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Abstract

Cloud absorption of solar radiation strongly influences Earth’s radiation balance and climate change. Whether numerical models
underestimate this absorption compared with observations has long been a highly debated issue in cloud—radiation research. Using state-
of-the-art model-derived reanalyses, NCEP CFSv2, ECMWF ERAS, and NASA MERRAZ2, and the latest collocated satellite-surface
observation in 2012—2023, we reinvestigate this controversial issue. The results demonstrate the observed cloud absorption of solar
radiation still notably exceeds the modeled (regardless of model products), but their discrepancy has dropped a lot, particularly for
NCEP CFSv2 and ECMWF ERAS. While a further investigation is needed, the reduced discrepancy may reflect the progress of
shortwave radiation schemes in models, notably the integration of Rapid Radiative Transfer Model for General Circulation Models
(RRTMG) and the Monte Carlo Independent Column Approximation (McICA). Additionally, it is noteworthy that there is not a perfect
approach to obtaining the observed cloud absorption, and particularly the water vapor difference between clear and cloudy skies will
often result in its unrealistic overestimation. If the impact from the water vapor difference is corrected, NCEP CFSv2, ECMWEF ERAS,
and NASA MERRA?2 underestimate globally-mean cloud absorption by approximately 8.26, 14.50 and 16.51 W/m?>, respectively.
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(Hausfather et al., 2022). Cloud absorption anomaly refers
to the phenomenon that observed cloud-absorbing solar
radiation from collocated satellite (or aircraft) and surface
measurements, often notably exceeds the theoretical cal-
culation by models (Huang et al., 2019; Li et al., 1997,
Pincus et al., 2003). Since solar radiation absorbed by the
Earth and atmosphere is the fundamental driving forces of
dynamical, hydrological, and thermal processes in our cli-
mate system, this systematic discrepancy (or bias) may
heavily hinder our modeling or projection on climate
change through models (Feng et al., 2025; He et al., 2025;
Kiehl et al., 1995; Zhao et al., 2025).

There has been a long history of the alleged cloud
absorption anomaly that is not explained clearly. Ques-
tions about whether it really exists, how much it is, and
what are underlying causes, ever raised widespread concern
and also great controversy in the mid-1990s. All these were
sparked by three companion studies, in which Ramanathan
et al. (1995), Cess et al. (1995) and Pilewskie and Valero
(1995) thought anomalous absorption of solar radiation by
clouds was not only universal but also much larger than
previously believed. While some closely following studies
(Li et al., 1995; Stephens, 1996) highlighted certain short-
comings in these studies, the more studies reinforced their
conclusion (Ackerman and Toon, 1996; Arking, 1996;
Wiscombe, 1995) and proposed various reasons to explain
the phenomenon. One popular reason given at that time
was there might be systematic observation errors (Haeffelin
et al., 2001; Satheesh and Ramanathan, 2000) due to
imprecise radiation calibration of pyranometers and satel-
lite sensors in the 1980s and 1990s (especially thermal offset
errors of pyranometers), whereas other studies (Arking,
1996; Crisp, 1997; Li et al., 1997) attributed it to the
problem of models themselves and thought radiative
transfer schemes in then general circulation models
(GCMs) oversimplified or missed certain physical pro-
cesses.

At almost the same time, long-term surface radiation
observation programs with higher accuracy such as the
Baseline Surface Radiation Network (BSRN) and the
Atmospheric Radiation Measurement (ARM), had been
initiated in an attempt to enhance the understanding of
cloud-radiation interactions, and subsequently help model
developers refine cloud shortwave radiative transfer codes
(Ohmura et al., 1998; Stokes and Schwartz, 2003). As
anticipated, the utilization of these updated observations
led to the emergence of different viewpoints in the early
2000s. For instance, several ARM studies (Ackerman et al.,
2003; Asano et al., 2004; Li et al., 2002; O’Hirok and
Gautier, 2003) refuted the existence of the cloud absorption
anomaly, attributing it primarily to sampling issues, inho-
mogeneity of cloud fields and the surface, or known
uncertainties in observations and model inputs.

