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Abstract
Using the Community Earth System Model (CESM) version 1.2, this study investigates the changes in secondary inorganic
aerosols (SIOAs) over the Northern Hemisphere from 1850 to 2007, regional contributions, and consequences on surface air
temperature. Results show that SIOAs changes can be divided into two stages. At the first stage (1850–1980), European and
North American SIOAs concentrations increase, with a cooling effect especially over Europe and Eastern Siberia. At the second
stage (1980–2007), SIOAs concentrations over Europe and North America are reduced with a warming effect in the mid-high
latitudes, whereas SIOAs increase over East Asia and South Asia leading to a cooling effect there. The temperature changes over
the emission source regions are mainly driven by radiative forcing. Horizontal transfer of heat leads to a temperature response in
the Siberian region.

1 Introduction

Aerosols generated by human activities not only pollute the
air, but also affect Earth’s radiation budget. By scattering and
absorbing solar radiant energy, aerosols change radiant flux at
top, bottom, and inside of the atmospheric column
(Ramanathan and Feng 2009). Secondary aerosols are pro-
duced by chemical reactions of gaseous and particulate pol-
lutants discharged by humans into atmosphere (mainly photo-
chemical reactions caused by ultraviolet light, ozone, and OH

radicals) (Volkamer et al. 2006). Secondary inorganic aerosols
(SIOAs) mainly include sulfate, nitrate, and ammonium. The
main component is sulfate. The direct reducing-temperature
effect of SIOAs is opposite to the radiation effect of green-
house gases by directly reflecting solar short-wave radiation
and reducing the amount of radiation reaching ground (Lin
et al. 2016). Although understanding of aerosols and their
climate impacts have improved dramatically, aerosol radiative
forcing as well as the effects on the surface temperature results
is still a big uncertainty in climate research (Boucher and
Randall 2013). As reported by Myhre et al. (Myhre et al.
2013), the total radiative forcing of aerosols (including
aerosol-cloud interactions) in 2011 relative to 1750 is in the
range (− 1.9 to − 0.1) W m−2. Most of its uncertainty is buried
in the interaction between clouds and aerosols (He et al.
2015). Morever, the regional response of atmospheric circula-
tion to global and regional anthropogenic aerosol forcing is
not yet well understood and constrained (Xie et al. 2013). To
improve future climate projections, a deep understanding of
the temperature response to scattering anthropogenic aerosols
is needed.

The emissions of SIOAs precursors are mainly from ore
combustion, which is closely related to industrial develop-
ment. With the development of industry and economy, there
is a large regional difference in SIOAs precursors emissions in
the Northern Hemisphere since the industrial revolution
(Smith et al. 2011; Tsigaridis et al. 2006). Global emissions
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reach the peaking in the 1970s, with a significant decrease
over the 1990s, and likely increasing slightly in recent years
(Smith et al. 2011). The emissions of SIOAs precursors in
developed and developing countries have different trends.
For example, the US Clean Air Act of 1970 limits fixed
(industrial) and mobile device emissions to address pollutant
emissions and health issues (Aas et al. 2019). Such regulations
have guaranteed significant reductions in SO2 emissions in the
USA and Europe in the late twentieth century (Hoesly et al.
2018). Meanwhile, more than doubled energy consumption in
Asia between 1980 and 2003, caused a rapid growth in Asian
emissions, by 119% for SO2, and 176% for NOx (Lu et al.
2010; Ohara et al. 2007). Emissions in China are estimated to
have peaked about 2006, and then declined. SO2 emissions
from India continue to increase sharply (Klimont et al. 2013).
The few studies have focused on the impact of specific region-
al aerosol emissions on the climate in local areas (Acosta
Navarro et al. 2016; Kasoar et al. 2016; Conley et al. 2018).
However, the impact of such a dramatic change in the spatial
distribution of SIOAs concentrations on the global climate
system is limited.

