
Geophysical Research Letters

Ocean Circulation Reduces the Hadley Cell Response
to Increased Greenhouse Gases

R. Chemke1 and L. M. Polvani1,2

1Department of Applied Physics and Applied Mathematics, Columbia University, New York, NY, USA, 2Department of Earth
and Environmental Sciences and Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA

Abstract The Hadley cell (HC) plays an important role in setting the strength and position of the
hydrological cycle. Climate projections show a weakening of the HC, together with widening of its vertical
and meridional extents. These changes are projected to have profound global climatic impacts. Current
theories for the HC response to increased greenhouse gases account only for atmospheric and oceanic
thermodynamic changes and not for oceanic circulation changes. Here the effects of ocean circulation
changes on the HC response to increased greenhouse gases are examined by comparing fully coupled and
slab ocean model configurations. By reducing the warming of both the sea surface and the atmosphere,
changes in ocean circulation reduce the HC response to increased CO2 concentrations. This reduced
warming suppresses convective heating, which reduces the weakening of the HC and the stabilization at
low latitudes, and thus also reduces the meridional (in the Southern Hemisphere) and vertical HC expansion.

Plain Language Summary Given the importance of tropical circulation in affecting low-latitude
climate, it is crucial to understand the projected response of tropical circulation to anthropogenic emissions.
To fully understand the tropical circulation response, one must account for the internal feedbacks between
the different components of the climate system. Here we study the effect of changes in ocean circulation
in response to increased greenhouse gases on the tropical circulation. We find that ocean circulation acts
to reduce the projected response of tropical circulation to anthropogenic emissions. This emphasizes the
importance in using models with ocean circulation, when studying the long-term atmospheric response to
increased greenhouse gases.

1. Introduction

The position and strength of Earth’s climate zones are mostly determined by the large-scale atmospheric cir-
culation. For example, by converging moist and warm air into the deep tropics and forcing descent of dry cold
air in the subtropics, the Hadley cell (HC) is partially responsible for separating the wet tropical from the dry
subtropical regions. By the end of the 21st century, the HC is projected to weaken and extend both its ver-
tical and meridional edges (Intergovernmental Panel on Climate Change, 2013; Kang et al., 2013; Vallis et al.,
2015), which have important societal impacts in tropical and subtropical regions (Intergovernmental Panel
on Climate Change, 2014).

Several theories have been suggested to explain the response of the HC to increased greenhouse gases
(GHG) concentrations, which we briefly review: (i) Regarding the circulation’s strength, changes in both
upper troposphere radiative (e.g., Bony et al., 2013; Knutson & Manabe, 1995; Merlis, 2015) and convective
(e.g., Held & Soden, 2006; Knutson & Manabe, 1995; Schneider et al., 2010) heating, as well as eddy fluxes
(e.g., Levine & Schneider, 2011) have been proposed to explain the weakening of the HC. (ii) Regarding the
HC’s meridional width, it was found to follow the latitude where the angular momentum conserving flow
becomes baroclinically unstable (Held, 2000). Under increased GHG, the stabilization of the subtropics and
its associated reduction in baroclinicity were found to shift the HC edge poleward (Lu et al., 2008; Son et al.,
2018). (iii) Regarding the circulation’s height, from radiative considerations alone, the height of the tropical
tropopause is expected to increase, due to both a reduction in the temperature lapse rate and an increase in
surface temperature (Thuburn & Craig, 1997, 2000; Vallis et al., 2015).

In all above theories, atmospheric and oceanic thermodynamic changes were taken into account. However,
since ocean circulation plays an important role in setting the properties of the HC (e.g., Clement, 2006),
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changes in ocean circulation, which are absent in those theories, may also affect the HC response to
increased GHG.

Since the sea surface serves as a lower boundary for the atmosphere, any effects of ocean circulation on the
tropical atmosphere must go through changes in sea surface temperature (SST). Several studies found that
changes in ocean heat fluxes, under different types of forcing, result in profound tropical atmospheric circu-
lation changes. Interhemispheric heat transfer by ocean circulation was found to counteract the shift of the
ITCZ under both the RCP8.5 forcing scenario (McFarlane & Frierson, 2017) and changes in high-latitude sur-
face energy balance (Deser et al., 2015; Green & Marshall, 2017; Hawcroft et al., 2017; Tomas et al., 2016). In
the context of the HC, Levine and Schneider (2011), using an idealized slab ocean model (SOM), argued that
under increased optical thickness, the wind-driven oceanic tropical heat flux acts to moderate the widening
and weakening of the HC.