The heated dispute, however, appears to have subsided
over time. Over the past two decades, both GCM:s (or later
coupled models) and satellite/surface observations have
undergone steady improvements (Hogan and Bozzo, 2018;

Molod et al., 2015; Morcrette et al., 2008). Especially since
2000, reanalysis products obtained through models and
data assimilation have gained widespread application. The
reanalysis process assimilates diverse observations to gen-
erate an initial analysis field, which is then input into
models to produce a globally gridded, physically con-
sistent, long-term climate dataset (Fang and Cao, 2025;
McFarlane et al., 2016; Saha et al., 2014). Through data
assimilation, reanalysis improves the traditionally low
simulation accuracy of clouds in models while preserving
the integrity of cloud-radiation physical processes (varia-
bles related to radiation fluxes are non-state variables and
are generally referred to as derived variables or model
output variables). Naturally, we are interested in whether a
systematic discrepancy still exists between current model-
derived reanalyses and observations. Therefore, in this
study, we reinvestigate these discrepancies using three
state-of-the-art model-derived reanalyses and the latest
observations from satellites and the surface, then discuss
the uncertainties, and finally again quantify the magnitude
of the so-called ‘cloud absorption anomaly’.

2. Data and method
2.1. Observation data

Radiative flux observations at the top of the atmosphere
(TOA) are derived from the Terra/Aqua Clouds and the
Earth’s Radiant Energy System (CERES) Level 2 Single
Scanner Footprint (SSF) products (https://ceres.larc.nasa.
gov), while surface flux observations are sourced from two
well-maintained measurement networks (Table Al, over
land 27 sites and over ocean 2 sites): the World Climate
Research Programme (WCRP) Baseline Surface Radiation
Network (BSRN, https://bsrn.awi.de) and the National
Oceanic and Atmospheric Administration (NOAA) Sur-
face Radiation Budget Network (SURFRAD, https://gml.
noaa.gov). The Terra/Aqua CERES is a broadband
radiometer with a nadir footprint size of 20 km, capable of
reducing systematic observation errors in TOA fluxes by a
factor of 2—4 compared to its predecessor, the Earth
Radiation Budget Experiment (ERBE) (Su et al., 2015).
The WCRP-BSRN is a global surface radiation observa-
tion network sponsored by the World Meteorological
Organization, designed to provide uniform, continuous,
and benchmark-quality shortwave and longwave radiation
measurements for climate research. The NOAA-
SURFRAD, a regional observing network, is established,
operated, and calibrated in accordance with BSRN speci-
fications. WCRP-BSRN and NOAA-SURFRAD both
provide reference-grade surface radiation measurements
and the uncertainty of solar radiation is generally within
several W/m?>.

In addition to the aforementioned flux observations, this
study also uses two Moderate-Resolution Imaging Spec-
troradiometer (MODIS)  products  (https://search.
earthdata.nasa.gov): CERES synchronous MODIS cloud
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mask products, and the daily MODIS albedo product. The
synchronous MODIS cloud mask product provides
detailed fractional cloud cover data for each CERES
footprint, enabling accurate identification of clear and
cloudy samples. Meanwhile, the high-resolution MODIS
albedo product is used to derive surface albedo at the same
spatial resolution as CERES footprints, thereby addressing
the impact of surface inhomogeneity on radiative flux
closure (Li et al., 2002). Basic information of all observed
data is listed in Table 1.

2.2. Modeled data

The modeled data comes from three widely-used hourly
reanalyses: the National Centers for Environmental Pre-
diction (NCEP) Climate Forecast System Version 2
(CFSv2) (https://rda.ucar.edu/), the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERAS5
(https://cds.climate.copernicus.eu), and the National Aer-
onautics and Space Administration (NASA) Modern-Era
Retrospective analysis for Research and Applications 2
(MERRA?2) (https://gmao.gsfc.nasa.gov). Table 2 lists the
basic information of these model products.

It is noteworthy that it seems that the shortwave radi-
ation schemes in NECP CFSv2 and ECMWF IFS are
similar and more advanced than that in GMAO GEOSS.
NECP CFSv2 and ECMWF IFS introduce the newest
Rapid Radiative Transfer Model (RRTM) for GCMs
(Hogan and Bozzo, 2018; Saha et al., 2014) and the Monte
Carlo Independent Column Approximation (McICA)
(Pincus et al., 2003) to improve their cloud-radiation
interaction schemes. GMAO GEOSS (Molod et al., 2015),
however, still adopted the conventional codes of Chou and
Suarez (1999).

