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ABSTRACT
Surface radiative fluxes have been derived with the objective of supplementing top-of-atmosphere
(TOA) radiative fluxes being measured under NASA’s Clouds and the Earth’s Radiant Energy System
(CERES) project. This has been accomplished by using combinations of CERES TOA measurements,
parameterized radiative transfer algorithms, and high-quality meteorological datasets available from
reanalysis projects. Current CERES footprint-level products include surface fluxes derived from two
shortwave (SW) and three longwave (LW) algorithms designated as SW models A and B and LW models
A, B, and C. The SW and LW models A work for clear conditions only; the other models work for both
clear and cloudy conditions. The current CERES Edition-4A computed surface fluxes from all models are
validated against ground-based flux measurements from high-quality surface networks like the Baseline
Surface Radiation Network and NOAA’s Surface Radiation Budget Network (SURFRAD). Validation
results as systematic and random errors are provided for all models, separately for five different surface
types and combined for all surface types as tables and scatterplots. Validation of surface fluxes is now a
part of CERES processing and is used to continually improve the above algorithms. Since both models B
work for clear and cloudy conditions alike and meet the accuracy requirement, their results are considered
to be the most reliable and most likely to be retained for future work. Both models A have limited use
given that they work for clear skies only. Models B will continue to undergo further improvement as more
validation results become available.

1. Introduction
Changes in the radiation budget of the Earth–
atmosphere system, both at the surface and at the
top of the atmosphere (TOA), are the first indicators
of the perturbation of climate caused by humaninduced changes in greenhouse gases, aerosols, and
other environmental factors (Wild and Roeckner
2006). Estimates of the components of radiation
budget at the surface and at the TOA were identified
by the Global Climate Observing System (GCOS)
as essential climate variables (GCOS 2003). The NASA
Clouds and the Earth’s Radiant Energy System (CERES)
is a satellite project designed for deriving accurate
estimates of those Earth radiation budget parameters
for use in investigations of the climate system and
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cloud–radiation interactions (Loeb et al. 2018; Wielicki
et al. 1996). Shortwave (SW) and longwave (LW) radiative fluxes at the TOA are derived from corresponding radiances directly measured by CERES
instruments. Surface radiative fluxes, which, along
with fluxes of latent and sensible heat, constitute the
surface energy budget, are not directly measurable
from satellites, although they are just as essential for
climate system studies as TOA fluxes (Kato et al. 2013;
Wild et al. 1995). In view of such a need, combinations
of TOA measurements, radiative transfer models, and
high-quality meteorological datasets available from
reanalysis projects have been used for developing algorithms for deriving surface radiative fluxes (Rose
et al. 2013; Kato et al. 2018). Two SW (Li et al.
1993a,b; Gupta et al. 2001) and three LW (Inamdar
and Ramanathan 1997; Gupta et al. 1992; Zhou et al.
2007) algorithms from among these are currently being
used within the surface-only flux algorithms (SOFA)
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segment of CERES processing and are respectively
labeled as SW models A and B and LW models A, B,
and C. These algorithms produce two SW and three
LW flux estimates on an instantaneous-footprint
basis for each scanning instrument and are all provided in the CERES Single Scanner Footprint (SSF)
product. Validation of these fluxes against groundbased flux measurements and intercomparison among
products of different algorithms is helpful in assessing their strengths and weaknesses and identifying
the most robust among them. The purpose for the use
of several algorithms at the same time and the extensive validation is to identify the best algorithms
among them.
CERES project has launched seven instruments on
five separate low-Earth-orbiting satellites starting with
the preflight model (PFM) on the Tropical Rainfall
Measuring Mission (TRMM) in November 1997, followed by flight models 1 and 2 (FM1 and FM2) on Terra
in December 1999, FM3 and FM4 on Aqua in May 2002,
FM5 on Suomi National Polar-Orbiting Partnership
(Suomi-NPP) in October 2011, and FM6 on Joint Polar
Satellite System-1 (JPSS-1)/NOAA-20 in November
2017. PFM was deorbited in June 2015, and FM1–FM5
are currently producing data. FM6 data are presently
going through the calibration/validation phase. Each
instrument on Terra, Aqua, and Suomi-NPP (FM1–
FM5) has scanning radiometers with three spectral
channels defined as the total (0.2–200 mm), SW (0.2–
5 mm) window, and LW (8–12 mm) window. The LW
window channel on FM6 has been replaced by a
broadband LW (5–100 mm) channel. Results from
Terra and Aqua instruments constitute the longest data
record and have undergone the most extensive characterization and calibration (Loeb et al. 2016). Also,
these data have gone through progressively refined
editions of the CERES processing system. The current version of the system used with Terra and Aqua
data is designated as Edition 4A. Imager data from
the Moderate Resolution Imaging Spectroradiometer
(MODIS) that flies aboard both Terra and Aqua are
used for deriving cloud properties (Menzel et al. 2008;
Minnis et al. 2010) and scene identification information
(Loeb et al. 2005; Su et al. 2015a,b) required for surface
and TOA flux computations.
CERES-derived SSF data have been intercompared
with one another and extensively validated using
surface-based flux measurements collected from highquality networks like the Baseline Surface Radiation
Network (BSRN) and NOAA’s Surface Radiation
Budget Network (SURFRAD). This paper presents
validation of SSF fluxes from each algorithm separately for clear and cloudy footprints. Clear footprints
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are defined here as those with ,0.1% cloud amount
with all others defined as cloudy. Section 2 presents
brief descriptions of the algorithms and input data
sources. These algorithms were chosen for processing
and validation at the recommendation of the CERES
Science Team (CST) and can be removed only on a
CST recommendation. Section 3 presents a discussion
of the sources of surface validation data. Results of
those intercomparisons and validation are presented
in section 4, followed by summary and conclusions in
section 5.

