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Abstract. Significant discrepancies remain in estimates of

climate impacts of anthropogenic aerosols between differ-

ent general circulation models (GCMs). Here, we demon-

strate that eliminating differences in model aerosol or ra-

diative forcing fields results in close agreement in simu-

lated globally averaged temperature and precipitation re-

sponses in the studied GCMs. However, it does not erase

the differences in regional responses. We carry out experi-

ments of equilibrium climate response to modern-day anthro-

pogenic aerosols using an identical representation of anthro-

pogenic aerosol optical properties and the first indirect effect

of aerosols, MACv2-SP (a simple plume implementation of

the second version of the Max Planck Institute Aerosol CLi-

matology), in two independent climate models (NorESM,

Norwegian Earth System Model, and ECHAM6). We find

consistent global average temperature responses of − 0.48

(±0.02) and −0.50 (±0.03) K and precipitation responses of

−1.69 (±0.04) % and −1.79 (±0.05) % in NorESM1 and

ECHAM6, respectively, compared to modern-day equilib-

rium climate without anthropogenic aerosols. However, sig-

nificant differences remain between the two GCMs’ regional

temperature responses around the Arctic circle and the Equa-

tor and precipitation responses in the tropics. The scatter in

the simulated globally averaged responses is small in mag-

nitude when compared against literature data from modern

GCMs using model intrinsic aerosols but same aerosol emis-

sions −(0.5–1.1) K and −(1.5–3.1) % for temperature and

precipitation, respectively). The Pearson correlation of re-

gional temperature (precipitation) response in these litera-

ture model experiments with intrinsic aerosols is 0.79 (0.34).

The corresponding correlation coefficient for NorESM1 and

ECHAM6 runs with identical aerosols is 0.78 (0.41). The

lack of improvement in correlation coefficients between

models with identical aerosols and models with intrinsic

aerosols implies that the spatial distribution of regional cli-

mate responses is not improved via homogenizing the aerosol

descriptions in the models. Rather, differences in the atmo-

spheric dynamic and snow/sea ice cover responses domi-

nate the differences in regional climate responses. Hence,

even if we would have perfect aerosol descriptions inside

the global climate models, uncertainty arising from the dif-

ferences in circulation responses between the models would

likely still result in a significant uncertainty in regional cli-

mate responses.

1 Introduction

Making reliable predictions on future changes in regional cli-

mates is crucial for estimating how climate change will im-

pact people and societies (Hawkins et al., 2016), but there

are still large uncertainties related to climate change predic-

tions on regional scales (Giorgi and Francisco, 2000; Feser

et al., 2011). Anthropogenic aerosol particles can be an im-

portant driver for regional climate change due to the near-

instantaneous response of local aerosol concentrations to

changes in emissions, their direct radiative properties and

their ability to modify cloud microphysical processes. How-

ever, reliable implementation of aerosol effects into global

climate models has been challenging. Several aerosol pro-

cesses are still not well understood (Boucher et al., 2013),

and there exists an enormous scale difference between the

Published by Copernicus Publications on behalf of the European Geosciences Union.
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microphysical processes and the resolution of global-scale

models (Carslaw et al., 2013).

Varying descriptions of aerosols and aerosol–cloud inter-

actions cause a wide spread in aerosol radiative forcing and

climate impacts between different general circulation mod-

els (GCMs) (Wilcox et al., 2015). Shindell et al. (2015)

compared historical Coupled Model Intercomparison Project

phase 5 (CMIP5) runs with and without anthropogenic forc-

ing from aerosols, ozone and land use. The forcing showed a

very large spatial variation with globally averaged values that

ranged between 0.15 and −1.44Wm−2 (the aerosol contribu-

tion being between −0.29 and −1.44Wm−2). The combined

changes in aerosol, ozone and land use produced globally

averaged transient temperature responses between 0.00 and

−1.33 K over the 20th century, with the spatial pattern of

the temperature response varying significantly between the

models. Overall, the inclusion of aerosols in CMIP5 models

nevertheless improved the historical temperature trends com-

pared to observations. This applied particularly to models

including sophisticated parameterizations for aerosol cloud

droplet activation (Ekman, 2014).

Besides reducing the global temperature, anthropogenic

aerosols are also known to reduce global precipitation (Ra-

manathan, 2005) and to significantly modify the Asian mon-

soon (Bollasina et al., 2011; Salzmann et al., 2014). Wang

(2015) demonstrated that among CMIP5 models the changes

in anthropogenic aerosols dominated the total precipitation

changes from the pre-industrial era to the present day. Most

of this change was caused by the remote impact of aerosols

rather than by direct effects on local cloud processes and

cloud optical depth in all but heavily aerosol-loaded regions,

such as in the Indian monsoon region. Also, for precipita-

tion changes, an improved representation of aerosol–cloud

interactions was found to be the key factor in reproducing

consistent distributions of past precipitation change.

Improvements in model aerosol descriptions have not suc-

ceeded to remove the large uncertainty in aerosol climate

effects. After CMIP5, the most representative multi-model

results on aerosol climate impacts have been provided by

Samset et al. (2018). They compared the equilibrium climate

responses for complete removals of model intrinsic anthro-

pogenic aerosols among four state-of-the-art fully coupled

climate models, with aerosol emissions from CMIP5 (Lamar-

que et al., 2010). In their study, removing the aerosols pro-

duced global-mean temperature increases between 0.5 and

1.1 K and precipitation increases between 1.5 % and 3.1 %.

In another recent study, Kasoar et al. (2016) reduced an-

thropogenic SO2 emissions from China in three independent

climate models. There, identical emission reductions lead to

simulated changes in aerosol optical depth and shortwave ra-

diative flux over China that varied by up to a factor of 6 be-

tween the models. The three models also exhibited large dif-

ferences in their global and regional temperature responses.

However, it is unclear to which degree the existing spread in

aerosol climate impacts among current climate models re-

sults from differences in modeled aerosols or from differ-

ences in model dynamical responses to aerosols. Only stan-

dardized aerosol perturbations across different models can

entangle these sources of uncertainties in aerosol climate ef-

fects (Stier et al., 2013).

Here, we explore how robust the aerosol climate response

would be in modern GCMs if the anthropogenic aerosols and

their cloud interactions could be modeled exactly. To assess

this question, we carry out long equilibrium climate simu-

lations with fixed greenhouse gas concentrations and pre-

scribed aerosol fields using the MACv2-SP (a simple plume

implementation of the second version of the Max Planck In-

stitute Aerosol CLimatology) aerosol description (Stevens

et al., 2017) in two modern GCMs, NorESM1 (Norwegian

Earth System Model) and ECHAM6. MACv2-SP is partly

based on observational data and provides a simple represen-

tation of global aerosol optical properties. It also includes a

simple empirical fit for aerosol–cloud–albedo effects. These

experiments allow us to single out the contribution of cli-

mate model dynamics to the intermodel differences in the

response to anthropogenic aerosols. We will compare our re-

sults against the dataset by Samset et al. (2018) to investi-

gate the robustness of global and regional climate responses

in modern climate models using interactive or prescribed

aerosols.

2 Methods

2.1 Applied climate models and setup

We carry out modern-day equilibrium climate simulations

with two independent climate models, ECHAM6.1 and

NorESM1. ECHAM6.1 (Stevens et al., 2013) is the sixth

generation of the ECHAM general circulation model devel-

oped in the Max Planck Institute with 47 sigma hybrid verti-

cal levels, with the model top at 0.01 hPa and a horizontal res-

olution of 1.9◦×1.9◦. The original ECHAM model branched

from an early version of the European Centre for Medium-

Range Weather Forecasts (ECMWF) model for climate stud-

ies. NorESM1 is the Norwegian Earth system model with

26 sigma hybrid vertical levels (the highest model level at

2.9 hPa) and 1.9◦×2.5◦ horizontal resolution (Bentsen et al.,

2013; Iversen et al., 2013; Kirkevåg et al., 2013). NorESM1

is based on the Community Climate System Model version

4 (CCSM4) operated at the National Center for Atmospheric

Research (NCAR). Thus, the two models applied in our study

do not share a common development history. Here, both

models were run with identical fixed modern-day greenhouse

gas concentrations. Oceans were simulated with the intrinsic

slab ocean configurations of the models. This idealization re-

moves the effect of natural and aerosol-induced variations in

ocean circulation and restricts our study to the response in

atmospheric circulation, oceanic heat exchange and sea ice

dynamics only.

Atmos. Chem. Phys., 19, 9969–9987, 2019 www.atmos-chem-phys.net/19/9969/2019/
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2.2 Standardized aerosol representation

MACv2-SP is a standardized representation of anthro-

pogenic aerosol radiative effects, accounting for the di-

rect radiative as well as the cloud albedo effect of anthro-

pogenic aerosol (Stevens et al., 2017). However, the cloud

lifetime effect is not taken into account. Anthropogenic

aerosols are represented by nine 3-D time-varying Gaus-

sian plumes defining the aerosol optical depth, single scatter-

ing albedo and asymmetry parameter. Four of these plumes

represent aerosol emissions from biomass burning and the

other five are associated with industrial emissions. The in-

dustrial plumes originate from Europe, North America, east

Asia, south Asia and Australia, and the biomass plumes from

north Africa, South America, south central Africa and the

Maritime Continent (Fig. 1 and Table 1 in Stevens et al.,

2017). The plumes differ in their annual cycle and opti-

cal properties, and have a realistic horizontal and vertical

structure that represents the transports of aerosols with pre-

vailing winds. The aerosol properties are based on aerosol

climatology by Kinne et al. (2013), derived from ground-

based Sun photometer networks (AERONET) merged onto

background maps from global models participating in the

Aerosol Model Intercomparison Project (AeroCom). The

cloud albedo effect in MACv2-SP is parameterized by mod-

ifying the model-intrinsic natural cloud droplet number con-

centration (CDNC) via a relation based on the total change

in aerosol optical depth (AOD). This parametrization is de-

rived from Moderate Resolution Imaging Spectroradiome-

ter (MODIS) data. MACv2-SP allows for a simple and

observation-based representation of the changes in aerosol

optical properties and cloud droplet number concentrations

due to anthropogenic aerosols.

2.3 Model experiments and analysis

Sets of 100-year equilibrium climate runs for the year 2005

were conducted with both models, with the last 60 years

used for the analysis. (1) The control run (CTRL) included

only natural aerosols and was constructed from two runs

for each model with small initial condition perturbations.

(2) The MACSP run included both natural and anthropogenic

aerosols for the year 2005. In addition, for NorESM1, a

third run (EF) was carried out. This run employed the time-

varying 3-D aerosol radiative forcing field computed from

the ECHAM6’s MACSP run. A more detailed description of

the implementation is given in the Appendix A. A summary

of the runs is given in Table 1.

Based on these runs, the following three experiments were

defined to estimate the effect of anthropogenic aerosols:

ECHAM6-MACSP (the difference between the MACSP and

CTRL runs for ECHAM6), NorESM1-MACSP (MACSP

minus CTRL for NorESM1) and NorESM1-EF (EF minus

CTRL for NorESM1). The analysis of the results was based

on monthly-mean values of data and focused on the effects

Table 1. Summary of the performed model runs.

Runs Forcing Models

CTRL Natural aerosols ECHAM6, NorESM1

MACSP MACv2-SP and natural aerosols ECHAM6, NorESM1

EF Forcing field from ECHAM6 NorESM1

of MACv2-SP aerosols on near-surface temperature, precip-

itation, surface albedo and total cloud cover. The statisti-

cal significance of the responses was evaluated using a Stu-

dent’s t test with an auto-correlation correction according to

Zwiers and von Storch (1995). The response uncertainties in

global-mean values were estimated by the standard error of

means taking into account lag-1 auto-correlation according

to Zwiers and von Storch (1995). The instantaneous radia-

tive forcing was calculated using double radiation calls with

and without MACv2-SP aerosols during the slab ocean runs.

3 Results

3.1 Aerosol radiative forcing

The total radiative forcing from the MACv2-SP anthro-

pogenic aerosol description was found to be very similar for

the two models (see Fig. 1). For ECHAM6, the MACv2-

SP aerosol scheme produces a −0.64Wm−2 global aver-

age total shortwave radiative forcing at the top of the atmo-

sphere (TOA) for the year 2005, with −0.35Wm−2 arising

from direct and −0.29Wm−2 from indirect radiative forcing.

For NorESM1, the same aerosol scheme produces a slightly

higher global radiative forcing of −0.69Wm−2 at TOA, with

−0.36Wm−2 direct and −0.33Wm−2 indirect radiative forc-

ing. Figure C1 shows the maps of aerosol direct and indirect

radiative forcing in the two models as calculated here. The

largest difference in the total forcing was found over south-

east Asia (up to 3.20Wm−2), where also the largest abso-

lute forcing was found in both models. Fiedler et al. (2019)

have calculated both the MACv2-SP effective radiative forc-

ing and the instantaneous radiative forcing using double ra-

diation calls with fixed sea surface temperature for the two

climate models used here. They showed that with fixed sea

surface temperature the MACv2-SP aerosols produce an in-

stantaneous radiative forcing of −0.60 and −0.68Wm−2 in

ECHAM6 and NorESM1, respectively. The correlation co-

efficient for the regional total forcing in the two models due

to MACv2-SP is 0.97, and 0.90 for direct and 0.89 indirect

forcing only. Thus, the regional differences in direct and in-

direct forcing somewhat compensate for each other.

We used a Gaussian process emulation technique

(O’Hagan, 2006) to assess the causes for the regional dif-

ferences in aerosol radiative forcing (see Appendix B for de-

tails). Our analysis showed that differences in cloud cover

and surface albedo can explain nearly all of the variance

www.atmos-chem-phys.net/19/9969/2019/ Atmos. Chem. Phys., 19, 9969–9987, 2019
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Figure 1. The total radiative forcing at top of the atmosphere produced by MACv2-SP aerosols. Panel (a) shows the forcing in ECHAM6-

MACSP experiment and (b) in NorESM1-MACSP experiment. Panels (c) and (d) show the difference in forcing between the two models

and difference between ECHAM-MACSP and NorESM1-EF runs. Small green circles mask the areas where results are not statistically

significant at the p < 0.05 level.

in the difference in total instantaneous shortwave radiative

forcing between ECHAM6 and NorESM1. Our sensitivity

analysis reveals that in the regions with the largest radia-

tive forcing (close to the center of the MACv2-SP plumes)

the difference in model cloud cover dominates the differ-

ence in model shortwave forcing. In contrast, in regions

with low aerosol radiative forcing, the differences in sur-

face albedo dominate the differences in forcing. We note that

these results apply only to fixed aerosol fields produced by

the MACv2-SP representation. Previous research shows that

the aerosol radiative forcing can also depend on the mete-

orology (surface winds and precipitation) produced by the

models, partly driven by the natural variability of the climate

system (Fiedler et al., 2019).

3.2 Climate response to the addition of anthropogenic
aerosols

3.2.1 Temperature

We obtain a robust global temperature response of −0.5 K

due to the inclusion of MACv2-SP anthropogenic aerosols

in both models. For the ECHAM6-MACSP experiment, the

global-mean near-surface temperature response is −0.50

(±0.03) K, with regional values ranging from +0.30 to

−2.10 K. For the NorESM1-MACSP experiment, the global-

mean value is −0.48 (±0.02) K and the regional values range

between +0.39 and −2.28 K.

Figure 2 shows the regional temperature response to the

inclusion of anthropogenic MACv2-SP aerosols. The spa-

tial correlation between ECHAM6-MACSP and NorESM1-

MACSP experiments is 0.81 for full experiments with 60 +
120 years of MACSP and CTRL runs in both models. The

largest cooling in ECHAM6 is located in southeast Asia,

whereas in NorESM1 the largest cooling is found near the

Russian Far East and north of Japan, with a second min-

imum over the Greenland Sea. Small positive temperature

responses are found close to the Antarctic coast in both

models, but these temperature responses are not statistically

significant and are related to natural variations in sea ice.

We found some significant correlation between the regional

aerosol forcing and regional temperature response in both

models: 0.39 in ECHAM6 and 0.29 in NorESM1, respec-

tively. Among the CMIP5 model considered in Shindell et al.

(2015), the multi-model mean regional correlation between

Atmos. Chem. Phys., 19, 9969–9987, 2019 www.atmos-chem-phys.net/19/9969/2019/
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the combined effective aerosol and ozone forcing and tem-

perature response was slightly negative (−0.1), varying be-

tween negative values in some models and positive values

among others.

Figure 3a shows the zonal-mean temperature responses

obtained from ECHAM6-MACSP and NorESM1-MACSP

experiments. These experiments show a moderate cooling

due to anthropogenic aerosols across the Southern Hemi-

sphere latitudes, whereas in the Northern Hemisphere the

cooling response clearly strengthens towards the high lati-

tudes. The modeled regional temperature responses between

ECHAM6 and NorESM1 simulations disagree the most in

mid- and high-latitude regions, as seen in Fig. 2c. In high-

latitude regions, temperature differences are associated with

surface albedo responses (snow/sea ice) between the mod-

els (see Fig. C2). Changes in surface albedo are known

to amplify changes in Arctic temperatures (albedo feed-

back). Hence, differences in snow and sea ice responses may

partly explain the difference in temperature responses in the

high latitudes. This feedback, together with ocean circulation

feedback, also dominates at high latitudes the regional differ-

ences in temperature responses to homogeneous greenhouse

gas forcing among different climate models (Shindell et al.,

2015).

