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ABSTRACT
The Hadley cell (HC) plays a key role in the climate response to variations in ocean heat transport (OHT).
Increased OHT is characterized by both a robust slowdown of this overturning circulation, with consequent
changes in cloudiness driving the climate response, and a compensating reduction in the atmospheric heat
transport (AHT). Here a suite of slab-ocean aquaplanet GCM simulations is used to study the robustness of
mechanisms driving changes in HC mass and energy transport across a wide range of idealized spatial patterns
of OHT. The HC response is intrinsically related to both the spatial pattern of OHT and the dynamical
mechanisms driving the slowdown of the cell. The reduced energy flux of the HC is associated with reductions
in both the mass flux and the gross moist stability (GMS) of the cell in all cases. However, when OHT
convergence patterns are confined to the subtropics and equatorward thereof (i.e., subtropical overturning
cells), the circulation response is largely momentum-conserving in nature when compared to OHT convergence patterns that extend into the midlatitudes, resulting in a deformation of the anomalous streamfunction
following angular momentum contours. The effects of this deformation are quantified through a simple, yet
novel approach of splitting the streamfunction anomalies into their ‘‘speed’’ and ‘‘shape’’ components. The
tilt of the outer branch of the streamfunction anomaly dampens the direct climate effects of the slowdown of
the cell while enhancing the change in GMS, effectively decoupling the change in the energy flux from the
slowdown.

1. Introduction
A key aspect of the climate system is the poleward
transport of energy needed to offset the differential
heating of Earth’s surface by the sun. The majority of
this transport occurs in the atmosphere, where the mean
meridional circulation (MMC), stationary eddies, and
transient eddies all work to transport moist static energy
(MSE) poleward overall. In the tropics, atmospheric
heat transport (AHT) is primarily accomplished via the
Hadley cell (HC), which works to transport warm, moist
air equatorward along its lower branch and dry, enhancedpotential-energy air poleward aloft. Because upper-level
MSE tends to be greater than at the lower level, the residual transport between the two branches in the tropical
free troposphere is poleward.
Both surface and deep ocean currents also work to
transport sensible heat out of the tropics. By current

Corresponding author: M. Cameron Rencurrel, crencurrel@
albany.edu

estimates, the AHT component dominates poleward of
308N/S, reaching a peak of 5 PW near 438 while the
oceanic heat transport (OHT) is strongest in the deep
tropics, with peaks near 2.1 and 1.6 PW at 188N/S
(Trenberth and Caron 2001; Wunsch 2005; Czaja and
Marshall 2006).
While OHT in past climates is unconstrained by proxy
data (Bice et al. 2000), a number of modeling studies
have shown that the tectonic movement of tropical
landmasses can give rise to significant changes in OHT
through modulations of the tropical oceanic static stability (i.e., depth of the tropical thermocline) (Bice et al.
2000; Hotinski and Toggweiler 2003; Enderton and
Marshall 2009; Ferreira et al. 2011). Previous studies of
the climatic impact of OHT variations in uncoupled
climate models (Winton 2003; Herweijer et al. 2005;
Barreiro et al. 2011; Rose and Ferreira 2013; Koll and
Abbot 2013) have consistently found that OHT warms
the planet while reducing the equator-to-pole temperature gradient, indicating that increased OHT may
have been a possible contributor of past warm, equable
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climates such as the late Cretaceous (100–65.5 Ma) and
early Eocene (56–34 Ma) (Pearson and Palmer 2000).
Motivated by a number of coupled simulations showing
that the meridional profiles of OHT are not fixed and can
vary with continental configuration and climatic state (e.g.,
Hotinski and Toggweiler 2003; Enderton and Marshall
2009; Ferreira et al. 2010, 2011; Rose 2015), Rose and
Ferreira (2013) and later Rencurrel and Rose (2018) used
an idealized slab-ocean aquaplanet general circulation
model (GCM) to analyze the climatic effects of a range of
meridional OHT patterns, shown in Fig. 1a. This range is
deliberately chosen to more than span the entire plausible
range of OHT on Earth, as captured by observations
(Trenberth and Caron 2001) and coupled simulations with
different continental and climatic configurations (Ferreira
et al. 2010; Hotinski and Toggweiler 2003; Rose 2015).
In the slab-ocean framework of Rencurrel and Rose
(2018), the convergence of OHT is prescribed as an
energy source/sink term (i.e., ‘‘q-flux’’) in a shallow
ocean mixed layer, shown in Fig. 1b. There is a steady
surface heat sink straddling the equator, and an equalbut-opposite heat source in the subtropics or middle to
high latitudes (depending on a scale parameter to be
described in section 2 below). Figure 1c shows the zonal
mean SST response for a 1-PW increase in OHT from 1
to 2 PW. Increasing the OHT out of the tropics results
in a global mean warming and a reduced equator-to-pole
sea surface temperature (SST) gradient in all cases,
characterized by nearly invariant equatorial SSTs and
extratropical SSTs that depend strongly on the pattern
of OHT convergence.
Rencurrel and Rose (2018) found the invariant tropical SSTs to be intrinsically related to the slowdown of
the HC (their Fig. 14). Increased OHT out of the tropics
(defined as 308S–308N), regardless of the spatial pattern,
results in decreased convection along the equator in
the intertropical convergence zone (ITCZ) tied to the
slowdown of the large-scale circulation. Decreased convection results in an increase in downward shortwave
(SW) radiation at the surface, offsetting the OHT-driven
cooling. Essentially, this mechanism can be described as a
competition between cooling by OHT divergence and
warming by cloud reductions.
From an energetic perspective, increased OHT was
found to associated with a compensating decrease in the
AHT, such that the total heat transport (THT) remained
relatively constant (Fig. 2a). Rencurrel and Rose (2018)
found that in the tropics, atmospheric compensation is
predominantly driven by a decrease in the energy flux
of the HC.
The brief review above demonstrates that the HC is a
critical component of the climate response to increased
OHT, specifically through its role in AHT compensation
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FIG. 1. (a) Idealized ocean heat transport (OHT) profiles from
Rencurrel and Rose (2018), shown for different values of the meridional scale parameter N and 1-PW peak transport. (b) Convergence
of these profiles (W m22; the prescribed sea surface heating in our
model experiments). (c) SST anomalies for a 1-PW increase in OHT.

