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The wind stress is a measure of momentum transfer due to the relative motion between the atmosphere and the ocean. This study
aims to investigate the anomalous pattern of atmospheric and oceanic circulations due to 50% increase in the wind stress over the
equatorial region and the Southern Ocean. In this paper we use a coupled climate model of intermediate complexity (SPEEDO).
The results show that the intensification of equatorial wind stress causes a decrease in sea surface temperature in the tropical region
due to increased upwelling and evaporative cooling. On the other hand, the intensification of wind stress over the Southern Ocean
induces a regional increase in the air and sea surface temperatures which in turn leads to a reduction in Antarctic sea ice thickness.
This occurs in association with changes in the global thermohaline circulation strengthening the rate of Antarctic Bottom Water
formation and a weakening of the North Atlantic Deep Water. Moreover, changes in the Southern Hemisphere thermal gradient
lead to modified atmospheric and oceanic heat transports reducing the storm tracks and baroclinic activity.

1. Introduction

The coupling between the atmosphere and ocean has been
investigated by several studies. The pioneer works by Walker
and Bilss [1], Bjerknes [2], and Wyrtki [3] are the starting
point to the understanding of the El Niño-Southern Oscilla-
tion (ENSO), the air-sea interaction, and the decadal climate
variability. Recently, studies have analyzed the impacts caused
by fluctuations of wind stress on oceanic and atmospheric
circulations [4–10]. This recent motivation is directly related
to climate projections for the coming decades. In this con-
text, numerical models designed with the increase in the
concentration of CO

2
in the atmosphere indicate a maxi-

mum displacement of wind stress to higher latitudes than
normal, due to the intensification of thewinds in extratropical
latitudes [11–14]. On this hypothesis, it becomes important
to numerical climate simulations forced by wind stress
anomalies to analyze the impacts caused on the oceanic and
atmospheric circulations. In the following several studies

based on numerical modeling will be shown, demonstrating
the importance of wind stress for the coupling between the
atmosphere and ocean.

McCreary and Lu [15] and Liu and Philander [16] argued
that the strength of the oceanic subtropical cells as well as the
magnitude of the equatorial upwelling is tightly dependent
on the wind stress near 10∘N–20∘N. One should expect that
changes in the magnitude of the winds can intensify the ver-
tical oceanic circulation through changes in the Ekman trans-
port. Indeed, an intensification of the equatorial wind stress
by about 30–50% leads to an enhancement of the meridional
water transport by about 2 Sv (1 Sverdrup = 106m3 s−1) and
an equatorial cooling of approximately 2∘C. This has been a
common feature in climate simulations focusing on the Last
Glacial Maximum [17–19]. It is noteworthy that England et al.
[20] showed that a pronounced strengthening in Pacific trade
winds over the past two decades is sufficient to account for
the cooling of the tropical Pacific and a substantial slowdown
in surface warming through increased subsurface ocean heat
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uptake. Furthermore, they showed that the accelerated trade
winds have increased equatorial upwelling in the central and
eastern Pacific, lowering sea surface temperature (SST) there,
which drives further cooling in other regions.

On the other hand, Timmermann and Goosse [6] and
MacMynowski and Tziperman [21] highlighted the impor-
tance of thewind stress to the global thermohaline circulation
(THC). The wind stress changes on the Southern Ocean
may also be responsible for modulating the intensity of the
Atlantic Meridional Overturning Circulation (MOC) [22].
These wind-induced changes of the MOC can regulate the
glacial-interglacial periods due to changes in air-sea CO

2

fluxes [23–25]. Timmermann andGoosse [6], by disregarding
the influence of wind stress, have found an interruption in
theMOC.This has been attributed to changes in the equator-
pole density gradient which is not maintained without the
wind stress forcing, because the wind stress contributes to
the horizontal transport of salinity due to the wind-driven
circulation. It plays also an important role in the vertical
transport of salinity and in the oceanic convection due to
Ekman pumping.

Also it is important to highlight how the wind stress
influences the oceanic and atmospheric circulation patterns
at mid and high latitudes of the Southern Hemisphere. In the
study made by Yang et al. [7] they analyze changes in wind
stress for decadal periods in the Southern Ocean and asso-
ciated with ozone depletion in the Antarctic region. These
authors used the 40 years of European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis (ERA 40)
data and found an increasing wind stress trend between
latitudes of 45∘S and 60∘S in the past 20 years. According to
the authors, this occurs due to the wind anomalies due to the
Antarctic Oscillation, which interacts with the medium flow
and meridional circulation.

Menviel et al. [8], based on LOVECLIM climate simula-
tions, found that 15% intensification of the near surface winds
between 40∘S and 60∘S increases the Antarctic BottomWater
(AABW) rate of formation from 16 to 32 Sv.