Previous studies have done a lot of researches on the
influence of aerosol on climate. Wang et al. (2015) find
that the increasing Asian pollution accounts for the weak-
ening of the tropics circulation, while the decreasing pol-
lution in Europe and the USA tends to shift the circulation
systems southward. In direct atmospheric response, aerosol
affects precipitation and atmospheric circulation by chang-
ing radiation and cloud physics (Bollasina et al. 2013).
Many studies have also focused on the influence of aero-
sols on circulation at regional and local scales, especially
in the densely populated Asian monsoon region (Lau and
Kim 2017; Li et al. 2015, 2018). Aerosols weaken the
South Asian monsoon and the East Asian monsoon.
However, most of these studies are limited to a certain
region, such as East Asia, or focus on a certain season.
There is a lack of discussion of atmospheric circulation
on a large scale. Moreover, there is a lack of analysis on
the influence of aerosol on climate from the perspective of
long-term historical evolution.

In this article, we mainly analyze the spatial distribution
changes of SIOAs concentration in the northern hemi-
sphere, and study the impact of this change on the surface
temperature in the northern hemisphere. Three nodes are
selected in the year 1850, 1980, and 2007 represent before
the industrial revolution, the highest period of global pol-
lution emissions and now, respectively. The organization
of sections is as follows. Section 2 introduces the model
and experimental design. Section 3 analyzes the simulation
results from three aspects: SIOAs concentration changes,
temperature changes in the emission source area, and tem-
perature response in other areas. Section 4 summarizes the
conclusion.

2 Experiment description and analysis
method

2.1 CESM1.2

The model used in this study is the atmospheric component of
the Community Earth System Model (CESM) version 1.2,
Community Atmospheric Model version 5.2 (CAM5.2), devel-
oped by the National Center for Atmospheric Research (NCAR)
(Neale et al. 2012). CESM can simulate the entire earth system
by coupling eight components, including the atmosphere, ocean,
land, and sea ice. As one of the outstanding models in the
Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (AR5), it has been used to simulate climate
change (Knutti et al. 2013). CESM-CAM has advanced
chemistry/aerosol treatment, and the distribution of aerosols
can be simulated relatively accurately (Liu et al. 2012).
Several studies have demonstrated the capability of CAM-
chem to represent tropospheric and stratospheric conditions,
and the influence of aerosol on local and global climate (Gantt
et al. 2014; He et al. 2015; Undorf et al. 2018; Xie et al. 2016).

The chemical mechanism in this experiment is based on
Model for Ozone and Related Chemical Tracers
(MOZART), version 4 mechanism for troposphere (Emmons
et al. 2010), with further updates (Lamarque et al. 2012). In
the chemistry module used in this work, aerosol size distribu-
tions are characterized into three lognormal modes: Aitken,
accumulation, and coarse modes. Aerosol species are assumed
to be internally mixed within each mode and externally mixed
among different modes. Both aerosol mass and particle num-
ber can be prognostic, aerosol species mainly include sulfate,
dust, black carbon, and primary and secondary organic aero-
sol. As for the main component in SIOAs, sulfates mass is
proposed as a component in each of the three aerosol modes,
and most of the sulfate (~ 90%) is in accumulation mode (Liu
et al. 2012). Sulfate is produced via H2SO4 condensation on
existing aerosols, whereas H2SO4 is formed by the oxidation
of SO2. Nitrate does not contribute to aerosols. Both direct and
indirect radiative effects of aerosols are included and aerosol-
cloud interactions can influence both cloud droplet number
and mass concentrations (Kasoar et al. 2016).

In this study, CESM1.2-CAM5 runs with a finite-volume
dynamical core, with a horizontal resolution of 1.9° at latitude
and 2.5° at longitude. In the vertical, there are 30 levels and
the model top at approximately 40 km. Atmospheric Model
Intercomparison Project (AMIP) (W. Lawrence Gates et al.
1999) experiments are performed with prescribed climatolog-
ical sea surface temperature (SST) and sea ice distribution, to
understand seasonal variation of anthropogenic aerosol direct
and indirect effects. Dry deposition of gases and aerosols is
implemented in the Community Land Model (CLM) (Oleson
et al. 2004) as described in Lamarque et al. (Lamarque et al.
2011).
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2.2 Experimental setup

