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Abstract 

 

Observations of the Earth’s energy budget from the CERES instrument have shown that 

since the beginning of the 21st century the amount of sunlight absorbed by the Earth has 

been increasing at a rate of about 0.45 W/m2 per decade, caused primarily by a decrease in 

sunlight reflection by clouds. This increase is a main component of the increase in the 

Earth’s Energy Imbalance by about 0.5 W/m2 between the first and second decades of the 

century. We analyze the CERES radiative budget trends of the past 23 years, with the 

objective to separate the contribution to those trends of changes in the large-scale 

atmospheric circulation and in local-scale cloud controlling processes. Regimes of large 

cloud cover and strong cloud radiative cooling are defined in the low latitude and the high 

latitude zones, representing the tropical rainy zone and the midlatitude storm zones 

respectively, and the trends in the areal coverage of those regimes over the past 23 years 

are examined along with the trends in the cloud solar radiative effect within each regime. 

This allows the decomposition of the global solar cloud radiative trends into circulation 

induced changes and those induced by local-scale processes. The results show that the 

circulation component of the cloud radiative changes, which manifests itself as a 

contraction of the midlatitude storm zones and the tropical rainy zone, is the dominant 

term in the solar reflection trend causing decreased sunlight reflection of 0.37 W/m2 per 

decade. The discovery of this component provides a crucial missing piece in the puzzle of 

the 21st century increase of the Earth’s Energy Imbalance and points to the large effect that 

even small atmospheric circulation changes have on the Earth’s warming climate.    

 

 



Introduction 

 

Clouds modulate both the shortwave (SW) and longwave (LW) components of the Earth’s 

energy budget and thus play a crucial role in determining the Earth’s Energy Imbalance 

(EEI), which is defined as the difference between absorbed solar and emitted thermal 

radiation. The recent analyses of Clouds and the Earth’s Radiant Energy System (CERES) 

data by Loeb et al. (2021, 2024) find that the past 20 years have experienced a significant 

increase of the EEI from about 0.5 W m-2 in the first decade to about 1 W/m2 in the second 

one, and this is attributed primarily to an increase in the Absorbed SW Radiation (ASR) of 

0.9 W/m2 that is partially offset by an increase of 0.4 W/m2 in the emitted thermal radiation. 

The increase in the absorbed solar radiation is driven primarily by a decrease in the 

reflection of SW radiation by clouds, that happens at a rate of 0.37 – 0.4 W/m2 decade -1 

depending on the period analyzed. Loeb et al. (2024) find that large decreases in 

stratocumulus and mid-level clouds over the subtropics and decreases in low and mid-

level clouds in the midlatitudes are the primary reason for the increasing absorbed SW 

trends in the northern hemisphere, while decreases in mid-level cloud reflection and a 

weaker reduction in low cloud reflection account for the increasing absorbed SW trend in 

the southern hemisphere. They point out that isolating the cloud contribution to the energy 

balance trends requires the removal of contributions from effective radiative forcing terms, 

such as aerosol-cloud indirect effects and greenhouse gas adjustments. Modeling studies 

using AMIP simulations (Raghuraman et al. 2021, Hodnebrog et al. 2024) suggest that the 

large ASR increases of the CERES period can only be explained as the additive 

contributions of effective radiative forcing and climate response to the warming, but the 

AMIP simulations end in 2014 thus limiting their usefulness in explaining the trends of the 

past two decades. 

 

In a recent analysis of multiple satellite datasets, Tselioudis et al. (2024) examined the 

zonal mean trends of cloud and radiation properties during the satellite era. They found a 

poleward expansion of the subtropical small cloud cover region in both hemispheres along 

with a narrowing of the Intertropical Convergence Zone (ITCZ). Both these change patterns 

are likely connected to influences on the cloud field from the large-scale atmospheric 

circulation, whilst decreasing cloud cover trends within the subtropical cloud regime are 

more likely influenced by local cloud controlling processes. The observed cloud changes 

result in contrasting Shortwave Cloud Radiative Effect (SWCRE) changes between high and 

low latitude regions, with cloud radiative warming in the lower latitudes and near-zero 

changes or cooling in the higher ones. 

