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A defining feature of Earth’s present-day climate is that the South-
ern Hemisphere is stormier than the Northern Hemisphere. Con-
sistently, the Southern Hemisphere has a stronger jet stream and
more extreme weather events than the Northern Hemisphere. Un-
derstanding the relative importance of land-ocean contrast, includ-
ing topography, radiative processes and ocean circulation for deter-
mining this storminess asymmetry is important and may be helpful
for interpreting projections of future storminess. Here we show the
stormier Southern Hemisphere is caused by nearly equal contribu-
tions from topography and the ocean circulation, which moves en-
ergy from the Southern to Northern Hemisphere. These findings are
based on 1) diagnostic energetic analyses applied to observations
and climate model simulations and 2) modifying surface (land and
ocean) boundary conditions in climate model simulations. Flatten-
ing topography and prescribing hemispherically symmetric surface
energy fluxes (the manifestation of ocean energy transport on the
atmosphere) in a climate model reduces the storminess asymmetry
from 23% to 12% and 11%, respectively. Finally, we use the ener-
getic perspective to interpret storminess trends since the beginning
of the satellite era. We show the Southern Hemisphere has become
stormier, consistent with implied ocean energy transport changes
in the Southern Ocean and climate model projections. In the North-
ern Hemisphere storminess has not changed significantly consistent
with oceanic and radiative (increased absorption of sunlight due to
the loss of sea ice and snow) changes opposing one another. The
storminess trends are projected to continue throughout the 21st cen-
tury.
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A defining feature of Earth’s present-day climate is that1

extratropical storminess in the Southern Hemisphere is2

stronger than its Northern Hemisphere counterpart (1–4). The3

jet stream is also stronger in the Southern Hemisphere (5).4

These differences are important because they result in more pre-5

cipitation and wind extremes across the extratropical Southern6

Hemisphere (6, 7). The relative roles of land-ocean contrast,7

including topography, radiative processes and ocean circula-8

tion in determining this storminess asymmetry is unknown.9

Uncovering the mechanisms controlling present-day storminess10

is an important step toward understanding future projections11

of storminess, including their societal impacts (4, 8).12

Present-day storminess in the Southern Hemisphere is dis-13

tributed nearly homogeneously across the Southern Ocean14

(Fig. 1a). In contrast, Northern Hemisphere storminess is15

localized mostly over ocean basins (Fig. 1b). The storminess16

asymmetry (Southern minus Northern Hemisphere) reflects17

land and ocean boundary conditions in the Northern Hemi-18

sphere (Fig. 1c). More specifically, the longitudinal regions19

where the Southern Hemisphere is stormier (orange contours,20

Fig. 1c) coincide with regions of large topography over Eurasia21

and North America. When averaged over longitude and across 22

the extratropics (poleward of 20◦ latitude) the Southern Hemi- 23

sphere is ∼24% stormier than the Northern Hemisphere across 24

reanalysis data sets (Fig. S1a). The storminess asymmetry is 25

largest in the upper troposphere and is also clear in the jet 26

stream (Fig. S1b,c). 27

The observed storminess asymmetry can be simulated 28

in an atmospheric model forced with topography and 29

observationally-derived surface energy fluxes (the manifes- 30

tation of ocean energy transport on the atmosphere). The 31

model captures both the spatial structure (c.f. Fig. 1c and 32

Fig. 2a) and the extratropical storminess asymmetry, which 33

is ∼23% in the model compared to ∼24% in observations (c.f. 34

Fig. S1a and Fig. 2e, Table 1). 35

Topographic contribution to present-day storminess 36

Results from early climate model simulations showed flattening 37

topography significantly increases storminess in the Northern 38

Hemisphere (9). However, the modeled storminess did not 39

capture the observed storminess asymmetry. In particular, 40

the Southern Hemisphere storminess was biased. Here we 41

show flattening topography in the model which captures the 42

observed storminess asymmetry reduces but does not elimi- 43

nate the asymmetry (Fig. 2b). Storminess increases in both 44

hemispheres when topography is flattened (Table 1 FLAT) but 45

Southern Hemisphere storminess is still stronger than North- 46

ern Hemisphere storminess across the Eastern Hemisphere 47
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Fig. 1. Observed annual-mean storminess (averaged across reanalysis data sets) as
measured by vertically-integrated eddy kinetic energy (MJm−2) from 1980 to 2018
for the (a) Southern Hemisphere, (b) Northern Hemisphere and (c) their difference.
The black lines indicate where storminess is equal to 0.6 MJm−2 for the Southern
(dashed) and Northern (solid) hemispheres.