2. Surface flux models and input data
Numerous improvements have been incorporated
into some of these models since their initial application
to CERES processing. Such improvements are a direct
consequence of the continual validation of SOFA SSF
products (Gupta et al. 2004; Kratz et al. 2010). Only
details of those model improvements will be provided
in this section. Other models will be only briefly mentioned since adequate description of those has been
presented in earlier publications (e.g., Kratz et al.
2010). For example, SW model A proposed by Li et al.
(1993a,b) is a linear parameterization for estimating
net SW surface flux. Downward SW flux (DSF) was
to be derived by using surface albedo values from Li
and Garand (1994). Although considered promising at
the time it was introduced, it produces clear-sky surface
net SW fluxes only and has remained that way without
any further enhancements. LW model A proposed by
Inamdar and Ramanathan (1997) derives broadband
downward LW flux (DLF) at the surface as a sum of its
components in the 8–12-mm window and the nonwindow regions by making use of the window region
TOA measurements from CERES instruments. This
model was also a clear-sky-only model at the time of
introduction and remained so without any further improvements. SW and LW models B are both all-sky
models and have undergone substantial improvements
over the years. LW model C is newly introduced in
CERES with Edition-4A processing. Improvements
made to these models are separately described below.

a. SW model B
The SW model B is also known as the Langley parameterized shortwave algorithm (LPSA), which derives downward SW flux (DSF) as
F0 5 S0 d22 mTa Tc ,

(1)

where S0d22m together represent the incoming solar irradiance at the TOA and Ta and Tc represent atmospheric
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and cloud transmittances computed separately. A comprehensive description of LPSA is available in Gupta
et al. (2001) and Kratz et al. (2010).
The LPSA model has undergone a number of significant improvements since the Kratz et al. (2010)
study on CERES Edition-2B results. For example,
the clear-sky surface albedo climatology used in DSF
computation has been updated several times using
newer editions of CERES clear-sky measurements
(unpublished results). These updates substantially
improved the agreement between CERES-derived
DSF with ground-based measurements, especially at
polar sites (Kratz et al. 2010). Another important
improvement made to the LPSA model since the
Edition-2B processing was the replacement of the
original World Climate Programme (WCP)-55 aerosol properties (Deepak and Gerber 1983). This was
initially accomplished by using a monthly climatology
of aerosol optical depths (AODs) derived from
10 years of the Model for Atmospheric Transport and
Chemistry (MATCH; Collins et al. 2001; Rasch et al.
1997) data, and subsequently by near-real-time daily
AODs, also from MATCH. Corresponding values of
single scattering albedo and asymmetry parameter
were derived from the Optical Properties of Aerosols
and Clouds (OPAC) database (Hess et al. 1998). The
use of daily aerosol properties has allowed for the
effects of transient aerosol events to be captured in
the derived SSF fluxes.

b. LW model B
This model makes use of the Langley parameterized
longwave algorithm (LPLA) as initially outlined in
Gupta (1989) with revisions presented in Gupta et al.
(1992) for computing DLF. By incorporating the surface
emissivity map (Wilber et al. 1999), upward and net
surface fluxes can be computed from downward fluxes.
A more detailed discussion of the LPLA model is provided in Kratz et al. (2010).
As with the LPSA, the LPLA model has also undergone
two important improvements since its use in the Edition2B processing. Validation of the LPLA-derived DLF over
arid sites, especially during daytime, revealed substantial
overestimations in the DLF. Further analysis showed that
these overestimations occurred when surface skin temperature far exceeded the temperature of the atmospheric
layers just above the surface, causing the temperature
lapse rates near the surface to be unsustainably high.
Detailed discussion of this problem and a formulated
solution were presented in Gupta et al. (2010). The
solution consisted in limiting the temperature lapse
rate between the surface and the lowest atmospheric
layer close to the adiabatic lapse rate of ’10 K km21.