The aim of this work is to understand the role of changes in ocean circulation in affecting the response of the
HC to increased GHG. The use of a SOM in Levine and Schneider (2011) did not enable them to investigate
and quantify the full effect of ocean circulation changes. Thus, here we compare the response of the HC to
increased CO2 concentrations in a fully coupled ocean-atmosphere model (FOM), to the response in the same
model but with a slab ocean. Contrasting the FOM to the SOM allows isolating and quantifying the effect of
ocean circulation on the HC.

2. Methods

Two configurations of the Community Climate System Model version 4 (Gent et al., 2011) are used in this
study; one with an active full-depth ocean (FOM) and one with a SOM (see Bitz et al., 2012; Kay et al., 2012,
for further details). Both configurations use the Community Atmosphere Model version 4, with horizontal
resolution of 1.25∘ × 0.9∘ and 26 vertical layers. The FOM uses the Parallel Ocean Program version 2, with 1∘

horizontal resolution and 60 vertical layers. Unlike in the FOM, in the SOM the ocean component is reduced to
a slab ocean, with a depth calculated from a control FOM run. The slab ocean lacks any dynamical processes
and only exchanges heat and moisture with the lowest atmospheric level. A Q-flux is added to the slab ocean
temperature equation for producing similar climatology as in the control FOM (Bitz et al., 2012). This Q-flux is
the same in all runs described below.

Two sets of runs (presented in Kay et al., 2012) are analyzed for each configuration: a preindustrial run with
1,850 forcing and CO2 concentrations of 284.7 ppmv and a 2×CO2 run with an instantaneous doubling of CO2

concentrations to 569.4 ppmv (throughout the paper, the difference between the 2 × CO2 and preindustrial
runs is denoted by 𝛿). Since the same Q-flux is applied in the preindustrial and 2×CO2 runs, the SOM does not
account for changes in ocean circulation under 2×CO2 (i.e., the Q-flux does not respond to 2×CO2). Thus, by
comparing the responses of the two configurations to 2×CO2, the role of ocean circulation in affecting the HC
can be isolated and examined (i.e., this is the only process that responds to the forcing and does not appear
in both models). To ensure that the HC has equilibrated, 300- and 60-year runs were conducted in the FOM
and SOM, respectively. Following Kay et al. (2012), the results represent the average over the last 10 years of
each run. Taking 20-year averages does not change the qualitative results of the study but does decrease the
signal-to-noise ratio, as it accounts parts of the transient response.

Similar to Kang et al. (2013), three HC metrics are examined in this study:

a. The HC width (𝜙Ψ500), defined as latitude where the meridional mass stream function,

Ψ = 2𝜋a cos𝜙
g ∫

p

0
v̄dp, (1)

at 500 mb first changes sign poleward of the latitude of maximum stream function in each hemisphere; here
a is Earth’s radius, g is gravity, v is meridional velocity, p is pressure, and overbar represents zonal and time
mean.

b. The HC strength (Ψmax), defined as the maximum absolute value of Ψ at 500 mb, in each hemisphere.
c. The HC height (H), defined as the tropopause height averaged between the latitudes ofΨmax in the Northern

Hemisphere (NH) and Southern Hemisphere (SH). Following the World Meteorological Organization, the
tropopause height is defined as the lowest level where the temperature lapse reaches 2 K/km.
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Figure 1. Mean (a–c) SST (K), (d–f ) temperature (K), and (g–i) meridional mass stream function (kg/s) response to 2 × CO2 in (a, d, g) the FOM, (b, e, h) SOM and
(c, f, i) difference between FOM and SOM. Black contours in panels (g) and (h) show the stream function in the preindustrial run, where solid (dashed) contours
represent clockwise circulation (counterclockwise). In panels (c) and (f ) the difference in responses is multiplied by 2. The black dots show where the response is
statistically significant at the 95% confidence level. SST = sea surface temperature; FOM = fully coupled ocean-atmosphere model; SOM = slab ocean model.