and between 30◦ to 45◦ latitude in the Western Hemisphere48

(Fig. 2b). When averaged over longitude and across the ex-49

tratropics the storminess asymmetry is reduced from ∼23%50

to ∼12% with flattened topography (Fig. 2e FLAT), which is51

large compared to projections of the response of storminess to52

anthropogenic climate change at the end of the 21st century53

(10).54

An existing framework based on temperature (10, 11) can-55

not explain the reduced storminess asymmetry when topog-56

raphy is flattened (MAPE asymmetry is ∼23% for ALL and57

FLAT, Table 1). Instead we turn to an energetic framework,58

which connects extratropical storminess (STM) to three factors:59

the equator-to-pole imbalance of top-of-atmosphere radiative60

fluxes (TOA), the equator-to-pole imbalance of surface energy61

fluxes (SFC) and stationary circulation atmospheric energy62

flux (SC):63

ST M = T OA − SF C − SC [1]64

(Methods, 12). Topography influences storminess through the65

stationary circulation atmospheric energy flux (13, 14).66

In observations, the energetic storminess asymmetry (STM)67

is ∼23% and can be diagnostically decomposed into a 12%68

contribution from surface energy fluxes (-SFC), a ∼14% con-69

tribution from stationary circulation atmospheric energy flux70

Table 1. Storminess (vertically-integrated eddy kinetic energy, EKE,
MJm−2) and moist Mean Available Potential Energy (MAPE, MJm−2)
calculated following (10) and averaged across the extratropics (aver-
aged poleward of 20◦) of the Northern (NH) and Southern (SH) Hemi-
spheres.