Saenko [9] examining the impact of the wind stress
changes on SSTs has demonstrated surface temperature
reduction at high latitudes accompanied by increased sea
ice area. Changes in the wind stress are also responsible for
increasing the atmospheric poleward heat transport in both
hemispheres due to modulation of the storm tracks [26].

Ma et al. [10] concluded that an absence of wind stress
over 40∘S leads to a reduction of approximately 50% in the
MOC. This reveals the strong coupling between the atmo-
sphere and the ocean at high latitudes as well as its control
on the THC. Indeed, the absence of wind stress in 40∘S leads
to a reduction of vertical mixing and upwelling, inducing the
surface cooling and sea ice expansion. However, warming is
observed in subsurface waters due to the weakening of the
vertical mixing.

Recently, Machado et al. [27] showed that the wind stress
intensification in the equatorial region causes changes in
Atlantic Dipole and enhanced precipitation over Brazilian
northeast. Moreover, the wind stress intensification in the
extratropical Southern Hemisphere region induces weaken-
ing of positive Antarctic Oscillation phase.

Therefore, the aim of this study is to analyze the oceanic
and atmospheric circulation response to increased wind
stress at different latitudes in the SH. We also focus on the
baroclinic instability and storm tracks changes as well as on
the identification of the main changes in the atmospheric
and oceanic heat transport. In particular, changes in the
global thermohaline circulation are analyzed. It should be
stressed that the response of the atmospheric and oceanic
heat transport to modified wind stress has been partially
overlooked in the literature.

This paper is organized as follows: Section 2 provides
a description of the numerical coupled model used and
details on the employed methodology. Section 3 shows the
anomalies found in atmospheric and oceanic circulations.
This study presents in Section 4 the conclusions and final
remarks.

2. Numerical Model and Experiments Design

This study is based on simulations conducted with the cou-
pled climate model Speedy-Ocean (SPEEDO) [28]. SPEEDO
may be classified as an Earth system model of intermediate
complexity. This model was chosen in order to fill a gap
between the global models, which have physical representa-
tion quite complex and conceptual models, which are rather
simplified [28].

The atmospheric component of the SPEEDO cou-
pled model, called Simplified Parameterization primitivE-
Equation Dynamics (SPEEDY), is a hydrostatic spectral
model with 8 vertical layers (925, 850, 700, 500, 300, 200,
100, and 30 hPa) and horizontal truncation T30, which
corresponds to a horizontal resolution of 3.75∘. This uses
the divergence-vorticity equation as described by Bourke
[29].The parameterizations include the short- and long-wave
radiation schemes, large-scale condensation and convection,
momentum, heat and humidity fluxes, and vertical diffusion
processes. The convection is represented by a mass flow
scheme that is activated when conditional instability occurs.
This version is coupled to physical parameterizations for the
hydrological cycle [30]. Additional details about the model
formulation can be found in Molteni [31].

Although the atmospheric model proposed in the study
is of intermediate resolution, previous studies showed its
ability to reproduce the main features of the climate system
both in tropical latitudes and extratropical regions [28, 31–
34]. A detailed comparison between the simulated climate
by SPEEDY and CCM3 and ERA40 models can be seen at
http://esp.ictp.it.

The oceanic component of the SPEEDO is the Coupled
Large-Scale Ice-Oceanmodel (CLIO) [35].Thismodel is based
on the primitive equations (Navier-Stokes equations) and
uses free surface with thermodynamic/dynamic parameteri-
zation for the sea ice component. CLIO also employs param-
eterizations for vertical diffusivity, which is a simplification of
the Mellor and Yamada turbulence scheme [36]. The oceanic
model includes parameterizations of vertical and horizontal
mixing and turbulent diffusion processes along the isopycnals
to represent the effect of mesoscale turbulent eddies in the
ocean transport [37].
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Figure 1: Annual wind stress zonally averaged 𝜏
𝑥
(N/m2) for the

CTR, EQU 50%, and 46∘S 50% simulations.

The CLIO horizontal resolution is approximately 3∘ of
latitude and longitude, with 20 vertical levels unevenly
spaced. The model has more levels concentrated close to the
surface in order to better represent the oceanic processes that
occur in the oceanic mixing layer.

The investigation made here is based on three climate
sensitivity experiments: the control simulation (CTR), which
was run for 200 years taking into account the current
conditions of albedo, vegetation, and topography. The same
boundary conditions were employed to another two simu-
lations, however, intensifying the wind stress by 50%. The
modified wind stress was applied over two regions, centered
at the 1∘S of latitude (EQU 50%) and 46∘S of latitude (46∘S
50%).

