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Abstract

Circulation patterns linked to the East Asian winter monsoon (EAWM) affect precipitation, surface temperature, and air

quality extremes over East Asia. These circulation patterns can in turn be influenced by aerosol radiative and microphysical

effects through diabatic heating and its impacts on atmospheric vorticity. Using global model simulations, we investigate the

effects of anthropogenic aerosol emissions and concentration changes on the intensity and variability of the EAWM. Comparison

with reanalysis products indicates that the model captures the mean state of the EAWM well. The experiments indicate that

anthropogenic aerosol emissions strengthen the Siberian High but weaken the East Asian jet stream, making the land areas of

East Asia colder, drier, and snowier. Aerosols reduce mean surface air temperatures by approximately 1.5°C, comparable to

about half of the difference between strong and weak EAWM episodes in the control simulation. The mechanisms behind these

changes are evaluated by analyzing differences in the potential vorticity budget. Anthropogenic aerosol effects on diabatic heating

strengthen anomalous subsidence over southern East Asia, establishing an anticyclonic circulation anomaly that suppresses

deep convection and precipitation. Aerosol effects on cloud cover and cloud longwave radiative heating weaken stability over

the eastern flank of the Tibetan Plateau, intensifying upslope flow along the western side of the anticyclone. Both circulation

anomalies contribute to reducing surface air temperatures through regional impacts on thermal advection and the atmospheric

radiative balance.
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Key Points:9

• Anthropogenic aerosols make East Asian land areas roughly 1.5◦C colder during10

winter while reducing precipitation and increasing snowfall11

• Aerosol effects are diagnosed by analyzing how changes in diabatic heating alter12

the winter monsoon potential vorticity intrusion13

• Colder surface temperatures can be attributed to both aerosol direct effects and14

circulation responses to cloud-aerosol interactions15
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Abstract16

Circulation patterns linked to the East Asian winter monsoon (EAWM) affect precip-17

itation, surface temperature, and air quality extremes over East Asia. These circulation18

patterns can in turn be influenced by aerosol radiative and microphysical effects through19

diabatic heating and its impacts on atmospheric vorticity. Using global model simula-20

tions, we investigate the effects of anthropogenic aerosol emissions and concentration changes21

on the intensity and variability of the EAWM. Comparison with reanalysis products in-22

dicates that the model captures the mean state of the EAWM well. The experiments in-23

dicate that anthropogenic aerosol emissions strengthen the Siberian High but weaken the24

East Asian jet stream, making the land areas of East Asia colder, drier, and snowier. Aerosols25

reduce mean surface air temperatures by approximately 1.5◦C, comparable to about half26

of the difference between strong and weak EAWM episodes in the control simulation. The27

mechanisms behind these changes are evaluated by analyzing differences in the poten-28

tial vorticity budget. Anthropogenic aerosol effects on diabatic heating strengthen anoma-29

lous subsidence over southern East Asia, establishing an anticyclonic circulation anomaly30

that suppresses deep convection and precipitation. Aerosol effects on cloud cover and31

cloud longwave radiative heating weaken stability over the eastern flank of the Tibetan32

Plateau, intensifying upslope flow along the western side of the anticyclone. Both cir-33

culation anomalies contribute to reducing surface air temperatures through regional im-34

pacts on thermal advection and the atmospheric radiative balance.35

Plain Language Summary36

The East Asian winter monsoon is a large-scale circulation system that controls37

the occurrence of cold air outbreaks and severe winter storms throughout the densely38

populated land areas of East Asia. By reducing the amount of sunlight reaching the sur-39

face, warming the atmosphere, and changing the properties and lifetimes of clouds, aerosols40

can alter the atmospheric circulation and regional weather conditions. Here, we exam-41

ine the characteristics of the East Asian winter monsoon in global model simulations with42

and without aerosol emissions from industry, energy generation, transportation, and other43

human activities. Our results show that the aerosols produced by these activities make44

East Asian land areas colder, drier, and snowier during winter. We explain the reasons45

for these changes by diagnosing how various physical effects of aerosols impact temper-46

ature and winds within the East Asian monsoon region.47

1 Introduction48

The East Asian winter monsoon (EAWM) is a crucial component of the boreal win-49

tertime climate system (L. Wang et al., 2009; L. Wang & Chen, 2010; Miao, Wang, Wang,50

Zhu, & Sun, 2018). Variations in the EAWM modulate wintertime precipitation, sur-51

face air temperature, and air quality in East Asia (W. Huang et al., 2016; Ge et al., 2019),52

and severe winter weather associated with these variations can have substantial socioe-53

conomic impacts (R. Huang et al., 2003, 2007; B. Wang et al., 2000; Chang et al., 2006;54

H. Wang et al., 2011). The influences of a strong EAWM, which can extend from po-55

lar regions to the equator (Li et al., 2020), are typically characterized by a strengthened56

Siberian High and Aleutian Low at the surface, pronounced northerly winds along the57

coast of East Asia in the lower troposphere, a deeper East Asian trough in the middle58

troposphere, and a stronger jet stream in the upper troposphere over East Asia (L. Wang59

& Chen, 2010; Jiang et al., 2017; Li et al., 2020; Miao & Jiang, 2021).60

These circulation components of EAWM are inherently linked. The Siberian High61

is established largely by the joint effects of strong radiative cooling and subsidence up-62

wind of the East Asian trough (L. Wang et al., 2009). Cold air sweeps into southern China63

when the Siberian High strengthens and moves southeastward, leading to cold surges (Q. Guo,64

1994; Fan, 2009; H. Wang et al., 2011). Cold air that peels off of the Siberian High can65
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also move into the tropical margins near the maritime continent, sharpening the merid-66

ional temperature gradient (Chang et al., 2005; L. Wang et al., 2009; Li et al., 2020) and67

intensifying deep convection and precipitation over Southeast Asia (Chang et al., 2005).68

Heat and moisture sourced from the warm tropical and subtropical ocean surface can69

thus serve as heating sources to the EAWM (Chang et al., 2006), enhancing baroclin-70

icity (Blackmon et al., 1977) and triggering interactions between the tropics and mid-71

latitudes (Chang & Lau, 1980, 1982; Compo et al., 1999). Variations in baroclinicity as-72

sociated with the EAWM are also linked to jet dynamics in the upper troposphere, in-73

cluding variations in both the East Asian polar front jet and East Asian subtropical jet (Jhun74

& Lee, 2004; Luo & Zhang, 2015; Yin & Zhang, 2021).75

Many indices have been proposed to describe variations in the EAWM (L. Wang76

& Chen, 2010; He & Wang, 2012; W. Huang et al., 2016; Li et al., 2020). Owing to ev-77

ident links between EAWM intensity and the regional circulation, most of these index78

definitions have relied on dynamical variables rather than thermal variables (L. Wang79

& Chen, 2010). W. Huang et al. (2016) proposed a novel EAWM index based on poten-80

tial vorticity (PV), which includes both dynamical (vorticity) and thermodynamic (ther-81

mal stratification) metrics of the atmospheric state. They pointed out that the EAWM82

essentially brings cold air along isentropic surfaces from the high latitude upper tropo-83

sphere to the mid-latitude lower troposphere. This link can be described effectively as84

a southward intrusion of large values of PV. A strong PV intrusion indicates anomalous85

southward descent of the upper-level polar front along sharply sloping isentropic surfaces86

above East Asia. W. Huang et al. (2016) showed that a PV-based EAWMI reliably cap-87

tures relationships between the EAWM and the Siberian High, Artic Oscillation, and El88

Niño–Southern Oscillation.89

A stronger EAWM corresponds to negative anomalies in surface air temperature90

and a greater frequency of severe winter weather, including intense snowfall and cold surges91

over East Asia (Q. Guo, 1994; Fan, 2009; H. Wang et al., 2011), increased rainfall over92

the maritime continent (Chang et al., 2005), and decreased precipitation over South China (Zhou,93

2011; Zhou & Wu, 2010). Surface air temperature anomalies over East Asia are often94

divided into a northern mode and a southern mode to account for the two distinct path-95

ways by which cold air invades East Asia (B. Wang et al., 2010; Li et al., 2020). The north-96

ern mode represents cold air from central Siberia, leading to cold temperatures over north-97

ern East Asia, while the southern mode represents cold air from western Mongolia, lead-98

ing to cold temperatures over southern East Asia.99

The EAWM is affected by both natural and anthropogenic climate forcings (Chen100

& Zhang, 2013; Ding et al., 2007; Hori & Ueda, 2006; Hu et al., 2000; Lee et al., 2013;101

Miao, Wang, Wang, & Gao, 2018; Miao, Wang, Wang, Zhu, & Sun, 2018). For exam-102

ple, Miao, Wang, Wang, and Gao (2018) found that solar variability can regulate EAWM103

intensity through North Atlantic sea surface temperatures on the multidecadal time scale.104

Model simulations have also shown that fluctuations in natural external forcing play a105

key role in regulating meridional shear of the East Asian jet stream (Miao, Wang, Wang,106

Zhu, & Sun, 2018). In addition, a wealth of research has concluded that greenhouse gas-107

driven global warming weakens the EAWM (Ding et al., 2007; Hori & Ueda, 2006; Hu108

et al., 2000; Lee et al., 2013; Xu et al., 2016). Large-scale urbanization has also weak-109

ened the EAWM across much of East Asia, but with opposite effects on the EAWM in110

northeastern China (Chen & Zhang, 2013).111

The rapid pace of economic development in East Asia over recent decades has dra-112

matically increased regional emissions of anthropogenic aerosols and aerosol precursors.113

These emissions have resulted in a well-known weakening of the East Asian summer mon-114

soon (Jiang et al., 2013; L. Guo et al., 2013; Song et al., 2014; Wei et al., 2022; Zhang115

et al., 2012). However, despite clear links between EAWM variability and air quality (Ge116

et al., 2019), few studies have examined the effects exerted by anthropogenic aerosols on117

the EAWM. Y. Liu et al. (2009) reported that sulfate tends to weaken the winter mon-118
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soon circulation in southeast China, while Wu et al. (2016) emphasized the potential for119

anthropogenic aerosols to weaken the monsoon circulation by reducing land–sea temper-120

ature contrasts. Previous studies have also found that black carbon can intensify the EAWM121

northern mode (characterized by a northward shift of the subtropical jet) via black carbon-122

induced warming of the Tibetan Plateau (Jiang et al., 2017). Another recent study found123

that the combined effects of anthropogenic and natural external forcings, including aerosols,124

weakened the Siberian High in the mid-1980s (Miao, Wang, Wang, Zhu, & Sun, 2018).125

However, the magnitude and mechanisms of anthropogenic aerosol effects on the126

EAWM are still unclear. In this study, we use global model simulations to investigate127

the effects of anthropogenic aerosol emissions on the EAWM between 1999 and 2018. We128

use a PV-based EAWM index to provide both dynamical and thermodynamic perspec-129

tives, focusing on the ways in which anthropogenic aerosols alter diabatic heating over130

East Asia during wintertime. The paper is organized as follows. In section 2, we intro-131

duce the data and methods. In Section 3, we describe the simulated characteristics of132

the EAWM and the effects of anthropogenic aerosols on these characteristics. In section 4,133

we explore the mechanisms by which anthropogenic aerosols influence the EAWM. We134

close with a brief summary and discussion in section 5.135

2 Data and Methods136

2.1 Data137

In this work, the EAWM is assessed using reanalysis products from the European138

Centre for Medium-Range Weather Forecasts (ECMWF) Fifth Reanalysis of the Atmo-139

sphere (ERA5; Hersbach et al., 2020) and global atmospheric model simulations from140

the Tsinghua University Community Integrated Earth System Model (CIESM; Lin et141

al., 2020). The ERA5 reanalysis products, which include monthly mean horizontal winds142

and temperatures on pressure levels and 2-meter surface air temperatures, are used to143

analyze the EAWM circulation and provide a benchmark for evaluating the model sim-144

ulations. Winter is defined as November of the specified year through March of the fol-145

lowing year (NDJFM).146

2.2 Experimental design147

The CIESM global model simulations have been conducted for the AeroCom At-148

mospheric Composition and Asian Monsoon (ACAM) experiment. The model is run at149

a horizontal resolution of 2.5◦ in longitude by approximately 1.875◦ in latitude (144×96)150

using a spectral element dynamical core with 30 hybrid σ-p vertical levels and a model151

top at 1 hPa. Land surface conditions are simulated using a modified version of the Com-152

munity Land Model Version 4.0 (Lawrence et al., 2011) as described by Lin et al. (2020).153