Another problem observed during the validation of
DLF over polar regions, especially for Antarctica,
caused an effect that was exactly opposite to that
described above, where substantial underestimations
occurred when the surface skin temperature was
much lower (by 20–30 K) than the temperature of
the lowest atmospheric layers. This condition occurred frequently over polar and high-altitude regions where extremely low water vapor amounts
allowed the surface to radiate essentially directly to
space and surface temperature to plummet. This situation was remedied by limiting the temperature lapse
rate to 210 K km21, a value chosen after considerable
numerical experimentation.

c. LW model C
This model is based on work reported in Zhou and
Cess (2001) and Zhou et al. (2007). It was incorporated into the SOFA SSF processing because the
CERES FM6 instrument, which is now flying aboard
the JPSS-1/NOAA-20 satellite, has been modified by
replacing the 8–12-mm window channel by a broadband (5–100 mm) LW channel, thereby rendering the
LW model A inoperative with the FM6 data. The
early version of this model (Zhou and Cess 2001)
demonstrated that clear-sky DLF can be represented
in terms of surface upward LW flux (ULF) and column water vapor. That version was revised later
based on the results of validation studies and also
extended to cover cloudy-sky conditions (Zhou et al.
2007). Separate expressions were developed for the
clear-sky component,
F02,L,clr 5 a0 1 a1 ULF 1 a2 ln(1 1 w) 1 a3 ln(1 1 w)2

(2)

where w is the column water vapor, a0–a3 are regression
coefficients, and ULF is the upward LW flux computed
with surface skin temperature and surface emissivity of
unity, and the cloudy-sky component,
F02,L,cld 5 b0 1 b1 ULF 1 b2 ln(1 1 w) 1 b3 ln(1 1 w)2
1 b4 ln(1 1 lwp) 1 b5 ln(1 1 iwp) ,
(3)
where lwp and iwp are the liquid and ice water paths
present in the cloud, respectively, and b0–b5 are regression coefficients. Total DLF was then computed as
the sum of clear and cloudy components weighted by
their respective fractions.

d. Input data
The input parameters necessary to run the SW and
LW models have been obtained from the CERES
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FIG. 1. Distribution and surface type for the 44 surface sites considered in this study. The various symbols represent
different surface types as follows: islands (d), coastal (m), polar (r ), continental (j), and desert (✖).

processing stream. Temperature and humidity profiles
along with the column integrated ozone amounts have
been made available through the Meteorology, Ozone,
and Aerosol (MOA) database. For the CERES Edition4A processing, MOA profiles were produced from a
frozen version of the Goddard Earth Observing System
data assimilation product (GEOS-5.2, also known as
G5-CERES) obtained from the Global Modeling and
Assimilation Office (GMAO; Rienecker et al. 2008).
Having a frozen version of the GEOS dataset was essential for ensuring climate quality stability for CERES
data products. Fractional cloud amounts and cloud-base
heights have been made available through the Clouds
subsystem within CERES processing (Minnis et al.
2010) where cloud properties were derived using highresolution imager data obtained from MODIS aboard
Terra and Aqua satellites. A significant improvement to
the CERES Edition-4A processing was made through
the introduction of the daily total solar irradiance (TSI)
data, obtained from the Solar Radiation and Climate
Experiment (SORCE; Kopp and Lean 2011). These TSI
measurements have provided highly precise and accurate values of total solar irradiance rather than relying
on an estimated static value of 1365 W m22. These TSI
values are substantially lower than the static value, lying
in the 1360–1362 W m22 range with a median value
close to 1361 W m22. The vast majority of daily TSI
values were obtained from SORCE (Kopp 2014), version 15, data available online starting with 25 February
2003. Since the CERES Terra data record began production on 1 March 2000, the period prior to the start of
SORCE data has been covered by the World Radiation

Center (WRC) Davos (Fröhlich 2012) dataset from the
file composite_d41_62_0906.dat. The substantial offset
between WRC and SORCE data was removed by applying an offset correction of 24.4389 W m22 to WRC
data as suggested by providers of SORCE data
(G. Kopp 2009, personal communication). The SORCE
data stream was interrupted in the middle of July 2013
because of a battery problem on board the SORCE
spacecraft. The CERES team decided to fill the gap by
using the Royal Meteorological Institute of Belgium
(RMIB) Composite data (Dewitte et al. 2004) starting on
1 July 2013. Even though SORCE data became available
again as early as March 2014, CERES processing continued to use the RMIB-Composite data until 31 October
2014. Starting on 1 November 2014, CERES began
using a version of SORCE data that had been revised
slightly from version 15. To maintain consistency with the
earlier SORCE data, however, the most recent SORCE
data have been offset in the CERES processing to match
the version-15 values and have continued to be used in
this manner.