In order to investigate the influence of the wind stress to
changes on the climate, the forcing function in themeridional
direction is multiplied with the simulated zonal wind stress
component. The function is defined as

[1 + 𝑎 ∗ 𝑒 [

2 (𝛾𝑟 − 𝛾)
2

𝛼

]] , (1)

where “𝑎” is the amplitude factor, “𝛾𝑟” is the latitude anomaly
maximum, and “𝛼” is the width of the anomalous wind stress
forcing. The EQU 50% experiment is based on an increase
by 50% of wind stress in the equatorial region; that is, the
factor “𝑎” was regarded as 0.5 and “𝛾𝑟” the value of 1∘S
latitude on CLIO model. The third simulation (46∘S 50%)
also considered the amplitude factor of 0.5, but with the wind
stress changes applied to the latitude of 46∘S. The reasoning
behind the use of this function is to prevent border problems
in simulations; that is, it acts as a damping factor, which has
a maximum value at the latitude chosen, which will decrease
as initial latitude.

Figure 1 shows a zonal average 𝜏
𝑥
for the three simula-

tions, which is taken from the average of 𝜏
𝑥
values for all

longitude points, while the values vary for each latitude, tak-
ing the average of the past twenty years for each experiment
(1980–1999). Note that by multiplying 𝜏

𝑥
by 𝛽 function, there

is an increase in the wind stress, with major differences in 1∘S
(dotted line) and 46∘S (dashed line), falling within a range of
approximately 15∘ to the two simulations.

3. Results and Discussion

3.1. Oceanic Changes

3.1.1. Sea Surface Temperature and Antarctic Sea Ice. The
annual mean climate simulated by SPEEDO has been dis-
cussed extensively by Severijns and Hazeleger [28] and
Justino et al. [34]; thus no effort will be done to describe this
in detail.The 50% increase in the wind stress in the equatorial
region and 46∘S generates distinct climate responses. Indeed,
wind stress increasing in the equatorial region induces a
cooling of the equatorial Pacific by up to 2∘C (EQU 50%,
Figure 2(a)). Decreasing of SST is also noted in the tropical
Atlantic and Indian Oceans, with values of about 1∘C. Similar
results were obtained by Klinger et al. [38] and Liu and
Philander [16], due to stronger upwelling in the region
and associated strengthening of the oceanic vertical cells.
Therefore, the intensification of wind stress in the equatorial
region causes a pattern similar to the LaNiña condition, being
associated with the Ekman transport. The oceanic Ekman
transport and pumping are among the most important
parameters in studying the ocean general circulation and its
variability. Upwelling due to the Ekman transport divergence
has been identified as a leading mechanism for the seasonal
to interannual variability of the upper-ocean heat content in
many parts of the World Ocean, especially along coasts and
the equator [39].

On the other hand, positive SST anomalies are found in
the SH extratropical region by changing the wind stress at
46∘S (46∘S 50% experiment, Figure 2(b)) with values of up
to 3∘C; small values are found throughout the Global Ocean.
Differently the Nordic Sea experiences a drop in SST values.
The observed anomalies SST in 46∘S 50% show a reverse
pattern to that in EQU 50%; that is, they may be associated
with a condition of Ekman pumping.The Ekman pumping is
the primarymechanism that drives basin-scale circulations in
subtropical and subpolar oceans [39]. Therefore, alterations
in the transport Ekman in extratropical latitudes favor the
changes in water masses and, consequently, they can cause
changes on the THC associated with the weakening of the
North Atlantic Deep Water (NADW). The changes in THC
will be shown later.

However, changes in the wind stress in extratropical
regions are not yet clear. According to Ma et al. [10], weaker
wind stress over high latitudes of the SH leads to negative
SST anomalies of 2∘C in the Pacific between 40∘S and 60∘S,
while a warming of up to 0.5∘C is observed in the Atlantic.
Delworth and Zeng [40] argued that SST anomalies due to
an intensification of the wind stress in the SouthernOcean do
not occur uniformly. They found positive anomalies of about
2∘C between the Atlantic and the Indian Ocean, related to the
displacement of warm water of subtropical origin. However,
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Figure 2: (a) SST anomalies (∘C) for EQU 50% – CTR, (b) SST anomalies (∘C) for 46∘S 50% – CTR, (c) Thickness Antarctic sea ice anomaly
(m) for EQU 50% – CTR, and (d) thickness Antarctic sea ice anomalies (m) for 46∘S 50% – CTR.

influenced by increased upwelling negative anomalies are
dominant in the western Pacific.

The simulations with the SPEEDO model show changes
in SST patterns, favoring changes in the Antarctic sea ice
thickness. Figures 2(c) and 2(d) show anomalies in the
Antarctic sea ice thickness for both simulations (EQU 50%
and 46∘S 50%) as compared to CTR. The increased wind
stress in the equatorial region causes little modifications on
sea ice (Figure 2(c)). However, a reduction in thickness is
observed from 50 to 60 cm for Ross Sea region. The link
between the equatorial SST and the sea ice variability was
previously noted by Yuan [41] and Kwok and Comiso [42].