and the maintenance of the tropical SSTs. In general, the
HC is one of the most prominent features of the climate
system, playing a pivotal role in the shaping of the
tropical-to-subtropical climate while working to transport both momentum and energy into the midlatitudes,
yet a prognostic, comprehensive theory for the HC remains elusive (Vallis et al. 2015). Understanding how
the HC responds to a wide variation in OHT will help
provide insight into the HC itself as well as potential past
climates.
We calculate the poleward energy flux of the HC as
ð psfc
dp
[m][y]adj ,
FHC (f) 5 2pa cosf
g
ptop

(1)

with m the MSE, y adj the meridional wind adjusted
for mass imbalance over the entire column following
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FIG. 2. (a) Total (THT), atmospheric (AHT), and ocean heat
transport (OHT) components for all N at 2 PW. (b) Transient eddy
heat transport anomaly for a 1-PW increase in OHT. (c) As in (b),
but for the mean meridional circulation (MMC). Note that the
y-axis scale for the anomalies is smaller than for the initial state.

Hill et al. (2015), ptop and psfc the pressure at the tropopause and surface, and the square brackets and
overbars representing the zonal mean and the time
mean, respectively. It is important to note that this energy flux is dependent on not just the circulation of the
cell y but on its relationship with the energy field m,
which itself is dependent on the spatial pattern of OHT.
The key question for this paper is, What role does the
HC play in the atmospheric compensation, and how do
the mechanisms depend on the spatial pattern of OHT?
From a dynamical perspective, there are two separate,
incomplete theories that can be used to describe changes
in the strength of the overturning circulation. In the
angular momentum–conserving limit, Held and Hou
(1980) showed that variations in a thermally direct
HC are primarily driven by changes in the tropopause
height, the fractional temperature difference between

the equator and poles, and the atmospheric stability. On
the other hand, Walker and Schneider (2006) showed that
variations in the HC are largely driven by eddy transport
of momentum out of the tropics, tied to the strength of
midlatitude baroclinicity. Aspects of both of these theories have been proven to be correct in the actual climate
system, yet neither fully capture the driving mechanisms
of the HC (Schneider 2006). Given the spatial dependence
of the SST response to OHT perturbations (Fig. 1c), it is
possible that the slowdown mechanisms span both possible theories. In line with the above question, then, are the
following: What are the dynamical mechanisms driving
the slowdown of the HC, how are they dependent on the
spatial pattern of the prescribed forcing, and what roles do
they play in setting the HC energy flux?
Here, we seek to answer these questions by analyzing the
HC response to increases in OHT using the same set of
aquaplanet simulations from Rencurrel and Rose (2018).
We find not only that the HC’s role in atmospheric compensation is dependent on the spatial pattern of the prescribed forcing, but also that it is inherently dependent
on the dynamical mechanisms driving the slowdown of the
cell as well. Equator-to-subtropical-scale OHT (large N)
results in a more thermally direct, momentum-conserving
slowdown—in the sense that anomalous streamlines are
largely parallel to angular momentum contours in the free
troposphere—than does a larger-scale OHT pattern. The
momentum-conserving nature of this slowdown results in a
change in shape in the anomalous streamfunction, tilting to
follow angular momentum contours. The effects of this
deformation are quantified through a simple, yet novel approach of splitting the streamfunction anomalies into their
‘‘speed’’ and ‘‘shape’’ components, defined in section 3. We
find that the change in shape of the streamfunction anomaly
reduces the relative strength of the near-surface MSE gradient that is advected by the circulation [y in (1)], effectively
decoupling the HC energy flux decrease from the slowdown
of the circulation. As we will show, the mechanisms by
which the HC transports energy out of the tropics are
dependent on its momentum transport.
The rest of this paper is organized as follows. Section 2
describes the GCM used for this analysis along with the
prescribed OHT patterns. The HC’s role in atmospheric
compensation is discussed in section 3. Section 4 takes a
closer look at HC energy transport efficiency, which is
related to the dynamical mechanisms driving the HC
slowdown in section 5. Discussions and conclusions
follow in section 6.