3. Surface validation data
Ground-based measurements of surface radiative
fluxes required for validation of satellite retrievals are
currently being acquired by numerous high-quality networks that have come into existence during the last 20–25
years. Notable among these are BSRN (Ohmura et al.
1998), the U.S. Department of Energy Atmospheric
Radiation Measurement (ARM) Program (Stokes and
Schwartz 1994), and the SURFRAD (Augustine et al. 2000)
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FIG. 2. Graphical comparisons between surface-measured and CERES-derived clear-sky SW fluxes from the Aqua measurements: SW
model (a),(b) A and (c),(d) B for all of the surface sites used in this study, showing (top) 2D histograms that illustrate the number of
coincident values found within a 20 W m22 square bin and (bottom) the mean and standard deviation of the CERES-derived fluxes found
within each 20 W m22 interval of surface-measured fluxes. The legends associate the colors with frequency in the bins (or intervals) on the
plots. The same arrangement of 2D histograms and mean and standard deviation plots is followed for presenting the graphical comparisons in all figures.
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FIG. 3. Graphical comparisons between surface-measured and CERES-derived cloudy-sky
SW fluxes from the Aqua measurements for SW model B.

network operated by NOAA’s Global Monitoring
Division (GMD). Flux measurements from 28 BSRN
sites; Southern Great Plains (SGP), North Slope of
Alaska (NSA), and two Tropical Western Pacific
(TWP) sites from the ARM Program; and seven sites
of the SURFRAD network were compiled under the
CERES–ARM Validation Experiment (CAVE) banner
and were made available to the worldwide science community online (https://www-cave.larc.nasa.gov). Measurements

from an ocean site operated by NASA’s Langley Research
Center (LaRC) at the Chesapeake Lighthouse under
the CERES Ocean Validation Experiment (COVE;
Jin et al. 2002) were also included in the CAVE database. After discontinuation of the COVE site in
2016, that operation was shifted to the Chemistry and
Physics Atmospheric Boundary Layer Experiment
(CAPABLE) site already operational on the grounds
of NASA LaRC. The surface sites included in the

Unauthenticated | Downloaded 06/23/21 10:09 PM UTC

FEBRUARY 2020

287

KRATZ ET AL.

TABLE 1. Comparison between surface-measured and CERES-derived clear-sky SW fluxes for SW models A and B separately for
Terra and Aqua satellites and footprints coming from different surface types. The global category represents all surface types combined. The columns represent the surface type (Type), the number of measurements (n), the mean value of the CERES-derived fluxes
for that surface type (Mean), the systematic errors (Bias), and the random errors (s). Percent differences inside parentheses provide a
measure of relative errors. The same system has been followed for all tables.
Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Type

n

Island
Coastal
Polar
Continent
Desert
Global

36
1042
2340
5181
2722
11 321

Terra 4A SW model A clear sky
900.3
30.6 (3.4)
141.2 (15.7)
697.7
3.7 (0.5)
36.4 (5.2)
390.8
255.8 (214.3)
59.9 (15.3)
743.6
22.4 (20.3)
41.9 (5.6)
851.9
219.4 (22.3)
37.9 (4.5)
693.0
216.8 (22.4)
45.6 (6.6)

26
738
2856
3716
2065
9401

Aqua 4A SW model A clear sky
868.8
12.8 (1.5)
33.4 (3.8)
685.9
6.8 (1.0)
29.2 (4.3)
379.8
256.1 (214.8)
62.2 (16.4)
703.7
4.2 (0.6)
51.2 (7.3)
813.4
27.8 (21.0)
27.7 (3.4)
628.5
216.5 (22.6)
49.5 (7.9)

Island
Coastal
Polar
Continent
Desert
Global

36
1047
2637
5187
2732
11 639

Terra 4A SW model B clear sky
900.3
20.2 (2.2)
139.6 (15.5)
698.2
24.9 (20.7)
35.2 (5.0)
355.4
217.3 (24.9)
22.1 (6.2)
743.4
0.1 (0.0)
40.3 (5.4)
851.9
1.3 (0.2)
26.6 (3.1)
677.4
23.9 (20.6)
34.2 (5.1)

26
743
3154
3724
2068
9715

Aqua 4A SW model B clear sky
868.8
3.7 (0.4)
30.4 (3.5)
685.8
22.1 (20.3)
27.4 (4.0)
352.1
216.6 (24.7)
26.8 (7.6)
703.7
6.3 (0.9)
49.9 (7.1)
813.6
11.7 (1.4)
27.1 (3.3)
612.0
20.6 (20.1)
37.5 (6.1)

