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Abstract Several regions worldwide have seen significant trends in anthropogenic aerosol emissions
during the period of detailed satellite observations since 2001. Over Europe (EUR) and North America
(NAM) there were strong declines, over China increases then declines and over India, strong increases.
Regional trends in model-simulated aerosol optical depth (AOD) and cloud radiative effects in both
the Fifth and Sixth Coupled Model Intercomparison Projects (CMIP5 and CMIP6) are broadly consistent
with the ones from satellite retrievals in most parts of EUR, NAM and India. CMIP6 models better
match satellite-derived AOD trend in western NAM (increasing) and eastern China (decreasing), where
CMIP5 models failed, pointing to improved anthropogenic aerosol emissions. Drop concentration trends in
both observations and models qualitatively match AOD trends. The result for solar cloud radiative effect in
models, however, is due to compensating errors: Models fail to reproduce observed liquid water path
trends and show, in turn, opposite trends in cloud fraction.

Plain Language Summary Historically, widespread changes in regional air pollution have
occurred, with emission reductions over the United States and Europe in response to air quality controls
since the mid-1980s, and a general increase over Asia since the 1970s. In this study we found that current
climate models with improved emission estimates match the regional aerosol and cloud trends derived
from satellite observations over United States, Europe, China, and India regions. Further analysis revealed
that good representation of regional solar cloud radiative effect trend is due to compensating errors in cloud
trend in the models.

1. Introduction
In recent decades, anthropogenic aerosol emissions have decreased substantially because of air pollution
reduction policies implemented in several regions and have increased substantially in others in which in
particular fossil fuel consumption increased strongly (Smith & Bond, 2014; Stohl et al., 2015). Specifically,
large changes of aerosol concentrations occurred over Europe (EUR) and North America (NAM) between
1950 and 1970 driven by strong increase in anthropogenic emissions and by emission reductions since the
mid-1980s in response to air quality measures, and a general increase occurred over Asia and Africa since
the 1970s (Klimont et al., 2013; Smith & Bond, 2014). This increase in the 21st century was particularly
strong and steady over India. Aerosols interact with radiation (formerly known as “aerosol direct effect”)
and with clouds (“aerosol indirect effect”), so that the anthropogenic aerosol emission results in the effective
radiative forcing (ERF) due to aerosol-cloud interactions (Bellouin et al., 2019). Consequently, a change in
regional aerosol emissions is expected to affect the radiation budget and cloud properties. As an example,
trends in cloud properties over China have been linked to changes in aerosol concentrations (Benas et al.,
2020; Bennartz et al., 2011; Qian, Gong, et al., 2009). Similarly, changes in cloud properties were found in
satellite data over EUR (Krüger & Graßl, 2002). Observed decadal trends in surface solar radiation over
EUR and NAM have been linked to changes in aerosol emissions since the mid-1980s (Wild et al., 2005).
Current aerosol-climate models successfully simulate the trends in aerosols (Aas et al., 2019) and suggest
corresponding changes in radiative forcing over the last decades (Myhre et al., 2017).

Satellite derived and surface based aerosol optical depth (AOD) shows a positive trend over Southeast Asia
while regions of EUR and United States exhibit negative trends (Wei, Peng, Mahmood, et al., 2019; Yu et al.,
2020) and negative AOD trends over oceans (Jongeward et al., 2016; Yu et al., 2020). Satellite observed liquid
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water path (LWP) shows a slight negative trend globally and significant regional variations (e.g.,decreases
over North Atlantic and southeast Indian Ocean and increases over northwest Indian Ocean) Manaster et
al., 2017 and Norris et al., 2016. Satellite derived cloud cover and cloud amount have undergone significant
regional variations (e.g., cloudiness has increased in northwest Indian Ocean, and to the north Pacific and
Atlantic oceans) in recent decades (1980s to 2000) (Geiss & Marchand, 2019; Norris et al., 2016). Loeb et al.
(2007) found that cloud radiative effect (CRE) decadal trends also exhibit regional variations with greater
variability in the tropics. However, the link between the trend in clouds and aerosols and their influence on
the CRE trend is not well understood.

Aerosol-cloud interactions are a potentially relevant influence on cloud properties, and constitute the largest
uncertainty in climate change forcing (Boucher et al., 2013; Myhre et al., 2013). The radiative forcing due to
aerosol-cloud interactions is a consequence of the enhanced cloud droplet number concentration (CDNC)
at larger aerosol concentrations (Gryspeerdt et al., 2016; Hasekamp et al., 2019; Twomey, 1974). The change
in CDNC leads to rapid cloud adjustments, especially changes in cloud horizontal extent (cloud fraction,
CF) and LWP. Several mechanisms are discussed for these adjustments, such as reductions in the autocon-
version sink (Albrecht, 1989) and in the mixing-evaporation sink (Ackerman et al., 2004). Global satellite
observations demonstrate that CF tends to increase at larger aerosol concentrations (Gryspeerdt et al., 2016)
and that the LWP response is a balance between increases and decreases (Gryspeerdt et al., 2019), with an
overall slight decrease (Toll et al., 2019).