2. Experimental setup
We use an atmospheric GCM coupled to an aquaplanet mixed layer ocean with a steady, zonally symmetric
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prescribed heat source/sink term (the q-flux) representing
regions of convergence and divergence of OHT, as shown
in Fig. 1b. The OHT patterns are identical to those analyzed by Rencurrel and Rose (2018), following the simple
formulation from Rose and Ferreira (2013):
N

OHT 5 C sin(f) cos(f)2N 5 Cx(1 2 x2 ) ,

(2)

where x 5 sin(f), f is latitude, N is a positive integer
that sets the meridional extent of OHT, and C is a
constant (W) that sets the amplitude of the prescribed
pattern.
The value of N is set to range from 1 to 8, as shown in
Fig. 1a, simulating OHT patterns ranging from subtropical to polar in nature. Rencurrel and Rose (2018)
considered a wide range of amplitudes of OHT (from 0
to 4 PW), chosen to more than span the plausible range
of realistic patterns. In the present work we focus more
narrowly on the climate response to an OHT increase
from 1 to 2 PW to avoid issues with unrealistically
high subtropical OHT magnitudes of 3 to 4 PW (Rencurrel
and Rose 2018). This range nearly brackets the 1.6–2.1-PW
values for the two hemispheres in modern observations
(Trenberth and Caron 2001) while effectively capturing
potential past/future amplitude variations (Enderton and
Marshall 2009; Ferreira et al. 2010; Rose 2015). Most of
our figures, beginning with Fig. 1c, show anomalies for a
1-PW increase in OHT (peak transport increasing from
1 to 2 PW).
The GCM used is the Community Atmospheric Model,
version 4 (CAM4), the atmospheric component of the
modular Community Earth System Model (CESM). We
use CAM4 in its standard configuration regarding horizontal resolution (2.08 3 2.58), vertical resolution (26
levels), and physical parameterizations [including the
Zhang–McFarlane deep convection scheme as modified
by Neale et al. (2013)]. The model has fully interactive
clouds and water vapor, and thus incorporates many
of the fundamental radiative feedback processes absent in past idealized gray radiation aquaplanet studies.
Reference greenhouse gases are 348 ppmv CO2, 1650
ppbv CH4, and 306 ppbv N2O with all other greenhouse
gases set to zero. Ozone is prescribed as in Blackburn and
Hoskins (2013). The surface albedo is fixed at 0.1. Sea ice
is omitted and SST is permitted to drop below freezing.
These specifications follow previous aquaplanet intercomparison protocols (Lee et al. 2008; Rose et al. 2014;
Voigt et al. 2016). The model is set to a perpetual equinox
state with a 08 obliquity and a 10-m mixed layer depth,
identical to the multimodel comparison analyzed in Rose
et al. (2014) and Rose and Rencurrel (2016). Simulations
are run for 30 years with an averaging period over the
last 20 years.
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We choose to exclude sea ice from these simulations
because previous studies have shown that the coupling
between sea ice and OHT convergence patterns is
extraordinarily strong in aquaplanet simulations (e.g.,
Rose 2015) and we wish to study the effects of OHT on
atmospheric radiative and dynamical processes without
the confounding effect of very large changes in sea ice
extent. This exclusion is consistent with many previous
aquaplanet studies (Lee et al. 2008; Rose et al. 2014;
Voigt et al. 2016; Rose and Rencurrel 2016).

3. Atmospheric compensation
Here, we look at the compensating changes of AHT to
an increase in OHT as well as the HC’s role in driving
the response. Figure 2a shows a fairly robust THT pattern across all runs, largely insensitive to variations in
OHT. THT is calculated energetically from the TOA
radiative fluxes:
FTHT (f) 5 2pa

2

ðf
2p/2

[QTOA ] cosf df ,

(3)

while AHT is calculated from the residual between the
TOA and surface heat fluxes:
FAHT (f) 5 2pa2

ðf
2p/2

([QTOA ] 2 [Qsfc ]) cosf df ,

(4)

with QTOA and Qsfc being the downward energy flux at
the TOA and surface, and a the planetary radius.
Compensating changes in meridional energy transport have long been shown to be a fundamental aspect
of the climate system (Stone 1978; Bjerknes 1964). In
the steady state, THT is uniquely determined by the
meridional divergence of the net top-of-atmosphere
(TOA) radiative forcing, primarily set by astronomical
parameters and albedo, and is largely insensitive to
variations in either OHT or AHT (Armour et al. 2019).
Because we impose surface q-flux perturbations with
zero global mean, compensation must be a fundamental
aspect of the equilibrium response. However, this compensation is not perfect. Increasing OHT in these model
runs is characterized by a slight increase in the THT and
an undercompensation in the AHT response in all cases.
This can be attributed to an increase in the meridional
TOA radiative gradient driven primarily by cloud feedbacks (Rencurrel and Rose 2018; Liu et al. 2016).
Assuming transport of kinetic energy to be negligible,
we use (1) to calculate the mean meridional circulation
(MMC) component of the transport, comprising the
HC in the tropics and the Ferrel cell in the midlatitudes
(Trenberth and Stepaniak 2003; Hill et al. 2015). Because
stationary eddies are negligible on a zonally symmetric
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FIG. 3. (a) Initial HC mass flux for prescribed 1-PW OHT. (b) Anomalous poleward Hadley cell mass flux for a
1-PW increase in OHT. (c) Initial GMS for prescribed 1-PW OHT. (d) Anomalous gross moist stability (GMS).
GMS has been divided by cp to present results in units of kelvin. Initial states are an order of magnitude greater than
the respective anomalies. The latitude range is limited to 6308 here and in the remaining of the figures.

