
Decoding the dynamic of poleward shifting climate
zones using aqua-planet model simulation
Hu Yang  (  hu.yang@awi.de )

Alfred-Wegener-Institut Helmholtz-Zentrum fur Polar- und Meeresforschung https://orcid.org/0000-
0003-2054-2256
Jian Lu 

PNNL: Paci�c Northwest National Laboratory
Xiaoxu Shi 

AWI: Alfred-Wegener-Institut Helmholtz-Zentrum fur Polar- und Meeresforschung
Qiang Wang 

AWI: Alfred-Wegener-Institut Helmholtz-Zentrum fur Polar- und Meeresforschung
Gerrit Lohmann 

AWI: Alfred-Wegener-Institut Helmholtz-Zentrum fur Polar- und Meeresforschung

Research Article

Keywords: Tropical expansion, Poleward shift, Ocean circulation, Atmosphere circulation, climate zones

Posted Date: March 17th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-334740/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Climate Dynamics on January 5th, 2022.
See the published version at https://doi.org/10.1007/s00382-021-06112-0.

https://doi.org/10.21203/rs.3.rs-334740/v1
mailto:hu.yang@awi.de
https://orcid.org/0000-0003-2054-2256
https://doi.org/10.21203/rs.3.rs-334740/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00382-021-06112-0


Climate Dynamics manuscript No.

(will be inserted by the editor)

Decoding the dynamic of poleward shifting climate1

zones using aqua-planet model simulations2

Hu Yang · Jian Lu · Xiaoxu Shi · Qiang3

Wang · Gerrit Lohmann4

5

Received: date / Accepted: date6

Hu Yang · Xiaoxu Shi · Qiang Wang · Gerrit Lohmann
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven,
Germany
Tel.: +49-471-48311897
E-mail: hu.yang@awi.de

Jian Lu
Atmospheric Sciences and Global Change Division, Pacific Northwest National Laboratory,
Richland, Washington, USA



2 Hu Yang et al.

Abstract Growing evidence implies that the atmospheric and oceanic circula-7

tion experiences a systematic poleward shift in a warming climate. However, the8

complexity of climate system, including the coupling between the ocean and the9

atmosphere, natural climate variability and land-sea distribution, tends to obfus-10

cate the causal mechanism underlying the circulation shift. Here, using an idealized11

coupled aqua-planet model, we explore the mechanism of the shifting circulation,12

by isolating the contributing factors from the direct CO2 forcing, the indirect13

ocean surface warming, and the wind-stress feedback from the ocean dynamics.14

We find that, in contrast to direct CO2 forcing, an enhanced subtropical ocean15

warming plays a leading role in driving the circulation shift. This enhanced sub-16

tropical ocean warming emerges from the background Ekman convergence of sur-17

face anomalous heat in the absence of the ocean dynamical change. It expands the18

tropical warm water zone, causes a poleward shift of the meridional temperature19

gradients, hence forces a corresponding shift in the atmospheric circulation. The20

shift in the atmospheric circulation in turn drives a shift in the ocean circulation.21

Our simulations, despite being idealized, capture the main features of observed22

climate changes, for example, the enhanced subtropical ocean warming, poleward23

shift of the patterns of near-surface wind, sea level pressure, storm tracks, precip-24

itation and large-scale ocean circulation, implying that increase in greenhouse gas25

concentrations not only raises the temperature, but can also systematically shift26

the climate zones poleward.27

Keywords Tropical expansion · Poleward shift · Ocean circulation · Atmosphere28

circulation · climate zones29

1 Introduction30

An increasing amount of evidence suggests that the atmospheric and oceanic cir-31

culation is shifting towards the poles under climate change (Fu et al, 2006; Hu32

and Fu, 2007; Lu et al, 2007; Seidel et al, 2008). For example, poleward migra-33

tion of the patterns of storm tracks (Yin, 2005), winds (Chen et al, 2008), jet34
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streams (Archer and Caldeira, 2008), precipitation (Scheff and Frierson, 2012),35

tropical cyclones (Kossin et al, 2014), cloud (Norris et al, 2016) and large-scale36

ocean circulation (Yang et al, 2016b, 2020a) have been documented based on var-37

ious observations and climate simulations. These changes redistribute the natural38

resources, such as water, vegetation and marine primary productivity, thus having39

broad implications for our societies (Heffernan, 2016). Understanding the under-40

lying causes of the shifting circulation does not only help us to understand why it41

happens, but also serve to better predict and boost our confidence in the global42

warming induced changes.43

In the past decades, numerous investigations have been carried out to decode44

the mechanisms (Staten et al, 2018; Shaw, 2019). Early studies have been mainly45

focused on the atmospheric processes in driving the shift in the atmospheric circu-46

lation, concentrating on a specific topic named tropical expansion (Fu et al, 2006;47

Seidel et al, 2008; Chen et al, 2008). Without involving changes in the ocean,48

climate model simulations can reproduce the tropical expansion by changing the49

atmospheric concentration of greenhouse gases (Lu et al, 2007), ozone (Thompson50

et al, 2011; Polvani et al, 2011), aerosols (Allen et al, 2012) or by introducing51

uniform sea surface temperature (SST) warming (Chen et al, 2013). However, ob-52

servations imply that the spatiotemporal variations of SST play a dominant role53

in driving the recent tropical expansion (Allen and Kovilakam, 2017; Grise et al,54

