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Key Points:7

• Aerosol forcing has significantly weakened the regional summertime circulation8

in the Northern Hemisphere and dominates in the Pacific.9

• Aerosol-induced shortwave radiation trends are largest over Eurasia and result in10

energy export to the ocean via stationary circulation.11

• Aerosol-induced energy export from land weakens the storm track over the ocean,12

particularly in the Pacific.13
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Abstract14

Reanalysis data show a significant weakening of summertime circulation in the North-15

ern Hemisphere midlatitudes in the satellite era with important implications for surface16

weather extremes. Recent work showed the weakening is not significantly affected by changes17

in the Arctic, but did not examine the role of different anthropogenic forcings such as18

aerosols. Here we use the Detection and Attribution Model Intercomparison Project (DAMIP)19

simulations to quantify the impact of anthropogenic aerosol and greenhouse gas forcing.20

The DAMIP simulations show aerosols and greenhouse gases contribute equally to zonal-21

mean summertime circulation weakening. Regionally, aerosol dominates the Pacific storm22

track weakening whereas greenhouse gas dominates the Atlantic. Using a regional en-23

ergetic framework, we interpret how aerosol forcing weakens the storm tracks and why24

the impact is the largest in the Pacific. Decreasing aerosol emissions over Eurasia and25

North America increases (clear-sky) shortwave radiation. The atmospheric energy in-26

put is exported downstream via stationary circulation, poleward of the Pacific and At-27

lantic storm tracks. This land-ocean energy coupling is similar to the spring-to-summer28

seasonal transition and is larger over the Pacific due to greater energy input over Eura-29

sia. In addition, increasing aerosol emissions over South and East Asia decreases short-30

wave radiation, and the energy export downstream via stationary circulation weakens.31

This occurs equatorward of the Pacific storm track, which further weakens it. Our re-32

sults show aerosols are a dominant driver of regional circulation trends during the North-33

ern Hemisphere summertime in the satellite era and show a regional energetic framework34

explaining the underlying processes.35

Plain Language Summary36

Over the last four decades, Northern Hemisphere summertime westerlies and weather37

systems have weakened. While this has important implications for weather and its ex-38

tremes, how different anthropogenic forcings, such as aerosols and greenhouse gases, have39

impacted the weakening is currently unclear. Using coordinated climate model simula-40

tions, we show anthropogenic aerosols are as important as greenhouse gases for the weak-41

ening of the weather systems and the most important over the Pacific. Efforts to reduce42

aerosol emissions over North America and Europe increased the solar energy reaching43

the surface, whereas heightened pollution from Asia decreased the solar energy reach-44

ing the surface. As a result, energy increases at higher latitudes and decreases at lower45

latitudes, weakening the equator-to-pole energy (temperature) difference consistent with46

weaker weather systems. This effect is greater in the Pacific. Our results emphasize that47

how aerosol emissions will evolve in the future has important implications for regional48

climate change.49

1 Introduction50

Climatologically, the Northern Hemisphere (NH) midlatitude circulation is the weak-51

est during summertime (Shaw et al., 2018; Hoskins & Hodges, 2019). Under anthropogenic52

forcing, the NH summertime circulation is projected to become weaker over the 21st cen-53

tury (O’Gorman, 2010; Coumou et al., 2015; Shaw & Voigt, 2015; Shaw et al., 2018; Har-54

vey et al., 2020). Over the satellite era (1980 to present), reanalysis data show a statis-55

tically significant weakening of the zonal-mean NH summertime circulation, including56

storm tracks and jets (Coumou et al., 2015; Chang et al., 2016; Gertler & O’Gorman,57

2019; Dong et al., 2022; Kang et al., 2023; Chemke & Coumou, 2024). The weakening58

of the summertime midlatitude circulation implies more persistent summertime weather59

(Pfleiderer et al., 2019), which could have an important influence on temperature extremes60

(Lehmann & Coumou, 2015; Chang et al., 2016) and local air quality (Leibensperger et61

al., 2008). Hence, it is essential to understand the drivers and mechanisms responsible62

for the weakening of the regional circulation during the NH summertime.63
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The weakening of the NH summertime circulation in the satellite era has been hy-64

pothesized to be related to Arctic Amplification which weakens the equator-to-pole tem-65

perature gradient (Coumou et al., 2015, 2018). However, Kang et al. (2023) used climate66

model simulations with nudged Arctic sea ice to show that Arctic Amplification does not67

significantly contribute to the summertime circulation weakening in the satellite era. In-68

stead, Kang et al. (2023) suggests anthropogenic forcing in the absence of Arctic Am-69

plification or Arctic sea ice loss dominates the circulation weakening. Anthropogenic forc-70

ings include direct CO2 radiative forcings (Shaw & Voigt, 2015, 2016; Shaw et al., 2018)71

and aerosols (Dong & Sutton, 2021; Dong et al., 2022).72

Both CO2 direct radiative and aerosol forcings directly impact the energy balance73

over land and thereby affect the summertime circulation. For example, Shaw et al. (2018)74

revealed that direct CO2 radiative forcing over high latitude land weakens the NH sum-75

mertime zonal-mean storm tracks by increasing local surface turbulent fluxes (see Fig.76

1c in Shaw & Voigt, 2016) and thereby weakening the equator-to-pole energy gradient.77

Dong et al. (2022) demonstrated that anthropogenic aerosol forcing has induced high-78

latitude warming and low-latitude cooling across the Eurasian continent, which through79

thermal wind balance leads to a weakening of the summertime Eurasian jet. Chemke and80

Coumou (2024) reported aerosols and greenhouse gases both contribute to weakening81

zonal-mean storm tracks in CESM2 (Danabasoglu et al., 2020). However, it is currently82

unclear how aerosols, which are very regional and lead to radiative forcing mainly over83

land, impact the circulation trends downstream (over ocean or other land regions).84

