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ABSTRACT

Deeper theoretical understanding of Hadley circulation (HC) width and the mechanisms leading to HC
expansion is gained by exploring the response of a zonally symmetric slab ocean aquaplanet general
circulation model (GCM) to imposed poleward ocean heat transport (OHT). Poleward OHT causes the
subtropical edge of the HC to shift poleward by up to 3° compared to its position in simulations without OHT.
This HC widening is interpreted as being driven by a decrease in baroclinicity near the poleward edge of the
HC and is divided into three components: a decrease in baroclinicity due to 1) a systematic poleward shift of
the intertropical convergence zone (ITCZ) during the seasonal cycle that drives a decrease in the angular
momentum of the HC and, consequently, a weakening of the vertical shear of the zonal wind; 2) an increase in
subtropical static stability and the vertical extent of the HC, both of which result from OHT’s effect on
global-mean temperature; and 3) a relaxation of the meridional sea surface temperature (SST) gradient in the
outer tropics and subtropics by OHT. Although the third mechanism contributes the most to the response of
HC width to OHT, the contributions from the first two mechanisms each account for up to 20%-30% of the
HC response. This work highlights the role of ITCZ position in producing HC expansion and in setting the
climatological width of the HC, a role which has been underappreciated. This study indicates a fundamental
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role for baroclinicity in limiting the poleward extent of the HC.

1. Introduction

The Hadley circulation (HC) is fundamental for
shaping the water balance in low latitudes through its
converging surface winds in the equatorial region that
fuel deep convection in the intertropical convergence
zone (ITCZ) and its subsiding branch in the subtropics
that suppresses precipitation. Therefore, it is important
to understand the factors that control the width of the
HC. A comprehensive, prognostic theory for HC extent
remains elusive, however (Schneider 2006; Vallis et al.
2015). This has led to ambiguities in interpreting trends
in HC extent in simulations of future climates, even
when the sign of the trend is robust. For example, sim-
ulations of the twenty-first century by the comprehen-
sive climate models in phase 3 (Lu et al. 2007; Kang and
Lu 2012) and phase 5 (Ceppi and Hartmann 2016; Davis
and Birner 2017) of the Coupled Model Intercomparison
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Project (CMIP) consistently predict a poleward expansion
of the HCin response to future anthropogenic emissions of
greenhouse gases, although the magnitude of the trend is
uncertain. This HC widening is qualitatively reproduced
in idealized simulations of global warming using both
dry dynamical core (Butler et al. 2010; Tandon et al. 2013)
and aquaplanet models (Frierson et al. 2007; Levine and
Schneider 2015; Shaw and Voigt 2016). Many plausible
drivers for this HC widening have been proposed, in-
cluding an increase in subtropical static stability and the
height of the tropical tropopause (Lu et al. 2007; Kang and
Lu 2012) and an increase in the phase speed of midlatitude
eddies (Lu et al. 2008; Ceppi and Hartmann 2013).

An axisymmetric, angular-momentum-conserving HC
(e.g., Held and Hou 1980) is linearly baroclinically un-
stable (e.g., Phillips 1954), which has led to theories
for HC extent involving control of HC extent by baro-
clinic eddy activity. Although several formulations of
such theories have been proposed (Held et al. 2000;
Korty and Schneider 2008; Levine and Schneider 2015),
they all generally predict that the poleward extent of the
HC is a function of the meridional temperature gradient
(and hence of the vertical shear of the zonal wind), static
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stability, and the height of the tropopause (due to its
control on the vertical extent of the HC), since these
quantities enter into measures of baroclinicity (e.g., Eady
1949; Phillips 1954; Schneider 2006). Indeed, increased
subtropical static stability (Walker and Schneider 2006;
Frierson et al. 2007; Davis et al. 2016; Son et al. 2018),
increased tropopause height (Frierson et al. 2007;
D’Agostino et al. 2017), and weakened subtropical
meridional temperature gradients and vertical wind
shears (Korty and Schneider 2008; Tandon et al. 2013;
Mantsis et al. 2014; Adam et al. 2014; Levine and
Schneider 2015) have each been implicated in HC ex-
pansion in models and observations. Because these quan-
tities often vary in tandem, however, their separate effects
have been difficult to untangle.

Here we examine the HC’s response to an idealized
representation of poleward ocean heat transport (OHT)
to better understand the fundamental dynamics that
control the width of the HC and its expansion. The
reasons for choosing this forcing to study the HC are
several. Poleward OHT is known to both increase
global-mean surface temperature and modify meridio-
nal temperature gradients (Winton 2003; Herweijer
et al. 2005; Rose and Ferreira 2013; Koll and Abbot
2013). Thus, the idealized OHT forcing used in this
study is well suited for an examination of the relative
roles of global-mean temperature (with which both
subtropical static stability and the depth of the tropo-
sphere tend to increase) and meridional temperature
gradients for the width of the HC. Furthermore, whereas
the response of HC extent to forcings such as global
warming (see above) and El Nifio (Seager et al. 2003;
Lu et al. 2008; Tandon et al. 2013) has been studied
extensively in recent years, the dependence of HC
extent on poleward OHT has received markedly less
attention. Finally, from a broader climate dynamics
perspective, previous research has shown poleward
OHT to be important in modulating global-mean sur-
face temperature and meridional temperature gradients,
the spatial distribution of clouds and global-mean al-
bedo (Herweijer et al. 2005; Koll and Abbot 2013), the
position of the ITCZ (Clement 2006), and the strength
of the HC (Clement 2006; Levine and Schneider 2011;
Knietzsch et al. 2015). Characterizing the response of
HC width to OHT will broaden this understanding of
how OHT modulates surface climate.