aquaplanet, the transient eddy component is simply taken
to be the residual between (4) and (1). This partitioning
for the anomalous AHT is plotted in Figs. 2b and 2c. The
AHT adjustment is largely a local response to OHT
variations, in the sense that changes in AHT tend to be
equal and opposite to changes in OHT and thus occur
farther poleward for small N (midlatitude forcing).
The primary mechanism for this compensation shifts
from MMC for large N to transient eddies for small N.
This is perhaps not surprising, as the HC and transient
eddies are largely tropical and midlatitude phenomena
respectively. However, the MMC component decreases
robustly by 0.5–0.7 PW in the subtropics for all N.
We relate this compensating energy flux to the slowdown of the mass flux by rewriting (1) as
FHC (f) 5 cmax (f)DHC (f),

(5)

with cmax(f) as the lower-level mass flux of the circulation, calculated as the signed maximum of the Eulerian
meridional mass streamfunction c, from
ðp
dp
c(f, p) 5 2pa cosf [y]adj ,
g
0

(6)

and DHC(f) as the efficiency of the HC energy transport per unit mass transport. In (5) cmax represents the
poleward mass flux of the cell, directly tied to the
strength of the overturning circulation. The initial mass
flux for a prescribed OHT of 1 PW and the change in the
mass flux for an increase in OHT to 2 PW are shown in
Figs. 3a and 3b respectively. Increasing OHT results in a
10%–30% reduction in the maximum strength of the
overturning circulation. Subtropical forcing (large N) is
characterized by a greater slowdown than its midlatitude
counterparts, generally increasing with N (N 5 1 being
the exception, discussed later in section 5).
The term DHC is also known as the gross moist stability
(GMS) of the HC. GMS governs how well the HC is able
to transport energy out of the tropics, also calculated
as the meridional flow-weighted difference between
the upper-level and lower-level MSE (Neelin and Held
1987). The initial GMS is shown in Fig. 3c. In all cases,
we find GMS to be slightly negative in the deep tropics,
increasing poleward toward the HC edge. While not
realistic, negative GMS in the deep tropics is a common
occurrence in aquaplanet simulations (Frierson 2007).
Changes in GMS can influence the change in the HC
circulation needed to reach equilibrium in response to a
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FIG. 4. Linear breakdown of anomalous Hadley cell energy flux components. (a) Total HC energy flux anomalies,
(b) thermodynamic efficiency-driven energy flux anomalies, (c) dynamic circulation-driven energy flux anomalies,
and (d) nonlinear residual.

climate forcing. In the case of a positive correlation
between the mass flux and the GMS, the change in GMS
will partially compensate for the induced energy imbalance, resulting in a weaker mass circulation response
(Hill et al. 2015; Ma et al. 2018). The change in GMS
calculated from (5) is shown in Fig. 3d. Increasing OHT
results in a 10%–40% decrease in GMS at 158N. Similar
to the mass flux of the cell, large N is characterized by a
greater decrease in the efficiency of the energy transport.
Both the reduction in the GMS and the slowdown
of the overturning circulation are working to reduce
the HC poleward energy flux. To determine the relative
importance of these two mechanisms, we linearly expand
(5) such that
dFHC (f) 5 cmax (f)dDHC (f) 1 dcmax (f)DHC (f)
1 residual:

(7)

The first right-hand-side term represents the decreased
energy flux associated with the decreased transport efficiency. As expected, a reduction in GMS results in a
decrease in the HC poleward energy transport, shown
in Fig. 4b. And in the cases of subtropical OHT forcing
(large N), a larger decrease in the transport efficiency results in a greater reduction in the energy flux.

Curiously, this simplicity does not extend to the second
term in (7), the change in the energy flux associated
with variations in the overturning circulation, shown
in Fig. 4c. Away from the equator, the slowdown of the
HC is working to reduce the energy flux of the cell, but a
greater slowdown does not result in a greater energy flux
decrease. On the contrary, midlatitude and polar OHT
forcing patterns (small N) appear to have the greatest
effect, despite the weaker circulation response. The
nonlinear interactions between the two components
are negligible (Fig. 4d).
Making the qualitatively sound assumption that the
majority of GMS is primarily set by the near-surface
MSE gradient (Held 2001; Hill et al. 2015; Merlis et al.
2013), we can study this breakdown by analyzing the
relationship between the streamfunction and the MSE
field, shown in the left two panels of Fig. 5 for two illustrative example cases: midlatitude (N 5 2) and subtropical (N 5 6) OHT forcing. (The full breakdown for
all N is appended in Fig. A1.)
The leftmost panels show the relationship between
the anomalous MSE field and the reference streamfunction (taken from the 1-PW case for each N), representative of the efficiency-driven decrease in the energy
flux. Increased OHT works to enhance near-surface MSE
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FIG. 5. (left) Anomalous moist static energy (MSE) plotted with reference streamfunction (contour interval: 20 3 109 kg s21), (center
left) anomalous streamfunction (contour interval: 6 3 109 kg s21) plotted with reference MSE field, and (center right) speed and (right)
shape components of the streamfunction anomaly for a 1-PW OHT increase for (top) N 5 2 and (bottom) N 5 6.