Anthropogenic aerosol can impact atmospheric circulation through aerosol-radiation85

and/or aerosol-cloud effects (Ming & Ramaswamy, 2009; Allen & Sherwood, 2011; Ming86

et al., 2011; Wang et al., 2014; Shen & Ming, 2018; Dong et al., 2022), mediated by ocean-87

atmosphere interactions (Xie et al., 2013). In the satellite era, the primary feature of aerosol88

emissions change is the decrease in sulfate aerosols (shortwave reflectors) over Europe89

and North America, and the increase over South and East Asia (Klimont et al., 2013;90

Hoesly et al., 2018; Quaas et al., 2022). The direct effects from these emission changes91

are spatially inhomogeneous clear-sky surface shortwave trends that are opposite to the92

aerosol emission trends (Diao et al., 2021; Dong et al., 2022; Schumacher et al., 2024).93

Previous work studied how the spatially inhomogeneous shortwave radiation changes im-94

pact the annual-mean circulation (Wang et al., 2015; Diao et al., 2021; Kang et al., 2021;95

Needham & Randall, 2023), and showed that they can induce different surface temper-96

ature trends over the Pacific and Atlantic oceans (Diao et al., 2021; Kang et al., 2021).97

However, it is currently unclear how aerosol changes impact the regional circulation dur-98

ing NH summertime and what the underlying mechanisms are.99

In this study, our objective is to quantitatively assess the impact of anthropogenic100

aerosols on the weakening of the NH summertime circulation, with a specific focus on101

storm tracks. To achieve this, we address the following questions. (1) How do different102

anthropogenic forcings impact the regional summertime circulation weakening in the satel-103

lite era? Do they have the same impact on the Pacific and Atlantic storm tracks? (2)104

What is the physical mechanism connecting regional aerosol changes over land to cir-105

culation trends during NH summertime? Is the mechanism similar to other shortwave106

radiation forcing, for example, the response to Arctic sea ice loss or the seasonal tran-107

sition, which weakens the circulation by decreasing the equator-to-pole energy gradient108

(Shaw et al., 2018; Shaw & Smith, 2022; Kang et al., 2023)? The questions are answered109

using the CMIP6 Detection and Attribution Model Intercomparison Project (DAMIP,110

Gillett et al., 2016) simulations and using a regional energetic framework that connects111

the atmospheric circulation to the shortwave radiation trends induced by regional aerosol112

emissions.113
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2 Data and Methods114

2.1 Reanalysis datasets115

We use reanalysis datasets to quantify the circulation trends in the satellite era.116

To account for observational uncertainty (Schmidt, 2013; Kang et al., 2024), we use four117

reanalysis datasets: CFSR/CFSv2 (Saha et al., 2010, 2014), JRA55 (Kobayashi et al.,118

2015), MERRA2 (Gelaro et al., 2017), and ERA5 (Hersbach et al., 2020), which are the119

latest datasets from different reanalysis centers.120

2.2 CMIP6 DAMIP simulations121

We use the CMIP6 DAMIP (Gillett et al., 2016) simulations to quantitatively sep-122

arate the role of anthropogenic aerosols from greenhouse gas forcing on the summertime123

circulation trends in the satellite era. The single forcing simulations for anthropogenic124

aerosol (hist-aer, hereafter AER), greenhouse gas (hist-GHG, hereafter GHG), and nat-125

ural forcing (hist-nat, hereafter NAT) are compared with the historical (1980–2014) and126

SSP245 (2015–2020) simulations (hereafter ALL for all forcing) in the CMIP6 Scenar-127

ioMIP (Eyring et al., 2016).128

To answer the first series of questions, we use all models and realizations that have129

daily mean variables to quantify circulation trends across all ALL, GHG, AER, and NAT130

simulations. For zonal and meridional winds at pressure levels, there are 35 simulations131

from 8 models, and for sea-level pressure, there are 43 simulations from 11 models (Ta-132

ble S1). To answer the second series of questions, we utilize 26 simulations from 5 mod-133

els that have daily-mean meridional wind, temperature, geopotential, and specific hu-134

midity in AER simulations (Table S1). The ensemble mean is created by taking an av-135

erage across all simulations. Although different models have different numbers of real-136

izations, the results are consistent if we first average across different realizations in dif-137

ferent models and then take the multi-model mean, as we show later. The ensemble-mean138

trend likely represents the forced response to individual forcings, and the ensemble spread139

represents both structural uncertainty and internal variability (Deser et al., 2020).140

2.3 Summertime circulation metrics141

To answer the first series of questions, we evaluate the summertime circulation trends142

using various metrics across reanalyses and DAMIP simulations. We specifically focus143

on those documented in previous work and available across a sufficient number of sim-144

ulations, which are as follows.145

We quantify summertime (June-July-August) storm tracks using two different met-146

rics. First, we use vertically integrated eddy kinetic energy (hereafter EKE) defined as147

follows (Kang et al., 2023):148

EKE =
1

g

∫ 10hPa

ps

u′2 + v′2

2
dp. (1)

Here, the overbar denotes the monthly mean and the primes denote deviations therefrom.149

Note that daily-mean u and v are used and vertical integration is performed along se-150

lected 8 pressure levels available in the DAMIP simulations (1000, 850, 700, 500, 250,151

100, 50, and 10 hPa). We use daily-mean surface pressure (ps), but this is replaced with152

monthly mean when unavailable.153

The second metric for storm track intensity is the extratropical cyclone activity (hereafter154

ECA, Chang et al., 2016; Gertler et al., 2020) representing 24-hour sea-level pressure (SLP)155

variance defined as follows:156

ECA = (SLP(t + 24hrs)− SLP(t))2, (2)
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where SLP(t) is daily-mean SLP. Compared to EKE, ECA represents storm track inten-157

sity near the surface.158

In addition to storm track metrics, we quantify the summertime jet trends with159

zonal wind at 500 hPa pressure level (hereafter U500 e.g., Coumou et al., 2015). Our160

results for U500 trends are broadly consistent with Dong et al. (2022), who documented161

zonal wind trends at 200 hPa.162

All circulation trends from 1980 to 2020 are quantified as the slope of least-squares163

fit linear regression, and the statistical significance is evaluated as the 95% confidence164

level using a two-sided Student’s t-test.165

2.4 Energetic framework for regional storm tracks166

In order to understand the connection between aerosol forcing, which induces trends167

in surface shortwave radiation, and the storm tracks, we use the moist static energy (MSE)168

framework. The MSE framework has been successfully used to explain the zonal-mean169

storm track response to changes in shortwave radiation induced by sea ice loss (Shaw &170

