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After atmospheric transport, emissions 
changes are often linked to climate impacts 
through a calculation of radiative forcing. 
However, imperfect knowledge of processes 
such as aerosol–cloud interactions4, 
rapid adjustments14 and aerosol optical 
and microphysical properties15 precludes 

precise quantification of Asian aerosol-
induced radiative forcing. As an estimate, 
however, we show a calculation of the 
seasonally resolved radiative forcing for 
the two aerosol species, averaged over 
India and China (Fig. 1c), resulting from 
the emissions changes in the three SSPs. 

The estimates are derived by combining 
the simulations in Fig. 1b with a radiative 
kernel16, with averaged forcing scaled to the 
multi-model mean derived in the model 
intercomparison project AeroCom Phase 
II (ref. 17). We scaled the black-carbon 
forcing down by 10% to account for rapid 
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Fig. 1 | Aerosol changes in South and East Asia. Recent and expected emissions changes lead to striking patterns of change in aerosol loading and radiative 
forcing over South and East Asia. a, Recent AOD changes observed by the Moderate Resolution Imaging Spectroradiometer (MODIS) Terra since 2010.  
b, The SSPs project continued changes, shown here for black carbon and SO4, depending on the assumptions made about regional air-quality policies. SSP1 
(left), SSP2 (centre) and SSP3 (right) assume strong, medium and weak air-quality policies, respectively. c, These changes will lead to: (1) a net regional 
aerosol radiative forcing (blue circles) that is seasonally dependent; and (2) balance between reduced warming from absorbing black carbon (red) and 
reduced cooling from SO4 (blue) from direct scattering and modification of clouds. JJA, June to August; SON, September to November; DJF, December to 
February; MAM, March to May. d, Aerosol emissions are integrally linked to society through transport, industry, health and other factors, and changes to  
the circle of causes and effects may alter the risks of a range of climate-related impacts.
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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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• Aerosol is key in the pattern and magnitude of historical forcing, and large, rapid changes are 
expected in the near future

• Uncertainty in forcing compounded by uncertainty in the dynamical response at regional scales

•Perform a set of experiments across a number of models that better enable us to 
assess the potential contribution of aerosols to near-future climate change, to 
describe the robust features of the response to regional aerosol changes, and to 
identify where the key uncertainties lie. 
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decrease of SO2 emissions from China (Lu et al. 2011;
Zheng et al. 2018).
Given the existing links between aerosol emissions

and past changes in African rainfall, it is important to
understand the potential African impact of future an-
thropogenic aerosol changes. Figure 1 shows the range
of future SO2 emissions sampled within the shared so-
cioeconomic pathways (SSPs) outlined in Riahi et al.
(2017). These project a broad range of potential emis-
sion pathways, ranging from little global change from
present day to large reductions, approaching 90% re-
ductions in the short 40-yr time horizon relevant for
African climate projections (representing an emission
uncertainty of almost 100Mt SO2 yr

21 by 2050). How-
ever, existing CMIP5 generation climate model pro-
jections do not explore this wider range of potential
aerosol scenarios. Reflective of their remit to explore
end-of-century climate changes, they all follow very
similar assumptions that air quality measures will be
adopted universally and aggressively (Van Vuuren et al.
2011). These CMIP5 simulations, and a number of more
idealized aerosol emission removal experiments, do
provide useful indications of the potential impact on
West African rainfall. Under scenarios of future aerosol
decreases (as represented in CMIP5’s RCP scenar-
ios), these changes act to shift tropical precipitation

northward in response to more rapid warming in the
Northern Hemisphere, via similar mechanisms to those
outlined above for historical changes (Rotstayn et al. 2015;
Allen 2015). Similarly, idealized experiments designed to
explore the impact of removal of North American SO2

emissions (Westervelt et al. 2017) or removal of awider set
of regional aerosol precursor emissions, including
from North America and Europe (Westervelt et al.
2018), show that removal of these aerosols leads to a
northward ITCZ shift and moistening over the Sahel via a
similar mechanism. What we do not currently have are
climate-model-based climate projections that span the
range of near-term aerosol changes. Such experiments
would be needed to inform the time scale and emergence
of rainfall impacts that could result from different near-
term aerosol emission pathways.
Unlike for West Africa, there is no existing literature

exploring the impact of future aerosol changes on East
African rains, either from preexisting CMIP5-era sim-
ulations or idealized experiments. The East African
rainfall impacts from future aerosol emission pathways
presented here is new.
Here we set out to assess the potential impact of fu-

ture aerosol reductions (or lack of) on African rainfall,
focusing on East and West Africa as two particularly
vulnerable and climatically distinct regions:

