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Abstract— Six Clouds and the Earth’s Radiant Energy System
(CERES) instruments on four satellites are used to produce
a global continuous multidecadal record of Earth’s radiation
budget (ERB) at the top-of-atmosphere (TOA). Each CERES
instrument was calibrated and characterized on the ground
before launch, while postlaunch calibration was conducted using
onboard calibration sources. The performance of the CERES
instruments is verified using vicarious approaches involving both
Earth and celestial targets. In this article, we describe the calibra-
tion and validation approach and demonstrate the performance
of the CERES instruments on the Terra and Aqua spacecraft over
the 20-year period since launch. Validation results demonstrate
that after applying the appropriate calibration corrections, all
four instruments are stable and perform consistently with each
other. Comparisons of observations between instruments on the
two spacecraft during orbital crossings further confirm the
consistent performance across all instruments over the 20-year
period.

Index Terms— Aqua, calibration, Clouds and the Earth’s
Radiant Energy System (CERES), radiometry, Terra, validation.

I. INTRODUCTION

THE Clouds and the Earth’s Radiant Energy System
(CERES) project combines measurements from CERES

instruments and several other data sources to produce a global
continuous record of the Earth’s radiation budget (ERB) at
the top-of-atmosphere (TOA), within the atmosphere and
surface for a range of time and spatial scales [1], [2]. Six
CERES instruments measuring broadband reflected solar and
emitted thermal infrared radiation from Earth are currently
flying on four spacecraft: Flight Models (FMs) 1 and 2 on
Terra, launched in December 1999; FMs 3 and 4 on Aqua,
launched in May 2002; FM5 on Suomi National Polar-orbiting

Manuscript received 19 July 2023; revised 6 October 2023; accepted
21 October 2023. Date of publication 6 November 2023; date of current
version 17 November 2023. (Corresponding author: Mohan Shankar.)

Mohan Shankar, Norman G. Loeb, and Susan Thomas are with NASA
Langley Research Center, Hampton, VA 23666 USA (e-mail: mohan.
shankar-1@nasa.gov; norman.g.loeb@nasa.gov; susan.thomas-1@nasa.gov).

Nathaniel Smith and Dale Walikainen are with ADNET Systems,
Bethesda, MD 20817 USA (e-mail: nathaniel.p.smith@nasa.gov; dale.r.
walikainen@nasa.gov).

Natividad Smith and Janet L. Daniels are with Analytical Mechanics
Associates Inc., Hampton, VA 23666 USA (e-mail: nitchie.smith@nasa.gov;
janet.l.daniels@nasa.gov).

Digital Object Identifier 10.1109/TGRS.2023.3330398

Partnership (SNPP), launched in October 2011; and FM6 on
NOAA-20, launched in November 2017. All spacecraft were
launched into a polar Sun-synchronous orbit with Terra and
Aqua at an altitude of 705 km and SNPP and NOAA-20
spacecraft at an altitude of 824 km. Terra has a 1030 mean
local time (MLT) equatorial crossing time, while Aqua, SNPP
and NOAA20 have a 1330 MLT equatorial crossing time.
All CERES instruments are operating well past their design
lifetime of five years. From 2022, the Terra and Aqua orbits
began to drift to earlier and later MLTs, respectively. Should
the missions remain healthy and be allowed to continue, Terra
and Aqua will cross 0900 and 1500 MLTs in 2026, marking
the last year of science operations.

The prelaunch accuracy requirements for the CERES instru-
ments are 0.5% in the emitted thermal bands and 1% in the
reflected solar bands, defined at 1-sigma confidence intervals
(CIs). These accuracy requirements are achieved by an exten-
sive prelaunch calibration and characterization program and
tracked in-flight using on-orbit calibration sources. Vicarious
validation studies are performed using various Earth targets,
as well as the Moon, to evaluate instrument performance.

In this article, we demonstrate the long-term performance
of the four CERES instruments on Terra and Aqua during
20 years of continuous operations after the application of
the most up-to-date corrections for instrument drift identified
by the onboard calibration sources in conjunction with the
various validation studies using vicarious targets. This article
demonstrates that after applying all known corrections to
the gain and spectral response coefficients, the instrument
performance-related changes are minimized, and CERES pro-
vides a reliable and consistent data record that measures
changes to the Earth system. These updates are incorporated
in the publicly available Edition 4 data products for Terra and
Aqua. We also show intercomparisons between the instruments
across the two spacecraft.