Smith, 2022), the seasonal cycle (Barpanda & Shaw, 2020), as well as the impact of to-171

pography and the ocean circulation (Shaw et al., 2022). Specifically, the MSE framework172

connects surface shortwave radiation and storm track intensity by considering surface173

energy and atmospheric MSE budget equations.174

Previous work showed that aerosol forcing impacts the surface energy budget through175

trends in surface shortwave radiation (Diao et al., 2021; Dong et al., 2022). The surface176

shortwave radiation trends impact surface turbulent flux trends via the surface energy177

balance (e.g. Shaw & Smith, 2022; Kang et al., 2023):178

TF = SWs + LWs +NA, (3)

where TF is surface turbulent fluxes, SWs is the surface shortwave radiation, LWs is179

the surface longwave radiation, and NA is the non-atmospheric fluxes (e.g., surface heat180

storage and ocean heat flux divergence).181

The surface turbulent flux trends can then impact the trends in the atmospheric182

MSE (denoted m) budget (Kang et al., 2008; Shaw & Smith, 2022):183

∇ · FTE +∇ · FSC︸ ︷︷ ︸
∇·F

+∇ · F∂t{h}︸ ︷︷ ︸
∂t{h}

= ∇ · FRa︸ ︷︷ ︸
Ra

+∇ · FTF︸ ︷︷ ︸
TF

, (4)

where FTE = (F x
TE , F

y
TE) = ({u′m′}, {v′m′}) and FSC = (F x

SC , F
y
SC) = ({ūm̄}, {v̄m̄})184

are vertically integrated (denoted {·}) atmospheric MSE flux vectors due to transient185

eddies (storm tracks) and stationary circulations, respectively. Here the stationary cir-186

culations include stationary waves, jet stream, and mean meridional circulations. Then,187

∇ ·F is the total atmospheric MSE flux divergence. The other terms are in flux form188

with their global mean removed, ∇ · F∂t{h} = ∂t{h}, ∇ · FRa = Ra and ∇ · FTF =189

TF , where ∂t{h} is the atmospheric heat storage (h is the moist enthalpy), Ra is the190

radiative cooling, and TF is surface turbulent fluxes. To ensure mass continuity, ∇ ·FTE191

is calculated following Donohoe and Battisti (2013) and ∇ ·FSC is calculated as a resid-192

ual. Note that all terms are in units of W m−2. The surface turbulent flux (TF ) con-193

nects Eqs. (3) and (4), and therefore quantitatively connects surface shortwave radia-194

tion (SWs) to the MSE flux divergence due to storm tracks (∇ · FTE).195

Previous work defined zonal-mean storm track intensity, using the meridional com-196

ponent of FTE, as [2πa cosϕF
y
TE ], where [·] is the zonal mean and a is the Earth’s ra-197

dius (Shaw et al., 2018; Shaw & Smith, 2022). Using this zonal-mean definition, the con-198

tribution of different terms in Eq. (4) to the storm track intensity can be quantified.199
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We define regional storm track intensity, using the meridional component of F⋆
TE,200

as 2πa cosϕF y,⋆
TE , where superscript ⋆ denotes the divergent component of a vector. This201

definition of regional storm track intensity is useful since the divergent component (2πa cosϕF y,⋆
TE)202

dominates 2πa cosϕF y
TE (Fig. S1). The procedure of calculating storm track intensity203

2πa cosϕF y,⋆
TE from ∇ · FTE can be expressed as (see also Boos & Korty, 2016; Nick-204

nish et al., 2023):205

2πa cosϕF y,⋆
TE = 2πa cosϕ∂y∇−2(∇ · FTE). (5)

Then, using Eq. (5), we obtain an equation for regional storm track intensity from Eq.206

(4):207

2πa cosϕF y,⋆
TE = 2πa cosϕ(F y,⋆

Ra + F y,⋆
TF − F y,⋆

SC − F y,⋆
∂t{h}), (6)

where F y,⋆
Ra , F

y,⋆
TF , −F y,⋆

SC , and −F y,⋆
∂t{h} respectively represents the contribution of radia-208

tive cooling, surface turbulent flux, stationary circulation, and atmospheric heat stor-209

age to the storm track intensity. Thus, Eq. (6) quantifies how the terms in the MSE bud-210

get (Eq. 4) impact regional storm track intensity. All terms have a unit of PW and are211

defined at every longitude and latitude.212

3 Results213

3.1 Impact of anthropogenic forcings on summertime circulation weak-214

ening215

3.1.1 Zonal-mean trends216

The summertime circulations quantified by EKE, ECA, and U500 weaken in the217

satellite era across reanalysis datasets (black, Figs. 1a–c), consistent with trends reported218

in previous work (Coumou et al., 2015; Chang et al., 2016; Gertler & O’Gorman, 2019;219

Dong et al., 2022; Kang et al., 2023). The weakening trends in reanalysis datasets are220

statistically significant across most metrics (Figs. 1d–f). The average EKE, ECA, and221

U500 trends in four reanalyses correspond to weakening of −1.3% decade−1, −1.9% decade−1,222

and −0.8% decade−1, respectively.223

Similar to the reanalyses, EKE, ECA, and U500 all weaken in the ALL simulations224

(purple, Figs. 1a–c) showing DAMIP simulations have skill in simulating the circulation225

weakening. For all metrics, the ensemble-mean trends in ALL simulations are close to226

the average of reanalysis trends (black and purple, Figs. 1d–f). Furthermore, if we give227

each reanalysis trend a percentile rank in the model ensemble distribution (cf. Kang et228

al., 2024), the average reanalysis ranks in the ALL simulation ensemble are 39.3%, 40.3%,229

and 50.0% for EKE, ECA, and U500, respectively. This indicates that reanalysis trends230

sit squarely within the trend distribution of ALL simulation ensemble and thus the ALL231

simulation ensemble captures the circulation trends in reanalyses.232

As the ALL simulations capture the reanalyses circulation trends, we now quan-233

tify how much of the weakening is attributable to individual forcings. The ensemble-mean234

