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Abstract Future changes in aerosol concentrations will influence the climate system over the
coming decades. In this study we evaluate the equilibrium climate response to aerosol
reductions in different parts of the world in 2050, using the global climate model EC-Earth.
The aerosol concentrations are based on a set of scenarios similar to RCP6.0, developed using
the IMAGE integrated assessment model and exploring stringent and weaker air pollution
control. Reductions in aerosol concentrations lead to an increase in downward surface solar
radiation under all-sky conditions in various parts of the world, especially in Asia where the
local brightening may reach about 10 Wm−2. The associated increase in surface temperature
may be as high as 0.5 °C. This signal is dominated by the reduced cooling effect of sulphate
which in some areas is partially compensated by the decreased warming effect of black carbon.
According to our simulations, the mitigation of BC may lead to decreases in mean summer
surface temperature of up to 1 °C in central parts of North America and up to 0.3 °C in
northern India. Aerosol reductions could significantly affect the climate at high latitudes
especially in the winter, where temperature increases of up to 1 °C are simulated. In the
Northern Hemisphere, this strong surface temperature response might be related to changes in
circulation patterns and precipitation at low latitudes, which can give rise to a wave train and
induce changes in weather patterns at high latitudes. Our model does not include a
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parameterization of aerosol indirect effects so that responses could be stronger in reality. We
conclude that different, but plausible, air pollution control policies can have substantial local
climate effects and induce remote responses through dynamic teleconnections.

1 Introduction

Changes in the amount, distribution and composition of aerosols in the atmosphere over the
last 150 years are mainly caused by anthropogenic activities related to energy and land use.
These changes have influenced the transfer of radiation and spatial distribution of moist static
energy through the atmosphere with a large impact on weather and climate (Boucher et al.
2013). Sulphate (SO4), nitrate, and some forms of organic aerosols reflect solar radiation and
thus have a cooling effect on the climate (Hansen et al. 1981; Charlson et al. 1991; Kiehl and
Briegleb 1993; Mitchell et al. 1995). Black carbon (BC), on the other hand, absorbs solar
radiation, thereby reducing the amount of solar energy that reaches the earth’s surface. This
results in a local warming of the atmosphere and a cooling of the underlying surface (Hansen
et al. 2005; Bond et al. 2013). Besides these direct radiative effects, aerosols also influence the
climate by changing the properties and lifetimes of clouds, and changes in diabatic heating can
cause remote changes through atmospheric teleconnections. Field observations and modelling
studies have shown that overall increases in aerosols have had a net cooling effect on the
climate, especially at the surface (Boucher et al. 2013).

The aerosol-induced scattering and absorption of solar radiation, which results in dimming
at the surface, reduces the amount of solar energy available for evaporation, thereby slowing
down the hydrological cycle (Wild et al. 2005 and references therein; Hartmann et al. 2013).
There are indications that this dimming has recently been reversed in some parts of the world
(Wild et al. 2005), resulting in local warming that is larger than the warming of greenhouse
gases alone (Van Oldenborgh et al. 2009). This could be the result of reduction of aerosol
concentrations due to the implementation of stringent air pollution policy. While the imple-
mentation of air quality control measures has reduced emissions of aerosols and aerosol
precursors in Europe and North America, emissions have increased in the rapidly growing
economies in South Asia and East Asia. While it is expected that stronger air pollution control
policies will also be implemented here, it is yet unclear how pollution levels in Asia will
evolve in the decades ahead.

A number of studies have looked at the impact of aerosol mitigation on future climate using
the Representative Concentration Pathways (RCPs) (Chalmers et al. 2012; Gillett and Von
Salzen 2013; Rotstayn et al. 2013) and emission scenarios from the International Institute for
Applied Systems Analysis (IIASA) (Kloster et al. 2010; Sillmann et al. 2013). In general, these
studies show that the mitigation of aerosols and precursor emissions could result in brightening
at the surface and an increase in surface temperature.

In a previous study (Chuwah et al. 2013), we explored the implications of different
assumptions regarding future air quality and climate policy for air pollutant concentrations,
using a set of RCP-like scenarios developed with the IMAGE integrated assessment model
(Bouwman et al. 2006). The scenarios showed a wide range of aerosol concentration pathways
corresponding to substantially different radiative forcings, even on a global scale. The study
found that the implementation of more stringent air pollution control (compared to current
legislation) in a scenario with weak climate policy (similar to RCP6.0) would lead to a global
mean net positive aerosol direct radiative forcing of 0.22 Wm−2, mainly due to substantial
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reductions of aerosol concentrations in Asia. Among the different aerosol components, the
reduction of the cooling effect of SO4was found to be the strongest signal (0.64 Wm−2), but
that effect is partially compensated by the decline in the warming effect of BC (-0.35 Wm−2).