Table 1
Basic information of surface and satellite observations used.

All observed and modeled data from 2012 to 2023 will
be meticulously selected to form the samples. To reduce the
impact of cloud field inhomogeneity, only entirely clear and
overcast cases will be considered. To minimize the influence
of observational errors, all observations undergo rigorous
screening and cases involving precipitation, dust, or snow
are excluded.

2.3. Methods

Following the previous studies (Cess et al., 1995; Li and
Moreau, 1996; Li and Trishchenko, 2001), we first adopt a
ratio, R, to determine the discrepancy of cloud absorption
between observation and modeling. It is defined as,

R:CRFSUR/CRFTOA (1)

where CRFgyr and CRF g4 are shortwave cloud radiative
forcing (CRF) at surface and TOA, respectively. Thereby,
the atmospheric CRF, CRF o1, is,

CRFatvm = CRF1oa — CRF5ur = (1 —R)CRFroa (2)

Generally CRFroa < 0, therefore, R > 1, R = 1, and
R < 1 imply the enhanced, unchanged, and reduced
atmospheric absorption caused by clouds relative to clear
skies, respectively.

Supposing that the absorptions by the other atmos-
pheric constituents (e.g., water vapor, aerosols, ozone,
gases) remain constant between cloudy and clear skies,
CRF s1m, namely atmospheric CRF, can be approximated
as cloud-induced absorption. Therefore, the R-value indi-
cates the magnitude of cloud absorption.

Because R is not a direct absorption representation after
all, here we also introduce another more straightforward
parameter, absorptivity, to discuss atmospheric absorption

Observation Spatial resolution

Time resolution Observed parameter

BSRN/SURFRAD Site-specific
CERES SSF 20 km x 20 km
CLDPROP (MODIS) 1 km x 1 km

MCD43A3 (MODIS) 500 m x 500 m

1 min * Surface incident shortwave flux
Instantaneous TOA upward shortwave flux
Instantaneous Cloud area fraction

Daily Surface albedo (white-sky albedo)

Note: “To improve the spatial representativeness of ground-based observation, a 30-min (+15 min) temporal smoothing (Huang et al., 2016) was applied

to BSRN/SURFRAD surface incident solar radiation measurements.

Table 2
Basic information of three model products.

Model product

Horizontal resolution Time resolution Temporal coverage Climate model

Radiation scheme

NCEP CFSv2  0.205° x 0.204° 1-h 2011-present
ECMWF ERAS 0.25° x 0.25° 1-h 1979~-present
NASA MERRA?2 0.625° x 0.5° 1-h 1980-present

NCEP climate forecast system (CFS)
ECMWEF integrated forecast system (IFS)
Goddard earth observing system model version 5 (GEOS5) Chou and suarez®

RRTMG * + McICA °
RRTMG + McICA

Note: *RRTMG, Rapid Radiative Transfer Model for General Circulation Models; ® McICA, Monte Carlo Independent Column Approximation; ©
Although the newest GEOSS already introduced the RRTMG and McICA (Norris et al., 2020), current NASA MERRA products are still produced

utilizing the code of Chou and Suarez (1999).
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and cloud absorption. It is defined as the percentage (%) of
solar radiation absorbed by atmosphere relative to TOA
incident radiation. Under the same assumption, the cloud-
induced absorptivity, «., can be approximated to,

O = Olgyg — Ogy (3)

where a., denotes the absorptivity of cloudy atmospheres,
and «g, denotes that of clear (or sunny) atmospheres.

It should be noted that the observed R and «, are cal-
culated on the basis of the monthly collocated satellite and
surface observation, whereas the modeled R and «. are
computed according to the modeled cloudy-sky samples
and their corresponding cloudless modeling. Furthermore,
the paired samples ¢-test (Ross and Willson, 2018) will be
used to examine the significance of their discrepancy that
one modeled cloud absorption is lower than the observed.