 

In the present work, we analyze the 21st
 Century CERES radiative budget trends with the 

objective to separate the contribution to those trends of changes in large-scale 

atmospheric circulation and local-scale cloud controlling processes. Regimes of large 

cloud cover and strong SW cloud radiative cooling are defined in the low latitudes and the 

high latitude zones, representing the wet tropics associated with the ITCZ and the 

midlatitude storm tracks respectively. The trends in the areal coverage of the strong cloud 

radiative cooling regimes over the past 23 years are examined along with the trends in the 



SW radiative effects of the clouds within each regime. This allows the decomposition of the 

global SWCRE trends into circulation induced changes in the areal coverage of the large 

and small cloud cover regimes and local-scale induced changes in the radiative properties 

of the clouds in each regime.  

 

 

Datasets and Analysis 

 

Starting in 2000 with the launch of the polar orbiting Terra satellite (and Aqua in 2002), the 

MODIS instruments provide cloud property data products (Platnick et al. 2021), while the 

CERES instruments flown on the same satellites measure top-of-atmosphere radiative 

fluxes (Loeb et al 2018). In the current analysis, the MODIS M3 Terra Total Cloud Cover 

(TCC) field is used to define the regimes of large TCC, while the CERES EBAF-Ed4.2 is used 

to derive the regimes of strong SWCRE. The SWCRE field is defined as the difference 

between the all-sky and the clear-sky SW fluxes. 

 

The Large Total Cloud Cover (L-TCC) and Strong (large negative value) SWCRE (S-SWCRE) 

regimes are derived separately for the low latitudes (30oS-30oN) and the high latitude zones 

(30o-90o S/N) by identifying the maximum TCC and minimum SWCRE values at each zone 

in their respective climatologies, and then finding the locations of the maximum North-

South gradient in TCC and SWCRE. The locations of maximum gradients are then 

connected to define the isoline thresholds that enclose the L-TCC and S-SWCRE regimes. 

Applying this method, in the low latitudes the L-TCC regime is defined as the area bounded 

by the 55% TCC isoline, and the regime of S-SWCRE as the area bounded by the -61W/m2 

isoline.  In the high latitude zones, the L-TCC regime is defined as the area bounded by the 

75% TCC isoline for both zones, and the S-SWCRE regime as the area bounded by the -65.5 

W/m2 isoline in the Southern and the -70 W/m2 isoline in the Northern zone. Once the L-

TCC and S-SWCRE regimes are defined, the area coverage of each regime and their trends 

are calculated for the 23-year period 2001-2023, along with the trends of the mean SWCRE 

values within and outside the S-SWCRE regime for the same period. This allows us to 

partition the global SWCRE trend into the contribution of the change of the S-SWCRE area 

coverage and the contribution of the change of the SWCRE values within the strong and 

weak SWCRE regimes, with the latter defined as all regions outside the strong SWCRE 

regime.   

 

 

Results 

 

Figure 1 shows the annual mean climatologies of the MODIS TCC (top) and the CERES 

SWCRE (bottom) fields, and with dotted lines the isoline boundaries of the L-TCC and the 

S-SWCRE regimes in the low and the high latitude zones. The plot shows that the L-TCC 

regimes delineate well the midlatitude storm tracks in the North Pacific, North Atlantic, 

and Southern Oceans, and the ITCZ and marine stratocumulus regions in the low latitudes. 

Roughly coincident regions of intense SW cloud cooling are apparent in the S-SWCRE plot, 



with small differences between the two types of regimes occurring in the Arctic Ocean, the 

marine stratocumulus regions, and the coastline of the Antarctic. Those differences, with 

the TCC regime being generally more spatially extensive than the SWCRE one, come from 

the fact that the SW cloud radiative effect is not only affected by the cloud fraction, but 

also by the cloud optical depth and the reflectance of the underlying surface. 

