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ATMOSPHERIC SCIENCE

Satellite observed trends of global mean net
atmospheric shortwave and longwave irradiances and

diabatic heating by precipitation

Seiji Kato'*, Tyler J. Thorsen', Fred G. Rose?, Norman G. Loeb’, Seung-Hee Ham’, David A. Rutan?,
Zhujun Li%, Michael Mayer*?, Richard P. Allan®, Robert F. Adler’, Guojun Gu’,

Seoyoung Lee®, Jachwa Lee’

The changes in global mean precipitation over recent decades are poorly understood despite their fundamental
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importance to climate change prediction. We provide an observational verification of the physical link between
global precipitation and net atmospheric radiative cooling. April 2006 through December 2024, the net atmospher-

ic total (shortwave + longwave) cooling increases at a rate of 0.11 + 0.31 watts per square meter per decade (Wm™

2

dec™"). Trends of longwave cooling and shortwave heating are 0.76 + 0.48 and 0.64 + 0.27 Wm™~2 dec”, respec-
tively. The longwave trend is a result of partial cancelation among contributions from increasing surface skin tem-
perature, air temperature, and water vapor. Increasing shortwave absorption is caused by increasing water vapor.
The trend of global mean diabatic heating by precipitation is 0.03 + 0.61 Wm™2 dec™". These results observation-
ally confirm that an absence of current global precipitation trends is consistent with net atmospheric radiative
cooling trends explained by nearly balanced changes between longwave cooling and shortwave heating.

INTRODUCTION

Atmosphere absorbs solar irradiances primarily due to absorption
by water vapor in the atmosphere. Atmosphere also absorbs radia-
tion emitted by the surface. In addition, atmosphere emits radiation
to the surface and space. When these irradiances are averaged glob-
ally over a year, the climatological value of the absorbed solar by the
atmosphere is 77 Wm ™2, which leads to heating the atmosphere, and
the difference of absorbed and emitted longwave to space and sur-
face by the atmosphere is —187 Wm ™2, which leads to cooling the
atmosphere [e.g., (1, 2)]. The absorption and emission by the atmo-
sphere depend on temperature profiles, greenhouse gas concentra-
tions, water phase, and aerosol. The spatial and temporal gradient of
absorbed and emitted irradiance by the atmosphere drives dynam-
ics in the atmosphere (3-6). Although earlier studies estimated
global climatological irradiances (2, 7-9) and energy fluxes (I, 10-
12) based on observations, relatively few studies have quantified
(13) how shortwave absorption and longwave emission by the atmo-
sphere have changed at a global scale over recent decades.

When surface temperature increases as a response to radiative
forcing, water vapor in the atmosphere also increases. The rate of
water vapor increase predicted by climate models (14) and observa-
tions (15) follows the Clausius-Clapeyron relationship, which is
~6.8% K~ for increasing near surface air temperature. Precipita-
tion change is, however, constrained by energy balance in the atmo-
sphere (16) and at the surface through energy fluxes” influence on
evaporation [e.g., (17, 18)]. The change of global mean precipitation
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is balanced by the change of global mean net radiative cooling in
the atmosphere and surface sensible heat flux. Climate models pre-
dict the rate of global mean precipitation change of 2 to 3% K™ to a
direct response to warming, but radiative forcing suppresses the
increase (13). Rates of precipitation change predicted by the cou-
pled model intercomparison project-phase5 (CMIP5) models for
representative concentration pathways (RCP) 4.5 and RCP8.5 fu-
ture projections have a substantial spread, but all models predict an
increasing trend of precipitation (13). The increasing precipitation
is also consistent with increase in global mean radiative cooling in
the atmosphere predicted by CMIP5 models in a doubling CO,
concentration scenario (19, 20).

Although climate models predict increasing precipitation in a
future climate, when radiative forcing is not large, observing pre-
cipitation change is difficult, partly due to rapid adjustment to radia-
tive forcing, which reduces atmospheric cooling, the variability of
aerosol, and observational uncertainty (21). Adler et al. (22) investi-
gated how precipitation changed from 1979 to 2014 and found that
there is no statistically significant trend. Gu and Adler (23) extended
the analysis through 2020 and found a slightly positive trend. Allan
et al. (13) also investigated precipitation trend from 1988 to 2008
and found no significant trend. It was argued that increasing green-
house gas concentrates in the atmosphere reduces atmospheric
cooling and offsetting the increases due to stronger net atmospheric
radiative cooling by a warming atmosphere [e.g., (13, 21)]. Because
of this offsetting effect, Myhre et al. (20) emphasized the role of sen-
sible heat flux in modulating global precipitation changes when ra-
diative forcings and feedbacks approximately compensate.

Despite a robust relationship between modeled global net atmo-
spheric total irradiance and precipitation changes, there are only a
few studies addressing how global mean net atmospheric irradiance
anomalies and precipitation anomalies covary observationally. Al-
lan et al. (13) identified an increase in global precipitation from
Global Precipitation Climatology Project (GPCP) with increasing
net radiative cooling from ERA Interim of 1.1 + 0.2 Wm > dec™'with

10f15

GZ0Z ‘22 4800100 U0 BI030US 105" MMM//SANY WO.J PaPeo lUMOQ


mailto:seiji.​kato@​nasa.​gov
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adz1292&domain=pdf&date_stamp=2025-10-15

SCIENCE ADVANCES | RESEARCH ARTICLE

a correlation coefficient of 0.57 during 1988-2008 but unrealistic
variability in a satellite-based estimate of radiative cooling. Naegele
and Randall (24) investigated covariability of precipitation and net
atmospheric total irradiance and found that the correlation coeffi-
cient is —0.7 for the tropics and +0.5 in higher latitudes. Kato et al.
(25) investigated global monthly anomaly time series of precipita-
tion and net atmospheric total irradiance plus anomalies of sensible
heat flux and found that the correlation coefficient is —0.46.

In this study, we investigate how global mean net atmospheric
shortwave, longwave, and total (shortwave + longwave) irradiances
have changed since April 2006 using observations. We do not use
the period from March 2000 through March 2006 because the
source of sea surface temperature and sea ice concentration obser-
vations used for the Modern-Era Retrospective analysis for Research
and Applications, version 2 (MERRA-2) is changed (Supplementary
Text). Coarse resolution sea surface temperature and sea ice concen-
tration sources were used before April 2006. The change influences
near surface temperature near Antarctic coasts, which in turn affects
surface downward longwave irradiance.