EKE trends in GHG (red, Fig 1d) and AER (blue, Fig 1d) simulations are statistically235

significant and represent 44.6% and 37.8% of the total weakening trend, respectively. The236

results do not change if we first average across different realizations in different models237

and then take the multi-model mean (Fig. S2). Similarly, for ECA, the ensemble-mean238

trends in GHG (red, Fig. 1e) and AER (blue, Fig. 1e) simulations are statistically sig-239

nificant and respectively represent 45.5% and 46.5% of the total weakening trend. For240

U500, the ensemble-mean trends in GHG (red, Fig. 1f) and AER (blue, Fig. 1f) sim-241

ulations are also statistically significant, and respectively represent 32.3% and 63.6% of242

the total weakening trend. For all metrics, the ensemble-mean trends in NAT simula-243

tions are small and statistically insignificant (brown, Figs. 1d–f). The sum of ensemble-244

mean trends in the single forcing simulations is close to the ALL simulation ensemble-245

mean trend, indicating the linearity of circulation responses to individual forcings (ma-246

genta line and purple bar Figs. 1d–f).247
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Figure 1. (a–c) Timeseries of NH JJA (a) EKE (30–60oN), (b) ECA (30–70oN), and (c)

U500 (35–70oN) for reanalysis (black) and ALL simulation ensemble mean (purple) with respect

to 1980–2020 climatology. The corresponding linear regressions are shown in dashed lines. The

timeseries in individual reanalysis are shown in thin black lines and the 10–90 % model ensemble

spread is shaded. (d–f) Linear trends of NH JJA (d) EKE, (e) ECA, and (f) U500 from 1980

to 2020 in reanalysis data and DAMIP simulations. The reanalysis and ensemble mean trends

are shown in bars and individual reanalysis and simulation trends are shown in gray circles. The

circles are filled if the trends are statistically significant at the 95% confidence level. The 95%

confidence intervals for the ensemble mean trend are shown with yellow errorbars. The magenta

line indicates the sum of ensemble-mean trends in the single forcing simulations.

3.1.2 Regional trends248

The storm track weakening, throughout the troposphere (EKE) and at the surface249

(ECA), exhibits a regional structure with a clear weakening over storm tracks in the Pa-250

cific and Atlantic sectors in reanalysis data (Fig. 2a and Fig. 3a). The ALL simulations251

also exhibit a weakening of Pacific and Atlantic storm tracks in the ensemble mean (Figs252

. 2b and 3b). The U500 also weakens over Eurasia and the Pacific consistent with Dong253

et al. (2022), and it weakens with an equatorward shift over the Atlantic (Fig. S3).254

Some differences in the spatial structure between the reanalyses and ensemble mean255

trends are expected because the ensemble mean is an average across different realizations256

and the reanalysis mean represents a single realization. The positive ECA trends in re-257

analysis over the Atlantic (Fig. 3a) are consistent with Atlantic U500 trends that could258

steer surface cyclones more toward Europe, which is not well represented in the ALL sim-259

ulations (Fig. S3, see also Dong & Sutton, 2021). When considering the Pacific and At-260

lantic storm track weakening separately, the ensemble-mean trends are close to the re-261

analyses trends (black and purple, Figs. 2e and f and Figs. 3e and f). The average re-262

analysis ranks for EKE trends are 30.7% and 55.7% in the ALL simulation ensemble for263

the Pacific and Atlantic, respectively. The corresponding average reanalysis ranks are264

also similar for ECA trends (32.0% and 69.3%), indicating that the ALL simulations cap-265

ture the regional reanalysis storm track trends.266
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Figure 2. (a–d) Spatial structure of JJA EKE trends from 1980 to 2020 in (a) reanalyses

mean (CFSR, ERA5, JRA55, and MERRA2) and ensemble-mean (b) ALL, (c) GHG, and (d)

AER simulations. Statistically significant trends at the 95% confidence level are stippled. Black

dashed lines represent Pacific (30–60oN, 120–240oE) and Atlantic (30–60oN, 280–350oE) storm

track domains, respectively. (e, f) Similar results to Fig. 1d, but for EKE trends averaged in the

(e) Pacific and (f) Atlantic storm tracks.
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The impacts of greenhouse gas and aerosol forcing on the storm tracks vary region-267

ally (Figs. 2c and d and Figs. 3c and d). In response to greenhouse gas forcing, the Pa-268

cific and Atlantic storm tracks weaken similarly for both EKE and ECA (Figs. 2c,e,f and269

3c,e,f). By contrast, in response to aerosol forcing, the storm track weakening in the Pa-270

cific is greater than the Atlantic (statistically significant at the 95% level) by 2.6 times271

for EKE and 1.8 times for ECA (Figs. 2d–f and 3d–f).272

Consistently, aerosol forcing dominates the weakening of the Pacific storm track,273

contributing to 47.4% of the total EKE weakening and 57.1% of the total ECA weak-274

ening (blue, Figs. 2e and 3e). Greenhouse gas forcing, which contributes to 35.9% for275

EKE and 26.7% for ECA weakening, is secondary (red, Figs. 2e and 3e). Greenhouse276

gas forcing dominates the weakening of the Atlantic storm track, contributing to 52.5%277

of the total EKE weakening and 50.1% of the total ECA weakening (red, Figs. 2f and278

3f). The contribution of aerosols to the Atlantic storm track weakening is only 18.9%279

for EKE and 40.8% for ECA trends (red, Figs. 2f and 3f). The ensemble-mean EKE and280

ECA trends in the NAT simulations are still small and insignificant for both the Pacific281

and Atlantic sectors. Note that circulation responses to forcings are less linear region-282

ally (magenta dashed lines, Figs. 2e and f and Figs. 3e and f).283

Figure 3. Similar results to Fig. 2, but for ECA trends. Black dashed lines represent Pacific

(30–70oN, 120–240oE) and Atlantic (30–70oN, 280–350oE) storm track domains, respectively.