3.2.2 Precipitation

The inclusion of anthropogenic aerosols results in a simi-

lar global reduction of precipitation in all experiments, with

ECHAM6-MACSP showing a change of −1.79±0.05 % and

NorESM1-MACSP showing a change of −1.69 ± 0.04 %

in annual precipitation (Table 2). The regional changes of

the precipitation patterns are shown in Fig. 4. The spatial

correlation between the precipitation responses in the full

ECHAM6-MACSP and NorESM1-MACSP experiments is

0.47, which is much lower than the corresponding correla-

tion for temperature. In addition, while the temperature re-

sponses are negative almost globally, both positive and neg-

ative responses occur for precipitation, with relatively sharp

edges between regions with different signs of changes. While

similar large-scale features of precipitation changes can be

seen in both models, their dislocation leads to a weaker re-

gional correlation than for the temperature response. In both

models, the relative changes in the convective precipitation

are larger than the relative changes in large-scale precipita-

tion. Also consistently across the two models, the seasonal

response in the total precipitation is similar, with the largest

changes in June–July–August (see Table C1). Both models

consistently show an overall drying of the Northern Hemi-

sphere, with some statistically significant regional increases

in precipitation over northwest Africa.

Both models show a maximum reduction in total precipi-

tation around 15–20◦ N and a maximum increase around 10–

15◦ S, associated with an asymmetric response in Hadley cir-

culation across the Equator (see Figs. 3b and 4). Changes

Table 2. Summary of modern-day global-mean change of tempera-

ture and precipitation. Standard errors of means are shown in brack-

ets.

Near-surface temperature Precipitation (%)

ECHAM6-MACSP −0.50(±0.03) −1.79 (±0.05)

NorESM1-MACSP −0.48(±0.02) −1.69 (±0.04)

NorESM-EF −0.49(±0.01) −1.82 (±0.04)

in precipitation in the tropics are also related to changes in

vertical motion in the same region (see Fig. C4). This is sug-

gestive of a southward shift of the Intertropical Convergence

Zone (ITCZ) associated with a change in hemispheric tem-

perature gradient (Broccoli et al., 2006). The inclusion of an-

thropogenic aerosols results in decreased precipitation in the

South Asian monsoon region (defined here as the land region

over 5–25◦ N, 65–110◦ E) (Fig. 3). In June–August, the mon-

soon precipitation decreased by 12.8 % in the ECHAM6-

MACSP and 15.3 % in the NorESM1-MACSP experiments.

Reduction of monsoon precipitation due to the anthropogenic

aerosols has also been reported in several previous studies

(Ganguly et al., 2012; Li et al., 2018b; Polson et al., 2014;

Bollasina et al., 2011). In contrast with the seasonal cycle

in temperature response, the largest precipitation response

occurs in Northern Hemisphere summer during the Asian

monsoon season. The two models show a different response

over the West African monsoon region (5◦ S–25◦ N, 20◦ W–

20◦ E), with the NorESM1-MACSP experiment showing a

statistically significant reduction in precipitation of −5.3 %,

while the ECHAM6-MACSP experiment does not show a

significant change (−1.8 %). In the vicinity of the Australian

continent, the ECHAM6-MACSP experiment shows an area

of increased precipitation extending from the Indian Ocean

to western Australia, while in the NorESM1-MACSP exper-

iment, the increase is located entirely over the Indian Ocean.

There appear to be several causes for the differences in

the precipitation response between the two models. For in-

stance, there is a relationship between the difference of the

regional precipitation response and the difference in verti-

cal velocity response (correlation coefficient 0.44 between

Figs. 4c and C4c). However, it cannot be concluded that

change in precipitation is caused by the change in vertical

velocity. Probably, both the changes in vertical velocity and

precipitation are related to changes in circulation. Also the

difference in the initial equilibrium state of precipitation pat-

terns correlates weakly with the difference in the precipita-

tion response (correlation coefficient 0.23). Furthermore, dif-

ferences in the cloud cover responses (see Fig. C3) are also

related to differences in precipitation responses (correlation

coefficient 0.32). The vertical velocity correlates also with

the total cloud cover response (correlation coefficient 0.41).
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Figure 2. Near-surface temperature response to the addition of anthropogenic (MACv2-SP) aerosols. Panel (a) shows the response for

ECHAM6-MACSP experiment and (b) for NorESM1-MACSP experiment. Panels (c) and (d) show the difference in the responses between

the two models and difference between NorESM1-MACSP and NorESM1-EF. Small green circles mask the areas where results are not

statistically significant at the p < 0.05 level.

Figure 3. Impact of MACSP anthropogenic aerosols on zonal-mean temperature (K) and precipitation (%) in ECHAM6-MACSP, NorESM1-

MACSP and NorESM1-EF experiments. The shaded area shows the standard error of the mean as a function of latitude.
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Figure 4. Panel (a) shows the ECHAM6-MACSP experiment precipitation response to adding MACv2-SP aerosols and (b) shows the same

for the NorESM1-MACSP experiment. Panels (c) and (d) show the intermodel difference in precipitation response and difference between

NorESM1-MACSP and NorESM1-EF. The green dots mark the regions where the MACv2-SP aerosols do not have a statistically significant

impact at the p < 0.05 level.

3.2.3 Comparison between the NorESM1-MACSP and
NorESM1-EF experiments

We now briefly discuss the differences between the

NorESM1-MACSP and NorESM1-EF experiments. As

noted in Sect. 2.3, the difference between these experiments

is that in NorESM1-MACSP, the radiative forcing due to the

MACv2-SP aerosols is computed using NorESM1’s own me-

teorology and own radiation scheme, while in NorESM1-

EF, forcing from ECHAM6’s MACSP run is applied. The

forcing results are shown in Fig. 1d. The minor differences

seen in Fig. 1d are related to interpolating the radiative

forcing between ECHAM6 and NorESM1 horizontal grids.

The general finding here is that the results for these two

experiments are very similar. The global-mean temperature

response is −0.48 (±0.02) K for NorESM1-MACSP and

−0.49 (±0.01) K for NorESM1-EF, while the global-mean

precipitation responses are −1.69 (±0.04) % and −1.82

(±0.04) %. Also, the zonal-mean and regional tempera-

ture and precipitation responses in NorESM1-MACSP and

NorESM1-EF are very similar (Figs. 2d, 3 and 4d). The

spatial correlation in response between the full NorESM1-

MACSP and NorESM1-EF experiments is as high as 0.97

for temperature and 0.95 for precipitation, which are much

higher than the correlations between NorESM1-MACSP and

ECHAM6-MACSP responses (0.81 and 0.47). Indeed, with

the exception of the global-mean precipitation response,

for which the ECHAM6-MACSP value (−1.79 ±0.05 %)

falls between NorESM1-MACSP and NorESM1-EF, the re-

sponses in the two NorESM1 experiments are closer to each

other than the ECHAM6-MACSP response. Therefore, it can

be concluded that the differences in the effects of MACv2-

SP aerosols between ECHAM6 and NorESM1 are mainly

related to differences in the model circulation responses, not

to the differences in the aerosol forcing fields.

3.3 Comparison to models with interactive aerosols

Finally, we compare the obtained equilibrium tempera-

ture and precipitation responses with prescribed MACv2-SP

aerosols in ECHAM6 and NorESM1 against those equilib-

rium climate responses from four fully coupled climate mod-

els (CESM1, GISS, HadGEMS2 and NorESM1) with in-

trinsic aerosol schemes but the same aerosol emissions, re-

ported by Samset et al. (2018). In the four models consid-

ered by Samset et al. (2018), the global average temperature
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responses were −(0.5, 0.5, 1.1 and 0.6) K, and precipitation

responses were −(1.5 %, 1.8 %, 2.6 % and 3.1 %), respec-

tively. We obtain similar temperature responses of −(0.48–

0.50) K and precipitation responses of −(1.69–1.82) % using

the prescribed MACv2-SP aerosol description.

Tables 3 and 4 show the correlation coefficients for re-

gional climate responses between all experiments in our

datasets and the Samset et al. (2018) datasets. The correla-

tions are calculated for equilibrium climate runs with equal

time averaging over 50 years with and without anthropogenic

aerosols both for our datasets and the Samset et al. (2018)

datasets. Note that these coefficients do not depend on the

magnitude of the average responses in the models but only on

the relative regional distributions of the responses. Perhaps

surprisingly, the average correlation coefficient for regional

temperature response between interactive aerosol models

(i.e., the Samset et al., 2018 models), 0.79, is almost iden-

tical to the correlation between our prescribed aerosol mod-

els (0.78). Also, the average correlation coefficient between

experiments using interactive aerosols and a fully coupled

ocean model (Samset et al., 2018) and experiments using pre-

scribed aerosols and a slab ocean model (our models) is 0.76,

nearly the same as for the fully coupled interactive aerosol

models only. The similar regional correlation between differ-

ent experiments is remarkable considering large differences

in the aerosol descriptions between the different models. It

appears that the differences in aerosol descriptions do not

dominate the differences in regional temperature response.

The average correlation coefficient for regional precipitation

changes within Samset et al. (2018) models with intrinsic

aerosol descriptions is 0.34, while it is 0.41 within our mod-

els with prescribed aerosols. The average correlation coeffi-

cient for regional precipitation changes between the Samset

et al. (2018) models with fully coupled ocean and our mod-

els with a slab ocean is 0.39, which is similar to the mean

correlation within the Samset et al. (2018) models.

The correlation coefficient between NorESM1 experi-

ments using different aerosol descriptions and ocean models

is now only 0.33/0.38. Thus, differences in aerosol descrip-

tions, ocean models and atmospheric responses all contribute

to differences in regional precipitation responses. The corre-

lation coefficients for precipitation responses are, however,

more uncertain than those for temperature responses, due to

a stronger impact of natural variability.

Even long equilibrium climate runs cannot fully elimi-

nate the natural climate variability on a regional level. With

our full dataset (60 years of MACSP runs +120 years of

the CTRL run), we obtain a spatial correlation of 0.47 be-

tween NorESM1-MACSP and ECHAM6-MACSP precipita-

tion responses, a slight improvement over the correlation co-

efficient of 0.41 (±0.02) for 50 + 50-year datasets. The spa-

tial correlation for temperature improves from 0.78 (±0.02)

to 0.81. The fully coupled ocean models in the Samset et

al. (2018) dataset also feature long-term internal variability in

the ocean states that adds to the level of natural variation with

Figure 5. Correlation coefficient of temperature (precipitation) re-

sponse as a function of the number of averaged years. Blue (red)

is the correlation between the temperature responses to MACv2-SP

aerosols in the two models. The shaded area shows the variation be-

tween different control runs. The same number of years is used for

the CTRL run and MACSP run.

respect to our models with simpler slab ocean representa-

tions used in this paper. Therefore, we would expect the Sam-

set et al. (2018) data to include more noise than our results

with slab ocean configurations. Furthermore, it is important

to note that differences in the ocean descriptions are known

to have a large impact in the regional climate responses be-

tween different models (Deser et al., 2016; Kay et al., 2016).

Overall, we would expect that due to these differences the

climate signals obtained from fully coupled models would

intrinsically correlate less well with each other than those

from models with slab ocean configurations. Somewhat sur-

prisingly, this turns out not to be the case.

The dependence of the calculation of time-averaged cor-

relation coefficients on the simulation length for our data

is shown in Fig. 5. There, the blue and red shaded regions

represent the level of expected variation in the regional cor-

relation coefficients between two climate models obtained

from equilibrium model experiments with and without an-

thropogenic aerosols. We obtained a correlation coefficient

of 0.78 with a standard deviation of ±0.02 for temperature

response and 0.41 (±0.02) for precipitation after 50 years of

simulation, these periods being representative for the Sam-

set experiments but neglecting the impact of long-term ocean

variations. The corresponding correlation coefficients for full

model runs (60 + 120 years of simulation) are 0.47 for pre-

cipitation and 0.81 for temperature.

4 Conclusions

We have provided results here on the equilibrium climate

response of modern-day anthropogenic aerosols using two

different climate models, ECHAM6 and NorESM1, with

the MACv2-SP (Stevens et al., 2017) anthropogenic aerosol

representations. The results were obtained both using the

same representations of aerosol optical properties and cloud–
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Table 3. Intermodel correlations of regional temperature response for the Samset et al. (2018) models and our models. The average correlation

coefficient between the Samset et al. (2018) models is 0.79 with a standard deviation of 0.05; the average correlation coefficient between the

models used in this study and the Samset et al. (2018) models is 0.76. The correlations are calculated for 50 years with and 50 years without

anthropogenic aerosols. Correlation for our whole dataset (60+120 years) is shown in brackets. The range is the standard deviation between

results obtained for two different CTRL runs.

CESM1 GISS HadGEM2 NorESM1 ECHAM6-MACSP NorESM1-MACSP

GISS 0.74

HadGEMS2 0.83 0.79

NorESM1 0.82 0.71 0.87

This study

ECHAM6-MACSP 0.75 ± 0.01 0.72 ± 0.02 0.75 ± 0.01 0.74 ± 0.02

NorESM1-MACSP 0.80 ± 0.01 0.68 ± 0.01 0.79 ± 0.0 0.85 ± 0.01 0.78 ± 0.02 (0.81)

NorESM1-EF 0.81 ± 0.00 0.7 ± 0.01 0.77 ± 0.0 0.80 ± 0.02 0.78 ± 0.02 (0.82) 0.96 ± 0.0 (0.97)

Table 4. Intermodel correlations of regional precipitation response for the Samset et al. (2018) models and our models. The average correla-

tion coefficient between the models is 0.34 with a standard deviation of 0.10; the average correlation coefficient between the models used in

this study and the Samset et al. (2018) models is 0.38. The correlations are calculated for 50 years with and 50 years without anthropogenic

aerosols. The range of the correlation coefficient shows the standard deviations between results obtained for two different CTRL runs. The

correlation for our whole dataset (60 + 120 years) is shown in brackets.

CESM1 GISS HadGEM2 NorESM1 ECHAM6-MACSP NorESM1-MACSP

GISS 0.38

HadGEMS2 0.42 0.43

NorESM1 0.39 0.12 0.31

This study

ECHAM6-MACSP 0.42 ± 0.03 0.28 ± 0.03 0.36 ± 0.03 0.12 ± 0.07

NorESM1-MACSP 0.5 ± 0.05 0.34 ± 0.03 0.49 ± 0.0 0.38 ± 0.03 0.41 ± 0.02 (0.47)

NorESM1-EF 0.54 ± 0.00 0.41 ± 0.0 0.48 ± 0.0 0.33 ± 0.0 0.41 ± 0.02 (0.47) 0.85 ± 0.08 (0.95)

albedo effect and for identical instantaneous aerosol radiative

forcing fields in the models.

The MACv2-SP aerosols produced a very similar total in-

stantaneous anthropogenic aerosol radiative forcing in the

two models (−0.64Wm−2 in the ECHAM6-MACSP and

−0.69Wm−2 in the NorESM1-MACSP experiments). We

found that there are differences up to 3.2Wm−2 in the instan-

taneous regional aerosol forcing between the models when

using the same aerosol representation. These differences can

mostly be explained via differences in cloud fields and sur-

face albedo in the models.

The addition of MACv2-SP anthropogenic aerosols pro-

duced very similar global average responses on tempera-

ture, −0.48 (±0.02) and −0.50 (±0.03) K, and precipitation,

−1.69 (±0.04) % and −1.79 (±0.05) % in the NorESM1-

MACSP and ECHAM6-MACSP experiments, respectively.

The largest disagreement in regional temperature response

was found at high-latitude regions associated with largest dif-

ferences in surface albedo feedback (snow/sea ice), while the

largest differences in regional precipitation response were lo-

cated mainly in the tropics. These key regional differences

remained even when using exactly the same aerosol radia-

tive forcing fields in both models. Several previous studies

have discussed that the main driver for ITCZ shift is the

Northern Hemisphere cooling due to anthropogenic aerosols

(Broccoli et al., 2006; Hwang et al., 2013; Wang, 2015). Chi-

ang and Bitz (2005) showed with the Community Climate

Model version 3 a connection between ITCZ shift and added

Arctic ice cover. Based on these previous studies, it seems

plausible that different responses in Arctic sea ice and snow

cover in ECHAM6-MACSP and in the two NorESM1 experi-

ments result in different high-latitude temperature responses,

which in turn are reflected as differences in the ITCZ shift

that drives the precipitation change at low latitudes. How-

ever, it should be noted that the ITCZ shift is also sensitive

to the type of ocean model used, and slab ocean models tend

to exaggerate the change in ITCZ (Kay et al., 2016).

We compared our results using uniform aerosol represen-

tations to a set of four current climate models using their

intrinsic aerosol representations but the same aerosol emis-

sions, reported by Samset et al. (2018). Among the Samset

et al. (2018) models, the global responses to additions of

anthropogenic aerosol varied between −0.5 and −1.1 K for

temperature and between −1.5 % and −3.1 % for precipita-
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tion. However, the correlation coefficients for regional distri-

butions of climate responses, averaged over equal run length,

were nearly as good among our experiments with prescribed

aerosols and slab ocean representation (0.78 for temperature

and 0.41 for precipitation) and among the Samset et al. ex-

periments with model-intrinsic aerosols and the fully coupled

ocean representation (0.79 for temperature and 0.34 for pre-

cipitation).