primarily in the regions of OHT convergence, reducing
the GMS (i.e., transport efficiency) through the increase
in the equatorward energy flux of the lower branch of the
HC. Increased equatorward transport works to offset the
poleward energy transport of the upper branch, reducing
how much energy the HC is able to transport poleward
per unit mass flux. This effect is greater in the case of
subtropical forcing (N 5 6), where the maximum MSE
anomaly is directly interacting with the circulation.
The center-left panels represent the dynamically driven
energy flux relationship between the anomalous streamfunction and the reference MSE field. Subtropical OHT
forcing (N 5 6) results in a greater decrease in HC
mass flux when compared to its midlatitude counterpart (N 5 2). This slowdown works to decrease the
energy flux of the cell. However, this enhanced slowdown is also characterized by a reduction in the meridional extent of the surface branch of the streamfunction
anomaly, indicating a decrease in magnitude of the MSE
gradient with which the anomalous flow is interacting.

This results in a decrease in amplitude of the dynamically
driven HC heat transport anomaly, partially offsetting the
anomalous flow associated with the greater slowdown.
To quantify this effect, we conduct a simple, yet novel
breakdown of the streamfunction anomaly in which
we separate it into its ‘‘speed’’ csp and ‘‘shape’’ csh
components, with
dcsp 5 acref ,

(8a)

max(dc)
,
max(cref )

(8b)

dcsh 5 dc 2 dcsp ,

(9)

a5
and

where cref is the reference streamfunction for each N.
The term dcsp represents the change in strength of the
streamfunction assuming a fixed circulation pattern,
calculated as the scaling of the reference streamfunction
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FIG. 6. Full linear breakdown of anomalous Hadley cell energy flux components. Transport changes driven by (a) the direct effect of the
physical slowdown of the HC, (b) the change in GMS associated with the anomalous MSE field, (c) nonlinear mechanisms, (d) the direct
effect of the deformation of the HC anomaly, (e) the change in GMS associated with the deformation of the HC anomaly, and (f) total
effect of the HC deformation anomaly [sum of (d) and (e)].

by the maximum fractional change a; dcsp represents
the change in the shape of the streamfunction, calculated as a residual of the total anomalous streamfunction dc and the speed component dcsp. The ‘‘speed’’
and ‘‘shape’’ components of the streamfunction anomaly
are shown in the center-right and far right panels of Fig. 5
respectively. Subtropical OHT forcing (N 5 6) results
in both a greater slowdown and greater deformation
compared to its midlatitude counterpart (N 5 2).
We can directly calculate the effects of the HC
slowdown and deformation on the anomalous energy
transport by expanding the dynamically driven term
in (7):
dcmax (f)DHC (f) 5 d(csp )

(f)DHC (f)

max

1 d(csh )max(f)DHC (f),

(10)

with d(csp)max(f) and d(csh)max(f) representing the
anomalous mass flux associated with the speed and
shape components of the HC anomaly respectively. To
effectively capture the mass flux anomalies, we calculate
the anomalous mass flux components as the difference in
the mass fluxes associated with the initial streamfunction
and the streamfunction assuming just the change in the
speed/shape of the cell (e.g., cref 1 csh). The results of
this breakdown are shown in Figs. 6a and 6d. The enhanced slowdown associated with subtropical OHT
forcing (large N) does result in a greater decrease in the
HC energy flux when compared to the extratropical forcing patterns (small N), but this difference is clearly offset
by the associated deformation of the streamfunction

anomaly, resulting in the disconnect between the decrease in the HC energy flux and its dynamically driven
component, as shown in Fig. 4c.
As the OHT anomalies shift toward the subtropics
(N increases), there is a clear reduction in the HC energy
flux associated with the increased slowdown of the
overturning circulation. However, this reduction is
offset by the change in the shape of the HC, resulting
in the disconnect between the overall decreased HC
energy flux and its dynamically driven component.

4. Transport efficiency
We have demonstrated that the deformation of the
streamfunction anomaly associated with subtropical
OHT forcing patterns (large N) works to disconnect
the physical slowdown of the HC and its energy flux
reduction. Because of this, the majority of the HC energy flux decrease is tied to the decrease in GMS, or
the reduction in the efficiency of the heat transport, as
shown in Fig. 4b. It is worth asking then, What role does
the deformation of the streamfunction anomaly have
on the GMS response?
As mentioned previously, changes in GMS can be
qualitatively understood through changes in the MSE
field. More specifically, Held (2001) assumes that GMS
can be captured by the difference in the near-surface
MSE locally and at the ITCZ:
DHC

Held

(f) ’ mITCZ 2 m(f),

(11)
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FIG. 7. (a) Approximate gross moist stability anomaly calculated from (11) (Held 2001).
Component breakdown of the anomalous Hadley cell energy transport efficiency: (b) decreased
efficiency associated with the change in the moist static energy field, (c) decreased efficiency
associated with both the slowdown and the deformation of the Hadley cell anomaly, and (d) the
sum of the three components [in (b) and (c)]. GMS has been divided by cp to present results in
units of kelvin.