3. Results

As mentioned in section 1, any ocean circulation changes can only affect the atmosphere by modulating the
SST. Therefore, we start by showing the SST response to 2×CO2 (Figures 1a–1c) in the FOM (panel a) and SOM
(panel b). In both configurations, the SST shows the expected warming pattern of strong polar amplification.
The difference in the responses between the FOM and SOM is shown in Figure 1c. Since the only difference
between the FOM and SOM, which responds to 2 × CO2, is the presence of ocean circulation in the former,
the difference in the responses shown in Figure 1c represents the effects of ocean circulation on SST under
2 × CO2. Ocean circulation acts to reduce the warming of the SST through most of the globe and more so at
high latitudes than at low latitudes (e.g., Winton et al., 2013). This overall-reduced warming pattern is not con-
fined to the surface but also extends into the atmosphere. Figures 1d–1f show the atmospheric temperature
response, where both the FOM (panel d) and SOM (panel e) show the expected polar amplification along with
a warming maximum of the upper tropics. As for the SST response, the ocean circulation acts to reduce the
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Figure 2. (a) The poleward shift of the Hadley cell edge (𝛿𝜙Ψ500, degrees latitudes, section 2) in the SH and NH. (b) SH
subtropical static stability response (𝛿N, s−1), separated to changes in mean potential temperature (𝛿N|𝜃−1 , s−1) and to
changes in the temperature lapse rate (𝛿N|𝜃z

, s−1). (c) The response of the SH subtropical vertical difference temperature

tendency equation (𝛿 𝜕Δv T
𝜕t

,K/s, equation (3)); radiation (𝛿Δv Qrad), convection (𝛿Δv Qmoist), mean temperature flux

convergence (−𝛿Δv∇ ⋅ v⃗T̄), meridional (−𝛿Δv v′T ′
y) and vertical (−𝛿Δv w′T ′

p) eddy temperature flux convergence, and
adiabatic and vertical diffusion (𝛿Δv Qres). Blue and red bars show the SOM and FOM responses, respectively. Vertical
error bars represent the 95% confidence interval over the analysis period. SH = Southern Hemisphere; NH = Northern
Hemisphere; SOM = slab ocean model; FOM = fully coupled ocean-atmosphere model.

warming of most of the atmosphere and more at high latitudes than low latitudes (Figure 1f; e.g., Singh et al.,
2017).

Because the atmospheric flow is driven by temperature gradients, the above temperature changes are
expected to affect the atmospheric circulation. Figures 1g–1i show the meridional mass stream function (Ψ)
response to 2×CO2, where solid (dashed) black contours show the clockwise (counterclockwise) circulation in
the preindustrial run. In both FOM (panel g) and SOM (panel h) the HC weakens under 2×CO2, as seen by the
red (blue) colors on dashed (solid) contours in the SH (NH) HC. This weakening is stronger in the SOM, indicat-
ing that the ocean circulation acts to reduce the weakening of the HC, as evidenced by the stronger blue (red)
colors southward (northward) of the equator in Figure 1i, which shows the difference in the streamfunction
responses. To elucidate and quantify the effect of ocean circulation on the three HC metrics (strength, width,
and height), we now examine each metric in detail separately.

3.1. The HC Width
In the SH, the widening of the HC (𝛿𝜙Ψ500) under 2×CO2 is 30% larger in the SOM (0.91∘, blue bar in Figure 2a)
than in the FOM (0.63∘, red bar in Figure 2a). Thus, the ocean circulation acts to reduce the widening of the SH
HC. In the NH, however, we find only a minor difference in 𝛿𝜙Ψ500 between the SOM and FOM. Since the effect
of ocean circulation on 𝜙Ψ500 is robust only in the SH, we next analyze the widening of the HC in the SH alone.