II. BACKGROUND

A. CERES Instrument

The CERES instruments were designed, developed, and
calibrated by TRW (subsequently acquired by Northrop
Grumman Aerospace Systems) before being integrated into
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Fig. 1. Drawing of the CERES instrument showing the various components.

each spacecraft. CERES instruments carry three sensor assem-
blies, each with identical Cassegrain f /1.8 telescopes and
thermistor bolometer detectors. The sensor assemblies cor-
respond to the three spectral channels: a shortwave (SW)
channel that measures the Earth reflected radiances in the
0.3–5 µm spectral range; a total channel (TOT) that measures
the total radiance leaving the Earth, spanning the spectral range
of 0.3–200 µm; and a window channel (WN) that measures
the Earth emitted thermal radiances in the spectral range of
8–12 µm (for the instruments on Terra, Aqua, and SNPP).
The CERES instrument on NOAA-20 carries a longwave (LW)
channel that spans the 5–35 µm spectral range, which replaces
the WN channel on all prior instruments. Fig. 1 is a drawing
of the CERES instrument, showing the various components.
The sensor assemblies are coaligned and mounted on a single
scan head such that the fields of view of the three channels
overlap each other by approximately 98%. The scan head can
be rotated about its elevation axis as it scans the Earth every
6.6 s. It can also be commanded to rotate about the azimuth
axis for increased angular sampling or for conducting special
measurement campaigns. The instruments also carry onboard
calibration sources (within the instrument structure) to detect
and track any changes to channel performance. The MAM
baffles are the port through which the Sun illuminates the solar
diffuser used for solar calibration.

A cross section of one of the three sensor assemblies on the
CERES instrument is shown in Fig. 2. Each assembly consists
of a forward baffle, telescope, and detector. The forward baffle
restricts the field of view (FOV) and blocks out stray energy
from entering the telescope. The telescope optical system
consists of primary and secondary mirrors of the Cassegrain
telescope and the optical filters. The FOV of the telescope
is a truncated diamond shape that is 1.3◦ wide and 2.6◦ tall,
as defined by the field stop placed behind the primary mirror.
A pair of filters are used for each of the SW and WN channels,
with one located on the spider holding the secondary mirror,
while the second filter is located in between the field stop
and the bolometer detector. The TOT channel does not have

Fig. 2. Cross section of a CERES sensor assembly showing the optical
components and the detector. The Forward and Rear filters are for the SW
and WN channels. The TOT channel does not have any filters in its optical
path.

filters, and therefore, measures all the energy that arrives at
the telescope.

The thermistor bolometer detector consists of an active and
reference bolometer flakes, which are mounted on separate
assemblies that are in thermal contact with each other and with
a heatsink maintained at a constant temperature of 38 ◦C using
an electrical heater. Both the active and reference bolometers
are covered with layers of Aeroglaze-Z-306 doped with 10%
carbon black, which serve as absorbers.

B. Onboard Calibration Systems
To detect any drifts in the responses of the channels, each

CERES instrument is equipped with two in-flight calibration
systems: the internal calibration module (ICM) and the mirror
attenuator mosaic (MAM). The ICM consists of two blackbody
sources for calibrating the TOT and WN channels, as well
as a SW internal calibration source (SWICS) for calibrating
the SW channel. The blackbodies are 2.75 cm in diameter,
concentric grooved, and made of anodized black aluminum.
Platinum resistance thermometers (PRTs) are embedded in the
blackbodies to measure the temperature of the blackbodies’
emitting surface. The SWICS consists of an evacuated tungsten
halogen lamp, a diffuser, and a fold mirror to direct the light
to the CERES SW telescope. A silicon photodetector is used
to measure the light within a narrow spectral band that arrives
at the fold mirror.

The MAM is a solar diffuser plate that is used for calibration
of the SW and TOT channels. The MAM consists of a baffle
and a solar diffuser plate, which attenuates and diffuses solar
radiation that the SW and TOT channels can view. The solar
diffuser plate consists of an array of spherical aluminum
mirror segments that are separated by an absorbing black
paint surface. The MAMs on Terra and Aqua demonstrated
anomalous on-orbit behavior, and were, therefore, not used
for instrument calibration [3].

C. Operational Modes
The CERES instrument has two gimbals that provide the

capability of scanning in both the elevation and azimuth axes
independently. The primary mode of operation is the fixed
azimuth plane scan (FAPS) mode or cross-track mode, where
the azimuth gimbal is kept fixed, and the sensor assembly
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rotates only about the elevation axis, perpendicular to the
orbital path. During each scan, the sensor assembly scans
back and forth about its elevation axis. The scan starts with
a view of space on one side of the Earth, a view of Earth
from one limb to the other, a view of space on the other
side of Earth, and further within the instrument structure
to view the ICM before retracing. CERES instruments have
spent most of their operational time in the FAPS mode,
providing daily global coverage of Earth. The secondary mode
of operation is the rotating azimuth plane scan (RAPS), where
the azimuth and elevation gimbals are active simultaneously.
This scan mode provides increased angular sampling of the
Earth and is, therefore, used for data collection to support
the development of angular distribution models (ADMs) to
convert the instrument-observed directional radiances into total
hemispherical fluxes at the TOA [4]. The programmable
azimuth plane scan (PAPS) scan mode is a modification of
the RAPS mode, which aims to increase the sampling over
a specific Earth target as the spacecraft flies by it. In this
mode, the instrument head is rotated so that the Earth target
lies in the scan plane, or the scan plane orientation follows
a prescribed schedule. The relative azimuth of the scan head
is adjusted as the satellite moves along its orbit based on the
desired application.

The scanning modes of the two instruments on Terra and
Aqua were alternated between the FAPS and RAPS modes
every three months for the first two years of the mission,
following which the modes were fixed, with one instrument
on each spacecraft placed in the FAPS mode (FM1, FM4)
and the others in RAPS mode. The four instruments on Terra
and Aqua were to be placed in the FAPS mode in June 2005;
however, in April 2005, the SW sensor on FM4 malfunctioned,
and thus, both FM3 and FM4 instruments were placed in the
FAPS mode in April 2005.