Details of the atmospheric model physics are unchanged from those described by Lin et154

al. (2020), with the exception that prescribed aerosols are replaced by the interactive 7-155

mode Modal Aerosol Module (MAM7; X. Liu et al., 2012). Anthropogenic emissions through156

2014 include estimates for the agricultural, energy, industrial, transportation, residen-157

tial, waste, solvent production and application, international shipping, and aviation sec-158

tors based on version 2017-05-18 of the Community Emissions Data System (CEDS; Hoesly159

et al., 2018). Anthropogenic emissions from 2014 are repeated for the remaining years160

of each experiment (2015–2018). Volcanic emissions include estimates for eruptions and161

outgassing from Carn (2019). Fire emissions are from van Marle et al. (2017) for the years162

1999–2015, with emissions from 2015 repeated annually for the years 2016–2018. Sea sur-163

face temperature and sea ice boundary conditions are applied as recommended for At-164

mospheric Model Intercomparison Project (AMIP) experiments by the Program for Cli-165

mate Model Diagnosis and Intercomparison (Hurrell et al., 2008). The atmospheric model166

simulations are otherwise free-running, without meteorological nudging.167
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We use 6-hourly and monthly outputs from the control (BASE) and zero-anthropogenic168

(ANT0) aerosol emissions scenarios. Monthly-mean outputs from the BASE scenario,169

which represents historical changes in all emissions inventories, are compared with ERA5170

to assess the ability of the CIESM to reliably simulate the basic characteristics of the171

EAWM. The ANT0 experiment includes volcanic and biomass burning emissions but ex-172

cludes all emissions of anthropogenic aerosols and aerosol precursors. Anthropogenic aerosol173

effects are assessed as the difference between the ANT0 and BASE scenarios (BASE–174

ANT0). Daily averages of 6-hourly outputs from the BASE and ANT0 simulations are175

used to explore the mechanisms behind anthropogenic aerosol effects on the EAWM.176

2.3 Methods177

An EAWM index (EAWMI) is a metric that uses information from the wintertime178

circulation to quantitatively describe variations in the strength or other key aspects of179

the EAWM (L. Wang & Chen, 2010; He & Wang, 2012; W. Huang et al., 2016; Li et al.,180

2020). In this article, we use a modified version of the EAWMI proposed by W. Huang181

et al. (2016), which is based on potential vorticity (PV):182

PV = −g(ζ + f)
∂θ

∂p
, (1)

where g is the gravitational acceleration, ζ is relative vorticity, f is the planetary vor-183

ticity, and θ is potential temperature. As shown by W. Huang et al. (2016), the PV-based184

EAWMI reliably captures relationships between the EAWM and other large-scale climate185

modes. Owing to its dependence on planetary vorticity (f) and stratification (−∂θ/∂p),186

PV increases with both increasing latitude and increasing altitude. As PV is conserved187

for adiabatic frictionless flow, larger values of PV in the lower and middle troposphere188

over East Asia indicate an intrusion of cold, dry air from higher latitudes and altitudes.189

Further power derives from the invertibility of PV (Hoskins et al., 1985), which links the190

distribution of PV to the balanced wind and mass fields, and the PV tendency equation,191

which links diabatic heating and other non-conservative processes to changes in PV.192

To limit noise due to frictional effects in the surface layer, particularly over and around193

the Tibetan Plateau, we define a modified PV-based EAWMI as follows:194

EAWMI = PVm
300K(90

◦E− 150◦E, 20◦N− 50◦N)− PVm
300K(0− 360◦E, 20◦N− 50◦N). (2)

Here, PVm
300K is masked when pressure on the 300K isentropic surface exceeds a refer-195

ence pressure, for example:196

pref = psurf − dp. (3)

The reference pressure can also be set directly to the pressure at the diagnosed bound-197

ary layer top (pABL). Values of the modified EAWMI with dp set to 60 hPa, dp set to198

100 hPa, and pref set to pABL are highly correlated (r ≥ 0.97). Given this consistency199

in the results and to avoid dependence on the method by which the boundary layer top200

is defined or diagnosed, we adopt equation 3 with dp =60hPa to define the mask. Fig-201

ure 1 shows the mean seasonal cycle of the EAWMI (Fig. 1a) and time series of the 5-202

day mean deseasonalized EAWMI (Fig. 1b) for the winters of 1999 to 2018 in the BASE203

and ANT0 simulations. The EAWMI for the BASE simulation has been standardized204

to have a mean of zero and a standard deviation of one. The EAWMI for the ANT0 sim-205

ulation has been standardized against the reference mean and standard deviation from206

BASE to better indicate differences between the two simulations. Seasonal cycles for both207
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simulations are based on the first three Fourier components of the 151-day season av-208

eraged over the 19 full winters (November–March) in each simulation.209

A larger value of the EAWMI indicates a stronger EAWM, associated with an in-210

tensified Siberian high and stronger northerly winds over the coastal areas of East Asia (W. Huang211

et al., 2016, 2017). Figure 1 therefore indicates that anthropogenic aerosol emissions strengthen212

the EAWM overall (Fig. 1a, right panel), with a shift in the distribution of daily-mean213

EAWMI from small negative values (−1 to 0) toward small positive values (0 to +1). In-214

tensification of the EAWM is mainly confined to early (December) and late (March) win-215

ter, offset by a mid-winter weakening of the EAWM in BASE relative to ANT0 (Fig. 1a,216

left panel). These aerosol effects on the EAWM are explored further in the following sec-217

tions.218

Figure 1. (a) Mean seasonal evolution of the EAWMI from 1 November to 31 March and (b)

rolling 5-day mean deseasonalized EAWMI for November–March of 1999–2018 from the BASE

and ANT0 simulations. Distributions at right are shown for the raw daily standardized time

series (without deseasonalization) and the 5-day-mean deseasonalized time series. Results from

both simulations are standardized against the BASE mean and standard deviation.

To analyze the mechanisms by which anthropogenic aerosols affect the EAWM, we219

use the PV tendency equation in isentropic coordinates (Lackmann, 2012):220

dPV

dt
= PV

∂θ̇

∂θ
+ g

∂θ

∂p

(
∂θ̇

∂x

∂v

∂θ
− ∂θ̇

∂y

∂u

∂θ

)
+ g

∂θ

∂p

(
∂Fy

∂x
− ∂Fx

∂y

)
(4)

where θ̇ is diabatic heating, u and v are the zonal and meridional components of the hor-221

izontal wind, and Fx and Fy are frictional effects in the zonal (x) and meridional (y) di-222

rections, respectively. The terms on the right-hand side of equation 4 can be described223

as the vertical diabatic, shear diabatic, and frictional PV tendencies, respectively. We224

focus on changes in the two diabatic terms between the ANT0 and BASE simulations,225

which can be viewed as forcing imposed by aerosol effects on the circulation. Changes226

in the frictional term primarily represent spindown of the altered circulation.227
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3 Simulated mean state and changes in the EAWM228

3.1 The EAWM mean state229

Potential temperature (θ) is an indicator of atmospheric entropy and its vertical230

gradient is often used as a measure of static stability. Potential vorticity (PV) is pro-231

portional to the product of absolute vorticity and static stability. Both potential tem-232

perature and PV are conserved for adiabatic and frictionless processes. Latitude–pressure233

cross-sections of potential temperature and PV over the East Asian domain (90–150◦E,234

20–50◦N) are illustrated in Figure 2a,e. The atmosphere has a strong baroclinic struc-235

ture over mid-latitude East Asia during boreal winter, as indicated by sharply sloping236

potential temperature contours in latitude-pressure cross-sections (Fig. 2a). Values of237

PV increase both with increasing latitude and increasing altitude (Fig. 2e). The 300K238

and 310K potential temperature surfaces, which connect the upper troposphere in the239

northern part of the domain to the lower troposphere in the south, are shown for refer-240

ence. The 2PVU surface (1PVU=1×10−6 Km2 s−1 kg−1) is often defined as the dynam-241

ical tropopause (Lackmann, 2012), locating the 310K contour within the lowermost strato-242

sphere at 40–50◦N.243

The characteristic PV intrusion associated with the EAWM is illustrated by cal-244

culating differences between the East Asian (90–150◦E) and global zonal means. Com-245

pared with ERA5 (Fig. 2b, f), the CIESM BASE simulation captures the mean state of246

the EAWM well. In particular, the model reproduces positive potential temperature anoma-247

lies and negative PV anomalies in the upper troposphere (p < 500 hPa) over 20–30◦N,248

as well as deep negative potential temperature anomalies and positive PV anomalies over249

30–50◦N (Fig. 2b, c, f, g). According to the thermal wind relation, the enhanced merid-250

ional gradient in potential temperature over East Asia (Fig. 2c) is associated with stronger251

positive vertical shear in the zonal wind. This enhanced vertical shear indicates a region-252

ally enhanced subtropical westerly jet stream co-located with the largest PV gradient253

(Fig. 2e-g), the location of which can be readily obtained from PV inversion. Specifically,254

positive PV anomalies over 30–50◦N indicate enhanced cyclonic shear vorticity relative255

to the zonal mean, while negative PV anomalies over 20–30◦N indicate enhanced anti-256

cyclonic shear vorticity. This PV pattern suggests the presence of stronger westerlies cen-257

tered at the zero line (Fig. 2f-g). The EAWM produces relatively cold surface air tem-258

peratures in comparison to the zonal mean (Fig. 2j-k), particularly in the northern part259

of the domain. As with the distributions of potential temperature and PV, the CIESM260

(Fig. 2k) reliably reproduces the regional surface air temperature anomalies indicated261

by ERA5 (Fig. 2j).262

The effects of anthropogenic aerosols shift the largest positive PV anomalies north-263

ward, as illustrated by the BASE–ANT0 difference in Figure 2h. Aerosol effects likewise264

move the cyclonic wind anomalies northward, indicating a weakening of the subtropi-265

cal jet stream. Positive differences in potential temperature aloft and negative differences266

in potential temperature near the surface indicate a colder lower troposphere and enhanced267

static stability over 30–50◦N (Fig. 2d). Surface air temperatures are also reduced over268

the entire EAWM region when emissions of anthropogenic aerosols and aerosol precur-269

sors are included in the model (Fig. 2l).270

3.2 Effects of anthropogenic aerosols on the EAWM271

In addition to the southward PV intrusion, a strong EAWM is usually associated272

with a more intense cold Siberian High and warm Aleutian Low at the surface, a stronger273

East Asian major trough in the middle troposphere, and a stronger subtropical jet stream274

in the upper troposphere (L. Wang & Chen, 2010; Jiang et al., 2017; Li et al., 2020; Miao275

& Jiang, 2021). Figure 3 shows monthly surface pressure (PS), 500 hPa geopotential height276

(Z500), and 200 hPa zonal winds (U200) regressed onto the PV-based EAWMI. A strong277

EAWM is associated with positive surface pressure anomalies at middle and high lat-278
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Figure 2. (a, e, i) East Asian zonal mean potential temperature (θ, K), potential vortic-

ity (PV, PVU), and surface air temperature (TAS, ℃) from BASE (left); differences between

the East Asian (90–150°E) and global zonal means (b, f, j) from ERA5 (left center) and (c, g,

k) BASE (right center); and (d, h, l) differences between BASE and ANT0 (right) for Novem-

ber–March of 1999–2018.

itudes over Eurasia, including a southward extension into East Asia (Fig. 3a). This dis-279

tribution of surface pressure anomalies indicates a stronger Siberian High and northerly280

flow in the coastal regions of East Asia. A stronger EAWM is also associated with a cen-281

ter of low surface pressure east of Japan, as indicated by negative surface pressure anoma-282

lies over the western North Pacific (Fig. 3a). Negative anomalies in 500 hPa geopoten-283

tial height over northeast China and Japan indicate that a stronger EAWM is associ-284

ated with a deeper East Asian trough, which increases the supply of cold air to the North285

