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Amplification of Arctic warming by past air
pollution reductions in Europe
J. C. Acosta Navarro1,2†, V. Varma2,3†, I. Riipinen1,2, Ø. Seland4, A. Kirkevåg4, H. Struthers1,2,5,
T. Iversen4, H.-C. Hansson1,2 and A. M. L. Ekman2,3*
The Arctic region is warming considerably faster than the rest
of the globe1 , with important consequences for the ecosystems2
and human exploration of the region3 . However, the reasons
behind this Arctic amplification are not entirely clear4 . As
a result of measures to enhance air quality, anthropogenic
emissions of particulate matter and its precursors have
drastically decreased in parts of the Northern Hemisphere over
the past three decades5 . Here we present simulations with
an Earth system model with comprehensive aerosol physics
and chemistry that show that the sulfate aerosol reductions
in Europe since 1980 can potentially explain a significant
fraction of Arctic warming over that period. Specifically, the
Arctic region receives an additional 0.3 W m−2 of energy,
and warms by 0.5 ◦ C on annual average in simulations with
declining European sulfur emissions in line with historical
observations, compared with a model simulation with fixed
European emissions at 1980 levels. Arctic warming is amplified
mainly in fall and winter, but the warming is initiated in
summer by an increase in incoming solar radiation as well as
an enhanced poleward oceanic and atmospheric heat transport.
The simulated summertime energy surplus reduces sea-ice
cover, which leads to a transfer of heat from the Arctic Ocean to
the atmosphere. We conclude that air quality regulations in the
Northern Hemisphere, the ocean and atmospheric circulation,
and Arctic climate are inherently linked.
In Europe and North America, considerable reductions in
emissions of industrial pollutants such as SO2 have taken place
since the 1980s—largely due to measures aiming to improve air
quality and acidifying deposition. These reductions have influenced
atmospheric concentrations of particulate sulfate. Aerosol particles
emitted from, for example, fossil fuel combustion and biomass
burning have caused the second largest anthropogenic climate
forcing during the industrial era—although opposite in sign to
greenhouse gases6 . Because sulfate aerosols scatter solar radiation
and make clouds more reflective and long-lived7,8 , the emission
reductions since about 1980 are believed to have induced a
positive radiative forcing at the top of the atmosphere (TOA;
ref. 6). Although expected to have contributed to an overall
warming, the impacts of reduced aerosol particle emissions in
Europe and North America on climate, and in particular on Arctic
amplification, have not been fully quantified so far. In particular,
the individual contributions from the different regions have not
been explored.
Arctic amplification has been confirmed for the twentieth
century using instrumental data9 , for quaternary timescales using

proxy records10 , and by climate models for past and future
climates11,12 . The melting of the highly reflective and insulating layer
of sea-ice and snow cover is known to be an important reason
for the local amplification, in particular in summer, reducing the
surface albedo, enhancing latent and sensible heat fluxes from the
ocean to the atmosphere, influencing the temperature lapse rate
and increasing the concentrations of atmospheric water vapour13,14 .
An enhanced sea-ice melt and a greater warming of the Arctic can
be preconditioned by anomalies in energy transport from lower
latitudes in terms of modified wind patterns15 , atmospheric heat
and moisture transport16 , and ocean currents17 . Surface temperature
records show that the rate of warming at high latitudes has
accelerated even more than the global average warming since the
1980s (ref. 9).
The average residence time of an aerosol particle is short (between a day and a week), which leads to a localized forcing and a fast
response of the atmospheric aerosol burden to an emission change.
Despite the localized forcing, the spatial pattern of the negative
temperature response to increasing aerosol concentrations is often
similar to that of a positive forcing caused by globally homogeneously distributed long-lived greenhouse gases18–20 . Furthermore,
a decrease in aerosol burden has been shown to yield a warming
response which is largest in the Arctic21 . It is likely that the local
feedback processes contributing to Arctic amplification largely act in
the same way whether the radiative forcing is caused by greenhouse
gases or aerosol-induced scattering of solar radiation18 .
We have investigated the response of the Arctic climate to
sulfate aerosol reductions in Europe during 1980–2005 using the
Norwegian Earth System Model (NorESM, see ref. 20 and Methods).
During this time period, sulfate has dominated the anthropogenic
aerosol over Europe, with a considerably smaller contribution
from other aerosol constituents such as black carbon (ref. 5 and
Supplementary Fig. 1). In the ‘Historical’ reference simulation,
greenhouse gas concentrations and aerosol emissions vary with
time according to the current best estimates. To examine the
sensitivity of the Arctic climate to changes in sulfur emissions
from the European domain (including parts of the former western
Soviet Union, see Supplementary Fig. 2), simulations with emissions
of SO2 (including particulate-phase sulfate) from Europe fixed
at the level of 1980 (‘Fixed EUR emission’) were carried out
(Fig. 1a,b). A comparison with measured aerosol size distribution
data from European field monitoring sites22 shows that the aerosol
number concentrations in NorESM are generally comparable to
observations, in particular in clean environments (Supplementary
Figs 3–6 and ref. 23). For polluted regions, NorESM tends to
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Figure 1 | SO2 emissions employed in the Historical and Fixed EUR emission simulations and the effect on global and Arctic surface temperature.
a,b, Temporal evolution of the global (a) and European (b) SO2 emissions. c, Global and Arctic mean surface temperature trends (1980–2005) for the two
simulations (mean of nine ensemble members) along with corresponding observed temperature trends from three independent data sets28–30 (see
‘Observations’ in Methods). The bars indicate the 95% confidence interval of the linear trends (see ‘Statistics’ in Methods).