2019). And those SST variations were interpreted as a feature of fluctuations of the55

Pacific Decadal Oscillation, which is one of the internal climate variabilities. There-56

fore, growing number of studies suggest that the observed tropical expansion is57

more attributable to the natural climate variability than the anthropogenic climate58

change. More recently, following the discovery of shifting large-scale ocean circu-59

lation, Yang et al (2020a,b) highlighted that the entire atmospheric and oceanic60

circulation is moving towards the poles, which is not solely owing to natural cli-61

mate variability. This is because that many of the observed climate trends, such62

as the patterns of sea level pressure (SLP), sea surface height (SSH) and near-63
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surface winds, resemble well with the patterns obtained from the climate simula-64

tions forced by increasing greenhouse gases. Yang et al (2020b) proposed that an65

enhanced subtropical ocean warming (Fig. 1) with an oceanic origin contributes66

to a poleward advancing of the meridional temperature gradient (MTG), driving67

the circulation shift.68

Due to the coupled nature between the atmosphere and ocean, it is challenging69

to tease out the causality for the shift of the circulation. For example, it is still70

not well known whether the shift in the atmosphere circulation drives the shift71

in the ocean circulation, or vice versa. Could the forced climate change generate72

an enhanced subtropical ocean warming, or it only emerges temporarily due to73

natural climate oscillation? To provide insight on these questions, we consider a74

simplified ocean-atmosphere coupled aquaplanet framework, without asymmetric75

land-sea distribution, sea ice and deep ocean circulation. Within the framework,76

we manipulate the configurations of the forcing so as to isolate the impacts of the77

direct radiative forcing from increasing CO2 and the indirect one through SST78

warming. Additionally, by specifying the wind stress seen by the ocean, we further79

isolate the circulation response without the wind-stress feedback from the ocean80

adjustment. This idealized approach allows us to partition the full circulation81

response into different mechanisms in a quantitative manner, so as to poinpoint82

the leading cause for the circulation shifts in both ocean and atmosphere.83

2 Experiments and Methodology84

2.1 Experiment design85

We used a coupled aqua-planet setup of the Alfred Wegener Institute Earth System86

Model (AWI-ESM, Sidorenko et al (2015); Rackow et al (2018)), in which the Earth87

is mostly covered by ocean, except the region higher than 85 degrees (Fig. S1).88

The atmospheric component is ECHAM6 (Stevens et al, 2013) with a horizontal89

resolution of 3.75 degrees (T31 grid). The coupled ocean component is FESOM1.490
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Fig. 1 a: Observational Sea Surface Temperature (SST) anomaly during the most recent five
years of satellite period (2016-2020) with respect to the first five years (1982-1986). Relatively
stronger ocean surface warming is found over all the subtropical oceans, likely due to the Ek-
man convergence of background surface ocean currents. Result based on the NOAA Optimum
Interpolation (OI) SST V2 dataset. The stippled area shows the subtropical convergence zone
based on the near-surface wind stress curl fields from the NCEP-DOE reanalysis (1982-2020).
b: Similar to A, but for SST anomaly in the last 40 years of the aqua-planet C1 global warming
experiment with respect to the C0 control experiment. Unlike the zonally symmetric enhanced
subtropical ocean warming in the aqua-planet simulation, the observational enhanced subtrop-
ical ocean warming concentrates more towards the western ocean basins, where the centres of
the subtropical gyres locate.

(Wang et al, 2014) with a resolution of approximately 2.5 degrees. The atmosphere91

has 47 vertical layers, and the ocean has 7 layers and a uniform shallow water92

depth of 100 m. The shallow ocean setup can well mimics the main structure of93
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the wind-driven ocean circulation (Fig. 2). The coupling time step is set to be94

one hour.95

We preform two simulations using the fully coupled AWI-ESM, i.e., a control96

experiment (i.e., C0) and a global warming experiment (i.e., C1). The control97

simulation (C0) is integrated for 640 years under the pre-industrial CO2 level98

(i.e., 284 ppmv). The global warming simulation (C1) is initialized from the 500th99

model year of the C0 experiment and integrated for 140 years by increasing the100

concentration of CO2 linearly from 284 ppmv to 1284 ppmv within 100 years.101

Afterwards, the CO2 level is kept constant at the value of 1284 ppmv (Fig. 3).102

The hourly coupling fields of SST and near-surface wind stress from the C0 and103

C1 experiments are saved and used later in the partially coupled simulations.104

To quantify the contribution of CO2 and SST in driving the atmospheric circu-105

lation shift, we perform two partially coupled experiments, i.e., C1T0 and C0T1.106

In the C1T0 experiment, we increase the CO2 as in the C1 global warming exper-107

iment, but replace the hourly coupling SST field in the atmosphere model with108

that from the control experiment (i.e., C0). Different from the C1T0 experiment,109

the C0T1 experiment is integrated with the constant pre-industrial CO2 level, but110

the SST is replaced with that from the global warming experiment (i.e., C1).111

To explore the dynamic of the systematic shift in circulation, we carry out112

another three partially coupled simulations, i.e., C1W0, C0W1 and C0W0. In the113