Pacific (L. Wang et al., 2009). Positive 200 hPa zonal wind anomalies over East Asia and286

the North Pacific around 20–40◦N show that the westerly jet in that region is enhanced287

when the EAWM is strong (Fig. 3c).288

The effects of anthropogenic aerosols on the EAWM are further explored by cal-289

culating differences in surface pressure, 500 hPa geopotential height, and 200 hPa zonal290

wind between the BASE and ANT0 simulations. Anthropogenic aerosols induce posi-291

tive surface pressure anomalies over parts of Mongolia and China, indicating that aerosol292

effects strengthen the southern part of the Siberian High. The Aleutian Low is shifted293

southward and eastward in the BASE simulation relative to ANT0, as indicated by neg-294

ative surface pressure differences around 20–40◦N over the North Pacific and positive dif-295

ferences to the north (Fig. 3b). Negative anomalies in mid-tropospheric geopotential height296

move northward and westward when aerosol effects are included (Fig. 3d). These neg-297

ative anomalies indicate a weak northwestward extension of the East Asian trough, which298

increases the likelihood for cold air to sweep into north China and southeast Asian. In299

the upper troposphere, negative anomalies in zonal wind located in the climatological300

jet core region indicate that aerosols weaken the East Asian westerly jet (Fig. 3f). Pos-301

itive anomalies to the south indicate a companion weakening of the tropical easterlies.302

To summarize, aerosols strengthen the Siberian High, weaken the Aleutian Low,303

extend the East Asian trough northwestward, and weaken the East Asian jet stream. Among304

these changes, the first and third are consistent with a stronger EAWM, while the sec-305

ond and fourth are not (cf. left column of Fig. 3). Miao, Wang, Wang, Zhu, and Sun (2018)306
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Figure 3. Anomalies in (a) surface pressure (PS, hPa), (c) 500 hPa geopotential height (Z500,

m), and (e) 200 hPa zonal wind (U200; m s−1) from the BASE simulation regressed onto the

deseasonalized and standardized PV-based EAWMI time series; and differences in (b) PS, (d)

Z500, and (f) U200 between the BASE and ANT0 scenarios for November–March of 1999–2018.

Contours in (a)-(f) denote the corresponding climatology. Hatching denotes where anomalies or

differences are not significant at the 95% or greater confidence level based on Student’s t test.
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also found that anthropogenic forcings can play different roles at different pressure lev-307

els in modulating the intensity of the EAWM. These inconsistencies can be attributed308

at least in part to the strong baroclinicity over East Asia and the ways that aerosols mod-309

ify this thermodynamic structure. Traditional methods that measure the intensity of the310

EAWM through mutually correlated surface and isobaric circulation patterns are there-311

fore not sufficient to analyze the response of the EAWM to anthropogenic aerosol effects.312

More generally, analyzing dynamical components alone provides an incomplete descrip-313

tion of the EAWM, which has distinctive thermal characteristics that help to determine314

the patterns and temporal variability of temperature and precipitation anomalies over315

East Asia during wintertime.316
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Figure 4. Differences in (a) mean surface air temperature (TAS, K), precipitation (Pr,

mmd−1), and snowfall (Prsn, mmd−1) during November–March of 1999–2018 between the

BASE and ANT0 scenarios. Hatching denotes locations where differences are not significant at

the 95% or greater confidence level based on Student’s t test (a) or the Mann-Whitney U test (b

and c). Vectors indicate changes in horizontal winds on the 925 hPa (a), 850 hPa (b), and 200 hPa

(c) isobaric surfaces. The domains assigned to the southern (20–35◦N, 95–125◦N) and northern

(35–50◦N, 95–125◦N) parts of East Asian land areas are denoted by dashed rectangles labeled

south-EA and north-EA, respectively.

To provide a more thermodynamic perspective on how anthropogenic aerosols al-317

ter the EAWM, Figure 4 shows differences in surface air temperature, total precipita-318

tion, and snowfall between the BASE and ANT0 simulations. These three variables are319

important indicators of the impacts of EAWM variability on severe winter weather and320
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human activities (Li et al., 2020). Surface air temperature provides an alternative mea-321

sure of the intensity of the EAWM, while precipitation and snowfall represent dangers322

associated with the EAWM. To better analyze the impacts of anthropogenic aerosols,323

we divide the land areas of East Asia into southern (20–35◦N, 95–125◦E) and northern324

(35–50◦N, 95–125◦E) domains. Anthropogenic aerosol effects make the southern domain325

colder, drier, and snowier, as indicated by decreases in surface air temperature and to-326

tal precipitation and increases in snowfall in the BASE simulation relative to ANT0 (Fig. 4).327

Negative changes in surface air temperature are also simulated over the northern part328

of the domain, highlighting that anomalously cold air transits through the north on its329

way to the south. Weak increases in surface air temperature over the Tibetan Plateau330

may be associated with black carbon-induced warming effects as noted by Jiang et al.331

(2017). It is interesting that snowfall tends to increase over the southern part of East332

Asia when anthropogenic aerosol emissions are included in the model even though to-333

tal precipitation decreases (Fig. 4b, c). These differences require further exploration; how-334

ever, relative to the ANT0 case, anthropogenic aerosol emissions narrow negative θ anoma-335

lies around 35–50◦N while expanding negative θ anomalies in the lower troposphere around336

20–35◦N and positive θ anomalies in the upper troposphere around 35–50◦N (Fig. 2d).337

The largest decreases in potential temperature are located near the surface, indicating338

that aerosol effects increase static stability and suppress precipitation throughout East339

Asia. The effects of these changes are more pronounced in the southern domain, where340

wintertime precipitation is both more frequent and more abundant.341

Figure 5. Surface air temperature (TAS, ◦C) probability distributions for strong and weak

EAWM days over (a) south East Asian land areas (20–35◦N, 95–125◦N) and (b) north East

Asian land areas (35–50◦N, 95–125◦N) during November–March of 1999–2018 under the BASE

and ANT0 scenarios.

To quantitatively examine the effects of anthropogenic aerosols on surface air tem-342

perature, the distributions of surface air temperature for strong and weak EAWM days343

are computed and compared under different scenarios. Strong (weak) EAWM days are344

defined as days for which the deseasonalized EAWMI is greater (less) than one positive345

(negative) standard deviation from the mean, which is essentially zero for both simula-346

tions (Fig. 1b). As shown in Figure 5, the coldest 5% of days in the BASE simulation347

are on average 1.8–2.1◦C colder in the southern domain and about 2.2–2.5◦C colder in348

the northern domain than those in ANT0 during both strong and weak EAWM periods.349

These differences are equivalent to about 65% of the difference between strong and weak350

EAWM periods in the southern domain and about 38% of the difference between strong351

and weak EAWM periods in the northern domain. Moreover, area-weighted mean sur-352

face air temperatures are 1.51◦C smaller over southern East Asia and 1.42◦C smaller over353

northern East Asia in BASE relative to ANT0 (Fig. 4a). The above results suggest an-354

thropogenic aerosols play an important role in modulating surface air temperature in win-355

ter time. Considering the close relationships between surface air temperature anoma-356
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lies and severe winter weather, these differences indicate that anthropogenic aerosols sig-357

nificantly heighten the risks associated with severe winter weather in East Asia.358

4 Mechanisms behind anthropogenic aerosol effects on the EAWM359

Figure 6. Spatial distributions of differences in (a) net clear-sky shortwave radiation flux at

the surface, (b) cloud effects on net shortwave radiation flux at the surface, (c) upward clear-sky

longwave flux at the top-of-atmosphere, and (d) cloud effects on upward longwave flux at the

top-of-atmosphere between the BASE and ANT0 simulations. Hatching denotes locations where

differences are not significant at the 95% or greater confidence level based on Student’s t test.

Net flux is calculated with downward flux minus upward flux. Units are Wm−2.

Interactions among aerosols, radiation, and clouds play important roles in the cli-360

mate system through their impacts on the surface energy budget, cloud physics, atmo-361

spheric heating, and the atmospheric water cycle (IPCC, 2021; Wu et al., 2016). We there-362

fore analyze anthropogenic aerosol effects on the EAWM from an energetic perspective,363

focusing on how aerosols alter spatial distributions of radiative fluxes and diabatic heat-364

ing. Figure 6 shows changes in the net downward flux of shortwave radiation at the sur-365

face and the upward flux of longwave radiation at the nominal top-of-atmosphere. Both366

clear-sky changes and changes in cloud effects (all-sky minus clear-sky) are shown to dis-367

tinguish aerosol direct (aerosol-only) and indirect (aerosol–cloud) effects. Aerosols sig-368

nificantly reduce the flux of solar radiation reaching the surface throughout East Asia369

(Fig. 6a), with all-sky area-mean time-mean changes of −23.7Wm−2 in the northern East370

Asia domain and −11.5Wm−2 in the southern East Asia domain. In both the north-371

ern and southern domains, approximately 40–45% of the decrease in solar radiation flux372

at the surface is attributable to increased atmospheric absorption, with the remainder373

attributable to increases in planetary albedo. Outside of some pockets along the east-374

ern flank of the Tibetan Plateau and the southeastern coast of China, cloud effects on375

net surface solar radiation are small over the land areas of East Asia (Fig. 6b). Reduced376

surface insolation is therefore mainly attributable to aerosol direct effects. Outgoing long-377

wave radiation under clear-sky conditions is reduced in BASE relative to ANT0 over most378

of the EAWM region, as expected given colder temperatures (Fig. 6c). However, increases379

in all-sky longwave radiation are simulated over the Yangtze River valley in the south-380

ern East Asia domain due to changes in the cloud longwave effect (Fig. 6d). These changes381

are associated with decreases in high cloud cover and increased longwave emission from382
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low clouds, as discussed below. Aerosol–cloud interactions thus enhance the loss of en-383

ergy by longwave radiation over southern East Asia (area mean: +1.1Wm−2), partially384

offsetting the reduction in clear-sky OLR (−2.6Wm−2) associated with colder temper-385

atures at the surface (Fig. 4a) and in the lower troposphere (Fig. 2d).386

Figure 7 shows vertical profiles of differences in heating between the BASE and ANT0387

scenarios, including radiative and non-radiative components. Aerosol effects on total heat-388

ing include deep reduction in diabatic heating that extend from the surface to 300 hPa389

around 20–35◦N, and positive heating anomalies in a shallow layer just above the sur-390

face and in the upper troposphere (Fig. 7f). The deep and strong reductions in heating391

in the lower and middle troposphere around 20–35◦N suggest strong reductions in non-392

radiative heating (Fig. 7e), primarily because less precipitation means less latent heat393

release. By contrast, reduced heating in the lower troposphere around 35–50◦N is mainly394

due to changes in cloud radiative effects on longwave heating (Fig. 7d). Increases in heat-395

ing in the shallow layer above the surface can be attributed primarily to changes in clear-396

sky shortwave heating and cloud effects on longwave heating there (Fig. 7a-d). Increases397

in shortwave heating and decreases in longwave heating in the lower troposphere largely398

compensate each other, while increases in shortwave and longwave heating in the upper399

troposphere both contribute to intensifying total heating there (Fig. 7).400

Anthropogenic aerosols increase absorption of shortwave radiation near the surface,401

particularly in locations where large aerosol concentrations are restricted to the bound-402

ary layer (Fig. 7a). With greater numbers of aerosols serving as cloud condensation nu-403

clei, the absorption of solar radiation near the surface in cloudy areas decreases (Fig. 7b)404

owing to smaller droplet sizes and longer cloud lifetimes (i.e., aerosol indirect effects; Twomey,405

1977; Ackerman et al., 1995; Li et al., 2022). Meanwhile, shortwave heating and long-406

wave cooling increase near the tops of these enhanced cloud layers (Fig. 7b,d) owing to407

enhanced absorption and reflection of shortwave radiation and enhanced emission of long-408

wave radiation, respectively. Here, we do not attempt to distinguish the individual im-409

pacts of various semi-direct and indirect effects, instead classing all changes in cloud amount410

and cloud radiative effects as ‘indirect’ (i.e., resulting from aerosol–cloud interactions).411