As part of the eventual decommissioning of the Terra
and Aqua spacecraft, the orbits of Terra and Aqua have
been allowed to drift from their nominal equatorial MLT
crossings, with Terra starting in April 2021 and Aqua starting
in January 2022. The CERES team is using this opportunity
to collect measurements to serve various scientific needs.
In 2021, the FM2 (November) and FM4 (July) instruments
were placed into RAPS mode to collect angular data as the
MLT drifts to help validate the ADMs.

D. Measurement Equation

The radiance that arrives at the CERES telescope, called
unfiltered radiance, is focused (and filtered) by the telescope
optics onto the detector. The radiance arriving at the detector,
called filtered radiance, results in an analog voltage signal
that is sampled and processed by the detector electronics to
convert them to digital counts. Radiometric count conversion
algorithms convert the digital counts into filtered radiances
using radiometric gains. These radiometric gains are derived
during instrument prelaunch calibrations, and changes to the
gains are monitored in-flight using the onboard calibration
sources.

The filtered radiance for any CERES channel is the prod-
uct of the scene spectral radiance and the spectral response

function (SRF) of the CERES channel, integrated over all
wavelengths. The SRF of the channel is the combined trans-
mission of all surfaces in the optical path, which includes
the optical filters (SW and WN channels), the reflectance of
the primary and secondary mirrors, and the black absorbance
of the detector. The filtered radiance is the ratio of the
channel digital counts with the radiometric gain of the sensor
channel. Mathematically, the general equation that expresses
this measurement for any channel is given by:

I f =

∫
∞

λ=0
Sλ Iλ dλ =

Counts
G

(1)

where I f represents the filtered radiance, Sλ represents the
sensor channel’s SRF, and Iλ is the spectral radiance of the
target being viewed. G represents the broadband radiometric
gain of the channel. The radiometric gain and the SRFs of all
instruments are characterized on the ground prelaunch [5]. The
radiometric gain is monitored postlaunch using the onboard
ICM.

For science applications, there is a need to obtain the
unfiltered radiances at the Earth’s TOA, which removes the
influence of the instrument SRF. In addition, the Earth’s TOA
radiance needs to be unambiguously split into two spectral
bins: Earth reflected solar and Earth emitted thermal energy.
The unfiltered radiances are obtained from the measured
filtered radiances using an unfiltering algorithm, which uses
the channel’s SRF and a database of simulated spectra of Earth
scenes under various atmospheric and viewing conditions to
obtain a set of coefficients used for this conversion [6].
The unfiltered radiances are then converted into instantaneous
TOA radiative fluxes through a radiance-to-flux conversion
algorithm using empirically derived ADMs [4].

E. Prelaunch Calibration and Characterization
To ensure that the CERES instrument meets the measure-

ment accuracy goals, it is first put through an extensive
prelaunch calibration campaign. The calibration campaign
establishes the instruments’ absolute accuracy traceable to
a known reference standard. After determining and apply-
ing prelaunch to postlaunch calibration adjustments, any
instrument drifts are identified and accounted for by using
the ICM.

The absolute calibration for the CERES instruments was
performed by TRW using a custom-built Radiometric Cali-
bration Facility (RCF) to fully evaluate the performance of
the instrument in the expected operational environment [5].
The absolute calibration for the TOT and WN channels was
performed using a blackbody source tied to the International
Temperature Scale of 1990. The blackbody source, along
with a transfer active cavity radiometer (TACR), was used to
calibrate the SW reference source (SWRS), which, in turn, was
used to bring the SW channel to the same calibration reference.
The radiometric gains for all channels were also determined
using the ICM during the prelaunch calibrations. In addition,
several other characterizations were conducted, which included
point response measurements, as well as measurements of each
channel’s SRFs, all of which are used in the generation of
higher level data products.



1002011 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023

TABLE I
CORRECTIONS TO THE TERRA AND AQUA INSTRUMENT COEFFICIENTS IN

THE EDITION 4 DATA PRODUCT

F. Data Products

The data products used for all the results shown in this
article are the Edition 4 data products, which are the most
up-to-date versions currently available for public distribu-
tion. These products incorporate all updates to instrument
coefficients and algorithms over previous versions of the
data products [7]. The data products for the instruments
are shown in Table I, along with the analysis used for the
correction. In addition to the time varying gains and SRFs,
the CERES instruments are set to a common radiometric scale
of FM1 on Terra through a single radiometric adjustment
at the start of the mission [8]. A description of the vari-
ous data product levels is provided on the CERES website
(https://ceres.larc.nasa.gov/data/documentation).

III. POSTLAUNCH INSTRUMENT CORRECTIONS

After launch, the primary means of identifying and cor-
recting for changes in the broadband response of all CERES
channels is by using the ICM. The use of the ICM during
prelaunch calibrations provides traceability of the postlaunch
calibrations to known ground references. In addition to the
broadband gain, the SRFs of the SW and TOT channels were
determined to need corrections. In this section, we provide
an overview of the on-orbit calibration process to account for
changes in the broadband gain. We also briefly discuss the SRF
changes that have been applied to the SW and TOT channels.