EKENH EKESH MAPENH MAPESH

ALL 0.82 1.00 3.02 3.73
FLAT 0.95 1.06 3.04 3.76
SYMS 0.84 0.93 3.05 3.67
F + S 0.96 1.00 3.08 3.61

(-SC) and a small ∼-3% contribution from TOA radiative 71

fluxes (Fig. S2). The small TOA contribution is consistent 72

with the small hemispheric asymmetry of TOA radiative fluxes 73

(15–17). 74

When the model is forced with topography and 75

observationally-derived surface energy fluxes, it captures the 76

diagnostic decomposition of the storminess asymmetry in ob- 77

servations, namely a 12% contribution from surface energy 78

fluxes (-SFC), a ∼14% contribution from stationary circulation 79

atmospheric energy flux (-SC) and a small ∼-3% contribution 80

from TOA radiative fluxes (Fig. 2f ALL). 81

When topography is flattened in the model, the stationary 82

circulation contribution to the storminess asymmetry becomes 83

negligible (consistent with its connection to topography) and 84

the remaining asymmetry is due to surface energy fluxes (Fig. 85

2f FLAT). Thus, the model simulation with flattened topog- 86

raphy confirms the causal connection between the stationary 87

circulation contribution and topography and shows topography 88

accounts for about half of the storminess asymmetry. 89

Oceanic contribution to present-day storminess 90

Another important source of hemispheric asymmetry is the 91

ocean circulation. The ocean transports energy poleward in 92

both hemispheres but also across the equator from the South- 93

ern to the Northern Hemisphere via the ocean overturning 94

circulation (18). The ocean overturning circulation is known to 95

modulate the wintertime climate of the Northern Hemisphere, 96

including the intensity of storminess in the North Atlantic 97

(19–23). Frierson et al. (16) showed the ocean overturning cir- 98

culation contributes to the hemispheric asymmetry of tropical 99

precipitation. However, the impact of the ocean circulation on 100

the storminess asymmetry has not been previously examined. 101

Here we hypothesize the ocean makes the present-day South- 102

ern Hemisphere stormier than the Northern Hemisphere via 103

the following energetic mechanism. The ocean overturning cir- 104

culation transports energy from the Southern to the Northern 105

Hemisphere converging energy into the Arctic. The hemi- 106

spheric asymmetry of ocean energy transport manifests onto 107

the atmospheric energy budget as a hemispheric asymmetry 108

of surface energy fluxes (16) (provided the land and ocean 109

surface is in equilibrium). Thus, due to ocean circulation alone 110

the Southern Hemisphere should be stormier than the North- 111

ern Hemisphere because it leads to a weaker equator-to-pole 112

imbalance of surface energy fluxes in the North. The impact 113

of the ocean circulation on the hemispheric asymmetry of 114

storminess is reflected in the SFC contribution of the energetic 115

framework (equation 1). Note this mechanism suggests that 116

if the hemispheric asymmetry of surface energy fluxes were 117
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Fig. 2. Difference of Southern and Northern Hemisphere storminess (vertically-integrated eddy kinetic energy, MJm−2) in the climate model simulation for (a) climatology (ALL),
(b) flattened topography (FLAT), (c) symmetrized surface energy fluxes (SYMS), and (d) flattened topography and symmetrized surface energy fluxes (F+S) simulations. The
black lines in (a)-(d) indicate where storminess is equal to 0.6 MJm−2 for the Southern (dashed) and Northern (solid) hemispheres. Percentage difference of longitudinal-mean,
vertically-integrated extratropical (poleward of 20◦) storminess (difference of Southern and Northern Hemisphere divided by Northern Hemisphere) across the simulations for
(e) eddy kinetic energy and (f) transient eddy moist static energy flux (STM) decomposed into surface energy flux (SFC), stationary circulation (SC) and top-of-atmosphere
(TOA) contributions.