The lack of improvement in the correlation coefficients

suggests that differences in aerosol descriptions are not the

only cause of regional differences in climate signals be-

tween the models. Rather, the differences in model circula-

tion responses appear to dominate the differences in regional

climate responses. Figure C5 shows the average 850 hPa

wind responses for the ECHAM6-MACSP and NorESM1-

MACSP experiments for Northern Hemisphere winter. The

responses in the circulation fields vary significantly between

the two models, with an annual average correlation coef-

ficient of only 0.18 (DJF: −0.03; MAM: 0.07; JJA: 0.15;

SON: 0.19). The lack of robustness in atmospheric circu-

lation responses between different climate models has been

previously discussed by Shepherd (2014) for CMIP5 Repre-

sentative Concentration Pathway (RCP) 8.5 scenarios and by

Li et al. (2018a) for HAPPI (Half a degree Additional warm-

ing, Prognosis and Projected Impact) 1.5 and 2.0 K warming

scenarios. Shepherd (2014) argued that the differences in cir-

culation responses cause variation in the regional tempera-

ture and precipitation responses in future climate scenarios.

Li et al. (2018a) showed that model consensus for circulation

response is low even for atmosphere-only models forced with

same time-varying sea surface temperature (SST) and sea

ice, anthropogenic greenhouse gases, ozone, land use, land

cover and aerosols. Both in Shepherd (2014) and Li et al.

(2018a) data, the NH wintertime circulation response over

the North Atlantic disagrees significantly between models.

Also for ECHAM6-MACSP and NorESM1-MACSP, the cir-

culation response over the North Atlantic shows differences

in magnitude and pattern. Differences are also seen over the

North Pacific region. Combined with the difference in the

sea ice and surface albedo change in the North Pacific, these

circulation changes can drive the temperature response dif-

ferences in the region.

Our results imply that in current global climate models the

regional aerosol climate impacts cannot be better constrained

by further improving aerosol descriptions alone. More exten-

sive model comparisons are needed to explain the model dis-

crepancies in response to aerosol forcing. Improvements on

the dynamical cores, physical parameterizations and ocean

models are needed to narrow down model uncertainties in

the regional aerosol climate responses.

Data availability. Data and scripts are available at https://etsin.

fairdata.fi/dataset/7cf4b0d1-7789-4756-b7bc-3964d0646a4c

(Nordling et al., 2019).
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Appendix A: NorESM-EF technical description

The NorESM1-EF run employed radiative forcing extracted

from the ECHAM6-MACSP run. First, multi-year monthly

means of MACv2-SP aerosol radiative forcing (for TOA and

surface radiative fluxes and atmospheric heating rates) were

computed for ECHAM6-MACSP. Second, these values were

interpolated to the NorESM1 horizontal and vertical grid and

normalized by the monthly-mean incoming solar radiation

at model top. Third, during the NorESM1-EF run, the nor-

malized forcing was multiplied by the TOA incoming solar

radiation at each radiation time step, and it was added to the

radiative fluxes and heating rates computed without MACv2-

SP aerosols.

This treatment ensures that the diurnal cycle of the aerosol

forcing is approximately correct; in particular, there is no

aerosol forcing during the night. However, the computed

forcing is independent of the clouds simulated by NorESM1.

Thus, while the aerosol radiative forcing is computed cor-

rectly in a monthly-mean sense, its sub-monthly correlation

with clouds is ignored. In principle, this could impact the

differences between NorESM1-EF and ECHAM6-MACSP.

The impact is, however, most likely small. If neglecting the

sub-monthly correlation between clouds and aerosol forc-

ing were to have a substantial impact on the climate re-

sponse to MACv2-SP aerosols, this should also show up

in the differences between NorESM1-EF and NorESM1-

MACSP. Yet, the differences between NorESM1-EF and

NorESM1-MACSP are very small (Tables 2 and C1), in fact

much smaller than the corresponding differences between

ECHAM6-MACSP and either NorESM1-EF or NorESM1-

MACSP. This strongly suggests that the differences between

NorESM1-EF and ECHAM6-MACSP are primarily caused

by the use of a different climate model rather than by the

subtle differences in radiative forcing.

Appendix B: Sensitivity analysis of model aerosol
forcing

We used a Gaussian process emulation technique (O’Hagan,

2006) to evaluate the regional differences in aerosol radia-

tive forcing. First, we simply assume that the forcing differ-

ence depends only on the differences in model output values

and not on the actual values themselves. Second, we selected

the differences in modeled output (total cloud cover, sur-

face albedo, precipitation, surface temperature, surface wind

u component) as trial sets for these values. These can be de-

scribed via a relation Y = η(X), where X = [�α,�β,. . ., ξ ],
where α and β are total cloud cover and surface albedo,

and ξ is a pure noise (Gaussian) variable. Next, the function

Y = η(X) is inferred using a Gaussian process prior emu-

lator for a part of the yearly averaged radiative forcing data

(in our case, 40 years). Each variable is assigned a sensitiv-

ity index which describes the relative sensitivity of Y to that

variable. The sensitivity analysis of the estimated Y func-

tion was done by using the extended Fourier amplitude sen-

sitivity test (FAST) (Saltelli et al., 1999). As an end result,

FAST assesses the contributions of each emulator input vari-

able (components of X = (Xi )) to the variance in emulator

output variable (Y ), where it is assumed the input variables

Xi have an independent and identical distribution uniform

prior. The inferred function Y is finally validated by compar-

ing the emulated forcing field against validation data separate

from the training data (here, 20 years long, constructed from

20-year monthly values).
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Appendix C

Figure C1. Instantaneous radiative forcing by anthropogenic

(MACv2-SP) aerosols. Panels (a), (b), (c) show the direct radiative

forcing, and (d), (e), (f) show the indirect radiative forcing produced

by MACv2-SP. Green masking in panels (c) and (f) indicates areas

where the difference between the models in the instantaneous radia-

tive forcing is not statistically significant (p > 0.05).
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Figure C2. Surface albedo response to the addition of anthro-

pogenic aerosols. (a) Response in the ECHAM6-MACSP experi-

ment; (b) response in the NorESM1-MACSP experiment; (c) the

difference in surface albedo response: ECHAM6-MACSP experi-

ment minus NorESM1-MACSP experiment. The green dots repre-

sent the area where anthropogenic aerosols do not have a statisti-

cally significant impact at the p < 0.05 level (in panel c) or where

the difference between the models is not statistically significant (in

panels a and b).
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Figure C3. Total cloud cover response to the addition of anthro-

pogenic aerosols. (a) Response in the ECHAM6-MACSP experi-

ment; (b) response in the NorESM1-MACSP experiment; (c) the

difference in responses between the experiments. The green dots

represent the area where anthropogenic aerosols do not have a statis-

tically significant impact at the p < 0.05 level (in panel c) or where

the difference between the models is not statistically significant (in

panels a and b).
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Figure C4. Vertical motion response at the 600 hPa level to the ad-

dition of anthropogenic aerosols. (a) Response in the ECHAM6-

MACSP experiment; (b) response in the NorESM1-MACSP ex-

periment; (c) the difference in responses between the experiments.

The green dots represent the area where anthropogenic aerosols do

not have a statistically significant impact at the p < 0.05 level (in

panel c) or where the difference between the models is not statisti-

cally significant (in panels a and b).
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Figure C5. Lower tropospheric (850 hPa) zonal wind response

to adding MACv2-SP anthropogenic aerosols for Northern Hemi-

sphere winter. The green dots represent the area where anthro-

pogenic aerosols do not have a statistically significant impact at

the p < 0.05 level (in panel c) or where the difference between the

models is not statistically significant (in panels a and b). The units

are in m s−1.
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Table C1. Summary of global-mean change of temperature and pre-

cipitation due to modern-day anthropogenic aerosols. Error bars are

the standard error of means.

Near-surface temperature

DJF MAM JJA SON Annual

ECHAM6-MACSP −0.54 (±0.03) −0.50 (±0.03) −0.44 (±0.02) −0.51 (±0.02) −0.50 (±0.03)

NorESM1-MACSP −0.49 (±0.02) −0.46 (±0.02) −0.45 (±0.01) −0.51 (±0.02) −0.48 (±0.02)

NorESM1-EF −0.51 (±0.02) −0.47 (±0.01) −0.46 (±0.01) −0.50 (±0.01) −0.49 (±0.01)

Total precipitation (%)

ECHAM6-MACSP −1.45 (±0.07) −1.82 (±0.07) −2.11 (±0.08) −1.79 (±0.07) −1.79 (±0.05)

NorESM1-MACSP −1.62 (±0.07) −1.53 (±0.07) −2.08 (±0.07) −1.52 (±0.06) −1.69 (±0.04)

NorESM1-EF −1.7 (±0.05) −1.68 (±0.05) −2.17 (±0.07) −1.71 (±0.04) −1.82 (±0.04)

Large-scale precipitation (%)

ECHAM6-MACSP −1.62 (±0.22) −1.65 (±0.12) −1.22 (±0.2) −0.77 (±0.16) −1.31 (±0.1)

NorESM1-MACSP −0.58 (±0.21) −0.83 (±0.18) −2.74 (±0.23) −1.03 (±0.16) −1.28 (±0.09)

NorESM1-EF −0.74 (±0.18) −0.98 (±0.15) −2.77 (±0.22) −1.03 (±0.09) −1.37 (±0.08)

Convective precipitation (%)

ECHAM6-MACSP −1.36 (±0.12) −1.91 (±0.11) −2.56 (±0.1) −2.34 (±0.1) −2.05 (±0.06)

NorESM1-MACSP −2.27 (±0.14) −1.93 (±0.13) −1.71 (±0.11) −1.82 (±0.09) −1.93 (±0.08)

NorESM1-EF −2.28 (±0.11) −2.08 (±0.09) −1.83 (±0.08) −2.12 (±0.09) −2.08 (±0.06)
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Abstract. There is a large range of future aerosol emis-

sions scenarios explored in the Shared Socioeconomic Path-

ways (SSPs), with plausible pathways spanning a range of

possibilities from large global reductions in emissions by

2050 to moderate global increases over the same period. Di-

versity in emissions across the pathways is particularly large

over Asia. Rapid reductions in anthropogenic aerosol and

precursor emissions between the present day and the 2050s

lead to enhanced increases in global and Asian summer mon-

soon precipitation relative to scenarios with weak air quality

policies. However, the effects of aerosol reductions do not

persist to the end of the 21st century for precipitation, when

instead the response to greenhouse gases dominates differ-

ences across the SSPs. The relative magnitude and spatial

distribution of aerosol changes are particularly important for

South Asian summer monsoon precipitation changes. Pre-

cipitation increases here are initially suppressed in SSPs 2-

4.5, 3-7.0, and 5-8.5 relative to SSP1-1.9 when the impact

of remote emission decreases is counteracted by continued

increases in South Asian emissions.

1 Introduction

Anthropogenic aerosols can affect climate either by scatter-

ing or absorbing solar radiation or by changing cloud prop-

erties (Boucher et al., 2013). Overall, aerosols have a global-

mean cooling effect, manifested, for example, in a slower rate

of global warming in the mid-20th century concurrent with

rapid increases in aerosol burden (Wilcox et al., 2013; Jones

et al., 2013; Hegerl et al., 2019). This has raised the ques-

tion of whether the warming associated with present-day and

future reductions in anthropogenic aerosol might exacerbate

the climate impacts brought about by continued increases in

greenhouse gas (GHG) emissions.

Many studies have demonstrated the potential for an en-

hanced future warming from aerosol reductions in global

climate models driven by plausible reductions in the emis-

sions of anthropogenic aerosol and their precursors (e.g.

Chalmers et al., 2012; Levy et al., 2013; Rotstayn et al.,

2013; Acosta Navarro et al., 2017). In recent years, emission

scenarios have typically been taken from either the Repre-

sentative Concentration Pathways (RCPs; Moss et al., 2010;

van Vuuren et al., 2011) used in the 5th Coupled Model In-

tercomparison Project (CMIP5; Taylor et al., 2012) or the

more diverse ECLIPSE (Klimont et al., 2017) aerosol path-

ways: CLE (Current LEgislation) and MFR (Maximum Fea-

sible Reduction). Estimates based on transient simulations

with CMIP5 generation models suggest that future aerosol

reductions may result in warming of up to 1.1 K in addition

to any GHG-driven warming (e.g. Rotstayn et al., 2013; Levy

et al., 2013; Acosta Navarro et al., 2017). This indicates that

Published by Copernicus Publications on behalf of the European Geosciences Union.
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reduced anthropogenic aerosol emissions may account for up

to half of the total warming by 2100 in scenarios with moder-

ate GHG increases. Similar magnitudes are also seen in stud-

ies using equilibrium experiments (Kloster et al., 2010), stud-

ies using reduced complexity models (Hienola et al., 2018),

and studies assuming a complete removal of anthropogenic

aerosol (Samset et al., 2018; Nordling et al., 2019).

The important role of anthropogenic aerosol in driving

precipitation changes has also been documented, including

the possible contribution to the spin-down in the global wa-

ter cycle in the mid-20th century (Liepert et al., 2004; Wilcox

et al., 2013; Wu et al., 2013). A greater response of global

mean precipitation to anthropogenic aerosol changes com-

pared to GHGs is expected since aerosol has a stronger effect

on atmospheric shortwave transmissivity and thus a stronger

influence on radiative energy imbalance (e.g. Liepert et al.,

2009; Andrews et al., 2010; Rotstayn et al., 2013; Samset

et al., 2016; Liu et al., 2018). The apparent hydrological sen-

sitivity (percent change in precipitation divided by absolute

change in temperature; Fläschner et al., 2016) for anthro-

pogenic aerosol is twice that for GHGs (Kloster et al., 2010;

Salzmann, 2016; Samset et al., 2016). This enhanced sen-

sitivity means that anthropogenic aerosol reductions might

be expected to play a relatively more important role in fu-

ture increases in global precipitation for a given tempera-

ture change. Several studies using CMIP5 models estimate

an increase in global-mean precipitation between 0.09 and

0.16 mmd−1 by 2100 from aerosol reductions (e.g. Levy

et al., 2013; Rotstayn et al., 2013; Westervelt et al., 2015).

The effects of future aerosol reductions are likely to be

felt more strongly at regional rather than global scales due

to their heterogeneous forcing distribution and strong influ-

ence on circulation patterns. Previous work has identified rel-

atively large temperature increases over Europe (Sillmann

et al., 2013), the Arctic (Acosta Navarro et al., 2016), and

East Asia (Westervelt et al., 2015), compared to the global-

mean response. For precipitation, the regional response is

particularly pronounced for the Asian summer monsoon

(Levy et al., 2013; Westervelt et al., 2015; Acosta Navarro

et al., 2017; Bartlett et al., 2018; Samset et al., 2018).

Here, precipitation is sensitive to changes in remote aerosol

through its control on the interhemispheric temperature gra-

dient and intertropical convergence zone (ITCZ) location

and the atmospheric wave pattern over Eurasia and to local

aerosol changes, which further modify the local monsoon cir-

culation (Polson et al., 2014; Dong et al., 2016; Guo et al.,

2016; Shawki et al., 2018; Undorf et al., 2018). A number

of studies have suggested that historical aerosol increases

are a key driver of the observed decrease in Asian summer

monsoon precipitation (Lau and Kim, 2010; Bollasina et al.,

2011; Song et al., 2014; Li et al., 2015; Liu et al., 2019), and

projected increases in precipitation due to aerosol reductions

are consistent with this. Importantly, Asia will undergo the

largest anticipated future changes in aerosol amounts world-

wide (Lund et al., 2019; Scannell et al., 2019) and is thus

a region likely to see an anthropogenic aerosol influence on

near-future precipitation trends.

Despite evidence that anthropogenic aerosols influence

temperature and precipitation, quantification of the associ-

ated changes is hindered by several compounding uncertain-

ties. The degree by which anthropogenic aerosol reductions

enhance future climate change is model-dependent. Models

with weaker historical aerosol forcing generally have weaker

positive radiative forcing from future aerosol reductions and

therefore predict relatively moderate global-mean warming

(Gillett and Von Salzen, 2013; Westervelt et al., 2015) and

moderate precipitation increases due to future aerosol reduc-

tions (Rotstayn et al., 2015), compared to models with larger

aerosol forcing. The uncertainty in aerosol radiative forcing

itself is currently the largest source of uncertainty in esti-

mates of the magnitude of the total anthropogenic forcing on

climate, with the most recent estimate producing a 68 % con-

fidence interval from −1.60 to −0.65 Wm−2 (Bellouin et al.,

2019). This is comparable to the range simulated by CMIP5

models: −1.55 to −0.68 Wm−2 (Zelinka et al., 2014). The

effect of this uncertainty on regional climate projections may

be further enhanced by feedbacks from atmospheric circula-

tion changes (Nordling et al., 2019). The compensating ef-

fects from the response to different near-term climate forcers

also increases the uncertainty in multi-decadal projections,

with future changes in methane and nitrate aerosol having the

potential to moderate future temperature enhancements from

decreases in anthropogenic aerosol (Bellouin et al., 2011;

Shindell et al., 2012; Pietikäinen et al., 2015). At regional

scales, changes in land use may also play an important role

(Singh et al., 2019b).