As discussed in section 1, under increased GHG the stabilization of the subtropics (the increase in static sta-
bility) is responsible for the poleward shift of the HC (e.g., Lu et al., 2008; Son et al., 2018). The subtropical

(averaged between 30∘S–40∘S and 400–800 mb) static stability, N =
(

g
𝜃

𝜕𝜃

𝜕z

) 1
2

(where 𝜃 is potential tempera-
ture and z is height), indeed shows a larger increase in the SOM than in the FOM (𝛿N, Figure 2b), in agreement
with a larger HC expansion in the SOM than in the FOM. This shows that ocean circulation acts to reduce the
stabilization of the subtropics under 2 × CO2. Further decomposing the response of N,
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𝛿N = g
1
2

(
𝜕𝜃

𝜕z

) 1
2
𝛿
(1
𝜃

) 1
2 + g

1
2

(1
𝜃

) 1
2
𝛿
(
𝜕𝜃

𝜕z

) 1
2

(2)

to changes due to mean potential temperature (𝛿N|𝜃−1 , first term on the right-hand side of equation (2)) and
changes due to temperature lapse rate (𝛿N|𝜃z

, second term on the right-hand side of equation (2)), shows that
the difference in stabilization between the SOM and FOM is largely due to changes in the temperature lapse
rate (Figure 2b).

In order to isolate which physical processes make the ocean circulation affect the subtropical temperature
lapse rate under 2 × CO2, the different terms of the temperature equation are examined. By subtracting the
lower-level temperature equation from the upper-level temperature equation, a temperature equation for
the vertical temperature difference (ΔvT) can be written, for simplicity in Cartesian coordinates, as follows:

𝜕ΔvT

𝜕t
= ΔvQrad + ΔvQmoist − Δv∇ ⋅ v⃗T − Δv

𝜕v′T ′

𝜕y
− Δv

𝜕w′T ′

𝜕p
+ ΔvQres, (3)

where Δv is a vertical difference between upper (300–500 mb) and lower (600–800 mb) levels, T is temper-
ature, t is time, Qrad and Qmoist are diabatic heating due to radiation and convection, respectively, v⃗ is wind

vector in the meridional and vertical directions, v⃗T is mean meridional and vertical heat fluxes, v′T ′ and w′T ′

are meridional and vertical eddy heat fluxes, respectively, where w is vertical velocity, and Qres includes adia-
batic heating ( wTR

pcp
, where R = 287 J⋅kg⋅−1⋅K−1 is the gas constant of dry air and cp = 1004 J⋅kg⋅−1⋅K−1 is the

specific heat of air) and vertical diffusion. At steady state, the left-hand side of equation (3) is zero: hence, a
positive value of the response of each of the terms to 2×CO2 indicates that it acts to stabilize the atmosphere
(decrease the lapse rate) and a negative value to destabilize it (increase the lapse rate).

In both SOM and FOM, the only term that acts to stabilize the subtropics with 2 × CO2 is Qmoist (𝛿ΔvQmoist,
Figure 2c). Because more water vapor is available for condensation in a warmer climate (owing to the
Clausius-Clapeyron relation), convective heating increases and warms the upper levels. This decreases the
temperature lapse rate, stabilizes the subtropics, and, following the Held (2000) theory, pushes 𝜙Ψ500 pole-
ward. Convective heating (Qmoist) also contributes to the difference between the SOM and FOM. Since the
ocean circulation acts to reduce the warming of both the surface and atmosphere (Figures 1c and 1f), less
water vapor is available for condensation in the FOM, leading to a weaker stabilization by convective heating,
which reduces the poleward expansion of the HC.

Another term that contributes to the different lapse rate response between the SOM and FOM is the eddy
meridional heat flux convergence (−𝛿Δvv′T ′

y , Figure 2c). The eddy meridional heat flux convergence acts to
destabilize the subtropics in both configurations, as it transports less heat poleward, thus warming the lower
levels at low latitudes. Since this effect is larger in the FOM than the SOM, the eddy meridional heat flux con-
vergence also contributes to the more stabilized subtropics in the SOM. All other terms in equation (3) cannot
explain the stronger stratification in the FOM than in the SOM.

3.2. The HC Strength
While ocean circulation affects 𝜙Ψ500 mostly in the SH (Figure 2a), it affects the weakening of HC in both
hemispheres (Figures 3a and 3d): it is also of a much greater amplitude. In the SH, the weakening of the HC
strength to 2 × CO2 (𝛿Ψmax) is 75% larger in the SOM (1.38 × 1010 kg/s, blue bar in Figure 3a) than in the FOM
(3.33×109 kg/s, red bar in Figure 3a). Similarly, in the NH, the weakening ofΨmax to 2×CO2 is 90% larger in the
SOM (9.08×109 kg/s, blue bar in Figure 3d) than in the FOM (9.4×108 kg/s, red bar in Figure 3d). Thus, similar
to Levine and Schneider (2011), the ocean circulation acts to reduce the weakening of the HC under 2 × CO2.