C1W0 experiment, we increase the CO2 as in the C1 global warming experiment,114

but the hourly coupling near-surface wind stress into the ocean model is replaced115

with that from the C0 control experiment. In contrast, the C0W1 experiment is116

integrated under constant pre-industrial CO2 level, but replace the winds with that117

from the C1 global warming experiment, which contains a signal of poleward shift.118

As replacing wind stress itself could introduce climate anomaly, we perform the119

third experiment, i.e., C0W0, as a reference control run for the partially coupled120

simulations. It runs under constant pre-industrial CO2 level, with the wind taken121

from the C0 experiment. The 499th model year of the C0 experiment is used to122
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initialize all these partially coupled experiments. Note that if the 500th model123

year of C0 experiment is used to initialize, the C0W0 result will be identical to124

that of the C0 experiment. The last 40 years of the sensitivity experiments (i.e.,125

C1, C1T0, C0T1, C0W1, C1W0) are used to compare with the 140 years of the126

control experiments (i.e., C0 and C0W0). Table 1 summaries the above mentioned127

experiments.128

Table 1 List of aqua-planet simulations in this study.

Experiment
Name

Initial Condition Simulation
Years

Brief Description

C0 Prescribed zonally
constant climate
fields

640 Pre-industrial control run, constant CO2 level
at 284 ppmv.

C1. 500th year of the C0
experiment

140 Global warming run, linearly increase the CO2

from 284 ppmv to 1284 ppmv within 100 years,
keep it constant at 1284 ppmv level afterwards

C1T0 500th year of the C0
experiment

140 Increase CO2 as in C1, but replace the coupling
SST from C0

C0T1 500th year of the C0
experiment

140 Keep CO2 constant as in C0, but replace the
coupling SST from C1

C0W0 499th year of the C0
experiment

140 Partially coupled control run, keep CO2 con-
stant as in C0, but replace the coupling winds
from C0

C0W1 499th year of the C0
experiment

140 Keep CO2 constant as in C0, but replace the
coupling winds from C1

C1W0 499th year of the C0
experiment

140 Increase CO2 as in C1, but replace the coupling
winds from C0

2.2 Methodology129

We use two metrics to quantify the meridional locations of the atmospheric and130

oceanic circulation. The location of the atmospheric circulation is obtained as the131

mean positions of the subtropical high and subpolar low SLP systems over both132

hemispheres. This is primarily based on the fact that the subtropical high SLP133

systems locate at the boundary between the Hadley cell and the Ferrel cell, and134

the subpolar low SLP systems mark the confluence region of the Ferrel cell and135
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Fig. 2 Climatological patterns of the atmosphere and ocean circulation in the aqua-planet
C0 control experiment. a: Stream function of the atmospheric overturning circulation. Positive
values represent clockwise flow, and negative values stand for anticlockwise flow. b: Sea level
pressure (SLP). Subtropical high SLP is associated with sinking branches of the Hadley cell
and the Ferrel cell, while subpolar low SLP is associated with the raising branches of the
Ferrel cell and the Polar cell. c: Sea surface height (SSH). Subtropical high SSH represents
the centres of the real-world subtropical gyres, while subpolar low SSH denotes the position of
the real-world subpolar gyre. d: Stream function of the overturning circulation in the ocean.
Positive values represent clockwise flow, and negative values stand for anticlockwise flow.

the Polar cell (Fig. 2). Here, the position of the subtropical high (subpolar low)136

SLP is defined as the latitude where the zonal mean SLP reaches the peak high137

(low) value.138

Similarly, we track the location of the ocean circulation by calculating the139

mean meridional positions of the subtropical high and subpolar low SSH, because140

centers of the subtropical ocean gyres have relative high regional SSH, and the141

centers of the subpolar gyres are featured by relatively low regional SSH (Yang142
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Fig. 3 Meridional position of (a) atmospheric circulation and (b) oceanic circulation in the
aqua-planet control (C0, blue lines) and global warming (C1, red lines) experiments. The solid
lines represent the meridional position, and the dashed lines are the concentration of CO2.
The displacement of the atmosphere circulation is strongly coupled with that of the ocean
circulation. The correlation coefficients between them reach 0.82 and 0.95 in the C0 and C1
experiments, respectively.

et al, 2020a). Here, the position of the subtropical high (or subpolar low) SSH is143

estimated as the latitude where the zonal mean SSH field peaks.144

The anticyclonic winds associated with the subtropical high SLP system drives145

convergence of surface ocean currents through the Ekman effect (Ekman, 1905),146

which generates a relatively high regional SSH and a downwelling in the ocean. The147

opposite case applies for the subpolar low SLP system. Therefore, the SLP pattern148

in the atmosphere and the SSH pattern in the ocean are intimately dynamically149

coupled (Fig. 2).150

As the modelling framework is statistically zonally symmetric, our analysis151

focuses only on the zonal mean aspect of the response. To quantify the shifting152

circulation with better spatial resolution, we interpolate the original zonal mean153
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data onto a 0.01 degree resolution grid using spline interpolation before our anal-154

ysis. Finally, it should be noted that our analysis is based on the annual mean155

result and the seasonality will not be discussed in this paper.156

2.3 Observational data157

Satellite-derived observational SST (from the NOAA OISST dataset (https://158

www.esrl.noaa.gov/psd/)) and SSH (from the AVISO altimetry (http://www.159

aviso.altimetry.fr/duacs/)) are used to validate our results from the idealized160

aqua-planet simulations. Besides, the atmospheric reanalysis dataset NCEP-DOE161

(Kanamitsu et al, 2002) and the ocean reanalysis dataset SODA2.2.0 (Carton and162