In opposition to the CMIP5 generation findings sum-

marised above, Shindell and Smith (2019) recently dismissed

the possibility that future aerosol reductions might lead to

rapid increases in the magnitude or rate of global-mean

warming, even in scenarios with aggressive clean air policies,

based on simulations with a reduced-complexity impulse re-

sponse model (Smith et al., 2018). Yet, this conclusion may

not hold when using a fully coupled global climate model

(GCM) and when investigating changes beyond global mean

temperature. Even if the short atmospheric residence time of

anthropogenic aerosol potentially makes their effects negli-

gible on centennial timescales, they are likely important for

regional and global climate over the next few decades. This

is especially the case for Asia where large aerosol emission

changes are anticipated and where aerosol has played an im-

portant role in historical changes, in particular for precipita-

tion. In this study, we examine state-of-the-art models and

scenarios in CMIP6 and make the case for a potential en-

hancement of increases in global and Asian temperature and

precipitation on a 20–30-year time horizon due to removal of

anthropogenic aerosol. Such an effect is an important consid-

eration for adaptation and mitigation strategies.

Atmos. Chem. Phys., 20, 11955–11977, 2020 https://doi.org/10.5194/acp-20-11955-2020
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Table 1. CMIP6 models and the number of ensemble members for each used in this work.

AOD T, P, U850, and V850 Data reference

Centre Model hist 1-1.9 2-4.5 3-7.0 5-8.5 hist 1-1.9 2-4.5 3-7.0

BCC BCC-CSM2-MR 3 1 1 1 Wu et al. (2018);

Xin et al. (2019)

CAMS CAMS-CSM1-0 1 1 1 1 1 Rong (2019a, b)

CCCma CanESM5 1 1 1 1 1 10 5 10 10 10 Swart et al. (2019b, c)

CNRM-CERFACS CNRM-CM6-1 6 6 6 6 10 5 6 5 Voldoire (2018, 2019b)

CNRM-CERFACS CNRM-ESM2-1 5 5 5 5 5 5 5 5 5 Seferian (2018, 2019b)

EC-Earth-Consortium EC-Earth3-Veg 1 1 1 EC-Earth Consortium (2019a, b)

IPSL IPSL-CM6A-LR 9 1 2 9 1 10 1 2 10 1 Boucher et al. (2018a, 2019)

MIROC MIROC6 3 1 3 3 3 Tatebe and Watanabe (2018)

MOHC HadGEM3-GC31-LL 4 Ridley et al. (2019)

MOHC UKESM1-0-LL 6 5 5 5 5 4 4 5 5 5 Tang et al. (2019);

Good et al. (2019)

MRI MRI-ESM2-0 3 1 1 1 1 Yukimoto et al. (2019a, c)

NASA-GISS GISS-E2-1-G 5 NASA/GISS (2018)

NCAR CESM2 10 6 Danabasoglu (2019a)

NOAA-GFDL GFDL-CM4 1 1 1 Guo et al. (2018a, b)

2 Data and methods

2.1 Models and experiments

We use data from the CMIP6 (Eyring et al., 2016) historical

experiment (1850–2014) and four future scenarios following

Shared Socioeconomic Pathways (SSPs) 1-1.9, 2-4.5, 3-7.0,

and 5-8.5 (O’Neill et al., 2016; Rao et al., 2017; Riahi et al.,

2017), which sample a range of aerosol pathways. At the time

of writing, data were only available for between 6 and 14

models for the variables and experiments we consider. The

data used in this study are summarised in Table 1. All avail-

able data are used for each experiment, and model means

are used in multi-model comparisons, except where other-

wise stated. Many CMIP6 models include improved repre-

sentation of aerosol microphysics and aerosol–cloud interac-

tions compared to CMIP5, such as internal mixing and het-

erogeneous ice nucleation (e.g. Bellouin et al., 2013; Mulc-

ahy et al., 2018; Kirkevåg et al., 2018; Wyser et al., 2020),

and all models we consider include at least the first aerosol

indirect effect (Twomey et al., 1984).

The SSPs used in CMIP6 sample a far greater range of

uncertainty in future aerosol and precursor emissions than

the RCPs used in CMIP5 (Lund et al., 2019; Scannell et al.,

2019). Partanen et al. (2018) highlighted the importance of

uncertainty in aerosol emission pathways for the potential

enhancement of global temperature increases from anthro-

pogenic aerosol reductions. The CMIP5 RCPs 2.6–8.5 sam-

pled only a limited range of this emission uncertainty, with

an associated difference in global-mean temperature of no

more than 0.18 K throughout the 21st century. Contrasting

aerosol pathways spanning a wider range of emission un-

certainty resulted in a difference of up to 0.86 K (in 2061).

The SSPs span most of this wider range of emissions path-

ways explored by Partanen et al. (2018). They include large,

rapid reductions in aerosol and precursor emissions in SSP1-

1.9, more moderate reductions (comparable to the RCPs) in

SSP2-4.5 and SSP5-8.5, and continued increases in the com-

ing decades in SSP3-7.0 (see Fig. 1). Much of the spread

in global emission pathways comes from diversity over Asia

and North Africa (Lund et al., 2019).

In our analysis, we compare future decadal-mean climate

changes to the present day (1980–2014) across SSPs 1-1.9,

2-4.5, 3-7.0, and 5-8.5. We focus on the period up to the

2050s, when aerosol emission uncertainty is largest, but the

full range of uncertainty in greenhouse gas (GHG) emissions

has yet to emerge (Fig. 1). However, the changes in GHG

emissions in this period are not negligible, and the emerg-

ing modelled climate responses we show include the effects

of changes in both anthropogenic aerosols and greenhouse

gases. The SSPs also consider a range of land use scenar-

ios, with extensive and moderate deforestation in SSP3-7.0

and SSP5-8.5, respectively, little change in forest cover in

SSP2-4.5 before 2050, and large-scale afforestation in SSP1-

1.9 (O’Neill et al., 2016). Where data are available, we have

provided the global-mean annual-mean effective radiative

forcings (ERFs) due to historical changes in anthropogenic

aerosols, GHGs, and land use changes in Table 2, as an in-

dicator of the relative importance of these changes on cen-

tennial timescales. Typically GHG forcing over the histori-

cal period is 2–3 times larger than aerosol forcing, which is
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Figure 1. (a) Black carbon (Tg), (b) sulfur dioxide (Tg), and (c) carbon dioxide emissions (Pg) over East Asia for SSPs 1-1.9, 2-4.5, 3-7.0,

and 5-8.5. (d–f) Emissions over South Asia. (g–i) Global total emissions. East Asia is the region 20–40◦ N and 100–120◦ E. South Asia is

the region 5–25◦ N and 55–95◦ E.

in turn an order of magnitude greater than land use forcing.

When considering the Asian summer monsoon, the regional

pattern of forcing is also important (e.g. Dong et al., 2019).

The CMIP6 mean ERF over the Asian region is shown in

Fig. 2 for anthropogenic aerosols, GHGs, land use and land

cover change, and total anthropogenic drivers (ERF from in-

dividual models is shown in Figs. S1–S4 in the Supplement

for each driver). Anthropogenic aerosols and GHGs are the

main contributors to historical anthropogenic forcing over

Asia (Fig. 2).

Historical ERF can only be a first-order indicator of the po-

tential relative importance of each driver in future changes,

as the distribution and magnitude of future changes may dif-

fer, especially for non-GHG forcing. However, comparison

of the extreme SSPs for anthropogenic aerosol and land use

and land cover changes in 2050 shows that the magnitude of

changes between the present day and 2050 is roughly com-

parable to the changes over Asia between 1850 and 2014

(Fig. S5). This suggests that the historical ERFs are a good

indicator of the relative magnitude of these forcings in future

and that GHG and anthropogenic aerosol changes are likely

to remain the main drivers of Asian summer monsoon trends

in the future. Thus, we focus on the effects of anthropogenic

aerosol and GHGs in our analysis.

Since multiple forcing agents vary simultaneously in the

SSPs, it is not possible to quantify the respective effects of

aerosol and GHG changes, although the main driver of an

anomaly can still be identified. Consider the global emission

changes shown in Fig. 1. SSP1-1.9 has the largest aerosol

and GHG emission reduction, while SSP3-7.0 has a moder-

ate increase in aerosol emissions (reverse climate response

to SSP1-1.9) and moderate increase in GHG emission (en-

hanced climate response to SSP1-1.9). If the magnitude of

the climate response to these changes decreases monotoni-

cally from SSP1-1.9 to SSP3-7.0 (Fig. 3), this indicates that

aerosol changes are the main driver of the climate response.

Further confirmation of aerosol as the main driver is gained

from the comparison of the anomalies in SSP2-4.5 and SSP5-

8.5, which have similar aerosol pathways but very different

greenhouse gas pathways (Figs. 1 and 3). If the climate re-
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Figure 2. CMIP6 historical (2014 vs. 1850) effective radiative forcing due to (a) anthropogenic aerosols, (b) greenhouse gases, (c) land use

and land cover changes, and (d) all anthropogenic drivers, calculated based on the models highlighted in Table 2. The number in the top right

of each panel shows the global-mean value (Wm−2).

sponse in these two scenarios is similar, then the greenhouse

gas influence has yet to emerge over the aerosol signal. As

the differences in greenhouse gas emissions between the two

scenarios increase, a larger response is expected in SSP5-

8.5, which has large increases in global GHG emissions

compared to very moderate increases in SSP2-4.5 (Fig. 1).

In cases where GHGs are the main driver of the response,

the magnitude will increase monotonically from SSP1-1.9 to

SSP5-8.5 (Fig. 3).

In Sect. 4.1, we use an additional DAMIP (Detection and

Attribution Model Intercomparison Project; Gillett et al.,

2016) experiment, SSP2-4.5-aer. This differs from the com-

panion SSP2-4.5 in that only aerosol emissions are evolving,

while all other forcings are held constant at their 1850 levels.

This scenario allows the response to anthropogenic aerosols

to be seen in isolation from the response to greenhouse gas

changes and may thus provide support to any conclusion

drawn from the analysis of the SSP2-4.5 experiment. Data

for this experiment are so far only available for two mod-

els, CanESM5 and MIROC6 (Shiogama, 2019; Swart et al.,

2019a). In this analysis, decadal-mean anomalies are again

presented relative to the present day (1980–2014). However,

in this case, the present day is necessarily defined based on

the historical-aer simulation (a historical simulation where

only anthropogenic aerosol and precursor emissions are tran-

sient, also included in DAMIP).

2.2 Present-day model evaluation

Here, we use a number of observation and reanalysis datasets

to present a broad evaluation of the performance of CMIP6

models in reproducing present-day (1980–2014) climatolo-

gies and linear trends in global temperature and precipi-

tation, the interhemispheric temperature gradient, and the

Asian summer monsoon. Global temperature observations

are taken from GISTEMP v4 (Hansen et al., 2010; Lenssen

et al., 2019), the Goddard Institute for Space Studies grid-

ded dataset, which is based on GHCN v4 over land (Global

Historical Climatology Network; Menne et al., 2018) and

ERSST v5 over ocean (Extended Reconstructed Sea Sur-

face Temperature; Huang et al., 2017). GISTEMP is pro-

vided as anomalies relative to 1951–1980 on a 2◦ × 2◦ grid.

For global precipitation, data from the Global Precipitation
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Table 2. Historical effective radiative forcing (ERF), calculated from RFMIP sstclim experiments, and equilibrium climate sensitivity (ECS)

from Zelinka et al. (2020).

ERF (Wm−2) ECS RFMIP data reference

Centre Model AA GHG LU

CCCma CanESM5 5.64

CNRM-CERFACS CNRM-CM6-1 −1.15 2.64 4.90 Voldoire (2019a)

CNRM-CERFACS CNRM-ESM2-1 −0.74 2.41 −0.07 4.79 Seferian (2019a)

IPSL* IPSL-CM6A-LR −0.59 2.84 −0.02 4.56 Boucher et al. (2018b)

MIROC* MIROC6 −1.06 2.69 −0.03 2.60 Sekiguchi and Shiogama (2019)

MOHC* HadGEM3-GC31-LL −1.10 3.09 −0.11 5.55 Andrews (2019)

MOHC* UKESM1-0-LL −1.11 2.97 −0.18 5.36 O’Connor et al. (2019)

MRI* MRI-ESM2-0 −1.19 3.03 −0.18 3.13 Yukimoto et al. (2019b)

NASA-GISS* GISS-E2-1-G −1.32 2.92 −0.00 2.71 NASA/GISS (2019)

NCAR* CESM2 −1.37 3.04 −0.04 5.15 Danabasoglu (2019b)

NOAA-GFDL* GFDL-CM4 −0.73 3.14 −0.33 3.89 Paynter et al. (2018)

Models shown in italics are only used in historical analysis and do not appear in Figs. 7 to 11. Models with an asterisk (*) are used in the calculation of the ERF
shown in Fig. 2.

Figure 3. Schematics showing the anticipated pattern of anoma-

lies relative to 1980–2014 across the SSPs in cases where the dif-

ferences are aerosol-dominated and GHG-dominated, based on the

global emission pathways shown in Fig. 1c. Boxes show the in-

terquartile range of CMIP6 models; black lines show the median.

Significant differences between the SSPs are seen when the median

from one SSP falls outside the interquartile range of another. Signif-

icant differences between SSPs are not a condition for identification

of the respective patterns but may be observed between the extreme

scenarios in each case.

Climatology Project (GPCP; Adler et al., 2003) are used

on a 2.5◦ × 2.5◦ grid. GPCP combines gauge- and satellite-

based observations over land with satellite observations over

ocean. Since there can be large discrepancies between pre-

cipitation observations from different sources (Collins et al.,

2013; Sperber et al., 2013; Prakash et al., 2015), we use a

number of datasets in our evaluation of the Asian summer

monsoon. Precipitation observations over land are also taken

from APHRODITE (Asian Precipitation – Highly-Resolved

Observational Data Integration Towards Evaluation; Yata-

gai et al., 2012) and the Global Precipitation Climatology

Centre (GPCC; Schneider et al., 2014). APHRODITE con-

tains data from a dense network of rain gauges and is used

at 0.25◦ × 0.25◦ resolution, within the domain bounded by

60◦ E, 150◦ E, 15◦ S, and 55◦ N. GPCC also provides gauge-

based data but at a reduced horizontal resolution (0.5◦×0.5◦)

compared to APHRODITE. We also show precipitation from

CMAP (Climate Prediction Centre Merged Analysis of Pre-

cipitation; Xie et al., 1996, 1997), which blends satellite- and

gauge-based estimates with NCEP/NCAR reanalysis precip-

itation. The atmospheric circulation plays an important role

in the distribution of Asian summer monsoon precipitation,

so we also compare upper and lower tropospheric winds from

CMIP6 models to ERA-Interim (Dee et al., 2011).

The global-mean annual-mean temperature anomaly from

GISTEMP falls within the range of the CMIP6 ensemble dur-

ing the historical period (Fig. 4a). However, most models

overestimate the rate of recent warming (Fig. 4a, e). The in-

terhemispheric temperature gradient (Northern Hemisphere–

Southern Hemisphere) anomalies are also consistent in GIS-

TEMP and CMIP6 (Fig. 4b), although the models generally

have anomalies that are more positive than seen in the obser-

vations. Most models reproduce the negative trend in the in-

terhemispheric temperature gradient in 1950–1974 (Fig. 4e),

which is associated with a global increase in anthropogenic

aerosol and a weakening of the global monsoon (e.g. Pol-

son et al., 2014). Most models also capture the positive trend
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Figure 4. (a) Global-mean annual-mean temperature anomaly relative to 1951–1980 from CMIP6 (grey lines show individual members)

and GISTEMP (black). (b) Annual-mean interhemispheric temperature gradient anomaly relative to 1951–1980 from CMIP6 (grey) and

GISTEMP. (c) Annual-mean global-mean precipitation anomaly relative to 1980–2014 from CMIP6 (grey) and GPCP (black). (d) JJA-mean

Asia-mean precipitation anomaly relative to 1980–2014 from CMIP6 (grey) and GPCP (black). Asia is the region from 5–47.5◦ N and

67.5–145◦ E. (e) Linear trends in annual-mean global-mean temperature and JJA-mean interhemispheric temperature gradient from CMIP6

(coloured diamonds) and GISTEMP (grey bars) for 1950–1974 and 1980–2014 and linear trends in annual-mean global-mean precipitation

and JJA-mean Asia-mean precipitation for 1980–2014 (grey bars are GPCP). Error bars show ±1 SE (standard error) on the observed trend.

Note that for Asian precipitation this extends beyond the range of the plot and is an order of magnitude larger than the trend.
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in interhemispheric temperature gradient since 1980–2014

when rates of change in the global aerosol burden were rela-

tively small (Fig. 4e).

All models simulate an increase in global-mean annual-

mean precipitation since 1980, and most model members

simulate larger trends than observations (Fig. 4c, e). The

observed trend in Asian (67.5–145◦ E, 5–47.5◦ N) summer

(June–August, JJA) precipitation is small compared to inter-

annual variability, and this is reflected in large uncertainty in

the sign of the modelled trend (Fig. 4d, e).