The intensification of the wind stress in the region of 46∘S
(Figure 2(d)) shows an overall reduction in the sea ice thick-
ness around Antarctica with substantial anomalies (values of
up to 60–70 cm) occurring in the Ross, Bellingshausen, and

Amundsen Seas. In a twofold manner, the melting of sea ice
allows higher SST values leading to further reduction of sea
ice thickness.This dynamic feedback is associated with larger
absorption of solar radiation and reinforces the initial heating
[43].

3.1.2. Global Thermohaline Circulation. Changes on the
oceanic characteristics in the extratropical and polar regions
can affect the rate of deep water formation in both hemi-
spheres [44, 45]. Figure 3 shows the average flow of the
Atlantic Meridional Overturning Circulation (MOC) at
30∘W longitude for the last 20 years of the CTR simulation
by EQU 50% and 46∘S 50% experiments. It is demonstrated
that in the CTR experiment (Figure 3(a)) there is a southward
transport of water with values between 8 and 12 Sv, associated
with the NADW between 30∘N and 50∘N in a depth ranging
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Figure 3: Annual thermohaline global circulation average for Atlantic Ocean (Sv). (a) CTR simulation, (b) difference of experiments for
EQU 50% – CTR, and (c) difference of experiments for 46∘S 50% – CTR.

from 500 to 2000 meters. The underneath northward flow
is related to the formation of the Antarctic Bottom Water
(AABW) with values reaching −6 Sv.

It is important to remark that SPEEDO underestimates
the NADW, when compared to results found by Talley et al.
[46] using observations and Gent [47] based on the NCAR
model results. Both show NADW maxima by about 20 Sv.
Cunningham et al. [48] found 18.7 Sv from observations.
However, SPEEDO maximum stream function in the North
Atlantic can reach values up to 16 Sv. The global (Atlantic +
Pacific + Indian) AABW strength of 12 Sv is in close agree-
ment with observation and other modeling results [49].

The THC anomalies between CTR and EQU 50% exper-
iment (Figure 3(b)) demonstrate that the intensification of

winds stress in the equatorial region leads to slight intensifi-
cation of theNADW(1 Sv) between 40∘Nand 60∘N.However,
no changes are observed with respect to AABW. Timmer-
mann and Goosse [6] highlight that this intensification on
trade winds strengthens the subtropical gyres in the Atlantic
and consequently increases the transport of saline waters to
extratropical latitudes. However, in EQU 50% simulation,
an increase of the 1 Sv in NADW does not cause significant
changes in THC.

By intensifying the wind in the region of 46∘S, changes
in THC are observed. In this new climate scenario, there is a
weakening of NADW by about 4 Sv distributed throughout
the Atlantic from 500 meters to 2000 meters of depth
(Figure 3(c)), which is accompanied by a strengthening in
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Figure 4: Annual salt transport zonally averaged (Sv). (a) Atlantic Ocean and (b) Pacific Ocean. Black line: CTR simulation; red line: EQU
50% simulation; and green line: 46∘S 50% simulation.

the AABW in the 46∘S 50% experiment. As will be discussed
later, changes in the NADW further lead to changes in
the oceanic heat transport which plays a substantial role in
driving SST and sea ice. Through the magnitude anomalies
of ocean current between 46∘S 50% and CTR experiments
(not shown), there is an occurrence of negative anomalies in
the North Atlantic, which shows the weakening of the Gulf
Stream in this situation. This condition contributes to lower
transport salt andheat and as a result weakens theAPAN.This
explains the negative SST anomalies in the North Atlantic
(Figure 2(b)). This is in agreement with results proposed by
Menviel et al. [8], which found an increase in the transport
of AABW associated with more vigorous winds near the
surface and an increase of SST in the same region. Numerical
simulations suggest that a change in Agulhas leakage, due to
changes of the winds in extratropical regions of the Southern
Hemisphere, can impact the thermohaline properties of the
Atlantic Ocean and hence stratification and deep convection
formation, which are directly linked to MOC [50]. Justino et
al. [34] by analysing the climate response to reducedAntarctic
ice sheet height argued that reducing the sea ice thickness and
allowing for enhanced heat loss from the ocean surface to the
atmosphere increase thewater density underneath themixing
layer favoring convection.The second effect that can lead to a
strengthening of the AABW formation rate is associated with
the heat-salt distribution of subsurface water.

However, different results are found by Delworth and
Zeng [40] that report an intensification of THC in deeper
layers, by considering stronger and southward wind stress in
the Southern Ocean. Hirabara et al. [51] also highlighted that
an intensification of the wind stress in the Southern Ocean
promotes an intensification of NADW as a response to the
baroclinic wave propagation to the North Atlantic.