Giese, 2008) are used as well to draw the structure of the atmosphere and ocean163

circulation in the real world.164

3 Results165

3.1 Poleward shift of atmospheric and oceanic circulation in a warming climate166

Figs. 2 and 4 present the results of the fully coupled aqua-planet model simula-167

tions. As shown, the control experiment (C0, blue lines) simulates a SST profile168

from 33 ◦C near the equator to 5 ◦C near the poles. There are easterly near-surface169

winds at lower latitudes and westerly winds around the mid-latitudes. The precipi-170

tation minus evaporation (P-E) pattern illustrates large precipitation at the central171

tropics (i.e., the Inter Tropical Convergence Zone), and relatively dry subtropics172

and wet mid-latitudes. The SLP profile shows subtropical high and subpolar low173

pressure systems, corresponding to the sinking branch of the Hadley cell and rising174

branch of the Ferrel cell, respectively. Regarding the ocean circulation, relatively175

high/low SSHs are found near the subtropical/subpolar regions, representing the176

meridional centres of the subtropical/subpolar ocean gyres in reality. In general,177

the features generated by our aqua-planet simulation resemble the typical circu-178

lation structures shown in the observations (Fig. S2 and S3). It is worth noting179
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that in our water-planet world, there is no polar sea ice due to a relatively warm180

ocean near the poles. Previous aqua-planet model simulation also shows the simi-181

lar feature (Smith et al, 2006), likely owing to strong water exchange between the182

low and high latitudes maintained by the meridional overturning circulation. The183

aqua-planet global mean surface temperature (i.e., 21.3 ◦C) is also higher than184

that in observation, probably due to the fact that the effective heat capacity in185

the aqua-planet world is higher than that in the real world (Lohmann, 2019). Since186

there is no zonal temperature gradient, our aqua-planet world has no fluctuations187

of El Nino-Southern Oscillation or Pacific Decadal Oscillation.188

Comparing with the control run (C0), the global warming experiment (C1)189

shows a weak polar amplification, even though without sea ice-albedo feedback190

(Figs. 1b and 4b). Besides, an enhanced ocean warming is identified around the191

subtropical regions. Such pattern resembles the satellite observed SST anomaly as192

shown in Fig. 1a. The enhanced subtropical ocean warming induces an anomalous193

upward ocean surface turbulent heat flux (i.e., sensible+latent heat fluxes, the194

main form of ocean-atmosphere heat exchange (Yang et al, 2016a)) from the ocean195

to the atmosphere (Fig. 4d). We notice that the simulated SST anomalies are not196

hemisphere-symmetric. This is likely due to the asymmetric insolation caused by197

the Earth’s elliptical orbit.198

Apart from the changes in SST, under increasing CO2 forcing, the atmospheric199

and oceanic circulation experiences a gradually poleward shift of 2.64±0.65◦ and200

2.57±0.55◦, respectively (Figs. 3 and 4). Such shift manifests in a systematic pole-201

ward migration of the patterns of zonal winds, storm track, P-E, SLP and SSH202

(red lines in Fig. 4). Yang et al (2020b) proposed that the shift in the atmospheric203

circulation is primarily due to a poleward shift of the mid-latitude MTGs. Our204

simulations capture such a feature, with reduced/increased MTG at equator/polar205

flanks of the maximum mid-latitude MTG zone (Fig. 4a). These simulated shifts206

resemble the systematic shift in the atmospheric and oceanic circulation as illus-207
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a b
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g h

Fig. 4 Comparison between aqua-planet C1 global warming experiment and C0 pre-industrial
control experiment. (a). Meridional temperature gradient (MTG) anomaly (shading) in the C1
experiment with respect to the C0 control experiment. The contour lines provide the climato-
logical pattern of the MTG in the C0 experiment. Zonal mean (b) sea surface temperature, (c)
zonally near-surface wind, (d) ocean surface turbulent heat flux (THF, i.e., sensible + latent
heat fluxes, positive-upward), (e) 850 hPa eddy kinetic energy (EKE) as indication of storm
track, (f) precipitation minus evaporation (P-E), (g) sea level pressure (SLP), (h) sea surface
height (SSH). The blue lines show the value of the control experiment (C0), the red lines show
the values from the global warming experiment (C1), the dashed black lines are the differ-
ence between the global warming and the control experiments (C1-C0). The texts in the last
two sub-panels provides the magnitudes of the poleward shift in the atmospheric and oceanic
circulation, respectively. They are calculated based on the SLP and SSH fields, according to
the definition introduced in section 2. All results are based on the last 40 years of the global
warming experiment (C1) and 140 years of the control experiment (C0).

trated by various observations and climate simulations (Fu et al, 2006; Chen et al,208

2008; Archer and Caldeira, 2008; Scheff and Frierson, 2012; Yang et al, 2020a).209

3.2 Dominant role of SST in driving the shift in atmospheric circulation210

Compared to the C0 control simulation, the atmosphere circulation shift in the211