3.2 Understanding the aerosol-induced storm track weakening in the284

satellite era285

The results above show that greenhouse gas and aerosol forcings have significantly286

weakened the regional storm tracks in the satellite era. The storm track weakening from287

greenhouse gas forcing, which is close to being zonally symmetric, has been discussed in288
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Shaw et al. (2018). Here we investigate how anthropogenic aerosol forcing in the satel-289

lite era has weakened the NH summertime storm tracks, especially over the Pacific. We290

use the regional energetic framework (Eqs. 4–6) to understand the energetic response291

to aerosol forcing. We analyze the ensemble-mean trends in the AER simulations in or-292

der to focus on the storm track response to aerosol forcing. Specifically, we investigate293

how (i) aerosol emission trends over land impact the storm tracks downstream and (ii)294

why the storm track weakening is greater over the Pacific sector than the Atlantic sec-295

tor (Figs. 2d and 3d).296

Figure 4. Spatial structure of JJA cosine-weighted trend from 1980 to 2020 of clear-sky sur-

face shortwave radiation in ensemble-mean (a) AER, (b) GHG and (c) ALL simulations, and in

(d) reanalysis (ERA5). Statistically significant trends at the 95% confidence level are stippled.

3.2.1 Surface energy budget trends297

In response to aerosol forcing, clear-sky surface shortwave radiation shows a pos-298

itive trend over the Eurasian continent from Europe to central Asia (hereafter Eurasia)299

and North America and shows a negative trend over South and East Asia (Fig. 4a). This300

pattern is consistent with aerosol emissions and aerosol optical depth trends in these re-301

gions (Klimont et al., 2013; Quaas et al., 2022). By contrast, greenhouse gas forcing drives302

a positive shortwave radiation trend over the Arctic and Tibetan Plateau but has min-303

imal impact over most of NH land (Fig. 4b). The aerosol forcing dominates the clear-304

sky surface shortwave radiation trends over NH land in the ALL simulation ensemble305

(Fig. 4c, see also Dong et al., 2022), which reasonably reproduces the trends in reanal-306

ysis (Fig. 4d). Similar pattern of trends are also found at the top of the atmosphere (Fig.307

S4).308

The all-sky surface shortwave radiation trends due to aerosol forcing (Fig. 5a) strongly309

resemble the clear-sky radiation trends (Fig. 4a). In particular, the spatial pattern cor-310

relation coefficient between the clear-sky and all-sky surface shortwave radiation trends311

is 0.93 over 10o–70oN. The clear-sky radiation contributes to about 65% of increasing312

surface shortwave radiation trends over Eurasia and North America and contributes to313

about 100% of decreasing surface shortwave radiation trends over South and East Asia.314

This indicates that the direct aerosol effect dominates the response to aerosol forcing.315

The trends in (all-sky) surface shortwave radiation over Eurasia, North America,316

and South and East Asia are balanced by surface turbulent flux trends (Fig. 5b) accord-317
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Figure 5. Spatial structure of JJA cosine-weighted ensemble-mean trends from 1980 to 2020

of (a) all-sky surface shortwave radiation, (b) surface turbulent flux, (c) radiative cooling, (d)

MSE flux divergence, (e) MSE flux divergence due to stationary circulations, and (f) MSE flux

divergence due to transient eddies in the AER simulations with global mean removed. Sta-

tistically significant trends at the 95% confidence level are stippled. In (d)–(f), summertime

climatology is shown in magenta and cyan contours for MSE flux divergence and convergence,

respectively (from 15 W m−2 in 30 W m−2 intervals), and the trends are smoothed at T63 using

a filter from Sardeshmukh and Hoskins (1984).

–11–



manuscript submitted to AGU Advances

ing to the surface energy budget with roughly equal contributions from latent and sen-318

sible heat flux. The spatial pattern correlation coefficient between surface shortwave ra-319

diation and turbulent flux trends is 0.87 over 10o–70oN. In other words, ∆TF ≈ ∆SWs ≈320

∆SWs,clearsky from Eq. (3), where ∆ denotes the linear trend. Interestingly, a similar321

surface energy balance was seen in response to Arctic sea ice loss except in that case the322

balance is over the ocean (Shaw & Smith, 2022). The surface turbulent flux trends spa-323

tially integrated over the area with positive trends are 2.4 times larger in Eurasia (40o–70oN)324

than in North America (30o–60oN), due to larger area of decreased emissions in Eura-325

sia (Figs. 6a and b).326

3.2.2 Atmospheric MSE budget trends327

The atmospheric MSE budget (Eq. 4) dictates the surface turbulent flux trend over328

land due to changes in the surface shortwave radiation must be balanced by changes in329

radiative cooling (Ra), atmospheric heat storage (∂t{h}), and/or atmospheric MSE flux330

divergence (∇ · F). Over Eurasia and North America, the positive surface turbulent331

fluxes trends are balanced mostly by MSE flux divergence trend (Fig. 5d), which is dom-332

inated primarily by the stationary circulation (Fig. 5e and red in Figs. 6a and b). Con-333

sistent with surface energy budget trends, the MSE flux divergence trend due to station-334

ary circulations (∇ ·FSC) integrated over positive surface turbulent flux trends is about335