eliminated then the storminess asymmetry would be reduced.118

We analyze the impact of the ocean circulation on the119

storminess asymmetry by forcing the climate model with hemi-120

spherically symmetrized surface energy fluxes following Frier-121

son et al. (16). Recall when the climate model is forced with122

observationally-derived surface energy fluxes it captures the123

storminess asymmetry, namely the Southern Hemisphere is124

stormier than the Northern Hemisphere (Fig. 2a and Fig.125

2e ALL). When the model is forced with hemispherically126

symmetrized surface energy fluxes, which eliminates the hemi-127

spheric asymmetry of ocean energy transport (Fig. S3), the128

storminess asymmetry decreases (Fig. 2c). The decreased129

asymmetry occurs because Northern Hemisphere storminess130

increases whereas Southern Hemisphere storminess decreases131

(Table 1 SYMS). The impact of symmetrizing surface energy132

fluxes on storminess is more longitudinally homogeneous than133

the impact of flattening topography (compare Fig. 2b to 2c).134

However, the storminess asymmetry is still significant over135

the Eastern Hemisphere and between 45◦ to 60◦ latitude in136

the Western Hemisphere. We interpret this result as the com- 137

bined impact of topography and land boundary conditions 138

on storminess. When averaged over longitude and across the 139

extratropics the storminess asymmetry is reduced from ∼23% 140

to ∼11% with symmetrized surface energy fluxes (Fig. 2e 141

SYMS). 142

In order to confirm the causal role of the ocean circulation 143

we turn to the energetic framework. When surface energy 144

fluxes are hemispherically symmetrized in the model, the sur- 145

face energy flux contribution to the storminess asymmetry 146

becomes negligible (consistent with its connection to the hemi- 147

spheric asymmetry of implied ocean energy transport) and 148

the remaining asymmetry is due to the stationary circulation 149

energy flux (Fig. 2f SYMS). Thus, the model simulation with 150

hemispherically symmetrized surface energy fluxes confirms 151

the ocean circulation accounts for about half of the storminess 152

asymmetry. 153

When the model is forced with hemispherically symmetrized 154

surface energy fluxes in the presence of flattened topography 155

Shaw et al. PNAS | April 11, 2022 | vol. XXX | no. XX | 3



DRAFT

the storminess asymmetry is negligible (Fig. 2d), i.e. ∼3%156

(Fig. 2e F+S). In particular, Northern Hemisphere storminess157

is now similar to Southern Hemisphere storminess (Table 1158

F+S). The jet stream asymmetry is also negligible (Fig. S4).159

When topography is flattened in the presence of hemispher-160

ically symmetrized surface energy fluxes in the model, the161

stationary circulation and surface energy flux contributions162

are negligible. The TOA radiative flux contribution leads to a163

small storminess asymmetry (Fig. 2f F+S).164

Thus, the present-day storminess asymmetry is caused by165

nearly equal contributions from topography and the ocean166

circulation. Interestingly, the results imply that differences167

in evaporative resistance over land, land-ocean surface heat168

capacity, or surface drag do not contribute significantly to the169

stormier Southern Hemisphere.170

Contributions to the strengthening of Southern Hemi-171

sphere storminess172

Since the beginning of the satellite era, the Southern Hemi-173

sphere has become even stormier than the Northern Hemi-174

sphere, consistent with climate model projections (Fig. 3a).175

This trend reflects a significant strengthening of Southern176

Hemisphere storminess and no significant change in Northern177

Hemisphere storminess (Table S1).178

The energetic perspective can be used to interpret why179

the Southern Hemisphere is getting stormier. According to180

the energetic framework, the increasingly stormier Southern181

Hemisphere (black bar, Fig. 3b) is consistent with the surface182

energy flux trend (blue bar, Fig. 3b). The surface energy flux183