Herweijer et al. (2005) studied the effects of OHT
on global temperatures using three different compre-
hensive coupled climate models: two with slab oceans,
each with and without an implicit representation of
OHT, and a third in which ocean currents were reduced
and increased by 50%. Although the authors did not
discuss changes to HC extent, they showed implicitly in
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their Fig. 9 that OHT causes an annual-mean poleward
expansion of the HC. Using a similar set of slab ocean
simulations, Clement (2006) showed that this widening
effect of OHT on the HC occurs during both winter
and summer (implicit in her Fig. 1). More recently,
Knietzsch et al. (2015) found that the HC widens in
intermediate-complexity aquaplanet simulations forced
by systematic increases in OHT; the authors attributed
this widening to a weakening of the meridional tem-
perature gradient across the HC, although they did not
invoke a dynamical mechanism to explain this response.
Finally, using an idealized moist atmospheric model
coupled to a one-dimensional representation of OHT
via surface wind stress and surface temperature gradi-
ents, Levine and Schneider (2011) found that for cli-
mates as warm as today and colder, OHT causes the HC
edge to shift poleward by several degrees. Later, Levine
and Schneider (2015) interpreted this response as re-
sulting from a decrease in baroclinicity near the HC edge
driven by a weakening of the surface temperature gra-
dient there. It is important to note that their simulations
used a gray radiation scheme, and therefore did not
include OHT’s warming effect on global-mean surface
temperature (or any HC expansion associated with this
warming), since water vapor and cloud radiative feed-
backs are key in producing this warming (Herweijer et al.
2005; Rose and Ferreira 2013; Rencurrel and Rose 2018).

To summarize, previous research indicates poleward
OHT causes HC expansion, but this expansion has not
been fully explained. Here we explore the HC’s response
to an idealized representation of OHT for the dual pur-
poses of explaining this OHT-induced HC widening and
increasing fundamental understanding of the dynamics
that govern HC extent.

2. Methods

a. Atmospheric model and the idealized ocean
heat transport

We use an aquaplanet configuration of the Geo-
physical Fluid Dynamics Laboratory (GFDL) Atmo-
spheric Model, version 2.1 (AM2.1; Anderson et al. 2004).
This version of AM2.1 has a finite-volume dynamical
core with 24 vertical hybrid pressure-sigma levels and a
spatial resolution of 2.5° longitude X 2.0° latitude. The
model has diurnally and seasonally varying insolation
with obliquity set to 23.5° and eccentricity set to zero
to preserve hemispheric symmetry in the annual mean.
All atmospheric constituents that could produce hemi-
spherically asymmetric radiative forcings (e.g., ozone) are
symmetrized about the equator. This configuration of
AM2.1 does not include the radiative effects of aerosols.
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TABLE 1. Description of the experiments used in this study. The first column lists the experiment name, and the second column lists the
slab ocean depth for that experiment. The third and fourth columns list the values of A and N, respectively, used in (1). The last column
lists the value of the globally uniform g flux, if any, superimposed on the g flux associated with the idealized ocean heat transport.

Experiment name Slab ocean depth A (PW) N (unitless)  Superimposed uniform g flux (W m~2)
CTL Variable (2.4-50 m); representative 0 — 0
slab ocean depth = 12m
OHT Variable (2.4-50 m); representative 9.6649 6 0
slab ocean depth = 12m
OHT+UniCool 12m 9.6649 6 —3.6082
NarrowOHT 12m 20.8570 28.85 0
NarrowOHT+ UniWarm 12m 20.8570 28.85 +2.2712

The atmospheric model is coupled to a slab ocean
lower boundary. The slab ocean has no sea ice; sea
surface temperature (SSTs) can fall below the freezing
temperature without forming ice. Unless otherwise
stated, the slab ocean depth is 12m. This slab ocean
depth produces an annual-mean HC strength, meridio-
nal distribution of albedo and precipitation, and sea-
sonal migration of ITCZ that are similar to present-day
conditions (Donohoe et al. 2014). To highlight the im-
portance of certain HC expansion mechanisms, we run
a subset of our simulations (viz., the OHT experiments
described below) for an ensemble of slab ocean depths:
2.4,6,10, 12, 24, 36, and 50 m.

We compare experiments with and without an ideal-
ized representation of OHT, referred to as OHT" and
CTL, respectively. The functional form of the OHT is
from Rose and Ferreira (2013):

OHT(¢) = Asing cos?" ¢, (1)
where ¢ is latitude, and A and N are parameters con-
trolling the amplitude and meridional scale of the OHT,
respectively. This OHT has no cross-equatorial compo-
nent since (1) is antisymmetric about the equator. We
choose A = 9.66 PW and N = 6 (Table 1) to produce an
idealized OHT profile that peaks at the same amplitude
and nearly the same latitude as a reanalysis-based esti-
mate of Earth’s present-day OHT that has been made
antisymmetric about the equator (Fig. 1a). The OHT is
imposed by prescribing its horizontal convergence as a
heating term (or ¢ flux) in the slab ocean’s energy budget;
the g flux for OHT is shown in Fig. 1b in dark red. This
q flux has zero global mean and therefore adds no net
source or sink of energy to the climate system.