We also investigate the role of water vapor, air temperature, sur-
face skin temperature, greenhouse gas, clouds, and aerosol in detail
by analyzing their contributions in changing global net atmospheric
irradiances using a partial radiative perturbation (PRP) method. In
addition, we investigate how anomalies of net atmospheric total ir-
radiance, diabatic heating by precipitation, surface sensible heat

flux, and dry static and kinetic energy tendency balance. We then
show that trends of observed global mean net atmospheric total ir-
radiance and diabatic heating of precipitation in the past ~18 years
(from April 2006 through December 2024) agree to within an esti-
mated uncertainty.

RESULTS

The sign convention of the net irradiances at top of atmosphere (TOA)
and surface throughout this paper is positive downward. The net
atmospheric irradiance (or radiative flux convergence) is TOA net
irradiance minus surface net irradiances. A positive trend for the
net atmosphere irradiance is, therefore, to warm the atmosphere,
hence to reduce radiative cooling. Trends are determined by the
slope of least square linear regression lines. We use 5 to 95% confidence
intervals of the slope computed by the method described by Santer ef al.
(26) as the uncertainty of the trend. We do not include the uncertainty
associated with retrieved cloud and aerosol properties.

Net TOA, surface, and atmosphere irradiance trend derived
from Clouds and the Earth’s Radiant Energy System Energy
Balanced and Filled product

Figure 1 shows the time series of global monthly all-sky (A) net
TOA, (B) atmospheric, and (C) surface total (shortwave plus long-
wave) irradiance anomalies. As investigated by Loeb et al. (27), the

A TOA Net Total Irradiance
A3 T T T T T T T T T T T T T T T T T
N
2
S
= 1
>0
©
e -1
2ol 4
-
_3 | | | | | | | | | | | | | | | | |
07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
B Atmosphere Net Total Irradiance
,\3 T T T T T T T T T T T T T T T T T
N
oo b il
=
= 1
>0
]
€
o
[
<
_3 | | | | | | | | | | | | | | | | |
07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
C Surface Net Total Irradiance
A3 T T T T T T T T T T T T T T T T T
oN
2
=
= 1
>0
]
€
[e)
C
<
_3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Year

Fig. 1. All-sky global monthly mean anomaly time series. (A) TOA, (B) surface, and (C) atmospheric net total (shortwave and longwave) irradiances. A positive TOA,
surface, and atmosphere net irradiance is to increase the energy flux to the Earth system, surface, and atmosphere, respectively. Anomalies are computed from July 2005

to June 2015 climatological mean. Red lines are linear regression lines.
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net TOA total irradiance increases at a rate of 0.50 + 0.19 Wm™>
dec™'over the period from March 2000 through December 2023.
Cloud property and surface changes are the main contributors to
the increasing net TOA shortwave irradiance that dominates the net
total TOA irradiance trend (27). Increasing air temperature and wa-
ter vapor and decreasing clouds decrease net TOA longwave irradi-
ance, i.e., increases outgoing longwave irradiance, in a smaller
magnitude. Correlation coeflicients of the net TOA total and net
surface total irradiance anomalies and the net TOA total and net
atmospheric total irradiance anomalies are 0.513 and 0.614, re-
spectively.

Figure 2 summarizes global net TOA, surface, and atmospheric
irradiance trends for all-sky and clear-sky conditions. Total area
clear-sky irradiances [i.e., cloud removed clear-sky (28)] are used to
compute clear-sky irradiance trends. The increase in the net surface
total irradiance (0.59 + 0.25 Wm™2 dec™) is faster than the increase
of the net TOA irradiance of 0.48 + 0.24 Wm™2 dec™". The trend of
net atmospheric total irradiance (—0.11 + 0.31 Wm ™2 dec™!) is the
difference between the net TOA and net surface irradiance trends.
Differences between the all-sky and clear-sky trends shown in Fig. 2
are trends of cloud radiative effects on the net irradiances, which is
different from cloud contributions to the net irradiance (see Partial
radiative perturbation subsection in the Materials and Methods
section).

The global mean all-sky net surface shortwave and longwave ir-
radiance increases at a rate of 0.42 + 0.24 Wm > dec™" and 0.17 +
0.26 Wm ™2 dec™’, respectively. The net surface shortwave irradiance
can increase via two pathways, either by increasing the downward
shortwave irradiance at the surface or by decreasing the surface al-
bedo. Decreasing cloud fraction increases the downward shortwave
irradiance. Therefore, the positive trend is qualitatively consistent
with the decreased cloud amount found by Loeb et al. (29). The posi-
tive trend is also consistent with decreasing sea ice extent [e.g., (30)],
which acts to increase the fraction of downward shortwave irradi-
ance absorbed by the ocean surface. The global mean clear-sky net
surface shortwave irradiance is nearly constant, —0.06 + 0.27 Wm™>
dec™. The global mean clear-sky net surface longwave irradiance in-
creases at a rate of 0.38 + 0.25 Wm™> dec™’, consistent with increased

A Top-of-atmosphere net B

Atmosphere net (o8

downward longwave irradiance associated with increasing atmo-
spheric temperature and water vapor and to a lesser extent other
well mixed greenhouse gases [e.g., (31, 32)].

The global mean net atmospheric shortwave irradiance increases
ata rate of 0.64 +0.27 Wm > dec ™" for all-sky and 0.58 + 0.26 Wm™*
dec™" for clear-sky conditions (Fig. 2). A smaller difference between
all-sky and clear-sky conditions compared to the TOA and surface
counterparts suggests that the cloud impact on the global mean net
atmospheric shortwave irradiance trend is small. The global mean
net atmospheric longwave irradiance is negative and changes at a
rate of —0.76 + 0.48 Wm™* dec™" for all-sky and —0.50 + 0.49 Wm™>
dec™" for clear-sky conditions (the minus signs indicate more nega-
tive). Similar to the net atmospheric shortwave irradiances, a cloud
effect on the global mean net atmospheric longwave irradiance
trend is also small.

Physical reasons of the small sensitivity of the global mean net
atmospheric shortwave and longwave irradiances to clouds can be
understood in the following way. Net atmospheric shortwave irradi-
ance is the irradiance absorbed by the atmosphere. Clouds can in-
crease absorption by water vapor by increasing the path length in
the atmosphere or by increasing water vapor amount and by cloud
water within clouds or both (Fig. 3, A, D, and G). Cloud effects on
absorbed shortwave irradiance are, however, smaller compared with
cloud effects on reflected and transmitted shortwave irradiances,
and effects on changes are even smaller.