A. Instrument Gain
The changes in gains of the CERES channels are monitored

by periodic calibrations with the onboard ICM. The calibration
of the three channels using the ICM is performed three times
weekly. Although the ICM is viewed by the telescopes during
every Earth scan, it is only active during actual calibration
sequences. Calibrations for the TOT and WN channels involve
views of the blackbodies set to temperatures of 295, 305,
and 315 K. The gain for the TOT and WN channels is calcu-
lated by performing a linear regression between the digital
counts from the channel and the calculated radiance from
the blackbody over the range of temperatures it is operated,
which includes the period of time at setpoint temperatures,
as well as the transitions between the setpoint temperatures.
The calibration of the SW channel is performed by views of
the SWICS operated at three predetermined levels equivalent
to brightness temperatures of 2100 K (Level 3), 1900 K
(Level 2), and 1700 K (Level 1). The time-varying change in
gain for the SW channel is tracked by monitoring the channel
response to the SWICS operated at Level 2.

Fig. 3. Percentage of change in gain for all channels from March 2000 to
July 2022, normalized to the start of the mission for CERES Terra (a) FM1
and (b) FM2.

Fig. 4. Percentage of change in gain for all channels from July 2002 to July
2022, normalized to the start of the mission for CERES Aqua (a) FM3 and
(b) FM4.

For each instrument, the gain for any channel is computed
monthly by averaging all the calibrations conducted in the
month. The observed changes in the gain are used in the
calculation of the filtered radiances from the digital counts
for each CERES footprint using (1). The Terra and Aqua
Edition 4 data products use the most up-to-date algorithms and
coefficients released by the CERES team (see Table I). For the
CERES instruments on Terra and Aqua, the Edition 4 gain for
a given month is computed using a 5-month running mean of
the monthly average gain value for the TOT and WN channels,
centered on the given month, as input for processing. The
5-month running mean was replaced with a 3-month running
mean, beginning in July 2020, to reduce the latency of the
data products. For the SW channels, a monthly average gain
value is used.

Changes in CERES instrument gains for the three channels
on Terra and Aqua, as tracked by the ICM, are shown in
Figs. 3 and 4, respectively. These gain changes are accounted
for in all CERES Edition 4 data products.

Relative to March 2000, the FM1 instrument gain for the
TOT channel response increased by ≈0.75%, the SW channel
response decreased by ≈0.1%, and the WN channel response
initially decreased before rising to ≈0.5% [see Fig. 3(a)]. For
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FM2, the TOT channel response increased by ≈0.9%, the SW
channel response decreased by ≈0.6%, and the WN channel
response showed a net 0.1% increase following an initial drop
[see Fig. 3(b)].

On Aqua, the FM3 TOT channel’s response increased by
≈0.8%, the SW channel response increased by ≈0.4%, while
the WN channel response decreased by ≈0.8% since the start
of the Aqua mission [see Fig. 4(a)]. For the FM4 instrument,
the TOT channel response increased by ≈1.2%, and the SW
channel response increased by ≈0.6% through March 2005,
at which point it failed [see Fig. 4(b)]. The WN channel
showed a response increase of ≈0.25% since July 2002.

B. Solar Calibration
Each CERES instrument carries a MAM, which diffuses

and attenuates sunlight for the SW and TOT channels to view.
The MAM provides a broadband source that spans the spectral
range of the SW channel, as well as the SW portion of the
TOT channel. The solar observation protocol initially used a
“Classical” approach, which involved rotating the instrument
in the azimuth axis to point the MAM toward the Sun while the
sensors would scan in the elevation axis to alternate between
viewing the MAM and deep space. The protocol was switched
to using a “Raster” approach in 2006 (January 2006 for Terra
and February 2006 for the Aqua instruments) to reduce the
duration of solar exposure of the MAM during each calibration
event, thereby reducing optical degradation of the MAM.
The raster approach also provides the ability to remove the
contribution of the thermal background effects of the MAM.
This involves parking the telescopes and viewing the MAM
before the start of the calibration. The instrument then rotates
in Azimuth to emulate a raster scan, viewing space on either
side of the MAM as the Sun drifts down the MAM for the
duration of the calibration event.

Solar calibrations are conducted twice a month. The process
of reducing the data from a solar calibration event for the
two scenarios defined above is described by Wilson et al.
[9]. Figs. 5 and 6 show the response of the SW and TOT
channels of the instruments on Terra and Aqua while viewing
the MAM. The plots show the percent change of the channel
digital counts normalized to the first month of the mission.
It is important to note that no gain or SRF adjustments have
been incorporated into the analysis presented here.

For all four instruments, the SW and TOT channel responses
showed a large variation (as large as 6% for the FM2 TOT
channel) during the first few years since the start of their
missions. This is attributed to changes in the MAM sur-
face, with the most likely cause being fabrication anomalies
and subsequent oxidation of the MAM surfaces postlaunch
[10]. The first few years of the missions also correspond
to a period during which the instruments were cycled
between the RAPS and FAPS modes of operation, which
resulted in a wavelength-dependent optical degradation of the
telescopes [11].