based on 1) vertical homogenization of MSE within the
ITCZ by convection and horizontal homogenization
by gravity waves in the upper troposphere, and 2)
equal mass flux weighting between the upper and lower
branches.
Under this assumption, the decrease in GMS can be
attributed to the increase in the near-surface MSE in
regions of OHT convergence away from the ITCZ.
However, it is clear that in the case of subtropical forcing
(high N), the mass flux weighting between the upper and
lower HC branches no longer cancels and (11) is not a
valid assumption. We illustrate this misfit by calculating
the approximated GMS from (11), shown in Fig. 7a. In
the cases of subtropical forcing, the decrease in the nearsurface MSE gradient only accounts for approximately
50% of the total change in GMS.
To quantify the effect of the cell deformation on the
GMS anomaly, we first must expand (5) in terms of
both the MSE and the streamfunction. From (6), we can
show that

y5

g
›c
,
2pa cosf ›p

(12)

with y and c representing the time and zonal-mean
meridional wind velocity and streamfunction respectively. Plugging (12) into (1) allows us to calculate the
HC energy flux in terms of the streamfunction as well
as the MSE field, which we can then divide by the mass
flux of c to get the GMS:
DHC 5 2pa cosf

ð psfc
ptop


[m]

g
›c
2pa cosf ›p



dp 21
cmax . (13)
adj g

Assuming the linearity illustrated in (7) is robust, we
can calculate the direct effect of the change in the MSE
and streamfunction individually by holding the opposing term constant. We can also further break down the
streamfunction-driven change in the GMS by isolating
the changes in the speed and shape component of the
cell, as in the previous section.
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Holding the streamfunction fixed,
"
ð psfc
[m2 ]
dDm5 2pa cosf
ptop

›c1
g
2pa cosf ›p

#

dp 21
2 DHC
c
1
g max1

adj

(14)
is the change in the GMS associated with the increased
MSE, with the subsets 1 and 2 representing the amplitude (PW) of the prescribed OHT pattern in each state.
By holding the MSE fixed,
#
"
ð psfc
›csh2
g
dp 21
c
[m1 ]
dDsh 5 2pa cosf
2pa cosf ›p
g maxsh2
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2 DHC

(15)
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dDsp 5 2pa cosf
ptop

"
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g
2pa cosf ›p

2 DHC

1

is further enhanced in the subtropics by the deformation of the cell, where the change in shape of the
streamfunction works to reduce the magnitude of the
MSE gradient with which the anomalous surface flow is
interacting.
The reduction in the meridional extent of the surface
branch works both to offset the direct effects of the
slowdown of the cell and to enhance the decreased
GMS, making the compensating change in the energy
flux largely efficiency-driven in nature. However, in
analyzing the sum of these two components (shown
in Fig. 6f), we find that the change in shape of the HC
results in an overall net decrease in the energy flux of
the cell. The enhanced GMS anomaly does not fully
offset the direct dynamical effects of this feature.

5. Deformation mechanisms

#
adj

dp 21
c
g maxsp2
(16)

are the change in the GMS driven by the change in the
shape and speed of the cell respectively. We find that
dDHC ’ dDm 1 dDsh 1 dDsp .
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(17)

The results of this breakdown are shown in Figs. 7b–d.
As expected, the change in the MSE field only accounts
for approximately 50% of the decreased GMS in the
subtropics, similar to the approximated GMS calculated in Fig. 7a. The rest of the change can be attributed
to the change in the shape of the streamfunction
anomaly. As expected, the change in the speed component is zero. All else being fixed, increasing or decreasing the rate of the overturning circulation has no
effect on how efficient the cell is at transporting energy
poleward.
Just as with the dynamically driven terms in the previous section, we can directly calculate the effects of this
GMS enhancement on the anomalous energy transport
by expanding the efficiency-driven term in (7):
cmax (f)dDHC (f) ’ cmax (f)dDm (f) 1 cmax (f)dDsh (f),
(18)
shown in Figs. 6b and 6e. As expected, the change in the
MSE field has the greatest influence on the energy
transport through the decreased transport efficiency.
Subtropical OHT convergence works to warm the
lower troposphere, enhancing the MSE transported
equatorward by the lower branch of the HC. This effect

We have shown that the deformation of the streamfunction plays a crucial role in setting the HC energy flux
response to an increase in OHT, effectively decoupling
the energy flux decrease from the mass flux decrease
while enhancing the change in GMS. The next logical
questions are then, What is driving the deformation of
the HC, and how is it dependent on the spatial pattern of
the applied OHT forcing?
The top panels of Fig. 8 show the anomalous streamfunction for the cases of midlatitude (N 5 2) and subtropical (N 5 6) forcing plotted against the angular momentum
contours of the reference states. The anomalous cell deformation in the subtropical case is actually a tilt in the
outer branch of the HC along the angular momentum
contours, indicative of an anomalous flow with very limited momentum advection.
Such a tilt in the outer branch of the streamfunction
has been shown to be a robust feature in a number of
momentum-conserving, two-dimensional axisymmetrical models of the HC (Held and Hou 1980; Satoh 1994;
Fang and Tung 1996; Singh and Kuang 2016; Singh et al.
2017). In the inviscid limit, angular momentum within
the HC is homogenized to its value within the ascent
region. As a result, the HC can only be in contact with
surface where the angular momentum of the circulation
matches that of the lower boundary near the equator,
giving us the deformed pattern we find in these cases.
In the case of midlatitude forcing, shown in the top-left
panel of Fig. 8, flow across the angular momentum
contours is indicative of a non-momentum-conserving
streamfunction anomaly. (The relationship between the
streamfunction anomalies and the angular momentum
contours for all N is appended in Fig. A2.)
This drastic change in angular momentum advection with N is indicative of a shift in the dynamical
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FIG. 8. (top) Anomalous streamfunction (contour interval: 6 3 10 9 kg s 21 ) for (left) N 5 2 and (right) N 5
6 plotted against angular momentum contours for the reference state (contour interval: 1.5 3
10 8 kg m 22 s 21 ). (bottom) Mass flux component breakdown associated with the (left) eddy-driven and
(right) momentum-conserving slowdown mechanisms. Anomalous mass fluxes within 4.28 of the equator
are not shown, as the streamfunction components are poorly defined as the Coriolis parameter approaches zero.