Although significant improvements have been made to the Coupled Model Intercomparison Project Phase
5 (CMIP5) models (Boucher et al., 2013; Dolinar et al., 2015; Flato et al., 2013; Jiang et al., 2012; Klein et
al., 2013; Lauer & Hamilton, 2013; Stanfield et al., 2014; 2015; Wang & Su, 2013), clouds and their radiative
feedbacks are still a problem in climate models (Flato et al., 2013). Lauer and Hamilton (2013) have revealed
that the CMIP5 model-simulated CREs tend to outperform CFs, suggesting that models are not accurately
depicting fundamental cloud processes. It is also found that the CMIP5 multimodel ensemble mean CF, on
average, is too low by 7% when compared to satellite observations, but there are good agreements in the
simulated top-of-atmosphere radiation budget (Dolinar et al., 2015). In general, CMIP5 simulated AOD, CF,
and CREs, agree with observations within a certain range on a global scale, but not on regional scale (Dolinar
et al., 2015; Fan et al., 2018; Stanfield et al., 2014). GCMs to date are also inconsistent with the slight LWP
decrease that satellite statistics suggest (Malavelle et al., 2017; Michibata et al., 2016; Toll et al., 2017).

Despite this, climate models with more comprehensive aerosol-cloud interactions simulate regional surface
temperature trends better than other models (Ekman, 2014) and also are better in simulating meridional
shifts in the general circulation (Chung & Soden, 2017). Recently, new results have become available from
CMIP6 as well (Eyring et al., 2016). It is thus very interesting to assess to what extent the newer-generation
models possibly show improved characteristics.

This study builds on past analyses that showed how the trend in EUR aerosol emissions and, in consequence,
of the surface solar radiation may be used as an “emergent constraint” (Klein & Hall, 2015) for the aerosol
ERF (Cherian et al., 2014). Such studies so far have not allowed one to assess the mechanisms of aerosol
ERF (Norris & Wild, 2007).

The focus of this study is to understand the influence of aerosol emission trends on clouds and short-wave
(solar, SW CRE) over regions with distinct long-term trends in anthropogenic aerosol emissions. Section
2 describes the CMIP5 and CMIP6 models and the satellite data used for the present study. The aerosol
emission regional trend analysis and results from the comparison of the CMIP5 and CMIP6 models with
satellite observations are presented in section 3. The main conclusions are given in section 4.

2. Methodology
In order to understand the link between aerosol emission trends and CREs, the CMIP5 and CMIP6
model-simulated SO2 emissions, AOD at 550 nm, CDNC, LWP, CF, and SW and long-wave (LW) CREs
(Rcld,sw and Rcld,lw) are analyzed. The analysis is carried out for the period from 2001 to 2017 by using the mul-
timodel simulations from CMIP5 “historical,” “historical GHG,” and “RCP4.5” experiment data sets (Taylor
et al., 2012) and from CMIP6 “historical” and “ssp245” experiment data sets (Eyring et al., 2016; O'Neill et
al., 2016). All the models that used interactive aerosol schemes and performed all the relevant experiments
are considered for the present analysis. The CMIP5 and CMIP6 models used in the present study are given in
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Table 1. Multimodel diversity in statistical trends of aerosols and clouds are examined. In order to separate
different regimes of aerosol emission trends, the analysis is carried out separately for four major anthro-
pogenic source regions: EUR, NAM, China, and India (Figure S1 in the supporting information). For China,
the trend analysis is split into two time periods: first the period of increasing emissions (from 2001 to 2005)
and then of decreasing emissions (from 2006 to 2017), based on CMIP6 emissions (Figure S2).

CRE is the difference between the net top-of-atmosphere radiation fluxes, downwelling minus upwelling,
of all-sky conditions minus clear-sky conditions (Dong & Mace, 2003; Ramanathan, 1989; Stanfield et al.,
2015). The model-simulated LWP values are obtained by subtracting the vertically integrated ice water path
from the vertically integrated cloud water path (ice + liquid). (IPSL-CM5A model provided only the verti-
cally integrated LWP as cloud liquid water vertically integrated (https://pcmdi.llnl.gov/mips/cmip5/errata.
html), and thus, we treat cloud liquid water vertically integrated from this model as liquid water only in
the analysis.) To match the satellite definition, in-cloud LWP is computed by dividing the model-diagnosed
all-sky LWP by the CF.