For longwave, the cloud radiative effect to the atmosphere is pri-
marily a function of cloud top height (Fig. 4B). In the tropics, warm-
ing effects by clouds at TOA is larger than cloud radiative effects at
the surface (Fig. 3, D, E, and F) because often cloud heights are
higher compared to the water vapor scale height of about 2 km.
Over polar regions, warming effects by clouds at the surface are
larger than warming effects at TOA because water vapor amounts
are smaller, temperature inversion in the lower atmosphere is com-
mon (33), cloud heights are low, and high thick clouds present in
tropics are absent (Fig. 4C). Longwave cooling effects also extend to
stratocumulus regions because the effect of the low-level clouds at
TOA is smaller than the effect at the surface, owing to a smaller dif-
ference between sea surface temperature and cloud top temperature.
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Fig. 2. Trend of global mean net irradiances over the time period from April 2006 through December 2024. (A) net TOA, (B) net atmospheric, and (C) net surface
irradiances. For each panel, the left set of two bars is for shortwave (SW), the middle set is for longwave (LW), and the right set is for total (shortwave + longwave) net ir-
radiances. For each set, the left bar is for all-sky, and the right bar is for clear-sky net irradiances. Error bars indicate 5 to 95% confidence intervals.
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Fig. 3. Annual mean cloud radiative effect (all-sky minus observed clear-sky irradiances). TOA (A to C), atmosphere (D to F), and surface (G to I) averaged from July
2005 through June 2015. The left (A, D, and G), middle (B, E, and H), and right (C, F, and I) columns are, respectively, for shortwave, longwave, and total (shortwave + long-

wave) irradiances.

As a result, when the surface cloud effect is subtracted from the
TOA cloud effect, the cloud effect to the atmosphere is negative over
these regions where clouds are lower. When the cloud radiative ef-
fect is averaged over the globe, the meridional positive and negative
effects partially cancel (34), which leads to a smaller global mean
atmospheric longwave cloud radiative effect. In addition, high- and
low-level cloud radiative effects to the atmosphere partly cancel
(33, 35).

Another way to understand the global mean longwave cloud ra-
diative effect to the atmosphere is that cloud tops are cooled by
emission to space and cloud bases are warmed by emission from the
surface. In the tropics, clouds reduce atmospheric cooling because
of their lower effective cloud top temperature than the effective tem-
perature of water vapor present at lower altitudes. In polar regions,
cooling in the atmosphere is enhanced by clouds by increasing
emissivity of the atmosphere from clear-sky conditions in which wa-
ter vapor amount is small. Meridional gradient of longwave cloud
effects to the atmosphere, positive TOA cloud effects in the tropics,
and negative cloud effects in polar regions are apparent in Fig. 4A.

Kato et al., Sci. Adv. 11, eadz1292 (2025) 15 October 2025

In summary, the global mean net atmospheric total irradiance
trend derived from ~18 years of Clouds and the Earth’s Radiant En-
ergy System (CERES) data is slightly negative because a positive
trend in net atmospheric shortwave and a negative trend in net at-
mospheric longwave nearly cancel. Because cloud effects to the net
atmospheric irradiances are small, drivers of the trend appear to be
clear-sky variables that affect net atmospheric shortwave irradiance,
namely, temperature, water vapor, and aerosols. This interpretation
is, however, incomplete and does not explain changes in net atmo-
spheric irradiance for months with a large temperature perturbation
within the 18-year time period. Results of the attribution analysis by
the PRP discussed in the third and fourth subsections of the result
section reveal that the importance of longwave changes increases
with the magnitude of temperature perturbations.

Evaluation of surface irradiance

To understand the uncertainty in trends, we evaluate Energy Bal-
anced and Filled (EBAF) 4.2.1 computed surface irradiance month-
ly anomalies with surface observations taken at 42 and 19 ocean
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Fig. 4. Mean cloud radiative effects and cloud fraction by cloud type. (A) Zonal cloud radiative effects to the atmosphere for shortwave (blue line) and longwave (red
line), (B) daily mean shortwave + longwave atmospheric cloud radiative effects by single layer clouds in watts per square meter (Wm~2) derived from January, April, July,
and October 2018 Edition 4 CRS data product as a function of cloud optical thickness and cloud top pressure for, left to right, Antarctica (90°S to 60°S), Southern Hemi-
sphere (S.H.) mid-latitude (60°S to 30°S), tropics (30°S to 30°N), Northern Hemisphere (N.H.) mid-latitude (30°N to 60°N), and Arctic (60°N to 90°N), and (C) 2D histogram of
cloud fraction as a function of cloud optical thickness and cloud top pressure derived from the Edition 4A flux by cloud type data product. [(A) and (C)] Plot mean values from

July 2005 through June 2015.

buoys for, respectively, downward shortwave and longwave irradi-
ances and 30 land sites for both longwave and shortwave (Fig. 5). We
only evaluate downward irradiances here because upward irradi-
ances measured at a land site may not represent a larger area due to
inhomogeneous land surfaces. In addition, ocean albedo and emis-
sivity are evaluated in earlier studies [e.g., (36-38)].

When we compute the difference of time series (EBAF — ob-
served), there is around a +1 Wm™? variation in EBAF minus ob-
served anomalies averaged over the sites. Anomaly time series root
mean square differences are 0.50 Wm ™ for downward shortwave and
0.44 Wm ™ for downward longwave, while the SD of the correspond-
ing EBAF anomaly time series are 0.74 and 1.37 Wm 2, respectively.
The correlation coeficient is 0.82 for downward shortwave and 0.93
for downward longwave irradiance anomalies. Relative to the obser-
vations, EBAF displays increasing in downward shortwave (0.10 +
0.14 Wm dec™") and decreasing in downward longwave (—0.05 +
0.15 Wm ™2 dec™"). Ocean and land separate values are shown in

Kato et al., Sci. Adv. 11, eadz1292 (2025) 15 October 2025

table S1. While the difference of downward longwave irradiance
anomalies over ocean plus land is not significant, when land and
ocean are separated, the difference is statistically significant. The
reason for the statistically significant difference is unknown. As-
suming that uncertainties in the EBAF and observed anomaly trends are
equally contributing to the trend differences shown in Fig. 5 (B and
D), we consider 0.17 Wm 2 dec ™" [(0.10> + 0.14% + 0.05% + 0.15%)/2] /? as
a plausible uncertainty of atmospheric net total irradiance trend in
addition to 5 to 95% confidence intervals. Because computed irradi-
ances are adjusted to match observed TOA irradiances (2, 39), com-
puted TOA irradiance anomaly time series agrees with observed TOA
irradiance anomaly time series (2, 39).