 

  
Figure 1: Annual mean maps of MODIS TCC (top) and the CERES SWCRE (bottom) for the 

2001-2023 period. Dotted lines indicate the isoline boundaries of the L-TCC and the S-

SWCRE regimes as defined in the text. 

 

 

The time trends of the annual mean percent area coverage of the L-TCC (top) and the S-

SWCRE (bottom) regimes for the 2001-2023 period are shown in Figure 2, for the low 

latitude and the two high latitude zones. In all three climate zones, the area coverage of the 

L-TCC region shows statistically significant decreases that range from 1.59% to 2.88% per 

decade, indicating a contraction of the midlatitude storm regions and a narrowing of the 



ITCZ region, trends that were also found in Tselioudis et al. (2024). In the present analysis, 

the tropical downward L-TCC trend may also be due to a contraction of the marine 

stratocumulus regions, but such a contraction was not observed in the zonal mean 

analysis of Tselioudis et al. (2024). Also, the Southern high latitude L-TCC area time series 

has an unusually low value in 2021, but removal of that year changes very little the slope of 

the trend and does not affect the trend significance. In accordance with the L-TCC area 

coverage trends, the area coverage of the S-SWCRE regimes shows significant decreasing 

trends in all climate zones, with slopes that range from 0.88% to 1.32% per decade, 

implying a significant global-scale decrease in the area coverage of the regimes of strong 

cloud radiative cooling. 

 

 

 
Figure 2: Time series of the annual mean percent area coverage of the L-TCC (top) and S-

SWCRE (bottom) regimes for the 2001-2023 period, for the two high latitude and the low 

latitude zones. Lines depict linear regressions and solid lines indicate trends significant at 

the 95% level. 

 



The analysis of Loeb et al. (2024) finds an increasing global trend in SWCRE of 0.37 W/m2 

per decade for the 3/2000-12/2022 period, and this trend is the largest component of the 

increasing trend in absorbed SW radiation. Figure 3 shows the CERES annual trends in 

SWCRE for the globe, the low and the high latitude zones for the 2001-2023 period. The 

global trend for that period is 0.45 W/m2 per decade, and the trend for all climate zones is 

positive, with SWCRE increasing (or cloud radiative cooling decreasing) by 0.44 

W/m2/decade in the Northern and 0.25 W/m2/decade in the Southern high latitudes, and by 

0.56 W/m2/decade in the low latitudes. Since in the same period the area coverage of the 

S-SWCRE regimes in all climate zones is decreasing (Fig. 2-bottom), next we will quantify 

the contribution of this regime area contraction to the SWCRE trends. Note that the L-TCC 

regime area trends (Fig. 2-top) do not enter the calculation of the decomposed SWCRE 

trends. 

 

 
Figure 3: Time series of CERES annual mean SWCRE values for the globe, low latitude, and 

high latitude zones for the 2001-2023 period. Lines depict linear regressions and solid lines 

indicate trends significant at the 95% level. 

 

 

Following Williams and Tselioudis (2007), the average SW cloud radiative effect over a 

climate zone SWCRE can be derived from the Strong- and Weak-SWCRE regimes as: 

 

SWCRE = 𝛼S-SWCRE + (1 − 𝛼)W-SWCRE     (1) 

 

Where α is the percent area coverage of the S-SWCRE regime. Then, the trends in 

SWCRE	can be decomposed into the contributions of the change in area coverage and in 

the mean properties of the Strong- and Weak-SWCRE regimes as follows: 

 

∆SWCRE = S-SWCRE	∆𝛼 + W-SWCRE	(1 − ∆𝛼) + 𝛼	∆S-SWCRE + (1 − 𝛼)	∆W-SWCRE

+ ∆S-SWCRE	∆𝛼 + ∆W-SWCRE	(1 − ∆𝛼)					(2)		 



 

Since the last two covariance terms of Eq. 2 are small, Table 1 summarizes the first four 

terms of the equation for the three climate zones. The first two terms represent the part of 

the SWCRE trend coming from the change in the area coverage of the S-SWCRE regime 

and the corresponding opposing change in the area of the W-SWCRE regime, and the third 

and fourth terms represent the part of the SWCRE trend coming from changes in the mean 