Four cases are simulated with prescribed SST and sea ice
distribution in 2000. Each case run 50 years, and the last 45
years of simulated data are used. There are one control run and
three sensitivity runs. Those runs are different only in SIOAs
precursor gases emissions, while the other forcing such as
greenhouse gases conditions are kept at their present-day (year
2000) values, which follows the year-2000 ACCMIP emis-
sion inventory (Lamarque et al. 2010). The control experiment
is performed with 1850 SIOAs precursor gases emissions,
while in adjustment experiments, SIOAs precursor gases
emissions are in year 1980 and 2007, the last adjustment ex-
periment remove all anthropogenic SIOAs precursor gases
emissions. Anthropogenic aerosol and precursor gases emis-
sions are from the Community Emissions Data System
(CEDS) (Hoesly et al. 2018). The difference between control
and adjustment cases represents atmospheric response to
SIOAs concentration changes in different regions after the
industrial revolution, which are caused by industry developing
(Table 1).

2.3 Temperature change analysis

∂T
∂t

¼ −V!� ∇T−w γd−γð Þ þ 1

Cp

dQ

dt

The atmospheric thermodynamic equation gives a relation-
ship between system state change and heat exchange.
Dynamic process and thermodynamic process of atmosphere
are interrelated and mutually constrained. The above formula
is the first-order simplification of the atmospheric thermody-
namic energy equation. γd is the dry adiabatic lapse rate, γ is
the environmental lapse rate, and Cp is the specific heat at
constant pressure. The left side of the equation is the local
variation of temperature, which represents changes in local
temperature over time. The first item on the right side of the
equation is the transfer of heat from the horizontal motion of
the atmosphere. The second item on the right side is temper-
ature change caused by the vertical movement of atmosphere
which is related to the stability of the atmosphere. The third
item on the right side is the non-adiabatic heating term. Solar

radiation is the main form of healing atmosphere. Temperature
transient response of other regions is mainly caused by advec-
tion and vertical motion of the atmosphere. Adjustment of
atmospheric circulation causes heat to be transported in hori-
zontal and vertical directions, affecting temperature. In local
temperature changes, the degree of influence of different fac-
tors is not equal. The following will discuss in detail the dom-
inant factors of local temperature changes in different
situations.

3 Results

3.1 Global SIOAs concentration changes

As shown in Fig. 1, SIOAs surface concentration changes
mainly distribute in three main areas: North America,
Western Europe, and East Asia. These three regions are home
to the largest economy of the world, with a population of more
than one-third of the total population. The first phase is from
1850 to 1980 during which SIOAs concentrations in the
Northern Hemisphere increases generally, with the most sig-
nificant increase in Europe and North America. The SIOAs
increasing over Europe (average 41.6 μg/m3) is greater than
North America (average 17.40 μg/m3). SIOAs concentrations
in eastern China increase by an average of 4.5 μg/m3.
According to predecessors, global aerosol emissions, in par-
ticular sulfate aerosol precursor sulfur dioxide (SO2), are dom-
inated by sources area in North America and Europe for most
of the twentieth century (Hoesly et al. 2018; Lamarque et al.
2010). Developed regions such as Europe and the USA have
begun to reduce domestic pollutant emissions since the 1980s,
while pollutant emissions have increased in developing re-
gions with the development of industrialization.

Specifically, compared with 1980, SIOAs concentrations in
Europe decrease by 33.36 μg/m3 on average in 2007. The
reduction of extremum lies in Belarus and Ukraine. Overall,
except for East Asia, South Asia, and Southeast Asia, Eurasia
show a reducing trend in SIOAs. Even the northern part of
Africa is affected to some extent, showing a decrease in
SIOAs concentrations. Unlike in Europe, there is no signifi-
cant extreme value for changes in SIOAs concentrations in
North America. SIOAs concentrations reduction in North
America is 5.09 μg/m3 on average with decreases relatively

Table 1 SIOAs precursor
emissions disturbance in
experiments

Name SIOAs precursor gases emission year Emission perturbation

Ctl 1850 9 Tg year-1

G1980 1980 240.5 Tg year-1

G2007 2007 277 Tg year-1

Remove SIOAs precursor gas emissions are removed 0 Tg year-1
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larger in the central US than the eastern coast. From 2007 to
1980, East Asia and South Asia show a significant increase in
SIOAs concentrations. The high-value area mainly locate in

the Shandong Peninsula, adjacent parts of North China and
Sichuan Basin, with a value of 18.55 μg/m3. Average SIOAs
concentrations in China and India increase by 11.35 μg/m3

and 9.49 μg/m3, respectively. Concentrations of SIOAs also
increase in Thailand, Myanmar, Singapore, and other regions.

