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Clouds substantially impact Earth’s energy budget by reflecting solar radiation 17 

back to space and by restricting emission of thermal radiation to space1. They are perhaps 18 

the largest uncertainty in our understanding of climate change due to disagreement among 19 

climate models and observational datasets over what cloud changes have occurred during 20 

recent decades and will occur in response to global warming2,3. This is because 21 

observational systems originally designed for monitoring weather have lacked sufficient 22 

stability to reliably detect cloud changes over decades unless they have been corrected to 23 



 2

remove spurious artifacts4,5. Here we show that several independent corrected satellite 24 

records exhibit large-scale patterns of cloud change between the 1980s and 2000s that are 25 

similar to those produced by model simulations of climate with recent historical external 26 

radiative forcing. Observed and simulated cloud change patterns are consistent with 27 

poleward retreat of midlatitude storm tracks, expansion of subtropical dry zones, and 28 

increasing height of the highest cloud tops at all latitudes. The primary drivers of these 29 

cloud changes appear to be increasing greenhouse gas concentrations and a recovery from 30 

volcanic radiative cooling. These results indicate that the cloud changes most consistently 31 

predicted by global climate models are currently occurring in nature. 32 

The International Satellite Cloud Climatology Project (ISCCP) dataset and the Pathfinder 33 

Atmospheres - Extended (PATMOS-x) dataset are the two longest satellite records of 34 

cloudiness6,7. The datasets consist of cloud retrievals made by multiple weather satellites over 35 

several decades, and in their original form, the long-term records suffer from spurious variability 36 

related to changes in satellite orbit, instrument calibration, and other factors4,5,8. Previous studies 37 

using these datasets to investigate the cloud response to global warming have obtained 38 

inconclusive results due to the dominating presence of artifacts9,10,11. Here we use corrected 39 

versions of ISCCP and PATMOS-x from which spurious variability has been removed5. The 40 

correction procedure unfortunately also removes any real cloud variability at near-global scales, 41 

thus precluding examination of global mean cloud changes. Instead, we examine large-scale 42 

patterns of observed cloud change for consistency with patterns projected by global climate 43 

models to occur with climate change10,12. For corroboration of the corrected ISCCP and 44 

PATMOS-x records, we additionally investigate the change in albedo from the 1980s Earth 45 

Radiation Budget Satellite (ERBS)13 to the 2000s Clouds and the Earth's Radiant Energy System 46 
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(CERES) satellite instruments14,15 and changes in ocean-only liquid water path from the Multi-47 

Sensor Advanced Climatology of Liquid Water Path (MAC-LWP) dataset16. 48 

Figure 1a displays the spatial distribution of trends during 1983-2009 for averaged 49 

ISCCP and PATMOS-x total cloud amount, and Figure 1b displays the spatial distribution of 50 

differences between 2002-2014 CERES albedo and 1985-1989 ERBS albedo. All observational 51 

records agree that cloud amount and albedo increased over the northwest Indian Ocean, the 52 

northwest and southwest tropical Pacific, and north of the equator in the Pacific and Atlantic. 53 

Cloud amount and albedo decreased over midlatitude oceans in both hemispheres (especially the 54 

North Atlantic), over the southeast Indian Ocean, and in a northwest-to-southeast line stretching 55 

across the central tropical South Pacific. MAC-LWP exhibits a similar trend pattern in liquid 56 

water path during 1988-2014 (Extended Data Fig. 1a). Shifting the start or end time of trend 57 

calculation by several years has little impact on the spatial pattern of change. Similar patterns 58 

occur for differences in total cloud amount and albedo between 1985-1989 and 2003-2009, the 59 

time periods during which ISCCP, PATMOS-x, and ERBS/CERES completely overlap 60 

(Extended Data Fig. 2). 61 

Are the observed cloud changes solely a manifestation of natural internal variability or 62 

are they also a response to external radiative forcing of the climate system? We address this 63 

question by examining simulations from the Coupled Model Intercomparison Project Phase 5 64 

(CMIP5) multi-model dataset17. Historical simulations included anthropogenic greenhouse gas 65 

concentrations, ozone, land use changes, anthropogenic aerosols, volcanic aerosols, and solar 66 

output and thus represent our best estimate of the climate response to recent external radiative 67 

forcing (Extended Data Table 1). Figure 1c displays the spatial distribution of trends in ensemble 68 

mean modeled total cloud amount during the 27-year period 1983-2009 for all radiative forcings 69 
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(ALL). Observations and models exhibit widespread agreement on which areas have increasing 70 

and decreasing cloud amount (Fig. 1d). Table 1 lists the spatial correlation between observed and 71 

simulated cloud trends. 72 

Could natural internal variability alone produce the correlation between the observed and 73 

simulated cloud trend patterns? We assess the likelihood of this outcome by examining cloud 74 

trends during 27-year periods from CMIP5 preindustrial (PI) simulations without external 75 

radiative forcing (Extended Data Table 2). Calculating the spatial correlation between the 76 

ensemble mean ALL trend pattern and the trend pattern of each 27-year PI period generates a 77 

probability distribution of correlation values arising purely from natural internal variability 78 

(Extended Data Fig. 3). We find that no 27-year period in more than 15000 years of PI 79 

simulations exhibits a correlation coefficient as positive as that between the observed and 80 

ensemble mean ALL trend patterns, suggesting that external radiative forcing was a driving 81 

factor in large-scale cloud changes from the 1980s to the 2000s. 82 

One prominent feature of Fig. 1 and robust prediction by climate models is the 83 

widespread reduction in cloudiness at middle latitudes2,10,12,18. Figures 2a and 2b show trends in 84 

zonal mean total cloud amount during 1983-2009 for ISCCP and PATMOS-x, and Fig. 2c shows 85 

zonal mean differences between 2002-2014 CERES albedo and 1985-1989 ERBS albedo. Every 86 

observational record exhibits a decline in cloud amount or albedo at middle latitudes in both 87 

hemispheres that is nearly always statistically significant. The ocean-only MAC-LWP dataset 88 

also reports less liquid water path around 40° (Extended Data Fig. 1b). Previous research found 89 

evidence for tropical expansion in recent decades19. Reduced cloudiness around 40° is consistent 90 

with a poleward expansion of the subtropical dry zone cloud minimum and poleward retreat of 91 

the storm track cloud maximum. 92 
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Figure 2d displays trends in zonal mean total cloud amount during 1983-2009 from the 93 