3.1.3. Salt Transport. Despite the importance of salinity to
deep water formation, the influence of wind stress changes
on the salt transport in both equatorial and extratropical
belts has been partially overlooked. In the following the salt
transport changes in the Atlantic and Pacific oceans due
to modification in the wind stress are discussed. Figures
4(a) and 4(b) show the zonal average salt transport in the
Atlantic and Pacific oceans for CTR, EQU 50%, and 46∘S 50%
experiments.

The salt transport analyses in Atlantic Ocean show that
the simulations forced with increased wind stress do not
differ substantially from the CTR outside the region of the
applied forcing. The maximum values occur in the region of
40∘ latitude in both hemispheres, linked to the contribution of
the Gulf Stream in transporting saline waters into the North
Atlantic and in the SH associated with the Brazil current in
the South Atlantic.

It should be noted that the transport of salt is intensified
(reduced) in the South (North) Atlantic in the 46∘S 50%
experiment. Figure 4(a) shows an intensification of 4 Sv at
35∘S.The opposite occurs in theNorthAtlantic, where the salt
transport decreases between 40∘N and 60∘N.This anomalous
pattern contributes to an increase in the salinity in the South
Atlantic but favors a reduction in the North Atlantic, insofar
the salt contribution is concerned. This salt transport feature
is in agreement with the response of the THC to wind stress
changes previously discussed.

Figure 4(b) shows the zonal averaged salt transport in
the Pacific Ocean. In the EQU 50% simulation, it is clear
that the increase of the wind stress in the equatorial region
generates an additional northward salt transport by up to
10 Sv, as compared to the CTR simulation. This remarkable
change occurs in the equatorial belt, whereas changes in
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the northern hemisphere are smaller. The intensification of
thewind stress in 46∘S 50% experiment indicates that changes
in the Pacific Ocean salt transport are more intense in the
SH, where there is an increase in the transport of about 5 Sv
between 30∘S and 40∘S. This anomalous pattern of the salt
transport is in agreement with increase in salinity in the
vicinity of the Antarctic ocean (not shown).

3.2. Atmospheric Changes

3.2.1. Baroclinic Instability. Large-scale temperature and
atmospheric circulation changes have potential to modify
the statistics of transient and steady waves. This is pre-
dominantly generated by baroclinic instabilities from the
background flow, which has been attributed to enhanced
meridional/zonal thermal contrast [52]. It is worth mention-
ing that the baroclinic and barotropic instability mechanisms
are responsible for the formation and maintenance of waves
and eddies that act regulating the heat and momentum
balance in oceanic frontal regions. One good example is the
tropical instability waves that occur in the equatorial regions
of the Pacific [53] and the Atlantic [54].

The Eady growth rate (𝜎
𝑏1
) is computed in the mid-

troposphere at 500 hPa level, in order to investigate changes to
atmospheric baroclinicity induced by the wind stress anoma-
lies. This is a simplified measure of atmospheric baroclinicity
that can be employed to quantify the potential for instabilities
and cyclone growth [52, 55]. The Eady growth rate estimates
baroclinic instability from the vertical wind shear and the
static stability of the atmosphere. It is defined as

𝜎
𝑏1

= 0.31

𝑓

𝑁

(

𝜕𝑉

𝜕𝑍

) , (2)

where 𝑓 is the Coriolis parameter, 𝑁 the Brunt-Väisälä
frequency, 𝑍 the upward vertical coordinate, and 𝑉 the
horizontal wind speed.

Figures 5(a) and 5(b) show the averaged 𝜎
𝑏1
for the CTR

simulation, for December-January-February (DJF) and June-
July-August (JJA), respectively. Negative values for the SH
and positive values for the Northern Hemisphere are related
with the Coriolis parameter. The 𝜎

𝑏1
is more intense on each

hemisphere during the winter period due to higher thermal
contrasts over the mid-latitudes and consequently associated
with stronger wind shear [56]. The maximum values are
observed between Asia and North Pacific and over the SH
mid-latitudes and Antarctica (Figures 5(a) and 5(b)).

Figures 5(c) and 5(d) show the baroclinic activity anoma-
lies as a result of the wind stress intensification over the
equatorial region during DJF and JJA. Note that during DJF
(Figure 5(c)), there are no significant anomalies in the South-
ernHemisphere.This result is reasonable since no remarkable
changes are simulated in the atmospheric circulation. On the
other hand, stronger baroclinic activity is predicted to occur
in the NH mid-latitudes and extratropical regions. These
anomalies of 𝜎

𝑏1
in the Northern Hemisphere follow changes

in the vertical wind profile (not shown). During JJA, small
changes in 𝜎

𝑏1
occur on both hemispheres (Figure 5(d)).