SWCRE values within the S-SWCRE and the W-SWCRE regimes. In all climate zones, the 

dominant trend is the SW cloud radiative warming is coming from the contraction of the S-

SWCRE regimes and the corresponding expansion of the W-SWCRE regimes. In the high 

latitude zones, the contraction of the S-SWCRE midlatitude storm regions and the 

corresponding expansion of the W-SWCRE regions produce an additive cloud radiative 

warming of 0.51 W/m2/decade in the Northern and 0.37 W/m2/decade in the Southern 

zone.  This is partially counteracted by an increase in cloud radiative cooling within the W-

SWCRE regime of 0.13 W/m2/decade in the Northern and 0.27 W/m2/decade in the 

Southern zone and is aided by a small cloud radiative warming within the S-SWCRE regime 

of 0.06 W/m2/decade in the Northern and 0.12 W/m2/decade in the Southern region. In the 

low latitudes, the contraction of the S-SWCRE ITCZ region and the corresponding 

expansion of the of the W-SWCRE region produce an additive cloud radiative warming of 

0.3 W/m2/decade, which is aided by a cloud radiative warming within the W-SWCRE regime 

of 0.28 W/m2/decade. 

 

SWCRE Trend Components 

(W/m2/decade) 
N-HiLat S-HiLat LoLat 

 

S-SWCRE	∆𝛼 1.02 0.93 0.62 

 

W-SWCRE	(1 − ∆𝛼) -0.51 -0.55 -0.32 

 

𝛼	∆S-SWCRE 0.06 0.12 -0.02 

 

(1 − 𝛼)	∆W-SWCRE -0.13 -0.27 0.28 

 

Table 1: First four terms of Equation 2 (as defined in the text) for the two high latitude and 

the tropical zones. 

 

 

The decomposition of the SWCRE trend can be further simplified if we conjecture that the 

contraction of the areal coverage of the S-SWCRE storm track and ITCZ regions, and the 

corresponding expansion of the W-SWCRE regimes, constitute the large-scale circulation 

components of the trend, while the changes in the mean SWCRE values within the S-

SWCRE and W-SWCRE regimes constitute the local-scale cloud controlling processes 



components of the trend. Furthermore, the Northern and Southern high latitude zones 

exhibit SWCRE component trends that are identical in sign and very close in magnitude 

and thus their trends can be merged into one high latitude zone result. Following those 

simplifications, Figure 4 and Table 2 show the large-scale circulation and local-scale 

process components of the SWCRE trends for the high latitude regions, the low latitude 

region, and the globe. The local-scale process component is broken into the S-SWCRE and 

W-SWCRE parts, since the two parts exhibit different signs and magnitudes (Table 1). 

 

 

 
 

Figure 4: Large-scale Circulation and Small-scale Process components of the SWCRE 

trends as defined in the text, for the high-latitude regions, the low-latitude region, and the 

globe. 

 

 

SWCRE Trend Components 

(W/m2/decade) 
HiL LoL GL 

LARGE-SCALE CIRCULATION 

COMPONENT 
0.44 0.3 0.37 

                                     S-SWCRE 

LOCAL-SCALE PROCESSES 

COMPONENT 

                                     W-SWCRE 

0.09 -0.02 0.035 

-0.2 0.28 0.04 

 

Table 2: Large-scale Circulation and Small-scale Process components of the SWCRE 

trends as defined in the text, for the high-latitude regions, the low-latitude region, and the 

globe. 

 



The results on Figure 4 and Table 2 show that the increasing global mean SWCRE trend of 

0.45 W/m2/decade comes predominately from the large-scale circulation component, 

which is driven primarily by a high latitude cloud radiative warming of 0.44 W/m2/decade 

resulting from the contraction of the midlatitude storm regimes and a tropical cloud 

radiative warming of 0.3 W/m2/decade resulting from the narrowing of the ITCZ region. The 

local-scale processes component contributes a low latitude cloud radiative warming trend 

of 0.28 W/m2/decade in the W-SWCRE regime which is counteracted by a cloud radiative 

cooling trend of 0.2 W/m2/decade in the W-SWCRE regimes of the high latitude zones, 

while the trends in this component for the S-SWCRE regimes of the two climate zones are 

small and of opposite sign. As a result, of the 0.45 W/m2/decade global SW cloud radiative 

warming trend, 0.37 W/m2 are due to the contraction of the world’s midlatitude storm and 

tropical convergence zones. 

