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on the official agenda of the 27th United 
Nations climate conference (COP27) in 
Sharm-El-Shaikh, Egypt. This neglect must end. 

Critical gap
Aerosols are hugely important to the climate, 
globally and regionally. The details are compli-
cated. Some aerosols warm the atmosphere, 
others cool it, depending on their type, height 
above ground and impact on clouds. But, over-
all, vast emissions of aerosols since the start of 
the industrial age have had a profound cooling 
effect by reflecting sunlight. Without them, 
the global warming we see today would be 
30–50% greater.

Historically, aerosols have had dramatic 
regional impacts. They were the main reason 
temperatures in Europe didn’t warm between 
the 1950s and 1980s2. They drove a decline in 
the South Asian monsoon during the sec-
ond half of the last century3. And they were 
a major driver of the late-twentieth-century 
Sahel drought4, which triggered a famine that 
killed 100,000 people.

Globally, aerosols are a more powerful 
player in climate extremes than are green-
house gases. Warm the world by removing 
aerosol emissions and this will create more 
extremely hot days, more extreme precipita-
tion events, and more consecutive dry days 
over highly populated regions, than if the 
world was warmed by the same amount by 
adding greenhouse gases5.

Despite all this, regional estimates of risk 
from climate change often omit aerosol 
impacts. Most evaluations of near-term cli-
mate risk used by policymakers either ignore 
aerosols or reduce their effects to a globally 
averaged offset to warming by greenhouse 
gases. This probably strongly under estimates 
risks to communities both near and far from 
sources of aerosols.

As experts in aerosol–climate interaction, 
climate impacts and scenario development 
from many nations, we call for estimates of 
climate risk to include regional aerosol pro-
jections. Policymakers and stakeholders must 
recognize that their assessments of near-term 
risk are probably missing a critical component. 
In the longer term, we need to ensure that any 
forecasting tools used are ‘aerosol aware’. 

Stakeholders potentially face a range of 
nasty surprises if they continue to be solely 
focused on risks driven by greenhouse gases.

Deep impact
When it comes to climate risk, aerosols are 
wickedly more complicated than are green-
house gases.

Aerosols last for days to weeks. Their effects 
show up and change much more quickly than 
do those of greenhouse gases, which last for 
decades to centuries. Aerosols, unlike green-
house gases, tend to stay near where they’re 
emitted, concentrating impacts over heavily 
populated, industrial regions. Farther away, 
aerosols are felt through their effects on 
atmospheric circulation, with patterns that 
can differ markedly from those of greenhouse 
gases and that don’t always add up linearly6. 

The impacts of aerosols can be very differ-
ent depending on their source. Over Western 
Europe, for example, they might cool the 
planet by anywhere from 3 to 14 times more 
than might the same quantity and type emitted 
from India7,8.

From the 1850s onwards, global aerosol 
emissions skyrocketed in lockstep with indus-
trialization. In the 1970s and 1980s, concerns 
about the public-health impacts of air pollu-
tion led to landmark policy measures, which 
mainly brought down aerosol emissions in 
Europe and the United States. A similar turn-
around is now playing out in China. But in 
South Asia, for example, sulfate emissions 
are still climbing. And aerosols in many low- 
and middle-income countries, including most 
of Africa and southeast Asia, are projected to 
increase with industrialization. 

The future of aerosol emissions is 
highly uncertain, because it depends on 
difficult-to-predict trends in technology and 
policy. Black-carbon emissions, for example, 
could be 20% higher than those today by 2050, 
or they could plummet to nearly zero (see 
‘Drastic uncertainty’).

Evolving aerosol emissions will be a major 
driver of climate change throughout the 
coming, critical decades of mitigation and 
adaptation. They need to be accounted for.

Blind spot
Climate researchers have made great strides 
in understanding how aerosols affect the 
weather, and in quantifying these impacts 
and integrating this into Earth system models. 
There are still knowledge gaps, particularly 
around clouds, and it is important that these 
be plugged. But, overall, these complex global 
models represent aerosols’ impacts fairly well, 
which is how we know of their outsized influ-
ence on the climate so far. These global Earth 
system models produce a comprehensive view 
of future climate change, including that due to 
changes in regional aerosol emissions.

But when policymakers turn to consultancy 
companies, non-governmental organizations 
(NGOs) or even reports from the Intergovern-
mental Panel on Climate Change (IPCC), seek-
ing assessments of climate-change risk, the 
impact of aerosols is often lost along the way.