It is seen in Figs. 5 and 6 that the variability of the solar
calibration response reduced significantly after transitioning to
the “Raster” approach. Owing to the large variations observed
in the early years, the solar observations were not used for

Fig. 5. Percentage of change in response of the TOT and SW channels
during solar calibrations from March 2000 to July 2022, normalized to the
start of mission CERES Terra (a) FM1 and (b) FM2.

Fig. 6. Percentage of change in response of the TOT and SW channels
during solar calibrations from July 2002 to July 2022, normalized to the start
of mission CERES Aqua (a) FM3 and (b) FM4.

calibrating the CERES instruments. Nonetheless, the data are
useful to help identify any anomalous or long-term change
in instrument behavior. For example, the slight change in
response due to a switch in instrument operational mode from
crosstrack to RAPS for FM2 in November 2021 [see Fig. 5(b)]
and FM4 in July 2021 [see Fig. 6(b)] is detectible. The longer
term drop in the response after March 2005 is attributed to
the slow degradation of the MAM surface, which for the SW
channels on FMs 1, 2, and 3 is between 2%–2.5% through July
2022, while for the TOT channels, it is between 1.5%–2%.

C. Postlaunch Spectral Response Adjustments

The CERES onboard calibration sources do not cover
the entire spectral range of CERES measurements. Various
vicarious validation methods are typically used to evaluate the
CERES instrument performance over various spatial, temporal,
and spectral scales. Early analysis of CERES SW validation
data indicated that decreases in albedo for clear ocean scenes
were far more pronounced than those for cloudy scenes or
other scene types. In addition, a direct comparison of coinci-
dent CERES nadir radiances from instrument pairs on Terra
and Aqua depended on the instrument scan mode, with larger
degradation being associated with the instrument operating in
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the RAPS mode [11]. The wavelength-dependent degradation
in the SW channel is represented by [7], [12]:

T
(
λ

)
= 1 − e−αλ (2)

where α is the coefficient of the fit to the data, and λ is the
wavelength. Each month, a unique parameter α is derived for
the instrument on Terra and Aqua that is operating in the RAPS
mode through a direct comparison of observations between the
two instruments on a single spacecraft. We observe that SW
spectral degradation occurs when an instrument is operated in
RAPS mode.

The unfiltered emitted thermal radiance at night is deter-
mined directly from the filtered TOT channel measurements
while those for the day are obtained from the TOT and SW
channels [6]. Analysis of long-term trends of global day minus
night LW anomalies demonstrated a need for an adjustment to
the SW portion of the TOT channel SRF on the instruments on
Terra and Aqua [7]. A monthly adjustment to the SW portion
of the TOT SRF as a function of wavelength (λ ) is applied to
the form:

T
(
λ

)
= 1 − e−αλ

+ β (3)

where α and β are fits to the data. For each month, the
appropriate correction is determined from a database of com-
binations of α and β values. The algorithm to determine the
optimal correction is based on the methodology shown in
Appendix I of Loeb et al. [13]. The data considered for the
SRF selection approach includes—Latitude band: 30N–30S,
nadir-only footprints with a perfectly homogeneous scene
within each footprint. For each candidate in the database,
linear regression coefficients are computed for the mean day-
time minus nighttime LW radiances obtained using the TOT
and SW channel nadir observations versus the daytime minus
nighttime radiances from the WN channel nadir observations
for each month. The mean radiances are computed in 1◦

latitude bands within the latitude range and separated into the
all-sky ocean and all-sky land/desert scene types. For the first
month of the mission, the start of mission SRF is used to
compute these regressions. For every subsequent month, the
SRF from the database that results in the smallest difference in
the regression fits compared to the first month of the mission
is selected as the TOT channel SRF for the month. These
SRFs are determined monthly for the TOT channels of each
instrument independently. Starting in May 2020, the TOT
channel SRFs were kept static to simplify and streamline the
data production since the month-to-month SRF changes were
small. The postlaunch validation results, however, indicated
a deviation from the long-term trend starting in May 2020.
The Edition 5 version of the data products will revert to the
methodology of applying monthly SRF updates.

IV. POSTLAUNCH VALIDATION OF
INSTRUMENT PERFORMANCE

The postlaunch validation approach involves the use of
many independent analyses at different temporal and spatial
scales using various data product levels. Analyses that use
lower level data products generally have a stronger associ-
ation with instrument performance since they involve fewer

Fig. 7. Tropical all-sky ocean mean daytime minus nighttime LW nadir
radiance difference from the TOT and SW channels (blue) and from the WN
channel regression (orange) for FM1 between March 2000 and July 2022.
The difference between the blue and orange lines is shown in green.

scientific algorithms. Higher level data products provide a
broader context of how instrument calibration changes impact
the data products ultimately used by the scientific community.
This approach provides a comprehensive end-to-end picture
of instrument performance [14]. The CERES instrument team
also conducts several studies as part of a calibration-validation
protocol using observations from vicarious Earth targets,
as well as the Moon. In this section, we provide an overview
of results from several analyses that demonstrate CERES
instrument performance during the Terra and Aqua missions.