All simulations are run for at least 30 years after the
model reaches statistical equilibrium.

I Hereafter, when the abbreviation “OHT” is italicized, it is
shorthand for “the OHT experiment’’; when it is not italicized, it
refers to the general phrase “ocean heat transport.” For consis-
tency, other experiment names also appear in italics.

b. Circulation diagnostics

Two critical diagnostics in this study are the poleward
extent of the HC ¢ and the latitude of the ITCZ ¢;.
Here, ¢4 is defined as the latitude at which the meridi-
onal mass streamfunction at 500 hPa first crosses zero
poleward of its tropical extremum. The ITCZ latitude
is defined as the upward velocity-weighted average lat-
itude equatorward of 30°, that is,

z (j)/.&)jT cosq')j

_lgyl=30

! Z &)/T cos¢wj ’

(2)
where

ol = {w @<0
0,0=0"

w is the pressure velocity, and the tilde indicates a mass-
weighted vertical average. We have defined ¢; in this
way to emphasize the connection between the ITCZ and
the ascending branch of the HC, although (2) yields simi-
lar results as definitions based on the latitude of maxi-
mum tropical precipitation or on the precipitation median
(sometimes referred to as the “precipitation centroid” in
the literature; Frierson and Hwang 2012; Adam et al. 2016).
To facilitate comparison with past and future studies, in the
online supplemental material we have reproduced several
key tables and figures (viz., Table 2, Figs. 5, 7) using the
precipitation median to define the ITCZ position.

Section 5 discusses the seasonal cycle of ¢;. We define
the seasonal cycle of ITCZ latitude ¢, 5c as the sum of
the first five Fourier harmonics of the annual cycle re-
gressed onto the monthly ¢; time series. The amplitude
®; of this seasonal cycle is then defined as

1 365 days
@ = sssiars

t 365days
This metric is the time-average distance of the climato-
logical ITCZ from the equator, and has the desirable

characteristic of being sensitive to poleward shifts of the
climatological ITCZ during any point in the seasonal cycle.

|, scl dt. ®)

0 days
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FIG. 1. (a) The imposed meridional ocean heat transport (PW) for CTL (black), OHT
(unbroken dark red), and NarrowOHT (dashed light red; NarrowOHT will be described later
in the paper in section 5b). For comparison, the blue curve labeled ‘“‘reanalysis”” shows an
estimate of Earth’s meridional ocean heat transport computed from the NCEP-NCAR re-
analysis by Trenberth and Caron (2001), where here this reanalysis profile has been made
antisymmetric about the equator. (b) The ocean heat transport convergences or g fluxes
(W m™?) that correspond to the imposed ocean heat transports.

3. Thermodynamic and kinematic response to
ocean heat transport

The annual-mean air temperature and SST responses
to OHT are shown in Figs. 2a—f, and the response of
annual-mean global-mean SST T, is shown in Table 2.

Compared to CTL, OHT causes a robust warming of T
for all slab ocean depths; for our reference (12m) slab
ocean depth, T increases by 2.73K. This warming effect
of OHT has been identified previously in several differ-
ent climate models and has been attributed to increased
greenhouse trapping resulting from convective moistening

TABLE 2. Annual-mean global-mean surface temperature, annual-mean HC extent, the amplitude of the seasonal cycle of ITCZ
latitude, and their responses to the imposed forcing. Shown from left to right are experiment names, annual-mean Ty, difference in T from
respective CTL run, annual-mean ¢, difference in ¢z from respective CTL run, amplitude ®; of the seasonal cycle of ITCZ latitude, and
difference in ®; from the respective CTL run. Bold numbers indicate statistical significance at the 95% confidence level according to a two-
tailed ¢ test with effective sample size calculated following Bretherton et al. (1999) (note that the difference in ®; was not tested for

statistical significance). In the fifth column, positive values indicate a poleward ¢ shift.

Change in T from

Change in ¢4 from

Change in ®; from

Experiment T, (K) respective CTL run (K) ¢ (°) respective CTL run (°)  ®; (°) respective CTL run (°)
2.4-m CTL 288.61 — 34.73 — 12.78 —
24-m OHT 291.01 +2.41 37.61 +2.88 13.49 +0.70
6-m CTL 293.50 — 33.53 — 12.55 —
6-m OHT 296.03 +2.54 36.47 +2.94 13.52 +0.96
10-m CTL 295.59 — 3217 — 11.47 —
10-m OHT 298.31 +2.72 35.19 +3.02 12.79 +1.32
12-m CTL 295.70 — 31.51 — 10.31 —
12-m OHT 298.43 +2.73 34.57 +3.06 11.61 +1.30
12-m OHT+ UniCool 295.63 -0.08 33.82 +2.31 12.01 +1.70
12-m NarrowOHT 296.32* +0.62 32.36 +0.85 11.88 +1.57
12-m NarrowOHT+UniWarm  298.48" +2.78 32.82 +1.31 11.36 +1.05
24-m CTL 295.69 — 29.55 — 5.33 —
24-m OHT 298.16 +2.47 31.93 +2.38 6.38 +1.04
36-m CTL 295.86 — 28.80 — 2.89 —
36-m OHT 298.48 +2.61 30.52 +1.72 3.30 +0.41
50-m CTL 295.74 — 28.66 — 1.74 —
50-m OHT 298.39 +2.65 29.78 +1.12 1.98 +0.24