Cloud and aerosol retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) instru-
ments onboard the Terra satellite are used in this work (Levy et al., 2013; Platnick et al., 2017). The MODIS
CDNC burden (m−2) is derived using satellite-retrieved cloud optical depth and cloud effective radius by fol-
lowingQuaas et al. (2006). The MODIS LWP (g m−2) is used from MOD08 Level-3 data for liquid single layer
clouds; the same product also provides AOD at 550 nm and CF. CRE (W m−2) data are from the Clouds And
The Earth's Radiant Energy System instrument on Terra. The time period considered is 2001–2017, and the
data are used at monthly resolution. For each model the “historical” and “RCP4.5” experiments (CMIP5;
“historical” until 2005) and “historical” and “ssp245” experiments (CMIP6; “historical” until 2014) were
combined to create a time series that spanned the exact same length as the satellite observations.

3. Results and Discussion
3.1. Comparison of Simulated and Satellite-Derived Trends
The multimodel-simulated linear trends for AOD, vertically integrated CDNC (m−2), LWP (gm−2), CF, and
SW and LW CRE (Wm−2) from CMIP5 and CMIP6 trends are compared against satellite-derived ones for
the EUR, NAM, India, and China regions separately.
3.1.1. Aerosol Optical Depth
Figure 1 shows the CMIP5 and CMIP6 model-simulated EUR trends compared to the satellite-derived
trends. As expected, AOD in both models and satellite data show decreasing trends over EUR during this
period. Both CMIP5 and CMIP6 models match the AOD trends over much of the continent. There is,
however, a discrepancy between model and satellite trends in north-western parts of EUR.

For NAM, AOD in both model ensembles (CMIP5 and CMIP6) and satellite data show decreasing trends over
eastern NAM (Figures 2a–2d). The observed increasing AOD trend over western NAM is of much smaller
spatial extent in the CMIP6 models, but of similar magnitude, and of too little extent and too small magni-
tude in the CMIP5 models. The improvement in CMIP6 compared to CMIP5 is due to updated anthropogenic
aerosol emission inventories used in CMIP6 models (Figure S2). The discrepancy over NAM is apparent
in many of the individual model runs as well. Previous studies suggested that low rainfall and resultant
enhanced fire activity which occurred over parts of the western NAM may lead to the positive trends in
MODIS AOD (Yoon et al., 2014). Also, a recent study revealed that MODIS aerosol products failed to cap-
ture the correct temporal aerosol variations over western NAM, with only few sites showing the same signs
between the MODIS and aeronet AOD trends (Wei, Peng, Guo, et al., 2019). Increases in BC and OC emis-
sions, not SO2, lead to the positive western NAM AOD trends in CMIP6 models (Figure S5). BC and OC
steadily grow in NAM due to increases in residential biomass emissions (Gidden et al., 2019; Hoesly et al.,
2018). In general, large regional variability in observed low AOD values (0.1–0.2) along with uncertainties
in the emission inventories (wildfire activities) may explain the difference between the AOD trend over the
western NAM region.

For India, both model ensembles and satellite data show an increasing trend during this period
(Figures 3a–3d). Both CMIP5 and CMIP6 models capture the spatial extent and sign of the observed AOD
trends. The magnitude is underestimated in CMIP5 models and matches better the satellite retrievals in
CMIP6.
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Figure 1. Linear trends between 2001 and 2017 for the Europe (EUR) region (% year−1 for AOD (a, c, and d), CDNC (e, g, and h), LWP (i–l), CF (m–p), SW
CRE (q–t), and LW CRE (u–x) for multimodel mean (left column) CMIP5 historical run, (second column) CMIP5 historicalGHG, (third column) CMIP6
historical run, and (right column) satellite observations (MODIS in d, h, l, and p and CERES in t and x). CMIP5 and CMIP6 SO2 emission trends are given in
panels (b) and (f), respectively. Black dots indicate points where the trend is significant at the 95% confidence level.

