV, and EV. We assume that LSV,
the space-view radiance, is zero. Also, the radiance
from the uncooled optics is LBG. Hence, we have

LdSV � ���SV�Lmirror � LBG

� �1 � �n��SV��BBn�Tmirror� � LBG, �6�

LdBB � �n��BB� � LBBeff � �1 � �n��BB��BBn�Tmirror�

� LBG, �7�

LdEV � �n��EV� � LEV � �1 � �n��EV��BBn�Tmirror�

� LBG, �8�

where 	n(
BB), 	n(
SV), and 	n(
EV) correspond to the
reflectances for measurement at 
BB, 
SV, and 
EV, re-
spectively. All quantities on the rhs of Eqs. (6) and (7)
can be determined from flight measurements or stored
in ground (laboratory)-based lookup tables, except that
LBG is unknown. Fortunately, LdBB � LdSV is indepen-
dent of LBG.

To determine the calibration coefficients, q1, we can
calculate the radiance from the BB (LBB � LdBB �
LdSV). Using LdBB � LdSV � 	n(
BB) LBBeff � [	n(
SV) �
	n(
BB)] BBn(Tmirror), we have

DNEVc � q2�LdEV � LdSV�2 � q1�LdEV � LdSV�

� DN0. �9�

Solving for q1 we have

q1 �
DNBBc � DNSVc

LdBB � LdSV
� q2�LdBB � LdSV�. �10�

Hence, once LBBeff and other terms have been deter-
mined and the DNBBc, DNSVc acquired, Eq. (10) can be
used to determine q1 for each channel.

When measuring the scene radiance (i.e., the DN)
from Earth view, we have

DNEVc � q2�LdEV � LdSV�2 � q1�LdEV � LdSV�

� DN0. �11�

Note that if LdEV is the same as LdSV, then DNEVc �
DNSVc � DN0. Solving for LdEV we get

Ld�EV � LdEV � LdSV

�
�q1 � �q1

2 � 4q2�DN0 � DNEVc�

2q2
. �12�
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Therefore, adopting Eqs. (6) and (8), the EV scene
radiance is found to be

LdEV � {Ld�EV � ��n��EV�

� �n��SV��BBn�Tmirror�}��n��EV�. �13�

This is a description of the current (version 6) VIRS
level-1B algorithm (see also Barnes et al. 2000) for the
VIRS thermal bands.

4. VIRS calibration uncertainties

The radiometric accuracies calculated prelaunch for
the in-flight calibration of the VIRS solar bands (0.62
and 1.61 �m) are about 5.6% (TRMM/VIRS 1996).
The important uncertainty contributors include calibra-
tion sources (either from the solar diffuser or the lunar
measurements), scan mirror reflection angle, stray
light, out-of-band spectral effects (imperfect spectral
filters), and out-of-field (near field) response. The most
significant error source comes from the calibration
source (4.0%). The next one is from out-of-field effects
(3.0%), and then the out-of-band spectral effects
(2.0%). Note that the out-of-field error is due to the
detection of radiance outside the field of view of the
VIRS 6-mrad pixel and is most likely due to light scat-
tered off the primary mirror. The uncertainty contribu-
tion from the mirror reflectance is small (less than 1%).
Other instrumental uncertainties are also small. Note
also that the uncertainty contributors are assumed in-
dependent of each other. The root sum square (RSS) of
the individual uncertainty contributions results in the
total radiometric uncertainty (e.g., 5.6% for the VIRS
solar bands). The individual errors are a combination of
measurements (i.e., standard lamp orientation, diffuser-
to-lamp distance, etc.) and modeled results (i.e., scat-
tered light, wavelength calibration, etc.). The various
elements can be found in appendix A of TRMM/VIRS
(1996).

The radiometric accuracies calculated prelaunch for
the in-flight calibration of the thermal bands (3.78,
10.83, and 12.03 �m) are about 2.7% (TRMM/VIRS
1996). The primary uncertainty contributors include
scan mirror reflection angle and in-band and out-of-
band spectral effects. The uncertainty in the radiance
from the calibration source is less than 0.9% for the
3.78-�m band and is less than 0.5% for both the 10.83-
and 12.03-�m bands. In terms of temperature for an
Earth scene at 300 K, the uncertainties are about 2 K.
From measurements on orbit by Lyu et al. (2000), the
reflectances for the 10.83- and 12.03-�m bands differ by
up to 2%, but the prelaunch reflectances adopted from
MODIS measurements for these bands are the same

(Barnes et al. 2000). The uncertainty of the on-orbit
reflectances would be additional to the primary sources
of uncertainty for the VIRS thermal radiances.