Compared to APHRODITE, the CMIP6 ensemble mean

underestimates summer monsoon precipitation amount over

India and overestimates it over the Tibetan Plateau and the

Indochina peninsula (Fig. 5a, c, e). The magnitude of the bias

between the CMIP6 multi-model mean and APHRODITE

is comparable to the magnitude of the difference between

observational datasets over north-east China and India, but

the model biases over the Tibetan Plateau and the Indochina

peninsula are relatively large (Fig. 5d, e). The modelled

meridional component of the monsoon circulation at 850 hPa

is too strong over the Equatorial Indian Ocean, while the

flow over the Bay of Bengal and the extension of the cir-

culation into China are too weak (Fig. 5e). This pattern is

seen in almost all models and is highlighted in the compari-

son of the zonal and meridional components of the 850 hPa

wind in CMIP6 and ERA-Interim in Fig. 5f. This weak ex-

tension of the summer monsoon into eastern China, with an

anomalously strong extension into the subtropical west Pa-

cific (Fig. 5e), is consistent with the pattern of differences

between CMIP5 models and observations (Sperber et al.,

2013). Nevertheless, the CMIP6 models are more skilful in

their representation of the Indian summer monsoon com-

pared to CMIP5 (Gusain et al., 2020).

While aspects of the CMIP6 multi-model mean summer

monsoon compare well with observations, and the multi-

model mean performs better than the individual models,

there is a large inter-model diversity in the monsoon precip-

itation and atmospheric circulation (summarised in Fig. 5f;

maps of present-day means, and anomalies compared to both

APHRODITE and GPCP are shown for individual models

Figs. S6–S10). Of the models we will consider on an individ-

ual basis in Sect. 4.1, CanESM5 has a small regional mean

precipitation bias but a weak pattern correlation compared to

APHRODITE. It has a particularly large dry bias over India,

with less than 3 mmd−1 in the seasonal mean and a relatively

large excess of precipitation over the Tibetan Plateau and into

China. MIROC6 performs relatively well over land but has

excessive precipitation west of India (Figs. S6, S7, S9 and

S10). Such biases may affect the pattern of the precipitation

anomaly in the SSPs relative to the present day (Wilcox et al.,

2015).

Aerosol optical depth (AOD) is a measure of the extinc-

tion of solar radiation due to scattering and absorption by an

aerosol layer. Comparison of 550 nm AOD from CMIP6 and

MODIS (Remer et al., 2008; Platnick, 2015) for the common

2002–2014 period shows that models underestimate AOD

over much of the Northern Hemisphere (NH) outside Asia

and overestimate it in the Southern Hemisphere (SH) mid-

latitudes (Fig. 6a–c). This pattern is common across models,

with some exceptions over Asia (Fig. S11 shows the com-

parison between AOD from individual models and MODIS).

CanESM5 overestimates AOD over Eurasia, and northern

China in particular, compared to MODIS. UKESM1-0-LL

and IPSL-CM6A-LR have more moderate overestimates of

AOD over parts of Asia. However, both models underesti-

mate AOD over eastern China, where very high AOD is seen

in MODIS.

2.3 Future anthropogenic aerosol changes

In all SSPs the largest AOD changes are over Asia (Fig. 6d–

o), consistent with the changes in aerosol and precursor emis-

sions (Fig. 1). Future changes in AOD are characterised by

global decreases in SSP1-1.9, with the exception of an ini-

tial increase over South Asia, and positive anomalies rel-

ative to 1980–2014 over the Tibetan Plateau and southern

Africa, which may have a dust component (Fig. 6d–f). AOD

changes are characterised by regional contrasts in SSP2-4.5

and SSP5-8.5, with an overall decrease in the NH contrasted

with an increase in the SH, and large decreases over East

Asia against large increases over South Asia until the 2030s

(Fig. 6g–i, m–o). This Asian dipole pattern is persistent in

SSP2-4.5 and SSP5-8.5 and strengthens from the present un-

til the 2040s. In these pathways, aerosol and precursor emis-

sion are similar, with the large increases in South Asian AOD

predominantly driven by increases in SO2 emissions (Fig. 1).

Emissions of black carbon in South Asia do follow different

trajectories in the two pathways, but black carbon accounts

for a smaller proportion of the total emission (Fig. 1) and

thus the total AOD. The final scenario we consider, SSP3-7.0,

again contrasts widespread decreases in NH AOD against

increases in the SH (Fig. 6j–l). However, this scenario also

includes large aerosol and precursor emission and AOD in-

creases over East Asia and particularly South Asia. These in-

creases are driven predominantly by SO2 over South Asia but

have a BC contribution over East Asia (Fig. 1). As East Asian

SO2 is roughly constant between 2014 and 2050 in SSP3-7.0,

much of the large positive anomaly there is a reflection of

the large positive trend in AOD between 1980 and 2014. The

AOD pattern in SSP3-7.0 persists through the three periods

shown in Fig. 6, but the East Asian increase starts to weaken

by 2050 (Fig. 1).

3 Global response

Global-mean annual-mean temperature, precipitation, inter-

hemispheric temperature gradient, and hydrological sensitiv-

ity anomalies for 2025–2034, 2035–2044, and 2045–2054

relative to 1980–2014 are shown in Fig. 7. The boxes show
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Figure 5. JJA-mean 1980–2014 mean precipitation over land (mmd−1) overlaid with 850 hPa wind (ms−1) from (a) APHRODITE and

ERA-Interim, (b) GPCC and ERA-Interim, and (c) CMIP6 (multi-model mean). Values in the top right corner of (a–c) show the pattern

correlation with APHRODITE precipitation. (d) Precipitation bias in GPCC relative to APHRODITE. (e) CMIP6 precipitation relative to

APHRODITE and CMIP6 850 hPa winds relative to ERA-Interim. (f) Taylor diagram showing the relationship between individual CMIP6

models, the CMIP6 multi-model mean (point 16), GPCC (point 1), and APHRODITE precipitation and ERA-Interim winds.

the interquartile range, based on the mean response from

each individual model. Individual model responses are over-

laid as black diamonds, and the horizontal bar shows the

multi-model median. The 95 % confidence interval (95 % CI)

about a median can be found from the empirical relationship:

95%CI = ±1.57 × IQR√
n

, (1)

where IQR is the interquartile range, and n is the number

of points (McGill et al., 1978). For the sample size used in

this work (n = 11), 1.57√
n

≈ 0.5, so we use the interquartile
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Figure 6. (a) 2002–2014 mean aerosol optical depth at 550 nm from MODIS. (b) 2002–2014 mean CMIP6 multi-model mean aerosol optical

depth at 550 nm (based on six models; see Table 1). (c) CMIP6 bias relative to MODIS. CMIP6 AOD anomalies for 2025–2034, 2035–2044,

and 2045–2054 vs. 1980–2014 for (d) SSP1-1.9, (e) SSP2-4.5, (f) SSP3-7.0, and (g) SSP5-8.5. For SSP1-1.9 the anomalies are based on

four models. For all other panels, five models are used (Table 1). Blue, purple, and turquoise boxes show the “Asia”, “South Asia”, and “East

Asia” regions used in later analysis. Asia is the region bounded by 5–47.5◦ N, 67.5–145◦ E, East Asia is the region bounded by 20–40◦ N

and 100–120◦ E, and South Asia is the region bounded by 5–25◦ N and 55–95◦ E.

range to determine significance, rather than assuming that

the confidence interval is symmetric about the median. Sig-

nificant differences between anomalies from different SSPs

are identified when the median anomaly from one SSP lies

outside the interquartile range of another and give additional

support for the qualitative aerosol- and GHG-driven patterns

sketched in Fig. 3.

For each period shown in Fig. 7a, the global-mean temper-

ature anomalies are broadly ordered according to their GHG

pathway and diverge with time in a similar fashion to GHG
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Figure 7. Global-mean annual-mean anomalies in (a) near-surface temperature (K), (b) precipitation (mmd−1), and (c) hydrological sen-

sitivity (%K−1) relative to 1980–2014. (d) Annual-mean anomalies in interhemispheric temperature gradient (K) relative to 1980–2014.

Coloured bars show the interquartile range, and the horizontal bar within this shows the median. Diamonds show values from each model

listed in Table 1 as having data availability for a given SSP. Where multiple ensemble members are available, the model mean is used.

emissions (Figs. 1c and 3). By 2045–2054, SSP2-4.5, 3-7.0,

and 5-8.5 anomalies relative to 1980–2014 are significantly

larger than those for SSP1-1.9. The anomaly from SSP5-8.5

is also significantly larger than that from SSP2-4.5. This sug-

gests that anthropogenic aerosol plays a limited role in the

evolution of global mean near-surface temperature on these

timescales, supporting the conclusions of Shindell and Smith

(2019). However, as will be discussed in Sect. 4, anthro-

pogenic aerosol does play a role in the pattern and magnitude

of regional temperature change. Importantly, anthropogenic

aerosol is the main driver of trends in the interhemispheric

temperature gradient until 2050 (Figs. 3 and 7d), which has

a strong control on ITCZ position and the global monsoon

and thus regional precipitation. There is a large spread in in-

terhemispheric temperature gradient anomalies across mod-

els, consistent with the large uncertainty in historical trends

(Fig. 4e), but a monotonic increase in the magnitude of the

median anomaly from SSP3-7.0 to SSP1-1.9, consistent with

an aerosol-driven response, is present in all three future peri-

ods. In 2035–2044 and 2045–2054 the SSP3-7.0 anomaly is

significantly smaller than the SSP1-1.9 anomaly. The domi-

nant role of anthropogenic aerosol is further supported by the

comparable magnitude of anomalies in SSP2-4.5 and SSP5-

8.5 (Figs. 3 and 7d).

There is a clear aerosol-driven signal in future increases

in global mean precipitation and hydrological sensitivity

(Figs. 3 and 7b, c), with a significantly larger median

anomaly in SSP1-1.9 compared to SSP3-7.0 in 2025–2034

and 2035–2044. There is the suggestion of the beginning of

a shift towards GHGs as the dominant driver of precipita-

tion increases in 2050, where the median SSP1-1.9 anomaly

is marginally smaller than in SSP2-4.5, and the median

anomaly in SSP5-8.5 is marginally larger than that in SSP2-

4.5. GHGs are the main driver of global precipitation change

by the end of the 21st century (not shown). The aerosol

signal in hydrological sensitivity is larger and more per-

sistent. SSP1-1.9 has significantly larger median hydrolog-

ical sensitivity anomalies relative to 1980–2014 than SSP3-

7.0 in 2025–2034 and significantly larger median anomalies

than all other SSPs in 2035–2044 and 2045–2054. SSP1-
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Figure 8. Regional-mean JJA-mean (a) temperature (K), (b) precipitation (mm d−1), and (c) hydrological sensitivity (% K−1) anomalies

relative to 1980–2014 for Asia, East Asia, and South Asia. The three regions are indicated by the boxes in Fig. 6. Coloured bars show the

interquartile range, and the horizontal bar within this shows the median. Diamonds show values from each model listed in Table 1 as having

data availability for a given SSP. Where multiple ensemble members are available, the model mean is used. Note that different y ranges are

used for each region in (b) and (c).

1.9 anomalies remain larger throughout the 21st century (not

shown).

A number of prominent outliers can be seen in Fig. 7.

These points are not indicators of uncertainty in the response

to anthropogenic aerosol emissions in the SSPs or in the rel-

ative differences in the anomalies compared to 1980–2014

from each SSP: for each variable the outlying model is the

same for each period; and for precipitation and hydrologi-

cal sensitivity the high outliers can be seen to show the same

aerosol-driven pattern across the periods as the multi-model

median response. The outliers are likely reflections of differ-

ing climate sensitivities in the models (Table 2). As shown

in Fig. 4e, there are large positive trends in both global-

mean temperature and precipitation between 1980 and 2014,

which contribute to the magnitude of the anomalies shown

in Fig. 7. Models in Fig. 7 with large temperature anomalies

are CanESM5 and UKESM1-0-LL. MIROC6 has the small-

est anomalies. These models are also those with the highest

and lowest equilibrium climate sensitivities in our ensemble

(Table 2). For precipitation, the large outlier is UKESM1-0-

LL, and the small outlier is CAMS-CSM1-0. The precipita-

tion climatologies and patterns of future changes for these

models are not unusual compared to other models, as can be

seen in Figs. S6–S10 and S16.

4 Asian summer monsoon response

The decrease in Asian monsoon precipitation observed in the

second half of the 20th century has been largely attributed

to the global increase in anthropogenic aerosols (Bollasina

et al., 2011; Song et al., 2014; Polson et al., 2014). The

hemispheric asymmetry in aerosol forcing leads to an energy

imbalance between the hemispheres, which in turn causes a

slowdown of the meridional overturning circulation, and a

weakening of the monsoon circulation (Bollasina et al., 2011;
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Figure 9. (a) CMIP6-mean JJA-mean near-surface temperature anomaly (K) for 2025–2034, 2035–2044, and 2045–2054 vs. 1980–2014

from SSP1-1.9. Relative anomalies for (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5 vs. SSP1-1.9. The numbers shown at the top right of

each panel are the Asian mean, where Asia is the region bounded by 5–47.5◦ N, 67.5–145◦ E.

Song et al., 2014; Lau et al., 2017; Undorf et al., 2018). Local

aerosol emissions further modify monsoon circulation and

precipitation (Cowan and Cai, 2011; Guo et al., 2015; Undorf

et al., 2018). In contrast to anthropogenic aerosols, where cir-

culation changes are an important component of the response

to forcing, GHGs mainly affect (increase) monsoon precip-

itation by enhancing tropospheric water vapour and thus in-

creasing moisture transport toward India (Li et al., 2015).

Global aerosol reductions in SSP1-1.9 briefly cause faster

warming over all Asian regions than the other scenarios

considered, with SSP1-1.9 warming significantly more than

SSP3-7.0, but this effect does not persist beyond the 2040s

(Fig. 8a). However, anthropogenic aerosol does affect the re-

gional pattern of warming (Fig. 9), with slower increases in

land temperature in many areas, and India in particular, in

SSP2-4.5, 3-7.0, and 5-8.5 compared to SSP1-1.9. This pat-

tern is robust across models (Fig. S12). The growing influ-

ence of GHGs with time can also be seen in Figs. 8a and 9

as greater warming in SSP5-8.5 compared to SSP2-4.5 in

the 2040s. The GHG-driven pattern is established by 2045–

2054, when all SSPs warm significantly more than SSP1-

1.9. Continued increases in anthropogenic aerosol emissions

in SSP3-7.0 appear to moderate land warming compared to

other SSPs, despite large GHG increases (Figs. 8a and 9).

The influence of aerosol is more clearly seen, and more

persistent in time, in regional mean precipitation than re-

gional mean temperature (Figs. 3 and 8a, b), as for the

global-mean case (Fig. 7b). Over Asia, the largest model-

median precipitation increase relative to 1980–2014 occurs

in SSP1-1.9 for 2025–2034 and 2035–2044 (significantly

larger than SSP2-4.5 in 2025–2034 and significantly larger

than SSP3-7.0 in all periods shown). The smallest precipita-

tion increases are seen in SSP3-7.0 during these periods. In-

creases in SSP2-4.5 lie between those in SSP3-7.0 and SSP1-

1.9. The same pattern is seen over East Asia. There is some

indication that precipitation anomalies relative to 1980–2014

are slightly larger in SSP5-8.5 compared to SSP2-4.5, but

the growing difference between the two scenarios that was

seen for temperature is not seen here. By 2100, GHGs are

the dominant influence on the relative magnitude of the fu-

ture increases in Asian summer monsoon precipitation across

the SSPs, but the timing of the transition is model-dependent,

as illustrated in Fig. 10.
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Figure 10. Asia-mean JJA-mean precipitation anomaly (%) relative to 1980–2014 in scenario and model means and individual ensemble

members for 2021–2040, 2041–2060, and 2081–2100 from SSP1-1.9, SSP2-4.5, and SSP3-7.0.

Over Asia and East Asia, precipitation increases relative to

1980–2014 are significantly smaller in SSP3-7.0 compared

to SSP1-1.9 until the mid-21st century (Fig. 8b). Over East

Asia, JJA mean precipitation is not significantly larger than in

1980–2014 in SSP3-7.0 until 2045–2054. A similar pattern

of aerosol-dominated differences between the SSPs is seen

in hydrological sensitivity over Asia and East Asia (Figs. 3

and 8c). The beginnings of the GHG influence are seen in hy-

drological sensitivity over East Asia in 2045–2054, when the

SSP5-8.5 anomaly is slightly larger than that from SSP2-4.5.

However, the clear GHG-dominated pattern seen for temper-

ature (Fig. 8a) is not seen here.

Figures 11 and 12 show that the pattern of Asian precip-

itation changes is similar, regardless of the emission path-

way that is followed, but that the magnitude of the changes

is pathway-dependent, as summarised in Fig. 8. Figure 11

shows the absolute anomaly compared to 1980–2014, while

Fig. 12 shows the anomaly relative to the SSP1-1.9 response.

In Fig. 12, the influence of GHGs can be seen, with greater

GHG emissions driving greater drying over the Equatorial In-

dian Ocean and further increases in precipitation over India

(particularly in the comparison between SSP2-4.5 and SSP5-

8.5 and in SSP3-7.0 in the 2050s), as for temperature (Fig. 9).

Precipitation increases are smaller in SSP2-4.5, SSP3-7.0,

and SSP5-8.5 compared to SSP1-1.9 (Figs. 8 and 11), mainly

due to differences over northern India, Bangladesh, and the

Bay of Bengal (Fig. 12). The pattern seen in the model-mean

anomaly (Fig. 12) is robust across models (Fig. S13).