Given the dryness of the winter monsoon, it is perhaps surprising that the most412

prominent impact of anthropogenic aerosols is expressed through changes in non-radiative413

heating (Fig. 7e), which collects diabatic heating components associated with moist con-414

vection, large-scale precipitation, and turbulent mixing. Contributions from turbulent415

mixing are small, so this non-radiative term is dominated by latent heat release associ-416

ated with precipitation formation (Fig. 7e). The vertical structure of the change indi-417

cates reductions in the production of both large-scale precipitation in the lower tropo-418

sphere (through, e.g., longer cloud lifetimes) and convective precipitation in the middle419

and upper troposphere (through, e.g., stabilization by aerosol shortwave absorption). These420

changes indicate that both the occurrence and development of wintertime precipitation421

in these simulations are greatly altered by anthropogenic aerosol effects.422

Diabatic heating is closely related to vertical motion. Figure 8 shows differences423

in pressure vertical velocity (w) in longitude–pressure cross-sections averaged over 20–424

35◦N and 35–50◦N. Deep increases in pressure vertical velocity anomalies around 90–425

125◦E over the southern part of East Asia (Fig. 8a) indicate substantial reductions of426

upward motion. The strong increase in sinking motion (Fig. 8a) over southern East Asia427

implies weaker convection and suppressed convective heating (Fig. 7e), and is consistent428

with significant decreases in precipitation over this region in BASE relative to ANT0 (Fig. 4b).429

The weak increase in sinking motion over northern East Asia (Fig. 8b) is consistent with430

shallower non-radiative heating anomalies (Fig. 7e) and relatively weaker reductions in431

precipitation there (Fig. 4b).432

As shown in section 3.2, traditional metrics based on surface and isobaric circu-433

lation patterns provide inconsistent indications of how the EAWM is modified by anthro-434
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Figure 7. Latitude-pressure cross-sections of differences in (a) clear-sky shortwave radiative

heating, (b) cloud shortwave radiative heating, (c) clear-sky longwave radiative heating, (d) cloud

longwave radiative heating, (e) non-radiative heating, and (f) total heating (Kd−1) averaged

within 90–150◦E between the BASE and ANT0 scenarios. Hatching denotes differences that are

not significant at the 95% or greater confidence level based on Student’s t test. Blue contours

in all panels indicate changes in vertically resolved cloud area fraction, with negative changes

indicated by dotted contours.
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Figure 8. Longitude-pressure section of vertical velocity (shading, cm s−1) and the zonal over-

turning circulation (vectors) averaged within (a) 20–35◦N and (b) 35–50◦N. Hatching denotes

locations where differences are not significant at the 95% or greater confidence level based on

Student’s t test.

pogenic aerosols. We therefore analyze changes in the EAWM from an isentropic PV per-435

spective, which better accounts for coupled changes in thermal and dynamical variables.436

Figure 9 shows differences in PV and diabatic PV tendencies on the 300K isentropic sur-437

face. Anthropogenic aerosols result in enhanced PV on this isentropic surface in the north-438

ern, southern, and western parts of the East Asian domain. These increases bracket an439

area of decreased PV over the Yangtze River Valley, consistent with an intensification440

of the mean distribution of EAWM-related PV anomalies relative to the zonal mean (see441

also Figure 2f-h). Changes in diabatic PV tendencies (i.e., the sum of vertical and shear442

diabatic PV tendencies in equation 4) are broadly similar to the changes in 300K isen-443

tropic PV south of 40◦N, with increases in the northwestern, western, and southern por-444

tions of the domain bracketing an area of decreases over central and eastern China.445
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Figure 9. Differences in (a) potential vorticity (PV; units: PVU) and (b) time-mean diabatic

contributions to PV tendencies (units: PVUd−1) on the 300K isentropic level between the BASE

and ANT0 simulations. Hatching denotes locations where differences are not significant at the

95% or greater confidence level based on Student’s t test.

–15–



manuscript submitted to JGR: Atmospheres

Figure 10 decomposes the changes in diabatic PV tendencies on the 300K isentropic446

level into individual components. The left column of this figure summarizes changes in447

the vertical diabatic PV tendency terms. Negative changes in PV over the Yangtze River448

Valley (Fig. 9a) indicate that anthropogenic aerosol effects weaken the PV intrusion in449

that part of the domain. Corresponding decreases in vertical diabatic PV tendencies (Fig. 10g)450

link this weakened PV intrusion to anthropogenic aerosol effects on diabatic heating, par-451

ticularly the component due to non-radiative heating (Fig. 10e). Negative PV anoma-452

lies are associated with anticyclonic circulation anomalies in that region, favoring high453

pressures and suppressing deep convection (Fig. 8a). By contrast, increased vertical di-454

abatic PV tendencies along the eastern flank of the Tibetan Plateau (Fig. 10g) include455

contributions from both non-radiative heating (Fig. 10e) and longwave radiative heat-456

ing (Fig. 10c). The latter component is almost entirely attributable to cloud radiative457

effects, indicating that aerosol–cloud interactions make an important contribution to the458

response in this part of the domain. Increased PV tendencies due to changes longwave459

heating along the eastern flank of the Tibetan Plateau are partially compensated by re-460

ductions due to changes in shortwave heating in the same region (Fig. 10a). Unlike the461

longwave component, the shortwave contribution is almost entirely from changes in clear-462

sky heating. Examination of the vertical distribution of changes in total shortwave heat-463

ing (Fig. 7a,b) shows that this reduction in the vertical diabatic PV tendency results from464

enhanced shortwave absorption below the 300K level. The associated increase in ver-465

tical convergence of air from below acts to reduce PV locally. Increased PV along the466

eastern flank of the Tibetan Plateau indicates cyclonic circulation anomalies and decreased467

static stability. These changes are associated with topographically-forced uplift of rel-468

atively moist air along the western side of the anticyclonic circulation anomaly to the469

southeast, which acts to increase snowfall over the southeastern flank of the Plateau (Fig. 4c).470

The right column of Figure 10 decomposes changes in total shear diabatic PV ten-471

dencies (Fig. 10h) into contributions from different physical parameterizations. Changes472

in shear diabatic PV tendencies associated with shortwave and longwave radiation are473

negligible (Fig. 10b,d), with changes in the total tendency almost entirely attributable474

to changes in the non-radiative component (Fig. 10f). Changes in this term largely op-475

pose the changes due to the vertical diabatic term (Fig. 10e), especially over the Yangtze476

River Valley. Although changes in the shear diabatic term are smaller than those in the477

vertical diabatic term, compensation between these two terms nonetheless weakens the478

total decrease in PV over this region (Fig. 9). Increases in the non-radiative shear di-479

abatic term around 110–150◦E and 20–40◦E are associated with strong wind shear and480

a sharp temperature gradient in the baroclinic zone above East Asia (Fig. 2). Enhanced481

stability in this region (Fig. 2d) inhibits convection and results in negative precipitation482

anomalies (Fig. 4b). By contrast, decreases in the non-radiative shear diabatic term over483

the western North Pacific (Fig. 10f) indicate weak wind shear and a weak temperature484

gradient. Changes in precipitation are positive over this far southeastern corner of the485

analysis domain (Fig. 4b).486

To summarize, the anticyclonic anomaly over southern China in BASE relative to487

ANT0 (Fig. 3b, Fig. 4a-b) contributes to reducing surface air temperatures over both488

eastern and southwestern China (Fig. 4a), but by somewhat different mechanisms. The489

anomalous circulation contributes to colder surface temperatures over the Yangtze River490

Valley by strengthening northerly cold air advection along the coast (Fig. 4a-b) and re-491

ducing cloud cover, thereby intensifying longwave cooling to space (Fig. 6d). By contrast,492

upslope flow on the western flank of the anticyclone contributes to colder surface air tem-493

peratures over southwestern China by intensifying adiabatic cooling and snowfall (Fig. 4c).494

Associated increases in cloud cover further inhibit surface shortwave heating (Fig. 6b).495

Both sets of changes amplify the impacts of reduced surface insolation induced by the496

aerosol direct effect (Fig. 6a). By contrast, the lack of significant near-surface circula-497

tion changes over northeastern China (Fig. 3b, Fig. 4a) implies that reduced surface air498
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Figure 10. Differences in vertical diabatic PV tendencies (PV ∂θ̇
∂θ

, PVUd−1) associated with

(a) shortwave radiative heating, (c) longwave radiative heating, (e) non-radiative heating, and (g)

total heating and differences in shear diabatic PV tendencies (g ∂θ
∂p

(
∂θ̇
∂x

∂v
∂θ

− ∂θ̇
∂y

∂u
∂θ

)
, PVUd−1)

associated with (b) shortwave radiative heating, (d) longwave radiative heating, (f) non-radiative

heating, and (h) total heating at the 300K isentropic level between the BASE and ANT0 scenar-

ios. Values are masked where the 300K isentropic surface intersects the atmospheric boundary

layer and hatching indicates where differences are not significant at the 95% or greater confidence

level based on Student’s t test. Blue contours in panels a-d indicate contributions from changes

in cloud radiative effects.
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temperatures there are primarily caused by the aerosol direct effect on surface insola-499

tion (Fig. 6a).500

5 Conclusions and outlook501

Variations in the EAWM are strongly associated with the occurrence of severe win-502

ter weather, such as cold surges and extreme snowfall. Considering rapid increases in an-503

thropogenic aerosol emissions in Asia over recent decades, we have used the Tsinghua504

University Community Integrated Earth System Model (CIESM) to investigate the ef-505

fects of anthropogenic aerosol emissions and concentration changes on the intensity and506

variability of the EAWM. After confirming that the CIESM captures the mean state of507

the EAWM well compared with ERA5 reanalysis data (Fig. 2), we show that the net im-508

pact of anthropogenic aerosol emissions in this model is to make the EAWM region colder,509

drier, and snowier (Fig. 4). Average simulated decreases in surface air temperature due510

to aerosol effects are 1.51◦C over southern East Asia and 1.42◦C over northern East Asia.511

Anthropogenic aerosol emissions strengthen the Siberian High at the surface and512

extend the East Asian trough northeastward (Fig. 3a-b), consistent with expectations513

for a stronger EAWM (L. Wang & Chen, 2010; W. Huang et al., 2016; Jiang et al., 2017;514

Li et al., 2020; Miao & Jiang, 2021). However, anthropogenic aerosols also weaken the515

East Asian jet in the upper troposphere and shift the Aleutian Low southward at the516

surface (Fig. 3a,c), changes unlike those associated with strong EAWM periods in the517

current climate. These seemingly contradictory results are nonetheless in line with pre-518

vious studies having shown that the vertical structure of the EAWM response to anthro-519

pogenic forcing is complex (Miao, Wang, Wang, Zhu, & Sun, 2018) and highlight the value520

of the isentropic PV framework for assessing and attributing changes in the EAWM and521

other features embedded in the mid-latitude baroclinic zone (W. Huang et al., 2016).522

Surface air temperatures over East Asia are consistently colder when anthropogenic523

aerosol emissions are included (Fig. 4a). These aerosol effects are comparable to 65% of524

the difference between strong and weak EAWM periods (∼2◦C) in the southern part of525

the domain and 38% of the difference between strong and weak EAWM periods (∼2.5◦C)526

in the northern part of the domain (Fig. 5). The mechanisms behind these reductions527

in surface air temperature are distinct between the region southeast of the Tibetan Plateau528

and the Yangtze River Valley. To the southeast of the Tibetan Plateau, aerosol-cloud529

interactions and associated changes in diabatic heating produce an anticyclonic circu-530

lation anomaly. Upslope southerly flow along the western side of this anomaly intensi-531

fies adiabatic cooling, increases cloud cover, and reduces surface shortwave heating (Figs. 7–532

10), contributing to colder temperatures and significant increases in snowfall along the533

southeastern flank of the Tibetan Plateau (Fig. 4c). By contrast, the anomalous anti-534

cyclone suppresses convection over the Yangtze River Valley, intensifies southward ad-535

vection of cold air outflow from the Siberian High along the coastal regions of East Asia,536

and increases clear-sky longwave cooling (Figs. 7–10). These changes are associated with537

a substantial decrease in total precipitation over land areas in the southern part of East538