ALL simulations. Most individual simulations exhibit reduced cloud amount at middle latitudes 94 

of both hemispheres, and the ensemble mean trends are statistically significant. Furthermore, the 95 

majority of simulations reproduce the observed increase in cloud amount and albedo occurring in 96 

the northern tropics. The spatial correlation between observed and simulated zonal cloud trends 97 

is highly significant (Table 1 and Extended Data Fig. 3). 98 

Since the correction procedures applied to the satellite datasets removed any real global 99 

mean change that might be present, for maximum comparability we subtracted the 60°S-60°N 100 

average change in total cloud amount from the model output prior to creating Figs. 1c, 1d, and 101 

2d. Without this adjustment, ALL ensemble mean cloud amount averaged over 60°S-60°N 102 

decreases by 0.13 %-cloud-amount over 25 years. Although highly statistically significant, the 103 

modeled reduction in 60°S-60°N average cloud amount during 1983-2009 is far smaller than 104 

what is detectable by our observational systems. Extended Data Figs. 4a and 4b show ALL cloud 105 

trends without the subtraction of the 60°S-60°N average change. They exhibit patterns similar to 106 

those seen in Figs. 1c and 2d. 107 

Another robust prediction by climate models is rising height of high cloud tops at all 108 

latitudes10,12,18,20. Figure 3a displays ISCCP climatological zonal mean cloud amount within 7 109 

cloud top pressure intervals. Only amounts of clouds with optical thickness greater than 3.6 are 110 

plotted to reduce uncertainty in cloud top pressure retrievals. A local maximum in cloud amount 111 

occurs in the 180-310 hPa interval in the tropics whereas clouds are typically no higher than 310 112 

hPa in the midlatitude storm tracks, following the latitudinal variation of tropopause height. 113 

Figures 3b and 3c show that ISCCP and PATMOS-x zonal mean cloud amount increased in the 114 

50-180 hPa interval and decreased in the 180-310 hPa interval during 1983-2009 in the tropics, 115 
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consistent with a rise in the tops of the highest clouds. The cloud amount increase in the 180-310 116 

hPa interval at middle latitudes similarly suggests a rise in the highest cloud tops.  117 

Figure 3d displays trends in zonal mean cloud amount during 1983-2009 from the ALL 118 

ensemble mean. The pattern of modeled cloud trends is highly correlated with the satellite record 119 

in the 50-180 hPa and 180-310 hPa intervals, suggesting the observed rise in cloud top is at least 120 

partly due to external radiative forcing. We expect less agreement below these levels because the 121 

ISCCP and PATMOS-x satellite retrievals cannot detect lower clouds underneath higher clouds 122 

whereas the models report the exact cloud amount at each level. Note that the negative trends in 123 

cloud amount occurring in the 50-180 hPa interval at higher latitudes are relative to the 60°S-124 

60°N average cloud change for that interval and do not correspond to an actual reduction in 125 

cloudiness. Extended Data Fig. 4c, for which the 60°S-60°N average change was not subtracted, 126 

shows that modeled cloud amount in the 50-180 hPa interval merely increases less at higher 127 

latitudes than at lower latitudes. 128 

What specific factors are contributing to the observed cloud changes? We address this 129 

question by examining additional CMIP5 simulations listed in Extended Data Table 1 with 130 

external radiative forcing only from greenhouse gases (GHG), only from anthropogenic aerosol 131 

(AA), only from ozone (OZ), and only from natural solar variations and volcanic aerosol (NAT). 132 

Extended Data Figs. 5, 6, and 7 display the ensemble mean modeled cloud trends for GHG, AA, 133 

OZ, and NAT simulations. The GHG and NAT simulations both produce modeled cloud trend 134 

patterns that are significantly correlated with the observed cloud trend pattern (Table 1 and 135 

Extended Data Fig. 3). This includes decreasing total cloud amount at middle latitudes (GHG 136 

and NAT), increasing total cloud amount in the northern tropics (NAT), and increasing cloud 137 

amount in the 50-180 hPa interval in the tropics and in the 180-310 hPa interval at middle 138 
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latitudes (GHG and NAT). Contrastingly, the AA and OZ simulations do not produce cloud 139 

trends that globally resemble the observed cloud trends, as demonstrated by insufficiently 140 

positive correlation (Table 1). The OZ simulations do exhibit reduced cloud amount at southern 141 

hemisphere middle latitudes21. 142 

Both GHG and NAT simulations experience increasing tropospheric temperature and 143 

decreasing stratospheric temperature from the 1980s and the 2000s. This is caused by increasing 144 

greenhouse gases in the former case and a recovery from the 1982 El Chichón and 1991 Pinatubo 145 

volcanic aerosol episodes in the latter case22,23,24. Tropospheric warming and stratospheric 146 

cooling promote an increase in the height of the highest cloud tops25,26, and together with global 147 

warming, promote an expansion of the tropical zone and poleward shift of storm tracks27,28. 148 

Depleted stratospheric ozone is an additional factor promoting a poleward shift of the southern 149 

hemisphere storm track21,29. 150 

Expansion of subtropical dry zones results in less reflection of solar radiation back to 151 

space. As cloud tops rise, their greenhouse effect becomes stronger. Both of these cloud changes 152 

have a warming effect on climate. Our results suggest that radiative forcing by a combination of 153 

anthropogenic greenhouse gases and volcanic aerosol has produced observed cloud changes 154 

during the past several decades that exert positive feedbacks on the climate system. We expect 155 

increasing greenhouse gases will cause these cloud trends to continue in the future unless offset 156 

by unpredictable large volcanic eruptions. 157 

158 
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Table 1 259 

Correlation between Observed and Modeled Cloud Trend Patterns 260 

 Forcing Type 

Spatial Pattern ALL GHG AA OZ NAT 

Grid Box 
Total Cloud 

Amount 

0.39 
(0.0001) 
[0.003] 

0.21    
(0.05)  
[0.08] 

0.00 0.00 
0.26      

(0.03)   
[0.04] 

Zonal Mean 
Total Cloud 

Amount 

0.80  
(0.002) 
[0.009] 

0.62    
(0.008)  
[0.06] 