Unlike greenhouse gases with a long life span and a wide
distribution range, SIOAs have a life cycle of only one week.
Lifetimes of sulfate in the CAM model is 3.9 days (Tilmes
et al. 2015). Therefore, the distribution of SIOAs has strong
local differences, and concentration is the strongest in the
source emission area, decreasing to the periphery. This is re-
lated to human production and life behavior and is also affect-
ed by atmospheric circulation and meteorological conditions.
These factors affect SIOAs life cycle, diffusion range, and
settling velocity.

Aerosol optical thickness (AOT) or aerosol optical depth
(AOD), defined as integral of the extinction coefficient of the
medium in a vertical direction, can describe the effect of aero-
sols on light reduction (Bäumer et al. 2008). Generally, high
AOD value indicates an increase in longitudinal accumulation
of aerosols, thus resulting in a decrease in atmospheric visi-
bility. Several aerosols, especially sulfate in the SIOAs com-
ponent, can affect AOD (Conley et al. 2018). Therefore, it can
be seen from simulation results that during two stages, AOD

Fig 1 Perturbation of the unit grid emissions of SIOAs precursors in the
model in different experiments

Fig. 2 Variation of surface concentrations distribution of SIOAs, 1850–1980 year and 1980–2007 year. The shading indicates that the 95% two-tailed
student t test is not passed
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also changes similarly after SIOAs concentrations distur-
bance. Spatial distribution of AOD value change and extreme
value center are consistent with SIOAs concentrations change.
The AOD in the Northern Hemisphere shows a consistent
growth trend from 1850 to 1980. Themost significant increase
was in Europe (0.09 on average), followed by North America
(0.03 on average). Over East Asia, increasing occurs only in
eastern China (0.01 on average). On the global scale, AOD
grows by an average of 0.11. In the second phase, AOD re-
duction is concentrated in Europe and North America, and the
extent of AOD reduction in Europe (maximum 0.17) was
much greater than in North America (maximum 0.05). There
are obvious high-value areas in East Asia and South Asia,
located in central China (0.08 on average) and northeastern
India (0.03 on average) respectively. In terms of seasonal
changes, it also shows a stable consistency with variation of
SIOAs concentrations. The results show that AOD responses
are strongest in regions near to and downwind from the region
of decreased/increase SIOAs emissions (Figure 2).

3.2 Temperature response in aerosol source areas

As mentioned in 2.3, local temperature changes are deter-
mined by different impact factors. So, the response of surface

temperature to the change of SIOAs concentrations distribu-
tion is different between the aerosol source area and the distant
area. In the aerosol source area, the trend of temperature
change is opposite to that of SIOAs emissions. Figure 3 shows
the annual mean surface air temperature change. From 1850 to
1980, most of the Northern Hemisphere is dominated by
cooling, with extreme cooling in Europe and high latitudes
of Eastern Siberia, reaching − 0.87 K and − 0.57 K respec-
tively. There is warming in the plains of Western Siberia and
high latitudes of the plains of Eastern Europe. The same ap-
plies to the Qinghai-Tibet Plateau. From 1980 to 2007, surface
temperature increases in Europe and North America where
SIOAs concentrations decrease. Warming in Europe (0.13
K) is greater than North America (0.035 K), and the location
of maximum warming in Europe (0.21 K) is consistent with
the position of maximum SIOAs emissions reduction. In cen-
tral and eastern China, India, Myanmar, and other Southeast
Asian regions, SIOAs increasing, so the temperature in these
places is reduced. The average temperature drop in central and
eastern China can reach 0.12 K. The temperature in the Indian
region decreases 0.083 K on average. Uncertainty analysis has
not been performed for temperature due to lack of the neces-
sary unforced simulation output for the version of the model
used here (Conley et al. 2018; Kasoar et al. 2016).