CAVE database were chosen on the basis of their
availability, reliability, and diversity in representing a
variety of different surface types (e.g., coastal, continental, desert, island, and polar). A map showing the
locations of surface sites used in this study is displayed
in Fig. 1.
Many network sites provide surface insolation measurements produced by two methods. In the first method,
the direct component is measured by a normal incidence pyrheliometer (NIP) and combined with diffuse
component measured by a shaded pyranometer. In the
other method, the total irradiance is measured by an
unshaded pyranometer. In general, measurements by
the first method are considered higher quality (Michalsky
et al. 1999), but those can be seriously affected by
tracking errors in NIP measurements and also exhibit
large gaps. The unshaded measurements, although
not affected by tracking problems, show far fewer
gaps but are subject to cosine errors (Gupta et al.
2004). In view of this, some networks (e.g., GMD)
apply strict quality controls and provide the better

n

of the two measurements to the outside user. The
pyrgeometers measuring surface LW fluxes present
no such problems.
Satellite-derived and ground-measured fluxes are
spatially and temporally matched prior to their comparisons. Spatial matching is ensured by using the halfwidth of a nadir-viewing footprint (;10 km) as the
maximum allowable distance between the site location
and center of the footprint(s). Temporal matching is
ensured by imposing the highest temporal resolution of
ground site data (1 min for most sites) as the maximum
allowable time difference between the overpass time
and site measurement (Gupta et al. 2004; Kratz et al.
2010). Thus, all CERES footprint fluxes from within
1 min of the overpass time and within 10 km of the
surface site were averaged together for comparison
with the site measurement. A special consideration was
made for cloudy footprint SW comparisons as those
showed a large scatter contributed by the large spatial
variability of clouds in many cloudy footprints. This
scatter was substantially reduced by compensating for

TABLE 2. Comparisons between surface-measured and CERES-derived cloudy-sky SW fluxes for SW model B.

Type

n

Island
Coastal
Polar
Continent
Desert
Global

9986
15 785
49 236
33 482
5238
113 727

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Terra 4A SW model B cloudy sky
673.1
33.1 (4.9)
118.5 (17.6)
443.9
13.8 (3.1)
84.7 (19.1)
249.9
236.2 (214.5)
97.2 (38.9)
487.7
11.5 (2.4)
93.5 (19.2)
707.0
0.3 (0.0)
72.2 (10.2)
405.1
27.5 (21.8)
95.6 (23.6)

n
8873
15 476
45 197
31 567
4968
106 081

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Aqua 4A SW model B cloudy sky
643.8
39.6 (6.2)
126.3 (19.6)
438.2
12.8 (2.9)
82.2 (18.8)
243.9
233.4 (213.7)
93.1 (38.2)
474.6
16.5 (3.5)
98.1 (20.7)
694.1
1.9 (0.3)
80.4 (11.6)
395.5
24.1 (1.9)
95.8 (24.2)
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FIG. 4. Graphical comparisons between surface-measured and CERES-derived clear-sky fluxes from Aqua measurements for LW models
(a),(b) A, (c),(d) B, and (e),(f) C. The bin size in this and all LW comparisons is 10 W m22.

the spatial variability by averaging 1-min SW measurements over longer intervals. A 60-min interval
(630 min) was found to be optimum and was adopted
(Gupta et al. 2004).

4. Output product and validation results
Validation results presented here cover a period of
204 month (March 2000–February 2017) for Terra and
176 months (July 2002–February 2017) for Aqua.
March 2000 and July 2002 mark the beginning of Terra
and Aqua operations, respectively, and February 2017
marks the end of MODIS imager collection-5 data.
Beyond February 2017, collection-5 data were superseded by collection 6 and subsequently by collection
6.1 to remedy the worsening cross-talk problem

between certain MODIS channels (Platnick et al.
2017; Moeller et al. 2017) that began to affect the
quality of cloud properties retrieved from the imager
data. Use of cloud properties derived from collection
6.1 would have affected the climate-quality stability
of the CERES product time series. As a result,
Edition-4A fluxes acquired beyond February 2017
were not included in this analysis. All fluxes presented in the present study were derived using crosstrack scanning mode observations, even though both
Terra and Aqua have been deployed in other scanning
modes at various times.

a. SW model results
All clear-sky SW flux comparisons are shown in Fig. 2,
with Aqua results for SW model A shown in Fig. 2a.
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TABLE 3. Comparison between surface-measured and CERES-derived clear-sky LW fluxes for LW models A, B, and C.
Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Type

n

Island
Coastal
Polar
Continent
Desert
Global

238
2535
10 476
11 705
4196
29 150

Terra 4A LW model A clear sky
381.8
22.4 (20.6)
9.5 (2.5)
302.4
20.3 (20.1)
10.4 (3.4)
86.7
22.6 (23.0)
8.2 (9.5)
294.9
25.2 (21.8)
16.5 (5.6)
326.2
26.6 (22.0)
16.8 (5.2)
226.0
24.0 (21.8)
13.6 (6.0)

149
2000
10 808
10 033
3469
26 459

Aqua 4A LW model A clear sky
369.1
21.3 (20.3)
10.9 (3.0)
297.7
20.9 (20.3)
10.3 (3.5)
88.4
22.3 (22.6)
8.4 (9.5)
289.4
26.3 (22.2)
16.9 (5.8)
327.9
210.3 (23.1)
18.4 (5.6)
213.4
24.8 (22.2)
13.8 (6.5)