?The global-mean surface temperatures in NarrowOHT and NarrowOHT+UniWarm are statistically indistinguishable at the 95%

confidence level.
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FIG. 2. Annual-mean temperature and circulation diagnostics for (left) CTL, (center) OHT, and (right) their difference. Note that both
CTL and OHT have a slab ocean depth of 12 m. (a),(b) Zonal-mean air temperature (K) for CTL and OHT. (c) Difference (K) between
(a) and (b) indicated by color contours. The solid and dotted gray lines indicate the tropopause level in CTL and OHT, respectively,
defined as the highest level at which the lapse rate falls to 2 K km ™! and computed according to the method of Reichler et al. (2003). Black
contours are the CTL zonal-mean air temperature (K), with a contour interval of 10 K starting from 210 K. (d),(e) Zonal-mean SST (K) for
CTL and OHT. (f) Difference (K) between (d) and (e). (g),(h) Zonal-mean zonal wind (m's ') for CTL and OHT. (i) Difference (ms ")
between (g) and (h) indicated by color contours. Black contours indicate CTL zonal-mean zonal wind, with a contour interval of 10ms ™',
Unbroken contours indicate positive (westerly) values, dashed contours indicate negative (easterly) values, and the dotted line indicates the
zero contour. (j),(k) Meridional overturning streamfunction (kgs ') for CTL and OHT. (I) Difference (kgs ') between (j) and (k). Black
contours indicate the CTL streamfunction, with a contour interval of 1 X 10'°kg s~ *. Unbroken contours indicate positive (clockwise) values,
dashed contours indicate negative (counterclockwise) values and the dotted line indicates the zero contour. (m),(n) Vertically averaged
pressure velocity (Pas™!) for CTL and OHT. Note the reversed y axis. (0) Difference (Pas™') between (m) and (n).
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of the subtropical and midlatitude upper troposphere
(Herweijer et al. 2005; Rose and Ferreira 2013) and to a
reduction in global albedo associated with a decrease in
subtropical low-cloud and equatorial convection when
poleward OHT increases (Herweijer et al. 2005; Koll and
Abbot 2013; Rencurrel and Rose 2018). Although OHT
causes SSTs to increase everywhere, this increase is not
spatially uniform; the meridional SST gradient weakens in
the tropics and subtropics and strengthens in middle and

high latitudes (Fig. 2f), mirroring the spatial structure of
the imposed g flux.

Consequences of this global-mean warming include
an increase in the tropospheric dry static stability from
the tropics into high latitudes and an increase in the
height of the tropopause globally (Fig. 2¢). This static
stability increase, which maximizes in the subtropics
where the SST response is largest, is expected from
the quasi-moist adiabatic adjustment of the tropical
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(Xu and Emanuel 1989) and midlatitude (Juckes 2000;
Frierson 2008) troposphere to increasing boundary layer
moist entropy. The increased tropopause height can
be understood in terms of radiative constraints on the
tropopause, coupled with the tropospheric moistening
(increased optical thickness) and decreased lapse rates
that occur as a consequence of the convective adjust-
ment of the troposphere to increasing surface temper-
ature (Thuburn and Craig 2000; Schneider 2007).

Next, the response of the annual-mean HC to OHT is
shown in Figs. 2j-1 and in Table 2. Although changes to
HC strength are not the focus of this paper, we note that
OHT causes an O(20% ) weakening of the HC compared
to CTL, where HC strength is defined as the extremum
of the streamfunction between ¢; and ¢ . This comports
with previous studies which find OHT weakens the
HC by 20%-50% in the annual mean (Covey and
Thompson 1989; Herweijer et al. 2005; Clement and
Soden 2005; Clement 2006; Levine and Schneider
2011). Additionally, OHT causes robust HC expansion;
for a slab ocean depth of 12m, OHT causes an annual-
mean poleward ¢y shift of +3.06°. The total change
in ¢y is sensitive to the depth of the slab ocean, with
relatively shallow slab ocean simulations showing slightly
less HC expansion than the 12-m case, and deeper slab
ocean simulations showing substantially less HC expan-
sion than the 12-m case (Table 2). This poleward ¢ shift
occurs in all seasons, although the annual-mean HC ex-
pansion is dominated by streamfunction anomalies that
occur in the subtropics of the winter hemisphere (Fig. S1).

Finally, the climatological vertically averaged pressure
velocity @ and its response to OHT are shown in Figs. 2m—o
for the annual mean. Note that the two upward velocity
maxima in Figs. 2m and 2n are not indicative of an in-
stantaneous double ITCZ but are instead a feature of the
annual averaging; as seen in Fig. S1, there is a single ITCZ
during almost every calendar month for both CTL and
OHT. Compared to CTL, OHT causes a broadening of
the annual-mean ascending motion in the deep tropics.
This annual-mean response is a signature of an increase
in the amplitude of the seasonal cycle of ITCZ latitude
(Table 2), which will be discussed at length in section 5,
including its impact on HC extent.