-0.35 0.27 
0.69     

(0.03)  
[0.03] 

Zonal Mean 
Cloud Amount 

in 50-180 hPa and 
180-320 hPa 

Intervals 

0.76  
(0.003) 
[0.03] 

0.73  
(0.004) 
[0.04] 

-0.62  
0.73  

(0.003) 
[0.04] 

Parentheses and square brackets indicate one-sided p-values obtained from PI simulations shown 261 

in Extended Data Fig. 3 and from formal significance tests, respectively  262 
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Figure Legends 263 

Figure 1 | Change in observed and simulated cloud amount and albedo between the 1980s 264 

and 2000s. a, Linear trend in average of PATMOS-x and ISCCP total cloud amount during 265 

1983-2009. b, Change in albedo from Jan 1985-Dec 1989 (ERBS) to Jul 2002-Jun 2014 266 

(CERES). c, Trend in ensemble mean total cloud amount during 1983-2009 from CMIP5 267 

historical simulations with all radiative forcings (ALL). d, Locations where the majority of 268 

observational datasets and majority of historical simulations show increasing (cyan) or 269 

decreasing (orange) cloud amount or albedo. Black dots indicate agreement among all three 270 

satellite records on sign of change in a and b and indicate trend statistical significance (p < 0.05 271 

two-sided) in c. All trends and changes are relative to the 60°S-60°N mean change. 272 

 273 

Figure 2 | Zonal mean change in observed and simulated cloud amount and albedo between 274 

the 1980s and 2000s. a, ISCCP total cloud amount during 1983-2009. b, PATMOS-x total cloud 275 

amount during 1983-2009. c, Albedo from Jan 1985-Dec 1989 (ERBS) to Jul 2002-Jun 2014 276 

(CERES). d, Ensemble mean total cloud amount during 1983-2009 from CMIP5 historical 277 

simulations with all radiative forcings (ALL). Zonal mean climatology is red, linear trend or 278 

change is black, circles indicate trend statistical significance (p < 0.05 two-sided), and bars 279 

indicate interquartile range of individual simulations. All trends and changes are relative to the 280 

60°S-60°N mean change. 281 

 282 

Figure 3 | Zonal mean change in observed and simulated cloud amount during 1983-2009 283 

in 7 pressure intervals. a, ISCCP climatological cloud amount. b, Trend in ISCCP cloud 284 

amount during 1983-2009. c, Trend in PATMOS-x cloud amount during 1983-2009. d, Trend in 285 
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ensemble mean cloud amount during 1983-2009 from CMIP5 historical simulations with all 286 

radiative forcings (ALL). For ISCCP and PATMOS-x, only amount of clouds with optical 287 

thickness  > 3.6 is plotted. Black dots indicate trend statistical significance (p < 0.05 two-sided). 288 

All trends are relative to the 60°S-60°N mean trend for that pressure interval.  289 
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 290 

Figure 1 | Change in observed and simulated cloud amount and albedo between the 1980s 291 

and 2000s. a, Linear trend in average of PATMOS-x and ISCCP total cloud amount during 292 

1983-2009. b, Change in albedo from Jan 1985-Dec 1989 (ERBS) to Jul 2002-Jun 2014 293 

(CERES). c, Trend in ensemble mean total cloud amount during 1983-2009 from CMIP5 294 

historical simulations with all radiative forcings (ALL). d, Locations where the majority of 295 

observational datasets and majority of historical simulations show increasing (cyan) or 296 

decreasing (orange) cloud amount or albedo. Black dots indicate agreement among all three 297 

satellite records on sign of change in a and b and indicate trend statistical significance (p < 0.05 298 

two-sided) in c. All trends and changes are relative to the 60°S-60°N mean change. 299 
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 300 

Figure 2 | Zonal mean change in observed and simulated cloud amount and albedo between 301 

the 1980s and 2000s. a, ISCCP total cloud amount during 1983-2009. b, PATMOS-x total cloud 302 

amount during 1983-2009. c, Albedo from Jan 1985-Dec 1989 (ERBS) to Jul 2002-Jun 2014 303 

(CERES). d, Ensemble mean total cloud amount during 1983-2009 from CMIP5 historical 304 

simulations with all radiative forcings (ALL). Zonal mean climatology is red, linear trend or 305 

change is black, circles indicate trend statistical significance (p < 0.05 two-sided), and bars 306 

indicate interquartile range of individual simulations. All trends and changes are relative to the 307 

60°S-60°N mean change. 308 
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 309 

Figure 3 | Zonal mean change in observed and simulated cloud amount during 1983-2009 310 

in 7 pressure intervals. a, ISCCP climatological cloud amount. b, Trend in ISCCP cloud 311 

amount during 1983-2009. c, Trend in PATMOS-x cloud amount during 1983-2009. d, Trend in 312 

ensemble mean cloud amount during 1983-2009 from CMIP5 historical simulations with all 313 

radiative forcings (ALL). For ISCCP and PATMOS-x, only amount of clouds with optical 314 
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thickness  > 3.6 is plotted. Black dots indicate trend statistical significance (p < 0.05 two-sided). 315 

All trends are relative to the 60°S-60°N mean trend for that pressure interval.  316 
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Methods 317 

Satellite Datasets 318 

ISCCP provides values of cloud amount in 7 cloud top pressure intervals and 6 optical 319 

thickness intervals (i.e., cloud amount for each of 42 “cloud types”) during July 1983 - 320 

December 20096. Total cloud amount is the sum over all intervals. Cloud top pressure is most 321 

accurately identified when clouds are nearly opaque at thermal infrared wavelengths. This occurs 322 

when cloud optical thickness at visible wavelengths is greater than 3.6. Geostationary satellites 323 

are the primary contributors to the ISCCP cloud record. We downloaded ISCCP D1 data from 324 

the Atmospheric Science Data Center located at NASA Langley Research Center and applied a 325 

correction procedure to remove spurious variability associated with changes in satellite orbits, 326 

satellite calibration, and ancillary data5. Note that the correction procedure removes any real 327 

global mean cloud variability, so all trends presented in this study are with respect to an 328 

unknown global mean trend, which could be zero. The present study uses only daytime 329 

observations (defined as solar zenith angle < 78°) because visible radiances are required to 330 

retrieve cloud optical thickness. We found that trends in total cloud amount retrieved from day 331 

and night IR radiances are very similar to trends in total cloud amount retrieved from daytime 332 