Contributions to net irradiance trends

The PRP allows us to separate atmospheric irradiance trends into
contributions from atmospheric and surface properties, aerosol
(hereinafter clear-sky variables) and cloud. Those atmospheric,

50f 15
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Fig. 5. Monthly anomaly time series of observed and computed surface downward irradiances. (A) shortwave over 72 surface sites (42 ocean buoys and 30 land
sites) and (C) downward longwave over 42 surface sites (42 ocean buoys and 30 land sites). Black lines are computed using observations by the method described by Kato
etal. (25). Red lines are corresponding Edition 4.2.1 EBAF irradiances anomalies. Differences of anomaly time series (computed minus observed) are shown in (B) for down-
ward shortwave and (D) for downward longwave irradiances. Red dashed lines are linear regression lines. The slope and 5 to 95% confidence intervals of the regression

line are 0.10 + 0.14 Wm dec™' for downward shortwave and —0.05 + 0.15 Wm ™2 dec™"

surface, cloud, and aerosol properties are used in surface irradiance
computations.

Figure 6 shows clear-sky variables’ and cloud’s contributions to
net atmospheric shortwave, longwave, and total irradiance trends.
The uncertainty of the trends, which is shown by the gray lines is
computed by

1
_ 2 2 2
Oy = (AFx + Gtrend,x) (1)

Kato et al., Sci. Adv. 11, eadz1292 (2025) 15 October 2025

for downward longwave irradiance anomaly differences.

where AF is the difference between the trend derived from the
EBAF product and the sum of all PRP trends (total), 6,4 is the
5 to 95% confidence interval of the EBAF slope, and subscript x
is the net shortwave, net longwave, or net total irradiance. As
shown in Fig. 6, the uncertainty o, is smaller than larger contri-
butions we discuss in this section. In addition, the envelope of o,
does not overlap with 5 to 95% confidence intervals of trends of
large contributors (e.g., water vapor, air temperature, and skin
temperature).
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Fig. 6. Contributions by atmospheric and surface property and cloud changes to global net irradiance trends. (A) net shortwave, (B) net longwave, and (C) net total
atmospheric irradiance trends for the time period from April 2006 through December 2024. Sfc, LT, UT, ST, and SO indicate, respectively, surface, lower troposphere (pres-
sure > 500 hPa), upper troposphere (500 hPa > pressure > 200 hPa), stratosphere (pressure < 200 hPa), and solar constant. The trend labeled “total”is the sum of all contri-
butions indicated by a non-italic font, and the trend labeled “EBAF” is the trend derived from the Edition 4.2.1 EBAF product. Residual is the difference of total and EBAF
trends. Blue bars are for all-sky, and red bars are for clear-sky. The numbers in the plots indicate trends in watts per square meter per decade (Wm~2dec™). Error bars in-
dicate 5 to 95% confidence intervals of trends equally extending on both sides, and vertical gray lines are uncertainty computed by Eq. 1.

Increasing water vapor in the atmosphere, especially in the lower
troposphere, contributes most toward increasing shortwave absorp-
tion in the atmosphere. Increasing water vapor in the lower tropo-
sphere also increases longwave cooling in the atmosphere. Although
the magnitude of the longwave cooling is larger than the magnitude of
the warming by shortwave absorption by water vapor, the longwave
cooling increase caused by increasing water vapor in the lower atmo-
sphere is mostly offset by increasing water vapor in the upper tropo-
sphere. The net effect of the water vapor increase to the net
atmospheric longwave irradiance trend is slightly negative (ie., in-
creased longwave cooling), —0.04 + 0.09 Wm™* dec™ for all-sky
and —0.12 + 0.09 Wm ™2 dec™! for clear-sky (table S2). When both
shortwave and longwave effects are added, because the shortwave
heating is larger than longwave cooling, the effect of water vapor in-
crease in the atmosphere to the net atmospheric total irradiance trend
is positive, 0.42 + 0.13 Wm™ dec™" for all-sky and 0.29 + 0.12 Wm™>

Kato et al., Sci. Adv. 11, eadz1292 (2025) 15 October 2025

dec™" for clear-sky (Fig. 6 and table S2). The net atmospheric longwave
irradiance is also affected by temperature change. Increasing air tem-
perature increases emission by the atmosphere, while increasing skin
temperature increases absorption of radiation in the atmosphere emit-
ted by the surface. The net effect of the skin and air temperature chang-
es to the net atmospheric longwave irradiance change is, therefore,
smaller than the individual component contributions —0.59 + 0.45
Wm ™2 dec™" for all-sky and —0.43 + 0.23 for clear-sky (table S2).

We revisit Fig. 2 in light of the results of the attribution analysis.
The trend of the net atmospheric total irradiance is a result of par-
tially canceled contributions from skin temperature, air tempera-
ture, and water vapor to the net atmospheric longwave irradiance
and a positive trend of the net atmospheric shortwave irradiance
due to increasing absorption in the atmosphere. In the following
sections, we further investigate how these balances change when
temperature perturbations are large.
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Contributions to monthly anomalies

To investigate how individual contributions partially cancel and the
net atmospheric shortwave trend offsets the net atmospheric long-
wave trends during the time period, we investigate anomaly time
series of contributions in this section. In addition, investigating time
series allows us to understand how contributions change depending
on the size of anomalies and natural variability. Furthermore, using
months with larger anomalies of temperature and water vapor
amount, we can understand how their contributions to the net
atmospheric longwave irradiance changes compared to water vapor
contribution to the net atmospheric shortwave irradiance.

Before we investigate contributions, we evaluate the agreement
between the time series of net atmospheric total irradiance anoma-
lies and the sum of all contributions to net atmospheric total irradi-
ance anomalies (Fig. 6, top plot). The agreement of the two lines is
good: The correlation coefficient is 0.93, and square mean difference
is 14% of the variance of EBAF net atmospheric total irradiance
anomalies of 0.45 (Wm™2)2.