trend reflects anomalous equatorward implied ocean energy184

transport, which is stronger in the Southern Ocean than in185

the North Atlantic (blue line, Fig. S5a). The anomalous186

implied equatorward transport in the Southern Ocean has187

been connected to circumpolar upwelling and passive advection188

by the climatological ocean circulation associated with the189

transient response to increased CO2 (24). We note that our190

analysis cannot distinguish between trends in ocean energy191

transport and the spatial pattern of ocean energy content and192

we use the term “implied" to refer to both processes.193

Another important factor contributing to the increasingly194

stormier Southern Hemisphere is the TOA radiative flux trend195

(orange bar, Fig. 3b). The hemispheric asymmetry of TOA196

radiative flux trend reflects increased absorption of sunlight in197

the Northern Hemisphere which is unmatched in the Southern198

Hemisphere (Fig. S6). Arctic sea ice loss (25) and snow melt199

over the Northern Hemisphere continents (26) are consistent200

with enhanced absorption of shortwave radiation in the NH201

extratropics, which weakens the TOA contribution to North-202

ern Hemisphere storminess (Fig. S5) and, thus, results in a203

positive storminess asymmetry trend (orange bar, Fig. 3b).204

The hemispheric asymmetry of TOA radiative flux trend is205

consistent with the transient climate response to increased206

CO2, which differs between the hemispheres. In climate mod-207

els the transient response to increased CO2 involves Arctic208

Sea ice loss, Arctic amplification of surface temperature, snow209

melt over Northern Hemisphere continents, and land warming210

more than ocean. In contrast the transient response involves211

negligible changes in Antarctic Sea ice and no Antarctic am-212

plification of surface temperature. Instead, transient cooling213

occurs over the Southern Ocean (27, 28). Consistently climate214

models simulate a larger hemispheric asymmetry of radiative215

changes for the transient response than the quasi-equilibrium 216

response, which involves Antarctic Sea ice loss and Antarctic 217

amplification of surface temperature (28, 29). 218

The radiative and surface energy flux trends are opposed by 219

the stationary circulation energy flux trend (red bar, Fig. 3b). 220

The stationary circulation trend reflects an increase in the 221

Southern hemisphere stationary circulation energy flux from 222

20-40S and small changes in the Northern Hemisphere (Fig. 223

S5). The Southern Hemisphere stationary circulation trend is 224

dominated by the mean meridional circulation (Hadley and 225

Ferrel cell) contribution (Fig. S7). The connection between 226

documented trends in the Hadley cell (30) and the stationary 227

circulation energy flux is currently unclear. Our diagnostic 228

analysis also cannot rule out the possibility that the stationary 229

circulation energy flux trend is related to the surface energy 230

flux trend. 231

The trends in climate model projections are consistent in 232

sign with reanalysis data but climate models underestimate 233

the magnitude (Fig. 3c). The models also do not fully capture 234

the spatial structure of the changes (Fig. S5b). According to 235

the model projections, the Southern Hemisphere will continue 236

to get stormier throughout the 21st century (Table S1). 237
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Fig. 3. Trend of storminess asymmetry (difference of Southern and Northern Hemi-
sphere divided by Northern Hemisphere climatology) from 1980 to 2018 in reanalysis
data and CMIP5 models as measured by vertically-integrated (a) eddy kinetic energy
and eddy moist static energy flux (STM) decomposed into surface energy flux (SFC),
stationary circulation energy flux (SC) and TOA radiative flux (TOA) contributions in
(b) ERA5 and (c) CMIP5 data. All trends are multiplied by 39 years.
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Discussion238