Asia (Fig. 4b).539

Previous studies have shown that air quality in central and eastern China typically540

improves when the EAWM is strong (Ge et al., 2019). This dichotomy between the aerosol541

influence (increased aerosol concentrations strengthen the monsoon) and the circulation542

influence (a stronger monsoon reduces aerosol concentrations) suggests the intriguing pos-543

sibility that anthropogenic aerosol effects on the circulation of this region may partially544

self-regulate air pollution episodes. However, distinct seasonal variations in the influence545

of anthropogenic aerosols on the EAWM (Fig. 1a) indicate that this mechanism, if it ex-546

ists, may be sensitive to specific details of the background state. Future work should in-547

vestigate the consistency of this response across models and its potential sensitivity to548

long-term trends and variability in the Northern Hemisphere wintertime background state.549
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Key Points:9

• Anthropogenic aerosols make East Asian land areas roughly 1.5◦C colder during10

winter while reducing precipitation and increasing snowfall11

• Aerosol effects are diagnosed by analyzing how changes in diabatic heating alter12

the winter monsoon potential vorticity intrusion13

• Colder surface temperatures can be attributed to both aerosol direct effects and14

circulation responses to cloud-aerosol interactions15
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Abstract16

Circulation patterns linked to the East Asian winter monsoon (EAWM) affect precip-17

itation, surface temperature, and air quality extremes over East Asia. These circulation18

patterns can in turn be influenced by aerosol radiative and microphysical effects through19

diabatic heating and its impacts on atmospheric vorticity. Using global model simula-20

tions, we investigate the effects of anthropogenic aerosol emissions and concentration changes21

on the intensity and variability of the EAWM. Comparison with reanalysis products in-22

dicates that the model captures the mean state of the EAWM well. The experiments in-23

dicate that anthropogenic aerosol emissions strengthen the Siberian High but weaken the24

East Asian jet stream, making the land areas of East Asia colder, drier, and snowier. Aerosols25

reduce mean surface air temperatures by approximately 1.5◦C, comparable to about half26

of the difference between strong and weak EAWM episodes in the control simulation. The27

mechanisms behind these changes are evaluated by analyzing differences in the poten-28

tial vorticity budget. Anthropogenic aerosol effects on diabatic heating strengthen anoma-29

lous subsidence over southern East Asia, establishing an anticyclonic circulation anomaly30

that suppresses deep convection and precipitation. Aerosol effects on cloud cover and31

cloud longwave radiative heating weaken stability over the eastern flank of the Tibetan32

Plateau, intensifying upslope flow along the western side of the anticyclone. Both cir-33

culation anomalies contribute to reducing surface air temperatures through regional im-34

pacts on thermal advection and the atmospheric radiative balance.35

Plain Language Summary36

The East Asian winter monsoon is a large-scale circulation system that controls37

the occurrence of cold air outbreaks and severe winter storms throughout the densely38

populated land areas of East Asia. By reducing the amount of sunlight reaching the sur-39

face, warming the atmosphere, and changing the properties and lifetimes of clouds, aerosols40

can alter the atmospheric circulation and regional weather conditions. Here, we exam-41

ine the characteristics of the East Asian winter monsoon in global model simulations with42

and without aerosol emissions from industry, energy generation, transportation, and other43

human activities. Our results show that the aerosols produced by these activities make44

East Asian land areas colder, drier, and snowier during winter. We explain the reasons45

for these changes by diagnosing how various physical effects of aerosols impact temper-46

ature and winds within the East Asian monsoon region.47

1 Introduction48

The East Asian winter monsoon (EAWM) is a crucial component of the boreal win-49

tertime climate system (L. Wang et al., 2009; L. Wang & Chen, 2010; Miao, Wang, Wang,50

Zhu, & Sun, 2018). Variations in the EAWM modulate wintertime precipitation, sur-51

face air temperature, and air quality in East Asia (W. Huang et al., 2016; Ge et al., 2019),52

and severe winter weather associated with these variations can have substantial socioe-53

conomic impacts (R. Huang et al., 2003, 2007; B. Wang et al., 2000; Chang et al., 2006;54

H. Wang et al., 2011). The influences of a strong EAWM, which can extend from po-55

lar regions to the equator (Li et al., 2020), are typically characterized by a strengthened56

Siberian High and Aleutian Low at the surface, pronounced northerly winds along the57

coast of East Asia in the lower troposphere, a deeper East Asian trough in the middle58

troposphere, and a stronger jet stream in the upper troposphere over East Asia (L. Wang59

& Chen, 2010; Jiang et al., 2017; Li et al., 2020; Miao & Jiang, 2021).60

These circulation components of EAWM are inherently linked. The Siberian High61

is established largely by the joint effects of strong radiative cooling and subsidence up-62

wind of the East Asian trough (L. Wang et al., 2009). Cold air sweeps into southern China63

when the Siberian High strengthens and moves southeastward, leading to cold surges (Q. Guo,64

1994; Fan, 2009; H. Wang et al., 2011). Cold air that peels off of the Siberian High can65
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also move into the tropical margins near the maritime continent, sharpening the merid-66

ional temperature gradient (Chang et al., 2005; L. Wang et al., 2009; Li et al., 2020) and67

intensifying deep convection and precipitation over Southeast Asia (Chang et al., 2005).68

Heat and moisture sourced from the warm tropical and subtropical ocean surface can69

thus serve as heating sources to the EAWM (Chang et al., 2006), enhancing baroclin-70

icity (Blackmon et al., 1977) and triggering interactions between the tropics and mid-71

latitudes (Chang & Lau, 1980, 1982; Compo et al., 1999). Variations in baroclinicity as-72

sociated with the EAWM are also linked to jet dynamics in the upper troposphere, in-73

cluding variations in both the East Asian polar front jet and East Asian subtropical jet (Jhun74

& Lee, 2004; Luo & Zhang, 2015; Yin & Zhang, 2021).75

Many indices have been proposed to describe variations in the EAWM (L. Wang76

& Chen, 2010; He & Wang, 2012; W. Huang et al., 2016; Li et al., 2020). Owing to ev-77

ident links between EAWM intensity and the regional circulation, most of these index78

definitions have relied on dynamical variables rather than thermal variables (L. Wang79

& Chen, 2010). W. Huang et al. (2016) proposed a novel EAWM index based on poten-80

tial vorticity (PV), which includes both dynamical (vorticity) and thermodynamic (ther-81

mal stratification) metrics of the atmospheric state. They pointed out that the EAWM82

essentially brings cold air along isentropic surfaces from the high latitude upper tropo-83

sphere to the mid-latitude lower troposphere. This link can be described effectively as84

a southward intrusion of large values of PV. A strong PV intrusion indicates anomalous85

southward descent of the upper-level polar front along sharply sloping isentropic surfaces86

above East Asia. W. Huang et al. (2016) showed that a PV-based EAWMI reliably cap-87

tures relationships between the EAWM and the Siberian High, Artic Oscillation, and El88

Niño–Southern Oscillation.89

A stronger EAWM corresponds to negative anomalies in surface air temperature90

and a greater frequency of severe winter weather, including intense snowfall and cold surges91

over East Asia (Q. Guo, 1994; Fan, 2009; H. Wang et al., 2011), increased rainfall over92

the maritime continent (Chang et al., 2005), and decreased precipitation over South China (Zhou,93

2011; Zhou & Wu, 2010). Surface air temperature anomalies over East Asia are often94

divided into a northern mode and a southern mode to account for the two distinct path-95

ways by which cold air invades East Asia (B. Wang et al., 2010; Li et al., 2020). The north-96

ern mode represents cold air from central Siberia, leading to cold temperatures over north-97

ern East Asia, while the southern mode represents cold air from western Mongolia, lead-98

ing to cold temperatures over southern East Asia.99

The EAWM is affected by both natural and anthropogenic climate forcings (Chen100

& Zhang, 2013; Ding et al., 2007; Hori & Ueda, 2006; Hu et al., 2000; Lee et al., 2013;101

Miao, Wang, Wang, & Gao, 2018; Miao, Wang, Wang, Zhu, & Sun, 2018). For exam-102

ple, Miao, Wang, Wang, and Gao (2018) found that solar variability can regulate EAWM103

intensity through North Atlantic sea surface temperatures on the multidecadal time scale.104

Model simulations have also shown that fluctuations in natural external forcing play a105

key role in regulating meridional shear of the East Asian jet stream (Miao, Wang, Wang,106

Zhu, & Sun, 2018). In addition, a wealth of research has concluded that greenhouse gas-107

driven global warming weakens the EAWM (Ding et al., 2007; Hori & Ueda, 2006; Hu108

et al., 2000; Lee et al., 2013; Xu et al., 2016). Large-scale urbanization has also weak-109

ened the EAWM across much of East Asia, but with opposite effects on the EAWM in110

northeastern China (Chen & Zhang, 2013).111

The rapid pace of economic development in East Asia over recent decades has dra-112

matically increased regional emissions of anthropogenic aerosols and aerosol precursors.113

These emissions have resulted in a well-known weakening of the East Asian summer mon-114

soon (Jiang et al., 2013; L. Guo et al., 2013; Song et al., 2014; Wei et al., 2022; Zhang115

et al., 2012). However, despite clear links between EAWM variability and air quality (Ge116

et al., 2019), few studies have examined the effects exerted by anthropogenic aerosols on117

the EAWM. Y. Liu et al. (2009) reported that sulfate tends to weaken the winter mon-118
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soon circulation in southeast China, while Wu et al. (2016) emphasized the potential for119

anthropogenic aerosols to weaken the monsoon circulation by reducing land–sea temper-120

ature contrasts. Previous studies have also found that black carbon can intensify the EAWM121

northern mode (characterized by a northward shift of the subtropical jet) via black carbon-122

induced warming of the Tibetan Plateau (Jiang et al., 2017). Another recent study found123

that the combined effects of anthropogenic and natural external forcings, including aerosols,124

weakened the Siberian High in the mid-1980s (Miao, Wang, Wang, Zhu, & Sun, 2018).125

However, the magnitude and mechanisms of anthropogenic aerosol effects on the126

EAWM are still unclear. In this study, we use global model simulations to investigate127

the effects of anthropogenic aerosol emissions on the EAWM between 1999 and 2018. We128

use a PV-based EAWM index to provide both dynamical and thermodynamic perspec-129

tives, focusing on the ways in which anthropogenic aerosols alter diabatic heating over130

East Asia during wintertime. The paper is organized as follows. In section 2, we intro-131

duce the data and methods. In Section 3, we describe the simulated characteristics of132

the EAWM and the effects of anthropogenic aerosols on these characteristics. In section 4,133

we explore the mechanisms by which anthropogenic aerosols influence the EAWM. We134

close with a brief summary and discussion in section 5.135

2 Data and Methods136

2.1 Data137

In this work, the EAWM is assessed using reanalysis products from the European138

Centre for Medium-Range Weather Forecasts (ECMWF) Fifth Reanalysis of the Atmo-139

sphere (ERA5; Hersbach et al., 2020) and global atmospheric model simulations from140

the Tsinghua University Community Integrated Earth System Model (CIESM; Lin et141

al., 2020). The ERA5 reanalysis products, which include monthly mean horizontal winds142

and temperatures on pressure levels and 2-meter surface air temperatures, are used to143

analyze the EAWM circulation and provide a benchmark for evaluating the model sim-144

ulations. Winter is defined as November of the specified year through March of the fol-145

lowing year (NDJFM).146

2.2 Experimental design147

The CIESM global model simulations have been conducted for the AeroCom At-148

mospheric Composition and Asian Monsoon (ACAM) experiment. The model is run at149

a horizontal resolution of 2.5◦ in longitude by approximately 1.875◦ in latitude (144×96)150

using a spectral element dynamical core with 30 hybrid σ-p vertical levels and a model151

top at 1 hPa. Land surface conditions are simulated using a modified version of the Com-152

munity Land Model Version 4.0 (Lawrence et al., 2011) as described by Lin et al. (2020).153

Details of the atmospheric model physics are unchanged from those described by Lin et154

al. (2020), with the exception that prescribed aerosols are replaced by the interactive 7-155

mode Modal Aerosol Module (MAM7; X. Liu et al., 2012). Anthropogenic emissions through156

2014 include estimates for the agricultural, energy, industrial, transportation, residen-157

tial, waste, solvent production and application, international shipping, and aviation sec-158

tors based on version 2017-05-18 of the Community Emissions Data System (CEDS; Hoesly159

et al., 2018). Anthropogenic emissions from 2014 are repeated for the remaining years160

of each experiment (2015–2018). Volcanic emissions include estimates for eruptions and161

outgassing from Carn (2019). Fire emissions are from van Marle et al. (2017) for the years162