C1 global warming experiment could be driven by two factors, i.e., rising CO2212

concentration and changing SST. In the fully coupled system, the evolutions of213
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a b

c d

Fig. 5 Similar to Fig. 4, but for comparison between aqua-planet C1T0 (left column, i.e., a and
c), C0T1 (right column, i.e., b and d) experiments and the C0 pre-industrial control experiment.
(a and b) Meridional temperature gradient (MTG) anomaly (shading). The contour lines
provide the climatological pattern of the MTG in the C0 experiment. (c and d) Zonal mean
SLP. The blue lines show the value of the control experiment (C0), the red lines show the
values from the C1T0 and C0T1 experiment, the dashed black lines are the difference between
the two experiments, i.e., C1T0-C0 and C0T1-C0. The poleward shifts in the C1T0 and C0T1
experiments are 0.28 and 2.61 degrees in latitude, respectively. Here, we only show the changes
in SLP patterns to indicate the shift in the atmosphere circulation. It should be noted that
the other metrics, like the P-E, winds, storm track, have consistent shift as well.

these two factors occur synchronously. Therefore, it is difficult to determine which214

factor is more important in directly driving the displacement of the atmosphere215

circulation. To separate these two factors, we design two experiments here, i.e.,216

C1T0 and C0T1 (see Section 2.1).217

In the C1T0 experiment, the strong increase in CO2 induces a 7.6 W/m2 glob-218

ally averaged heat imbalanced at the top of atmosphere (not shown). Despite such219

a strong radiative forcing, the C1T0 experiment shows mild changes in the MTGs220

and minor shift (0.28±0.58◦) in the atmospheric circulation (Fig. 5a and 5c).221

In contrast, without the CO2 forcing, the C0T1 experiment (Fig. 5b and 5d)222

obtains a profound shift in the MTGs, hence, a strong shift (2.61±0.74◦) in the223

atmospheric circulation. Our results indicate that the shift of the atmospheric cir-224

culation is primarily driven by the fundamental change in the thermal condition225

of the underlying ocean, while the direct radiative effect of increasing CO2 con-226

tributes only marginally to the shift of the atmospheric circulation (only around227

10 precent in our aqua-planet world).228
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a b

c d

e f

g h

Fig. 6 Similar to Fig. 4, but for results from the partially coupled C1W0 (a, c, e, g) and
C0W1 (b, d, f, h) experiments with respect to the C0W0 control experiment.

3.3 Dynamics of shifting atmospheric and oceanic circulation229

Previously, Yang et al (2020b) argued that the warming SST pattern, in particu-230

larly, the subtropical ocean warming plays a critical role in driving the circulation231

shift. The subtropical warming works to reduce the MTG over the lower latitudes,232

and increase it over the higher latitudes, thus promoting a poleward shift in the233

mid-latitude MTG. The coupled nature between the ocean and the atmosphere ob-234

fuscates the origin for the enhanced subtropical ocean warming. To disentangle the235

causal dynamical processes, we further devise three partially coupled aqua-planet236

simulations: C1W0, C0W1, and C0W0 (see Section 2.1).237

In the first experiment (namely the C1W0), we keep increasing the CO2 as the238

global warming experiment (i.e., C1), but using the hourly wind stress fields from239

the control experiment (i.e., C0) to force the ocean. Note that the wind forcing240

from the C0 experiment has no signal of shift. As shown in Fig. 6g, the C1W0241
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experiment does not show a shift in the SSH pattern (-0.07±0.67◦), suggesting242

that the background ocean circulation has no significant change once wind forcing243

is fixed. Without a change in ocean circulation, we still find a pattern of enhanced244

subtropical ocean warming ( 6c). This implies that the enhanced subtropical ocean245

warming pattern is independent of the ocean circulation change, but generated246

by the background ocean circulation. Driven by the divergence of surface wind247

associated with high SLP system, the subtropical ocean is featured by Ekman248

transport convergence of surface currents (Ekman, 1905). This convergence does249

not only converge the surface water, but also collects the anomalous heat contained250

in the water due to climate warming. Therefore, the C1W0 experiment produces a251

relatively higher SST over the subtropical latitudes. Our result is in agreement with252

the previous result from a standalone aqua-planet ocean model (Fig. 4d in (Yang253

et al, 2020b)). Without a shift in the ocean circulation, the C1W0 experiment254

reproduces a strong shift (2.49±0.57◦) in the atmospheric circulation (Fig. 6e),255

similar to the magnitude of the shift in the C1 experiment (Fig. 4g). This shift is256

supposed to be driven by the subtropical ocean warming (Fig. ??c), which pushes257

the MTG (Fig. 6a) to a higher latitude.258

To understand how the ocean circulation responses to a shift in the atmosphere259

circulation, we show the results from the C0W1 experiment. In this experiment,260

we keep the CO2 constant as the C0 control run, but replace the wind field from261

the C1 global warming experiment, which contains the signal of wind shift (Fig.262

4c, red line). As shown in Fig. 6h, under forcing of shifting near-surface winds, the263

ocean circulation exhibits a significant poleward shift (2.65±0.54◦). Combining the264

results from the C0W1 and C1W0 experiments, we can conclude that rising CO2265

does not directly affect the position of ocean circulation. The displacement of the266

ocean circulation is primarily driven by the shift in the atmosphere circulation.267

Inspecting the C0W1 experiment, we find a minor (around 0.2 ◦C) SST in-268

crease/decrease over the polar/equator flanks of subtropical latitudes (Fig. 6d).269