3. Results

3.1. Discrepancy between NCEP CFSv2 and the
observation

First, let us focus on the overall comparison, where all
available samples from BSRN/SURFRAD sites are taken
into account together. Fig. 1 gives the distributions of the
NCEP CFSv2 modeled R, the observed R, the modeled «,
(cloud absorptivity) and the observed «. obtained at all
sites. NCEP CFSv2 modeled R values are predominantly
clustered within the narrow range of 0.90—1.32, whereas
observed R values fluctuate significantly from 0.59 to 1.80.
The mean R for NCEP CFSv2 is 1.11, whereas the
observed mean R is 1.19. Comparing against the observa-
tion, the R bias given by NCEP CFSv2 is —0.08. As a
whole the NCEP CFSv2 modeled R is clearly less than the
observed R.

_ Bias: —0.08,
Ucrsvz = 111 RMSD: 0.22

CFSv2 R
Observed R

W
L

N

Ocrsy2 10.07

Hobserved — 1.19

Probability density distribution
[\S] w

O0bserved 0.20

—_
L

050 075 1 125 150 175 2
R

Probability density distribution

A similar but clearer feature can be seen for «.. The
mean «, for NCEP CFSv2 is 3.88%, while the mean «,
revealed by the observation is as high as 6.65%. The NCEP
CFSv2 modeled mean cloud absorptivity is approximately
half of the observed. The bias of NCEP CFSv2 «. is up to
—2.27%. The t-test for all «. sample pairs of NCEP CFSv2
and the observation also supports that NCEP CFSv2
underestimates cloud absorption significantly. Therefore,
cloud absorption is overall still underestimated by NCEP
CFSv2, no matter from the R perspective or from the «,
perspective.

Fig. 2 further gives site-by-site comparisons, in which
shown on the top is the NCEP CFSv2 modeled site-
averaged R value versus the observed at every BSRN/
SURFRAD site and on the bottom is the corresponding o,
comparing. We can see that the modeled site-averaged R
values are concentrated in the interval of 1.08—1.25, versus
1.07—1.45 of the observed. At most sites (22 out of 29,
marked by red circles in Fig. 2) modeled R values are sig-
nificantly lower than the observed (noticeably negative
biases). Only at TBL, DRA, PSU, TOR, PAY, DAR, and
TAT (Table A2) are the modeled R values slightly higher
than or equal to the observed.

The comparison of «. (shown at the bottom of Fig. 2)
displays similar but some different results. NCEP CFSv2
modeled site-averaged «, values are 2.30%—7.28%,
whereas corresponding observed «. values are 2.54%—
10.84%. At 26 sites (total 29 sites) the observed values are
higher (negative biases), although at DRA, PSU and DAR
their discrepancies are statistically insignificant (marked by
green circles in Fig. 2). At many sites (15 out of 29) the
observed o, values are even more than twice as large as the
modeled values. Only at PAY, TOR, and TAT are the
observed values lower than the NCEP CFSv2 modeled
values. It is surprising that a distinct result is found at TBL.

(b) HUcrsvz = 3.88 Bias: —2.77,

0.16 RMSD: 7.01
CFSv2 a,
0.14 Observed a,
0.12 1
0.10 A Ocrsva|~ 2-48
0.08
Hobserved — 6.65
0.06
0.04 1 Odbetrvedli 039
0.02
(e T T T T T
=20 -10 0 10 20 30
a.(%)

Fig. 1. Distributions of (a) R and (b) «. values obtained at all sites: NECP CFSv2 versus the observation (u denotes the mean, and ¢ denotes one standard

deviation).
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Fig. 2. Difference of the site-averaged (a) R and (b) «. at each BSRN or SURFRAD site between NECP CFSv2 and its corresponding observation.

From the R point of view the cloud absorption is slightly
overestimated by NCEP CFSv2 as mentioned before, but
from o, point of view it is significantly underestimated.
These differences may result from one of the R drawbacks,
as its calculation is more sensitive to the accuracy of sur-
face albedo (Li et al., 2002).

Therefore, site-by-site comparisons demonstrate the
cloud absorption is still underestimated by NCEP CFSv2
at most sites and this underestimation is frequently stat-
istically significant (red circles in Fig. 2).