1999–2015, with emissions from 2015 repeated annually for the years 2016–2018. Sea sur-163

face temperature and sea ice boundary conditions are applied as recommended for At-164

mospheric Model Intercomparison Project (AMIP) experiments by the Program for Cli-165

mate Model Diagnosis and Intercomparison (Hurrell et al., 2008). The atmospheric model166

simulations are otherwise free-running, without meteorological nudging.167
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We use 6-hourly and monthly outputs from the control (BASE) and zero-anthropogenic168

(ANT0) aerosol emissions scenarios. Monthly-mean outputs from the BASE scenario,169

which represents historical changes in all emissions inventories, are compared with ERA5170

to assess the ability of the CIESM to reliably simulate the basic characteristics of the171

EAWM. The ANT0 experiment includes volcanic and biomass burning emissions but ex-172

cludes all emissions of anthropogenic aerosols and aerosol precursors. Anthropogenic aerosol173

effects are assessed as the difference between the ANT0 and BASE scenarios (BASE–174

ANT0). Daily averages of 6-hourly outputs from the BASE and ANT0 simulations are175

used to explore the mechanisms behind anthropogenic aerosol effects on the EAWM.176

2.3 Methods177

An EAWM index (EAWMI) is a metric that uses information from the wintertime178

circulation to quantitatively describe variations in the strength or other key aspects of179

the EAWM (L. Wang & Chen, 2010; He & Wang, 2012; W. Huang et al., 2016; Li et al.,180

2020). In this article, we use a modified version of the EAWMI proposed by W. Huang181

et al. (2016), which is based on potential vorticity (PV):182

PV = −g(ζ + f)
∂θ

∂p
, (1)

where g is the gravitational acceleration, ζ is relative vorticity, f is the planetary vor-183

ticity, and θ is potential temperature. As shown by W. Huang et al. (2016), the PV-based184

EAWMI reliably captures relationships between the EAWM and other large-scale climate185

modes. Owing to its dependence on planetary vorticity (f) and stratification (−∂θ/∂p),186

PV increases with both increasing latitude and increasing altitude. As PV is conserved187

for adiabatic frictionless flow, larger values of PV in the lower and middle troposphere188

over East Asia indicate an intrusion of cold, dry air from higher latitudes and altitudes.189

Further power derives from the invertibility of PV (Hoskins et al., 1985), which links the190

distribution of PV to the balanced wind and mass fields, and the PV tendency equation,191

which links diabatic heating and other non-conservative processes to changes in PV.192

To limit noise due to frictional effects in the surface layer, particularly over and around193

the Tibetan Plateau, we define a modified PV-based EAWMI as follows:194

EAWMI = PVm
300K(90

◦E− 150◦E, 20◦N− 50◦N)− PVm
300K(0− 360◦E, 20◦N− 50◦N). (2)

Here, PVm
300K is masked when pressure on the 300K isentropic surface exceeds a refer-195

ence pressure, for example:196

pref = psurf − dp. (3)

The reference pressure can also be set directly to the pressure at the diagnosed bound-197

ary layer top (pABL). Values of the modified EAWMI with dp set to 60 hPa, dp set to198

100 hPa, and pref set to pABL are highly correlated (r ≥ 0.97). Given this consistency199

in the results and to avoid dependence on the method by which the boundary layer top200

is defined or diagnosed, we adopt equation 3 with dp =60hPa to define the mask. Fig-201

ure 1 shows the mean seasonal cycle of the EAWMI (Fig. 1a) and time series of the 5-202

day mean deseasonalized EAWMI (Fig. 1b) for the winters of 1999 to 2018 in the BASE203

and ANT0 simulations. The EAWMI for the BASE simulation has been standardized204

to have a mean of zero and a standard deviation of one. The EAWMI for the ANT0 sim-205

ulation has been standardized against the reference mean and standard deviation from206

BASE to better indicate differences between the two simulations. Seasonal cycles for both207
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simulations are based on the first three Fourier components of the 151-day season av-208

eraged over the 19 full winters (November–March) in each simulation.209

A larger value of the EAWMI indicates a stronger EAWM, associated with an in-210

tensified Siberian high and stronger northerly winds over the coastal areas of East Asia (W. Huang211

et al., 2016, 2017). Figure 1 therefore indicates that anthropogenic aerosol emissions strengthen212

the EAWM overall (Fig. 1a, right panel), with a shift in the distribution of daily-mean213

EAWMI from small negative values (−1 to 0) toward small positive values (0 to +1). In-214

tensification of the EAWM is mainly confined to early (December) and late (March) win-215

ter, offset by a mid-winter weakening of the EAWM in BASE relative to ANT0 (Fig. 1a,216

left panel). These aerosol effects on the EAWM are explored further in the following sec-217

tions.218

Figure 1. (a) Mean seasonal evolution of the EAWMI from 1 November to 31 March and (b)

rolling 5-day mean deseasonalized EAWMI for November–March of 1999–2018 from the BASE

and ANT0 simulations. Distributions at right are shown for the raw daily standardized time

series (without deseasonalization) and the 5-day-mean deseasonalized time series. Results from

both simulations are standardized against the BASE mean and standard deviation.

To analyze the mechanisms by which anthropogenic aerosols affect the EAWM, we219

use the PV tendency equation in isentropic coordinates (Lackmann, 2012):220

dPV

dt
= PV

∂θ̇

∂θ
+ g

∂θ

∂p

(
∂θ̇

∂x

∂v

∂θ
− ∂θ̇

∂y

∂u

∂θ

)
+ g

∂θ

∂p

(
∂Fy

∂x
− ∂Fx

∂y

)
(4)

where θ̇ is diabatic heating, u and v are the zonal and meridional components of the hor-221

izontal wind, and Fx and Fy are frictional effects in the zonal (x) and meridional (y) di-222

rections, respectively. The terms on the right-hand side of equation 4 can be described223

as the vertical diabatic, shear diabatic, and frictional PV tendencies, respectively. We224

focus on changes in the two diabatic terms between the ANT0 and BASE simulations,225

which can be viewed as forcing imposed by aerosol effects on the circulation. Changes226

in the frictional term primarily represent spindown of the altered circulation.227
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3 Simulated mean state and changes in the EAWM228

3.1 The EAWM mean state229

Potential temperature (θ) is an indicator of atmospheric entropy and its vertical230

gradient is often used as a measure of static stability. Potential vorticity (PV) is pro-231

portional to the product of absolute vorticity and static stability. Both potential tem-232

perature and PV are conserved for adiabatic and frictionless processes. Latitude–pressure233

cross-sections of potential temperature and PV over the East Asian domain (90–150◦E,234

20–50◦N) are illustrated in Figure 2a,e. The atmosphere has a strong baroclinic struc-235

ture over mid-latitude East Asia during boreal winter, as indicated by sharply sloping236

potential temperature contours in latitude-pressure cross-sections (Fig. 2a). Values of237

PV increase both with increasing latitude and increasing altitude (Fig. 2e). The 300K238

and 310K potential temperature surfaces, which connect the upper troposphere in the239

northern part of the domain to the lower troposphere in the south, are shown for refer-240

ence. The 2PVU surface (1PVU=1×10−6 Km2 s−1 kg−1) is often defined as the dynam-241

ical tropopause (Lackmann, 2012), locating the 310K contour within the lowermost strato-242

sphere at 40–50◦N.243

The characteristic PV intrusion associated with the EAWM is illustrated by cal-244

culating differences between the East Asian (90–150◦E) and global zonal means. Com-245

pared with ERA5 (Fig. 2b, f), the CIESM BASE simulation captures the mean state of246

the EAWM well. In particular, the model reproduces positive potential temperature anoma-247

lies and negative PV anomalies in the upper troposphere (p < 500 hPa) over 20–30◦N,248

as well as deep negative potential temperature anomalies and positive PV anomalies over249

30–50◦N (Fig. 2b, c, f, g). According to the thermal wind relation, the enhanced merid-250

ional gradient in potential temperature over East Asia (Fig. 2c) is associated with stronger251

positive vertical shear in the zonal wind. This enhanced vertical shear indicates a region-252

ally enhanced subtropical westerly jet stream co-located with the largest PV gradient253

(Fig. 2e-g), the location of which can be readily obtained from PV inversion. Specifically,254

positive PV anomalies over 30–50◦N indicate enhanced cyclonic shear vorticity relative255

to the zonal mean, while negative PV anomalies over 20–30◦N indicate enhanced anti-256

cyclonic shear vorticity. This PV pattern suggests the presence of stronger westerlies cen-257

tered at the zero line (Fig. 2f-g). The EAWM produces relatively cold surface air tem-258

peratures in comparison to the zonal mean (Fig. 2j-k), particularly in the northern part259

of the domain. As with the distributions of potential temperature and PV, the CIESM260

(Fig. 2k) reliably reproduces the regional surface air temperature anomalies indicated261

by ERA5 (Fig. 2j).262

The effects of anthropogenic aerosols shift the largest positive PV anomalies north-263

ward, as illustrated by the BASE–ANT0 difference in Figure 2h. Aerosol effects likewise264

move the cyclonic wind anomalies northward, indicating a weakening of the subtropi-265

cal jet stream. Positive differences in potential temperature aloft and negative differences266

in potential temperature near the surface indicate a colder lower troposphere and enhanced267

static stability over 30–50◦N (Fig. 2d). Surface air temperatures are also reduced over268

the entire EAWM region when emissions of anthropogenic aerosols and aerosol precur-269

sors are included in the model (Fig. 2l).270

3.2 Effects of anthropogenic aerosols on the EAWM271

In addition to the southward PV intrusion, a strong EAWM is usually associated272

with a more intense cold Siberian High and warm Aleutian Low at the surface, a stronger273

East Asian major trough in the middle troposphere, and a stronger subtropical jet stream274

in the upper troposphere (L. Wang & Chen, 2010; Jiang et al., 2017; Li et al., 2020; Miao275

& Jiang, 2021). Figure 3 shows monthly surface pressure (PS), 500 hPa geopotential height276

(Z500), and 200 hPa zonal winds (U200) regressed onto the PV-based EAWMI. A strong277

EAWM is associated with positive surface pressure anomalies at middle and high lat-278
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Figure 2. (a, e, i) East Asian zonal mean potential temperature (θ, K), potential vortic-

ity (PV, PVU), and surface air temperature (TAS, ℃) from BASE (left); differences between

the East Asian (90–150°E) and global zonal means (b, f, j) from ERA5 (left center) and (c, g,

k) BASE (right center); and (d, h, l) differences between BASE and ANT0 (right) for Novem-

ber–March of 1999–2018.

itudes over Eurasia, including a southward extension into East Asia (Fig. 3a). This dis-279

tribution of surface pressure anomalies indicates a stronger Siberian High and northerly280

flow in the coastal regions of East Asia. A stronger EAWM is also associated with a cen-281

ter of low surface pressure east of Japan, as indicated by negative surface pressure anoma-282

lies over the western North Pacific (Fig. 3a). Negative anomalies in 500 hPa geopoten-283

tial height over northeast China and Japan indicate that a stronger EAWM is associ-284

ated with a deeper East Asian trough, which increases the supply of cold air to the North285

Pacific (L. Wang et al., 2009). Positive 200 hPa zonal wind anomalies over East Asia and286

the North Pacific around 20–40◦N show that the westerly jet in that region is enhanced287

when the EAWM is strong (Fig. 3c).288

The effects of anthropogenic aerosols on the EAWM are further explored by cal-289

culating differences in surface pressure, 500 hPa geopotential height, and 200 hPa zonal290

wind between the BASE and ANT0 simulations. Anthropogenic aerosols induce posi-291

tive surface pressure anomalies over parts of Mongolia and China, indicating that aerosol292

effects strengthen the southern part of the Siberian High. The Aleutian Low is shifted293

southward and eastward in the BASE simulation relative to ANT0, as indicated by neg-294

ative surface pressure differences around 20–40◦N over the North Pacific and positive dif-295

ferences to the north (Fig. 3b). Negative anomalies in mid-tropospheric geopotential height296

move northward and westward when aerosol effects are included (Fig. 3d). These neg-297

ative anomalies indicate a weak northwestward extension of the East Asian trough, which298

increases the likelihood for cold air to sweep into north China and southeast Asian. In299

the upper troposphere, negative anomalies in zonal wind located in the climatological300

jet core region indicate that aerosols weaken the East Asian westerly jet (Fig. 3f). Pos-301

itive anomalies to the south indicate a companion weakening of the tropical easterlies.302

To summarize, aerosols strengthen the Siberian High, weaken the Aleutian Low,303

extend the East Asian trough northwestward, and weaken the East Asian jet stream. Among304

these changes, the first and third are consistent with a stronger EAWM, while the sec-305

ond and fourth are not (cf. left column of Fig. 3). Miao, Wang, Wang, Zhu, and Sun (2018)306
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Figure 3. Anomalies in (a) surface pressure (PS, hPa), (c) 500 hPa geopotential height (Z500,

m), and (e) 200 hPa zonal wind (U200; m s−1) from the BASE simulation regressed onto the

deseasonalized and standardized PV-based EAWMI time series; and differences in (b) PS, (d)

Z500, and (f) U200 between the BASE and ANT0 scenarios for November–March of 1999–2018.