Fig. 3 Changes in aerosol optical depth in the Northern Hemisphere from 1850 to 1980, 1980 to 2007. The shading indicates that the 95% two-tailed
student t test is not passed
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In aerosol emission sources, non-adiabatic heating is dom-
inant on local temperature change. ERF is defined as a change
in net flux (SW + LW) between control and disturbance sim-
ulations using specified SST (Conley et al. 2018). Compared
to transient radiative forcing, ERF is a better indicator of long-
term climate forcing because it includes full adjustment of
atmosphere and land models, aerosol responses from changes
in emissions, transport, and deposition are taken into account
in the calculations. Compared with 1850 (Fig. 4), SIOAs con-
centrations increasing in Europe during 1980, reduces surface
solar radiant flux obtained in high latitudes of the Eurasian
continent and Arctic regions. ERF in Europe decreases by an
average of 4.72 W/m2, and the maximum reduction reached
13.12 W/m2. ERF in North America is also generally reduced
6.03 W/m2 on average. There is a slight ERF decrease in East
Asia and an increase in the Qinghai-Tibet Plateau. From 1980
to 2007, radiative forcing increases in Europe and the
Americas, and decreases in central and eastern China, India
and other Southeast Asian regions. The amount of surface
radiation flux changes more than the top of atmosphere.
Especially in Eastern Europe, there is a significant maximum
change in surface net radiation, with a value of 5.99 W/m2. In
central and eastern China, as well as in South and Southeast

Asia, climatic systems are more complicated due to monsoon
and subtropical highs. Therefore, solar radiation changes
caused by SIOAs in eastern China are not so obvious. There
is a very significant reduction in solar radiation in the eastern
part of the Indian Peninsula and China Tibet Junction,
reaching 13.24 W/m2.

In addition, changes in cloud cover can also explain the
differences in surface ERF to some extent. As shown in Fig.
5, in the stage between 1580 and 1980, total cloud cover
increases in mid-high latitudes of the Northern Hemisphere.
Areas with increased cloud cover in Eurasia are consistent
with areas where surface ERF reduce. From 1980 to 2007,
cloud cover has a slight decline in Europe and North
America. In central and eastern China, India, and other
South Asian regions, an increase in cloud cover is very
obvious.

3.3 Remote response to temperature in other parts of
the Northern Hemisphere

It can be seen in Fig. 3 from 1850 to 1980, SIOAs concentra-
tions in Eastern Siberia do not change much, but temperature
response is very obvious. In the stage from 1980 to 2007,

Fig. 4 Temperature response of the Northern Hemisphere after global SIOAs concentrations change from 1850 to 1980, 1980 to 2007. Significance is
not evaluated as 50-year control runs are not available to assess internal variability for this model
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conspicuous warming is found over high latitude in the
Northern Hemisphere. Average temperature rises 0.55 K.
Warming also occurs in northern regions of China, such as
Inner Mongolia and Xinjiang. Compared with the change in
SIOAs concentrations, the temperature change in these areas
is too obvious (Fig. 1). Therefore, SIOAs direct and indirect
climate effects discussed in Section 3.2 are not the main rea-
sons for temperature changes in these areas.

From temperature change of the whole atmosphere in the
Northern Hemisphere, it can be found that atmospheric
warming in mid-high latitudes mainly occurs at the bottom
of the atmosphere. From 1850 to 1980, the surface tempera-
ture in mid-high latitudes of the Northern Hemisphere de-
clines (Fig. 6a), while in 1980–2007, it shows significant
warming (Fig. 6b). When surface temperature decreases in
the Northern Hemisphere, heat transfer near the ground is
characterized by negative heat transfer from low latitude to
mid-high latitude (Fig. 6c). Conversely, when there is a very
significant positive heat transfer in low latitude to high lati-
tudes (Fig. 6d), surface temperature increases in mid-high lat-
itudes of the Northern Hemisphere. The strongest heat transfer
change can be seen from 50 to 70°N, which is basically con-
sistent with the latitude of radiation changes in Europe and
North America (Fig. 4). From 1850 to 1980, there are cold
advection and warm advection in Eastern Siberia and Western
Siberia regions, so those two regions show strong cooling and