Table 1 | Seasonal and annual mean Arctic cap (70◦ N–90◦ N) and European land (35◦ N–70◦ N and 25◦ W–60◦ E) energy fluxes, ice
fraction and temperature anomalies.
Arctic (70◦ N–90◦ N) Winter

Spring

Summer Autumn Annual

Net TOA SW flux
Net TOA LW flux
Atmospheric MHC
Oceanic MHC
Net Arctic cap
Net surface SW flux
Net surface LW flux
Net surface LH flux

0.02
−0.89
−0.63
0.70
−0.81
0.01
−0.44
−0.53

0.70
−0.49
−0.26
0.19
0.13
0.56
−0.09
−0.31

2.65
−0.46
0.25
0.43
2.86
2.30
0.53
−0.15

0.32
−0.80
−1.13
0.62
−0.99
0.24
−0.24
−0.88

0.92
−0.66
−0.45
0.48
0.30
0.78
−0.06
−0.47

Net surface SH flux
Net surface flux
Ice fraction
Surface temperature

−0.55
−1.51
−0.62
0.62

−0.22
−0.06
−0.55
0.36

−0.24
2.43
−1.25
0.25

−0.74
−1.61
−1.65
0.90

−0.44
−0.19
−1.02
0.54

Land between
35◦ N–70◦ N and
25◦ W–60◦ E
Net TOA SW flux
Net TOA LW flux
Atmospheric HHC
Net surface SW flux
Net surface LW flux
Net surface LH flux
Net surface SH flux
Net land
(=net surface flux)
Surface temperature
-

Winter

Spring

Summer Autumn Annual

0.48
−0.28
−0.44
0.49
−0.29
−0.26
−0.17
−0.24

1.50
0.03
−1.38
1.54
−0.16
−0.62
−0.60
0.15

2.58
−0.34
−2.00
2.53
−0.30
−0.99
−1.00
0.24

0.06
-

0.04
-

1.25
−0.46
−0.93
1.20
−0.40
−0.51
−0.42
−0.13

0.26
-

1.45
−0.26
−1.19
1.44
−0.29
−0.60
−0.55
0.01

0.15
-

0.13
-

Estimated for the last ten years of simulations (1996–2005) as the difference between the Historical and Fixed EUR emission simulations. Top of the atmosphere (TOA) and surface fluxes are positive
pointing downwards. Flux values (W m−2 ), surface temperature values (◦ C), ice fraction (%). SW, shortwave (solar); LW, longwave; LH, latent heat; SH, sensible heat; MHC, meridional heat
convergence; HHC, horizontal heat convergence. Bold, italic values are significantly different from zero.

underestimate the concentrations, similar to many other models of
the same kind24 . However, and more importantly, the 1980–2005
increase of mean solar radiation at the surface over Europe produced
by the NorESM Historical simulation, is comparable to observations
(Supplementary Fig. 7 and ref. 24), which lends confidence to the
conclusions drawn from the simulations. Furthermore, the Arctic
temperature response to changes in greenhouse gases and aerosols
within NorESM is comparable to the multi-model mean for a
selection of nine CMIP5 models25 . For an Arctic warming driven
2

only by greenhouse gases, NorESM is close to the multi-model
average for 16 CMIP5 models14 .
The modelled temperature trend between 1980 and 2005, both
globally and in the Arctic, is closer to the observed temperature
increase when realistic SO2 emissions in Europe are employed,
than when fixed SO2 emissions from the European domain are
used (Fig. 1c). The difference in temperature trends between the
Historical and the Fixed EUR emission simulations is significant
both globally and in the Arctic. The Historical simulation yields
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Figure 2 | Effect of reduced European sulfate (SO2 + SO4 ) emissions on different climate variables. Annual mean (1996–2005) anomaly between
Historical and Fixed EUR emission simulations for surface temperature (TS) (a), all-sky aerosol optical depth (AOD) in the visible light range (b),
column-integrated cloud droplet number concentration (CDNC) (c), net (incoming minus outgoing) shortwave (SW) and longwave (LW) radiative flux at
TOA (d) and ice cover fraction (e). Stippling indicates statistical significance at 95% using a two-tailed Student’s t-test.