 

 

Discussion 

 

Our results show that global SWCRE trends are predominantly caused by changes in large-

scale circulation features and are the result of areal coverage changes of the S-SWCRE 

and W-SWCRE regions, which have a very large difference in the mean SWCRE values 

between them. In the high latitude zones this difference is around 38 W/m2 and 30 W/m2 in 

the Northern and Southern zones respectively, and therefore a reduction of about 1.3% per 

decade in the S-SWCRE regime area coverage and its replacement by the W-SWCRE 

regime produces SW cloud radiative warming of 0.5 W/m2/decade and 0.37 W/m2/decade 

respectively. In the low latitudes, the difference in mean values between the two SWCRE 

regimes is 34 W/m2, and the 0.87% decrease of the area coverage of the S-SWCRE regime 

and its replacement by the W-SWCRE regime produces cloud radiative warming of 0.3 

W/m2/decade.  The within-regime local-scale process SWCRE trend components are only 

significant in the W-SWCRE regime and, even though in the low latitudes the local-scale 

process component is of similar magnitude to the large-scale circulation one, the tropical 

and high latitude local-scale components are of opposite sign and that contrast further 

increases the dominance of the circulation component in the global SWCRE trend. 

 

The large-scale circulation component of the recent SWCRE trends consist of a 

contraction of the midlatitude storm cloud zone and a narrowing of the ITCZ zone, both 

changes that have also been documented in Tselioudis et al. (2024). The midlatitude storm 

cloud contraction is indicative of effects on the cloud field by a widening of the Hadley 

circulation and a poleward shift in the midlatitude storm tracks, both trends that have 

been documented in recent studies (e.g. Grise et al. 2018, Staten et al. 2020, Woollings et 

al. 2023). The narrowing of the ITCZ has also been documented in precipitation-based 

observational analysis and in modeling studies (Wodzicki and Rapp 2016, Byrne et al. 

2018), and explanations have been proposed based on energetic and potential dynamical 

theories (Byrne et al. 2018). The narrowing and strengthening of the ITCZ can also be seen 

as a forcing of the Hadley cell widening, through additional latent heat release (e.g. Rind 

and Rossow 1984) and the balancing of this heat release through extension of the radiative 



cooling subsidence zone to maintain Radiative Convective Equilibrium (Jakob et al. 2019).  

The local-scale process component of the SWCRE trends is significant in the W-SWCRE 

regimes and consist of contrasting cloud radiative cooling trends in the high latitude zones 

and cloud radiative warming trend in the low latitudes. This contrast can be caused by high 

latitude low-cloud albedo increases due to the ‘cloud phase feedback’ (e.g. Tan et al. 

2016, Fey and Kay 2017), and low latitude low-cloud fraction decreases due to boundary 

layer processes or aerosol indirect effects (Webb et al. 2024, Hodneborg et al. 2024). The 

latitudinal contrast in the SWCRE trends is also documented for the satellite era in 

Tselioudis et al. (2024). 

 

The present study shows that, due to the contraction of the world’s storm cloud zones, the 

large-scale circulation component constitutes the dominant term of the recent increases 

in absorbed solar radiation and provides a crucial missing piece in the puzzle of the 21st
 

century increase of the Earth’s Energy Imbalance and the large heat anomaly of 2023 

(Schmidt 2024). The large SWCRE differences between the large-scale circulation regimes 

defined in this work, implies that changes of only a few percent in the relative coverage of 

the regimes produce large cloud radiative signatures that can dominate the radiative 

balance trends, and this makes it imperative to understand and simulate correctly the 

future evolution of the current trend of storm-cloud area contraction.  
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