This is attributed to the shift in surface ocean circulation, which transports more270
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Fig. 7 Schematic diagram showing how background ocean circulation promotes an enhanced
subtropical ocean warming and drives the shift in the atmospheric and oceanic circulation. The
arrows illustrate the significant features of atmosphere (solid) and ocean (dashed) circulation.
From a climatological perspective, the maximum meridional temperature gradients (MTGs)
locate at the subtropical to mid-latitude regions. Position of MTGs determines the position of
the atmosphere circulation, thus the position of the wind-driven ocean circulation. Under the
forcing of increasing greenhouse gases concentration, background Ekman convergence of surface
currents favour an enhanced subtropical ocean warming. This enhanced warming expands the
low latitude warm water zones, pushes the mid-latitude MTGs towards higher latitudes, thus
forcing a poleward shift in the atmosphere circulation. The shift in the atmosphere circulation,
associated with a corresponding shift in the near-surface wind then force a shift in the ocean
circulation. Systematic shift of atmosphere and ocean circulation redistributes the natural
resources, such as water, vegetation, marine primary productivity, hence has broad implications
for our societies.

heat from the lower latitudes towards the higher latitudes. In response to such a271

SST anomaly, the mid-latitude MTG within the troposphere has a slight change272

(Fig. 6b), contributing to a minor shift (0.25±0.58◦) in the atmosphere circulation273

(Fig. 6f).274

In summery, under the CO2 induced radiative forcing, the background ocean275

Ekman convergence near the subtropical region generates an enhanced ocean sur-276

face warming. This warming causes poleward displacement in the mid-latitude277

MTG within the troposphere atmosphere, forcing a corresponding shift in the at-278
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mospheric circulation (Fig. 7). The shift in the atmospheric circulation, manifested279

with a shift in the near-surface winds, in turn, drives a shift in the ocean circula-280

tion. Changes of ocean circulation produce slightly warmer/cooler SST anomalies281

at the polar/equator flanks of the subtropical ocean, promoting a further minor282

shift in the atmospheric circulation. Overall, the changes in the ocean thermal283

condition drive the changes in the atmospheric circulation, which in turn reshapes284

the wind-driven ocean circulation. Comparably, the feedback from the wind-driven285

ocean circulation change to the atmospheric circulation is at best secondary.286

4 Discussion and conclusions287

Despite numerous studies during the past decades, there is still no agreement on288

the main mechanism driving the tropical expansion and the associated shifting289

atmospheric and oceanic circulation (Staten et al, 2018; Shaw, 2019; Yang et al,290

2020b). Even though climate model simulations can reproduce tropical expansion291

by including the forcing of CO2 (Lu et al, 2007), ozone (Thompson et al, 2011;292

Polvani et al, 2011), or aerosols (Allen et al, 2012), observations show that tropical293

expansion is primarily related to the variations in SST (Allen and Kovilakam, 2017;294

Grise et al, 2019). Yang et al (2020b) pointed out that the enhanced subtropical295

warming plays a central role in driving the shift in the atmospheric circulation .296

Following Yang et al (2020b), we use simplified aqua-planet model simulations297

to demonstrate that, the direct radiative effect of CO2 is not a potent driver for298

the shift in the atmosphere circulation. Previously, Staten et al (2012) also drew299

a similar conclusion by using a more comprehensive atmosphere model. It is the300

indirect effect of the CO2 forcing that generates the atmospheric circulation shift301

through ocean warming, especially that in the subtropics. The enhanced subtrop-302

ical ocean warming relies on the background ocean circulation, which transports303

adjacent anomalous ocean heat toward the subtropical regions. This warming con-304

tributes to reduce/increase the MTGs over the lower/higher latitudes, therefore305

driving a shift in the position of the MTG and the atmospheric circulation (Fig.306
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4). The shift in the atmospheric circulation, in turn, forces a shift in the ocean307

circulation, helping to further alter the ocean temperature. As a consequence, in a308

fully coupled system, the enhanced subtropical ocean warming is not centred over309

the subtropical region, but slightly further shifted toward the polar flank of the310

mean subtropical gyres (Fig. 1). Our aqua-planet simulations well capture the311

pattern of subtropical ocean warming, resembling that seen in the observation.312

Previously, the dynamics of atmospheric circulation changes have also been inves-313

tigated using other aqua-planet models (Williams and Bryan, 2006; Frierson et al,314

2007; Brayshaw et al, 2008; Chen et al, 2010, 2013; Shaw and Tan, 2018). To our315

knowledge, most of them used only an atmosphere component under prescribed316

SST forcing. We suggest that the ocean dynamics are important for capturing the317

full mechanisms of the shifting circulation system.318

Poleward shift of the atmosphere circulation has also been reproduced by at-319

mosphere models forced by uniform SST warming (Chen et al, 2013; Grise and320

Davis, 2020). Such results seem to support the hypothesis that mean warming321

drives the circulation shift (Frierson et al, 2007; Medeiros et al, 2015; Staten et al,322

2014; Son et al, 2018). However, despite spatially uniformed warming, the ocean’s323

heating effect on the atmosphere is not uniform due to the background SST spatial324

pattern. According to the Stefan-Boltzmann law, increasing 4 K SST from a level325

of 300 K at lower latitudes could introduce around 6 W/m2 more upward longwave326

radiation than that over the higher latitudes (assuming that SST is around 273327