4. Theoretical framework: Baroclinicity and
Hadley circulation extent

In this section, we introduce and justify the theoretical
framework that will be used to interpret the response of
HC extent to OHT in our simulations. An axisymmetric
thermally direct overturning circulation (e.g., Held and
Hou 1980) cannot exist in Earth’s atmosphere because the
zonal winds implied by this angular-momentum-conserving
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flow are linearly baroclinically unstable. Thus, one theory
for the width of the HC is that it is determined by the
onset of significant baroclinic instability (Lorenz 1967;
Held et al. 2000; Vallis et al. 2015). An analytical scaling
for HC extent can be derived by matching the zonal
wind profile implied by angular momentum conser-
vation with the critical condition for baroclinic insta-
bility in the two-layer quasigeostrophic (Phillips 1954)
model, and this scaling has been found to be accu-
rate over a range of climates in both idealized (Frierson
et al. 2007; Levine and Schneider 2015) and com-
prehensive (Frierson et al. 2007; Lu et al. 2007)
atmospheric models. Such scaling theories have been
criticized, however, for ignoring the important role
that extratropical eddies play in driving the HC
(Korty and Schneider 2008). To address this problem,
several studies have generalized the theory to include
the effects of midlatitude eddies on HC baroclinicity,
and such studies have nevertheless indicated that baro-
clinicity is fundamental in limiting the poleward extent
of the HC (Lu et al. 2008; Kang and Lu 2012; Tandon
et al. 2013).

To determine if this theoretical framework is appropri-
ate for our simulations, we examine the relationship be-
tween subtropical baroclinicity and the width of the HC for
our ensemble of experiments. We quantify baroclinicity in
terms of the Phillips criticality C (Phillips 1954):

f2 sy ~ Uy
C = 5 (4)
BgH (054 — 045,)/®

where, following Lu et al. (2008), u is the zonal wind,
0 is potential temperature, the subscripts 500 and 850
indicate the level (hPa) at which u and 0 are evaluated,
H is the thickness (m) of the 500-850-hPa layer, © is
the average potential temperature of the 500-850-hPa
layer, f is the Coriolis parameter, and $ is the merid-
ional gradient of f. Note that C—and baroclinicity
more generally—increases with increasing wind shear
(usop — Ugso) and latitude (owing to the term f%/8), and
decreases with increasing dry static stability (6509 — 6gs0)
and vertical scale of the circulation (H).

If the HC terminates where baroclinicity becomes
sufficiently strong, one would expect the atmosphere to
assume a near-constant value of C at the HC edge. For
our reference (12-m CTL) simulation, the value of C at
¢ is 1.02. We determine the latitude ¢ at which this
value of C occurs for each experiment and scatter it against
the simulated HC edge in Fig. 3a. With the exception of
the 2.4-m experiments, ¢ . and ¢y correspond closely.
This close correspondence is consistent with the theory
introduced above that the HC extends poleward until it
becomes significantly baroclinically unstable (i.e., until it
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FI1G. 3. (a) The latitude at which the Phillips criticality Cis equal to Cg vs ¢ 5. Note that C,; = 1.02 is defined as
the value of C at ¢ in the 12-m CTL experiment. For reference, the one-to-one line is shown in dashed black.
(b) Phillips criticality C area-averaged over 20°—40° latitude vs ¢ . In (a) and (b), the correlation coefficient r is also
shown, with boldface type indicating statistical significance at the 95% confidence level according to a two-tailed
t test using Fisher’s Z transformation of the correlation coefficient. All values are annual-mean values.

reaches a critical value® of C) and terminates. Addition-
ally, the value of C area-averaged over the subtropics
(20°-40° latitude) is highly anticorrelated with ¢y
(Fig. 3b), meaning that simulations with relatively low
subtropical baroclinicity exhibit wider HCs than do
simulations with relatively high subtropical baroclinicity,
consistent with baroclinic control of HC extent.

That the HC adjusts to assume an approximately
constant value of baroclinic criticality at its poleward
boundary suggests that OHT causes the HC to expand
by decreasing baroclinicity at the poleward boundary of
the HC, allowing it to extend farther poleward. Thus,
to understand how OHT causes the HC to expand, we
must understand how OHT modifies subtropical baro-
clinicity. Next, we examine three pathways by which
OHT modifies subtropical baroclinicity and the relative
importance of each in driving HC expansion.

5. Mechanisms for Hadley circulation widening in
response to ocean heat transport

a. Increased subtropical static stability and
tropopause height resulting from
global-mean warming

As discussed in section 3, OHT causes global-mean
warming, which causes both an increase in subtropical

2For CTL and OHT experiments using slab ocean depths of 6,
10, 12, 24, 36, and 50 m, C(¢pz;) ranges from 0.96 to 1.07. The 2.4-m
CTL and OHT experiments are outliers, where C(¢y) = 0.67 and
0.80, respectively.

static stability and an increase in the vertical extent of
the HC (i.e., an increase in tropopause height). These
both imply a decrease in subtropical baroclinicity, and
HC expansion is therefore predicted by the baroclinic
instability theory of HC extent. Here we wish to sepa-
rate the effect of global warming (and its associated
impacts on subtropical static stability and tropopause
height) from the other effects of OHT.

To achieve this separation, we perform a modified
version of OHT called OHT+ UniCool that preserves
the meridional structure of the OHT forcing but re-
moves OHT’s effect on global-mean temperature. The
q flux imposed in OHT+ UniCool is

O our+vmicoo (#) = Qopr () + Oy %)

where Qogr(¢) is the g-flux profile from the OHT ex-
periment, and Qp = —3.61 Wm™? is a constant that
has been calibrated such that the global-mean sur-
face temperature is statistically identical in CTL and
OHT+ UniCool (Tables 1 and 2).