Our scenarios cover a much broader range of possible outcomes with regard to future air
pollutants than the RCPs. The climate impacts have not yet been evaluated in a general
circulation model. In this study, we use the global climate model EC-Earth to assess the
climate impacts of aerosol reductions in the RCP6.0-like scenarios from Chuwah et al. (2013)
for 2050. We thereby separate the climate impacts due to reductions in SO4 and BC,
respectively. EC-Earth is derived from a numerical weather prediction model and has a
comparatively high resolution compared to other models that participated in CMIP5 (Taylor
et al. 2012). As a consequence it simulates atmospheric dynamics comparatively well (e.g.,
Zappa et al. 2013). Our model does not include a parameterization of aerosol indirect effects.
Although these are very uncertain and not well constrained by observations, responses to
aerosol reductions could therefore be higher in reality, especially in the case of SO4.

The paper is structured as follows: Section 2 describes the methodology. In Section 3 we
present results on local and remote climate impacts of aerosol mitigation. A discussion and
conclusions of our results are given in Section 4.

2 Methodology

2.1 Model description

In this study, we use the EC-Earth model version 2.3 which participated in the Coupled Model
Intercomparison Project (CMIP5, Taylor et al. 2012). The atmosphere and land surface
components in EC-Earth are simulated using the Integrated Forecasting System (IFS) from
the European Centre for Medium-Range Weather Forecasts (ECMWF). In this version of EC-
Earth, IFS version 31r1is used with some modifications as described by Hazeleger et al.
(2012). The IFS component is configured to run at a horizontal spectral resolution of T159
(triangular truncation at wavenumber 159) and a vertical resolution of 62 layers. The ocean is
simulated with the Nucleus for European Modelling of the Ocean (NEMO) version 2, with a
horizontal resolution of about 1 degree and 42 vertical layers (Madec 2008). Sea ice is
modelled inside NEMO using the Louvain-la-Neuve sea ice model (LIM) version 2. The
ocean/sea ice and the atmosphere/land components communicate via the OASIS3 coupler
(Valcke 2013). Here we used the fully coupled EC-Earth model that allows for dynamic
response and feedbacks from interactions between the atmosphere, land surface, sea ice, and
the ocean. It is important to note that in this version of EC-Earth the description of clouds is not
coupled to changes in aerosol concentrations. Also, the impact of BC deposited on snow or ice
is not accounted for. In that sense, indirect aerosol effects are not accounted for. The absorption
of solar radiation by BC modifies the atmospheric temperature structure and therefore cloud
distributions (semi-direct effect). In EC-Earth, the impact of changes in cloud distributions on
radiation induced by this semi-direct effect is accounted for.

2.2 Emissions scenarios

From the four scenarios presented by Chuwah et al. (2013), we selected two scenarios that
explore high and low aerosol forcing as a result of different levels of air pollution control.
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These scenarios, developed using the IMAGE integrated assessment model (Bouwman et al.
2006), have the same greenhouse gas emissions, but different emission factors (emissions per
unit activity per sector and fuel type) for air pollutants (scenarios LOWand HIGH). In terms of
greenhouse gas emissions, the scenarios are similar to the original RCP6.0 (Masui et al. 2011).
Thus the global radiative forcing in our scenarios gradually increases throughout the century
and reaches a value of around 6.0 Wm−2 in 2100.

The official RCP scenarios all assume successful implementation of air pollution policy
(see Van Vuuren et al. 2011). This is simulated in our scenario LOW, in which the emission
factors are assumed to decline in accordance with the implementation of current and planned
air pollution legislations until 2030 and thereafter as a function of income levels. In contrast, in
the HIGH scenario we assume that emission factors are held constant at the 2010 levels
providing a reference scenario, which enables us to systematically assess the potential impacts
of future air pollution policy on aerosol concentrations and regional climate conditions by
comparing the LOW and HIGH scenario. As a set, the two scenarios therefore explore the
impact of air pollution emissions for a wider range than included in the RCPs. A detailed
description of the underlying assumptions of the LOW and HIGH scenarios and comparison
with the RCPs can be found in Chuwah et al. (2013). Some important results of the scenarios
are shown in the supplementary material (Fig. S1).

2.3 Experimental setup

The climate response to the reduced aerosol concentrations is investigated using time
slice simulations with EC-Earth for 2050. The initial conditions were set to the 2005
results from a CMIP5 compliant simulation of EC-Earth with prescribed historical
forcings. Here, we used prescribed monthly mean aerosol fields for our simulations
which is in line with simulations conducted in other studies (e.g., Teng et al. 2012). In
our time slice simulations, the forcings for well-mixed greenhouse gases, ozone, volcanic
aerosols, and the solar cycle were fixed to their 2050 levels irrespective of the model
year. All simulations were continued for 180 years to allow the model to adjust to the
imposed forcings. The output of our simulations was analysed for the last 80 years when
the model’s climate has reached a quasi-steady state (Fig. S2).