VIS+IR radiances. 333 

PATMOS-x provides cloud amount in 7 cloud top pressure intervals and 6 optical 334 

thickness intervals starting in October 19817. The present study uses data during January 1983 - 335 

December 2009 for consistency with ISCCP. Total cloud amount is the sum over all intervals. 336 

Polar-orbiting satellites are the only contributors to the PATMOS-x cloud record. We 337 

downloaded PATMOS-x Version 5 Level 3 “GEWEX” data from 338 

http://cimss.ssec.wisc.edu/patmosx/data and applied a correction procedure to remove spurious 339 
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variability associated with changes in satellite orbits, satellite calibration, and ancillary data4. As 340 

for ISCCP, the correction procedure removes any real global mean cloud variability. For 341 

consistency over the entire PATMOS-x record, we use products retrieved only from the daytime 342 

pass of the “afternoon” satellites.  343 

The passive remote sensing techniques employed by ISCCP and PATMOS-x can have 344 

difficulty identifying the occurrence of optically thin cirrus overlying optically thick lower cloud 345 

and can underestimate the height of cloud top when cloud particle density is sparse in the upper 346 

portion of an optically thick cloud30,31. ISCCP suffers more from remote sensing limitations than 347 

PATMOS-x since the latter dataset uses more wavelengths and thus has more information 348 

available to retrieve cloud properties7. The result is a downward bias in reported cloud top height 349 

relative to that obtained from active remote sensing techniques, for which only a short record is 350 

available. ISCCP correspondingly underestimates the cloud amount in the 50-180 hPa and 180-351 

310 hPa pressure intervals compared to active remote sensing. Despite the bias, a real increase 352 

over time in the height of the highest cloud tops will nonetheless be reported by ISCCP as an 353 

increase in the amount of cloudiness in the higher elevation pressure interval and decrease in the 354 

lower elevation pressure intervals. The bias may produce an underestimate in the magnitude of 355 

cloud trends since ISCCP climatological cloud amount is underestimated, but this does not 356 

undermine our analysis since we compare the relative spatial patterns of observed and modeled 357 

cloud change rather than the absolute magnitudes of observed and modeled cloud change.  358 

Albedo is a useful parameter for our investigation because variability in cloud amount is 359 

by far the dominant contributor to variability in albedo outside of ice-covered regions. 360 

Variability in cloud optical thickness is a secondary contributor. ERBS albedo values are 361 

available for November 1984 through February 1990, but we use the January 1985 - December 362 
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1989 climatology for simplicity13. We also use measurements only from ERBS because the other 363 

two satellites contributing to the Earth Radiation Budget Experiment (NOAA9 and NOAA10) 364 

were not available for the entire period. Note that ERBS was in a precessing orbit and sampled 365 

the entire diurnal cycle. CERES Energy Balanced And Filled (EBAF) Ed2.8 reflected solar 366 

radiation values are available from the morning satellite Terra starting in March 2000 and from 367 

the afternoon satellite Aqua starting in July 200214. Since Terra and Aqua are in sun-synchronous 368 

orbits CERES EBAF uses geostationary satellites to fill out the diurnal cycle of cloudiness not 369 

sampled by Terra and Aqua15. To ensure consistent sampling of the diurnal cycle and seasonal 370 

cycle, we constructed a climatology for July 2002 - June 2014. We then divided reflected solar 371 

radiation by incoming solar radiation at the top of atmosphere to calculate albedo. ERBS data 372 

were obtained from a CD-ROM provided by the Atmospheric Science Data Center located at 373 

NASA Langley Research Center, and CERES data were obtained from the NASA Langley 374 

Research Center CERES ordering tool at (http://ceres.larc.nasa.gov/). Although individually 375 

well-calibrated, there is no absolute calibration between ERBS and CERES. To bring them to a 376 

common reference point, we multiplied ERBS albedo by a constant factor so that ERBS and 377 

CERES had the same climatological annual albedo averaged over 60°S-60°N. This means 378 

CERES-ERBS differences are relative to an unknown global mean difference that could be zero. 379 

Version 4 of the MAC-LWP dataset for January 1988 - December 2014 provides a useful 380 

complement to measurements of cloud amount and albedo16. The MAC-LWP dataset synthesizes 381 

passive microwave retrievals from 12 different sensors using the Remote Sensing Systems 382 

version-7 ocean algorithm32. Liquid water path is the spatially averaged vertically integrated 383 

amount of cloud liquid water within a satellite footprint. Cloud-free areas contribute a value of 384 

zero to the spatial average within the footprint. Liquid water path increases as clouds become 385 
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more horizontally extensive (i.e., larger cloud amount). It also increases as clouds become 386 

vertically thicker and as cloud water concentration becomes larger. The dataset does not include 387 

contributions from cloud ice, and retrievals are available only over open ocean. To provide a 388 

similar basis for comparison to the ISCCP, PATMOS-x, and ERBS/CERES datasets, from which 389 

global mean variability was removed in the correction and adjustment process, we subtracted 390 

60°S-60°N average liquid water path from the value at each grid box for each month. This has 391 

little impact on the spatial distribution of trends. 392 

 393 

CMIP5 Simulations 394 

The CMIP5 multi-model dataset provides a large number of global climate model 395 

simulations for various forcing scenarios17. The historical simulations span ~1850 to 2005 and 396 

include time-varying radiative forcings such as greenhouse gases, ozone, anthropogenic and 397 

volcanic aerosols, solar output, and land use changes (ALL). We extended the CMIP5 ALL 398 

simulations beyond their nominal ending year of 2005 by adding follow-on years through 2009 399 

with radiative forcing from representative concentration pathway 4.5 (or if not available, the 400 

historical extended experiment or representative concentration pathway 8.5). Total cloud amount 401 

is available from 107 realizations from 33 models, and cloud amount in each vertical layer is 402 

available from 76 realizations from 27 models (Extended Data Table 1). We calculated the 403 

ensemble mean as a simple average of all available realizations. Some models provided only one 404 

realization and other models provided up to 10 realizations for the same external forcing. Natural 405 

internal variability across the simulations tends to cancel in the ensemble mean, leaving behind 406 

the radiatively forced component of cloud change. The ensemble mean has smaller trend 407 
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amplitudes than any one realization or the observations due to this reduction of natural internal 408 

variability. 409 

A smaller set of CMIP5 models provided additional simulations with external radiative 410 

forcing only from anthropogenic greenhouse gases (GHG), only from anthropogenic aerosol 411 