By changing wind stress in the Southern Ocean (Fig-
ures 5(e) and 5(f)), a reduction 𝜎

𝑏1
(positive anomalies) is

demonstrated, mainly between 45∘S and 60∘S. Differences
of 𝜎
𝑏1

between the 46∘S 50% and CTR experiment during
JJA are shown in Figure 5(f); we obtain a reduction of the
baroclinic activity in the SH around 60∘S. One can argue that
the reduction of the thermal gradient between the tropics and
the extratropical region and the consequent weakening of the
westerlies can promote the reduction of the baroclinic activity
in this climate scenario.

3.2.2. Storminess. Changes in the atmosphere baroclinic
structure are closely linked to transient eddy anomalies,
more commonly known as storm. Storm track is often
defined by the regions where there is a maximum variance
of geopotential height in the upper and mid-troposphere,
arising from disturbances with periods less than one week
approximately [52, 57]. According to Wu et al. [58], the
storms act as regulators of the precipitation. These transient
eddies are also responsible for large part of the poleward heat
transport reducing the meridional thermal gradient between
the tropics and the polar regions [59]. Therefore, changes in
the position and magnitude of the storms can influence heat,
moisture, andmomentum transports in the atmosphere [60].

In this study, storms are estimated in terms of the eddy
heat flux (V󸀠𝑇󸀠) at 700 hPa and eddy momentum flux (𝑢󸀠V󸀠)
at 200 hPa, both for DJF and JJA periods. It is important to
highlight that V󸀠𝑇󸀠 represents the exchange between basic
state potential energy and potential energy available for the
disturbances. The 𝑢

󸀠V󸀠 characterizes the exchange between
kinetic energy of the disturbances and kinetic energy of the
basic state [61].

The activity of the eddy heat flux (V󸀠𝑇󸀠) at 700 hPa is
shown in Figure 6 as well as its anomalies between the wind
stress experiments and the CTR simulation for DJF and JJA.
It should be noted that the (V󸀠𝑇󸀠) is intensified over mid-
latitudes and high latitudes during the winter season in each
hemisphere (Figures 6(a) and 6(b)), with maximum values
ranging from −25 to 35Km s−1. According to Trenberth [56],
the intensified jet in winter favors the eastward advection of
the transient waves. The SPEEDO model underestimates the
magnitude of the storms when compared to finer resolution
models.The continuous pattern of the storms in the Southern
Ocean when compared with the Northern Hemisphere is
remarkable.

Figures 6(c) and 6(d) show V󸀠𝑇󸀠 anomalies during DJF
and JJA between the EQU 50% and the CTR experiments.
Stronger storm activity is noted over the northern part of
Eurasia and Nordic Seas but reduced activity over the north-
ern Pacific in DJF (Figure 6(c)). No changes are predicted to
occur during JJA. Seager et al. [62] argued that changes in
the tropical Pacific due to ENSO events generate anomalous
pattern of storm tracks. Indeed, the EQU 50% experiment
resembles a permanent La Niña-like event and therefore may
alter the wave propagation paths.

Eddy heat flux (V󸀠𝑇󸀠) anomalies between the 46∘S 50%
experiment and the CTR simulation during the summer
and winter in both hemispheres are shown in Figures 6(e)
and 6(f). During DJF (Figure 6(e)) there are no significant
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(b) Eady CTR JJA
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(c) Eady EQU 50% – CTR DJF
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(d) Eady EQU 50% – CTR JJA
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(e) Eady 46∘S 50% – CTR DJF
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(f) Eady 46∘S 50% – CTR JJA

Figure 5: Baroclinic instability (𝜎
𝑏1
): (a) CTR simulation in DJF, (b) CTR simulation in JJA, (c) EQU 50% – CTR in DJF, (d) EQU 50% –

CTR in JJA, (e) 46∘S 50% – CTR in DJF, and (f) 46∘S 50% – CTR in JJA. Units are in day−1.

anomalies. However, a weakening of the eddy momen-
tum flux is observed in the North Pacific and Atlantic
Ocean. Changes on the pattern of storms during SH winter
(Figure 6(f)) depict positive values (weaker V󸀠𝑇󸀠) throughout
the Southern Ocean, primarily due to the overall warming

over extratropical latitudes as predicted to occur under
stronger wind stress forcing.

The second storm quantity evaluated is the upper tro-
posphere eddy momentum flux (𝑢󸀠V󸀠) at 200 hPa (Figure 7).
𝑢
󸀠V󸀠 is directly associated with the westerly flow on both
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Figure 6: Eddy heat flux (V󸀠𝑇󸀠). (a) CTR simulation in DJF, (b) CTR simulation in JJA, (c) EQU 50% – CTR in DJF, (d) EQU 50% – CTR in
JJA, (e) 46∘S 50% – CTR in DJF, and (f) 46∘S 50% – CTR in JJA. Units are in km s−1.

hemispheres and is more intense during DJF (JJA) in the
Northern (Southern) Hemisphere (Figures 7(a) and 7(b)).
In the Southern Hemisphere 𝑢

󸀠V󸀠 is predominantly confined
between 30∘ and 45∘S in both seasons. In the NH 𝑢

󸀠V󸀠 spatial
distribution andmagnitude exhibit stronger seasonal cycle as
compared to the SH.