The aerosol fields used in EC-Earth version 2.3 for CMIP5 are based on simulations with the
chemistry-climate models CAM3.5 (Lamarque et al. 2010). The CAM aerosols consist of hydro-
phobic and hydrophilic BC and OC, SO4, sea salt and mineral dust. In order to account for the
aerosol direct radiative effects according to the HIGH and LOW scenarios for 2050, we scale the
CAM mixing ratios of BC, OC, and SO4 using the vertically integrated burdens from the
atmospheric chemistry and transport model TM5, used by Chuwah et al. (2013). Note that the
TM5 future aerosol concentrations were calculated using present-day (2005) meteorological fields
from ERA-Interim reanalysis (Dee et al. 2011) of the European Centre for Medium-RangeWeather
Forecasts (ECMWF). To use our TM5 aerosol fields in EC-Earth, we apply scaling ratios for SO4,
BC, andOC to the corresponding aerosol fields for 2005 computed inCAM.Thus, themixing ratios
Xi of the various aerosol components i used in our simulations are given by

X i r; 2050
� �

¼
BTM5
i x; 2050

� �

BTM5
i x; 2005

� � � X CAM
i r; 2005

� �
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where Bi denote the vertically integrated burdens for the different aerosol components, and r and x
are the 3-D and 2-D coordinates.

We performed four different simulations with different aerosol concentrations as shown in
Table 1. The first two simulations correspond to the LOWand HIGH scenarios respectively. To
assess the individual contributions of BC and SO4 to the simulated climate response we
performed two additional experiments: BC-LOW and SO4-LOW. In these experiments the
HIGH scenario is assumed, but with concentrations of BC and SO4, respectively, from the
LOW scenario. The data presented in this study represent averages over the last 80 years of our
simulations. Statistical significance of the differences in climate response between our scenar-
ios is evaluated using student’s t-test at a significance level of 0.05.

3 Results

3.1 Impacts of aerosol reductions on radiation

The top panels of Fig. 1 show the differences in annual mean downward surface solar radiation
(SSRD) under all-sky conditions between the LOW and HIGH pollution scenarios (left) and
the contribution from reductions in SO4 aerosols only (SO4-LOW compared to HIGH) (right).
While the air pollution control policies assumed in the LOW scenario strongly reduce air
pollution levels, they also lead to a significant brightening at the surface, most notably in the
Northern Hemisphere (NH) subtropics and mid-latitudes. The largest changes, with an increase
in annual mean SSRD reaching 9.9 Wm−2, are found in India and China, where aerosol
concentrations are projected to increase strongly in the HIGH scenario and pollution control is
most effective in reducing absolute concentrations levels. Significant changes in annual mean
SSRD due to aerosol reductions can also be seen in most parts of the United States (US),
Mexico and Europe, and in some parts of the Middle East and Northern Africa. Comparison
with the SSRD differences due to changes in SO4 only reveals that the SSRD increases are
dominated by the scattering effect of SO4, with the contributions from reductions in other
aerosol components being much smaller.

The reduction of aerosol concentrations by air pollution policy as assumed in the LOW
scenario leads to increases in annual mean net solar radiation at the top of the atmosphere
(TSR) under clear-sky conditions (Fig. 1, bottom panels), especially in eastern China where
increases of around 3 Wm−2 are estimated. Here, the reduced upward scattering by SO4

dominates the calculated increase in the clear-sky TSR, which is partially compensated by a
decrease in BC absorption. However, under all-sky conditions we see a decrease in annual
mean TSR, especially in parts of eastern China where we simulate decreases of up to 7 Wm−2.

Table 1 Overview of the EC-
Earth simulations performed in this
study

Simulation BC
concentrations

OC
concentrations

SO4

concentrations

LOW Low Low Low

HIGH High High High

LOW-BC Low High High

LOW-SO4 High High Low
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Further analysis indicates that the aerosol-induced brightening at the surface increases the
amount of potential convective energy, thereby enhancing the development of convective
clouds, which increases the upward scattering effect of clouds. This is evident in the increase in
the computed annual mean liquid water path (Fig. S4, bottom left) and in convective
precipitation, especially during the boreal summer (Fig. S4, bottom right). The mitigation of
aerosols result in an increase in precipitation of up to 1 mm per day over China which is similar
to the findings of Levy et al. (2013). This computed increase in available potential convective
energy and convection is consistent with previous studies (see Persad et al. 2012; Kim et al.
2014) and demonstrates how aerosol direct radiative effects can have an impact on clouds and
the hydrological cycle. In contrast, Niemeier et al. (2013) found that the hydrological
sensitivity is decreased by solar radiation management, especially for aerosol-based techniques
such as artificial sea salt emissions.