Regional-to-local assessments of climate 
risk often use versions of complex Earth-
system-model projections that have had 
their spatial resolution increased using 
higher-resolution regional climate models or 
statistical algorithms. The results can then be 
fed into a model of a region’s water supply, or 
used to design a resilience plan for one city. But 
most regional climate models do not include 
aerosol processes. And statistical algorithms 
assume that historical relationships will per-
sist into the future, even though, for many 
regions, aerosol emissions and impacts are 
changing rapidly.

DRASTIC UNCERTAINTY
Black carbon and sulfur dioxide, the two key aerosol 
types, have implications for climate change that could 
alter in wildly di!erent ways up to 2050 and beyond. 

*Shared Socioeconomic Pathways (SSP) future emission scenarios from 2015, 
involving various mitigation policy measures, are fed into Earth system models 
to produce climate projections.
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and middle-income countries, including most 
of Africa and southeast Asia, are projected to 
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highly uncertain, because it depends on 
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could be 20% higher than those today by 2050, 
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‘Drastic uncertainty’).

Evolving aerosol emissions will be a major 
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coming, critical decades of mitigation and 
adaptation. They need to be accounted for.
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and integrating this into Earth system models. 
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around clouds, and it is important that these 
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models represent aerosols’ impacts fairly well, 
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statistical algorithms. The results can then be 
fed into a model of a region’s water supply, or 
used to design a resilience plan for one city. But 
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assume that historical relationships will per-
sist into the future, even though, for many 
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changing rapidly.
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tion events, and more consecutive dry days 
over highly populated regions, than if the 
world was warmed by the same amount by 
adding greenhouse gases5.

Despite all this, regional estimates of risk 
from climate change often omit aerosol 
impacts. Most evaluations of near-term cli-
mate risk used by policymakers either ignore 
aerosols or reduce their effects to a globally 
averaged offset to warming by greenhouse 
gases. This probably strongly under estimates 
risks to communities both near and far from 
sources of aerosols.

As experts in aerosol–climate interaction, 
climate impacts and scenario development 
from many nations, we call for estimates of 
climate risk to include regional aerosol pro-
jections. Policymakers and stakeholders must 
recognize that their assessments of near-term 
risk are probably missing a critical component. 
In the longer term, we need to ensure that any 
forecasting tools used are ‘aerosol aware’. 

Stakeholders potentially face a range of 
nasty surprises if they continue to be solely 
focused on risks driven by greenhouse gases.

Deep impact
When it comes to climate risk, aerosols are 
wickedly more complicated than are green-
house gases.

Aerosols last for days to weeks. Their effects 
show up and change much more quickly than 
do those of greenhouse gases, which last for 
decades to centuries. Aerosols, unlike green-
house gases, tend to stay near where they’re 
emitted, concentrating impacts over heavily 
populated, industrial regions. Farther away, 
aerosols are felt through their effects on 
atmospheric circulation, with patterns that 
can differ markedly from those of greenhouse 
gases and that don’t always add up linearly6. 

The impacts of aerosols can be very differ-
ent depending on their source. Over Western 
Europe, for example, they might cool the 
planet by anywhere from 3 to 14 times more 
than might the same quantity and type emitted 
from India7,8.

From the 1850s onwards, global aerosol 
emissions skyrocketed in lockstep with indus-
trialization. In the 1970s and 1980s, concerns 
about the public-health impacts of air pollu-
tion led to landmark policy measures, which 
mainly brought down aerosol emissions in 
Europe and the United States. A similar turn-
around is now playing out in China. But in 
South Asia, for example, sulfate emissions 
are still climbing. And aerosols in many low- 
and middle-income countries, including most 
of Africa and southeast Asia, are projected to 
increase with industrialization. 

The future of aerosol emissions is 
highly uncertain, because it depends on 
difficult-to-predict trends in technology and 
policy. Black-carbon emissions, for example, 
could be 20% higher than those today by 2050, 
or they could plummet to nearly zero (see 
‘Drastic uncertainty’).

Evolving aerosol emissions will be a major 
driver of climate change throughout the 
coming, critical decades of mitigation and 
adaptation. They need to be accounted for.

Blind spot
Climate researchers have made great strides 
in understanding how aerosols affect the 
weather, and in quantifying these impacts 
and integrating this into Earth system models. 
There are still knowledge gaps, particularly 
around clouds, and it is important that these 
be plugged. But, overall, these complex global 
models represent aerosols’ impacts fairly well, 
which is how we know of their outsized influ-
ence on the climate so far. These global Earth 
system models produce a comprehensive view 
of future climate change, including that due to 
changes in regional aerosol emissions.

But when policymakers turn to consultancy 
companies, non-governmental organizations 
(NGOs) or even reports from the Intergovern-
mental Panel on Climate Change (IPCC), seek-
ing assessments of climate-change risk, the 
impact of aerosols is often lost along the way.