mechanisms driving the slowdown of the HC. We
have shown surface warming to be intrinsically tied
to the regions of prescribed OHT convergence
(Fig. 1c). In the cases of low N, localized warming reduces baroclinicity in the midlatitudes, resulting in a
weakening of the HC through eddy momentum fluxes
(Walker and Schneider 2006). But, if the OHT is limited
to the subtropics (high N), these momentum fluxes
remain relatively unchanged, indicating that the HC anomaly must be predominantly momentum-conserving in nature,
associated with the decrease in the tropical meridional
temperature gradient.
To parse out the mechanisms that are driving the
slowdown in each case, we consider the steady-state
zonal-mean zonal momentum equation assuming small
frictional torques above the boundary layer and quasihorizontal flow (w 5 0) in regions near the latitude of the
hemispheric streamfunction extremum:
f (1 2 Ro )[y] ’ Se ,

(19)

where f is the Coriolis parameter, the local Rossby number
is Ro 5 2[z]/f , z is the relative vorticity, and Se as the
horizontal eddy momentum flux divergence. Following
Schneider and Bordoni (2008), we can then use Se to
approximate the component of the streamfunction

associated with eddy momentum fluxes above the
boundary layer:
ð
2pa cosf p
Se dp0 .
ce (f, p) 5
fg
0

(20)

Assuming the difference between c and ce to be the
streamfunction component associated with the mean
momentum fluxes, we can use this breakdown to approximate how much of the slowdown in each case can
be attributed to its momentum-conserving and eddydriven mechanisms. It is important to note that this
approximation is not without its limits. First, because
this approximation is limited to above the boundary
layer, the streamfunction patterns do not close at the
surface. Second, these circulation patterns are poorly
defined within 48 of the equator, where f approaches
zero. However, in presenting this breakdown in terms
of the mass flux (calculated as the signed maximum of
the streamfunction) and neglecting the variations close
to the equator, a clear pattern still emerges, shown in the
bottom panels of Fig. 8.
In nearly every case, the momentum-conserving
component is larger than the eddy-driven component, and the dominance of the momentum-conserving
component increases with N. Because the warming
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associated with OHT convergence is primarily a local
response, subtropical forcing results in a greater decrease
in the subtropical meridional SST gradient, weakening
the HC as N increases. On the other hand, this local
response limits the effects of the increased OHT on the
midlatitude baroclinicity, resulting in minimal decreases in
the subtropical upper-level eddy momentum flux divergence. The one exception to this is the N 5 1 case, where
OHT extends to the poles. Amplified warming in the polar
regions and midlatitudes [as discussed in Rencurrel and
Rose (2018)] reduces midlatitude baroclinicity such that
the reduced momentum flux divergence is the majority
driver of the slowdown. This works to slightly enhance the
HC slowdown when compared to the case of N 5 2, as
discussed in section 3. In general, as N increases, the
mechanisms driving the slowdown of the HC become
more momentum-conserving in nature, resulting in a
streamfunction anomaly tilt that follows the angular momentum contours.