5. Comparisons of VIRS and MODIS

Radiometric comparisons of the five spectral bands
of TRMM/VIRS (level-1B version 6) have been made
with similar bands from the Terra/MODIS (level-1B
version 5) by using coincident datasets measured in
March 2001, June 2002, September 2003, December
2004, and April 2007 (see Figs. 5–7). The Satellite Tool
Kit (STK) from Analytic Graphics Inc. (www.agi.com)
was used to find coincident times and nadir geoloca-
tions for VIRS and MODIS. A similar approach on
how to determine the exact crossover of two space-
crafts/sensors has been presented by Lyu and Barnes
(2003).

For low-flying satellites such as TRMM, solar drag is
always an issue. Thus, for the STK satellite propagation
analyses new ephemeris data must be carefully selected
and adopted for both the TRMM and Terra spacecraft
almost every day. After locating 20–40 crossovers of
VIRS and MODIS in a month, the data around these
nadir crossovers (within a 1.0° � 1.2° region) were grid-
ded into 0.2° latitude � 0.4° longitude regions. This
results in 300–600 near-nadir regions, which were ob-
served in both day and night. The pixel size of VIRS is
6 mrad [i.e., 2.1 km (TRMM at 350 km) or 2.41 km
(TRMM at 402 km after 24 August 2001)]. For MODIS,
whose pixel size is 0.35 mrad (0.25 km) for the 0.65-�m
band, we choose the data product with an aggregated
pixel size of 1 km. Hence, in the 0.2° � 0.4° region there
are 137–270 data points from VIRS and 770–970 data
points from MODIS. The time differences of the cross-
overs between VIRS and MODIS are all within 2 min
and a few seconds. This ensures that there are no extra
uncertainties resulting from scene changes (cloud mo-
tion). Note that both the Terra and Aqua are polar-
orbiting satellites in sun-synchronous orbits at a nomi-
nal altitude of 705 km, inclined at about 98.2°. The
TRMM is in a non-sun-synchronous orbit, at 35° incli-
nation. Also, the geolocation (latitude, longitude) is
designated by the center of each pixel (or aggregated
MODIS pixel). The actual projected map of two differ-
ent sensors may display some offsets in (latitude, lon-
gitude) location. In these comparisons, we assume that
the effects resulting from the geolocation mapping off-
sets are negligible.

In Fig. 5, we present comparisons of the reflectance
data of similar solar bands obtained from VIRS version
6 and MODIS version 5 in the years between 2001 and
2006. For the VIRS 0.62-�m band, we adopted a radi-
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ance degradation rate of 1.15% yr�1 in the version 6
data products. Lyu and Barnes (2003) derived this deg-
radation rate from the first 4 yr of solar diffuser mea-
surements but found that the lunar calibration data

were not adequate to establish the degradation of the
sensor. If MODIS is assumed to have maintained its
original sensor performance, then the use of an inap-
propriate sensor degradation rate may be the reason

FIG. 5. Radiometric comparisons of TRMM/VIRS version 6, Terra/MODIS version 5 data observed in March 2001,
June 2002, September 2003, December 2004, and March 2006.
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why the VIRS 0.62-�m band calibration results start to
deviate from the MODIS 0.65-�m band in the year
2003. For the VIRS 1.61-�m band, as indicated in ear-
lier studies, the derived reflectance is consistently lower

than the MODIS 1.64-�m band by about 14%. Note
that the solid line is the best fit to the data and the
dotted line represents a slope of 1 with zero offset.

In Fig. 6, we present comparisons of the brightness

FIG. 6. Brightness temperature comparisons of TRMM/VIRS version 6, Terra/MODIS version 5 data observed in March 2001, June
2002, September 2003, December 2004, and March 2006.
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temperatures of similar thermal bands obtained from
VIRS version 6 and MODIS version 5 in the years be-
tween 2001 and 2006. We find that all three VIRS ther-
mal bands (3.78, 10.83, and 12.03 �m) are comparable
to the MODIS thermal bands at 3.75, 11.03, and 12.02
�m, respectively. Note that MODIS has a larger cali-
bration range, namely, the derived brightness tempera-
tures of the EV scenes are between 168.9 and 337.7 K
(Aqua) and between 168.9 and 336.4 K (Terra) for the
3.75-�m band, between 92.7 and 339.5 K (Aqua) and

92.6 and 398.9 K (Terra) for the 11.03-�m band, and
between 87.7 and 341.3 K (Aqua) and 87.7 and 396.5 K
(Terra) for the 12.02-�m band (MODIS Characteriza-
tion Support Team 2007, personal communication). For
the VIRS thermal bands, we can only measure scene
brightness temperatures between 180 and 330 K. More-
over, MODIS has 12 bits of digitization versus 10–11
bits for VIRS. Consequently, MODIS has better preci-
sion in measuring reflectances and brightness tempera-
tures.