Regional-to-local assessments of climate 
risk often use versions of complex Earth-
system-model projections that have had 
their spatial resolution increased using 
higher-resolution regional climate models or 
statistical algorithms. The results can then be 
fed into a model of a region’s water supply, or 
used to design a resilience plan for one city. But 
most regional climate models do not include 
aerosol processes. And statistical algorithms 
assume that historical relationships will per-
sist into the future, even though, for many 
regions, aerosol emissions and impacts are 
changing rapidly.

DRASTIC UNCERTAINTY
Black carbon and sulfur dioxide, the two key aerosol 
types, have implications for climate change that could 
alter in wildly di!erent ways up to 2050 and beyond. 

*Shared Socioeconomic Pathways (SSP) future emission scenarios from 2015, 
involving various mitigation policy measures, are fed into Earth system models 
to produce climate projections.
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ing assessments of climate-change risk, the 
impact of aerosols is often lost along the way.

Regional-to-local assessments of climate 
risk often use versions of complex Earth-
system-model projections that have had 
their spatial resolution increased using 
higher-resolution regional climate models or 
statistical algorithms. The results can then be 
fed into a model of a region’s water supply, or 
used to design a resilience plan for one city. But 
most regional climate models do not include 
aerosol processes. And statistical algorithms 
assume that historical relationships will per-
sist into the future, even though, for many 
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The effect of aerosol changes is an important but 
uncertain contributor to anthropogenic climate change

Aerosol changes are the main driver of key regional 
trends, such as observed monsoon changes

Large, rapid, changes in aerosol are plausible over the 
coming three decades. Changes on these timescales 
may be comparable to the change from 1850 to 2000

NH monsoon

A
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Focus on regions with large emission uncertainty:  East Asia, South Asia, and Africa and the 
Middle East  

Regional Aerosol MIP
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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
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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.
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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.
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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
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experiments using 2050 emissions
• At least 10 members per transient experiment, continuing from historical simulation
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Figure 2. RAMIP focus regions and projected emissions of black carbon (BC) and the sulfate aerosol precursor gas sulfur dioxide (SO2).

The first row shows the regions where East Asian (EAS), South Asian (SAS), and African and Middle Eastern (AFR) emissions will be

perturbed, and 2015 aerosol optical depth at 550nm from MODIS (combined Dark Target and Deep Blue) (Platnick, 2015), and timeseries of

total global BC and SO2 emission rates from SSP3-7.0 (red) and SSP1-2.6 (navy), and the difference between them (grey). The second row

shows BC emission rates for the four regions, and the third row shows SO2 emission rates. Africa and the Middle East is the region bounded

by 20�W, 60�E, 35�S, and 35�N; East Asia is the region bounded by 95 and 133�E and 20 and 53�N; North America and Europe are the

regions bounded by 20�W, 45�E, 35�N, and 70�N, and 150�W, 45�W, 25�N and 70�N; and South Asia is the region bounded by 65 and

95�E and 5 and 35�N.

increases in SSP2-4.5 and SSP5-8.5. Idealised simulations have shown that the Asian climate response to aerosol changes is

strongly nonlinear due to interacting atmospheric circulation responses to emission changes in neighbouring regions (Herbert

et al., 2021), and there is also a suggestion of such nonlinearities in the CMIP6 ensemble (Wilcox et al., 2020). There is similar

potential for nonlinearities in the response to African emission changes, where northern emission changes are dominated by

SO2 and southern emission changes are dominated by BC. Dedicated experiments, which will be included in RAMIP, are175

required to explore such nonlinearities fully.

2.1 Transient simulations

RAMIP includes two sets of coupled transient experiments that will be used to explore the responses to regional anthropogenic

aerosol changes (Tier 1), and the sensitivities of these responses to emission location and aerosol type (Tier 2). RAMIP tran-

sient simulations will be initialised from the end of the CMIP6 historical simulations (Eyring et al., 2016). They will use180

the ScenarioMIP SSP3-7.0 simulation as a reference, as aerosol and precursor emissions continue to rise steadily in this sce-

nario, both globally and in all the focus emission regions expect North America and Europe (Figure 2). In common with most
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Linear trend: 2015-2044
Hatching when 4/5 models agree
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Strong aerosol emissions mitigation 
leads to ~0.5K global warming
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17Strong aerosol emissions mitigation leads to ~0.5 °C of global warming by mid-century.