3.2 Local impacts of aerosol reductions on climate

Our results indicate that the impact of air pollution policy on surface temperature could be
significant, especially in South and East Asia (Fig. 2). The abatement of aerosols in the LOW

LOW - HIGH

-10 -7 -5 -3 -1 0 1 3 5 7 10

Top net solar radiation clear sky difference (W/m2)

LOW - HIGH

-10 -7 -5 -3 -1 0 1 3 5 7 10

Downward surface solar radiation difference (W/m2)

LOW - HIGH

-7 -5 -3 -1 0 1 3 5 7

Top net solar radiation difference (W/m2)

LOW-SO4 - HIGH

-10 -7 -5 -3 -1 0 1 3 5 7 10

Downward surface solar radiation difference (W/m2)

Fig. 1 Differences in annual mean downward surface solar radiation under all-sky conditions between the LOW
and the HIGH scenario (top left panel) and the contributions from reductions in SO4 aerosols only (top right
panel). The bottom panels show the corresponding differences in annual mean top of atmosphere net solar
radiation under clear-sky (left) and all-sky (right) conditions. The stippled areas show regions where the
differences are not significant at the 5 % level, and this applies to all the other figures as well
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vs. HIGH scenario results in an increase of up to 0.5 °C in surface temperature in parts of North
America, India and China. The significant changes in surface temperature that we find over the
US appear qualitatively similar to results reported in Mickley et al. (2012). Our results also
show that the reduced scattering effect of SO4 (SO4-LOW compared to HIGH) explains most of
the estimated increases in surface temperature especially in most parts of eastern China and
central US, with a maximum increase of up to 0.5 °C. Levy et al. (2013) also found that the
temperature response to aerosol changes in RCP4.5 is dominated by sulphate in their model. On
the other hand, a 0.3 °C decrease in surface temperature due to the effect of reductions in BC
(BC-LOWwith respect to HIGH) in the northern parts of India during the boreal summer is also
visible (Fig. 2, third row, left panel). Also, we find a significant decrease in summer mean
surface temperature of up to 1 °C in parts of central North America (Fig. 2, bottom right) as a
result of the mitigation of BC. Teng et al. (2012) found qualitatively similar temperature
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Fig. 2 Differences in annual mean temperature over India (left panels), China (middle panels) and the United
states (right panels) between the LOW and the HIGH scenario (upper panels), the contributions from reductions
in sulphate only (second row panels) and the effects of reductions in BC in the summer (JJA, third row panels)
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changes over the United States in response to changes in carbonaceous aerosol concentrations
over Asia. Interestingly, we find that BC reductions lead to surface warming in parts of the US
and a region stretching from the Sea of Japan to the east, which may be related to the simulated
surface brightening. In Europe the changes in surface temperature are less significant.

3.3 Remote impacts of aerosol reductions on climate

Although most of the aerosol changes occur in the subtropics and NH mid-latitudes, a
substantial climate response is found in the Arctic and Antarctic (Fig. 3). In the Arctic the
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Fig. 3 Differences in annual temperature in the Arctic (left panels) and Antarctic (right panels) between the
LOW and the HIGH scenario (upper panels), and the contributions from reductions in SO4 (middle panels) and
BC (bottom panels) only
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annual mean surface temperature increases by about 0.5 °C due to aerosol reductions. This
surface temperature increase is higher in winter (up to 1 °C).

Results from the SO4-LOW and BC-LOW compared to the HIGH scenario show that BC
and SO4 can have opposite effects on surface temperature in the Arctic. For example, decreases
in SO4 concentrations increase annual mean surface temperatures in the Arctic by up to1°C.
On the contrary, reductions in BC tend to lead to surface cooling of the Arctic. Locally, this
contribution can be as high as 0.5 °C in the annual mean and 1 °C in winter.

The reduction of aerosol concentrations results in a decrease in annual mean surface
temperature by 1 °C in parts of the Weddell Sea. At the same time, increases in annual mean
surface temperature of up to 1 °C can be seen in small parts of the Ross Sea and in large parts
of the Southern Ocean to the west of the Ross Sea. The changes found in the high latitudes
may be caused by remote responses induced by changes in aerosol concentrations through
teleconnections. However, the region where such responses are simulated is rather small. It is
important to reiterate that most of the aerosols reductions take place in the NH mid-latitudes
and the tropics. This suggests that the overall climate response at high latitudes is strengthened
by processes described below.

Previous studies have shown that Arctic temperatures are strongly influenced by NH mid-
latitude forcings (e.g., Shindell 2007; Shindell et al. 2010; Sand et al. 2013; Rotstayn et al.
2014). Part of the strong surface temperature response that we find in the winter at the poles is
linked to the local ice albedo feedback carried over from the summer (see Screen and Simmonds
2010, and references therein). Here, the reduced sea ice cover in the summer enhances the
warming of the surface ocean, which further harnesses sea ice loss and more energy uptake by
the ocean. The additional heat stored in the ocean is released in the winter, thereby hampering
the expansion of winter sea ice. In the Arctic, the largest temperature changes are found in the
Barentsz and Kara Seas, which have been noted to have very large climate variability and strong
local feedbacks (Kim et al. 2014). However, there are important differences between the
externally mixed aerosols used in our model and the internally mixed representation in Kim
et al. (2014), which might limit the comparison of our results to their findings.