Our results show the Southern Hemisphere is stormier than the239

Northern Hemisphere because of topography and the ocean cir-240

culation. We showed the impact of topography and the ocean241

circulation could be interpreted using an energetic framework242

that linked topography to the stationary circulation atmo-243

spheric energy flux and the ocean circulation to surface energy244

fluxes. More specifically, the ocean circulation contributes to245

a stormier Southern Hemisphere by transporting energy from246

the Southern to the Northern Hemisphere thereby creating247

a larger equator-to-pole surface energy flux imbalance in the248

Southern Hemisphere. The causal impact of topography and249

ocean circulation was confirmed by combining 1) diagnostic250

energetic analysis of observations and climate model simula-251

tions and 2) climate model simulations with modified (land252

and ocean) surface boundary conditions (flattened topography253

and hemispherically symmetrized surface energy fluxes). In-254

terestingly, the results show land-ocean contrast (surface heat255

capacity, evaporative resistance over land, and surface drag)256

alone does not result in a stormier Southern Hemisphere.257

The energetic perspective of storminess was used to inter-258

pret why the Southern Hemisphere has become stormier since259

the beginning of the satellite era. In particular, the stormier260

Southern Hemisphere is consistent with anomalous equator-261

ward implied ocean energy transport in the Southern Ocean.262

In the Northern Hemisphere, TOA radiative changes associ-263

ated with the loss of sea ice and snow oppose the strengthening264

of storminess implied from ocean changes. These observed265

trends are broadly consistent with climate model projections266

of the transient climate response to increased CO2. Namely,267

the Southern Hemisphere is projected to become stormier in268

the future whereas Northern Hemisphere storminess changes269

will be muted due to a tug of war between tropical and polar270

climate changes (4, 31).271

Our energetic mechanism accounts for thermodynamic cou-272

pling between the atmosphere and ocean. It does not preclude273

the impact of dynamic coupling. Indeed dynamic coupling274

between the atmosphere and ocean could contribute to the275

storminess asymmetry if it significantly impacts surface energy276

fluxes. A recent study (32) showed that flattening topography277

in coupled models leads to a weaker ocean circulation but the278

impact on storminess is consistent with our atmospheric model279

results (storminess asymmetry is still significant with flattened280

topography). The impact of ocean-atmosphere interactions281

on storminess should be studied further using coupled climate282

models and observations.283

The energetic mechanism linking the ocean circulation284

to the extratropical storminess asymmetry has implications285

for our understanding of storminess in past climates. In286

particular during the Last Glacial Maximum (LGM) the ocean287

overturning circulation was weaker than present-day, which288

would tend to weaken the storminess asymmetry following the289

energetic mechanism (weaker Southern Hemisphere stormi-290

ness). However, topography was elevated in the Northern291

Hemisphere during the LGM because of the Laurentide292

ice sheet, which would tend to strengthen the storminess293

asymmetry (weaker Northern Hemisphere storminess). There294

is evidence for weaker North Atlantic storminess (33–35)295

and small changes in Southern Hemisphere storminess across296

an ensemble of LGM climate model simulations (36). The297

energetic framework can be used to further investigate the298

connections between radiative fluxes, ocean circulation, 299

topography and storminess across different climates. 300

301

Materials and Methods 302

303

Observational data products. We use 6 hourly data provided by 304

ERA-Interim, ERA5, MERRA2 and JRA-55 from 1980 to 2018. We 305

quantify storminess using the vertically-integrated transient eddy 306

kinetic energy and eddy moist static energy flux. In both cases 307

transient eddies are defined as deviations from a monthly average, 308

that is an average over a particular month not the climatological 309

monthly average (12). 310

Since surface energy fluxes are not measured directly, we create 311

an observational estimate following previous work (16, 37, 38). In 312

particular, we estimate the climatological surface energy flux by 313

subtracting atmospheric energy flux divergence estimates based 314

on reanalysis data from satellite observations of TOA radiative 315

flux. The Clouds and the Earth’s Radiant Energy System (CERES) 316

Energy Balanced and Filled (EBAF) satellite product data from 317

2001 to 2018 is used to estimate the TOA radiative flux and the 318

atmospheric energy flux divergence is estimated using ERA-Interim 319

from 2001 to 2018. While we use the most accurate method for 320

estimating surface energy fluxes there remains some uncertainty in 321

any energy budget estimate. 322

Trends in the storminess asymmetry are significant from 1980 323

to 2018 but not from the 2001 to 2018 period for which satellite 324

derived TOA radiative flux from CERES EBAF is available. In 325

order to understand the storminess trends from 1980 to 2018 and 326

their connection to surface energy fluxes we use the same method to 327

quantify trends of surface energy fluxes. Namely, we take the differ- 328

ence of TOA radiative flux and atmospheric energy flux divergence 329

and storage (accounting for the small atmospheric energy storage). 330

However, we do not trust trends in the surface energy fluxes from 331