The pattern of precipitation anomalies relative to 1980–

2014 across the SSPs is different over South Asia compared

to East Asia and Asia (Figs. 3 and 8). This suggests that

the continued increases in local aerosol emissions may be

relatively more important here than the remote decreases.

All precipitation anomalies are positive, although many are

not significantly different to zero. In 2025–2034 and 2035–

2044 precipitation and hydrological sensitivity anomalies in

SSP2-4.5 and SSP5-8.5 are smaller than those in SSP1-1.9

and SSP3-7.0, following neither the pattern expected from

global and East Asian aerosol pathways, nor the GHG path-

ways (Fig. 3). This similarity between SSP2-4.5 and SSP5-

8.5, which is seen in all three periods for South Asia, suggests

that the dipole in aerosol and precursor emissions and AOD

Atmos. Chem. Phys., 20, 11955–11977, 2020 https://doi.org/10.5194/acp-20-11955-2020
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Figure 11. CMIP6-mean JJA-mean precipitation (mmd−1) and 850 hPa wind anomalies (ms−1) for 2025–2034, 2035–2044, and 2045–2054

vs. 1980–2014 from (a) SSP1-1.9, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5.

anomalies between East Asia and South Asia in these sce-

narios (Figs. 1 and 6) may be further suppressing future in-

creases in precipitation over South Asia due to feedback be-

tween the East and South Asian monsoon system responses

to forcing (Ha et al., 2018; Singh et al., 2019a). Overall, there

is much more uncertainty in the South Asian precipitation

changes compared to East Asia, as evidenced by the larger

inter-model spread (Fig. 8). Land use changes may also con-

tribute to scenario uncertainty in South Asian precipitation

changes (Singh et al., 2019b), although they are likely to be

very model-dependent and influence smaller spatial scales

than those we consider here (Figs. 2 and S3).

4.1 Aerosol only SSP2-4.5

The deviation of the South Asian precipitation response from

the GHG- and aerosol-driven patterns sketched in Fig. 3 sug-

gests that the response to local aerosol changes, which have

a different time evolution to those over East Asia and in the

global mean (Fig. 1), may be competing with the response

to remote aerosols emission changes. Such behaviour is con-

sistent with the findings in earlier investigations of precipi-

tation changes over South Asia, which have shown that both

regional and local changes in anthropogenic aerosol are re-

quired to reproduce historical trends (e.g. Guo et al., 2016;

Undorf et al., 2018). The suppressed precipitation increase

in SSP2-4.5 and SSP5-8.5 relative to SSP1-1.9 and SSP3-

7.0 is a fingerprint of the Asian dipole in AOD trends seen

in these scenarios until the mid-21st century and in current

observations (Fig. 6; Samset et al., 2019).

Analysis of SSP2-4.5-aer, in which only anthropogenic

aerosol emissions are varying with time following the SSP2-

4.5 pathway, allows the response to aerosol changes in this

pathway to be isolated from that due to GHG increases. In

this case, a dipole in temperature anomalies, with cooling

over India and warming over East Asia, and in sea-level pres-

sure, with a positive anomaly over India, the Bay of Ben-

gal, and the Indochina peninsula, and a negative anomaly

over the rest of Asia, can clearly be seen in both MIROC6

(Fig. 13) and CanESM5 (Fig. S14). This feature matches

the dipole pattern in AOD changes (Fig. 6) and is apparent
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Figure 12. (a) JJA-mean precipitation (mmd−1) and 850 hPa wind anomalies (ms−1) for 2025–2034, 2035–2044, and 2045–2054 vs. 1980–

2014 from SSP1-1.9. Anomalies from (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5 relative to the anomalies from SSP1-1.9. To enable a

fair comparison of the precipitation patterns, only models with data availability for all scenarios are used (see Table 1).

in the SSP2-4.5 response up to 2050 as a moderated GHG-

induced warming over South Asian relative to East Asia

(Figs. 9 and 14). Comparing the SSP2-4.5-aer and SSP2-4.5

responses (Figs. 13 vs. 14 for MIROC6; Figs. S14 vs. S15 for

CanESM5) shows that aerosol largely acts to offset the GHG-

driven response, rather than determining the overall pattern

of the response.

Differences in the character of the precipitation anomaly

can be seen when comparing the anomalies pre- and post-

2050. In the earlier period, when South Asian aerosol emis-

sions continue to increase, precipitation anomalies are ei-

ther weakly positive or negative over India, the Bay of Ben-

gal, and the Indochina peninsula. Post-2050, when anthro-

pogenic aerosols are decreasing throughout Asia, precipita-

tion increases are larger relative to 1980–2014. There are also

suggestions of this structure in the CMIP6 mean SSP2-4.5 re-

sponse, where increases in precipitation are weak over India

and the Bay of Bengal compared to the SSP1-1.9 response

(Figs. 11 and 12), but it is not as clear. This is likely partly

due to the influence of GHG increases and partly due to the

effects of taking the mean response over models with large

differences in their mean precipitation field (Fig. 5). How-

ever, a number of the individual models do simulate a similar

tripolar pattern in precipitation change in SSP2-4. 5 to those

in MIROC6 (Figs. 11, 12 and S9). Further study into the pre-

cipitation responses to the Asian aerosol dipole is needed to

understand the mechanisms underlying this response.
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Figure 13. JJA-mean (a) near-surface temperature (K), (b) precipitation (mm d−1), and (c) sea level pressure (hPa) anomalies for 10-year

periods vs. 1980–2014 from an anthropogenic aerosol only version of SSP2-4.5 (SSP2-4.5-aer) with MIROC6.

Figure 14. JJA-mean (a) near-surface temperature (K), (b) precipitation (mm d−1), and (c) sea level pressure (hPa) anomalies for 10-year

periods vs. 1980–2014 from SSP2-4.5 in MIROC6.

5 Conclusions

There is large uncertainty in future anthropogenic aerosol

emission pathways. This is likely to be of limited importance

for global-mean temperature, but anthropogenic aerosol does

play an important role in changes in regional temperature

and global and regional precipitation until 2050 under the

Shared Socioeconomic Pathways. Rapid reductions in an-

thropogenic aerosol and precursor emissions in SSP1-1.9

lead to larger increases in global and Asian summer mon-

soon precipitation compared to SSP2-4.5, 3-7.0, and 5-8.5

over East Asia and South Asia, despite the large decrease in

greenhouse gases in SSP1-1.9.

In SSP2-4.5, 3.-7.0, and 5-8.5, anthropogenic aerosol

emissions continue to increase until the mid-21st century

over South Asia. This leads to weaker future increases in re-

gional precipitation until 2050, compared to SSP1-1.9, par-

ticularly over northern India. In SSP2-4.5 and 5-8.5 contin-

ued increases in South Asian aerosol optical depth occur,

while it decreases over East Asia. This may further sup-

press the precipitation increases in northern India compared

to SSP1-1.9. However, there is large inter-model uncertainty

in the South Asian precipitation changes.

A dipole in aerosol optical depth trends over Asia has

been observed since 2010 (Samset et al., 2019), suggesting

that SSP2-4.5, SSP5-8.5 (where the current AOD dipole pat-

tern persists), or SSP1-1.9 (where anthropogenic aerosol is

reduced in both regions) is more likely to be followed in

the real world than SSP3-7.0 (where anthropogenic aerosol

increases in both regions). This presents the possibility of

https://doi.org/10.5194/acp-20-11955-2020 Atmos. Chem. Phys., 20, 11955–11977, 2020
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large uncertainty in South Asian summer monsoon precip-

itation on a 30–50-year time horizon due to uncertainty in

local aerosol emission pathways.
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Abstract. South and East Asian anthropogenic aerosols

mostly reside in an air mass extending from the Indian

Ocean to the North Pacific. Yet the surface temperature ef-

fects of Asian aerosols spread across the whole globe. Here,

we remove Asian anthropogenic aerosols from two inde-

pendent climate models (ECHAM6.1 and NorESM1) us-

ing the same representation of aerosols via MACv2-SP (a

simple plume implementation of the second version of the

Max Planck Institute Aerosol Climatology). We then ro-

bustly decompose the global distribution of surface temper-

ature responses into contributions from atmospheric energy

flux changes. We find that the horizontal atmospheric en-

ergy transport strongly moderates the surface temperature

response over the regions where Asian aerosols reside. At-

mospheric energy transport and changes in clear-sky long-

wave radiation redistribute the temperature effects efficiently

across the Northern Hemisphere and to a lesser extent also

over the Southern Hemisphere. The model-mean global sur-

face temperature response to Asian anthropogenic aerosol

removal is 0.26 ± 0.04 ◦C (0.22 ± 0.03 for ECHAM6.1 and

0.30 ± 0.03 ◦C for NorESM1) of warming. Model-to-model

differences in global surface temperature response mainly

arise from differences in longwave cloud (0.01 ± 0.01 for

ECHAM6.1 and 0.05 ± 0.01 ◦C for NorESM1) and short-

wave cloud (0.03 ± 0.03 for ECHAM6.1 and 0.07 ± 0.02 ◦C

for NorESM1) responses. The differences in cloud responses

between the models also dominate the differences in re-

gional temperature responses. In both models, the northern-

hemispheric surface warming amplifies towards the Arctic,

where the total temperature response is highly seasonal and

weakest during the Arctic summer. We estimate that under a

strong Asian aerosol mitigation policy tied with strong cli-

mate mitigation (Shared Socioeconomic Pathway 1-1.9) the

Asian aerosol reductions can add around 8 years’ worth of

current-day global warming during the next few decades.

1 Introduction

Understanding how regional climates respond to different

climate forcers is crucial for assessing how climate change

impacts societies. Samset et al. (2018) showed that anthro-

pogenic aerosols cool the global-mean surface temperature in

four latest-generation climate models by between 0.5–1.1 K.

However, the regional impacts of anthropogenic aerosols on

surface temperatures remain particularly complicated to un-

ravel (Persad and Caldeira, 2018; Nordling et al., 2019).

Due to the short lifetime of aerosols, their distribution in

the atmosphere is highly heterogeneous and dependent on the

location of their emissions and on various dynamical and mi-

crophysical processes influencing also their properties and

climate effects. Aerosols give rise to both local and remote

temperature responses, so that the geographic distributions of

aerosol radiative forcing and temperature effects are largely

dislocated (Shindell et al., 2010; Nordling at al., 2019). Fur-

thermore, the same aerosol emissions originating from differ-

ent regions vary in their climate forcing efficacies, with their

global surface temperature response per unit global radiative

forcing differing by factors of between 2 and 14, depending

on aerosols species and the models used (Kasoar et al., 2018;

Westervelt, et al., 2020; Persad and Caldeira, 2018).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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During the past decades air pollution levels in Europe and

North America have decreased considerably, while they have

grown in South and East Asia. These opposing changes in air

pollution have kept the overall global anthropogenic aerosol

radiative forcing close to constant since the mid-1970s (Mur-

phy 2013; Fiedler et al., 2019). South and East Asia have be-

come the dominant sources of anthropogenic aerosol emis-

sions (Lamarque et al., 2010). Consequently, air pollution

has become a major health problem in Asia. Ambient aerosol

pollution reduces the life expectancy by 1.24 years in East

Asia and by 1.56 years in South Asia (Apte et al., 2018)

and is attributable to 0.67 million deaths per year in In-

dia alone (Balakrishnan et al., 2019). Shared Socioeconomic

Pathways (SSPs) predict that strong air pollution mitigation

policies (SSP1-1.9) could reduce the Asian anthropogenic

aerosol emissions from their 2015 levels by 55 % already by

2030 and by 90 % by 2100 (Lund et al., 2019, see also their

Fig. S2).

Large past changes and potentially at least equally signif-

icant future changes in Asian aerosols have prompted re-

cent studies on their global and regional surface tempera-

ture effects. Kasoar et al. (2016) used three climate models

(HadGEM3-GA4, CESM1, and GISS-E2) to study regional

surface temperature responses to the removal of SO2 emis-

sions from China. Two of the three models showed northern-

hemispheric warming due to aerosol removal but of signifi-

cantly different magnitude, while the third model showed no

significant surface temperature responses. The authors pin-

pointed the mixed results from the models to their different

treatments of aerosol microphysical processes and aerosol–

cloud interactions. Westervelt et al. (2020) also used three

climate models (GFDL, CESM1, and GISS-E2) to investi-

gate the surface temperature responses to the removals (or

significant reductions) of aerosol sources from several dif-

ferent regions, including China and India. Overall, the mod-

els varied in aerosol radiative forcings and regional tem-

perature response patterns associated with Asian aerosol re-

ductions but suggested that the reductions mostly result in

a significant surface temperature increase across the North-

ern Hemisphere and particularly over the Arctic. Persad and

Caldeira (2018) used the CAM5 model to place an equiva-

lent to China’s total annual year 2000 anthropogenic aerosol

emissions at different locations around the globe. They found

that emissions placed in China cooled the whole Northern

Hemisphere, while the same emissions placed in India re-

sulted in a mixed regional response of warming and cooling.

Recent studies have also investigated the combined im-

pacts of Asian anthropogenic aerosols on precipitation and

surface temperatures. Liu et al. (2018) showed that the

temperature effects of idealized Asian aerosol perturbations

spread across the Northern Hemisphere in a multi-model

Precipitation Driver and Response Model Intercomparison

Project (PDRMIP) study. They also showed that increases

in Asian sulfate aerosols strongly suppressed Asian mon-

soon precipitation by enhancing horizontal atmospheric heat

transport to the region and raising surface pressure. Wilcox

et al. (2020) showed that future reductions in global aerosol

emissions, dominated by changes in Asian aerosol emissions,

lead to accelerated increases in Asian monsoon precipitation

in CMIP6 experiments but had a limited impact on projected

future changes in surface temperatures.

Here, we explore the global and regional surface tempera-

ture responses to a complete removal of South and East Asian

anthropogenic aerosols using two different climate models,

ECHAM6.1 and NorESM1. As in Nordling et al. (2019), we

use an identical description of anthropogenic aerosols in both

models. The use of identical aerosols across the models al-

lows us to study the similarities and differences in model

dynamical responses to aerosols and exclude the model re-

sponse perturbations that result from differences in modeled

aerosols. Further, we aim to understand the robustness of

changes in the climate system that lead to the local and re-

mote changes in surface temperatures.

It is complicated to resolve the pathway from a climate

forcing to a regional surface temperature response in climate

models even for globally homogeneous greenhouse gases, let

alone for aerosols. A significant climate perturbation results

in a complex set of responses in general circulation patterns,

cloud properties, surface albedo, atmospheric water vapor

concentrations, et cetera. Surface temperature responses re-

sult from a combination of all these different climate feed-

backs. Therefore, even a seemingly robust regional surface

temperature signal in different climate models may result

from a different combination of feedbacks that sums up to

a similar temperature response.

Räisänen (2017) presented a new method built around the

concept of effective planetary emissivity for a robust decom-

position of the energetic components that sum up to the geo-

graphic distribution of surface temperature responses. Here,

we extend the method to better resolve the longwave cloud

feedback using radiative kernels and apply it for the analysis

of the model results. The method allows separating the con-

tributions from atmospheric heat transport, changes in short-

wave and longwave radiation related to clear sky and clouds,

surface energy fluxes, and surface albedo to a local surface

temperature response.

2 Method

2.1 Model experiments and analysis

We use ECHAM6.1 (Stevens et al., 2013) and NorESM1

(Bentsen et al., 2013; Iversen et al., 2013; Kirkevåg et

al., 2013) general circulation models to carry out 100-year

slab ocean equilibrium runs for the present-day (year 2005)

atmosphere without South and East Asian anthropogenic

aerosols, but leaving all other aerosol sources intact. The

last 60 years of equilibrated climate data from each simu-

lation are used for the analysis. These runs are compared to
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otherwise identical baseline climate runs of same length but

having all aerosol sources on. For the baseline, we use the

same ECHAM6.1 and NorESM1 model runs as presented in

Nordling et al. (2019).

The background pre-industrial aerosols (mainly consist-

ing of natural organics and sulfate, sea salt, and dust) for

ECHAM6.1 are prescribed using the climatology of Kinne

et al. (2013), while for NorESM1, they are simulated by the

model’s bottom-up aerosol microphysics scheme (Kirkevåg

et al., 2013) (see also Fig. 2 and Appendix A in Fiedler

et al., 2019, describing the pre-industrial aerosols for both

of the applied models and the related discussion within). In

both cases, the impact of modern-day (year 2005) anthro-

pogenic aerosols is represented via the MACv2-SP clima-

tology (Stevens et al., 2017). MACv2-SP uses in situ ob-

servations of aerosol optical depth (AOD) for the top-to-

bottom representation of aerosol-radiation effects and cal-

culates the aerosol direct and first indirect effects through

changes in fixed three-dimensional AOD fields with monthly

time resolution. The anthropogenic impact on AOD is rep-

resented through nine different aerosol plumes, which to-

gether represent the sources and transport of anthropogenic

aerosols, including biomass burning. In the runs without

Asian anthropogenic aerosols we have turned off plume num-

bers 3 and 4. The direct and indirect instantaneous aerosol

radiative forcings are calculated online in the models us-

ing double radiation calls. The global instantaneous forc-

ing can be modeled nearly identically with MACv2-SP in

ECHAM6.1 and NorESM1, albeit there are some model-

to-model differences related to model-specific representa-

tions of clouds, surface albedo, and natural aerosol (Nordling

et al., 2019). The effective radiative forcing (analyzed by

Fiedler et al., 2019, for multi-decadal fixed-sea-surface-

temperature runs for ECHAM6.3 and NorESM1 models us-

ing the same pre-industrial aerosol representations as here)

shows somewhat larger model-to-model variations, but the

geographic patterns of the effective radiative forcings with

MACv2-SP are close to those of instantaneous radiative forc-

ings. The differences in global anthropogenic aerosol radia-

tive forcings between the ECHAM6.1 and NorESM1 mod-

els with MACv2-SP aerosols are small enough to be in-

significant for the obtained temperature responses, as dis-

cussed in Nordling et al. (2019). However, different rep-

resentations of natural background aerosol in the models

can lead to differences in obtained indirect aerosol forc-

ing (Carslaw et al., 2013; Fiedler et al., 2019), and this is

the case also for Asian anthropogenic aerosols when us-

ing the model-intrinsic pre-industrial aerosol representations

in NorESM1 and ECHAM6.1, as we will discuss later.