(AA), only from ozone (OZ), and only from natural solar variability and volcanic aerosol (NAT) 412 

(Extended Data Table 1). A few models included ozone variability in GHG simulations, but we 413 

excluded these from our analysis to avoid confusion about forcing factors. Total cloud amount is 414 

available from 44 realizations from 14 models for GHG, from 33 realizations from 11 models for 415 

AA, from 11 realizations from 3 models for OZ, and from 37 realizations from 10 models for 416 

NAT. Cloud amount in each vertical layer is available from 35 realizations from 12 models for 417 

GHG, 32 realizations from 11 models for AA, from 1 realizations from 1 model for OZ, and 28 418 

realizations from 8 models for NAT. We did not analyze cloud amount in vertical layers for OZ 419 

since only one realization was available. 420 

For many of these models, GHG, AA, OZ, and NAT output was available only until 421 

2005. To maximize the number of realizations, we chose the 1979-2005 interval to calculate 422 

trends for GHG and AA since this time period has the same length as the ISCCP and PATMOS-423 

x records. The four-year shift for trend calculation should not matter for the GHG and AA 424 

simulations since greenhouse gas and aerosol emissions vary on multidecadal rather than 425 

interannual time scales. Timing matters more for OZ and NAT because the former includes 426 

stabilization of the ozone hole in the 2000s and the latter includes volcanic eruptions, so we 427 

chose only those models providing output for the full 1983-2009 time period. Note that the set of 428 

contributing models and numbers of realizations is not identical for the ALL, GHG, AA, OZ, and 429 

NAT simulations. We chose to use all available simulations from each forcing scenario because 430 
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restricting our comparison to only those models and numbers of realizations in common would 431 

result in a much smaller sample size. 432 

Most CMIP5 models provided multicentury simulations of preindustrial (PI) conditions 433 

with no anthropogenic or natural external radiative forcing as a control case (Extended Data 434 

Table 2). Cloud variability in these simulations results only from natural internal variability of 435 

the coupled ocean-atmosphere-land system, including El Niño/Southern Oscillation (ENSO). 436 

Total cloud amount is available for a total of 15807 years from 27 models, and cloud amount in 437 

each vertical layer is available for a total of 7311 years from 13 models. 438 

Output from CMIP5 simulations was downloaded from the Earth System Grid Federation 439 

(ESGF). To provide a similar basis for comparison to the ISCCP, PATMOS-x, and 440 

ERBS/CERES datasets, from which global mean variability was removed in the correction and 441 

adjustment process, we subtracted 60°S-60°N ocean average cloud amount from the value at 442 

each ocean grid box for each month and we subtracted 60°S-60°N land average cloud amount 443 

from the value at each land grid box. With the exception of cloud amount in the 50-180 hPa 444 

interval, this has little impact on the spatial distribution of trends. For zonally-averaged cloud 445 

amount in each vertical layer, we subtracted the 60°S-60°N average.  446 

Since the CMIP5 models do not routinely report amount of cloudiness in various optical 447 

thickness intervals, we could not limit our analysis of modeled clouds in Fig. 3 to only those with 448 

optical thickness greater than 3.6. Cloud amount from the satellite records also differs from 449 

standard cloud amount output from CMIP5 models in that the former do not detect clouds with 450 

optical thickness less than about 0.3 whereas the latter report the amount of all clouds, even very 451 

optically thin ones. Another difference is that CMIP5 models report actual cloud amount at each 452 

model layer, not cloud amount unobscured by higher clouds as do the ISCCP and PATMOS-x 453 
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satellite datasets. For a closer comparison to observations, a few CMIP5 models incorporated the 454 

Cloud Feedback Model Intercomparison Project (CFMIP) Observation Simulator Package 455 

(COSP)33. This software produced model cloud output according to how it would be detected 456 

through the limitations of satellite retrieval, most often ISCCP. Since it is computationally 457 

expensive, COSP cloud output is available only for 13 ALL realizations from 7 models 458 

(Extended Data Table 1). We use standard model cloud output in order to have a larger sample 459 

size but obtain similar but noisier results if we use COSP cloud output from an ISCCP satellite 460 

simulator (Extended Data Fig. 8). 461 

 462 

Data Analysis 463 

ISCCP, PATMOS-x, and ERBS data on a 2.5°2.5° latitude-longitude grid and CERES 464 

and MAC-LWP data on a 1°1° grid were spatially averaged to a common 5°5° grid. Output 465 

from CMIP5 models on a variety of grid sizes were bilinearly interpolated to a 5°5° grid. We 466 

linearly interpolated cloud amount from model layers to a common vertical grid with regular 50 467 

hPa spacing in pressure. To display modeled cloud trends in the figures, we linearly interpolated 468 

trends from the 50 hPa regular grid to the midpoints of the 7 pressure intervals used by the 469 

satellite datasets. All calculations are performed on anomalies from the long-term mean. In all 470 

cases of spatial averaging and spatial correlation, grid box values were weighted by the cosine of 471 

the grid box center latitude to account for the variation of grid box area with latitude. We restrict 472 

our analysis to latitudes equatorward of 60° because passive retrieval of cloud properties by 473 

satellite is difficult over bright and cold surfaces, and no visible retrievals can be made during 474 

polar night. 475 
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We use least-squares linear trends or the average difference between two time periods as 476 

convenient means of summarizing change over time. Two-sided p-values for the trends are 477 

determined using a conventional Student’s t-test with an effective sample size that takes 478 

temporal autocorrelation into account.  479 

For simplicity of comparison with modeled total cloud amount trends in calculating 480 

correlations in Table 1, we averaged cloud/albedo changes from all cloud amount and albedo 481 

datasets together before comparing to the ensemble mean total cloud amount trends from the 482 

CMIP5 ALL, GHG, AA, OZ, NAT, and PI simulations. Since cloud amount and albedo have 483 

different physical units, we standardized the grid box changes before averaging. Specifically, we 484 

divided each ISCCP grid box cloud amount trend by the standard deviation of all ISCCP grid 485 

box cloud amount trends, each PATMOS-x grid box cloud trend by the standard deviation of all 486 