AOD trends over China are challenging to simulate and interpret due to the trend reversal within the ana-
lyzed period. Anthropogenic SO2 emissions were increasing until about 2005, approximately plateauing
until 2010 and decreasing strongly since then (Figure S2). For China, trends are thus shown in two periods:
first increasing (2001–2005, Figure S4) and second decreasing (2006–2017, Figure 4) periods. In the satel-
lite retrievals, the net effect for the period examined here is a decrease for much of the region. The CMIP5
models completely failed to match this sign, they show increases over the entire country in both periods,
of substantial magnitude especially in the eastern part of China. CMIP6 models, however, do show—as
the observations—decreases since 2006 for most of the region, and increases in western parts of China
(Figures 4c and 4d). The spatial distribution of increases trend is inconsistent with the one derived from the
MODIS data. The results indicate that updated anthropogenic aerosol emission inventories improve the sim-
ulations in CMIP6 compared to CMIP5 (Figures 4f and S2). Previous studies reported (Zheng et al., 2018) the
SO2 emission trend reversal year (around 2005 to 2010) is well represented in CMIP6 emission inventories
(Figure S2).

3.1.2. CDNC
In the EUR region, the satellite retrievals show mostly decreasing CDNC, consistent with the decreases
in AOD. Both CMIP5 and CMIP6 models simulate the decreasing CDNC trend over the entire continent
(Figures 1e–1h). The magnitude is too large for CMIP5, and this improves for CMIP6, although the data
suggest somewhat weaker trends than even CMIP6.

For NAM, CMIP6 models simulate trends broadly consistent with the observed ones (increasing trend over
western NAM and decreasing trend over eastern NAM), while CMIP5 models only simulate the decreasing
trend over eastern NAM (Figures 2e–2h). It is interesting to note that the sign of the CDNC trend in the
models mostly is consistent with the AOD trends. In the satellite retrievals, however, the widespread increase
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Figure 2. Same as Figure 1, but for the North American (NAM) region.

in AOD over much of the northwestern NAM is not consistent with the much more mixed result for CDNC:
Only in a small portion of the northwest NAM, CDNC increases, whereas it decreases in the data over regions
where the CMIP6 models also show a decrease.

Over India, the MODIS data suggest an increase over most of the subcontinent, but the signal is not region-
ally consistent: There are some parts of the region where CDNC in the satellite data shows a decrease. The
models, in turn, both for CMIP5 and CMIP6, show increases consistent with the AOD increases.

Over China, the observation data suggest a widespread increase in CDNC in western, except for declines
in the eastern part of the country. This latter decline is consistent with the AOD signal, but there are large
areas in the center of the country where AOD shows declines, while CDNC shows increases. In the models,
in contrast, the AOD and CDNC are largely of the same sign, as expected, and mostly show an increase.
On average, CMIP6 results for CDNC are broadly consistent with the satellite results; whereas unlike the
observations, CMIP5 show consistent increases.

In general, the CMIP6 ensemble shows improved model-simulated CNDC trends, compared to the
satellite-derived trends, for EUR, NAM, India, and China regions. For both, models and—mostly
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Figure 3. Same as Figure 1, but for India region.
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Figure 4. Same as Figure 1, but for the period of aerosol emission decreases from 2006 to 2017 over the China region.

also—satellite data, the signs of trends in CDNC are generally consistent with the AOD trends: where AOD
increases, CDNC also increases, and decreases are consistent, too. This result is important since it highlights
once again, but from a different perspective, the fact that there is a clear Twomey effect, or responses of
CDNC to aerosol changes (Bellouin et al., 2019; Qian, Boucher, et al., 2009).
3.1.3. LWP And CF
Trends in LWP and CF are influenced by global warming (Norris et al., 2016) and also by aerosol emission
trends. The expectation, based on model simulations, is that CF would decrease, and LWP increase, with
warming (Zelinka et al., 2012). In contrast to this expectation, in the regions analyzed in Figures 1l to 4l,
LWP from the satellite retrievals shows mostly decreasing trends, except for southern EUR, western, and
mostly southwestern parts of China, and parts of NAM, especially in the south of this region, too.

The relation of LWP trends to the AOD trends is unclear: Over most of NAM, LWP decreases despite the
differences between east and west in AOD trends (Figure 2l). Over India, however, there is a decrease in
LWP along with the increase in AOD (Figure 3l). In turn, LWP shows strong decreases over eastern China,
where AOD and CDNC decrease. The fact that two different LWP responses are possible was also discussed
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in the context of statistical analysis of satellite data (Gryspeerdt et al., 2019). The model-simulated trends in
LWP for either the CMIP5 or CMIP6 ensembles are in pattern, magnitude, and often even sign inconsistent
with the results from the data. In order to disentangle the impact of the different forcing agents, the “his-
toricalGHG” runs (CMIP5) are shown. These only consider the forcing by the greenhouse gases. In all four
regions, this signal seems more consistent with the pattern shown by the satellite data than the “historical”
simulations that include all forcings (also the aerosols). However, the signals in LWP are not the expected
uniform increase in response to the warming but show also decreases, indicative of the LWP response to
circulation changes.