Island
Coastal
Polar
Continent
Desert
Global

240
2545
10 503
11 743
4219
29 250

Terra 4A LW model B clear sky
381.9
21.1 (20.3)
9.0 (2.4)
302.4
26.0 (22.0)
12.8 (4.2)
86.8
6.7 (7.7)
12.2 (14.0)
294.8
28.5 (22.9)
18.1 (6.1)
326.2
210.5 (23.2)
19.4 (6.0)
23.0 (21.3)
15.9 (7.1)
226.0

150
2008
10 826
10 083
3495
26 562

Aqua 4A LW model B clear sky
369.2
20.9 (20.2)
10.7 (2.9)
297.7
26.6 (22.2)
13.0 (4.4)
88.5
7.0 (7.9)
12.4 (14.0)
289.3
29.6 (23.3)
18.8 (6.5)
328.0
215.3 (24.7)
22.6 (6.9)
213.6
23.3 (21.5)
16.6 (7.8)

Island
Coastal
Polar
Continent
Desert
Global

240
2542
10 502
11 741
4218
29 243

Terra 4A LW model C clear sky
381.9
1.2 (0.3)
9.7 (2.5)
302.4
1.7 (0.6)
13.4 (4.4)
86.8
29.5 (34.0)
31.9 (36.7)
294.8
23.2 (21.1)
16.8 (5.7)
326.2
212.7 (23.9)
22.3 (6.8)
226.0
7.6 (3.4)
23.8 (10.5)

150
2006
10 825
10 079
3495
26 555

Aqua 4A LW model C clear sky
369.2
3.3 (0.2)
11.9 (3.2)
297.7
1.5 (2.5)
13.5 (4.5)
88.5
30.0 (33.9)
32.4 (36.6)
289.3
23.9 (21.3)
17.2 (5.9)
328.0
218.2 (25.6)
25.6 (7.8)
213.6
8.5 (4.0)
25.3 (11.8)

Selection of clear-sky footprints is made on the basis of
satellite-derived cloud amount. Since the total number
of points is very large, points on the plot were put into
two-dimensional 20 W m22 bins and the frequency of
each bin was color coded on the density plot. Figure 2b
shows the mean and standard deviation of model derived fluxes for each 20 W m22 interval of surface measured fluxes and provides a measure of the scatter in
each flux interval. Figures 2c and 2d show clear-sky results from SW model B. Cloudy-sky results are from SW
model B only and are shown in Fig. 3. Results shown in
Figs. 2 and 3 were taken from Aqua observations only to
limit the number of points on each plot. Corresponding
results from Terra were found to be very similar and are
not presented here. Detailed statistical comparisons for
both Aqua and Terra, including a breakdown of results
into different surface categories (island, coastal, polar,
continental, and desert), are presented in Table 1 for
clear-sky fluxes from SW models A and B. The global
category is defined here to represent combined results
for all surface categories. Statistics on each row represent combined results for all sites in that category. Bias
in all tables presented in this paper is defined as satellitederived minus ground-measured flux. Percentage differences for both systematic and random errors are
provided along with flux values as measures of the relative magnitude of errors. The same system has been
adopted in the discussion of all SW and LW fluxes presented in this work.

n

Systematic errors for SW model A clear-sky fluxes for
most surface types are within 20 W m22 (Suttles and
Ohring 1986) except for the polar surface type for both
satellites and for island surface type for Terra only.
Corresponding errors for SW model B clear-sky fluxes
are also within 20 W m22 and generally lower than those
for SW model A. Random error is very large, especially for
the island surface type for both satellites but comparable
to clear-sky errors found in other studies (Sun et al.
2014). Statistics for SW model B cloudy-sky fluxes are
shown in Table 2. Systematic errors for cloudy-sky
fluxes are larger, exceeding 35 W m22 for the island
and polar surface types. These large systematic errors
may be attributable to corresponding errors in satellite cloud retrievals over island and polar surfaces.
Random errors, although large for both satellites, are
comparable to those for instantaneous comparisons
of cloudy-sky fluxes found in other studies (Sun et al.
2012; Gautier and Landsfeld 1997) and exceed 100 W m22
for the island surface type only.

b. LW model results
Comparisons of clear-sky LW fluxes from all models
are shown in Fig. 4. These results were also taken from
Aqua observations only to limit the number of points
on each plot. Density plots for LW data were prepared
by putting fluxes into 10 W m22 bins since the dynamic
range for LW fluxes is much smaller than for SW
fluxes, while the frequency in each bin was color coded
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FIG. 5. Graphical comparisons between surface-measured and CERES-derived cloudy-sky fluxes from Aqua measurements for LW
models (a),(b) B and (c),(d) C.
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TABLE 4. Comparisons between surface-measured and CERES-derived cloudy-sky LW fluxes for LW models B and C.
Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Type

n

Island
Coastal
Polar
Continent
Desert
Global

19 846
31 134
109 700
64 732
11 195
236 607

Terra 4A LW model B cloudy sky
411.3
5.4 (1.3)
16.0 (3.9)
340.8
2.7 (0.8)
18.6 (5.4)
215.9
5.4 (2.5)
28.2 (13.0)
320.1
23.5 (21.1)
22.6 (7.1)
325.7
5.6 (1.7)
22.3 (6.8)
282.4
2.6 (0.9)
24.5 (8.7)