warming respectively. From 1980 to 2007, average meridional
heat transfer in Siberia (50–70° N, 60–150° E) can reach 1.52
W/m2. Therefore, significant warming in the Siberian region
is mainly due to warm advection that transports heat from low
latitudes (Europe and northeast China). The weak cooling in
the vicinity of Saudi Arabia and Iran is due to cold tempera-
ture advection from the north. In fact, cold advection from
polar regions also affects Europe and North America, causing
cooling in those regions. However, as the two regions are
more affected by the increase in radiative forcing due to re-
duction in SIOAs emission concentrations, the final tempera-
ture is characterized by warming.

Air compression warming and expansion cooling caused by
vertical movement of atmosphere can also affect local tempera-
ture to some extent. However, in this experiment, vertical motion
can only enhance or weaken local temperature trends. It is not
possible to determine or completely change the local temperature
trends like a non-adiabatic heating term or a temperature advec-
tion term. For example, in the second stage, in Europe the sinking
air induced adiabatic compression warming offsets partly the
cooling effect of cold advection. In Siberia, the sinking induced
warming effect in the region of 90–135° E is superimposed on
warm advection, making warming very obvious.

The advection and vertical motion of the atmosphere are de-
termined by circulation, which is driven by solar radiation.
Following is an analysis of atmospheric circulation in the

Fig. 5 Net radiation (SW + LW) changes at top of atmosphere. The shading indicates that the 90% two-tailed student t test is not passed
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NorthernHemisphere to answer transient response of temperature.
The effect of energy transport on atmospheric circulation is ex-
plained from the perspective of energy imbalance of the
atmosphere-landmodel. The principle of influence of atmospheric
circulation changes on temperature advection in two stages is
consistent, and change of atmospheric circulation in the second
stage is more complicated. Therefore, the second stage is selected
as a representative for analysis (Figure 7).

Figure 8 a shows a low-level circulation. From the year
1980 to 2007, there is a significant southerly wind enhance-
ment in the Siberian region (50–70° N, 60–150° E). They are
southwesterly winds from Europe and southeasterly wind
from southeast China. They carry warm air from Europe and
northeast China to Siberia. There are two high pressures in the
Northern Hemisphere (Fig. 8b), located in the North Pacific
and North Atlantic. A low pressure lies near the Barents Sea
and Siberia is located on the southeast side of polar depres-
sion, which is beneficial to southwesterly winds from Europe.
It is also located on the northwest side of ground high pres-
sure, where the southeasterly wind is prevalent. After SIOAs
concentrations changed, the intensity of the ground high pres-
sure system and the low pressure system increases. The
cooling and heating effects of aerosol radiation in the mid-
high latitudes of the Northern Hemisphere (40–60 N) have
led to the development of 500 hPa atmospheric troughs and

ridges. Warming in Europe has led to the strengthening of the
upper trough (Fig. 8c). Troughs near East Asia weakened,
ridges developed, and surface pressure from East Asia to the
North Pacific increased. The anticyclonic vorticity increases
and converges under the action of the geostrophic deflection
force, thus pressurizing the ground, and diverges under the
action of the pressure gradient force in the positive transfor-
mation zone (Fig. 8b). Siberia is located in the middle of two
high pressures. The air cyclone is abnormally strengthened
and the central air pressure is reduced. The development of
ground pressure system stabilizes low-altitude wind direction
and increases wind speed, bringing warm air from low lati-
tudes to the Siberian region, and blowing polar cold air to
Europe.