A. Tropical Mean 3-Channel Consistency Test

The tropical mean 3-channel consistency test (or TM) is a
validation study used to evaluate the performance of all three
channels on the CERES instrument. TM validation, which
originated during the ERBE mission, involves monitoring the
monthly averaged nadir viewing radiances of oceans in the
tropics (20◦N–20◦S latitudes) during daytime and the night-
time. The nighttime LW radiances are obtained directly from
the TOT channel, whereas the daytime radiances are calculated
using both the TOT and SW channels. In addition, a second set
of daytime and nighttime LW radiances are estimated from the
WN channel by regressing the WN channel against the TOT
channel during nighttime, and applying this narrowband-to-
broadband conversion during daytime [15]. The trends of the
differences between these two sets of daytime minus nighttime
LW radiance differences reveal any inconsistencies in the
performance of the SW channel or the SW portion of the TOT
channel. The CERES Edition 4 ERBE-like ES-8 (Level 2) data
product is used for this validation experiment.

Fig. 7 shows the monthly TM day-night differences from
the two methods for the FM1 instrument. The difference
between the two methods (shown in green in Fig. 7) is
≈−0.5 Wm−2sr−1, largely due to overestimation of the day-
time LW from the WN channel using the narrow-to-broadband
regression. Far more noteworthy is that this difference is
consistent over the long-term, demonstrating the consistent
performance of all three channels over the entire period.

The differences between the two sets of daytime minus
nighttime LW differences for all four instruments are shown in
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Fig. 8. Difference between the tropical all-sky ocean mean daytime minus
nighttime longwave nadir radiance from the TOT and SW channels and
estimated from the WN channel regression for CERES instruments on Terra
and Aqua from the start of the missions through July 2022.

Fig. 8. The differences are between −0.1 and −0.5 Wm−2sr−1.
The relationship remains consistent for all instruments, evi-
denced by the plots showing no discernible long-term trend.
The data from Aqua/FM4 stopped in March 2005, when
the SW channel experienced an anomaly and has not func-
tioned since then. The deviation from the long-term trend
and increase in variability for FM2 and FM3 starting in June
2020 is primarily because the TOT channel SRFs are not being
updated monthly. In the upcoming Edition 5 data products,
these monthly SRF updates will be reinstated, which will
restore consistency with the long-term trend.

B. DCC Albedo
Deep convective clouds (DCCs) have many characteristics

that make them ideal Earth targets for independently verifying
instrument calibration. They have been used for monitoring
radiometric stability of imagers [16], [17], [18], as well as
broadband instruments like CERES [19]. Long-term trends in
DCC albedo can be used to assess the stability and consis-
tency of various CERES instruments on different platforms.
To accomplish this, CERES Edition 4 SSF data products are
used to identify DCC targets. A CERES footprint is identified
as a DCC target if: 1) it is classified as an ocean surface
type; 2) it is geographically located within 30◦N–30◦S latitude;
3) its MODIS 11 µm imager band brightness temperature is
<210 K; 4) its Viewing Zenith Angle and Solar Zenith Angle
<40◦; 5) it has 100% cloud coverage; and 6) its WN channel
unfiltered radiance is <1 Wm−2sr−1. DCC footprints are
considered for this study only when the instrument is operating
in the FAPS mode. This is especially significant during the first
few years of both missions when the instruments alternated
between the FAPS and RAPS modes; however, since both
instruments on each spacecraft were placed into the FAPS
mode in 2005 (Terra in June 2005 and Aqua in April 2005),
the observations from FM1 instrument on Terra and the FM3
instrument on Aqua were used for the purposes of this analysis
in 2005 and beyond.

DCC albedos are computed using data in the CERES SSF
Edition 4 data product as follows:

A =
Msw

µ0 E0
(4)

Fig. 9. (a) Monthly mean DCC albedos for CERES Terra and Aqua from
July 2002 to July 2022 and (b) corresponding DCC albedo anomalies. Also
shown are the regression slopes to the anomalies and the 95% confidence
intervals of the long-term trend.

where Msw is the TOA SW flux, µ0 = cos(θ0), θ0 is the solar
zenith angle, and E0 is the observed TOA solar incoming
flux (≈1361 Wm−2) from the Total Irradiance Monitor (TIM)
instrument on SORCE or TSIS.

Monthly mean albedos for CERES Terra and Aqua exhibit
a marked seasonal cycle, with both showing values ranging
from 0.66 to 0.715 [see Fig. 9(a)]. The difference between the
Terra and Aqua DCC 20-year mean albedos is ≈0.2%. When
the annual cycle is removed, monthly albedo anomalies remain
within ±0.005 [see Fig. 9(b)]. Importantly, neither the Terra
nor Aqua DCC albedo anomalies show evidence of a long-
term drift. The slope of the linear regression fit to the DCC
anomalies is 5 × 10−4

± 8 × 10−4 per decade for Terra and
1.5 × 10−3

± 8 × 10−4 per decade for Aqua. Even though
Aqua has a small statistically significant slope, this is still
extremely small.