the reanalysis output (i.e. the combination of surface radiative and 332

turbulent energy fluxes in the reanalysis) due to well documented 333

unrealistic energy imbalances and drifts (39, 40). Thus, we estimate 334

surface energy fluxes from 1980 to 2018 from the difference of ERA5 335

TOA radiative flux and the atmospheric energy flux divergence de- 336

rived from 6 hourly ERA5 reanalysis data. We use the ERA5 TOA 337

radiative flux data because it agrees better with CERES data from 338

2001 to 2018 as compared to the other reanalysis TOA radiative 339

fluxes (Fig. S8). In all cases trends are calculated using a linear 340

regression model. The vertically-integrated eddy kinetic energy 341

trends are consistent with the 700 hPa eddy heat flux trends in the 342

Southern Hemisphere (41). 343

Climate model simulations. We simulate storminess using the 344

ECHAM6 slab-ocean atmosphere general circulation model (42). 345

The model has a realistic land surface with topography, a 50 m 346

mixed layer depth and is forced with the surface energy fluxes de- 347

rived from 1) an observational estimate (see above) and 2) a q-flux 348

from a prescribed sea surface temperature (AMIP) simulation. 349

Topography is flattened in the ECHAM6 simulations by setting 350

the surface geopotential and mean orography to zero in the surface 351

boundary condition input file. Symmetrized surface energy fluxes are 352

created following the procedure of (16). Namely, the symmetrized 353

surface energy flux is longitudinally symmetric, with values chosen at 354

each latitude such that the longitudinal integral of the surface energy 355

flux over the ocean is equal to the average between the Northern 356

Hemisphere and Southern Hemisphere longitudinal integrals. The 357

storminess simulated using symmetrized surface energy fluxes and 358

flattened topography are robust to using either the observationally- 359

derived or q-flux derived surface energy fluxes (compare Fig. 2 to 360

Fig. S9). 361

We use daily data from 22 coupled CMIP5 models (Table S2) 362

to calculate storminess from 1980 to 2018 (Historical and RCP8.5) 363

and 2061 to 2099 (RCP8.5). 364

Energetic Framework. The moist static energy (MSE) framework 365

for storm track intensity connects extratropical storminess to TOA 366

Shaw et al. PNAS | April 11, 2022 | vol. XXX | no. XX | 5
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radiative fluxes, surface energy fluxes and stationary circulation367

energy fluxes via the MSE budget368

∇ · FT E = ∇ · FT OA −∇ · FSF C −∇ · FSC [2]369

where FT E = 〈[v′m′]〉 and FSC = 〈[v m]〉 are the MSE flux by370

transient eddies and stationary circulation (mean meridional cir-371

culation plus stationary eddies), respectively, ∇ · FT OA = TOA372

and ∇ · FSF C = SFC are in flux form where TOA and SFC are373

the TOA radiative and surface energy fluxes with the global mean374

removed, 〈·〉 denotes a mass-weighted vertical integration, [·] denotes375

a zonal average, · denotes a monthly average, i.e. an average over376

a particular month not the climatological monthly average, and ′377

denotes a deviation from the monthly average (12). The removal of378

the global mean emphasizes meridional gradients (15, 43).379

An equation for extratropical storminess in each hemisphere is380

obtained by integrating equation (2) between 20◦ and the pole:381

F̂T E︸︷︷︸
ST M

= F̂T OA︸ ︷︷ ︸
T OA

− F̂SF C︸ ︷︷ ︸
SF C

− F̂SC︸︷︷︸
SC

. [3]382

where (̂·) =
∫ 20◦

90◦ 2π cosφ(·)dφ. For the climatology, the SC con-383

tribution to the storminess asymmetry is dominated by stationary384

eddies. The energetic storminess asymmetry is defined as385

(− ̂FT E,SH − ̂FT E,NH)/ ̂FT E,NH [4]386

to account for southward energy flux in the Southern Hemisphere.387

The MSE budget of the hemispheric asymmetry in ECHAM6 is388

closed to within 5%. More specifically, the hemispheric asymmetry389

of atmospheric energy flux calculated using TOA radiative and390

surface energy fluxes differs from the hemispheric asymmetry of391

atmospheric energy flux calculated using the 6 hourly wind and392

MSE data by 5%. For the observations, the SFC term is inferred as393

a residual (see above) and for the CMIP5 simulations the SC term394

is inferred as a residual because the coarse vertical pressure grid395

makes the computation of SC inaccurate.396

The energetic storminess is significantly correlated with eddy397

kinetic energy across the model simulations and reanalysis data398

(R2 = 0.98, Fig. S10) consistent with previous work (12, 44–46).399

The latent energy flux contribution accounts for energetic storminess400

being larger in SYMS than FLAT in Fig. 2f even though eddy kinetic401

energy is larger in FLAT than SYMS (Fig. S11). Note the larger402

latent energy flux in SYMS does not affect our overall conclusion403

that topography and ocean circulation contribute roughly equally404

to the storminess asymmetry because the role of each can only be405

attributed to within the nonlinearity, which is 3% (Fig. 2e, F+S),406

or the accuracy of closing of the MSE budget, which is 5%.407

In order to quantitatively compare the hemispheric asymmetry408

of eddy kinetic energy to energetic storminess we rescale energetic409

storminess following previous work (45, 46). A rescaling factor of410

̂EKESH/ ̂FT E,SH = −0.29 is applied to the Southern Hemisphere411

and ̂EKENH/ ̂FT E,NH = 0.33 to the Northern Hemisphere, which412

leads to a rescaling of 0.65 for the storminess asymmetry. Note that413

a similar rescaling approach is used when connecting eddy kinetic414

energy to mean available potential energy (11).415
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