To understand how shortwave and longwave trends nearly can-
cel, Fig. 7 also shows time series of temperature, water vapor, and
surface albedo + aerosol contributions to net atmospheric longwave
and shortwave irradiances. Negative contributions of increasing
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Fig. 7. Monthly anomaly time series of irradiance anomalies and contributions. (A) EBAF atmospheric total irradiances (red line) and the sum of all contributions (blue
line). The vertical dashed lines indicate three periods based on ENSO index used by Loeb et al. (42), April 2006 through May 2010, June 2010 through May 2016, and June
2016 through December 2024. Shaded bars indicate multivariate ENSO index (MEI) (77). (B to D) Contributions from surface albedo + solar constant (S0) + aerosol, tem-
peratures, water vapor, and trace gases to global net atmospheric shortwave (SW, blue lines) and longwave (LW, orange lines) irradiance anomalies. Sfc, LT, UT, and ST in-
dicate, respectively, surface, lower troposphere (pressure > 500 hPa), upper troposphere (500 hPa > pressure > 200 hPa), and stratosphere (pressure < 200 hPa).
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temperature to the longwave irradiance anomalies and positive con-
tributions of increasing water vapor to the shortwave anomalies are
apparent. Larger aerosol contributions in 2024 appear to be due to
fires in the Amazon [e.g., (40)].

To understand partial cancelations among contributions to long-
wave, we further partition temperature and water vapor contributions
to the longwave anomalies into surface and lower troposphere, upper
troposphere, and stratosphere. When these components are separat-
ed, larger anomalies are clearly apparent (fig. S2). Figure S2 also high-
lights cancelations of larger contributions to longwave anomalies
especially after ~2016. Specifically, anticorrelations between the air
temperature and surface skin temperature contributions are apparent;
the correlation coefficient is —0.92. Similarly, anticorrelations between
the surface and lower troposphere (Sfc + LT) water vapor and upper
troposphere and stratosphere (UT + ST) are also apparent, consistent
with Previdi (41), with a correlation coeflicient of —0.80.

When the entire time series is separated into three subsections
depending on El Niflo-Southern Oscillation (ENSO) phase used in
Loeb et al. (42), larger perturbations of temperature and water vapor
that lead to larger contributions to longwave are apparent in the third

period from June 2016 to December 2023 (Fig. 7 and fig. S2). Partial
cancelations of these contributions also occur in the third period
when perturbations are large. Larger monthly anomalies also occur,
for example, in May 2010, April 2016, and October 2023. Negative
contributions of upper troposphere and stratosphere (UT + ST) wa-
ter vapor to net atmospheric longwave irradiance anomalies in early
2022 appear to be associated with large water vapor anomalies in
UT + ST caused by Hunga Tonga eruption, which occurred in De-
cember 2021 (43-45).

To investigate how net atmospheric shortwave and longwave
anomalies change when perturbations are large, we select three
months, May 2010, April 2016, and October 2023. All three months
occur during or right after El Nino events and exhibit larger negative
anomalies of global monthly net atmospheric total irradiance. Fig-
ure 8 shows contributions from atmospheric and surface variables to
shortwave, longwave, and total net atmospheric irradiance anomalies
for these three months. Unlike trend contributions in the overall time
series, contributions to the net atmospheric total irradiance anoma-
lies are dominated by longwave components in these months. Al-
though regional patterns of water vapor, air temperature, and surface
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. 1L kb | )
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Fig. 8. Contributions by atmospheric and surface property changes to net irradiance anomalies. (A) net shortwave, (B) net longwave, and (C) net total atmospheric
irradiance anomalies for May 2010 (blue), April 2016 (red), and October 2023 (orange). Sfc, LT, UT, ST, and s0 indicate, respectively, surface, lower troposphere (pressure >
500 hPa), upper troposphere (500 hPa > pressure > 200 hPa), stratosphere (pressure < 200 hPa), and solar constant. The anomaly labeled total is the sum of all contributions
from variables written in a non-italic font, and the anomaly labeled EBAF is the anomaly derived from the Edition 4.2.1 EBAF product. Residual is the difference of total and
EBAF anomalies. Error bars indicate the SD of global monthly anomalies and contributions.
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skin temperature anomalies differ for these three months (fig. S3),
signs of their contributions to longwave net atmospheric irradiance
anomalies are the same. Larger anomalies of water vapor, air tem-
perature, and skin temperature lead to their larger contributions.
Contributions of water vapor in the surface and lower troposphere
and in the upper troposphere and stratosphere nearly cancel each
other. Therefore, the net atmospheric longwave anomalies are driven
by temperature anomalies, which are elevated by the El Nino warm-
ing conditions. Contributions of air temperature in the atmosphere
to the net atmospheric longwave are larger than skin temperature
contributions so that the net atmospheric longwave anomalies are
negative (more cooling). Water vapor contributions to net shortwave
anomalies are substantial for these months. However, the magnitude
of the negative net atmospheric longwave irradiance anomalies is
larger than the positive anomalies of the net atmospheric shortwave
irradiance, which leads to negative net atmospheric total irradiance
anomalies.

Global net atmospheric total irradiance trend compared
with trend of diabatic heating by precipitation

Because global precipitation is strongly constrained by net atmo-
spheric radiative cooling, we attempt to reconcile these key climate

A

variables, which is of fundamental importance to understanding the
influence of climate change on the global water cycle. We compare
time series of global net atmospheric total irradiance anomalies
with other energy flux component anomalies that contribute to at-
mospheric energy budget. When we consider energy budget change
in the atmosphere, the global mean atmosphere energy balance
is (46, 47)

A Fatm

net,ra

4+ D precip — AFsy = A(DSE+KE) )

atm . N
where AF2 " . is the net atmospheric total irradiance change, A J, i

is the changé of diabatic heating by precipitation, A Fg is the sensi-
ble heat flux change (positive downward, hence the minus sign in
front of it), and A (DSE+KE) is the change of the dry static and ki-
netic energy storage rate in the atmosphere. At a global and annual
scale, the storage term on the right side is small compared to the
terms on the left side so that three energy components on the left
side balance.