63% (Arctic) and 17% (global) larger temperature increase than the
Fixed SO2 emission simulation (Fig. 1c). As expected, the strongest
radiative perturbations due to the reduced SO2 emissions occur
over Europe, where the largest reductions in aerosol optical depth
(AOD) and cloud droplet number concentration are calculated. The
resulting increased net (incoming minus outgoing) TOA radiative
flux is estimated to be 1–5 W m−2 (Fig. 2b–d). However, concurrent
with other studies focused on aerosol climate effects18–21,26 , the
largest response in surface temperature is calculated to occur in the
Arctic (Fig. 2a), and the warming is particularly pronounced over
areas with large reductions of sea ice (Fig. 2a,e).
Table 1 shows the individual components of the energy budget of
the Arctic as deduced by the model calculations (see also Fig. 3).
The reduced SO2 emissions induce a local decrease in the AOD

both over Europe and north of 70 ◦ N, and thus a local increase in
the annual mean net TOA solar radiative flux in the Arctic, which
is dominated by the clear-sky contribution (Supplementary Fig. 8).
Furthermore, the ocean transports more heat to the Arctic (Fig. 3c),
with an annual increase of 0.48 W m−2 . These increases in energy
input to the Arctic are to some extent compensated by a reduced
atmospheric heat transport (Fig. 3b) amounting to −0.45 W m−2 .
Overall, reduced SO2 emissions sum up to an annual average net
energy gain of 0.30 W m−2 in the Arctic and a temperature response
of 0.54 ◦ C. In contrast, European land areas receive an additional
1.19 W m−2 , but warm only by 0.13 ◦ C (Table 1 and Fig. 2a). Hence,
although the TOA net radiative change in the Arctic is positive, it
cannot explain the enhanced temperature response in the Arctic
when the SO2 emissions are reduced. Instead, a redistribution of
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Figure 3 | Effect of reduced European sulfate (SO2 + SO4 ) emissions on energy budget. a–d, Annual mean (black lines) and 95% confidence intervals
(grey lines) for the 1996–2005 anomaly between Historical and Fixed EUR emission simulations for zonal mean net (incoming minus outgoing) shortwave
(SW) and longwave (LW) radiative flux at TOA (a), atmospheric meridional heat convergence (MHC) estimated as the zonal mean of net (positive →
down) vertical surface energy flux minus net TOA energy fluxes (b), oceanic MHC estimated as −dT/dLatitude, where T is the oceanic meridional heat
transport (c), and net surface energy flux (SW + LW + latent heat + sensible heat, positive values indicate a downward flux) (d). Zonal plots represent
mean values for every two degrees longitude smoothed with a three-point running mean filter. Latitude (ϕ) is shown as sin (ϕ) to reflect the relative
surface area.

the energy input to the Arctic during the year appears to be a
critical factor, consistent with other studies focused on, for example,
enhanced Arctic sea-ice melt16 .
During summer, there is a considerably increased net input
of solar radiation in the Arctic (Table 1). This extra energy
will mostly be used to melt sea ice, resulting in a smaller
surface temperature increase compared to other seasons. In
contrast, the surface temperature increase over Europe is the
largest in summer, leading to an increased poleward atmospheric
heat transport (Table 1). Together with the ocean transport,
this increases the amount of available energy in the Arctic in
summer, which enhances the sea-ice melt and delays the onset
of freezing in fall. The delayed freezing is reflected in a larger
heat transfer from the ocean to the atmosphere during fall
and winter (Table 1 and Fig. 3d). As the atmosphere warms,
additional feedback mechanisms14 associated with, for example,
relative humidity, clouds, temperature lapse rate and longwave
radiation are also initiated, which further amplifies the Arctic
warming. All in all, a reduced pole-to-equator temperature gradient
is obtained on average in all months except summer, consistent with
the annual decrease of the atmospheric heat transport to the Arctic.
Over the past 100 years as a whole, anthropogenic aerosols
have partly masked the warming impact of greenhouse gases on
4