It was highlighted in several studies that GCMs may tend to treat the response of LWP to aerosols incor-
rectly, by simulating an overly large positive response of LWP to additional aerosol (e.g., Malavelle et al.,
2017;Michibata et al., 2016; Zhou & Penner, 2017). However, there is not a consistent correlation in LWP
and CDNC signals in the models either; nevertheless, the combination of greenhouse gas and circulation
effects with a possibly wrong LWP response may lead to this result of LWP trends that are inconsistent with
the data.

The observed CF trends show results that are almost the inverse of the LWP trends in all four regions
(Figure 1 to 4p). This is surprising given that often LWP and CF are positively correlated in the present-day
climate. It is, in turn, expected from the GCM suggestions for the response to global warming (Zelinka et
al., 2012). It is also consistent with global satellite analysis for the response to aerosols that overall is a slight
decrease in LWP and increase in CF with increasing aerosol (Gryspeerdt et al., 2016; 2019). However, AOD
and CF trends are not consistent across regions: Over India (Figures 3d and 3p), increases in AOD coincide
with increases in CF, whereas over EUR, NAM, and China, the same sign in trends is only found for parts
of the regions (southern part in EUR, northwestern part in NAM and western part of China). The models,
in turn, simulate consistently decreasing trends in CF over EUR and NAM, but more mixed patterns over
India and China (Figure 1 to 4 (m–o)). In response to only the greenhouse gases, CMIP5 models show the
opposite trend in CF compared to the all-forcing runs, hinting at a role of the aerosols for the decrease in CF
that is consistent with the decreasing CDNC trends in the EUR and NAM regions in the models.
3.1.4. CREs
The discussions are particularly relevant when discussing now the CRE changes. The patterns of trends
in SW CRE in models (“historical” run) and satellite data match surprisingly well for the CMIP5 models,
down to the subregional level (e.g., east-west split in trend sign over India, north-south split over EUR, mid-
dle vs. rest over NAM, border vs. rest over China; Figures 1- 4q-t). Similarly, LW CRE trends in “historical”
model runs for the CMIP5 ensemble and satellite data agree well over EUR, NAM and central and south
India regions (Figures 1- 4u-x). For EUR and NAM, the greenhouse-gas-only simulations in CMIP5, in turn,
disagree with the patterns in the satellite data-derived trends, suggesting that the aerosol forcing plays an
important role. The CRE changes are driven by the combination of CF and LWP changes. Over EUR and
NAM, incorrect (compared to the satellite-derived trends) patterns in both LWP and CF trends compensate
to yield a much more consistent pattern in CRE changes. Compensating errors in trends of LWP (overesti-
mated by 5–10%) and CF (underestimated by 5–15%) lead to consistent CRE trends in CMIP5 models over
EUR and NAM regions. This result is less striking but still evident also in the CMIP6 model ensemble. Over
India, CMIP5 models show, despite the incorrect trend in LWP, a pattern in CRE that is consistent with the
data, thanks to an overly strong CF reduction that, however, is not correlated to the CDNC signal. CMIP6
models do not show the southwest-northeast gradient in CRE trends. Over China, it is difficult to interpret
the observational result: solar and terrestrial CRE show uncommon anticorrelated patterns of trends. The
models, in turn, have consistent patterns between solar and terrestrial CRE.

4. Conclusion
The aim of the present study was to exploit the increasing length of the satellite record for aerosol and cloud
properties, and the radiation budget, to investigate trends in AOD, CDNC, LWP, CF and solar and terrestrial
CRE over four regions (EUR, NAM, India and China) that witnessed strong trends in anthropogenic aerosol
emissions in the past 20 years along with global warming. Clouds And The Earth's Radiant Energy Sys-
tem (CERES) and MODIS satellite observations were used along with output from transient climate model
simulations submitted to the CMIP5 and CMIP6 archives.
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Comparisons revealed that model-simulated AOD and CDNC trends match well the satellite observations
in EUR, eastern NAM, Northern China, and India, while model biases are visible in western NAM and
southern China. In several subregions, CMIP6 AOD trends are more consistent with the satellite data than
CMIP5, pointing to improvements in the aerosol emission data. The LWP trends do not clearly follow AOD
trends in either models or satellite data. The models tend to simulate CF trends consistent with the AOD
and CDNC trends, but this is not evident in the satellite data. Trends in CRE in the models match those in
the satellite retrievals in some regions surprisingly well, but this result is due to compensating errors in the
patterns of CF and LWP changes.
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