RAMIP: Surface temperature change from all anthrop. aerosols
ALL = ssp370-126aer – ssp370 Annual means, 2025-2044

CESM2 NorESM2-LM MRI-ESM2-0
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Linear trend: 2015-2044
Hatching when 4/5 models agree

Smaller responses reflect smaller 
forcing and reduced model 
agreement, but still see robust 
responses

Strong contribution from 
local emission changes to East 
Asian Summer Monsoon trends

Robust response to East Asian aerosol reductions 
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RAMIP can help us to understand nonlinearities in the 
response to regional emission changes 

Regional experiments capture 
most of the global emission 
difference, but only 50-70% of 
the total ERF

Large model differences in 
the contribution to the 
global mean temperature 
response from regional emission 
changes

20

RAMIP: How much response comes from the key emission regions? 
ERF            and                                    surface temperature change
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RAMIP can help us to understand nonlinearities in the 
response to regional emission changes 

Globe
Africa and Middle East
East Asia
North America Europe
South Asia
Linear sum

NorESM2-LM

Surface shortwave anomalies 
combine fairly linearly

Temperature response is not 
a linear combination

Drivers and degree of 
linearity are strongly model 
dependent

Response to aerosol, 2035-2050
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RAMIP can help us to understand nonlinearities in the 
response to regional emission changes 

NorESM2-LM

CESM2 Surface shortwave anomalies 
combine fairly linearly

Temperature response is not 
a linear combination

Drivers and degree of 
linearity are strongly model 
dependent

Globe
Africa and Middle East
East Asia
North America Europe
South Asia
Linear sum

Response to aerosol, 2035-2050
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ALL = ssp370-126aer - ssp370, JJA mean, 
2025-2044
NorESM, 10 ensemble members

Examples from 3 ensemble members, shown as 
the deviation from the 10-member mean

Wilcox et al. (in prep.)
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RAMIP requires 10 ensemble members
Here’s an example of why:

Surface temperature change, JJA, 20y (2025-2044)
ALL: ssp370-126aer – ssp370 
NorESM, 10 ensemble members

Examples of 3 ensemble members, 
deviation from 10-member mean
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3 members are not sufficient to identify the forced response to aerosol changes at regional 
scales

RAMIP requires at least 10 members per transient experiment, as a balance between 
information gained and computational cost
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RAMIP
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•We 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
• Realistic aerosol perturbations, with straightforward 

parallels to SSPs and air quality
• Emission regions with a future focus

•Expect Tier 1 to be completed by all participating 
models by mid 2024

•CMORized data publicly available via CEDA by 
January 2025
• Contact ramip@ncas.ac.uk for early access to data 

Timeline



RAMIP description paper and variable request
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https://gmd.copernicus.org/articles/16/4451/2023/

Figure 2. RAMIP focus regions and projected emissions of black carbon (BC) and the sulfate aerosol precursor gas sulfur dioxide (SO2).

The first row shows the regions where East Asian (EAS), South Asian (SAS), and African and Middle Eastern (AFR) emissions will be

perturbed, and 2015 aerosol optical depth at 550nm from MODIS (combined Dark Target and Deep Blue) (Platnick, 2015), and timeseries of

total global BC and SO2 emission rates from SSP3-7.0 (red) and SSP1-2.6 (navy), and the difference between them (grey). The second row

shows BC emission rates for the four regions, and the third row shows SO2 emission rates. Africa and the Middle East is the region bounded

by 20�W, 60�E, 35�S, and 35�N; East Asia is the region bounded by 95 and 133�E and 20 and 53�N; North America and Europe are the

regions bounded by 20�W, 45�E, 35�N, and 70�N, and 150�W, 45�W, 25�N and 70�N; and South Asia is the region bounded by 65 and

95�E and 5 and 35�N.

increases in SSP2-4.5 and SSP5-8.5. Idealised simulations have shown that the Asian climate response to aerosol changes is

strongly nonlinear due to interacting atmospheric circulation responses to emission changes in neighbouring regions (Herbert

et al., 2021), and there is also a suggestion of such nonlinearities in the CMIP6 ensemble (Wilcox et al., 2020). There is similar

potential for nonlinearities in the response to African emission changes, where northern emission changes are dominated by

SO2 and southern emission changes are dominated by BC. Dedicated experiments, which will be included in RAMIP, are175

required to explore such nonlinearities fully.

2.1 Transient simulations

RAMIP includes two sets of coupled transient experiments that will be used to explore the responses to regional anthropogenic

aerosol changes (Tier 1), and the sensitivities of these responses to emission location and aerosol type (Tier 2). RAMIP tran-

sient simulations will be initialised from the end of the CMIP6 historical simulations (Eyring et al., 2016). They will use180

the ScenarioMIP SSP3-7.0 simulation as a reference, as aerosol and precursor emissions continue to rise steadily in this sce-

nario, both globally and in all the focus emission regions expect North America and Europe (Figure 2). In common with most
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