The surface and air temperature responses to
OHT+ UniCool are shown in Table 2 and Fig. 4. The
change in T, in OHT+UniCool relative to CTL is
—0.07 K (not statistically significant); thus, OHT+ UniCool
eliminates the global-mean warming effect of OHT, as
desired (Table 2, Fig. 4f). However, OHT+ UniCool
largely preserves the changes to the SST gradient that
occurred in OHT (cf. Fig. 4f and Fig. 2f). Finally, note
that in the subtropics near the vicinity of the CTL HC
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FIG. 4. As in Fig. 2, but for OHT+ UniCool (slab ocean depth = 12 m) instead of OHT.

edge (31.51°), there is virtually no change in subtropi-
cal static stability or tropopause height from CTL to
OHT+UniCool, and thus any HC expansion that oc-
curs in OHT+ UniCool should not be due to an increase
in subtropical static stability or tropopause height.

The response of the overturning circulation to
OHT+ UniCool is shown in Figs. 4j—o, and the response
of ¢4 is given in Table 2. At first glance, changes in the
streamfunction and @ due to OHT+ UniCool are nearly
indistinguishable from those changes due to OHT (cf.
Figs. 4j-o, Figs. 2j—0). As in OHT, OHT+UniCool
causes a broadening of the annual-mean ITCZ and a
weakening of the annual-mean HC (both responses are
slightly stronger in OHT+ UniCool than in OHT). The
positive and negative streamfunction anomalies in the
northern and southern subtropics, respectively, indicate
that OHT+ UniCool causes HC expansion; compared
to CTL, OHT+ UniCool causes a shift in ¢ of +2.31°

(Table 2). Recall that OHT caused a +3.06° shift of ¢;
thus, even though the global-mean warming (and the
subsequent increase in subtropical static stability and
tropopause height) is eliminated in OHT+ UniCool,
OHT+ UniCool recovers over 75% of the HC’s widening
due to the full OHT forcing!

These results suggest that the “global warming” ef-
fects of OHT are responsible for a relatively minor
fraction (=25%) of the OHT-induced HC widening. A
complimentary experiment in which only globally uni-
form heating (but no OHT) is imposed confirms this
conclusion (see supplemental material). Thus, the me-
ridional structure of the imposed OHT convergence and
of the subsequent SST response is primarily responsible
for the HC widening in response to OHT. To explain the
remaining 75% of the OHT-induced HC widening, then,
we must focus on HC expansion mechanisms that invoke
the meridional structure of the OHT forcing.
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a slab ocean depth of 12 m. The x axis runs chronologically from January to December.

b. Weakened wind shear driven by a systematic
poleward shift of the ITCZ

One consequence of the meridional structure of the
imposed OHT convergence and of the subsequent SST
response involves a change to the seasonal migration of
the ITCZ. Compared to CTL, OHT causes a systematic
shift of the ITCZ away from the equator and into
higher latitudes, that is, a broadening of the seasonal
migration of the ITCZ (Fig. 5). This response is robust
across slab ocean depth, although the magnitude of
the change in the amplitude of the ¢; seasonal cycle
depends on slab ocean depth (Table 2). The ITCZ
response can be understood as follows: according to
convective quasi-equilibrium theory, for HCs that
are nearly angular momentum conserving [a reason-
able approximation for the deep tropics (Bordoni and
Schneider 2008; Schneider and Bordoni 2008)], the
ITCZ is collocated with the maximum in near-surface
moist static energy (MSE; Emanuel 1995; Privé and
Plumb 2007). OHT cools equatorial SSTs relative to
subtropical SSTs (Clement 2006), which allows the trop-
ical near-surface MSE maximum in the warm hemi-
sphere to move farther off the equator and farther
into the warm hemisphere seasonally, and with it goes
the ITCZ.

We hypothesize that these changes to ITCZ latitude
contribute to the OHT-induced HC expansion as fol-
lows. The systematic poleward shift of the ITCZ dur-
ing the annual cycle implies a decrease in the angular
momentum of air parcels ventilated to the tropical
upper troposphere, since atmospheric angular momen-
tum per unit mass m = (u + Qa cos¢)a cos¢ decreases as
latitude increases. Indeed, OHT causes decreases in
tropical and globally integrated angular momentum that
are consistent with this mechanism (see supplemental
material). This reduction of tropical upper-tropospheric
angular momentum implies a reduction in the zonal ve-
locity throughout the upper branch of the HC, which

further implies a reduction in the vertical shear of the
zonal wind throughout the HC since the near-surface
winds are negligible compared to the winds aloft. This
scenario is consistent with the OHT-induced zonal wind
changes in Fig. 2i. Finally, this weakened wind shear
implies a reduction in baroclinicity throughout the HC,
and therefore HC expansion.

Thus, one way that OHT may cause the HC to ex-
pand is by systematically shifting the ITCZ into higher
latitudes, reducing the angular momentum of the air
ventilated to the HC, and causing the onset of signifi-
cant baroclinic instability to shift poleward (Fig. 6).
Here, we attempt to establish how much (if any) of
the OHT-induced HC expansion can be explained by
this mechanism using two techniques: 1) a theoretical
technique, in which we apply a simple scaling theory
to predict the sensitivity of HC extent to variations in
ITCZ latitude, and 2) an experimental technique, in
which we run additional simulations that isolate these
changes to ITCZ latitude and their subsequent impact
on HC extent.