In the actual Earth system, ocean plays a much larger role
in heat storage and transportation than atmosphere. Response
and adjustment of atmosphere to thermal imbalances are more
rapid than the process of releasing heat from ocean. It is shown
that ocean sends more heat to the North Pole and the warmed
Arctic after the reduction of sulfur dioxide in Europe (Acosta
Navarro et al. 2016). Some recent studies have shown that
global warming is driven by Earth’s energy imbalance (EEI)
(Hansen et al. 2005; Trenberth et al. 2014). Radiative forcing
is a change in net radiant flux due to changes in external
drivers of climate change, such as greenhouse gas

Fig. 6 Total cloud amount change. The shading indicates that the 95% two-tailed student t test is not passed
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concentrations and aerosol forcing. More than 90% of EEI is
stored in ocean, increasing ocean heat content (OHC), which
warms ocean (Cheng et al. 2017). Ocean circulation then
transports heat to poles, causing sea ice melting. The exchange
of heat between sea and air also warms atmosphere in the
Arctic. In this experiment, the ocean does not participate in
the global energy cycle. Energy is imbalanced in simulations
with only atmospheric and land surface modules. The heat
capacity of atmosphere is small and the ability to store energy
is weak. Therefore, when the atmosphere gains extra energy, it
quickly passes to colder regions of high latitudes. Arctic air
temperature is mainly affected by colder ocean in the under-
lying surface, so that most significant area of warming in the
Northern Hemisphere appears in the Siberian region.

4 Conclusions

We use Earth system models to simulate changes in global
SIOAs emissions since the industrial revolution, and the re-
sponse of surface temperatures in the Northern Hemisphere to
changes in such pollutant emissions. With adjustment of glob-
al industrialization, there are two stages of SIOAs concentra-
tion changes in the Northern Hemisphere. From 1850 to 1980,
SIOAs concentrations increase in the Northern Hemisphere,
most notably in Europe and North America, which led to the
temperature decreasing. During the year 1980 and 2007,
SIOAs concentrations show an opposite trend in developed
and developing regions of the Northern Hemisphere. There is
a regional difference in temperature changes caused by this

Fig. 7 Vertical change in atmospheric temperature (a, b) and meridional transport of heat (c, d), 1850–1980 (a, c), 1980–2007 (b, d)
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Fig. 8 From year 1980 to 2007. a 850 hPa wind field changes. The arrow
in (a) is the 850 hPa wind field changes after the SIOA concentrations
change. The color represents the change in average surface temperature. b
Surface pressure changes. The arrow in (b) is the change in 850 hPa wind

field after SIOA concentrations change, and the color map shows the sea
level pressure changes after SIOA concentration disturbance. cChange of
500 hPa geopotential height field (color map), vector arrow is change of
500 hPa wind field
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difference in aerosol pollutant emissions. The main perfor-
mance is temperature increasing in high latitudes of the
Northern Hemisphere. Temperature reduces in mid-low lati-
tudes of East Asia, in South Asia, and elsewhere.

The main cause of temperature change in source area is the
effects of radiative forcing, such as Europe warming at first
stage and cooling in East and South Asia during stage two.
Long-distance response of temperature is mainly due to heat
transfer. Although there is no obvious change in SIOAs con-
centrations in Eastern Siberia, the temperature response is
significant.

Warm advection in the Siberian region is mainly due to
adjustment of atmospheric circulation, which leads to the en-
hancement of southwesterly wind and southeasterly wind.
This change in atmospheric circulation is due to the inability
to store much energy by itself compared to ocean. So, it is
necessary to quickly transfer additional solar radiation to other
areas to maintain equilibrium. Ming et al. (2011) showed that
aerosols increase baroclinic instability and enhance wind
shear. Wilcox et al. (2019) find that the large-scale circulation
response to Asian anthropogenic aerosol is primarily an
extratropical-driven phenomenon, either through Rossby
wave trains excited in the extratropics or through extratropical
meridional temperature gradients. The differences between
those conclusions due to differences in the local response to
emissions. At the same time, the sensitivity of different
models to aerosol emissions is very different. This adds addi-
tional complexity and complications in identifying the climate
imprint of aerosols due to the large uncertainty in the atmo-
spheric circulation response, especially at sub-continental
scales.

This study only discusses the response to changes in global
SIOAs emissions under the coupling of atmospheric and ter-
restrial modules. We only concern changes in radiant flux at
the top of atmosphere and on the ground after changes in
atmospheric composition, and adjustment of atmosphere in
the event of energy imbalance. Ocean plays a non-negligible
role in the storage and transport of radiant energy in the Earth
system. So, we will add the ocean components to simulate
temperature response to changes in aerosol emissions in future
work.
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