To test the balance of anomalies, Fig. 9A shows global mean
anomaly time series of diabatic heating by precipitation, net atmo-
spheric total irradiance, surface sensible heat flux, and dry static and
kinetic energy tendencies. Monthly anomalies are smoothed by a
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Fig. 9. Anomaly time series of energy flux and balance residual. (A) Anomaly time series of (blue) precipitation, atmospheric net total irradiance (red), surface sensible
heat flux (green), and dry static and kinetic energy tendency (cyan). Monthly anomalies are smoothed with a 12-month moving window. Blue and red dashed lines are
linear regression lines of the precipitation and irradiance time series, respectively. (B) Anomaly time series of the sum of four energy components shown in (A). Blue and
cyan lines are with and without using a 12-month moving window. Shade area and dashed lines are plus minus of the square root of the sum of four energy component
anomaly variances computed with and without a 12-month moving window, respectively.
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12-month moving window. Although there are large differences in
their magnitudes, anomalies of net atmospheric total irradiances
and diabatic heating by precipitation are anticorrelated. To under-
stand how atmospheric energy budget anomalies are balanced, we
define anomaly residual € as

e= AP

net,rad

+ A] precip

— AFg; — A(DSE+KE) 3)
The time series of the residual is shown in Fig. 9B. To understand
how well these components are balanced, we assume that all fluxes
are independent and compute the square root of the sum of variances

of anomalies computed with and without the 12-month smoothing
2

_ 2
6= Gatm net rad

2

+ DSEKE

Glzarecip + GgH +o (4)
where +c with the smoothing is indicated by the shade and +o
without the smoothing is indicated by the dashed lines. When the
anomaly time series is within the corresponding +c envelope, errors
are correlated or they are smaller for these months. A substantial
part of the time series is within the envelopes; 82% of 213 months
shown by the cyan line in Fig. 9B is within +c shown by the dashed
lines. For the smoothed anomalies, time periods around 2016 and
2023 are outside the envelope. Larger precipitation rates around
2016 appear to be caused by larger precipitation anomalies associ-
ated with El Nino events in which the global distribution of precipi-
tation is altered with more precipitation over the ocean relative to
the land. Likewise, large negative precipitation anomalies from 2021
to 2023 are associated with La Nina events. These anomalies and
anomalies in general depend on data products because precipitation
biases depend on observing system, resolutions, and samplings, as
well as assumptions in algorithms (48).

Anomalies of net atmospheric total irradiance and diabatic heating
by precipitation are fitted (Fig. 9A), and the slopes of the linear regres-
sion line are summarized in Fig. 10. The trend of net atmospheric total
irradiance is 0.11 + 0.31 Wm 2, and the trend of diabatic heating by
precipitation is 0.03 + 0.61 Wm ™ (corresponds to 0.001 + 0.021 mm
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Fig. 10. Summary of trends of global monthly anomalies for the period from
April 2006 through December 2024. Error bars indicate 5 to 95% confidence in-
tervals.
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day™" dec™). Both trends in the past 18 years are not statistically sig-
nificant. An estimate of uncertainty in the net atmospheric total irra-
diance derived using surface observation is 0.17 Wm ™2 dec™! (see the
first subsection of the Results section). Therefore, the magnitude of
the trends of net atmospheric total irradiance and diabatic heating by
precipitation agree to within the uncertainty of net atmospheric total
irradiance trend.

Despite the agreement between net atmospheric total irradiance
trend and diabatic heating by precipitation, a closure of the atmo-
spheric energy anomaly trend has not been achieved. A negative
trend of the residual indicates that the residual is more negative to-
ward the end of the time series. The residual trend is driven by the
trend of sensible heat flux anomalies. Note that the positive trend of
sensible heat flux anomalies contributes as a negative trend in the
residual because of the negative sign in front of A Fgy in Eq. 3; in-
creasing the downward positive Fgg is energy loss for the atmo-
sphere. Therefore, the trend of the residual is mostly driven by the
trend of sensible heat flux anomalies. Whether a large trend of sen-
sible heat flux anomalies is real or artifacts is unknown. However,
the result shows that the trend of the global mean diabatic heating
rate by precipitation is not affected by the larger trend of the sensible
heat flux.

DISCUSSION

We have provided observational evidence that a lack of significant
trends in global mean precipitation since 2006 is consistent with near-
ly constant (e.g., statistically insignificant) net radiative cooling and
explained by compensation between increasing longwave cooling due
mostly to increasing temperature and increasing shortwave heating
due to increasing water vapor. Increasing water vapor increases global
mean shortwave absorption in the atmosphere. Increasing surface
and lower tropospheric water vapor increases cooling from the atmo-
sphere and emission primarily to the surface, which is nearly offset by
warming caused by increasing water vapor in upper troposphere and
stratosphere as suggested previously based on theoretical calculations
(41). Increasing air temperature and skin temperature cause, respec-
tively, cooling and warming effects to the atmosphere. Because air
temperature and skin temperature contributions to the longwave
trend nearly cancel out, the longwave contribution to the net atmo-
spheric total irradiance is nearly equal to the contribution by increas-
ing shortwave absorption caused by increasing water vapor.

When we look at individual months, contributions from temper-
ature and water vapor anomalies to the net atmospheric longwave
irradiance anomalies are larger than their contributions to the net
atmospheric shortwave irradiance anomalies. Larger anomalies in
near surface and lower tropospheric air temperature can lead to in-
creasing longwave cooling in the atmosphere. A larger temperature
contribution to increase atmospheric cooling makes the longwave
cooling change much larger than increasing shortwave absorption
by increasing water vapor. Although the net atmospheric total irra-
diance trend is nearly constant in the past ~18 years, this result im-
plies that if larger temperature and water vapor anomalies persist
and temperature continues increasing, atmospheric cooling will in-
crease, exceeding shortwave absorption and leading to a negative
trend of the net atmospheric total irradiance. A brief period of per-
sistent warm temperature from 2023 to 2024 could be a glimpse into
future changes in which radiative cooling increases with an increase
of temperature, as shown in modeling studies. This result also
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implies that the global mean net atmospheric total irradiance may
not change linearly with increasing surface temperature during time
periods when temperature perturbations are not very large. There-
fore, this result explains a statistically insignificant precipitation
trend and the difficulty of observing global mean precipitation trend
when warming caused by radiative forcing is not large (21), which is
compounded by the difficulty in accurately observing long-term
changes in global mean precipitation.

The result of the study of Loeb et al. (27) shows that the contri-
bution of water vapor to the net TOA shortwave trend is less than
0.1 Wm ™ dec™", while net TOA shortwave trend is 0.65 Wm™> dec™".
However, the trend of shortwave absorption in the atmosphere is
0.31 Wm™ dec™" for all-sky and 0.33 Wm™ dec™" for total area
clear-sky for the same period (September 2002 through March
2020), which is primarily caused by increasing water vapor in the
atmosphere. The water vapor increase in the atmosphere reduces
shortwave absorption by the surface (ocean) and increases short-
wave absorption in the atmosphere by nearly the same amount.