3.2. Discrepancy between ECMWF ERAS and the
observation

Accordingly, Fig. 3 gives the overall comparison
between ECMWF ERAS and the observation using all
available samples. We can see that ECMWF ERAS mod-
eled R values are clustered within the narrow range of
0.86—1.28, in contrast, observed R values still fluctuate

drastically from 0.54 to 1.86. The ECMWF ERAS5 mean R
is 1.07, while the observed mean R is up to 1.20. Com-
paring against the observation, the bias of ECMWF ERAS
R is —0.12. As a whole the ECMWF ERAS modeled R is
remarkably less than the observed, too.

Let us look at the other more direct parameter, «.. The
ECMWF ERAS mean «, is only 1.85%, but the mean o,
revealed by the observation is as high as 6.36%. The
ECMWEF ERAS modeled mean cloud absorptivity is less
than one third of the observed. Comparing against the
observation, the bias of ECMWF ERAS «, is —4.51%. The
paired samples z-tests for R and «. both indicate the dis-
crepancy is significant that the ECMWF ERAS modeled
cloud absorption is less than the observed.

Fig. 4 provides more detailed site-by-site comparisons.
We can see the maximum R from the observation can be up
to 1.40 at TAM, while the maximum R from ECMWF
ERAS is only 1.22 also at TAM. At all sites, ECMWF
ERAS modeled site-averaged R values are uniformly less
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Fig. 3. Distributions of (a) R and (b) « values obtained at all sites: ECMWF ERAS versus the observation (u denotes the mean, and ¢ denotes one

standard deviation).
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than the observed and their discrepancies are all statisti-
cally significant (Fig. 4).

The site-by-site «. comparisons reinforce the same
conclusion. Among all 29 sites, there are as many as 14 sites
where ECMWE ERAS modeled «. values are even less
than one third of the observed, 12 sites where modeled o
values are between one third and one half of the observed,
and only 3 sites at which modeled o, values are larger than
one half of the observed. The relatively smallest discrep-
ancy happens PAY, where ECMWF ERAS modeled «. can
be up to 68% of the observed, whereas the largest dis-
crepancy happens at XIA, where ECMWF ERAS5 modeled
a. is only 11% of the observed. The site-specific biases
range from —0.97% to —8.50% (Table A2).

Therefore, both the overall comparison and site-by-site
comparisons demonstrate cloud absorption is still notably
underestimated by ECMWF ERAS5 and its discrepancy
with the observation is larger than that of NCEP CFSv2.

3.3. Discrepancy between NASA MERRA2 and the
observation

The overall comparison between NASA MERRA?2 and
the observation is presented in Fig. 5. It can be seen that
the mean R of NASA MERRAZ2 is 1.02, compared to 1.19
for the observation. The mean «a. of NASA MERRA2 is
only 0.67%, compared to 5.88% for the observation.
Comparing against the observation, the biases of R and «,
are —0.17 and —5.21%, respectively. No matter from the R
or o perspective, cloud absorption is underestimated by
NASA MERRA2? heavily. Of course, the paired samples z-
tests for R and o, both support that the underestimation of
NASA MERRA?2 is statistically significant (p < 0.01).

Let us now turn our attention to the parameter, a.. As
shown in the right panel of Fig. 5, the peak value of «,

modeled by NASA MERRA?2 is approximately 0.34%
(even lower than the mean), suggesting that cloud
absorption in NASA MERRAZ2 is in fact very minimal. In
any case, the modeled «, value does not exceed 6.08%. In
contrast, the observed o, peak value reaches approximately
6.15%. The maximum ¢, value provided by NASA
MERRA? remains lower than the observed «. peak value.
The mean «. value provided by NASA MERRA?2? is only
about 11% of the observed.

Detailed comparisons at each BSRN and SURFRAD
site are illustrated by Fig. 6. One can see the site-averaged
R values from NASA MERRA?2 remain relatively constant
across sites, with the maximum R reaching only 1.07 (at
MNM in the Western Pacific). In contrast, the observed
site-averaged R values fluctuate dramatically, with the
minimum R reaching 1.08 (at TOR in Northern Europe).
The site-specific biases range from —0.06 to —0.18 (Table
A2). At each site, cloud absorption is consistently under-
estimated by NASA MERRAZ2, and the underestimations
is significant.