To better understand the difference in HC weakening between the two configurations, an equation for the
overturning stream function is now analyzed. Assuming a quasi-geostrophic approximation and using ther-
mal wind balance, an equation for the overturning stream function (the Kuo-Eliassen equation; Kuo, 1956)
can be written as follows (see section 14.5.5 in Peixoto & Oort, 1992):

f 2 𝜕
2𝜓

𝜕p2
+ S2 𝜕

2𝜓

𝜕y2
= R

p

(
𝜕Qdiab

𝜕y
− 𝜕2v′T ′

𝜕y2

)
+ f

(
𝜕2u′v′

𝜕p𝜕y
− 𝜕X

𝜕p

)
, (4)

where f is the Coriolis parameter, S2 = − 1
𝜌𝜃

𝜕𝜃

𝜕p
is static stability, 𝜌 is density, Qdiab is diabatic heating, u′v′ is eddy

momentum fluxes, and X is zonal friction. Equation (4) is numerically solved by applying an iterative method
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Figure 3. Hadley cell strength (a–c for SH and d–f for NH) and height (g–i) responses to 2 × CO2. (a, d) The response of the Hadley cell strength (kg/s) based on
equations (1) (Ψmax) and (4) (ΨmaxEq

). (b, e) The response of the different terms in equation (4) (kg/s); diabatic (𝛿Ψ|Qdiab
), eddy heat fluxes (𝛿Ψ|

v′T ′ ), eddy
momentum fluxes (𝛿Ψ|

u′v′
), and zonal friction (𝛿Ψ|fric). (c, f ) The response of the diabatic term in equation (4) separated to contributions from radiative heating

(𝛿Ψ|Qrad
) and convective heating (𝛿Ψ|Qmoist

). (g) The tropical tropopause height response (𝛿H, m, section 2). (h) The vertical profile of tropical temperatures in the
SOM (blue lines) and FOM (red lines) for the preindustrial (solid lines) and 2 × CO2 (dashed lines) runs. (i) The relative contributions of surface temperature
(𝛿H|𝛿Ts

), tropospheric lapse rate (𝛿H|𝛿Γ) and stratospheric temperature and lapse rate (𝛿H|𝛿strat) to the tropopause height response (equation (6)). Blue and red
bars show the SOM and FOM responses, respectively. Vertical error bars represent the 95% confidence interval over the analysis period. SH = Southern
Hemisphere; NH = Northern Hemisphere; SOM = slab ocean model; FOM = fully coupled ocean-atmosphere model.

(successive overrelaxation) to its finite difference approximation (in spherical coordinates, supporting infor-
mation). Since 𝜓 vanishes at the boundaries, in the above elliptic equation 𝜓 is proportional to the negative
of the right-hand side. Thus, in the deep tropics Qdiab decreases with latitude and acts to drive the HC, while
in the low subtropics it is the increase of the eddy fluxes with latitude and height. Surface zonal friction also
acts to strengthen the HC.