Nonlocal effects through atmospheric teleconnections likely play a role as well. In Fig. 4 we
present changes in zonal mean precipitation and the meridional overturning mass stream
function for boreal summer under the LOW and SO4-LOW scenarios relative to the HIGH
scenario. Increases in zonal mean precipitation of up to about 0.07 mm per day are found, with
the strongest responses in the tropics and NH mid-latitudes. The precipitation changes are
dominated by changes in convective precipitation, especially in the tropics. Also, we see
changes in the Hadley cell circulation pattern which is strongly related to precipitation at low
latitudes (Yoshimori and Broccoli 2008). Previous studies (Rotstayn et al. 2014 and references
therein) have indicated that higher aerosol forcings in the NH result in the enhancement of the
Hadley cell circulation, an increase in precipitation in the SH and a decrease in the NH tropics.
Our results show a weakening of the ascending and descending branches of the Hadley cell
circulation, especially during the boreal summer (Fig. 4, bottom panels).

The simulated increases in precipitation in the tropics can cause anomalies in high-level
wind divergence which acts as a Rossby wave source (Hoskins and Karoly 1981). For
instance, Yuan and Martinson (2000), using Pacific precipitation as an indicator of tropical
climate variability, showed that there is a link between the Antarctic sea ice extent and changes
in Pacific precipitation. It is possible that the increase in convection as highlighted by an
increase in convective precipitation in the tropics induced by aerosol reductions might affect
the sea ice cover and the climate in the polar regions. The anomalies in geopotential height
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indicate a Pacific-North American (PNA) response and a North Atlantic Oscillation-like
response in the Northern Hemispheric during the winter. (Fig. 5, top panels). These
teleconnection patterns are known to be driven by anomalous divergence in the Pacific warm
pool region. However, the Pacific South American-like response appears less significant in
austral winter. While our results indicate that some of the climate responses simulated in the
Arctic might be driven by climatic changes in the tropics, it is not clear from our findings if the
climate responses seen in the Antarctic are related to the changes in circulation patterns and
precipitation at low latitudes, as demonstrated by Yuan and Martinson (2000). While our
findings are consistent with previous research (Kloster et al. 2010; Chalmers et al. 2012),
additional research is needed to better comprehend the mechanisms responsible for the aerosol
induced climatic responses simulated in the Antarctic.

4 Discussion and conclusions

This study has assessed the impacts of reduction of aerosol and aerosol precursor emissions (as
a result of air pollution policies) on climate using the ocean–atmosphere coupled general
circulation model EC-Earth (Hazeleger et al. 2012). EC-Earth has a relatively high spatial
resolution and well represents atmospheric dynamics. We performed long equilibrium simu-
lations with fixed boundary conditions for 2050. In total, we completed four simulations based
on two concentration scenarios, describing a contrasting LOWand HIGH trajectory of aerosol
concentrations for an RCP6.0-type of scenario (Chuwah et al. 2013). These scenarios are used
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Fig. 4 Zonally integrated precipitation (top left panel) and mass stream function (top right panel) in boreal
summer (JJA), and the corresponding differences in mass stream function between the LOW and the HIGH
scenario (bottom left panel), and the contribution from reductions in SO4 only (bottom right panel)
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to estimate the combined climate impact of reductions in SO4, BC, and OC. Also, we compute
the climate impact of reducing BC and SO4 separately. By comparing the different simulations,
we are able to assess possible climate impacts of aerosols mitigation and the separate
contributions of SO4 and BC.

The equilibrium climate responses presented in this study take into account the direct and
semi-direct radiative effects of the imposed aerosol changes, and the subsequent response of
the climate system. Other studies (Kloster et al. 2010; Levy et al. 2013; Rotstayn et al. 2013)
have taken into account aerosol effects on cloud albedo and cloud lifetime. This could make
the sulphate effects relatively more important. For instance, Levy et al. (2013) found that both
temperature and precipitation show much stronger responses when aerosol indirect effects are
included. In addition, the use of prescribed monthly mean aerosol fields ignores correlations
introduced by synoptic variability, for example related to wet removal and interactions with
clouds. This tends to reduce the simulated aerosol direct radiative effects under clear-sky
conditions, and in the case of BC above clouds.