17 999
30 176
101 786
60 117
10 145
220 223

Aqua 4A LW model B cloudy sky
411.1
5.2 (1.3)
16.4 (4.0)
342.1
2.2 (0.6)
18.8 (5.5)
216.5
6.1 (2.8)
28.6 (13.2)
321.1
24.3 (21.4)
22.7 (7.1)
327.8
0.2 (0.1)
20.6 (6.3)
283.3
2.4 (0.8)
24.7 (8.7)

Island
Coastal
Polar
Continent
Desert
Global

19 832
30 875
109 130
64 275
11 044
235 156

Terra 4A LW model C cloudy sky
411.3
0.1 (0.0)
13.9 (3.4)
341.0
4.9 (1.4)
20.5 (6.0)
216.1
4.6 (2.1)
26.7 (12.3)
320.3
20.2 (20.0)
22.5 (7.0)
325.6
0.6 (0.2)
21.3 (6.5)
282.6
2.8 (1.0)
23.7 (8.4)

17 985
30 004
101 124
59 617
10 025
218 755

Aqua 4A LW model C cloudy sky
411.1
20.1 (20.0)
14.4 (3.5)
342.2
4.1 (1.2)
20.4 (6.0)
216.7
5.0 (2.3)
26.7 (12.3)
321.4
21.2 (20.4)
22.4 (7.0)
327.7
23.8 (21.2)
21.9 (6.7)
283.5
2.3 (0.8)
23.7 (8.4)

as before. Figures 4a, 4c, and 4e show scatterplots of
clear-sky fluxes for the three models (A, B, and C)
while corresponding mean and standard deviation
plots are shown in Figs. 4b, 4d, and 4f, respectively.
Figures 4b, 4d, and 4f clearly show the substantial
departure of flux averages from the 458 line for very
low fluxes for all models. This departure can be attributed to the deficiency in all models in handling
extremely low water vapor amounts in the atmosphere. Although present in all models, this deficiency
is most prominent in model C. LW results from Terra
were also found to be very similar and are not presented here.
Details of statistical comparisons are shown in
Table 3 for both Aqua and Terra clear-sky fluxes including the breakdown of results for different surface
types and the global category. Clear-sky LW model A
results for both Terra and Aqua (Table 3, top third)

n

show small systematic errors of less than 67.0 W m22
for nearly all surface types with the exception of
deserts for Aqua for which the bias reached a value
slightly greater than 10 W m22. Corresponding comparisons from LW model B (Table 3, middle third)
also show systematic errors in both Terra and Aqua
results to be within 10 W m22 except for the desert
surface type for which biases for both satellites reached
in the 10–15 W m22 range. Results for LW model C
(Table 3, bottom third) show that biases for both desert
and polar surface types are substantially larger for
Terra, reaching as high as 30 W m 22 . Specific causes
of these large errors may be difficult to identify, although large errors in scene identification remain a
possible reason.
Cloudy-sky fluxes are available from LW models B
and C only. Their density scatterplots are shown in
Figs. 5a and 5c along with the standard deviation plots

TABLE 5. Comparison between surface-measured and CERES-derived clear-sky LW fluxes for LW models A, B, and C. Statistics are
reported separately for daytime and nighttime footprints and together for all footprints.
Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Mean
(W m22)

Bias
[W m22 (%)]

s
[W m22 (%)]

Type

n

Day
Night
Day–night

11 917
17 233
29 150

Terra 4A LW model A clear sky
260.8
21.4 (20.5)
13.3 (5.1)
201.8
25.9 (22.9)
13.8 (6.8)
226.0
24.0 (21.8)
13.6 (6.0)

9979
16 480
26 459

Aqua 4A LW model A clear sky
243.0
22.5 (21.0)
12.8 (5.3)
195.5
26.1 (23.1)
14.3 (7.3)
213.4
24.8 (22.2)
13.8 (6.5)

Day
Night
Day–night

11 969
17 280
29 249

Terra 4A LW model B clear sky
260.9
22.8 (21.1)
14.1 (5.4)
201.9
23.2 (21.6)
17.1 (8.5)
226.0
23.0 (21.3)
15.9 (7.1)

10 040
16 522
26 562

Aqua 4A LW model B clear sky
243.2
23.2 (21.3)
14.7 (6.1)
195.7
23.4 (21.7)
17.7 (9.0)
213.6
23.3 (21.5)
16.6 (7.8)

Day
Night
Day–night

11 963
17 279
29 242

Terra 4A LW model C clear sky
260.9
5.0 (1.9)
19.7 (7.5)
201.9
9.5 (4.7)
26.2 (13.0)
226.0
7.6 (3.4)
23.8 (10.5)