Here, both models were coupled to their intrinsic mixed-

layer (slab) ocean model representations (for ECHAM6.1 see

Roeckner et al., 2003; for NorESM1 see Bitz et al., 2012),

and hence changes in ocean currents are not accounted for in

our analysis. The reported equilibrium climate sensitivity is

3.5 K for NorESM1 (Räisänen et al., 2017) and also 3.5 K for

ECHAM6.1 (Mauritsen and Roeckner, 2020).

The analysis of results is based on monthly-mean values

of data, calculated separately for each month in the 60-year

time series. The response uncertainties in global-mean values

are calculated as standard error of means using a 95 % con-

fidence interval for individual models and as a pooled stan-

dard error of the mean with a 95 % confidence interval for

responses averaged over the two models. The statistical sig-

nificance of regional responses is evaluated using a Student’s

t test with an autocorrelation correction according to Zwiers

and von Storch (1995).

2.2 Temperature response decomposition

We decompose the distribution of local surface temperature

responses to local changes in atmospheric energetic com-

ponents using a method presented in Räisänen (2017). The

method only requires standardly archived climate model out-

put for the decomposition.

The rate of change of total energy in an atmospheric col-

umn is

δE

δt
= SW

↓
TOA − LW

↑
TOA − F

↓
SURF + C→, (1)

where SW
↓
TOA is the net incoming shortwave radiation and

LW
↑
TOA is the outgoing longwave radiation at the top of the

atmosphere, C→ is the net horizontal heat transport into the

column, and the net downward heat flux into the surface is

given by

F
↓
SURF = SW

↓
SURF + LW

↓
SURF − SH↑ − LH↑, (2)

where SW
↓
SURF and LW

↓
SURF are the net shortwave and long-

wave radiation fluxes into the surface, and SH↑ and LH↑ are

the upwards sensible and latent heat fluxes, respectively. To

relate Eq. (1) with the surface air temperature T one defines

(Räisänen and Ylhäisi, 2015; Räisänen, 2017)

LW
↑
TOA = εeffσT 4, (3)

where the effective planetary emissivity εeff is essentially a

measure of the local atmospheric greenhouse effect. Substi-

tuting Eq. (3) into Eq. (1) gives

εeffσT 4 = SW
↓
TOA − F

↓
SURF + C→ − δE

δt
. (4)

Then, letting [] mark the mean state between baseline and

perturbed climates, the change in Eq. (4) between the two

climate states can be written as

σ [εeff]�
(
T 4

)
= − σ�εeff

[
T 4

]
(5)

+ �SW
↓
TOA − �F

↓
SURF +�

(
C→ − δE

δt

)
.

Linearizing the left-hand side of Eq. (5) as

σ [εeff]�
(
T 4

)
≈ 4σ [εeff]

[
T 3

]
�T = D�T (6)
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allows the decomposition of surface temperature response

into changes in energy flux components in the atmospheric

column,

�T = �TLW +�TSW +�TSURF + �TCONV, (7)

where

�TLW = −σ�εeff

[
T 4

]
D

, (8a)

�TSW = �SW
↓
TOA

D
, (8b)

�TSURF = −�F
↓
SURF

D
, (8c)

�TCONV = �
(
C→ − δE

δt

)
D

. (8d)

We mark the surface temperature change due to horizontal

heat transport and the change in the energy storage (Eq. 8d)

collectively as CONV, as together they represent the conver-

gence of energy. Annually, the change in the energy storage

of an atmospheric column averages to zero in an equilibrium

climate (Porter et al., 2010; Räisänen, 2017), and Eq. (8d)

corresponds to the difference in horizontal heat transport be-

tween two equilibrium climates. However, on monthly and

seasonal timescales the changes in atmospheric energy stor-

age can be significant.

The terms on the right-hand side of Eq. (8a) and (8b)

can be further expanded to separate the surface temperature

responses due to clear-sky and cloud radiative effects. The

standard climate model output contains radiative fluxes both

for all-sky and clear-sky (CS) conditions, so that the tem-

perature response to longwave cloud radiative effect can be

obtained as

�TLWCRE = �TLW −�TLWCS (9)

= −σ�εeff

[
T 4

]
D

+ σ�εeff,cs

[
T 4

]
D

.

Räisänen (2017) calculated the surface temperature response

due to changes in longwave cloud emissivity as �TLWCRE

but noted that it is a negatively biased approximation of

the actual cloud longwave feedback, as also discussed by

Soden et al. (2004). Here, we extend the calculation to al-

low for a more precise separation of thermal radiation to its

clear-sky and cloud contributions with the help of radiative

kernels. Radiative kernels are climate-model-derived radia-

tive responses to small changes in climate state, such as to

changes in atmospheric temperature, surface temperature, or

water vapor under clear-sky and all-sky conditions. We use

the radiative kernels of Block and Mauritsen (2013) and their

Eq. (4) to calculate a corrected longwave cloud feedback

�LW
↓
cld ≈ �LW

↓
CRE − �LW

↓
cor, namely

�LW↓
cor =

(
KT − Kclr

T

)
�T +

∑
i

(
KTi

− Kclr
Ti

)
�Ti (10)

+
∑

i

(
Kwi

− Kclr
wi

)
�(lnq)i,

where KT and Kw are different model level mass-weighted

radiative kernels, q is the specific humidity, and the sum-

mations are carried over the model levels i. Block and

Mauritsen (2013) generated their radiative kernels with the

ECHAM6 climate model, and here we apply the kernels both

to the ECHAM6.1 and NorESM1 models. This should bring

no major bias for the NorESM1 calculations, as Myhre et

al. (2018) showed that radiative kernels do not significantly

depend on the specific model used for their construction. The

calculated correction is used to redistribute the effect of �εeff

between the cloud and clear-sky terms as

�TLWcld = �TLWCRE − �LW
↓
cor

D
, (11a)

�TLWclr = �TLWCS + �LW
↓
cor

D
, (11b)

where �TLWcld and �TLWclr are the corrected longwave cloud

and clear-sky temperature responses.

As discussed in Räisänen (2017), the top-of-atmosphere

shortwave radiative responses for clear-sky and all-sky con-

ditions can also be further separated to physically more

meaningful terms using the approximative partial radiative

perturbation (APRP) method of Taylor et al. (2007).

�TSW = �TSWIN + �TSWclr + �TSWcld (12)

+�TSWAlbedo + �TSWNL ,

where �TSWIN corresponds to changes in incoming solar ra-

diation (zero in our model experiments), �TSWclr is the cor-

rected clear-sky shortwave temperature response, �TSWcld is

the shortwave cloud response, �TSWAlbedo is the temperature

response due to changes in surface albedo, and �TSWNL is a

non-linear correction term, small enough to be insignificant

for the analysis.

Hereafter, we use the subscripts in �T terms as shorthand

notations when discussing the various temperature responses

(so that �TSWclr is discussed as SWclr etc.).

3 Results

3.1 Radiative forcing

Figure 1 shows the net change in instantaneous top-of-

atmosphere aerosol radiative forcing, �IRF, due to removal

of South and East Asian anthropogenic aerosols, calculated

as an average over the full 60-year equilibrated climate data
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sets over both models as

�IRF(removed S&E Asian anthropogenic aerosols) (13)

= IRF(no S&E Asian anthropogenic aerosols)

− IRF(all aerosols) .

Note that since we here remove the Asian anthropogenic

aerosols from the models, �IRF is positive in sign, i.e.,

that of warming. �IRF further breaks into �IRF = �IRFd +
�IRFid, where �IRFd describes the change in aerosol direct

radiative forcing due to the net change in direct radiation at-

tenuation of aerosols through their scattering and absorption

of solar radiation. �IRFid is the change in indirect radiative

forcing (the Twomey effect) between the runs without and

with South and East Asian anthropogenic aerosols. The geo-

graphical pattern of �IRF is nearly identical for ECHAM6.1

and NorESM1, with the model-to-model correlation coeffi-

cient of 0.99. However, the modeled globally averaged �IRF

differs slightly between the models, being 0.38±0.00 Wm−2

for ECHAM6.1 and 0.41 ± 0.00 Wm−2 for NorESM1, with

a model mean of 0.40 ± 0.00 Wm−2. Results for individual

models are shown in the Appendix Fig. A1.

In the models, �IRF due to removal of Asian anthro-

pogenic aerosols is concentrated on a distinctive patch over

the region surrounding the aerosol sources. The change in

local radiative forcing reaches up to 8.3 Wm−2 over SE

China. The change in direct radiative forcing �IRFd in the

models is responsible for slightly over a half (0.22 ± 0.00;

0.23 ± 0.00 Wm−2 for ECHAM6.1 and 0.20 ± 0.00 Wm−2

for NorESM1 with a model-to-model correlation coefficient

0.96) of the total globally averaged �IRF and more focused

on the polluted regions than the change in indirect forcing

�IRFid (0.18±0.00; 0.15±0.00 Wm−2 for ECHAM6.1 and

0.21±0.00 Wm−2 for NorESM1 with a model-to-model cor-

relation coefficient 0.94), which spreads more evenly over

a larger area. The higher model-to-model correlation coeffi-

cient for �IRF than for �IRFd and �IRFid separately indi-

cates a cancellation of regional model-to-model differences

when changes in direct and indirect radiative forcings are

summed up. This cancellation of differences in �IRF sug-

gests that differences in modeled cloud fields mainly dis-

tribute �IRF differently to its �IRFd and �IRFid compo-

nents in the models. While the aerosols enhance the cloud

albedo, clouds also diminish the direct reflection of sunlight

by aerosols with compensating effects on the total radiative

response. However, differences in modeled pre-industrial

background aerosols likely also play a role in model-to-

model difference in �IRFid.

3.2 Annually averaged temperature response
decomposition

We first describe the commonalities in modeled surface tem-

perature responses to the omission of South and East Asian

aerosols in the two models, before discussing their differ-

ences. The average global equilibrium temperature response

Figure 1. The change in the mean instantaneous radiative forcing

between runs without and with South and East Asian aerosols us-

ing the MACv2-SP aerosol scheme, averaged over the two climate

models (individual models shown in Fig. A1). Parentheses show

the average global-mean value and the model-to-model correlation

coefficient, respectively. (a) Change in the total aerosol radiative

forcing, (b) change in the direct aerosol radiative forcing, and (c)
change in the indirect aerosol radiative forcing. Stippling shows re-

gions where the results are statistically significant at the p < 0.05

level for both models, and models also agree on the sign.

�T to the removal of aerosols across the two models is

shown in Fig. 2A (individual models are shown in Figs. A2a

and A3a, and global-level results are collected on Table A1).

The regional distribution of surface temperature response is

strikingly different from the distribution of South and East

Asian anthropogenic aerosol forcing, with surface warm-

ing spreading over the entire Northern Hemisphere and to

a lesser extent also to the Southern Hemisphere. Indeed,

significant warming extends to regions where no change in

aerosols is modeled, such as over to the North American con-

tinent (0.5 K), and to Arctic regions with warming exceeding

1 K. The warming over the region with the strongest change

in local aerosol forcing (SE China) is 1.5 K with a local cli-

mate sensitivity of 0.18 KW−1 m2 (i.e., 1.5K/8.3W m−2),

while the globally averaged warming is 0.26 ± 0.04 K with a

climate sensitivity of 0.65±0.11K W−1 m2). A similar global
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climate sensitivity of 0.58±0.23 KW−1 m2) for a 10-fold in-

crease in Asian sulfate aerosols was found in models that par-

ticipated to the multi-model intercomparison project PDR-

MIP (Liu et al., 2018).

As described in the Method section (Sect. 2), the total

local temperature response can be represented as a sum of

responses in clear and cloudy-sky shortwave (SWclr and

SWcld) and longwave (LWclr and LWcld) radiation, surface

albedo (ALBEDO), surface energy fluxes (SURF), and an

energy convergence term (CONV) representing the horizon-

tal transport of heat for annually averaged results. The annu-

ally averaged temperature responses for each of the energetic

terms, averaged over the 60-year sets of equilibrated climate

runs with both models, are shown in Fig. 2b–h. The sum of

surface temperature responses to individual energetic terms

(sum over Fig. 2b–h) reproduces the total surface tempera-

ture response in Fig. 2a with a spatial correlation coefficient

cc = 0.998 and an identical global mean.

First it can be noted that the geographical distribution of

temperature responses due to changes in clear-sky shortwave

radiation, SWclr (Fig. 2b), resembles closely the distribution

of shortwave direct radiative forcing, �IRFd (Fig. 1b), with a

correlation coefficient cc = 0.96. SWclr is also one of the ma-

jor energetic terms of the total globally averaged temperature

response, responsible for 0.08 ± 0.01 K of the total globally

averaged temperature response of 0.26 ± 0.04 K.

Over the whole region of positive radiative forcing (�IRF

in Fig. 1a) the warming is moderated by the cooling caused

by the transport of energy away from the region, CONV

(Fig. 2c). CONV also efficiently redistributes the temper-

ature effects across the globe. Since CONV only acts by

horizontally redistributing atmospheric energy, its effect on

the global surface temperature response is effectively zero

(−0.01 ± 0.02 K).

Unlike for the connection between SWclr and �IRFd, the

geographical distribution of temperature responses due to

changes in cloudy-sky shortwave radiation, SWcld (Fig. 2d)

corresponds only weakly to the geographical distribution

of the change in shortwave cloud radiative forcing �IRFid

(Fig. 1c) (cc = 0.23). Indeed, while there is a pronounced

positive �IRFid in South Asia and the western subtropi-

cal North Pacific in Fig. 1c, much of the warming response

in this region appears actually in the LWcld term (Fig. 2e).

This is because of feedbacks that lead to changes in cloud

cover and other cloud properties. Clouds both reflect SW ra-

diation and reduce outgoing longwave radiation (e.g., Loeb

et al., 2018), and changes in cloud amount tend to have

opposing effects on SWcld and LWcld. The average total

cloud cover change in the models is shown in Fig. 3a. The

global distribution of cloud cover changes correlates strongly

with LWcld (cc = 0.77) and anti-correlates with SWcld (cc =
−0.74). Only by summing SWcld and LWcld (Fig. 2i) one can

again recognize the warming response to �IRFid (Fig. 1c)

(cc = 0.70). There is a marked and statistically significant

increase in cloud cover over India, Mainland Southeast Asia,

and the western subtropical North Pacific, accompanied by a

strong decrease in SWcld and increase in LWcld. The strong

increase in cloud cover over India and Mainland Southeast

Asia leads to a weaker overall surface temperature response

(Fig. 2a) in these regions. In contrast, the decrease in cloud

cover over East Asia amplifies the temperature response over

the region. Further, the changes in clouds also contribute to

remote temperature responses, such as to a weakening of the

cloud cover over the Mediterranean and central Asia with

compensating surface temperature effects from the SWcld

and LWcld pathways. Overall, the combined effect of clouds

(SWcld + LWcld) on the globally averaged temperature re-

sponse is 0.08 ± 0.04 K.

Together with the horizontal energy transport CONV, also

the clear-sky longwave response LWclr acts as a strong re-

distributor of the surface temperature changes across the

globe. Similarly to CO2 forcing (Räisänen, 2017), LWclr

(0.08±0.03 K) is one of the major terms in the overall global

temperature response also for aerosols. This is somewhat

counterintuitive, as the modeled aerosols only impact the

shortwave radiation in clear and cloudy skies. The geograph-

ical distribution of LWclr mainly results from a combination

of atmospheric water vapor and lapse rate feedbacks (Pithan

and Mauritsen, 2014; Räisänen, 2017), but the separation of

these feedbacks is not pursued in this study.

Figure 2f shows the annual average change across both

models in ALBEDO, that is, the surface temperature re-

sponse to the change in surface albedo. The change in sur-

face albedo is related to changes in snow and sea ice cover,

but interestingly the surface albedo (ratio between reflected

and incoming surface shortwave radiation) also changes over

India in both models, likely due to changes in the ratio of

direct vs. diffuse solar radiation. The surface albedo change

further pushes the geographical distribution of warming to-

wards northern latitudes. The globally averaged temperature

effect of the surface albedo change is nevertheless small

(0.02 ± 0.01 K).