Similar to the Ψmax response to 2 × CO2, the solution of equation (4) (its maximum value at 500 mb) shows a
greater weakening in the SOM than in the FOM in both hemispheres (Figures 3a and 3d). Solving equation (4)
for each of the right-hand side terms separately yields their relative contribution in weakening the HC (eval-
uated at 500 mb and at the latitude of maximum weakening). While changes in diabatic heating are mostly
important for the weakening of the HC in the SOM in both hemispheres (Figures 3b and 3e; e.g., Bony et al.,
2013; Held & Soden, 2006; Knutson & Manabe, 1995; Merlis, 2015; Su et al., 2014), in the FOM, eddy fluxes also
contribute to the weakening of the HC in both hemispheres (e.g., Levine & Schneider, 2011). Diabatic heating
also accounts for most of the difference between the SOM and FOM in both hemispheres. Further decompos-
ing the changes in diabatic heating into radiative and convective heating shows that most of the difference
between the SOM and FOM comes from changes in convective heating (Figures 3c and 3f). This again shows
that the different HC responses in the two configurations come from the tendency of the ocean circulation to
reduce changes in convective heating by reducing the warming of the surface and atmosphere.
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3.3. The HC Height
The response of the HC height to 2 × CO2 (𝛿H) is 12% larger in the SOM (224 m, blue bar in Figure 3h) than in
the FOM (197 m, red bar in Figure 3h). Changes in H could be due to both changes in mean temperature and
changes in the lapse rate (e.g., Thuburn & Craig, 2000; Vallis et al., 2015). Figure 3h shows the tropical (averaged
between the latitudes ofΨmax in the SH and NH) temperature vertical structure around the tropopause height.
The SOM (blue lines) shows a larger increase than the FOM (red lines) in both upper tropospheric and lower
stratospheric temperatures. Since these increases have opposite effects on H and in order to quantify the
relative contributions of the mean temperature and lapse rate to changes in H, an equation for H is examined.

Assuming constant lapse rates with height in the troposphere and stratosphere, the stratospheric tempera-
ture (Tstrat) can be written as follows:

Tstrat(z) = Ts + ΓtropH + Γstrat(z − H), (5)

where Ts is the surface temperature and Γtrop and Γstrat are the tropospheric and stratospheric lapse rates,
respectively. Isolating the tropopause height (H) in equation (5) yields an equation for changes in tropopause
height (𝛿H),

𝛿H = −
𝛿Ts

Γtrop − Γstrat
−

H𝛿Γtrop

Γtrop − Γstrat
+

𝛿Tstrat − 𝛿Γstrat(z − H)
Γtrop − Γstrat

, (6)

where the first term on the right-hand side of equation (6) accounts for changes in surface temperature, the
second term for changes in tropospheric lapse rate, and the third term for changes in both stratospheric
temperature and lapse rate. Equation (6) is similar to equation 9 in Vallis et al. (2015) but generalized to a
nonisothermal stratosphere, so that changes in stratospheric temperature under 2 × CO2 may also affect H.

In both SOM and FOM an increase in surface temperature (𝛿H|𝛿TS
) and a decrease in the tropospheric lapse

rate (𝛿H|𝛿Γ) act to increase H (Figure 3i). Changes in stratospheric temperature and lapse rate (𝛿H|𝛿strat), on the
other hand, act to decrease H. Most of the difference in the response of H between the SOM and FOM is due
to a stronger decrease in the tropospheric lapse in the SOM (𝛿H|𝛿Γ). As discussed in section 3.1, the tendency
of ocean circulation to reduce the warming of both the surface and atmosphere reduces the amount of upper
troposphere convective heating (the amount of available saturated water vapor for condensation is reduced),
which yields a smaller decrease in the lapse rate and thus in H as well with 2 × CO2.

3.4. Changes in Ocean Circulation
Finally, we ask: which changes in ocean circulation are responsible for reducing the warming in the tropics
and subtropics and for reducing the response of the HC to 2 × CO2? To answer this question, the zonal mean
oceanic mixed-layer temperature tendency equation is now examined (e.g., Dong et al., 2007), which can be
written as follows:

𝜌cph
𝜕SST
𝜕t

= SHF − 𝜌cph
(

vg + v𝜏
) 𝜕SST

𝜕y
− 𝜌cpw𝜏ΔvTml − 𝜌cphQres, (7)

where 𝜌 = 1, 027 kg/m3 is ocean density; cp = 3, 985 J⋅kg⋅−1⋅K−1 is seawater-specific heat capacity; h is
mixed-layer depth; SHF is net air-sea heat fluxes; vg = g

f
𝜕SSH
𝜕x

is meridional geostrophic flow, where SSH is the
sea surface height; hv𝜏 = − 𝜏x

𝜌f
is the meridional Ekman transport, where 𝜏x is zonal wind stress; w𝜏 is verti-

cal Ekman velocity; ΔvTml is the temperature difference between the top and bottom of the mixed layer; and
Qres includes vertical turbulent mixing and entrainment at the bottom of the mixed layer. At steady state the
left-hand side of equation (7) is zero, and Qres is estimated as the residual.