In addition, we did not account for changes in nitrate aerosols in our simulations. The
impact of nitrate on future climate will become relatively more important as concentrations of
other aerosol components will decrease (Bellouin et al. 2011; Shindell et al. 2013). Bellouin
et al. (2011) indicated that nitrate aerosols are likely to become the dominant species in Europe
and Asia and decelerate the decrease in global mean aerosol forcing. They estimated that
increases in nitrate aerosols could make aerosol radiative forcing 2 to 4 times stronger by 2100,
depending on the RCP. However, it is important to note that nitrate concentrations are quite
difficult to model, especially with global models, because of its semi-volatile character and the
strongly localized pattern of ammonia emissions.

The climate impacts have been evaluated in terms of changes in the solar radiation budget,
surface temperature and elements of the hydrological cycle. The results show that the
reductions in aerosol concentrations will lead to a substantial increase in SSRD under all-
sky conditions on regional and continental scales, especially in Asia. This increase is mainly
caused by reduced scattering by sulphate. The direct radiative effects of aerosols also have an
impact on clouds. This can be seen in the computed TSR over eastern China, where the
increase in clear-sky downward surface solar radiation results in more convective clouds,
precipitation and a decrease in simulated TSR. Also, it has been shown that the reduced
absorption of incoming solar radiation by BC has a semi-direct effect on clouds and climate

LOW - HIGH, DJF

-35 -25 -15 -10 -5 -3 -1 0 1 3 5 10 15 25 35

500hpa geopotential height difference (m)

LOW - HIGH, JJA

-35 -25 -15 -10 -5 -3 -1 0 1 3 5 10 15 25 35

500hpa geopotential height difference (m)

Fig. 5 Differences in boreal winter (DJF) and summer (JJA) geopotential height anomaly with respect to the
zonal mean, between the LOW and the HIGH scenario
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(Boucher et al. 2013) by cooling the surrounding atmosphere and reducing the evaporation of
cloud droplets.

A decrease in both scattering and absorbing aerosols leads to a change in surface temper-
ature in some parts of the world by up to 1 °C. The surface temperature response is
qualitatively similar to the effect of declining aerosols on climate reported in the global
modelling studies of Rotstayn et al. (2013) and Levy et al. (2013) and the regional modelling
study for the US by Mickley et al. (2012). For instance, some of the strongest surface
temperature responses are found at high latitudes, where the changes in aerosol concentrations
are small. This indicates the sensitivity of this region to changes in the tropics and mid-
latitudes. Other studies (Shindell and Faluvegi 2009; Screen and Simmonds 2010; Kim et al.
2014) have also shown that the climate response in the Arctic is correlated with mid-latitude
forcing, notably outside the summer season, as a result of the large-scale dynamics influencing
the climate of this region.

A decrease in sulphate concentrations alone results in surface warming, while decreases in
BC concentrations might decrease or increase the local surface temperature depending on the
location. It has been demonstrated in previous studies (Shindell and Faluvegi 2009; Sand et al.
2013; Yang et al. 2014) that increases in BC at mid-latitudes may contribute substantially to
surface warming in the Arctic, through increased transport of heat into the Arctic which leads
to a decrease in sea ice. However, it is important to note that we do not take into account the
direct role of BC in producing surface warming when it is deposited on ice or snow. Previous
studies (e.g., Hazeleger et al. 2005; Bond et al. 2013 and references therein) have shown that
BC deposited on snow or ice decreases the reflectivity of these surfaces, resulting in an
increase in solar radiation absorption, and may play an important role in Arctic warming.
Here, we also find a substantial surface temperature response in the Antarctic. This could be
related to increased convection in the Western Pacific, which propagates in a wave train
modulating the westerlies over the South Pacific and thereby influencing the variations of
Antarctic sea ice over the Pacific and Atlantic sectors (Trenberth et al. 2007). Further research
is needed to analyse these nonlocal effects in more detail.

This study clearly shows that there are continental and regional scale climate impacts
following the implementation of aerosol mitigation measures. Our analysis indicates that the
warming induced by sulphate mitigations dominate under the 6.0Wm−2 scenario considered in
this study and are therefore representative of scenarios with similar climate policy assump-
tions. However, under a scenario with stronger climate policies such as the 2.6 Wm−2 scenario
similar to RCP2.6 discussed in Chuwah et al. (2013), the climate effects induced by BC
reductions through air pollution control measures are expected to become more important as a
lot of sulphate precursor emissions are already phased out by climate policies, while BC
aerosol emissions could be much less affected by this.

Acknowledgments This work is part of the research programme ‘Feedbacks in the climate system’, which is
financed by the Netherlands Organisation for Scientific Research (NWO). The authors wish to thank Dr. G.J. van
Oldenborgh (KNMI) for advise on the statistical analysis of their simulations.