2 times larger over Eurasia than North America (red in Figs. 6a and b).336

Over South and East Asia, the negative surface turbulent flux trends are largely337

compensated by a negative radiative cooling trend (Fig. 5c and pink, Fig. 6c), followed338

by MSE flux convergence trend (Fig. 5d). The negative radiative cooling (i.e., radiative339

warming) trend is consistent with increasing shortwave-absorbing aerosol (e.g., black car-340

bon) emissions in the region (Hoesly et al., 2018). The atmospheric MSE flux conver-341

gence trend is also dominated by stationary circulations (∇ ·FSC), similar to other re-342

gions (Fig. 5e and red in Fig. 6c).343

Thus, in all three land regions, aerosol-induced surface shortwave radiation trends344

are balanced by surface turbulent flux trends indicating trends in energy input to the345

atmosphere (Figs. 5a and b). Then, the surface turbulent flux trends are balanced by346

atmospheric MSE flux divergence/convergence (∇ · F) trends, which is mostly due to347

stationary circulations (∇ ·FSC, Figs. 5b–e and Figs. 6a–c). Over South and East Asia,348

radiative cooling mainly compensates for the surface turbulent flux trends but there still349

are significant MSE flux convergence trends due to stationary circulation (Fig. 5e and350

Fig. 6c).351

The MSE flux divergence trends over the land lead to MSE flux convergence trends352

over the ocean downstream at similar latitudes (Fig. 5d). These trends exhibit the same353

sign as MSE flux divergence/convergence trends due to stationary circulations (Fig. 5e),354

with the latter showing larger magnitudes. Specifically, there are significant MSE flux355

convergence trends due to stationary circulations poleward of 40oN (Fig. 5e and Figs.356

6a,b). These convergence trends integrated over these ocean sectors have a similar mag-357

nitude as divergence trends integrated over upstream land (compare red bars in Figs.358

6a,b and d,e), resulting in stronger trends over the Pacific. It is useful to note that the359

Pacific and Atlantic oceans have a comparable area between 40–70oN, such that the dif-360

ference in area integrated trends is consistent with per unit area trends (Fig. 5e and Figs.361

6a,b). In addition, there also is a significant MSE flux divergence trend due to station-362

ary circulations equatorward of 40oN in the Pacific sector (Figs. 5e and 6f), which can363

be connected to MSE flux convergence due to stationary circulations over South and East364

Asia (Fig. 6c). Thus, there is a strong meridional dipole of MSE flux convergence and365

divergence trends due to stationary circulations over the Pacific (Fig. 5e). Overall, the366

MSE flux divergence/convergence trends due to stationary circulations over land and ocean367
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indicate land-to-ocean MSE flux increases at latitudes where land surface turbulent flux368

increases and decreases at latitudes where land surface turbulent flux decreases.369

Figure 6. (bars, left axis) Ensemble-mean JJA trends (1980–2020) in the AER simulations

and (diamonds, right axis) seasonal transition in ERA5 of the MSE budget integrated across

(a–c) upstream land and (d–f) downstream ocean: (a) Eurasia land (40–70oN) where ∆TF > 0,

(b) North America land (30–60oN) where ∆TF > 0, (c) South and East Asia land (10–40oN,

60–140oE) where ∆TF < 0, (d) Pacific 40–70oN, (e) Atlantic 40–70oN, and (f) Pacific 25–40oN.

The 95% confidence intervals for the ensemble-mean trend are shown with yellow errorbars. In

(a,b) and (d,e), the seasonal transition is shown for June minus May and in (c, f) it is shown for

December minus November.

The MSE flux divergence/convergence trends due to stationary circulations due to370

aerosol forcing in the ocean sectors are compensated by the MSE flux divergence/convergence371

trends due to transient eddies (Figs. 5e, f and Figs. 6d–f). The spatial correlation co-372

efficient between the two MSE flux divergence/convergence trends is −0.91 in the ocean373

sectors between 20o–70oN. The compensation leads to an MSE flux divergence trend on374

the poleward side and a convergence trend on the equatorward side due to transient ed-375

dies, also particularly strong in the Pacific sector. This pattern of divergence and con-376

vergence trends are opposite of the climatology (cyan and magenta lines, Fig. 5f), which377

implies storm track weakening.378

The trends in land-to-ocean MSE flux due to aerosol-induced surface turbulent flux379

changes are analogous to the seasonal transition triggered by shortwave radiation. Dur-380

ing the seasonal transition from spring to summer when surface shortwave radiation in-381

creases over Eurasia and North America, surface turbulent flux increases, and also the382

MSE flux divergence due to stationary circulation increases (diamonds, Figs. 6a and b),383

exporting MSE from the land. Correspondingly, there is an increasing convergence of384

MSE flux due to stationary circulation in the ocean downstream (diamonds, Figs. 6d and385

e), indicating an increasing land-to-ocean MSE flux (Donohoe & Battisti, 2013). Note386

that also during the seasonal transition, the change of MSE flux divergence due to sta-387

tionary circulation is greater over the Pacific sector (see also Fig. S5). Over the ocean388

sectors, the change in stationary circulations is compensated by transient eddies, espe-389
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cially over the Pacific (diamonds, Fig. 6d). The opposite is true for South and East Asia390

during the seasonal transition from fall to winter when surface shortwave radiation de-391

creases (diamonds, Figs. 6c and f). There is a decrease of land-to-ocean MSE flux con-392

sistent with a decrease of surface turbulent flux over land upstream (see also Fig. S6),393

and compensation between stationary circulations and transient eddies over the ocean394

sector (diamonds, Fig. 6f). The compensation between stationary circulations and tran-395

sient eddies during the NH seasonal cycle is consistent with previous work (Shaw et al.,396

2018; Barpanda & Shaw, 2020).397

3.2.3 Aerosol-induced storm track trends398

Next, we quantify how the trends in the atmospheric MSE budget affect the storm399

track weakening using Eq. (6). The storm track intensity, defined as 2πa cosϕF y,⋆
TE , weak-400

ens significantly due to aerosol forcing (Fig. 7a). Similar to EKE and ECA trends (Fig.401

2d and 3d), the weakening over the Pacific is greater than that in the Atlantic by 1.9 times402

(black, Fig. 7d). The spatial correlation between 2πa cosϕF y,⋆
TE trends and EKE and ECA403

trends due to aerosol forcing over 20–70oN are 0.67 and 0.65, respectively, supporting404

the use of regional MSE framework.405

Figure 7. Spatial structure of JJA ensemble-mean trends from 1980 to 2020 of (a) storm

track intensity (2πa cosϕF y,⋆
TE ) and contributions from (b) stationary circulation (−2πa cosϕF y,⋆