K near the sea ice edge, i.e., around 60 degrees). Moreover, previous studies show328

that warming over the central tropics (Watt-Meyer and Frierson, 2019; Zhou et al,329

2019) and polar region (Wu and Smith, 2016; Butler et al, 2010) both contributes330

to an equatorward contraction of the atmospheric circulation.331

By changing the MTG, Yang et al (2020b) reproduced a poleward shift of332

atmospheric circulation under a global cooling condition. These results hint that333

mean warming does not necessarily drive a poleward shift of atmosphere circu-334

lation. Warming over the central tropics increases the low latitude MTG, leads335
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to an equatorward contraction of the MTG pattern, and drives an equatorward336

shift of the atmosphere circulation. By reinforcing the high latitude MTG, cooling,337

rather than warming over the polar region forces a poleward shift of atmosphere338

circulation, especially over the high latitudes (Thompson and Solomon, 2002; Min339

and Son, 2013; Butler et al, 2010). Therefore, we argue that, instead of the mean340

warming, the shape of the MTG (or the warming pattern), is more important in341

controlling the location of the atmospheric circulation. We checked the uniform 4342

K experiments in the Atmospheric Model Intercomparison Project (Gates et al,343

1999). These simulations display a poleward shift of the mid-latitude MTG (not344

shown) as well, supporting our hypothesis.345

The fundamental driver of the atmospheric circulation is the equator-to-pole346

temperature gradient. From the perspective of climatology, the maximum MTGs347

are located at the subtropical to mid-latitude regions (Fig. 4a). Their location348

moves north/south during boreal summer/winter, driving the seasonal displace-349

ment of atmospheric and oceanic circulation for more than thousand of kilometers.350

Therefore, the shape of the equator-to-pole temperature gradients largely controls351

the position of atmospheric circulation. An enhanced subtropical ocean warming is352

an efficient way to drive the shift in the mid-latitude MTG, hence, the shift in the353

atmospheric circulation. Previously, Shaw and Tan (2018) found that introducing354

CO2 around the subtropical regions produces the strongest shift in the atmospheric355

circulation, likely because the CO2 induces a warming over the subtropical region356

and thus a poleward shift in the MTG. For the similar reason, model simulations357

forced by increasing black carbon aerosols and ozone (kind of greenhouse gases)358

over the mid-latitudes also produce a shift in the atmospheric circulation (Allen359

et al, 2012). Interestingly, when the shift of atmospheric circulation (or tropical360

expansion) first drew attention from the scientific community, it was based on the361

evidence of an enhanced warming over the subtropical troposphere (Fu et al, 2006).362

This enhanced warming may not only be a manifestation of expanding tropics, but363

probably also be the reason why the tropics expand. Our study proposes that the364
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enhanced subtropical warming is not due to atmosphere circulation changes, but365

has an oceanic origin, which relies on the background oceanic circulation.366

The observed enhanced subtropical ocean warming pattern (Fig. 1a) had previ-367

ously been interpreted as a feature of negative phase of Pacific Decadal Oscillation368

(Allen and Kovilakam, 2017; Grise et al, 2019). However, Yang et al (2020b) no-369

ticed that this warming pattern exists also during periods of positive phase of370

Pacific Decadal Oscillation, and across all ocean basins. Our aqua-planet simu-371

lations, in the absence of fluctuations of Pacific Decadal Oscillation, show that372

under global warming, background Ekman convergence of subtropical surface cur-373

rent contributes to generating an enhanced subtropical ocean warming, similar to374

that seen in observation. This hints that, apart from the swing of Pacific Decadal375

Oscillation, the observed enhanced subtropical ocean warming may also arise from376

climate change. As the phase of Pacific Decadal Oscillation can flip back and forth,377

the part of the subtropical warming owing to the increasing greenhouse gases forc-378

ing is expect to keep growing in the coming decades, causing a long-standing379

poleward shift in the atmosphere and ocean circulation.380

Last but not least, systematic poleward shift of the circulation has broad mani-381

festations, affecting the atmosphere, ocean, hydrosphere and biosphere. Therefore,382

the displacement of the large-scale circulation system is plausible to be identified383

by some regional climate changes. One particular case is the changes of the oceanic384

western boundary currents, where climate change signal is amplified by the effect385

of western intensification (Stommel, 1948). Modern long-term observations of the386

Gulf Stream (Frankignoul et al, 2001) and the Eastern Austrian Current (Ridgway,387

2007), show that these currents have undergone a considerable poleward shift in388

the past more than half a century (Wu et al, 2012; Yang et al, 2016b). This piece of389

evidence may reflect from a different way that the circulation system has perhaps390

already moved for a long period. Satellite observations may not capture the full391

magnitude of the circulation shift due to their short temporal coverages. Paleo-392

climate proxy records reveal that the Kuroshio Current (Gray et al, 2020), and the393
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Agulhas Current (Bard and Rickaby, 2009) were several hundred kilometers closer394

to the equator during the ice age, hinting that the ongoing circulation movement395

is possible to develop with a great magnitude in the long-term future. Considering396

that the atmosphere and ocean circulation largely determines the regional climate397

and the spatial distribution of natural ecosystem, the ongoing shifting circulation398

is proposed to reshape the climate zones and ultimately cause human migration.399
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Figures