PATMOS-x grid box cloud amount trends, and each grid box albedo change by the standard 487 

deviation of all grid box albedo changes. For simplicity of comparison with modeled cloud 488 

amount trends in 7 pressure intervals, we averaged cloud trends from ISCCP and PATMOS-x 489 

datasets together. 490 

Our null hypothesis is that the observed cloud changes result purely from natural internal 491 

variability. If so, there should be no systematic relationship between the spatial pattern of cloud 492 

trends generated by natural internal variability and the spatial pattern of cloud trends generated 493 

by external radiative forcing. The former is represented by individual PI simulations, each with 494 

different realizations of natural internal variability, and the latter is represented by the ensemble 495 

mean of simulations with external radiative forcing, in which natural variability has been largely 496 

averaged out. The suitability of this null hypothesis can be demonstrated by calculating the 497 

distribution of spatial correlation coefficients (Pearson’s r) between the pattern of cloud trends 498 
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from the ensemble mean of forced simulations (ALL, GHG, or NAT) and the pattern of cloud 499 

trends from time periods of similar length obtained from PI control simulations. We build up 500 

each null distribution by calculating cloud trends and spatial correlation values during a rolling 501 

27-year period (i.e., years 1-27, years 2-28, years 3-29, etc.) through the PI control simulation for 502 

each model. Extended Data Fig. 3 displays the frequency distributions of the calculated 503 

correlation values. There are 15104 time periods for total cloud amount and 6973 time periods 504 

for cloud amount in vertical layers. The mean and median correlation values of the null 505 

distributions are zero, as expected.  506 

Our alternative hypothesis is that external radiative forcing was a contributing factor in 507 

producing the observed cloud trends. If so, we expect a positive spatial correlation between the 508 

observed trend pattern and the trend pattern from the ensemble mean of simulations with external 509 

radiative forcing (values shown as vertical lines in Extended Data Fig. 3). The p-value for a 510 

particular spatial correlation value r is simply the fraction of correlation values from the PI 511 

control simulations with values more positive than r (i.e., the fraction of area under the frequency 512 

distribution to the right of the vertical line). For simplicity, we calculate p-values with respect to 513 

a null distribution built from spatial correlation values for cloud trends from single time periods. 514 

Another option is to build a null distribution from spatial correlation values for cloud trends from 515 

ensemble means of multiple, randomly-selected time periods. Our results are the same for either 516 

approach. 517 

For corroboration of p-values calculated with respect to cloud trend patterns from the PI 518 

control simulations, we additionally computed one-sided p-values using a conventional Student’s 519 

t-test for statistical significance of Pearson’s r. In this case, a critical parameter is the effective 520 

number of spatial degrees of freedom34. We determined that there are 51 spatial degrees of 521 
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freedom between 60°S and 60°N for observed total cloud amount in grid boxes. Simplistically 522 

considered, this corresponds to a set of boxes slightly larger than those outlined by the latitude-523 

longitude grid lines in Fig. 1 if apportioned equally. However, remote teleconnections contribute 524 

to reduced spatial degrees of freedom in addition to local spatial coherence. Zonal means have 525 

substantially fewer degrees of freedom (8 for total cloud amount and 7 for cloud amount in the 526 

50-180 hPa and 180-310 hPa pressure intervals). This corresponds to about 15° spacing in 527 

latitude. P-values obtained from formal tests are in some cases substantially larger than those 528 

obtained from the PI control simulations (Table 1 and Extended Data Fig. 3), suggesting that the 529 

actual number of effective spatial degrees of freedom may be larger than that indicated by the 530 

method we used34. 531 

 532 

ENSO-like Variability  533 

The dominant source of multiyear natural variability in the climate system is the El 534 

Niño/Southern Oscillation (ENSO) phenomenon. Variability occurring at interdecadal time 535 

scales, especially over the Pacific Basin, exhibits a pattern similar to that of ENSO35. We 536 

investigated whether the observed cloud changes are a manifestation of ENSO-like variability by 537 

calculating the correlation of the spatial pattern of cloud trends with the spatial pattern of the 538 

difference between observed La Niña composite cloud anomalies and El Niño composite cloud 539 

anomalies (figure not shown due to space limitations). The correlation between the observed La 540 

Niña - El Niño pattern and the observed trend pattern is only 0.13, and the spatial correlation 541 

between the observed La Niña - El Niño pattern and the ensemble mean ALL trend pattern is 542 

only 0.14. Considering that the spatial correlation between the observed trend pattern and the 543 
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ensemble mean ALL trend pattern is 0.39 (Table 1), we think ENSO-like variability cannot be a 544 

major contributor to the global pattern of cloud change between the 1980s and the 2000s. 545 

 546 
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Extended Data Table 1 563 

CMIP5 models and number of simulations used for each forcing experiment 564 

Model 
ALL 

GHG AA OZ NAT 
Standard COSP 

ACCESS1-0 (1)      
ACCESS1-3 (1)      

BCC-CSM1-1 3  1   1 
BCC-CSM1-1-m 3      

BNU-ESM 1  1    
CanESM2 5 1 5 5  5 
CCSM4 6  3 3   

CESM1-CAM5 3      
CESM1-CAM5-1-FV2 1  2 2   

CESM1-WACCM 3      
CMCC-CM 1      

CMCC-CMS 1      
CNRM-CM5 (10)  (5)   (5) 

CSIRO-Mk3-6-0 10  5 5  5 
EC-EARTH (5)      
FGOALS-g2   1 2 1  
GFDL-CM3 1   3   

GFDL-ESM2G 1      
GFDL-ESM2M 1  1 1   

GISS-E2-H 5  5 5 (5) 5 
GISS-E2-H-CC 1      

GISS-E2-R 5  5 5 (5) 5 
GISS-E2-R-CC 1      

HadCM3 (10)      
HadGEM2-ES (4) 1 (4)   (4) 

IPSL-CM5A-LR 4  3 1  3 
IPSL-CM5A-MR 1  3   3 

MIROC5 5 5     
MIROC-ESM 1 3     

MIROC-ESM-CHEM 1 1     
MPI-ESM-LR 3 1     
MPI-ESM-MR 3      
MRI-CGCM3 3 1     
NorESM1-M 3   1  1 

Parentheses indicate unavailability of vertical distribution of cloud amount  565 
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Extended Data Table 2 566 