Contours in (a)-(f) denote the corresponding climatology. Hatching denotes where anomalies or

differences are not significant at the 95% or greater confidence level based on Student’s t test.
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also found that anthropogenic forcings can play different roles at different pressure lev-307

els in modulating the intensity of the EAWM. These inconsistencies can be attributed308

at least in part to the strong baroclinicity over East Asia and the ways that aerosols mod-309

ify this thermodynamic structure. Traditional methods that measure the intensity of the310

EAWM through mutually correlated surface and isobaric circulation patterns are there-311

fore not sufficient to analyze the response of the EAWM to anthropogenic aerosol effects.312

More generally, analyzing dynamical components alone provides an incomplete descrip-313

tion of the EAWM, which has distinctive thermal characteristics that help to determine314

the patterns and temporal variability of temperature and precipitation anomalies over315

East Asia during wintertime.316
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Figure 4. Differences in (a) mean surface air temperature (TAS, K), precipitation (Pr,

mmd−1), and snowfall (Prsn, mmd−1) during November–March of 1999–2018 between the

BASE and ANT0 scenarios. Hatching denotes locations where differences are not significant at

the 95% or greater confidence level based on Student’s t test (a) or the Mann-Whitney U test (b

and c). Vectors indicate changes in horizontal winds on the 925 hPa (a), 850 hPa (b), and 200 hPa

(c) isobaric surfaces. The domains assigned to the southern (20–35◦N, 95–125◦N) and northern

(35–50◦N, 95–125◦N) parts of East Asian land areas are denoted by dashed rectangles labeled

south-EA and north-EA, respectively.

To provide a more thermodynamic perspective on how anthropogenic aerosols al-317

ter the EAWM, Figure 4 shows differences in surface air temperature, total precipita-318

tion, and snowfall between the BASE and ANT0 simulations. These three variables are319

important indicators of the impacts of EAWM variability on severe winter weather and320

–10–



manuscript submitted to JGR: Atmospheres

human activities (Li et al., 2020). Surface air temperature provides an alternative mea-321

sure of the intensity of the EAWM, while precipitation and snowfall represent dangers322

associated with the EAWM. To better analyze the impacts of anthropogenic aerosols,323

we divide the land areas of East Asia into southern (20–35◦N, 95–125◦E) and northern324

(35–50◦N, 95–125◦E) domains. Anthropogenic aerosol effects make the southern domain325

colder, drier, and snowier, as indicated by decreases in surface air temperature and to-326

tal precipitation and increases in snowfall in the BASE simulation relative to ANT0 (Fig. 4).327

Negative changes in surface air temperature are also simulated over the northern part328

of the domain, highlighting that anomalously cold air transits through the north on its329

way to the south. Weak increases in surface air temperature over the Tibetan Plateau330

may be associated with black carbon-induced warming effects as noted by Jiang et al.331

(2017). It is interesting that snowfall tends to increase over the southern part of East332

Asia when anthropogenic aerosol emissions are included in the model even though to-333

tal precipitation decreases (Fig. 4b, c). These differences require further exploration; how-334

ever, relative to the ANT0 case, anthropogenic aerosol emissions narrow negative θ anoma-335

lies around 35–50◦N while expanding negative θ anomalies in the lower troposphere around336

20–35◦N and positive θ anomalies in the upper troposphere around 35–50◦N (Fig. 2d).337

The largest decreases in potential temperature are located near the surface, indicating338

that aerosol effects increase static stability and suppress precipitation throughout East339

Asia. The effects of these changes are more pronounced in the southern domain, where340

wintertime precipitation is both more frequent and more abundant.341

Figure 5. Surface air temperature (TAS, ◦C) probability distributions for strong and weak

EAWM days over (a) south East Asian land areas (20–35◦N, 95–125◦N) and (b) north East

Asian land areas (35–50◦N, 95–125◦N) during November–March of 1999–2018 under the BASE

and ANT0 scenarios.

To quantitatively examine the effects of anthropogenic aerosols on surface air tem-342

perature, the distributions of surface air temperature for strong and weak EAWM days343

are computed and compared under different scenarios. Strong (weak) EAWM days are344

defined as days for which the deseasonalized EAWMI is greater (less) than one positive345

(negative) standard deviation from the mean, which is essentially zero for both simula-346

tions (Fig. 1b). As shown in Figure 5, the coldest 5% of days in the BASE simulation347

are on average 1.8–2.1◦C colder in the southern domain and about 2.2–2.5◦C colder in348

the northern domain than those in ANT0 during both strong and weak EAWM periods.349

These differences are equivalent to about 65% of the difference between strong and weak350

EAWM periods in the southern domain and about 38% of the difference between strong351

and weak EAWM periods in the northern domain. Moreover, area-weighted mean sur-352

face air temperatures are 1.51◦C smaller over southern East Asia and 1.42◦C smaller over353

northern East Asia in BASE relative to ANT0 (Fig. 4a). The above results suggest an-354

thropogenic aerosols play an important role in modulating surface air temperature in win-355

ter time. Considering the close relationships between surface air temperature anoma-356
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lies and severe winter weather, these differences indicate that anthropogenic aerosols sig-357

nificantly heighten the risks associated with severe winter weather in East Asia.358

4 Mechanisms behind anthropogenic aerosol effects on the EAWM359

Figure 6. Spatial distributions of differences in (a) net clear-sky shortwave radiation flux at

the surface, (b) cloud effects on net shortwave radiation flux at the surface, (c) upward clear-sky

longwave flux at the top-of-atmosphere, and (d) cloud effects on upward longwave flux at the

top-of-atmosphere between the BASE and ANT0 simulations. Hatching denotes locations where

differences are not significant at the 95% or greater confidence level based on Student’s t test.

Net flux is calculated with downward flux minus upward flux. Units are Wm−2.

Interactions among aerosols, radiation, and clouds play important roles in the cli-360

mate system through their impacts on the surface energy budget, cloud physics, atmo-361

spheric heating, and the atmospheric water cycle (IPCC, 2021; Wu et al., 2016). We there-362

fore analyze anthropogenic aerosol effects on the EAWM from an energetic perspective,363

focusing on how aerosols alter spatial distributions of radiative fluxes and diabatic heat-364

ing. Figure 6 shows changes in the net downward flux of shortwave radiation at the sur-365

face and the upward flux of longwave radiation at the nominal top-of-atmosphere. Both366

clear-sky changes and changes in cloud effects (all-sky minus clear-sky) are shown to dis-367

tinguish aerosol direct (aerosol-only) and indirect (aerosol–cloud) effects. Aerosols sig-368

nificantly reduce the flux of solar radiation reaching the surface throughout East Asia369

(Fig. 6a), with all-sky area-mean time-mean changes of −23.7Wm−2 in the northern East370

Asia domain and −11.5Wm−2 in the southern East Asia domain. In both the north-371

ern and southern domains, approximately 40–45% of the decrease in solar radiation flux372

at the surface is attributable to increased atmospheric absorption, with the remainder373

attributable to increases in planetary albedo. Outside of some pockets along the east-374

ern flank of the Tibetan Plateau and the southeastern coast of China, cloud effects on375

net surface solar radiation are small over the land areas of East Asia (Fig. 6b). Reduced376

surface insolation is therefore mainly attributable to aerosol direct effects. Outgoing long-377

wave radiation under clear-sky conditions is reduced in BASE relative to ANT0 over most378

of the EAWM region, as expected given colder temperatures (Fig. 6c). However, increases379

in all-sky longwave radiation are simulated over the Yangtze River valley in the south-380

ern East Asia domain due to changes in the cloud longwave effect (Fig. 6d). These changes381

are associated with decreases in high cloud cover and increased longwave emission from382
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low clouds, as discussed below. Aerosol–cloud interactions thus enhance the loss of en-383

ergy by longwave radiation over southern East Asia (area mean: +1.1Wm−2), partially384

offsetting the reduction in clear-sky OLR (−2.6Wm−2) associated with colder temper-385

atures at the surface (Fig. 4a) and in the lower troposphere (Fig. 2d).386

Figure 7 shows vertical profiles of differences in heating between the BASE and ANT0387

scenarios, including radiative and non-radiative components. Aerosol effects on total heat-388

ing include deep reduction in diabatic heating that extend from the surface to 300 hPa389

around 20–35◦N, and positive heating anomalies in a shallow layer just above the sur-390

face and in the upper troposphere (Fig. 7f). The deep and strong reductions in heating391

in the lower and middle troposphere around 20–35◦N suggest strong reductions in non-392

radiative heating (Fig. 7e), primarily because less precipitation means less latent heat393

release. By contrast, reduced heating in the lower troposphere around 35–50◦N is mainly394

due to changes in cloud radiative effects on longwave heating (Fig. 7d). Increases in heat-395

ing in the shallow layer above the surface can be attributed primarily to changes in clear-396

sky shortwave heating and cloud effects on longwave heating there (Fig. 7a-d). Increases397

in shortwave heating and decreases in longwave heating in the lower troposphere largely398

compensate each other, while increases in shortwave and longwave heating in the upper399

troposphere both contribute to intensifying total heating there (Fig. 7).400

Anthropogenic aerosols increase absorption of shortwave radiation near the surface,401

particularly in locations where large aerosol concentrations are restricted to the bound-402

ary layer (Fig. 7a). With greater numbers of aerosols serving as cloud condensation nu-403

clei, the absorption of solar radiation near the surface in cloudy areas decreases (Fig. 7b)404

owing to smaller droplet sizes and longer cloud lifetimes (i.e., aerosol indirect effects; Twomey,405

1977; Ackerman et al., 1995; Li et al., 2022). Meanwhile, shortwave heating and long-406

wave cooling increase near the tops of these enhanced cloud layers (Fig. 7b,d) owing to407

enhanced absorption and reflection of shortwave radiation and enhanced emission of long-408

wave radiation, respectively. Here, we do not attempt to distinguish the individual im-409

pacts of various semi-direct and indirect effects, instead classing all changes in cloud amount410

and cloud radiative effects as ‘indirect’ (i.e., resulting from aerosol–cloud interactions).411

Given the dryness of the winter monsoon, it is perhaps surprising that the most412

prominent impact of anthropogenic aerosols is expressed through changes in non-radiative413

heating (Fig. 7e), which collects diabatic heating components associated with moist con-414

vection, large-scale precipitation, and turbulent mixing. Contributions from turbulent415

mixing are small, so this non-radiative term is dominated by latent heat release associ-416

ated with precipitation formation (Fig. 7e). The vertical structure of the change indi-417

cates reductions in the production of both large-scale precipitation in the lower tropo-418

sphere (through, e.g., longer cloud lifetimes) and convective precipitation in the middle419

and upper troposphere (through, e.g., stabilization by aerosol shortwave absorption). These420

changes indicate that both the occurrence and development of wintertime precipitation421

in these simulations are greatly altered by anthropogenic aerosol effects.422

Diabatic heating is closely related to vertical motion. Figure 8 shows differences423

in pressure vertical velocity (w) in longitude–pressure cross-sections averaged over 20–424