References

Bellouin N, Rae J, Jones A, Johnson C, Haywood J, Boucher O (2011) Aerosol forcing in the climate model
intercomparison project (CMIP5) simulations by HadGEM2-ES and the role of ammonium nitrate. J
Geophys Res 116, D20206. doi:10.1029/2011JD016074

12 Climatic Change (2016) 134:1–14

http://dx.doi.org/10.1029/2011JD016074


Bond TC, Doherty SJ, Fahey DW et al (2013) Bounding the role of black carbon in the climate system: a
scientific assessment. J Geophys Res 118:1–173

Boucher O, Randall D, Artaxo P et al (2013) Clouds and aerosols climate change 2013: the physical science
basis, edited by Stocker TF et al pp. 571–657, Cambridge Univ. Press, Cambridge, United Kingdom and
New York, NY, USA

Bouwman AF, Kram T, Klein Goldewijk K (2006) Integrated modelling of global environmental change an
overview of IMAGE 2.4. Netherlands Environmental Assessment Agency (MNP), Bilthoven

Chalmers N, Highwood EJ, Hawkins E, Sutton RT, Wilcox LJ (2012) Aerosol contribution to the rapid warming
of near-term climate under RCP2.6. Geophys Res Lett 39, L18709. doi:10.1029/2012GL052848

Charlson RJ, Langner J, Rodhe H, Leovy CB, Warren SG (1991) Perturbation of the northern hemispheric
radiative balance by backscattering from anthropogenic sulfate aerosols. Tellus 43AB:152–163

Chuwah CD, van Noije T, van Vuuren DP, Hazeleger W, Strunk A, Deetman S, Mendoza Beltran A, van Vliet J
(2013) Implications of alternative assumptions regarding future air pollution control in scenarios similar to
the representative concentration pathways. Atmos Environ 79:787–801

Dee DP, Uppala SM, Simmons AJ et al (2011) The ERA-interim reanalysis: configuration and performance of
the data assimilation system Q. J Roy Meteor Soc 137:553–597

Gillett NP, Von Salzen K (2013) The role of reduced aerosol precursor emissions in driving near-term warming.
Environ Res Lett 8:034008

Hansen J, Johnson D, Lacis A, Lebedeff S, Lee P, Rind D, Russell G (1981) Climate impact of increasing
atmospheric carbon dioxide. Science 213:957–966

Hansen J, Sato M, Ruedy R et al (2005) Efficacy of climate forcing. J Geophys Res 110, D18104. doi:10.1029/
2005JD005776

Hartmann DL, Klein Tank AMG, Rusticucci M et al (2013) Observations: atmosphere and surface climate
change 2013. In: Stocker TF et al (eds) The physical science basis. Cambridge Univ. Press,
Cambridge, pp 159–254

Hazeleger W, Wang X, Severijns C et al (2012) EC-Earth V2.2: description and validation of a new seamless
Earth system prediction model. Clim Dyn 39:2611–2629

Hoskins BJ, Karoly DJ (1981) The steady linear responses of a spherical atmosphere to thermal and orographic
forcing. J Atmos Sci 38:1179–1196

Kiehl JT, Briegleb BP (1993) The relative roles of sulfate aerosols and greenhouse gases in climate forcing.
Science 260:311–314

Kim D, Wang C, Ekman AML, Barth MC, Lee D-I (2014) The responses of cloudiness to the direct radiative
effect of sulfate and carbonaceous aerosols. J Geophys Res 119:1172–1185

Kloster S, Dentener F, Feichter J, Raes F, Lohmann U, Roeckner E, Fischer-Bruns I (2010) A GCM study of
future climate response to aerosol pollution reductions. Clim Dyn 34:1177–1194

Lamarque J-F, Bond TC, Eyring V et al (2010) Historical (1850–2000) gridded anthropogenic and
biomass burning emissions of reactive gases and aerosols: methodology and application. Atmos
Chem Phys 10:7017–7039

Levy H, Horowitz L, Schwarzkopf M, Ming Y, Golaz J, Naik V, Ramaswamy V (2013) The roles of aerosol
direct and indirect effects in past and future climate change. J Geophys Res 118:4521–4532

Madec G (2008) NEMO ocean engine. Note du Pôle de modélisation, Institut Pierre-Simon Laplace, France, No.
27 ISSN No. 1288–1619

Masui T, Matsumoto K, Hijoka Yet al (2011) An emission pathway for stabilization at 6 Wm−2 radiative forcing.
Clim Chang 109:59–76

Mickley LJ, Leibensperger EM, Jacob DJ, Rind D (2012) Regional warming from aerosol removal over the
United States: results from a transient 2010–2050 climate simulation. Atmos Environ 46:545–553

Mitchell JFB, Johns TJ, Gregory JM, Tett SFB (1995) Transient climate response to increasing sulphate aerosols
and greenhouse gases. Nature 376:501–504

Niemeier U, Schmidt H, Alterskjær K, Kristjánsson JE (2013) Solar irradiance reduction via climate
engineering–impact of different techniques on the energy balance and the hydrological cycle. J Geophys
Res 118:11905–11917