SC )

and (c) surface turbulent fluxes (2πa cosϕF y,⋆
TF ) from the AER simulations. Statistically signifi-

cant trends at the 95% confidence interval are stippled. The Pacific (30–55oN, 120–240oE) and

Atlantic (30–55oN, 280–350oE) storm track domains are shown in black dashed box. (d) The

ensemble-mean JJA storm track trends from 1980 to 2020 and their decomposition in the Pacific

and Atlantic from the AER simulations. The 95% confidence intervals are shown with yellow

errorbars. The 2πa cosϕ factor is not labeled.
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Since there is compensation between stationary circulations and transient eddies406

over the ocean (Fig. 5e and f), the stationary circulation is the dominant contributor407

to storm track weakening over the Pacific and Atlantic (Fig. 7b). Quantitatively, the sta-408

tionary circulations contribute to 57.7% and 47.4% of the weakening over the Pacific and409

Atlantic, respectively (red, Fig. 7d). The surface turbulent flux also significantly con-410

tributes to the storm track weakening near the coastlines of upstream land (Fig. 7c). They411

contribute to 51.9% and 35.9% of the weakening over the Pacific and Atlantic, respec-412

tively (blue, Fig. 7d). Note also over southern and eastern Europe, the storm track weak-413

ening is dominated by surface turbulent flux contribution (Figs. 7a and c). While the414

contribution from the surface turbulent fluxes is maximized over land in East Asia (Fig.415

7c), the storm track weakening there is not as strong since there is a strong cancellation416

from stationary circulation contribution (Fig. 7b). The contributions from radiative cool-417

ing and atmospheric storage are small for both storm tracks (pink and gray, Fig. 7d).418

The important contributions of stationary circulations and surface turbulent fluxes to419

storm track weakening are also found in reanalysis trends (Fig. S7).420

The difference between the Pacific and Atlantic storm track trends is also contributed421

by both stationary circulations and surface turbulent fluxes. Two factors can be respon-422

sible for the difference. First is the difference in the positive surface shortwave radiation423

trends due to aerosol forcing over the land upstream, which are greater over Eurasian424

than North America. Second is the negative surface shortwave radiation trends due to425

aerosol forcing in the South and East Asia. To demonstrate the importance of the sec-426

ond factor, we investigate the trends during 41 years prior to the satellite era (1940–1980),427

when aerosol (shortwave-reflecting) emissions have been increasing in all NH land (Hoesly428

et al., 2018; Undorf et al., 2018). During this period when there is no surface shortwave429

trend dipole across Eurasia and South and East Asia, the storm track trends between430

the Pacific and Atlantic are comparable (Fig. S8).431

Figure 8. Spatial structure of JJA cosine-weighted trends from 1980 to 2020 in the theoreti-

cal model for (a) surface turbulent flux, (b) MSE flux divergence due to stationary circulations,

and (c) MSE flux divergence due to transient eddies. The trends in (a) are taken from the AER

simulations over Eurasia, North America, and South and East Asia. The slight difference between

Fig. 5a and (a) is because the global-mean trend is removed in Fig. 5a. Statistically significant

trends at the 95% confidence interval are stippled.
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3.2.4 Prediction of aerosol-induced storm track trends432

Building off of the dominant energetic balances seen in response to aerosol forcing,433

we build a theoretical model that uses the aerosol-induced surface turbulent flux trends434

to predict the storm track response. Recall the dominant atmospheric MSE budget trend435

balance over land (subscripted L) is between surface turbulent flux trends and MSE flux436

divergence trends due to stationary circulations (as shown in Figs. 6a–c), which is437

∆TFL = ∆(∇ · FSC)L, (7)

where ∆ denotes the linear trend. In order to predict the downstream ocean (subscripted438

O) response we assume439

∆(∇ · FSC)O = −AL

AO
∆⟨∇ · FSC⟩L, (8)

where ⟨·⟩ represents an area average and AL and AO denote the area of upstream land440

and downstream ocean, respectively. Then, over the ocean, the dominant atmospheric441

MSE budget trend balance is between circulation components:442

∆(∇ · FSC)O = −∆(∇ · FTE)O. (9)

We consider three upstream land sectors (as in Figs. 6a–c), Eurasia (40–70oN), North443

America (30–60oN), and South and East Asia (10–40oN and 60–140oE) and three cor-444

responding downstream ocean sectors (as in Figs. 6d–f), Pacific 40o–70oN, Atlantic 40o–70oN,445

and Pacific 25o–40oN. The selected upstream land and downstream ocean domains take446

into account the dominant pattern of land-to-ocean MSE flux trends due to aerosol forc-447

ing and their climatology (magenta and cyan lines in Figs. 5d and e). The predicted re-448

sponses following Eqs. (7)–(9) show land-ocean energetic coupling (Fig. 8).449

Figure 9. Similar results to Fig. 7, but for trends predicted from the theoretical model.

In (d), the trends due to radiative cooling (2πa cosϕF y,⋆
Ra ) and atmospheric heat storage

(−2πa cosϕF y,⋆
∂t{h}) are zero.
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The storm track trends predicted from the theoretical model exhibit weakening over450

the Pacific and Atlantic sectors (Fig. 9a) as in the AER simulations (Fig. 7a). Although451

slightly overestimated, the storm track trends from the theoretical model well resemble452

the spatial pattern of trends in the AER simulations with a spatial correlation coefficient453

of 0.60 over 20–70oN. The Pacific storm track weakens about 2.1 times more than the454