FIG. 7. Radiometric and brightness tempera-
ture comparisons of TRMM/VIRS version 6,
Terra/MODIS version 5 data observed in April
2007.
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In Fig. 7, we present comparisons of the reflectance
as well as brightness temperatures of similar bands ob-
tained from VIRS version 6 and MODIS version 5 in
April 2007. The results are comparable to those pre-
sented in Figs. 5 and 6. As explained in sections 3 and
4, we have found several possible improvements for the
VIRS radiometric calibrations. First, the lunar mea-
surements imply that the degradation rate for the VIRS
0.62-�m band should be 0.05% yr�1. Second, the re-
sponsivity for the VIRS 1.61-�m band should be 388.14.
These changes will be incorporated in the upcoming
VIRS level-1B (version 7) calibration algorithms.

In Fig. 8, we present comparisons of the reflectances
of similar bands obtained using the proposed VIRS ver-
sion 7 and MODIS version 5 for April 2007. After
adopting the VIRS version 7 algorithm, to be imple-
mented operationally around 2008–09, we find that the
VIRS solar bands should agree with similar MODIS
bands, within their uncertainties. The VIRS thermal
bands are not shown, since their calibration algorithm is
the same as for version 6.

6. Concluding remarks

In comparing VIRS level-1B version 6 data with
MODIS version 5 data the VIRS 0.62- and MODIS
0.65-�m band comparison is reasonable and the trend
of the difference is consistent with the responsivity cor-
rection equation. The measured reflectances of the
VIRS 0.62-�m band deviate from those of the MODIS
0.65-�m band and increase with time after the launch of
TRMM/VIRS. This is due to the use of the degradation
rate of 1.15% yr�1 resulting from the SD on-orbit mea-
surements. The lunar data should enable separation of
any solar diffuser degradation from that of the VIRS
sensor. However, in our last report (Lyu and Barnes

2003), we did not have sufficient lunar measurements to
determine precise degradation rates. We assumed that
the degradation in the response of the 0.62-�m band
was due solely to the sensor.

A study of the trend in lunar reflectance measure-
ments over 9 yr indicates that the VIRS sensor is de-
grading about 0.05% yr�1 for the 0.62-�m band. More-
over, with this revised degradation rate (in the upcom-
ing level-1B version 7 algorithm), the radiometric
measurements of both the VIRS 0.62- and the MODIS
0.65-�m band are comparable.

After adopting corrected scan mirror reflectance val-
ues in the level-1B version 7 algorithm, the reflectance
measurements of the VIRS 1.61-�m band are compa-
rable to those of the MODIS 1.64-�m band. The re-
maining 5% difference is mostly due to differences in
the sensors in terms of bandwidths, wavelength centers,
detection or saturation limits, and the intrinsic uncer-
tainty in the measurements.

The Robotic Lunar Observatory (ROLO) model is
being developed (T. Stone 2007, personal communica-
tion) to establish a spectral irradiance model of the
moon to account for variations with lunar phase, lunar
librations, and the location of Earth-orbiting spacecraft.
This program is capable of characterizing the brightness
of the moon for the on-orbit calibration of Earth-
sensing imaging radiometers. As an alternative to the
approach presented here, the ROLO model should be
able to determine integrated lunar irradiances for each
of the VIRS lunar measurements. This will enable us to
improve our on-orbit radiometric calibrations and to
more directly track changes in sensor response.

The TRMM/VIRS thermal bands are comparable to
similar MODIS bands. The current VIRS version 6
thermal band calibration algorithm will be retained for
the upcoming version 7 data products. We expect, with

FIG. 8. Radiometric comparisons of TRMM/VIRS version 7 and Terra/MODIS version 5
data observed in April 2007.
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the version 7 algorithms, that VIRS should provide sig-
nificant improvements for intercalibrating multiple
Earth-observing sensors.
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