35◦N and 35–50◦N. Deep increases in pressure vertical velocity anomalies around 90–425

125◦E over the southern part of East Asia (Fig. 8a) indicate substantial reductions of426

upward motion. The strong increase in sinking motion (Fig. 8a) over southern East Asia427

implies weaker convection and suppressed convective heating (Fig. 7e), and is consistent428

with significant decreases in precipitation over this region in BASE relative to ANT0 (Fig. 4b).429

The weak increase in sinking motion over northern East Asia (Fig. 8b) is consistent with430

shallower non-radiative heating anomalies (Fig. 7e) and relatively weaker reductions in431

precipitation there (Fig. 4b).432

As shown in section 3.2, traditional metrics based on surface and isobaric circu-433

lation patterns provide inconsistent indications of how the EAWM is modified by anthro-434
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Figure 7. Latitude-pressure cross-sections of differences in (a) clear-sky shortwave radiative

heating, (b) cloud shortwave radiative heating, (c) clear-sky longwave radiative heating, (d) cloud

longwave radiative heating, (e) non-radiative heating, and (f) total heating (Kd−1) averaged

within 90–150◦E between the BASE and ANT0 scenarios. Hatching denotes differences that are

not significant at the 95% or greater confidence level based on Student’s t test. Blue contours

in all panels indicate changes in vertically resolved cloud area fraction, with negative changes

indicated by dotted contours.
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Figure 8. Longitude-pressure section of vertical velocity (shading, cm s−1) and the zonal over-

turning circulation (vectors) averaged within (a) 20–35◦N and (b) 35–50◦N. Hatching denotes

locations where differences are not significant at the 95% or greater confidence level based on

Student’s t test.

pogenic aerosols. We therefore analyze changes in the EAWM from an isentropic PV per-435

spective, which better accounts for coupled changes in thermal and dynamical variables.436

Figure 9 shows differences in PV and diabatic PV tendencies on the 300K isentropic sur-437

face. Anthropogenic aerosols result in enhanced PV on this isentropic surface in the north-438

ern, southern, and western parts of the East Asian domain. These increases bracket an439

area of decreased PV over the Yangtze River Valley, consistent with an intensification440

of the mean distribution of EAWM-related PV anomalies relative to the zonal mean (see441

also Figure 2f-h). Changes in diabatic PV tendencies (i.e., the sum of vertical and shear442

diabatic PV tendencies in equation 4) are broadly similar to the changes in 300K isen-443

tropic PV south of 40◦N, with increases in the northwestern, western, and southern por-444

tions of the domain bracketing an area of decreases over central and eastern China.445

90°E 110°E 130°E 150°E
20°N

30°N

40°N

50°N
(a) PV

90°E 110°E 130°E 150°E
20°N

30°N

40°N

50°N
(b) diabatic PV tendencies(Total)

0.045 0.030 0.015 0.000 0.015 0.030 0.045

Figure 9. Differences in (a) potential vorticity (PV; units: PVU) and (b) time-mean diabatic

contributions to PV tendencies (units: PVUd−1) on the 300K isentropic level between the BASE

and ANT0 simulations. Hatching denotes locations where differences are not significant at the

95% or greater confidence level based on Student’s t test.
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Figure 10 decomposes the changes in diabatic PV tendencies on the 300K isentropic446

level into individual components. The left column of this figure summarizes changes in447

the vertical diabatic PV tendency terms. Negative changes in PV over the Yangtze River448

Valley (Fig. 9a) indicate that anthropogenic aerosol effects weaken the PV intrusion in449

that part of the domain. Corresponding decreases in vertical diabatic PV tendencies (Fig. 10g)450

link this weakened PV intrusion to anthropogenic aerosol effects on diabatic heating, par-451

ticularly the component due to non-radiative heating (Fig. 10e). Negative PV anoma-452

lies are associated with anticyclonic circulation anomalies in that region, favoring high453

pressures and suppressing deep convection (Fig. 8a). By contrast, increased vertical di-454

abatic PV tendencies along the eastern flank of the Tibetan Plateau (Fig. 10g) include455

contributions from both non-radiative heating (Fig. 10e) and longwave radiative heat-456

ing (Fig. 10c). The latter component is almost entirely attributable to cloud radiative457

effects, indicating that aerosol–cloud interactions make an important contribution to the458

response in this part of the domain. Increased PV tendencies due to changes longwave459

heating along the eastern flank of the Tibetan Plateau are partially compensated by re-460

ductions due to changes in shortwave heating in the same region (Fig. 10a). Unlike the461

longwave component, the shortwave contribution is almost entirely from changes in clear-462

sky heating. Examination of the vertical distribution of changes in total shortwave heat-463

ing (Fig. 7a,b) shows that this reduction in the vertical diabatic PV tendency results from464

enhanced shortwave absorption below the 300K level. The associated increase in ver-465

tical convergence of air from below acts to reduce PV locally. Increased PV along the466

eastern flank of the Tibetan Plateau indicates cyclonic circulation anomalies and decreased467

static stability. These changes are associated with topographically-forced uplift of rel-468

atively moist air along the western side of the anticyclonic circulation anomaly to the469

southeast, which acts to increase snowfall over the southeastern flank of the Plateau (Fig. 4c).470

The right column of Figure 10 decomposes changes in total shear diabatic PV ten-471

dencies (Fig. 10h) into contributions from different physical parameterizations. Changes472

in shear diabatic PV tendencies associated with shortwave and longwave radiation are473

negligible (Fig. 10b,d), with changes in the total tendency almost entirely attributable474

to changes in the non-radiative component (Fig. 10f). Changes in this term largely op-475

pose the changes due to the vertical diabatic term (Fig. 10e), especially over the Yangtze476

River Valley. Although changes in the shear diabatic term are smaller than those in the477

vertical diabatic term, compensation between these two terms nonetheless weakens the478

total decrease in PV over this region (Fig. 9). Increases in the non-radiative shear di-479

abatic term around 110–150◦E and 20–40◦E are associated with strong wind shear and480

a sharp temperature gradient in the baroclinic zone above East Asia (Fig. 2). Enhanced481

stability in this region (Fig. 2d) inhibits convection and results in negative precipitation482

anomalies (Fig. 4b). By contrast, decreases in the non-radiative shear diabatic term over483

the western North Pacific (Fig. 10f) indicate weak wind shear and a weak temperature484

gradient. Changes in precipitation are positive over this far southeastern corner of the485

analysis domain (Fig. 4b).486

To summarize, the anticyclonic anomaly over southern China in BASE relative to487

ANT0 (Fig. 3b, Fig. 4a-b) contributes to reducing surface air temperatures over both488

eastern and southwestern China (Fig. 4a), but by somewhat different mechanisms. The489

anomalous circulation contributes to colder surface temperatures over the Yangtze River490

Valley by strengthening northerly cold air advection along the coast (Fig. 4a-b) and re-491

ducing cloud cover, thereby intensifying longwave cooling to space (Fig. 6d). By contrast,492

upslope flow on the western flank of the anticyclone contributes to colder surface air tem-493

peratures over southwestern China by intensifying adiabatic cooling and snowfall (Fig. 4c).494

Associated increases in cloud cover further inhibit surface shortwave heating (Fig. 6b).495

Both sets of changes amplify the impacts of reduced surface insolation induced by the496

aerosol direct effect (Fig. 6a). By contrast, the lack of significant near-surface circula-497

tion changes over northeastern China (Fig. 3b, Fig. 4a) implies that reduced surface air498
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Figure 10. Differences in vertical diabatic PV tendencies (PV ∂θ̇
∂θ

, PVUd−1) associated with

(a) shortwave radiative heating, (c) longwave radiative heating, (e) non-radiative heating, and (g)

total heating and differences in shear diabatic PV tendencies (g ∂θ
∂p

(
∂θ̇
∂x

∂v
∂θ

− ∂θ̇
∂y

∂u
∂θ

)
, PVUd−1)

associated with (b) shortwave radiative heating, (d) longwave radiative heating, (f) non-radiative

heating, and (h) total heating at the 300K isentropic level between the BASE and ANT0 scenar-

ios. Values are masked where the 300K isentropic surface intersects the atmospheric boundary

layer and hatching indicates where differences are not significant at the 95% or greater confidence

level based on Student’s t test. Blue contours in panels a-d indicate contributions from changes

in cloud radiative effects.
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temperatures there are primarily caused by the aerosol direct effect on surface insola-499

tion (Fig. 6a).500

5 Conclusions and outlook501

Variations in the EAWM are strongly associated with the occurrence of severe win-502

ter weather, such as cold surges and extreme snowfall. Considering rapid increases in an-503

thropogenic aerosol emissions in Asia over recent decades, we have used the Tsinghua504

University Community Integrated Earth System Model (CIESM) to investigate the ef-505

fects of anthropogenic aerosol emissions and concentration changes on the intensity and506

variability of the EAWM. After confirming that the CIESM captures the mean state of507

the EAWM well compared with ERA5 reanalysis data (Fig. 2), we show that the net im-508

pact of anthropogenic aerosol emissions in this model is to make the EAWM region colder,509

drier, and snowier (Fig. 4). Average simulated decreases in surface air temperature due510

to aerosol effects are 1.51◦C over southern East Asia and 1.42◦C over northern East Asia.511

Anthropogenic aerosol emissions strengthen the Siberian High at the surface and512

extend the East Asian trough northeastward (Fig. 3a-b), consistent with expectations513

for a stronger EAWM (L. Wang & Chen, 2010; W. Huang et al., 2016; Jiang et al., 2017;514

Li et al., 2020; Miao & Jiang, 2021). However, anthropogenic aerosols also weaken the515

East Asian jet in the upper troposphere and shift the Aleutian Low southward at the516

surface (Fig. 3a,c), changes unlike those associated with strong EAWM periods in the517

current climate. These seemingly contradictory results are nonetheless in line with pre-518

vious studies having shown that the vertical structure of the EAWM response to anthro-519

pogenic forcing is complex (Miao, Wang, Wang, Zhu, & Sun, 2018) and highlight the value520

of the isentropic PV framework for assessing and attributing changes in the EAWM and521

other features embedded in the mid-latitude baroclinic zone (W. Huang et al., 2016).522

Surface air temperatures over East Asia are consistently colder when anthropogenic523

aerosol emissions are included (Fig. 4a). These aerosol effects are comparable to 65% of524

the difference between strong and weak EAWM periods (∼2◦C) in the southern part of525

the domain and 38% of the difference between strong and weak EAWM periods (∼2.5◦C)526

in the northern part of the domain (Fig. 5). The mechanisms behind these reductions527

in surface air temperature are distinct between the region southeast of the Tibetan Plateau528

and the Yangtze River Valley. To the southeast of the Tibetan Plateau, aerosol-cloud529

interactions and associated changes in diabatic heating produce an anticyclonic circu-530

lation anomaly. Upslope southerly flow along the western side of this anomaly intensi-531

fies adiabatic cooling, increases cloud cover, and reduces surface shortwave heating (Figs. 7–532

10), contributing to colder temperatures and significant increases in snowfall along the533

southeastern flank of the Tibetan Plateau (Fig. 4c). By contrast, the anomalous anti-534

cyclone suppresses convection over the Yangtze River Valley, intensifies southward ad-535

vection of cold air outflow from the Siberian High along the coastal regions of East Asia,536

and increases clear-sky longwave cooling (Figs. 7–10). These changes are associated with537

a substantial decrease in total precipitation over land areas in the southern part of East538

Asia (Fig. 4b).539

Previous studies have shown that air quality in central and eastern China typically540

improves when the EAWM is strong (Ge et al., 2019). This dichotomy between the aerosol541

influence (increased aerosol concentrations strengthen the monsoon) and the circulation542

influence (a stronger monsoon reduces aerosol concentrations) suggests the intriguing pos-543

sibility that anthropogenic aerosol effects on the circulation of this region may partially544

self-regulate air pollution episodes. However, distinct seasonal variations in the influence545

of anthropogenic aerosols on the EAWM (Fig. 1a) indicate that this mechanism, if it ex-546

ists, may be sensitive to specific details of the background state. Future work should in-547

vestigate the consistency of this response across models and its potential sensitivity to548

long-term trends and variability in the Northern Hemisphere wintertime background state.549
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