The annually averaged temperature response due to

changes in surface energy flux, SURF (Fig. 2g), is zero

over the continents as there is no net annual exchange of

heat between continental surface and the atmosphere regard-

less of climate state and nonzero mainly over ocean regions

where there are changes in sea ice cover. In climate runs

with fully coupled ocean models, instead of slab ocean mod-

els used here, the annually averaged oceanic surface terms

could be larger due to changes in oceanic circulation and

heat transport. Since we have run the modeled climates to

an equilibrium, the yearly averaged global SURF is zero

(0.00 ± 0.04 K); yet, it introduces a significant noise term in

the results. However, the oceanic SURF term plays an im-

portant role in the seasonal cycle of regional temperature re-

sponses, as we will discuss further when describing the sea-

sonality of modeled temperature responses.
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Figure 2. The geographical distributions of annually averaged surface air (2 m) temperature responses due to the removal of South and East

Asian aerosols (mean over ECHAM6.1 and NorESM1 climate models). Brackets show global average responses in kelvins and the model-to-

model correlation coefficient, respectively. (a) The total surface temperature response. (b–h) Contributions to the total surface temperature

response from shortwave clear-sky response (b), horizontal atmospheric heat transport (c), shortwave cloud response (d), longwave cloud

response (e), surface albedo change (f), longwave clear-sky response (g), and surface energy flux change (h). (b–h) Sum up to the response

seen in panel (a). Panel (i) shows the combined shortwave and longwave cloud response. Stippling shows regions where the results are

statistically significant at the p < 0.05 level for both models, and models also agree on the sign.

3.3 Model-to-model differences in regional
temperature responses

The parentheses in Figs. 1, 2, and 3 show the model-to-model

correlation coefficients for the geographical distributions of

changes in radiative forcings, temperature response terms,

and cloud cover due to the removal of South and East Asian

anthropogenic aerosols. The coefficients describe the geo-

graphical uniformity of responses for the ECHAM6.1 and

NorESM1 climate models using the same representation of

anthropogenic aerosols via the MACv2-SP aerosol scheme.

The strong correlation between modeled change in aerosol

direct radiative forcing �IRFd (cc = 0.96) translates into a

strong correlation between the modeled surface temperature

response due to SWclr (cc = 0.91). However, the strong cor-
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Figure 3. The geographical distributions of annually averaged

changes in total cloud cover due to the removal of South and

East Asian aerosols. (a) Cloud cover change averaged over both

ECHAM6.1 and NorESM1 climate models. Brackets show global

average responses in percentages and the model-to-model correla-

tion coefficient, respectively. Stippling shows regions where the re-

sults are statistically significant at the p < 0.05 level for both mod-

els, and models also agree on the sign. (b, c) Cloud cover change in

ECHAM6.1 and NorESM1, respectively. Brackets give global av-

erage responses in percentages. Stippling shows regions where the

results are statistically significant at the p < 0.05 level.

relation for the change in aerosol indirect radiative forcing

�IRFid(cc = 0.96) does not result in a strong correlation be-

tween the modeled SWcld (cc = 0.28). This is due to different

changes in modeled cloud fields and the high sensitivity of

SWcld to such changes. As discussed in the previous section,

the changes in cloud fields also lead to changes in LWcld.

In both models the change in LWcld (cc = 0.46) is particu-

larly pronounced over the Asian monsoon region, where the

cloud cover increases due to the omission of South and East

Asian anthropogenic aerosols. The total surface temperature

response due to clouds in the two models, SWcld + LWcld

(cc = 0.37), has a similarly low correlation as the change

in total cloud cover (cc = 0.37) between the two models.

The distribution of annual average surface temperature re-

sponses due to changes in atmospheric energy transport,

CONV (cc = 0.64), is modeled relatively robustly across the

models, given that CONV extends over both hemispheres.

The correlation between annual LWclr terms (cc = 0.52) is

modest, and differences in LWclr contribute to model dif-

ferences in the total temperature response particularly over

North Asia. The surface temperature responses to albedo

changes in the models, ALBEDO (cc = 0.23), have a rather

weak correlation, but much of the deviation in ALBEDO re-

sponses results from sporadic differences in modeled South-

ern Ocean sea ice.

The total surface temperature response �T (cc = 0.65)

due to removal of South and East Asian anthropogenic

aerosols using the MACv2-SP aerosol scheme has a weaker

correlation than the temperature response due to removal of

all anthropogenic MACv2-SP aerosols in the same models

(cc = 0.78) (Nordling et al., 2019). The total globally and

annually averaged surface temperature responses in the mod-

els due to the removal of South and East Asian anthropogenic

aerosols (0.22±0.03 K for ECHAM6.1 and 0.30±0.03 K for

NorESM1) also differ more than the corresponding values

for the complete removal of anthropogenic aerosols (0.48 ±
0.04 K for ECHAM6.1 and 0.50±0.06 K for NorESM1, with

error given here using a 95 % confidence interval). For the

removal of South and East Asian anthropogenic aerosols

modeled here, the largest contributors to the differences in

modeled globally and annually averaged surface tempera-

ture responses between the two models are the cloud terms

SWcld (0.03 ± 0.03 K for ECHAM6.1 and 0.07 ± 0.02 K for

NorESM1) and LWcld (0.01 ± 0.01 K for ECHAM6.1 and

0.05 ± 0.01 K for NorESM1).

3.4 Seasonal cycle of temperature responses across
Northern Hemisphere latitudes

The seasonal cycle of latitudinal temperature responses

is shown in Fig. 4a for ECHAM6.1 and in Fig. 4b for

NorESM1. The figures also highlight the latitudinal dislo-

cation of the change in aerosol radiative forcing and the re-

sulting temperature response. In both models the change in

radiative forcing peaks between 20–30◦ N, but the tempera-

ture responses are strongest over the high north.

The seasonality of the latitudinal surface temperature re-

sponses (star symbols in Fig. 4) is modest in both models

from low to mid-latitudes, with opposing changes in ener-

getic terms contributing to balancing cooling and warming

seasonal responses. Throughout the Northern Hemisphere

both shortwave and longwave clear-sky terms (SWclr and

LWclr shown with color bars) remain positive during all

seasons. Surface temperature changes due to cloud short-

wave responses (SWcld) are strongest during the summer,

being positive in the mid-latitudes but mostly negative else-

where. The cloud longwave term (LWcld) typically opposes

the SWcld responses, and particularly strongly over the 10–

20◦ N band due to opposing responses to changes in cloudi-

ness in the region. The change in the net oceanic surface
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Figure 4. Seasonal cycles of surface temperature responses averaged over the northern-hemispheric latitude bands for the ECHAM6.1 (a)
and NorESM1 (b) models. Color bars show the different contributions to seasonal mean temperature responses shown with the star symbols.

Different seasons are indicated with different hatchings over the color bars. The solid lines indicate the change in the annual average Asian

aerosol instantaneous radiative forcing (�IRF) for each model. The modest seasonality in radiative forcing is not shown for the sake of

clarity.

energy flux (SURF) amplifies the summer warming in 0–

20◦ N during the Asian monsoon, and overall the changes

in oceanic surface fluxes tend to regulate the modest sea-

sonality of temperature responses from low to mid-latitudes

and amplify the seasonality of the response in the Arctic. At-

mospheric energy transport and storage (CONV) also regu-

lates the modest seasonality of responses from low to mid-

latitudes together with SURF, although these terms tend to

oppose each other. The seasonal CONV terms grow from

mostly negative at low northern latitudes towards mostly pos-

itive at high northern latitudes, reflecting the increase in at-

mospheric energy transport towards the high north.

The differences in modeled latitudinal temperature re-

sponses become larger from 50◦ N northwards, where the di-

rect influence from the change in aerosol radiative forcing

diminishes. Between 50–70◦ N warming from the longwave

clear-sky term is stronger in NorESM1 than in ECHAM6.1,

and the negative shortwave cloud term also contributes to

lesser warming in ECHAM6.1.

In the Arctic, the surface temperature warming is large in

both models in the northern-hemispheric autumn and winter

and characterized by a near lack of negative energetic terms

and strong LWclr terms in both models. The models produce

mixed results for the Arctic spring, but both models show a

steep summer minimum in the overall surface temperature

response. The Arctic summer response is characterized by

the positive surface albedo (ALBEDO) and energy transport

effects (CONV) opposed by a strongly negative surface en-

ergy term (SURF) corresponding to oceanic heat uptake. In

Arctic summer, the shortwave cloud effects SWcld are more

negative in ECHAM6.1 than in NorESM1, with very mod-

est effects for the rest of the year. During other seasons, the

surface energy (SURF) term becomes positive as the ocean

releases the energy stored. Thus, in the Arctic, SURF ampli-

fies the seasonality of the temperature response.
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4 Conclusions and discussion

In this work, we have represented the modern-day anthro-

pogenic aerosols identically in two climate models with in-

dependent development histories and studied the equilibrium

climate responses to the removal of East and South Asian an-

thropogenic aerosols. This forcing gives rise to a positive sur-

face temperature response, the global mean of which is some-

what larger in NorESM1 (0.30±0.03 K) than in ECHAM6.1

(0.22±0.03 K). Both models robustly show that the warming

response spreads across both hemispheres and is particularly

strong in the Arctic.

The temperature decomposition method by Räisänen

(2017) provides a valuable tool for analyzing how the surface

temperature response to a regional forcing spreads to remote

regions. Over the polluted regions in South and East Asia, the

removal of anthropogenic aerosols leads to a strong surface

warming contribution from additional solar radiation reach-

ing the surface under clear-sky conditions. The local tem-

perature effects due to changes in clouds are however more

complex. While the removal of modeled aerosols in the ap-

plied MACv2-SP aerosol scheme (Stevens et al., 2017) only

affects the cloud shortwave properties via the first indirect

aerosol effect, the cloud responses manifest themselves both

in shortwave and longwave channels, with changes in cloud

amount having opposite shortwave and longwave effects on

surface temperatures.

The driver of the wide geographical spreading of the tem-

perature response appears to be the strong tendency of atmo-

spheric heat transport to regulate surface warming over the

region of diminished aerosol forcing while simultaneously

enhancing the warming in remote locations. Also, changes

in the clear-sky longwave responses associated at least in

part with increased water vapor further amplify the surface

temperature warming over the Northern Hemisphere. In both

models the seasonality of the latitudinal surface temperature

responses is modest in northern low and mid-latitudes but

strong over the Arctic.

The mechanisms driving the strongly seasonal Arctic re-

sponse resemble those for the CMIP5 ensemble for CO2 dou-

bling (Räisänen, 2017) and historical transient simulations

(Pithan and Mauritsen, 2014). They involve the ice–albedo

feedback, where additional sea ice melt during spring and

summer leads to increased absorption of solar radiation by

the larger open water area in the Arctic Ocean during sum-

mer and autumn. During the summer the Arctic Ocean is

thermalized close to the freezing temperature and the trapped

solar radiation is stored as heat within the ocean (e.g., Hol-

land and Bitz, 2003; Screen and Simmonds, 2010). This heat

is then released during autumn and winter, elevating the at-

mospheric sub-zero temperatures. However, it is the long-

wave clear-sky response that contributes most to the season-

ality and the overall Arctic warming, supporting the strong

role of temperature feedbacks in the Arctic warming (Pithan

and Mauritsen, 2014) also in cases of South and East Asian

anthropogenic aerosol removal. Further, it is notable that in

this study a strong Arctic surface temperature response takes

place despite the lack of modeled changes in oceanic heat

transport, which have been previously shown to dominate the

increase in heat transport towards the Arctic due to reduc-

tions in European anthropogenic aerosol emissions (Acosta-

Navarro et al., 2016).

The temperature decomposition method also allows an

analysis of the similarities and differences between the re-

sponse in ECHAM6.1 and NorESM1. It was found that the

larger global annual mean warming in NorESM1 than in

ECHAM6.1 (0.30±0.03 K vs. 0.22±0.03 K) is primarily as-

sociated with the shortwave cloud response (0.07 ± 0.02 K

for NorESM1 and 0.03 ± 0.03 K for ECHAM6.1) and the

longwave cloud response (0.05 ± 0.01 K for NorESM1 and

0.01 ± 0.01 K for ECHAM6.1). Furthermore, there are sig-

nificant differences in the geographic patterns of cloud cover

responses, which lead to equally significant local/regional

differences in the combined shortwave and longwave cloud

surface temperature responses. Overall, these differences

notwithstanding, it is however encouraging that the ge-

ographical distribution of remote surface temperature re-

sponse is robust in the two independent climate models,

when run with identical anthropogenic aerosol descriptions.

Not just the distribution of total surface temperature response

is similar in the models but also the distributions of different

energy flux drivers, which together constitute the obtained

temperature responses, are mostly similar.

The effective radiative forcing (ERF) due to adding
MACv2-SP aerosols was shown to be −0.50 Wm−2 for

ECHAM6.3 and −0.65 Wm−2 for NorESM1 by Fiedler et

al. (2019). As such, the total ERF for all anthropogenic

aerosols computed using the MACv2-SP scheme is in

the low-end range of typical ERFs (between −0.29 and

−1.44 Wm−2) obtained for CMIP5 models with model-

intrinsic aerosol schemes (Shindell et al., 2015) and closely

matches the recent estimate of −0.55 Wm−2 for the 1750–

2015 change in global aerosol ERF by Lund et al. (2019).

The global annual temperature response for adding MACv2-

SP aerosols was shown to be −0.48 K for ECHAM6.1 and

−0.50 K for NorESM1, being in the low end of equilibrium

temperature responses (−0.5 to −1.1 K) for adding model-

intrinsic anthropogenic aerosols in four contemporary cli-

mate models (Samset et al., 2018). Therefore, the annual av-

erage temperature response of 0.26 ± 0.04 K obtained here

can be considered to be a conservative estimate for the re-

moval of South and East Asian anthropogenic aerosols.

To contextualize the effects of strong Asian aerosol pol-

lution mitigation scenarios on the changes in global sur-

face temperatures, we note that global temperatures have in-

creased by an average of 0.18 ◦C per decade during 1980–

2019 (NOAA global climate report 2019). Lund et al. (2019)

showed that under the Socioeconomic Shared Pathway 1-

1.9, the strong air pollution mitigation scenarios tied with

CO2 mitigation policies lead to a 55 % drop in combined an-
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thropogenic aerosol emissions from South and East Asian

regions already by 2030. Our models predict an annually av-

eraged global warming of 0.26±0.04 ◦C if the South and East

Asian anthropogenic aerosols are removed totally. Assuming

a linear relationship between aerosol emission reductions and

temperature effects and a relatively fast transient climate re-

sponse for the aerosols, the Asian emissions reductions can

add another 7.9 (6.7–9.2) years’ worth of current-day global

warming on top of greenhouse-gas-related warming during

the next few decades, thus significantly pushing back the

near-decadal effects of strong CO2 mitigation policies under

Socioeconomic Shared Pathway 1-1.9.
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Appendix A

Figure A1. The change in the mean instantaneous radiative forcings for runs without and with SE Asian aerosols shown for the individual

models (a, c, e, ECHAM6.1; b, d, f, NorESM1).

Table A1. Upper rows for each model and model mean: yearly global-mean values in kelvins, with errors on the means given with a 95 %

confidence interval. Error on the model mean is given as a pooled sample standard error on the mean. Values in brackets show the standard

deviations in yearly mean values (pooled standard deviations for model mean). The bottom row: spatial correlation between NorESM1 and

ECHAM6.1.

�T LWclr SWclr LWcld SWcld ALBEDO CONV SURF LWcld + SWcld

ECHAM6.1 0.22 ± 0.03 0.09 ± 0.01 0.08 ± 0.00 0.01 ± 0.01 0.03 ± 0.03 0.01 ± 0.01 −0.00 ± 0.01 0.01 ± 0.03 0.04 ± 0.03

(0.12876) (0.05751) (0.01674) (0.03961) (0.12634) (0.03652) (0.03005) (0.09962) (0.01169)

NorESM1 0.30 ± 0.03 0.08 ± 0.02 0.09 ± 0.00 0.05 ± 0.01 0.07 ± 0.02 0.03 ± 0.01 −0.01 ± 0.01 0.00 ± 0.03 0.12 ± 0.02

(0.11558) (0.08762) (0.01489) (0.04337) (0.09526) (0.02346) (0.05439) (0.09717) (0.07647)

Model mean 0.26 ± 0.04 0.08 ± 0.03 0.08 ± 0.01 0.03 ± 0.02 0.05 ± 0.04 0.02 ± 0.01 −0.01 ± 0.02 0.00 ± 0.04 0.08 ± 0.04

(0.12235) (0.07411) (0.01584) (0.04153) (0.11188) (0.03069) (0.04394) (0.09840) (0.09879)

Correlation 0.651 0.519 0.918 0.461 0.279 0.226 0.642 −0.031 0.372
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Figure A2. The geographical distributions of annually averaged surface air (2 m) temperature responses due to the removal of South and

East Asian aerosols for ECHAM6.1. Brackets show global averages. (a) The total surface response. (b–h) Contributions to the total surface

temperature response from shortwave clear-sky response (b), horizontal atmospheric heat transport (c), shortwave cloud response (d), long-

wave cloud response (e), surface albedo change (f), longwave clear-sky response (g), and surface energy flux change (h). (b–h) Sum up to

the response seen in panel (a). Panel (i) shows the combined shortwave and longwave cloud response.

https://doi.org/10.5194/acp-21-5865-2021 Atmos. Chem. Phys., 21, 5865–5881, 2021
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Figure A3. As Fig. A2 but for the NorESM1 model.
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