1) SCALING ANALYSIS

To better understand the role of the ITCZ in setting
the mean width of the HC and its response to OHT,
we analyze a modified version of the HC edge scaling
derived by Kang and Lu (2012) [which is itself a modi-
fied version of an earlier scaling by Held et al. 2000].
According to the two-layer quasigeostrophic (Phillips
1954) model of baroclinic instability, the latitude at
which a zonally symmetric HC would become baroclini-
cally unstable is

12
1 2gA H
by = B ‘f’zz + 4’? + 921:12 : ) (6)

where A, and H, are the gross dry stability and height of
the circulation, respectively. Note that (6) is identical to
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FIG. 6. Schematic depicting how OHT, by systematically shifting the ITCZ into higher latitudes, could cause
a poleward shift of the poleward boundary of the Hadley circulation. Shown are schematics for (left) CTL and
(right) OHT. Thinner black lines depict Earth (dashed line = equator) and its sense of rotation. Thick black arrows
indicate the Hadley cells. The cartoon of a convective cloud represents the ITCZ. Blue vectors into and out of the
page indicate westerlies and easterlies, respectively, with larger vectors indicating faster winds. Red vectors indicate

winds that are baroclinically unstable.

(7) and (8) from Kang and Lu (2012), except here we
consider the simplified case in which the local Rossby
number Ro (which quantifies the proximity of the HC to
its angular momentum-conserving limit) is equal to 1.
Similar to Kang and Lu (2012), the gross dry stability is
calculated as A, = (6, — 6,)/20,, where 6, and 6, are the
potential temperature at the tropopause and at 850 hPa,
respectively, and © is the tropospheric mean tempera-
ture; H is the thickness (m) of the column between
850 hPa and the tropopause; and the tropopause altitude
is defined as the highest altitude at which the lapse rate
falls to 2K km !, computed according to the method of
Reichler et al. (2003). Both A, and Hj are area-averaged
over a 20° band centered on the CTL HC edge.

We begin by evaluating the scaled versus simulated
¢y for the HC in the winter’ hemisphere in Fig. 7a.
Later, after its skill in predicting the climatological width

3 We define the winter HC as the cross-equatorial HC during the
3-month period during which the ITCZ is located farthest from the
equator.

of the HC has been established, the scaling will be used
to quantify the contribution of ITCZ shifts to the
OHT-driven expansion of the winter HC (Fig. 8). We
evaluate the scaling for the winter HC because changes
to the winter HC dominate the annual-mean subtropical
streamfunction changes (Fig. S1), and because although
we expect the relationship between ¢; and ¢ to hold
qualitatively throughout the year, (6) is likely most
quantitatively accurate in winter when the HC is closest
to its angular momentum-conserving limit (Bordoni and
Schneider 2010; Kang and Lu 2012). Figure 7a indicates
that despite the scaling theory’s simplifying assumptions,
it is reasonably skillful at predicting the simulated winter
HC extent. The scaling has a slight tendency to over- and
underpredict the winter ¢ in simulations with deep and
shallow slab oceans, respectively, but most markers in
Fig. 7a fall close to the one-to-one line. The 2.4-m sim-
ulations, for which the scaling underpredicts the simu-
lated ¢ by 4°-5°, are outliers.

To assess the role of the mean ITCZ position in setting
the mean HC extent, the simulated winter-hemisphere
¢ is plotted as a function of ¢; in Fig. 7b. Here we have
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FIG. 7. (a) Simulated winter HC extent vs the winter HC extent that is expected from the scaling relationship given in (6). The one-to-
one line is plotted in gray for reference. (b) Markers show the simulated HC extent as a function of ITCZ latitude for the winter HC. The
dashed black line shows the ¢ vs ¢; curve given by the scaling relationship in (6), where the A, and H, used in the scaling are diagnosed

from the winter HC of the 12-m CTL experiment (A, = 0.16, Hy =

16.0 km). (c) Simulated annual-mean HC extent as a function of the

amplitude of the seasonal cycle of ITCZ latitude. In (a) and (c), a boldface r value indicates that the correlation coefficient is statistically
significant at the 95% confidence level according to a two-tailed ¢ test using Fisher’s Z transformation of the correlation coefficient.

used an ensemble of different slab ocean depths to ex-
ploit the fact that the ITCZ can move farther off the
equator as the thermal inertia of the slab ocean de-
creases (Donohoe et al. 2014). Also shown in dashed
black is the theoretical relationship between ¢y and ¢;
given by (6) with A, and H fixed to their values from the
reference (12-m CTL) simulation. Although in reality ¢;

L 0)

T

BSY 0.6 1 |(a)| 1
< r=0.97 .

o 0.57 -
< ®
S 04- I
o
> 0.3 1 ® 3
D 0.2 i
N ([ J
O 014 I
— ([ J
8 O q 1 1 1
S 0 05 1 15 2 25
? simulated winter A¢

does not vary independently of A, and H,, fixing these
values allows for a qualitative assessment of the im-
portance of ITCZ latitude alone in setting the mean
width of the HC. The scaling correctly predicts that
ITCZs closer to the equator (i.e., ITCZs in simulations
with deeper slab oceans) are associated with narrower
HCs and that ITCZs farther from the equator (i.e.,
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FIG. 8. (a) The y axis shows the change in winter ¢ that the scaling in (6) predicts would occur if only the ITCZ
latitude changed from CTL to OHT, with all other parameters remaining fixed at their CTL values [e.g., (7)]. The
x axis shows the change in simulated winter ¢;; from CTL to OHT. (b) The percentage of the winter ¢;; shift
that, according to the scaling, can be attributed to the ITCZ shift [i.e. 100% times the y axis of (a) divided by the

x axis of (a)].
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ITCZs in simulations with shallower slab oceans) are
associated with wider HCs (Fig. 7b). Moreover, the
scaling captures that HC extent is more sensitive to
variations in ITCZ latitude as the ITCZ moves in-
creasingly far from the equator.