C. Global Flux Anomalies
We observe the long-term, globally spatial, and temporally

averaged TOA fluxes obtained from the Level 3 CERES
SSF-1deg Ed4A monthly data product for Terra and Aqua
from July 2002 to July 2022. The global fluxes are broken
down by surface type: Ocean, Land, or All surfaces, under
all-sky conditions. The flux anomalies of the global reflected
solar (SW) fluxes and Outgoing LW fluxes are computed for
each spacecraft and shown in Figs. 10 and 11, respectively.
Also shown in the plots are the linear regression slopes (per
decade) and 95% CIs. The SSF-1deg data product only uses
data from instruments operating in FAPS mode. For Terra,
when both FM1 and FM2 are operating in FAPS mode, the
data from FM1 is used in the data product.

It is seen from Fig. 10 that the SW TOA global flux
anomalies for Terra and Aqua are consistent with one another
and have a negative slope of 0.63 ± 0.3 Wm−2 per decade. The
negative slope is likely due to a combination of internal climate
variability and climate forcing [20]. The slopes for Terra and
Aqua across all scenes agree to <0.1 Wm−2 per decade over
the 20-year period. The Outgoing LW flux anomalies, shown in
Fig. 11, show a positive slope of ≈0.2 Wm−2 per decade. It is
clear that after incorporating all the instrument corrections,
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Fig. 10. Global SW flux anomalies for the Terra and Aqua instruments
for (a) all-sky Ocean, (b) all-sky Land, and (c) all-sky all-surface footprints
obtained using the CERES Edition 4 SSF-1deg data products for July
2002–July 2022. Also shown are the slopes per decade and their corresponding
95% confidence intervals.

Fig. 11. Global outgoing LW flux anomalies for the Terra and Aqua
instruments for (a) all-sky Ocean, (b) all-sky Land, and (c) all-sky all-surface
footprints obtained using the CERES Edition 4 SSF-1deg data products
for July 2002–July 2022. Also shown are the slopes per decade and their
corresponding 95% confidence intervals.

the long-term global SW and LW fluxes from the instruments
on both spacecraft are remarkably consistent with each other.
Further, the trends of observations from CERES also agree
with the trends estimated independently of ocean in situ data
to within 0.1 Wm−2 per decade [21], [22].

D. Intersatellite Comparisons

The nominal Terra and Aqua orbits are such that they cross
one another at ≈70◦N at local noon and ≈70◦S at local mid-
night. This provides a unique opportunity to directly compare
CERES measurements from these spacecraft while viewing
the same Earth target. Given that the orbital overlaps occur
at high latitudes, the comparisons are performed only during
the Northern Hemisphere summer months (June, July, and
August), which provides sufficient reflected solar energy. Dur-
ing the first several years of the Terra and Aqua missions, the
two instruments on each spacecraft were alternated between
the FAPS and RAPS modes. To maximize the sampling, the
comparisons are performed between the instruments operating
in the FAPS mode. For the years 2002–2004, the comparisons

Fig. 12. CERES Aqua-Terra differences of (a) SW Reflectance and
(b) Daytime LW radiance using matched footprints during Aqua and Terra
orbital crossings over 20 years from July 2002–July 2022.

were performed between the FM1 instrument and the FM4
instrument, which were in the FAPS mode for most of the
time during this period; however, since the SW channel on
FM4 failed in March 2005, the comparisons were continued
between FM1 and FM3 starting March 2005 and beyond.
The criteria for establishing matched footprints are as follows:
viewing zenith and solar zenith angle difference <2◦, distance
between footprint centroids <7 km, and relative azimuth angle
difference <5◦. All Aqua-Terra differences for the matched
footprints obtained during the three months considered in a
year are averaged to a single value for the year. For the SW
measurements, the differences are computed using monthly
reflectance (R) derived from the SW unfiltered radiances as
follows:

R =
SWrad ∗ π

F ∗ cos(SZA)
(5)

where SWrad is the SW unfiltered radiance, F is the solar
insolation at the top of the atmosphere (1361 W/m2), and
SZA is the solar zenith angle of the footprint under consider-
ation. The computations are performed using the CERES SSF
Edition-4 data products.

For the daytime LW, the differences are computed on the
radiances. The daytime LW radiances are obtained using the
TOT and SW channels. Fig. 12(a) and (b) show the monthly
comparisons between Aqua-Terra for the SW reflectance and
daytime LW radiance, respectively, along with their associated
95% CI. The differences between SW reflectance and the
daytime LW radiances demonstrate slight annual variability
associated with the seasonal cycles. In addition, there are no
statistically significant differences between Terra and Aqua
over the 20-year period for the SW reflectance and the daytime
LW radiance, indicating consistency between the instruments
on both spacecraft.

E. Lunar Observations
CERES instruments on Terra and Aqua have been viewing

the Moon consistently since 2006. The Moon is an inadequate
source to calibrate the CERES instruments at the level of
accuracy desired. The Moon underfills the CERES instrument
FOV, which presents challenges for absolute calibration. The
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Fig. 13. Long-term trend of Lunar observations, normalized to the first month
of observations, from (a) TOT channel, and (b) SW channel, overlaid on the
gains (from the ICM) of the corresponding channels for the instruments on
FM1.

uncertainties in the Moon’s spectral knowledge and viewing
geometries far exceed the measurement uncertainty of CERES;
however, once the CERES lunar observations are appropriately
corrected for its nonideal characteristics, they can be useful
for verifying the telescope’s pointing knowledge, coalignment
between the three telescopes on an instrument, spatial unifor-
mity of the dynamic response of the sensor channels and to
instrument performance [23].