A similar conclusion can be drawn from the perspective
of a.. In fact, at most sites (19 out of 29) averaged cloud
absorptivity given by NASA MERRA? are less than 1%.
Even at LIN, XIA, and MNM (Table A2), the modeled
average cloud absorptivity approaches zero (or is even
lower), suggesting that in the NASA MERRA2 model, the
presence of clouds does not lead to increased absorption of
solar radiation at these sites. At 25 out of the 29 sites, the
modeled «, values are less than one-quarter of the observed
values, with the smallest discrepancy occurring at TAT,
where the NASA MERRA2 modeled «. reaches only 38%
of the observed value.

Combining Figs. 1, 3 and 5, we can conclude that overall
NASA MERRAZ2 most significantly underestimates cloud
absorption, followed by ECMWF ERAS, with NCEP
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Fig. 6. Difference of the site-averaged (a) R and (b) . at each BSRN or SURFRAD site between NASA MERRA?2 and its corresponding observation.

CFSv2 exhibiting the smallest underestimation. Combining
Figs. 2, 4 and 6, we can conclude that the underestimation
of cloud absorption by NCEP CFSv2 is significant at most
sites, while the underestimations by ECMWF ERAS and
NASA MERRA?2? are significant across all sites.

4. Discussion
4.1. Limitations of the observation

We must point out that the modeled R and «. do rep-
resent cloud-induced absorption, but strictly speaking, the
observed cannot because here we need an assumption that
absorptions from the other atmospheric constituents except
clouds should be consistent between cloudy and clear skies.
This assumption is questionable, particularly for water
vapor, as water vapor concentrations in cloudy atmos-
pheres are often higher than in clear skies (Crisp, 1997).
Therefore, in this section we choose 10 sites that have

supplementary near-surface temperature and humidity
observations to examine the impact of the water vapor
difference between clear and cloudy skies on the observed
and R and «..

First, column water vapor is estimated from observed
near-surface relative humidity and temperature using a
semi-empirical formula by Yang et al. (2006), while water
vapor transmittance is calculated through the representa-
tive wavelengths absorption parameterization approach
provided by the libRadtran (Emde et al., 2016). Sub-
sequently, surface radiation observations under clear skies
are adjusted based on the difference in column water vapor
between clear and cloudy skies. Finally, based on these
adjusted clear-skies observation, the new observed R and
a. values are recomputed.

Table 3 lists the changes in the observed R and o, after
this adjustment. We find compared with the raw, the new R
and o, do drop a bit, which indicates partially excessive
cloud absorption from the observation is indeed resulted
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Table 3
Observed site-averaged R and «. values before and after the water vapor
adjustments at 10 BSRN/SURFRAD sites.

Site Observed R Observed a. (%)

Raw New AR Raw New A o
BND 1.16 1.13 —0.03 4.8 4.0 —0.8
CAB 1.21 1.20 —0.01 6.2 5.9 —0.3
CAR 1.20 1.18 —0.02 6.2 5.6 —0.6
CNR 1.20 1.18 —0.02 6.1 5.5 -0.6
FPK 1.29 1.27 —0.02 8.1 7.5 —0.6
LIN 1.14 1.12 —0.02 4.8 4.0 —-0.8
PAL 1.25 1.22 —0.03 7.9 7.0 -0.9
PSU 1.16 1.13 —0.03 4.6 4.0 —0.6
SXF 1.26 1.24 —0.02 7.9 7.3 —0.6
TBL 1.23 1.19 —0.04 7.6 6.7 -0.9

Note: Here the listed R or «. values are specific to all available observed
samples at each site, they have slight differences with those shown in Figs.
2, 4 and 6.

from cloudy-sky higher water vapor content. However, the
reductions in R caused by the water vapor difference are
only 0.01—0.04, while the decreases in « are only 0.3%—
0.9%. Even when its influence is accounted for, the results
presented in Section 3 do not undergo significant changes.

Besides water vapor, other observational limitations
may also undermine our results. These limitations include
insufficient spatial representativeness of surface sites, aer-
osol difference between clear skies and cloudy skies,
observation errors, etc. But we do not think they will alter
our results substantially.

4.2. Absorptivity of cloudy atmospheres: reanalyses
versus observation

Given the inherent sensitivity of the observed R and «,
values to clear-sky measurements, this section directly
compares atmospheric absorptivity under cloudy skies
(aca) between reanalyses and the observation.