FIG. 1. (left)Global spread of SO2 emissions for all shared socioeconomic pathway (SSP) scenarios and integrated
assessment models (IAMs) (colored bands represent different RF ranges). The dashed lines represent RCP2.6, RCP4.5,
RCP6.0, and RCP8.5 from the existing CMIP5 experiments. The solid light green line (CLE) and orange line (MTFR)
represent SO2 emissions for current day legalization and maximum feasible reductions, respectively, for RCP GHG
concentrations. (top right) Asian and (bottom right) OECD spread of SO2 emissions for all SSPs and IAMs.
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series in CLE vary slowly during 2016–2049, with
positive trends in the intensity of temperature
extremes with a magnitude of around 0.02 °C yr−1,
positive trends of 0.2 d yr−1 and 0.14 d yr−1 for SU and
TR, and negative trends of about 0.13 d yr−1 for ID
and FD, which are slightly smaller or comparable to
those in HIS during PD period except TXn (figures 1
and S6(a), (b)). In MTFRmagnitudes of the trends are
2–5 times as large as those in the HIS and CLE
experiments (figures 1 and S6(a)–(b)), indicating a
large sensitivity of trends in temperature extremes to
AA pathway. Quantitatively, the area-averaged
changes of intensity in temperature extremes between

the near-term future and PD are around 1.2 °C for
CLE and 2.0 °C for MTFR, respectively (figures 3(a)).
The frequencies of SU and TR increase by 10 (16) days
and 7 (14) days for CLE (MTFR), while ID and FD
decrease by roughly 8 (14) days for CLE (MTFR),
relative to the PD values (figure 3(b)). The uncertainty
is represented by 5%–95% confidence intervals in
figure 3. For Europe, the changes in temperature
extremes in CLE and MTFR are generally similar to
those in China in the near-term future relative to PD
(figures 2 and S6(c)–(d)), but with the larger area-
averaged changes, except for TNx and TR
(figures 3(c), (d)).

Figure 1.Time series of anomalies in annual hot extremes (TXx, TNx, SU andTR; left panels) and cold extremes (TXn, TNn, ID and
FD; right panels) relative to climatology (mean of the PDperiod 1995–2014) over China in the historical (HIS; black lines), CLE (blue
lines) andMTFR (red lines) experiments. The numbers indicate the liner trends of temperature extreme indices for the historical
(black), CLE (blue) andMTFR (red) experiments. The red and blue shading represents two standard deviations of CLE andMTFR
simulations, respectively. Units in TXx, TNx, TXn andTNn are °C.Units in SU, TR, ID and FD are days.
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• ECLIPSE:
• Pathways span uncertainty in future 

emissions
• Link uncertainty in global emissions to 

uncertainty regional responses

Scannell et al. (2019) Luo et al. (2020)
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Figure 2. Regionally averaged burdens of BC and sulfate aerosols from 1900 to 2100 using CEDS historical emissions and SSP1-1.9,
SSP2-4.5 and SSP3-7.0.

emission is clearly reflected, where the largest aerosols load-
ings were located over North America, Europe and Russia in
the 1970s and 1980s but later peaked over Asia. In the com-
ing decades, South and East Asia will continue to experience
the highest aerosol loadings under SSP2-4.5 and SSP3-7.0.
Towards the end of the century North Africa and the Mid-
dle East are projected to experience levels similar to those in
South and East Asia. Africa south of the Sahara is presently
the third largest BC emission source region (Fig. S2). Under
SSP3-7.0, anthropogenic (fossil and biofuel) emissions are
projected to increase strongly over the century and the region
surpasses East Asia as the largest source in 2100, although
levels stay below current emission levels in China. Figure 2
shows that a slightly decreasing BC burden is projected over
the region in all three SSPs. In this case, the increase in fos-
sil fuel emissions is offset by a decrease in biomass burning
emissions, which constitute a significant fraction of the total
BC source here. Despite lower emissions in the latter region,
BC burdens in SAF and NAF_MDE are of the same order
of magnitude. One reason for this is likely differing scaveng-
ing pathways, where aerosols are more effectively removed
and the atmospheric residence time is shorter, further south.
Moreover, we note that the regionally averaged burden does
not directly link to regional emissions, as they are also influ-
enced by long-range transport. Using multimodel data from
the Hemispheric Transport of Air Pollution (HTAP2) experi-
ments, studies have demonstrated that while for most recep-