Lunar views from CERES are obtained five orbits prior and
five orbits after each full Moon. The lunar observations with
CERES involve fixing the scanner’s elevation position and
rotating in azimuth as the Moon passes through the plane
of the FOV. The resulting nonuniform zig-zig data pattern
with respect to instrument FOV is translated into a standard
grid of FOV azimuth and elevation position using Delaunay
triangulation. The data obtained from lunar views are then
corrected for the sensor’s point response, Earth-Sun distance,
Earth-Moon distance, lunar phase angles, and lunar libration.

The monthly lunar observations from the SW and TOT
channels from each instrument are the digital counts normal-
ized to the first available month of data after all the corrections
have been applied. Since the channel digital counts are used
for the trending, the effects of change of gain or SRF with time
are not accounted for in this analysis. Figs. 13–16 show the
long-term trends of lunar observations from the instruments
on Terra and Aqua for the period March 2006–July 2022.
Any gaps in the plots are due to missing lunar observations
for the month. Also shown are the Edition 4 gains for the
corresponding channels overlaid on the lunar data. For FM4,
the SW channel failed in March 2005, and therefore, no lunar
observations are available.

It is observed that the lunar observations from CERES
have large month-to-month variability even after applying all
known corrections to the observations to account for viewing
geometry and lunar libration. This variability is significantly
larger for the SW channel than the TOT channel because of
the lower signal levels in the SW; furthermore, the variability
far exceeds that of the monthly gains from the ICM. It is
also seen that the long-term trends from the lunar observations
generally follow those from the internal calibration. The results

Fig. 14. Long-term trend of Lunar observations, normalized to the first month
of observations, from (a) TOT channel, and (b) SW channel, overlaid on the
gains (from the ICM) of the corresponding channels for the instruments on
FM2.

Fig. 15. Long-term trend of Lunar observations, normalized to the first month
of observations, from (a) TOT channel, and (b) SW channel, overlaid on the
gains (from the ICM) of the corresponding channels for the instruments on
FM3.

Fig. 16. Long-term trend of Lunar observations, normalized to the first month
of observations, from (a) TOT channel, and (b) SW channel, overlaid on the
gains (from the ICM) of the corresponding channels for the instruments on
FM4.

indicate that after the known corrections are applied to the
CERES lunar observations, they can track the long-term large
changes to the instrument response; however, the month-to-
month variability of these observations is too large for the
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Moon to be used to calibrate CERES. In addition, consistent
views of the Moon from CERES on Terra and Aqua started
only in 2006, which is several years after the largest changes
in SW and TOT channel gains were observed at the start of
their respective missions; therefore, the CERES team does
not use the Moon for calibrating CERES instruments. There
is ongoing work to build and launch instruments to make
important advances in characterizing the Moon for calibrating
space-based imagers and radiometers [24], [25]. The CERES
team will incorporate any additional corrections to the CERES
data based on knowledge gained from these missions.

V. CONCLUSION

The CERES instruments on the Terra and Aqua missions
have provided a continuous global record of the TOA fluxes
for over 20 years, well beyond the instruments’ design lifetime
of five years. To ensure that CERES instruments provide
data with consistent quality, each instrument underwent a
rigorous prelaunch calibration and characterization campaign,
which involved calibrating the onboard calibration sources to
a common traceable radiometric reference. Once in flight, the
CERES team monitors each channel’s broadband performance
(gains) through the onboard calibration sources. Given the
unique set of measurements CERES provides, no single cal-
ibration source (or vicarious target) can provide all the data
necessary to calibrate or validate the instrument. As a result,
the CERES team performs a suite of validation experiments
using Earth targets, as well as the Moon, spanning a range
of spatial, temporal and spectral scales with each experi-
ment to provide a comprehensive assessment of instrument
performance.

The CERES team periodically updates the calibration and
validation protocol based upon lessons learned from analyzing
the data over many years. These updates are incorporated into
the latest releases of the CERES data products. The current
version of the CERES Terra and Aqua data products is Edition
4. The CERES team continues to revisit the existing calibra-
tion/validation algorithms and will update these as necessary
in the upcoming Edition 5 data products.

In this article, we demonstrate that after applying calibration
adjustments (i.e., broadband radiometric gain and the time
varying SRFs) for the SW and TOT channels, the data products
produced from Terra and Aqua are extremely stable and
consistent with one another. As a result, these calibration
adjustments enable the determination of accurate estimates
of the TOA radiances, which are incorporated in the CERES
Level 2 data products. Various validation studies using CERES
Level 1 through Level 3 data products demonstrate consistency
across all instruments, providing confidence in the calibra-
tion changes that were applied. Terra-Aqua intercomparisons
are also evaluated during spacecraft orbital crossovers, and
these show no statistically significant differences or long-
term trends, further confirming the consistency between the
instruments. The lunar observations, started in 2006, show
large variability, and therefore, cannot be used as a stand-alone
calibration target for CERES; however, their long-term trends
mimic those from onboard calibration sources, providing an
added validation tool.
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