CMIP5 models and number of years in each preindustrial control simulation 567 

Model Total Cloud Amount Layer Cloud Amount 
ACCESS1-0 500  
ACCESS1-3 500  

BCC-CSM1-1 500 500 
BCC-CSM1-1-m 400 400 

BNU-ESM 559 559 
CanESM2 996 796 
CCSM4 1000 1000 

CESM1-CAM5 319  
CESM1-WACCM 200  

CNRM-CM5 850  
CSIRO-Mk3-6-0 500  

FGOALS-g2 700  
GFDL-CM3 500 500 

GFDL-ESM2G 500 500 
GFDL-ESM2M 500 500 

GISS-E2-H 540  
GISS-E2-R 550  

HadGEM2-ES 337  
IPSL-CM5A-LR 1000  
IPSL-CM5A-MR 300  

MIROC5 670 670 
MIROC-ESM 630 630 

MIROC-ESM-CHEM 255 255 
MPI-ESM-LR 1000  
MPI-ESM-MR 1000  
MRI-CGCM3 500 500 
NorESM1-M 501 501 

  568 
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Extended Data Figure Legends 569 

Extended Data Figure 1 | Change in observed liquid water path during 1988-2014. a, Linear 570 

trend in MAC-LWP liquid water path during Jan 1988-Dec 2014. b, Zonal mean climatology 571 

(red) and trend (black) in MAC-LWP liquid water path during Jan 1988-Dec 2014. Circles 572 

indicate trend statistical significance (p < 0.05 two-sided). All trends are relative to the 60°S-573 

60°N mean trend. 574 

 575 

Extended Data Figure 2 | Change in observed cloud amount and albedo between Jan 1985-576 

Dec 1989 and Jan 2003-Dec 2009. a, ISCCP total cloud amount. b, PATMOS-x total cloud 577 

amount. c, ERBS/CERES albedo. Black dots indicate agreement among all three satellite records 578 

on sign of change in a, b, and c. All changes are relative to the 60°S-60°N mean change. 579 

 580 

Extended Data Figure 3 | Correlation between forced simulated, unforced simulated, and 581 

observed cloud trend patterns. Frequency distribution of correlation between cloud trend 582 

patterns from multiple individual unforced CMIP5 preindustrial (PI) simulations and the 583 

ensemble mean of CMIP5 historical simulations with all radiative forcings (ALL, black), only 584 

greenhouse radiative forcings (GHG, red), and only natural radiative forcings (NAT, blue) for 585 

27-year trends. a, Grid box total cloud amount. b, Zonal mean total cloud amount. c, Zonal mean 586 

cloud amount in the 50-180 hPa and 180-320 hPa intervals. Vertical lines indicate the correlation 587 

coefficient between the pattern of observed cloud trends and the pattern of ensemble mean ALL, 588 

GHG, or NAT cloud trends during 1983-2009. The total area under each frequency distribution 589 

is equal to unity, and the area to the right of the vertical line indicates the fraction of PI 590 
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simulations that are more positively correlated than the observations with the ensemble mean 591 

ALL, GHG, or NAT cloud trend patterns (listed as p-values in Table 1). 592 

 593 

Extended Data Figure 4 | Absolute change in simulated cloud amount during 1983-2009. a, 594 

Linear trend in ensemble mean total cloud amount during 1983-2009 from CMIP5 historical 595 

simulations with all radiative forcings (ALL). b, Zonal mean climatology (red) and trend (black) 596 

in ensemble mean total cloud amount during 1983-2009 from ALL simulations.  c, Zonal mean 597 

trend in ensemble mean cloud amount during 1983-2009 in 7 pressure intervals from ALL 598 

simulations. Black dots and circles indicate trend statistical significance (p < 0.05 two-sided), 599 

and bars indicate interquartile range of individual simulations. Unlike Figs. 1c, 2d, and 3d, trends 600 

are not relative to the 60°S-60°N mean trend. 601 

 602 

Extended Data Figure 5 | Change in simulated cloud amount between the 1980s and 2000s 603 

for different types of forcing. Linear trend in ensemble mean total cloud amount from CMIP5 604 

simulations and locations where the majority of observational datasets and majority of 605 

simulations show increasing (cyan) or decreasing (orange) cloud amount or albedo. a and b, 606 

Only greenhouse gas (GHG) forcing during 1979-2005. c and d, Only anthropogenic aerosol 607 

(AA) forcing during 1979-2005. e and f, Only ozone (OZ) forcing during 1983-2009. g and h, 608 

Only natural (NAT) forcing during 1983-2009.  Black dots indicate trend statistical significance 609 

(p < 0.05 two-sided). All trends are relative to the 60°S-60°N mean trend. 610 

 611 

Extended Data Figure 6 | Zonal mean change in simulated cloud amount between the 1980s 612 

and 2000s for different types of forcing. Climatology is red and linear trend is black for 613 
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ensemble mean total cloud amount from CMIP5 simulations. a, Only greenhouse gas (GHG) 614 

forcing during 1979-2005. b, Only anthropogenic aerosol (AA) forcing during 1979-2005. c, 615 

Only ozone (OZ) forcing during 1983-2009. d, Only natural (NAT) forcing during 1983-2009. 616 

Circles indicate trend statistical significance (p < 0.05 two-sided) and bars indicate interquartile 617 

range of individual simulations. All trends are relative to the 60°S-60°N mean trend. 618 

 619 

Extended Data Figure 7 | Zonal mean change in simulated cloud amount between the 1980s 620 

and 2000s in 7 pressure intervals for different types of forcing. Linear trend for ensemble 621 

mean cloud amount from CMIP5 simulations. a, Only greenhouse gas (GHG) forcing during 622 

1979-2005. b, Only anthropogenic aerosol (AA) forcing during 1979-2005. c, Only natural 623 

(NAT) forcing during 1983-2009. Black dots indicate trend statistical significance (p < 0.05 two-624 

sided). All trends are relative to the 60°S-60°N mean trend for that pressure interval. 625 

 626 

Extended Data Figure 8 | Change in simulated cloud amount during 1983-2009 from the 627 