Atlantic storm track according to the prediction (compare black bars in Fig. 9d), con-455

sistent with the AER simulations (1.9 times, Figs. 7d). The slight overestimation can456

be related to applying Eq. (7) over South and East Asia where the radiative cooling trend457

is also important.458

The relative contributions of stationary circulations (Fig. 9b) and surface turbu-459

lent fluxes (Fig. 9c) predicted by the theoretical model are consistent with AER sim-460

ulations over the Pacific (Fig. 7d and Fig. 9d). In the Atlantic, the relative contribu-461

tions are less consistent between theoretical models and AER simulations, but the trends462

in AER simulations are not statistically significant there (Fig. 7d and Fig. 9d). Over-463

all, the similarities between the predicted trends and the actual AER simulation con-464

firm that processes represented by Eqs. (7)–(9) accurately capture the storm track weak-465

ening from aerosol forcing.466

Given the skill of the theoretical prediction, we can use it to understand what leads467

to greater storm track weakening in the Pacific than in the Atlantic in response to aerosol468

forcing. We first test the impact of aerosol forcing over South and East Asia by reduc-469

ing the surface turbulent flux trends there by half. The resulting storm track trends still470

show greater weakening in the Pacific than in the Atlantic (Fig. 10a), but only by 1.6471

times (as compared to 2.1 times in Fig. 9). We then test the impact of greater aerosol472

forcing over Eurasia than North America by additionally reducing the surface turbulent473

flux trends over Eurasia by half. When Eurasian aerosol forcing is halved, the storm track474

trends in the Pacific and Atlantic become more comparable (their ratio is 1.4, Fig. 10b).475

This indicates that larger aerosol-induced positive surface shortwave radiation trends over476

Eurasia than North America and negative surface shortwave radiation trends over South477

and East Asia both contribute to greater storm track weakening over the Pacific than478

the Atlantic.479

Figure 10. Similar results to Fig. 9a, but from theoretical model predictions (a) with aerosol

forcing over South and East Asia reduced to half and (b) aerosol forcing over Eurasia also re-

duced to half. Statistically significant trends at the 95% confidence interval are stippled.

4 Summary and Discussions480

The summertime regional circulation in the NH has significantly weakened during481

the satellite era with important implications for extreme weather. Here we quantify the482

drivers of the regional circulation weakening and employ an energetic framework to un-483

derstand the underlying mechanisms. We focus on answering the questions raised in the484

introduction. The answer to the first series of questions is that anthropogenic aerosols485

–17–



manuscript submitted to AGU Advances

and greenhouse gas forcings contribute roughly equally to regional circulation weaken-486

ing in the satellite era according to single-forcing DAMIP simulations. Moreover, the storm487

track weakening from anthropogenic aerosol forcing is about two times greater in the Pa-488

cific than in the Atlantic. This regional impact of aerosol forcing makes it the leading489

contributor to storm track weakening in the Pacific (about 54%), consistent with its im-490

pact on the upper-level Eurasian jet stream (Undorf et al., 2018; Dong et al., 2022).491

The answer to the second series of questions is that aerosol-induced shortwave ra-492

diation trends over land weaken the storm tracks by driving changes in land-to-ocean493

energy transport. The increasing surface shortwave radiation trends (dominated by clear-494

sky radiation) due to decreasing aerosol emissions over Eurasia and North America are495

balanced by increasing surface turbulent flux trends into the atmosphere. The station-496

ary circulations act to diverge energy from land downstream to the ocean. The result497

is energy convergence due to stationary circulations poleward of the storm tracks, which498

weaken the storm track over the ocean. This process is about twice as strong in the Eurasia-499

Pacific sector than in the North America-Atlantic sector because emission trends are larger500

over Eurasia. Additionally, increasing aerosol emissions over South and East Asia lead501

to the opposite behavior: decreasing surface shortwave radiation and turbulent flux trends502

lead to stationary circulation trends that diverge energy equatorward of the Pacific storm503

tracks to weaken it.504

We use the underlying energetic balances to create a theoretical model that pre-505

dicts the storm track weakening trend given the surface turbulent flux trends over land.506

With this theoretical model, we show that greater negative emission trends over Eurasian507

than North America and positive aerosol emission trends over South and East Asia lead508

to larger storm track weakening over the Pacific. The importance of positive aerosol emis-509

sion trends over South and East Asia for different circulation responses between the Pa-510

cific and Atlantic is consistent with previous work for annual mean temperature (Diao511

et al., 2021; Kang et al., 2021). While previous work noted that aerosol-induced nega-512

tive shortwave trends over East Asia are overestimated in the CMIP6 models (Wang et513

al., 2021), our theoretical modeling approach suggests that the actual response can be514

predicted by rescaling the overestimated forcing. Our results also suggest that aerosol-515

radiation interactions are important for summertime Pacific storm track trends, unlike516

the wintertime when aerosol-cloud interaction is also important (Zhang et al., 2007; Wang517

et al., 2014).518

The significant impact of aerosols on the summertime regional circulation is in agree-519

ment with previous work showing radiative changes over land results in fast climate re-520

sponse (Dong et al., 2022). Previous work also showed Arctic sea ice loss could not ex-521

plain the recent summertime circulation weakening in the NH (Kang et al., 2023). Con-522

sistently there is negligible Arctic sea ice loss in response to aerosol forcing (Fig. S9).523

Our regional energetic analysis highlights the importance of stationary circulations524

in shaping the response of the storm tracks to external forcing in the NH (Kaspi & Schnei-525

der, 2013; Barpanda & Shaw, 2017; Shaw et al., 2018). We note that storm track weak-526

ening due to aerosol forcing is analogous to storm track weakening during the seasonal527

transition from spring to summer, especially over the Pacific (Fig. S5). Both processes528

involve surface shortwave radiation changes balanced by surface turbulent fluxes, which529

induce a stationary circulation to export energy downstream on the poleward side of the530

storm tracks. The similarity of the mechanisms operating seasonally and in response to531

aerosol forcing suggests the possibility of an emergent constraint, something that will532

be investigated in future work.533

The significant role of anthropogenic aerosols in shaping summertime circulation534

trends in the satellite era suggests that future summertime circulation will also depend535

on future emissions of anthropogenic aerosols (Persad et al., 2022). Moreover, since the536

circulation response to aerosol forcing is primarily through changes in shortwave radi-537
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ation, the results here provide valuable insights into understanding circulation changes538

under solar geoengineering scenarios (Gertler et al., 2020) and volcanic eruptions (DallaSanta539

et al., 2019).540
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