Annual global mean TOA total irradiance variability and the
variability of ocean heating rates derived from in situ observations
agree very well (27). Our results indicate that increasing water vapor
amount in the atmosphere substantially increases shortwave absorp-
tion in the atmosphere, a substantial warming influence that has
been previously identified in regions to reduced surface solar irradi-
ance [e.g., (49)]. To understand the consistency of our results with
earlier studies, we need to consider other energy flux components
contributing to atmosphere and surface energy budget changes.

Because there is a strong balance between net atmospheric radia-
tive cooling and diabatic heating by precipitation constrained by
physical grounds [e.g., (21)], the change in AF a“t“ _q has implications
for global water cycle changes. We identify that both AF:}“{‘“ra gand
A Jprecip had no statistically significant trends in the past ~18 years. If
we express net energy flux change at the surface, AFSfc the global
mean surface energy balance is

f f —_ ApTOA : :
AFSS =AFS (+AF y+AFgy=AF 0% —A(MSE+KE) (5)
where AF Sfct ,q 18 the net surface total irradiance change, A F 1y is the

latent heat flux change (positive downward), AF | TOA s thenet TOA
total irradiance change, and A (MSE+KE) is the change in the moist
static and kinetic energy storage rate in the atmosphere. Loeb et al.
(27) show that AF TOA 4 Is increasing. Energy is deposited to warm the
climate system at a rate of 0.5 Wm™ dec™". Von Schuckmann et al.
(50) show that 89% of the energy stored in the climate system is used
for heating ocean, 5% for heating land, 4% for heating cryosphere,
and 2% for heating atmosphere over the period 2006-2020. There-
fore, 99% of A FTg’;d is used for A FSfc and 1% is used for AMSE. The
trend of global monthly mean MSE tendency derived from ERA5 is
0.01 Wm ™ dec™

Energy equation of water is

AMSE—ADSE=AF;;; — A 6)

Equation 6 can be derived from Eqs. 2 and 5, and AFI04 =
AF™ 4 AFS Increasing water vapor in the atmosphere is the result
Of AFyyy > AJpyecip The trend of global monthly mean DSE storage rate
derived from ERAS5 is slightly less than the trend of MSE storage rate,
consistent with increasing water vapor in the atmosphere. This study

J precip
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investigates the relationship described by Eq. 2, while TOA net irradi-
ance change uses the relationship expressed by Eq. 5. This study obser-
vationally confirms that precipitation trend in the past ~18 years is
constrained by net atmospheric total irradiance trend.

Although global annual mean energy of the atmosphere has a
residual of about 10 Wm ™2 when observation-based data products
are used [e.g., (46, 51)], results of this study show that anomalies of
flux components derived from observations and the size of net at-
mospheric irradiance and diabatic heating by precipitation trends
derived from them are reasonably consistent. This implies that the
residual is approximately constant with time. As discussed in this
section, our results are also consistent with earlier studies’ investi-
gating Earth energy budget using observations. While observations
of energy components need to be further improved to establish a
better balance of anomalies, the agreement shown in this study is
encouraging especially considering that data products used in this
study were developed independently. One caveat is that uncertain-
ties of the trends used in this study are mostly statistical uncertainty.
We only considered the trend uncertainty of 0.17 Wm ™ dec™" esti-
mated using surface observations as a proxy of the trend uncertainty
of the net atmospheric total irradiance caused by inputs and as-
sumptions in producing EBAF irradiances. We have not rigorously
considered trend uncertainties caused by inputs, and assumptions
used in producing the data products are therefore an important pri-
ority in future research.

In conclusion, we provided observational evidence that increasing
shortwave absorption caused by increasing water vapor substantially
contributes to the trend in net atmospheric total irradiance (a reduc-
tion in net radiative cooling of the atmosphere). We identified that the
shortwave contribution mostly offsets increasing longwave cooling
caused by increasing temperature and water vapor. Last, we found that
this trend in net atmospheric radiative cooling is physically linked to
diabatic heating by precipitation based on independent observing sys-
tem. Both trends in the past ~18 years are not statistically significant.
In addition, the trend of diabatic heating by precipitation agrees to
within the uncertainty of net atmospheric total irradiance. We showed
that ERAS5 surface sensible heat flux has larger trend, although the
cause of the trend is unknown. The large surface sensible heat trend
does not affect the trend of diabatic heating by precipitation. This
agreement provides physical consistency of the result, which has im-
plication for future changes in the global water cycle as climate con-
tinues to respond to varying greenhouse gas and aerosol forcing.

MATERIALS AND METHODS
We use the CERES Edition 4.2.1 EBAF product, the version 3.2
GPCP precipitation product, and the ERA5 reanalysis product.

Edition 4.2.1 EBAF TOA and surface irradiances

The CERES project (52) has been producing continuous global TOA
and surface irradiance data products with month starting since March
2000. While TOA irradiances are derived directly from satellite radi-
ance observations, surface irradiances are computed using retrieved
properties. Issues in deriving the trend of atmospheric net irradiance
arise because of artifacts in the inputs used for the computations of
surface irradiances. Geostationary satellite-derived cloud proper-
ties are used to resolve cloud diurnal cycle (53-55). Because geosta-
tionary satellite imagers change when older satellites are replaced by
newer satellites, cloud properties derived from geostationary satellites
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introduce discontinuities in surface irradiance anomaly time series
(25). However, cloud properties derived from two sun-synchronous
orbits separated by 3 hours around the local solar noon (e.g., Terra
and Aqua) are sufficient to capture cloud diurnal cycles to compute
daily and monthly mean irradiances (39). In addition, surface irradi-
ance anomaly time series derived from one sun-synchronous orbit
(e.g., NOAA-20) is nearly identical to anomaly time series derived
from Terra and Aqua (39). These results lead to developing an ap-
proach using only cloud properties derived from sun-synchronous
orbits. The approach has eliminated artifacts caused by geostationary
satellites and was used to produce the Edition 4.2.1 EBAF product.
The Edition 4.2.1 EBAF product uses Terra + Aqua data from July
2002 through March 2024 and NOAA-20-only data from April 2024
onward. NOAA-20 data start from May 2018. Using NOAA-20 data
from May 2018 onward does not change the net TOA, net surface,
and net atmospheric irradiance anomaly trends.