Persad GG, Ming Y, Ramaswamy V (2012) Tropical tropospheric-only responses to absorbing aerosols. J Clim
25:2471–2480

Rotstayn L, Collier M, Chrastansky A, Jeffrey S, Luo J (2013) Projected effects of declining aerosols in RCP4.5:
unmasking global warming? Atmos Chem Phys 13:10883–10905

Rotstayn LD, Plymin EL, Collier MA et al (2014) Declining aerosols in CMIP5 projections: effects on
atmospheric temperature structure and midlatitude jets. J Clim 27:6960–6977

Sand M, Berntsen TK, Seland Ø, Kristjánsson JE (2013) Arctic surface temperature change to emissions of black
carbon within Arctic or midlatitudes. J Geophys Res 118:7788–7798

Climatic Change (2016) 134:1–14 13

http://dx.doi.org/10.1029/2012GL052848
http://dx.doi.org/10.1029/2005JD005776
http://dx.doi.org/10.1029/2005JD005776


Screen JA, Simmonds I (2010) The central role of diminishing sea ice in recent Arctic temperature amplification.
Nature 464:1334–1337

Shindell D (2007) Local and remote contributions to Arctic warming. Geophys Res Lett 34, L14704. doi:10.
1029/2007GL030221

Shindell DT, Faluvegi G (2009) Climate response to regional radiative forcing during the twentieth century. Nat
Geosci 2:294–300

Shindell D, Schulz M, Ming Y, Takemura T, Faluvegi G, Ramaswamy V (2010) Spatial scales of climate
response to inhomogeneous radiative forcing. J Geophys Res 115, D19110. doi:10.1029/2010JD014108

Shindell D, Lamarque J-F, Schulz M et al (2013) Radiative forcing in the ACCMIP historical and future climate
simulations. Atmos Chem Phys 13:2939–2974

Sillmann J, Pozzoli L, Vignati E, Kloster S, Feichter J (2013) Aerosol effect on climate extremes in Europe under
different future scenarios. Geophys Res Lett 40:2290–2295

Taylor KE, Stouffer RJ, Meehl GA (2012) An overview of CMIP5 and the experiment design. Bull AmMeteorol
Soc 93:485–498

Teng H, Washington WM, Branstator G, Meehl GA, Lamarque J-F (2012) Potential impacts of Asian carbon
aerosols on future US warming. Geophys Res Lett 39, L11703. doi:10.1029/2012GL051723

Trenberth KE, Jones PD, Ambenje P et al (2007) Observations: surface and atmospheric climate change. In:
Solomon S et al (eds) In: climate change 2007: the physical science basis. Contribution of working group I to
the fourth assessment report of the intergovernmental panel on climate change. Cambridge Univ. Press,
Cambridge, pp 235–336

Valcke S (2013) The OASIS3 coupler: a European climate modelling community software. Geosci Model Dev 6:
373–388

Van Oldenborgh GJ, Drijfhout S, van Ulden A et al (2009) Western Europe is warming much faster than
expected. Clim Past 5:1–12

Van Vuuren DP, Edmonds J, Kainuma M (2011) The representative concentration pathways: an overview. Clim
Change 109:5–31

Wild M, Gilgen H, Roesch A et al (2005) From dimming to brightening: Decadal changes in solar radiation at
Earth’s surface. Science 308:847–850

Yang Q, Bitz CM, Doherty SJ (2014) Offsetting effects of aerosols on Arctic and global climate in the late 20th
century. Atmos Chem Phys 14:3969–3975

Yoshimori M, Broccoli AJ (2008) Equilibrium response of an atmosphere-mixed layer ocean model to different
radiative forcing agents: global and zonal mean response. J Clim 21:4399–4423

Yuan X, Martinson DG (2000) Antarctic sea ice extent variability and its global connectivity. J Clim
13:1697–1717

Zappa G, Shaffrey LC, Hodges KI, Sansom PG, Stephenson DB (2013) A multi-model assessment of future
projections of north Atlantic and European extratropical cyclones in the cmip5 climate models. J Clim 26:
5846–5862

14 Climatic Change (2016) 134:1–14

http://dx.doi.org/10.1029/2007GL030221
http://dx.doi.org/10.1029/2007GL030221
http://dx.doi.org/10.1029/2010JD014108
http://dx.doi.org/10.1029/2012GL051723

	Global and regional climate impacts of future aerosol mitigation in an RCP6.0-like scenario in EC-Earth
	Abstract
	Introduction
	Methodology
	Model description
	Emissions scenarios
	Experimental setup

	Results
	Impacts of aerosol reductions on radiation
	Local impacts of aerosol reductions on climate
	Remote impacts of aerosol reductions on climate

	Discussion and conclusions
	References