Figures 7(c) and 7(d) show anomalies of 𝑢
󸀠V󸀠 between

CTR and EQU 50% experiments for DJF and JJA. As shown
for V󸀠𝑇󸀠, the intensification of wind stress in the equatorial
region does not contribute significantly to changes in the
storm tracks pattern but enhanced activity is noted over
Hudson Bay and Japan Sea/Eastern Asia in DJF (Figure 7(c)).
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(b) UV JJA CTR 200 hPa
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(d) UV JJA EQU 50% – CTR 200 hPa
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(e) UV DJF 46∘S 50% – CTR 200 hPa
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(f) UV JJA 46∘S 50% – CTR 200 hPa

Figure 7: Eddy momentum flux (𝑢󸀠V󸀠). (a) CTR simulation in DJF, (b) CTR simulation in JJA, (c) EQU 50% – CTR in DJF, (d) EQU 50% –
CTR in JJA, (e) 46∘S 50% – CTR in DJF, and (f) 46∘S 50% – CTR in JJA. Units are in m2 s−2.

During JJA in the Southern Hemisphere (Figure 7(d)), pos-
itive values are observed at Pacific Ocean in the region
of 30∘S. This indicates a storm weakening for EQU 50%
simulation as compared to the unperturbed CTR condi-
tions.

For 46∘S 50% simulation (Figures 7(e) and 7(f)), the
largest differences occur over Southern Hemisphere mid-
latitudes during JJA (Figure 7(f)), 𝑢

󸀠V󸀠 is weakened by
12m2/s2 between 30∘S and 45∘S. It is important to point out
that the wind stress intensification in mid-latitudes also leads
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Figure 8: Heat transport zonally averaged (PW). (a) Total heat transport, (b) heat transport in Atlantic Ocean, and (c) heat transport in
Pacific Ocean. Black line: CTR simulation, red line: EQU 50% simulation, and green line: 46∘S 50% simulation.

to weaker baroclinic instability and V󸀠𝑇󸀠 at 700 hPa. This
was not anticipated because enhanced zonal wind stress at
mid-latitudes should be associated with stronger meridional
thermal gradient and atmospheric baroclinicity.

Recently, Justino et al. [34] performed numerical simula-
tions with SPEEDO coupled model using a modified Antarc-
tic topography. Their results indicate that modifications of
the Antarctic ice sheet height induce a weakening of the
meridional thermal gradient and V󸀠𝑇󸀠 and 𝑢

󸀠V󸀠.

3.2.3. Total Poleward Heat Transport. As discussed earlier,
the intensification of wind stress in the equatorial region and
the Southern Ocean favors the occurrence of anomalies in
atmospheric and oceanic circulations. These changes may be
associated with anomalies in the atmospheric and oceanic

poleward heat transport. The total poleward heat transport
of the ocean-atmosphere system in each latitudinal band
is computed from the difference between net shortwave
radiation and outgoing long-wave radiative flux at the top of
the atmosphere [63–65]. It can be expressed as

𝐻 (𝜙)total = 𝐻ATM + 𝐻OCE

= 2𝑎
2
𝜋 ∫ (𝑆TOA (𝜙)

󸀠

− 𝐿TOA (𝜙)
󸀠

) ⋅ cos𝜙
󸀠

⋅ 𝑑𝜙
󸀠
,

(3)

where 𝐻total, 𝐻ATM, and 𝐻OCE are the total, atmospheric, and
oceanic heat transports, 𝑎 is the radius of the Earth, 𝜙 is the
latitude, 𝑆TOA is the zonal averaged net shortwave radiation,
and 𝐿TOA is the zonal averaged outgoing long-wave radiation.
Both fluxes are computed at the top of the atmosphere.
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Table 1: Heat transport at 30∘S for the numerical experiments. Units are PW.

Experiments Total heat transport Global ocean Atlantic Indi./Pac. Atmosphere
CTR −7.21 −0.86 0.01 −1.04/0.17 −6.35
EQU 50% −7.21 −0.92 0.01 −1.19/0.26 −6.29
46∘S 50% −7.52 −1.12 −0.10 −1.14/0.12 −6.40

Table 2: Heat transport in 30∘N for the numerical experiments. Units are PW.