Box-and-whisker plots in Fig. 7 illustrate the dis-
tributions of «., derived from the observation, NCEP
CFSv2, ECMWF ERA5 and NASA MERRAZ2 across all
BSRN/SURFRAD sites. As expected, the observed
atmospheric absorptivity for cloudy skies notably exceeds
those predicted by the three reanalyses at nearly all sites
(except DRA in the American West). Only at DRA the
observed mean «g, is slightly lower than the NCEP CFSv2
modeled. The observed site-averaged «., values fluctuate
between 24% and 32%, while the NCEP CFSv2, ECMWF
ERAS, and NASA MERRA?2 model values range 24%—
27%, 21%—27%, and 18%—24%, respectively. Similarly,
NCEP CFSv2 agrees most closely with the observations,
followed by ECMWF ERAS. The discrepancy between
NASA MERRA? and the observations is so large that at
many sites all model values fall below the observed means,
further indicating that the radiation scheme currently used
by NASA MERRA2 may require improvement (Norris
et al., 2020).

Table A3 gives more detailed statistics on validations of
ac, for the three model products. Depending on the sites,

the biases of NCEP CFSv2 range from —0.43% to —4.39%
(excluding DRA), those of ECMWF ERAS5 range from
—0.50% to —4.62%, and those of NASA MERRA? range
from —3.16% to —7.82%. Negative biases at nearly all sites
(excluding DRA) also reveal that atmospheric absorption
for cloudy skies is indeed underestimated by the reanalyses.
When considering validations across all sites, the Root
Mean Square Differences (RMSD) of the three reanalyses
are 6.49%, 6.60%, and 8.65%, respectively. NCEP CFSv2
and ECMWF ERAS perform notably better than NASA
MERRA?2. These results are consistent with those of
Schmeisser et al. (2018).

However, such a significant underestimation is not seen
for clear skies, especially for NCEP CFSv2 and ECMWF
ERAS. Under clear skies, these reanalyses even exhibit a
slight overestimation of atmospheric absorptivity at many
sites. Therefore, by any measure, cloud absorption is still
likely to be underestimated by the current reanalyses.

4.3. Difference of cloud absorption anomaly among
reanalyses

The results shown in Section 3 demonstrate cloud
absorption anomaly may still exist in current model-
derived reanalyses. It fluctuates not only with sites but
also with reanalyses. The mean cloud absorption modeled
by NCEP CFSv2 is approximately half of the observed
value, the mean cloud absorption modeled by ECMWF
ERAS5 is about one-third of the observed value, and the
mean cloud absorption modeled by NASA MERRA?2? is
even less than one-quarter of the observed value. Clearly,
cloud absorption anomaly revealed by NCEP CFSv2 or
ECMWF ERAS is much smaller than that of NASA
MERRA2.

It is surprising that NCEP CFSv2 is closer to the
observation than ECMWF ERAS, given that both models
appear to have adopted the same radiative scheme, with
even ECMWF ERAS utilizing a newer implementation of
this scheme (Hogan and Bozzo, 2018; Saha et al., 2014).
This may be resulted from other factors. After all, in
addition to the radiative scheme, theoretically many fac-
tors, such as surface albedo, cloud top height, cloud phase,
cloud 3D morphology, cloud profile, cloud water path etc.,
may all impact cloud absorption, although their impacts
are indecisive (Li and Trishchenko, 2001).

Nevertheless, this does not imply that NCEP CFSv2
performs better than ECMWF ERAS in cloud simulation.
NCEP CFSv2 in fact significantly overestimates cloudy
skies frequency compared to observations and the other
two models (Goswami et al., 2017). This may be an
important reason why they show the lower cloud absorp-
tion anomalies.

4.4. Comparison with previous studies

Compared with previous studies, we find observed R
values are noticeably lower than those reported previously.
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The NASA MERRA2 modeled R values remain as low as
those reported in the mid-1990s, however, the modeled R
values of NCEP CFSv2 and ECMWF ERAS far exceed
those reported in any previous studies. In other words, the
magnitudes of cloud absorption anomalies revealed by the
state-of-the-art models are clearly smaller than those
reported earlier, particularly for NCEP CFSv2 and
ECMWF ERAS.