Figure 1

a: Observational Sea Surface Temperature (SST) anomaly during the most recent  ve years of satellite
period (2016-2020) with respect to the  rst  ve years (1982-1986). Relatively stronger ocean surface
warming is found over all the subtropical oceans, likely due to the Ek- man convergence of background
surface ocean currents. Result based on the NOAA Optimum Interpolation (OI) SST V2 dataset. The
stippled area shows the subtropical convergence zone based on the near-surface wind stress curl  elds
from the NCEP-DOE reanalysis (1982-2020). b: Similar to A, but for SST anomaly in the last 40 years of
the aqua-planet C1 global warming experiment with respect to the C0 control experiment. Unlike the



zonally symmetric enhanced subtropical ocean warming in the aqua-planet simulation, the observational
enhanced subtropical ocean warming concentrates more towards the western ocean basins, where the
centres of the subtropical gyres locate. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

Climatological patterns of the atmosphere and ocean circulation in the aqua-planet C0 control
experiment. a: Stream function of the atmospheric overturning circulation. Positive values represent
clockwise ow, and negative values stand for anticlockwise ow. b: Sea level pressure (SLP). Subtropical
high SLP is associated with sinking branches of the Hadley cell and the Ferrel cell, while subpolar low
SLP is associated with the raising branches of the Ferrel cell and the Polar cell. c: Sea surface height



(SSH). Subtropical high SSH represents the centres of the real-world subtropical gyres, while subpolar low
SSH denotes the position of the real-world subpolar gyre. d: Stream function of the overturning circulation
in the ocean. Positive values represent clockwise ow, and negative values stand for anticlockwise �ow.

Figure 3

Meridional position of (a) atmospheric circulation and (b) oceanic circulation in the aqua-planet control
(C0, blue lines) and global warming (C1, red lines) experiments. The solid lines represent the meridional
position, and the dashed lines are the concentration of CO2. The displacement of the atmosphere
circulation is strongly coupled with that of the ocean circulation. The correlation coe�cients between
them reach 0.82 and 0.95 in the C0 and C1 experiments, respectively.



Figure 4

Comparison between aqua-planet C1 global warming experiment and C0 pre-industrial control
experiment. (a). Meridional temperature gradient (MTG) anomaly (shading) in the C1 experiment with
respect to the C0 control experiment. The contour lines provide the climatological pattern of the MTG in
the C0 experiment. Zonal mean (b) sea surface temperature, (c) zonally near-surface wind, (d) ocean
surface turbulent heat ux (THF, i.e., sensible + latent heat �uxes, positive-upward), (e) 850 hPa eddy
kinetic energy (EKE) as indication of storm track, (f) precipitation minus evaporation (P-E), (g) sea level
pressure (SLP), (h) sea surface height (SSH). The blue lines show the value of the control experiment
(C0), the red lines show the values from the global warming experiment (C1), the dashed black lines are
the difference between the global warming and the control experiments (C1-C0). The texts in the last two
sub-panels provides the magnitudes of the poleward shift in the atmospheric and oceanic circulation,
respectively. They are calculated based on the SLP and SSH �elds, according to the de�nition introduced
in section 2. All results are based on the last 40 years of the global warming experiment (C1) and 140
years of the control experiment (C0).



Figure 5

Similar to Fig. 4, but for comparison between aqua-planet C1T0 (left column, i.e., a and c), C0T1 (right
column, i.e., b and d) experiments and the C0 pre-industrial control experiment. (a and b) Meridional
temperature gradient (MTG) anomaly (shading). The contour lines provide the climatological pattern of
the MTG in the C0 experiment. (c and d) Zonal mean SLP. The blue lines show the value of the control
experiment (C0), the red lines show the values from the C1T0 and C0T1 experiment, the dashed black
lines are the difference between the two experiments, i.e., C1T0-C0 and C0T1-C0. The poleward shifts in
the C1T0 and C0T1 experiments are 0.28 and 2.61 degrees in latitude, respectively. Here, we only show
the changes in SLP patterns to indicate the shift in the atmosphere circulation. It should be noted that the
other metrics, like the P-E, winds, storm track, have consistent shift as well.



Figure 6

Similar to Fig. 4, but for results from the partially coupled C1W0 (a, c, e, g) and C0W1 (b, d, f, h)
experiments with respect to the C0W0 control experiment.



Figure 7

Schematic diagram showing how background ocean circulation promotes an enhanced subtropical
ocean warming and drives the shift in the atmospheric and oceanic circulation. The arrows illustrate the
signi�cant features of atmosphere (solid) and ocean (dashed) circulation. From a climatological
perspective, the maximum meridional temperature gradients (MTGs) locate at the subtropical to mid-
latitude regions. Position of MTGs determines the position of the atmosphere circulation, thus the
position of the wind-driven ocean circulation. Under the forcing of increasing greenhouse gases
concentration, background Ekman convergence of surface currents favour an enhanced subtropical
ocean warming. This enhanced warming expands the low latitude warm water zones, pushes the mid-
latitude MTGs towards higher latitudes, thus forcing a poleward shift in the atmosphere circulation. The
shift in the atmosphere circulation, associated with a corresponding shift in the near-surface wind then
force a shift in the ocean circulation. Systematic shift of atmosphere and ocean circulation redistributes
the natural resources, such as water, vegetation, marine primary productivity, hence has broad
implications for our societies.
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