6. Discussion and conclusions
In analyzing the HC response to a wide variety of
meridional OHT patterns, we find that not only is the
HC’s role in atmospheric compensation dependent on
the spatial pattern of the prescribed forcing, but that it
is also inherently dependent on the dynamical mechanisms driving the change in the overturning circulation.
Assuming that the AHT will decrease in response to an
increase in OHT out of the tropics (i.e., atmospheric
compensation), the energy flux of the HC will play a role
in said decrease. But, if the OHT is limited to the subtropics (high N), the eddy momentum fluxes from the
midlatitudes are relatively unchanged. Thus, the only way
for the HC to reduce its energy transport is through a reduction in the GMS or via a reduction in the momentumconserving part of the HC.
The enhanced reduction in the momentum-conserving
HC results in a change in shape of the streamfunction
anomaly as N increases, associated with a tilt in the outer
branch of the streamfunction along angular momentum
contours. This shape change works to both offset the
direct effects of the cell slowdown on the energy flux and
enhance the change in GMS, effectively decoupling the
energy flux decrease from the change in the circulation
rate in spite of a greater slowdown in the HC when
compared to the midlatitude forcing patterns (small N).
Overall, this momentum-conserving tilt in the streamfunction anomaly results in a net increase in the energy
flux, as the changes in GMS do not fully offset the
dynamical effects of the cell deformation.
It is interesting to note that all of this adjustment occurs in conjunction with a fairly robust climate response
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to an increase in OHT. The HC slowdown affects the
climate through cloud changes, quasi-independently of
how the compensation in heat transport is achieved,
resulting in both a global mean warming and the reduction in the meridional SST gradient in all cases
(Herweijer et al. 2005; Burls and Fedorov 2017; Rencurrel
and Rose 2018; Hilgenbrink and Hartmann 2018).
Increased transport also results in a compensating decrease in the energy flux of the cell in all cases, regardless
of the spatial extent of the pattern forced.
Extending our analysis to the full range of OHT amplitudes considered by Rencurrel and Rose (2018), we
find the HC response results to be quite robust, with the
exception of very large subtropical forcing (e.g., 3- and
4-PW transport for N 5 6 and 8; not shown). In these
cases, the prescribed subtropical sea surface heating
is strong enough to destabilize the subsidence regions,
effectively creating a doubled ITCZ climate state by
driving convection on either side of the equator. This
works to shift the overturning circulation poleward, resulting in a slowdown that is primarily eddy-driven in
nature as the cells are in a region of greater anomalous
upper-level eddy momentum flux divergence, reducing
the momentum-conserving deformation associated with
subtropical forcing. Watt-Meyer and Frierson (2019)
found a similar relationship when using fixed-SST experiments to study the effects of ITCZ narrowing. However
we consider these extreme OHT cases to be unrealistic,
for reasons discussed below.
We acknowledge that these results are limited by the
simplified nature of model setup. First, it is possible that
our zonally symmetric aquaplanet configuration overestimates the momentum-conserving nature of the HC
response due to the absence of stationary eddies. Second,
while the slab ocean permits an analysis of the climatic
impact of a wide range of prescribed OHT patterns, it
breaks the dynamical coupling between the HC and the
wind-driven ocean circulation. The mass flux of the lower
branch of the HC and the surface ocean currents are
coupled via their Ekman drift associated with the surface
stress (Held 2001). This has been shown to have a
damping effect on the HC response to various types of
forcing (Schneider et al. 2014; Green and Marshall 2017;
Schneider 2017; Kang et al. 2018; Yu and Pritchard 2019).
It is likely that the 1-PW OHT anomalies analyzed here
are at the upper end of the plausible range of past OHT
variations in nature, although we also note that Enderton
and Marshall (2009) found tropical OHT changes of order
1 PW in a fully coupled model associated with opening the
equatorial passage. Regardless, the main conclusion of
this work, namely, that aspects of the energy transport of
the HC are intrinsically linked to the dynamical mechanisms driving the mass transport, is unaffected.

Unauthenticated | Downloaded 01/09/23 02:48 AM UTC

1 MARCH 2020

1655

RENCURREL AND ROSE

FIG. A1. Anomalous MSE and streamfunction breakdown; as in Fig. 5, but for all N.
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FIG. A2. Anomalous streamfunction plotted against reference angular momentum contours. As in the top panels of
Fig. 8, but for all N.

Despite the highly idealized nature of these forcing
experiments, aspects of the analysis presented here are
evident in other recent, more realistic studies. Wei and
Bordoni (2018) found that seemingly subtle changes in
the vertical profiles of the seasonal HC and monsoonal
circulations can lead to sign changes in the GMS [see
also the study by Hill (2019)]. Seo et al. (2017) used a
similar breakdown to (7) to study ITCZ shifts response
to a doubling of CO2 and found that, as in our work,
changes in GMS dominate over the mass flux. In analyzing the hydrological cycles of past warm periods such
as the Miocene and Pliocene epochs, Burls and Fedorov
(2017) found the HC response to a warming climate to be
somewhat muted by the OHT response to paleo-forcings
when compared to a quadrupling of CO2, due in part to
the reduced tropical meridional temperature gradient.
This work reveals a clear relationship between
the HC momentum and energy transport that to the
authors’ knowledge has not been addressed in the literature previously. A momentum-conserving decrease
in the mass flux of the HC, such as that driven by an

increase in subtropical OHT, will result in an enhanced
decrease in GMS when compared to an eddy-driven
mass flux reduction. However, more work is needed to
better understand this relationship. Is it possible to predict
the deformation of the cell [csh from (9)] directly from the
forcing? Advancing our understanding of the relationship
between mass and energy transports will play a major
role in the development of a prognostic, comprehensive
theory for the Hadley cell.
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APPENDIX
Full Breakdown of the Circulation and MSE
Anomalies for All N
Here we present the full analysis of various aspects
of the HC response to increased OHT. Figure A1 extends the streamfunction breakdown presented in
Fig. 5 to all N. The maximum increase in MSE is collocated with the region of OHT convergence in all
cases, moving equatorward as N increases and reducing the strength of the GMS. Along these same lines,
the deformation of the overturning circulation and the
associated enhanced slowdown increase with N as well.
Although the features discussed in this paper are most
prevalent in the cases of subtropical forcing, they are
present in all cases when OHT is limited equatorward. This
is also true for the anomalous momentum transport of the
cell, shown in Fig. A2.
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