The response of the different terms in equation (7) to 2 × CO2 is plotted in Figure 4. In the tropics (averaged
between the ITCZ, defined as the latitude whereΨ changes sign at 500 mb between the latitudes ofΨmax in the
SH and NH, and 𝜙Ψ500), in both hemispheres most of the reduced warming is due to a reduction in meridional
heat flux by the Ekman flow (𝛿v𝜏SSTy, Figure 4a). This reduced warming is responsible for reducing both the
weakening of the HC (section 3.2) and the increase in H (section 3.3). These effects cause the ocean circulation
to act as a negative feedback on the HC strength response to 2 × CO2. As the HC weakens (Figure 3a), the
reduced tropical easterlies (which are in balance with the equatorward meridional flow) exert less stress on
the ocean surface, which results in less oceanic heat transfer from the equator into the tropics (Figures 1c and
4a). The reduced warming of the tropics acts to reduce the weakening of the HC, through convective heating
(Figure 3c). This is in agreement with Levine and Schneider (2011), who found that the meridional heat flux by
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Figure 4. The response of the mixed-layer temperature equation (W/m2, equation (7) in the FOM to 2 × CO2 in the
(a) tropics and (b) subtropics; air-sea heat fluxes (𝛿SHF), meridional advection by geostrophic flow (𝛿vgSSTy), meridional
advection by Ekman flow (𝛿v𝜏SSTy), vertical advection by ekman flow (𝛿w𝜏ΔTml), and vertical heat transfers by turbulent
mixing and entrainment at the mixed-layer base (𝛿Qres). Yellow and purple bars show the response in the SH and NH,
respectively. Vertical error bars represent the 95% confidence interval over the analysis period. FOM = fully coupled
ocean-atmosphere model; SST = sea surface temperature; SH = Southern Hemisphere; NH = Northern Hemisphere.

Ekman transport results in a more moderate decrease of the HC strength with increased optical thickness. In
the subtropics (averaged between 30∘S–40∘S), the reduced warming occurs due to changes in vertical heat
transfers (𝛿Qres, Figure 4b), which reduces the widening of the HC (section 3.1). The weakened expansion due
to changes in Ekman heat transport, reported in Levine and Schneider (2011), does not play an important role
in the FOM.

4. Conclusions

The importance of the HC in affecting the hydrological cycle and Earth’s climate is the main reason for the
extensive study of its projected response to increased GHG. The HC is projected to weaken and to expand,
both meridionally and vertically. While most theories for these changes account for atmospheric and oceanic
thermodynamic responses to increased GHG, they do not account for changes in ocean circulation. Unlike pre-
vious studies which only accounted for the effect of the ocean using a SOM (e.g., Levine & Schneider, 2011), we
have here elucidated and quantified the full effects of changes in ocean, including changes in the circulation,
on the HC response to 2 × CO2. This is done by comparing a FOM with a slab ocean version.

The ocean circulation is found to reduce the weakening and expansion of the HC. In the tropics, the weak-
ening of the HC under 2 × CO2 weakens the meridional oceanic Ekman transport, which reduces tropical
warming. This reduced warming suppresses convective heating at high levels that limits the weakening of the
circulation. Thus, the ocean circulation has a negative feedback on the HC strength. The suppressed convec-
tive heating also reduces the increase of the tropical tropopause height, as it diminishes the decrease of the
temperature lapse rate.

In the SH subtropics, reduction in oceanic vertical mixing reduces the warming of the surface and the atmo-
sphere as well. This again suppresses convective heating that limits the decrease of the temperature lapse rate.
Since the HC width is controlled by the static stability in the subtropics, the reduced stabilization by ocean
circulation limits the poleward expansion of the HC.
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The importance of ocean circulation in modulating the atmospheric response to increased GHG is not limited
to the tropics. Ocean circulation was found to play an important role in affecting both Southern Ocean (e.g.,
Armour et al., 2016; Lu & Zhao, 2012; Singh et al., 2017) and Arctic (e.g., Deser et al., 2016; Singh et al., 2017;
Winton, 2003) climate responses to increased GHG. Our findings add to this literature with further evidence
for the importance of using coupled GCMs, where ocean circulation is taken into an account, when studying
the atmospheric response to increased GHG.
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