From the perspective of a,, NCEP CFSv2, ECMWF
ERAS5, and NASA MERRA2 on average underestimate
cloud absorptivity by approximately 3.09, 4.92, and 5.51
percentage points, respectively. The global diurnally aver-
aged shortwave incident radiation is approximately
341.3 W/m? (Stephens et al., 2012). This implies that NECP
CFSv2, ECMWF ERAS5 and NASA MERRA2 under-
estimate globally-mean cloud absorption by approximately
10.54, 16.79 and 18.80 W/m?, respectively. Excessive
absorption caused by higher water vapor under cloudy

skies (one limitation from the observation) on average
would lead to a 0.67% increase in observed «, values. If its
impact is corrected, the underestimations by NECP CFSv2,
ECMWF ERAS5 and NASA MERRA?2 are 8.26, 14.50 and
16.51 W/m?, respectively. These underestimations are also
remarkably smaller than those (often larger than 20 W/m?)
found by Chen (1997).

The presence of cloud absorption anomaly certainly
results in theoretically the overestimation for surface-
received solar radiation. Besides numerical models, this
phenomenon also regularly appears in the satellite retrieval
of surface solar irradiance (Huang et al., 2019). Many
retrieving algorithms based on radiative transfer theory
(Lu et al., 2023; Tang et al., 2016; Zhang et al., 2014, 2018)
demonstrate surface solar irradiance under cloudy skies is
notably overestimated comparing against surface meas-
urements. The magnitude of overestimation essentially
matches that of anomalous cloud absorption, ranging
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approximately between 10 and 30 W/m” (Huang et al.,
2019).

5. Conclusions

Using the latest satellite and surface observations and
the three state-of-the-art model-derived reanalyses, we
again investigate and discuss cloud absorption anomaly, a
longstanding issue in the field of cloud—radiation inter-
actions. Our results demonstrate as a whole the modeled
cloud absorption from the three reanalyses is still lower
than the observed significantly, although there are a few
site-specific departures for NECP CFSv2. The NCEP
CFSv2 modeled mean cloud absorption is approximately
half of the observed value, the ECMWF ERAS5 modeled
mean cloud absorption is about one-third of the observed,
and the NASA MERRA2 modeled value is less than one-
quarter of the observed. Meanwhile, under cloudy skies,
observed atmospheric absorptivity markedly exceeds the
modeled values, whereas under clear skies, they align quite
well. The fact that such a systematic discrepancy occurs
only under cloudy skies further supports our conclusion
that cloud absorption anomalies may still exist.

However, we must note that, compared to previous
studies, its magnitude has decreased notably, particularly
for NCEP CFSv2 and ECMWF ERAS. At a few sites, the
underestimations of NECP CFSv2 are insignificant or even
nonexistent. Overall, NECP CFSv2, ECMWF ERAS5 and
NASA MERRA2 underestimate globally-mean cloud
absorption by approximately 10.54, 16.79 and 18.80 W/m?,
respectively, which is much smaller than the previous
reports indicating underestimations often exceeding
20.00 W/m?>.

In addition, true cloud absorption is very difficult to
observe, as clouds naturally mix with aerosols, water
vapor, and other atmospheric constituents. To isolate
cloud absorption, most studies assume that the absorptions
of other atmospheric constituents remain consistent
between cloudy and clear skies. This will result in an
imperfect cloud absorption observation, which particularly
includes excessive water vapor absorption relative to clear
skies. If the excessive water vapor absorption is corrected,
globally-mean cloud absorption underestimations by
NECP CFSv2, ECMWF ERAS5 and NASA MERRA2
would be reduced to 8.26, 14.50 and 16.51 W/m?, respec-
tively.

Therefore, we can conclude that cloud absorption may
be still underestimated by current model-based reanalyses,
although the degree of underestimation has decreased
substantially. This systematic discrepancy may be a macro
and universal phenomenon. It varies with not only across
sites but among also specific radiative transfer schemes in
models. More advanced radiative transfer schemes may
substantially mitigate the so-called ‘cloud absorption
anomaly’. Future efforts may still need to focus on
improving our understanding of the processes underlying
cloud—radiation interactions.
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