tor regions within-region emissions dominate, there are the
important contribution from long-range transport from, for
example, Asia to aerosols over North America, the Middle
East and Russia (e.g., Liang et al., 2018; Stjern et al., 2016;
Tan et al., 2018). Hence, the projected emission changes in
this region can have far-reaching impacts.

The radiative forcing of anthropogenic aerosols relative to
1750 is shown for the period 1950 to 2100 in Fig. 3, for
RFari, RFaci, and the total aerosol RF (RFtotal), separately.
Results from the present study are complemented by results
based on simulations from Lund et al. (2018) (see Methods)
for the historical period. We calculate a net aerosol-induced
RF in 2015, relative to 1750, of �0.55 W m�2, whereof
�0.13 W m�2 is due to aerosol–radiation interactions, as also
shown in Lund et al. (2018), and �0.42 W m�2 is due to
aerosol–cloud interactions. Due to the rapid emission reduc-
tions projected over the next couple of decades, the RF is less
than half in magnitude compared to its present-day value in
SSP1-1.9 already by 2030, continuing to weaken at a slower
rate after. In 2100 (relative to 1750), the RFtotal is �0.04
in SSP1-1.9 and �0.20 W m�2 in SSP2-4.5. With emissions
following SSP3-7.0, the temporal evolution of RF is nearly
flat through the 21st century and is �0.51 W m�2 in 2100,
only 8 % lower in magnitude than in 2015. Even with weak
air pollution control (SSP3-7.0) end-of-the-century emis-
sions are slightly lower than the present-day level. Hence,
looking only at the period 2015–2100, we estimate a positive

www.atmos-chem-phys.net/19/13827/2019/ Atmos. Chem. Phys., 19, 13827–13839, 2019

Lund et al., 2019

• Future emission uncertainty is particularly large over Asia,  Africa, and the Middle East

• How important is this for patterns and rates of change? 
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Wilcox et al., in prep for GMD

• Coupled transient simulations (January 2015 to February 2051)
• At least 10 members per experiment, continuing from historical simulation

• SSP3-7.0 baseline
• Regional perturbations based on SSP1-2.6 

Tier 0 (≤370 years)
• SSP3-7.0

Tier 1 (~1500 years)
• Global
• Africa and the Middle East
• East Asia
• South Asia

Tier 2 (~1000 years)
• South+East Asia
• Sub-Saharan Africa carbonaceous 
• South Asia carbonaceous

Participating models (so far):
CESM2, EC-Earth3, GFDL-CM4, GISS-E2-1, MIROC6, NorESM2, UKESM1
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• Perform a set of experiments across a number of models that better enable us to 
assess the potential contribution of aerosols to near-future climate change, to 
describe the robust features of the response to regional aerosol changes, and to 
identify where the key uncertainties lie. 
• Consistent treatment of aerosol emissions 
• More realistic aerosol perturbations, with straightforward parallels to SSPs and air quality 
• Emission regions with a future focus 

• Poor signal?  
• We know it works for global aerosol perturbations, e.g. Rotstayn et al., 2013; Acosta 

Navarro et al., 2017; Scannell et al., 2019; Allen et al., 2020, 2021; Luo et al., 2020; Im et 
al., 2021; Zhang et al., 2021; … 

• We have seen significant responses to regional changes in transient experiments, e.g. 
Undorf et al., 2018; Wilcox et al., 2019; Chen et al., 2019; … 

• At least 10 ensemble members per simulation 
• Encouraging results from RFMIP-style test simulations 

• What’s new here vs. AerChemMIP and PDRMIP?  
• Information about the pattern, and the timescale of the response 
• Regional changes simplify dialogue for mitigation and adaptation 
• Potential to explore nonlinearities
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• Interested in contributing simulations? 
• Want to make sure we archive your favourite variables?  

➡ Email l.j.wilcox@reading.ac.uk

See EGU22-5540 additional materials for details of 
experiment design and the RAMIP data request

mailto:l.j.wilcox@reading.ac.uk