Arctic climate25 . However, during the latter three decades air quality
improvements in Europe and North America have coincided with a
significant global warming, amplified in the Arctic9 . The reduction
of SO2 emissions over the European domain since the 1980s has been
more than 2.5 times larger than the reductions in North America
during the same time period, and they have been more than two
times larger than the corresponding increase in SO2 emissions
over Asia27 . Our study shows that the SO2 emission reductions
in Europe since the 1980s have contributed significantly to the
enhanced Arctic warming. This conclusion is supported by an
observed enhanced Arctic amplification since the 1980s, similar to
the one found in our model simulations that account for the sulfur
emission reductions (Supplementary Fig. 9). Our results further
suggest that an increased input of solar radiation as well as poleward
oceanic and atmospheric heat transport in summer are critical
factors for the enhanced Arctic warming. This seasonal feature of
the Arctic climate response might be drastically different in warmer
future climates with less (or no) sea ice in summer. The emissions
of aerosols and their precursors are likely to continue to decrease
in the future28 owing to the necessity to enhance air quality. This
suggests that the recent trend of amplified Arctic warming will
be further strengthened, increasing the need for greenhouse gas
emission mitigation.
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Model. NorESM, a fully coupled ocean–atmosphere model with a detailed
aerosol–cloud radiation interaction scheme, has been used in the
medium-resolution version without interactive carbon for this study20 . For the
coupled model, the atmospheric component resolution is 1.9◦ × 2.5◦ in the
horizontal and 26 levels in the vertical. The isopycnic coordinate ocean model has a
grid with ∼1◦ resolution along the equator, with the Northern Hemisphere grid
singularity located over Greenland20 .
The historical reference simulations (‘Historical’) follow the CMIP5 (Coupled
Model Intercomparison Project Phase 5) protocol (cmip-pcmdi.llnl.gov/cmip5),
where the greenhouse gas concentrations and aerosol emissions vary with time
according to the current best estimates. The aerosol sensitivity experiments (‘Fixed
EUR emission’) were carried out to examine the sensitivity of the Arctic climate to
changes in European emissions. The European emissions of SO2 (and SO4 ) were
fixed at the level of 1980. The European domain was defined according to the
specifications by the European Monitoring and Evaluation Programme, EMEP
(Supplementary Fig. 2). Note that part of these emissions also took place in some
countries in the former western Soviet Union. For the sensitivity experiments, this
domain was masked in the NorESM grid and the SO2 emissions alone in this
domain were fixed at 1980 levels, while allowing all other forcing agents to follow
the transient CMIP5 protocol. All simulations are represented by a nine-member
ensemble, initiated from different initial conditions, and the results are shown
based on the ensemble mean values.
Observations. The three sets of observational surface temperature data used in
Fig. 1b are from: Monthly HadCRUT4 surface temperature data29 , GISS surface
temperature data30 , and NOAA’s global monthly and annual temperature anomalies
from land and marine instrumental records (NCDC)31 .
Statistics. The error bars in Fig. 1c represent the 95% confidence interval for
annual, global and Arctic surface temperature trends between 1980 and 2005. The

modelled trends are from the ensemble means and the error bars were computed
using the standard deviation of the trends from the individual runs from each
ensemble (method 1). The error bars for the observed trends were estimated from
the standard deviation of the trend itself, assuming autocorrelation of three and six
years for the Arctic and global temperatures, respectively (method 2). The
difference in modelled trends between historical minus the fixed EUR emission
simulation was estimated using both method 1 and method 2, giving similar
results. All trends shown in Fig. 1c are statistically significant at the 95% level using
a Student’s t-test. The difference in simulated (Historical versus Fixed EUR
Emission) global and Arctic temperature trends are also statistically significant.
The statistical significance for the anomalies during 1996–2005 (Figs 2 and 3) were
calculated using an unpaired Student’s t-test. In these figures, stippling indicates a
statistically significant difference between the means of the ensemble members at
the 95% level.
Data. Data associated with this manuscript is publicly available at the MetOffice
site: http://www.metoffice.gov.uk/hadobs/hadcrut4/data/current/download.html
(HadCRUT.4.2.0.0.mean), at the NASA GISS site: http://data.giss.nasa.gov/gistemp
(Surface air temperature, 250 km smoothing), and at NOAA NCDC site:
http://www.ncdc.noaa.gov/temp-and-precip/ghcn-gridded-products (NCDC
gridded GHCN v2 SST/T2m anomalies).
Code availability. The program code for NorESM1-M is not openly available as it
includes contributions from many institutions. Access requires scientific
collaboration and a formal agreement. NorESM1-M-results are presented in more
than 470 peer-reviewed publications and a significant part of the output is available
in the CMIP5 data archive (http://cmip.llnl.gov/cmip5).
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