CFMIP Observation Simulator Package (COSP). a, Linear trend in ensemble mean total 628 

cloud amount during 1983-2009 from CMIP5 historical simulations with all radiative forcings 629 

(ALL). b, Zonal mean climatology (red) and trend (black) in ensemble mean total cloud amount 630 

during 1983-2009 from ALL simulations. c, Zonal mean trend in ensemble mean cloud amount 631 

during 1983-2009 in 7 pressure intervals from ALL simulations. Black dots and circles indicate 632 

trend statistical significance (p < 0.05 two-sided), and bars indicate interquartile range of 633 

individual simulations. All trends relative to the 60°S-60°N mean trend.  634 
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 635 

Extended Data Figure 1 | Change in observed liquid water path during 1988-2014. a, Linear 636 

trend in MAC-LWP liquid water path during Jan 1988-Dec 2014. b, Zonal mean climatology 637 

(red) and trend (black) in MAC-LWP liquid water path during Jan 1988-Dec 2014. Circles 638 

indicate trend statistical significance (p < 0.05 two-sided). All trends are relative to the 60°S-639 

60°N mean trend.  640 
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 641 

Extended Data Figure 2 | Change in observed cloud amount and albedo between Jan 1985-642 

Dec 1989 and Jan 2003-Dec 2009. a, ISCCP total cloud amount. b, PATMOS-x total cloud 643 

amount. c, ERBS/CERES albedo. Black dots indicate agreement among all three satellite records 644 

on sign of change in a, b, and c. All changes are relative to the 60°S-60°N mean change. 645 
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  646 

Extended Data Figure 3 | Correlation between forced simulated, unforced simulated, and 647 

observed cloud trend patterns. Frequency distribution of correlation between cloud trend 648 

patterns from multiple individual unforced CMIP5 preindustrial (PI) simulations and the 649 

ensemble mean of CMIP5 historical simulations with all radiative forcings (ALL, black), only 650 

greenhouse radiative forcings (GHG, red), and only natural radiative forcings (NAT, blue) for 651 

27-year trends. a, Grid box total cloud amount. b, Zonal mean total cloud amount. c, Zonal mean 652 

cloud amount in the 50-180 hPa and 180-320 hPa intervals. Vertical lines indicate the correlation 653 

coefficient between the pattern of observed cloud trends and the pattern of ensemble mean ALL, 654 

GHG, or NAT cloud trends during 1983-2009. The total area under each frequency distribution 655 

is equal to unity, and the area to the right of the vertical line indicates the fraction of PI 656 

simulations that are more positively correlated than the observations with the ensemble mean 657 

ALL, GHG, or NAT cloud trend patterns (listed as p-values in Table 1).  658 
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 659 

Extended Data Figure 4 | Absolute change in simulated cloud amount during 1983-2009. a, 660 

Linear trend in ensemble mean total cloud amount during 1983-2009 from CMIP5 historical 661 

simulations with all radiative forcings (ALL). b, Zonal mean climatology (red) and trend (black) 662 

in ensemble mean total cloud amount during 1983-2009 from ALL simulations.  c, Zonal mean 663 

trend in ensemble mean cloud amount during 1983-2009 in 7 pressure intervals from ALL 664 

simulations. Black dots and circles indicate trend statistical significance (p < 0.05 two-sided), 665 

and bars indicate interquartile range of individual simulations. Unlike Figs. 1c, 2d, and 3d, trends 666 

are not relative to the 60°S-60°N mean trend. 667 
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 668 

Extended Data Figure 5 | Change in simulated cloud amount between the 1980s and 2000s 669 

for different types of forcing. Linear trend in ensemble mean total cloud amount from CMIP5 670 

simulations and locations where the majority of observational datasets and majority of 671 

simulations show increasing (cyan) or decreasing (orange) cloud amount or albedo. a and b, 672 

Only greenhouse gas (GHG) forcing during 1979-2005. c and d, Only anthropogenic aerosol 673 

(AA) forcing during 1979-2005. e and f, Only ozone (OZ) forcing during 1983-2009. g and h, 674 

Only natural (NAT) forcing during 1983-2009.  Black dots indicate trend statistical significance 675 

(p < 0.05 two-sided). All trends are relative to the 60°S-60°N mean trend. 676 
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 677 

Extended Data Figure 6 | Zonal mean change in simulated cloud amount between the 1980s 678 

and 2000s for different types of forcing. Climatology is red and linear trend is black for 679 

ensemble mean total cloud amount from CMIP5 simulations. a, Only greenhouse gas (GHG) 680 

forcing during 1979-2005. b, Only anthropogenic aerosol (AA) forcing during 1979-2005. c, 681 

Only ozone (OZ) forcing during 1983-2009. d, Only natural (NAT) forcing during 1983-2009. 682 

Circles indicate trend statistical significance (p < 0.05 two-sided) and bars indicate interquartile 683 

range of individual simulations. All trends are relative to the 60°S-60°N mean trend. 684 

. 685 
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 686 

Extended Data Figure 7 | Zonal mean change in simulated cloud amount between the 1980s 687 

and 2000s in 7 pressure intervals for different types of forcing. Linear trend for ensemble 688 

mean cloud amount from CMIP5 simulations. a, Only greenhouse gas (GHG) forcing during 689 

1979-2005. b, Only anthropogenic aerosol (AA) forcing during 1979-2005. c, Only natural 690 

(NAT) forcing during 1983-2009. Black dots indicate trend statistical significance (p < 0.05 two-691 

sided). All trends are relative to the 60°S-60°N mean trend for that pressure interval. 692 
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 693 

Extended Data Figure 8 | Change in simulated cloud amount during 1983-2009 from the 694 

CFMIP Observation Simulator Package (COSP). a, Linear trend in ensemble mean total 695 

cloud amount during 1983-2009 from CMIP5 historical simulations with all radiative forcings 696 

(ALL). b, Zonal mean climatology (red) and trend (black) in ensemble mean total cloud amount 697 

during 1983-2009 from ALL simulations. c, Zonal mean trend in ensemble mean cloud amount 698 

during 1983-2009 in 7 pressure intervals from ALL simulations. Black dots and circles indicate 699 

trend statistical significance (p < 0.05 two-sided), and bars indicate interquartile range of 700 

individual simulations. All trends relative to the 60°S-60°N mean trend. 701 