Details of the algorithms to produce TOA irradiances and sur-
face irradiances are given in, respectively, the studies of Loeb et al.
(9, 56) and Kato et al. (2, 39). Briefly, TOA irradiances are derived
from broadband radiance observations taken by CERES instru-
ments on Terra, Aqua, and NOAA-20 satellites. Radiances are con-
verted to irradiances using angular distribution models described
by Su et al. (57). The global mean TOA net total irradiance over the
time period from 2005 through 2015 is constrained by heating rate
derived from in situ ocean temperature measurements (9, 27). Sur-
face irradiances are computed using imager-derived cloud proper-
ties (58) and aerosol optical thicknesses.

The source of aerosol optical thicknesses is Terra and Aqua mod-
erate resolution imaging spectroradiometer (MODIS) from March
2000 through March 2022 and NOAA-20 visible infrared imaging
radiometer suite (VIIRS) from April 2022 onward. For the MODIS
period, aerosol optical thicknesses over ocean are derived by the
Dark Target algorithm (59), and aerosol optical thicknesses over
land are derived by the Dark Target and Deep Blue (60) algorithms.
For the VIIRS period, both Dark Target (61) and Deep Blue (62)
algorithms are used for ocean and land.

Because of revisions to the Deep Blue and Dark Target aerosol
algorithms for VIIRS, aerosol optical thicknesses derived from VI-
IRS are significantly different from those derived from Terra and
Aqua MODIS. To mitigate the discontinuity in aerosol optical thick-
ness derived by the Deep Blue algorithm in the transition from MO-
DIS to VIIRS, we correct VIIRS-derived aerosol optical thicknesses
to match those of MODIS using linear regression between Aqua
MODIS and NOAA-20 VIIRS aerosol optical thickness data. The
regression coefficients are derived separately for the Deep Blue and
Dark Target aerosol datasets. The Deep Blue coefficients vary by
month, i.e., 12 sets of coeflicients, and are derived in each 0.2° X 0.2°
grid using aerosol optical thickness and scattering angle as predic-
tors. The coefficients for the Dark Target data do not depend on time
but vary with aerosol optical thickness. The optical thicknesses from
0 to 3.0 are divided into bins with a width of 0.01, and coefficients
are derived for each bin separately.

Sea surface and land skin temperatures are from the Goddard
Earth Observing System, version 5.4.1 (GEOS-5.4.1) reanalysis
product through March 2022 and from MERRA-2 from April 2022
onward. For clear-sky conditions, land skin temperatures are de-
rived from imager radiances. Air temperature and humidity profiles
are obtained from the MERRA-2 reanalysis product for the entire
time period. Surface irradiances are computed hourly and averaged
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monthly and regionally using 1° X 1° equal area grids (63). Com-
puted regional monthly mean irradiances are subsequently com-
pared with TOA irradiances derived from CERES measurements.
The differences are used to derive biases in atmospheric, cloud, and
aerosol properties used for the computations. These biases com-
bined with radiative kernels (64) are used to adjust computed re-
gional monthly surface irradiances (2). Observations taken from the
NOAA-20-only period (April 2022 onward) are merged with the
Terra + Aqua period (April 2006 through March 2022) by the meth-
od described in the studies of Loeb et al. (56) for TOA irradiances
and Kato et al. (39) for surface irradiances.

Deriving anomaly time series using surface observations
Because surface observations at a given site are often not continuous
throughout the entire period and the total number of sites can change
for a given month, we compute the anomaly time series of each site
separately and add resulting anomaly time series by the method de-
scribed by Kato ef al. (25). Briefly, we first deseasonalize the observed
irradiance individual site separately by subtracting the climatological
monthly mean of the corresponding calendar month. Second, we
normalize the deseasonalized time series by respective SD and add
time series from all sites. Third, we multiply the resulting time series
by the ratio of the SD of corresponding EBAF anomaly time series to
the SD of the combined surface sites anomaly time series.

Precipitation, surface sensible heat, and dry static and
kinetic energy tendency data products

We use the GPCP version 3.2 data product (65, 66). We use the
GPCP product for this study because it is based on observations and
covers global land and ocean. In addition, time series are analyzed
in earlier studies (22, 23, 67) and show no significant discontinuities.
We use the enthalpy of vaporization at 0°C to convert millimeter per
day (mm day_l) to watts per square meter (Wm™2). The error caused
by ignoring temperature dependence of the enthalpy of vaporization
and assuming all liquid phase precipitation in a global mean value is
less than 1 Wm ™2 (68). The associated error in the anomalies is even
smaller. Surface sensible heat fluxes and dry static and kinetic ener-
gy tendencies are from ERA5. Tendencies are derived by the method
described by Mayer et al. (51).

Partial radiative perturbation

We use the PRP method (69) to quantify contributions to atmo-
spheric irradiance trends. The algorithm is explained by Thorsen
et al. (64) and used in a study by Loeb et al. (27). The algorithm is
based on wide two-sided PRP calculations. Centered TOA, surface,
and atmospheric irradiance differences 8F are computed by averag-
ing the forward and backward perturbations with respect to Ax
changes in N noncloud properties. The centered differences for all N
variables are computed for both clear-sky and all-sky conditions.
Cloud contributions are then computed by

N

6FAcld =ACRE—- Z (SFAxi,all - 6FA)cl,clr)
i=1

@)

where A CRE (total area clear-sky) is the anomaly in the cloud ra-
diative effect derived from the Edition 4.2.1 EBAF data product.
The second term on the right side of Eq. 7 is to subtract noncloud
variables’ (i.e., temperature, water vapor, trace gases, aerosol, and
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solar constant) contributions to ACRE (70). We compute these
perturbations using 1° X 1° gridded monthly hourly means and
anomalies from gridded monthly hourly climatological means.
The climatological means are computed from July 2005 through
June 2015.

As explained earlier, surface, atmosphere, cloud, and aerosol
properties are adjusted to match computed regional monthly mean
TOA irradiances with CERES-derived TOA irradiances through
bias corrections and adjustments from a Lagrange multiplier pro-
cess described by Kato ef al. (2). As in (27), these same corrections
to skin temperature, surface air temperature, upper tropospheric
relative humidity, precipitable water, aerosol optical depth, and sur-
face albedo are applied to the PRP calculation inputs.
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