10 034
16 521
26 555

Aqua 4A LW model C clear sky
243.1
6.2 (2.5)
22.6 (9.3)
195.7
9.9 (5.1)
26.8 (13.7)
213.6
8.5 (4.0)
25.3 (11.8)

n
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FIG. 6. Graphical comparisons between surface-measured and CERES-derived daytime clear-sky fluxes from Aqua measurements for
LW models (a),(b) A, (c),(d) B, and (e),(f) C.

in Figs. 5b and 5d, respectively. Figures 5b and 5d
show, for both models, substantial deviation from the
458 line in the low flux range, indicating overestimation by the models. Once again, this overestimation is
more severe in model C than in model B. Statistical
results for cloudy-sky fluxes are presented in Table 4.
Systematic errors for both models are very small, all
staying with in 10 W m22. Random errors for both
models are larger, mostly between 20 and 30 W m22,
with the highest values occurring for polar surface
types. These larger random errors can be attributed to
the high spatial and temporal variability of clouds
along with other reasons that impart errors to clearsky fluxes.
An earlier study on the validation of CERES-derived
surface fluxes (Gupta et al. 2004) showed an 8–10 W m22

difference in systematic errors between daytime and
nighttime clear-sky LW flux comparisons. The primary
cause of these difference was determined to be a negative bias during daytime and positive bias during nighttime in surface temperatures in the input meteorological
data taken from GEOS-4 reanalysis product. Based on
that experience, systematic and random errors for clearsky LW fluxes were carefully examined in this study
separately for daytime and nighttime for global (combined for all surface types) results. Statistical results of
that study are presented in Table 5 for both daytime and
nighttime for LW models A, B, and C. Scatterplots for
clear-sky LW fluxes in this study are shown in Fig. 6 for
daytime only. A comparative look at day and night
systematic errors shows that those are small and negative for models A (Table 5, top third) and B (Table 5,
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middle third) while being slightly larger and positive for
model C (Table 5, bottom third). A look at random errors for clear-sky LW fluxes shows that, whereas random
errors for models A and B are in the 13–18 W m22 range,
those for model C are in the 23–27 W m22 range. While
there is no clear indication of large day–night differences in systematic errors, as was seen in Edition-2B
results (Gupta et al. 2004), model C clear-sky LW fluxes
show substantially larger systematic and random errors
relative to the other two models.

5. Summary and conclusions
The main objective of this study was to validate the
derived surface fluxes and the algorithms used to
derive them. To accomplish that objective, surface
SW and LW fluxes for clear and cloudy skies were
derived on an instantaneous footprint basis under the
SOFA segment of CERES project using TOA measurements, cloud parameters derived from MODIS
collection-5 radiances and aerosol properties derived
from MATCH products. Temperature and humidity
profiles and ozone came from the CERES MOA, which
is primarily based on GEOS-5 reanalysis products.
All of these constituted the inputs for the radiative
transfer algorithms used for deriving surface fluxes.
The period for this validation covers 204 months (March
2000–February 2017) for Terra and 176 months (July
2002–February 2017) for Aqua. The cutoff date was
imposed by the discontinuation of MODIS collection
5 at the end of February 2017 and the desire in this
validation to use a totally consistent dataset for which
all algorithms and inputs remain unchanged throughout
the period.
Clear-sky fluxes derived by SW model A (Li et al.
1993b) met the established accuracy criteria for four of
the five surface types but not for polar surfaces where
random errors far exceeded the established criteria
(Table 1, top half). Clear-sky SW model B fluxes
follow a similar pattern although error magnitudes are
much smaller except for the large random error over
island-type sites for Terra observations (Table 1, bottom half). Cloudy-sky SW fluxes provided only by SW
model B (Table 2) exhibit larger systematic errors for
the island and polar surfaces and a large random error
only for islands. Island site comparisons are especially
prone to large errors because of the spatial mismatch
between point observation from sites and gridbox
values from satellite retrievals caused by frequent
formation of low clouds over islands during certain
times of the day (Long and McFarlane 2012). Random
errors for other surface types are similar to those found
in other studies (Sun et al. 2012, 2014; Gautier and

Landsfeld 1997). Potential causes of these errors were
discussed in the previous section.
Systematic errors for LW models A and B are very
modest, exceeding 10 W m22 only for desert surfaces.
For LW model C, however, systematic errors are much
larger for desert surfaces and even larger for polar
surfaces. Also, while random errors for models A and
B are mostly within 20 W m22, those for model C are in
excess of 20 W m22 for desert surfaces and exceed
30 W m22 for polar surfaces. For cloudy-sky fluxes,
both systematic and random errors are modest for both
models B and C. In summary, both SW and LW models
A have limited value because these are clear-sky-only
models. Models B, both SW and LW, perform well for
both clear and cloudy conditions and will likely be
preferred models for future studies. LW model C does
not perform well for clear conditions.
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