Experiments Total heat transport Global Ocean Atlantic Pac. Atmosphere
CTR 8.63 0.96 0.57 0.39 7.67
EQU 50% 8.53 0.97 0.57 0.40 7.56
46∘S 50% 8.38 0.82 0.46 0.36 7.56

Figure 8 shows zonal averaged total heat transport
(Ocean + Atmosphere) and the oceanic contribution for the
Atlantic and Pacific regions for the CTR, EQU 50%, and
46∘S 50% simulations. The sum of the heat transport from
the ocean and the atmosphere (Figure 8(a)) shows a similar
pattern between the CTR and the simulations forced with
the intensification of wind stress. The maximum values of
total heat transport occur between the latitudes of 30∘ and
40∘ at both hemispheres. Negative (positive) values indicate
heat transport towards the South (North) Pole. The SPEEDO
model simulates the total heat transport with values close to
those seen in Trenberth and Caron [65] and Wu et al. [58];
however, the model overestimates this transport up to 1 PW
at 30∘ latitude in both hemispheres. It should be noted that
the values proposed in the literature are based on reanalysis
and uncertainties are still present.

By analyzing the total heat transport between CTR
and EQU 50% experiments small differences are observed
(Table 1). In the Northern Hemisphere, the total heat trans-
port is weakened in the EQU 50% simulation in 0.1 PW
in 30∘N (Table 2). However, the total heat transport is
substantially modified when the wind stress is intensified in
the Southern Ocean. This situation is evident in Figure 8(a),
where there is a heat transport intensification in the Southern
Hemisphere and a weakening in the Northern Hemisphere.
By analyzing Tables 1 and 2, it should be noted that the total
heat transport increases by up to 0.31 PW at 30∘S, while in
the Northern Hemisphere a weakening of 0.25 PW occurs.
This southward heat transport increase in the Southern
Hemisphere can favor an increase of SST and air temperature
over the extratropical region. Thus, the ocean transport of
heat changes direction, favoring the formation process of
the interhemispheric seesaw. According to Broecker [66], a
reduction in deep water formation rates of the South Atlantic
or the North Atlantic should occur, so that this phenomenon
occurs. Machado et al. [45] also show this process due to a
weakening in the MOC. Although the ocean heat transport
contributes only 10% of the total, the results show that a
small enhancement associated with a change of direction
contributes significantly to changes in atmospheric and ocean
circulations in this climate scenario.

When considering only the contribution of heat transport
of the Atlantic and Pacific oceanic regions (Figures 8(b)

and 8(c)), it is clear that the maximum values occur in the
equatorial region. From Tables 1 and 2 one may note that
the oceanic heat transport contributes to about 15% of the
total transport. The impact of the intensification of the wind
stress in the oceanic heat transport is remarkable on 46∘S 50%
experiment. Specifically, changes on heat transport occur
significantly in the Atlantic Ocean (Figure 8(b)). The oceanic
heat transport is intensified in the South Atlantic and the
opposite occurs in the North Atlantic. It should be noted that
this is in close agreement with the changes in the THC. It
is well known that the THC contributes significantly with
the transport of heat from the Southern to the Northern
Hemisphere as well as from the Atlantic to Indian-Pacific
basins [67, 68].

4. Conclusions and Final Remarks

Based on simulations conducted by the climate model
SPEEDO, the atmospheric and oceanic response to wind
stress anomalies applied in the equatorial (EQU 50%) and
extratropical region (46∘S 50%) was evaluated. It has been
demonstrated that the forcing applied on the equatorial and
the SouthernOcean regions leads to different responses of the
climate system. When the wind stress is enhanced over the
equatorial region (EQU 50% experiment) an intensification
of the Ekman transport and consequent acceleration of the
oceanic subtropical cells was verified leading to an equatorial
cooling due to the increased upwelling and evaporation.

By increasing the wind stress over the Southern Ocean
(46∘S 50%), there is a local warming of the sea surface up
to 3∘C and a reduction in the Antarctic sea ice thickness.
On the other hand the North Atlantic is cooled down.
This anomalous negative SST pattern is associated with the
North Atlantic Deep Water formation rate decreasing and
an increasing in the Antarctic Bottom Water. Thus, the total
heat transport (Ocean + Atmosphere) is affected and it is
most related by changes in the oceanic heat transport, in the
Atlantic Ocean.

This increased wind stress in the SouthernOcean induces
the positive temperature anomalies found around theAntarc-
tic region.This fact is an evident consequence from the inten-
sification of heat fluxes exchanges between the ocean and
the atmosphere. The warming in the Southern Hemisphere
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favors the slowdown of the jet stream due to the meridional
weakening of the thermal gradient. As a result, the baroclinic
instability and storm are reduced.

It is noteworthy that, with the simulations, it can be
concluded that upwelling is the mechanism responsible for
changes in oceanic and atmospheric circulations when the
wind stress is intensified in the equatorial region. However,
changes in ocean patterns for extratropical regions, due to the
wind stress intensification, need further investigation, since
the answer is not yet clear when you compare our results
with other works. Thus, it is important to conduct similar
modeling experiments based on climate models with higher
degree of complexity, involving more vertical atmospheric
layers and recent developments in cloud parameterization.
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