Finally, we discuss qualitatively the role of the ITCZ
in setting the annual-mean extent of the HC. Figure 7c
shows the annual-mean HC extent as a function of ®,,
the amplitude of the seasonal cycle of ITCZ latitude
given by (3). We consider ®; rather than the annual-
mean ITCZ latitude, because the annual-mean ITCZ
latitude (which is 0° for all of our simulations because
of the hemispheric symmetry of the boundary condi-
tions in the annual mean) does not capture the fact that
the ITCZ can spend much of its time away from the
equator during the seasonal cycle (Fig. 5), ventilating
the tropical upper troposphere with air that has less
angular momentum than that of air parcels at the annual-
mean ITCZ latitude. Additionally, using ®; rather than
the annual-mean ¢; avoids complications associated with
the annual-mean ¢; being located at a relative minimum
in the annually-averaged upward velocity field, as oc-
curs in some of our simulations as an artifact of the an-
nual averaging (see discussion in section 3). As expected,
simulations with greater ®; have wider annual-mean HCs
(r = 0.90), consistent with the idea that ITCZs with larger
seasonal migrations ventilate lower angular momentum
air to the tropical upper troposphere on average, delaying
the onset of baroclinic instability and moving the edge of
the HC to higher latitudes.

We finish this analysis by using the scaling relation-
ship to quantify the contribution of ITCZ shifts to the
OHT-induced expansion of the HC. By (6), the estimated
HC expansion that is driven by ITCZ shifts alone is

(Ad)H)ITCZ-driven

12
1
= {5 |:(¢?)OHT + \/(¢?)0HT +28(AHy)ery/ 92”2}}

12
) {; [(QS%)CTL * \/(d)?)CTL + Zg(AvI_IU)CTL/QzaZ:|} >
™)

where the “CTL” and “OHT” subscripts indicate
quantities evaluated for CTL and OHT, respectively.
This quantity is plotted as a function of the total simu-
lated HC expansion (again for the winter HC) in Fig. 8a.
The scaling predicts that ITCZ shifts are responsible
for 0.01°-0.53° of the OHT-induced HC expansion, de-
pending on the depth of the slab ocean. For simulations
with deep slab oceans and relatively narrow climato-
logical ITCZ seasonal cycles, (7) predicts that ITCZ
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changes contribute very little to the total expansion of
the HC. This is expected both because the ITCZ re-
sponse to OHT is small when the slab ocean is deep
(Table 2) and because the sensitivity of ¢y to changes
in ¢; is small when ¢; is close to the equator (Fig. 7b).
By contrast, for the reference (12m) slab ocean depth,
which produces a more realistic ¢; seasonal cycle, the
scaling can explain nearly 0.5° (or over 20%; Fig. 8b)
of the OHT-induced shift in wintertime ¢ . The strong
correlation between (A¢g)ircz.ariven and the total
OHT-induced HC expansion (r = 0.97) suggests that
this ITCZ-driven HC expansion mechanism is one
reason why the total OHT-induced HC expansion is a
function of slab ocean depth.

2) MECHANISM-ISOLATION EXPERIMENT

The prior scaling suggests that the poleward ITCZ
shift explains 20% or more of the winter HC expansion
in response to OHT (when the slab ocean depth is 12 m).
This heuristic scaling for HC extent may involve too
many simplifications for it to be truly quantitative,
however. Namely, the scaling assumes axisymmetric,
angular-momentum-conserving flow” in the HC’s upper
branch and a minimum wind shear for baroclinic in-
stability, neither of which are strictly true for Earth’s
atmosphere (Schneider 2006; Zurita-Gotor and Lindzen
2007). As such, next we conduct a simulation that iso-
lates OHT’s effect on the ITCZ to more confidently
assess the contribution of changes in ITCZ latitude to
the response of HC width to OHT. This simulation will
also allow for an assessment of the ITCZ’s contribution
to the annual-mean HC expansion, whereas previously
we focused on its contribution during winter only.

We have argued that the systematic poleward shift
of the ITCZ causes HC expansion by weakening the
wind shear and thus decreasing the baroclinicity of the
HC. We must therefore determine which of the OHT-
induced wind shear changes in Fig. 2i are attributable
to ITCZ changes alone. The key difficulty is that ITCZ
latitude changes are likely not the only reason why OHT
causes a reduction in wind shear throughout the HC;
namely, by cooling the deep tropics relative to the sub-
tropics, OHT acts diabatically to weaken the meridional
SST gradient across the HC. By thermal wind balance,

* The proximity of the HC to its angular momentum-conserving
(AMC) limit can be quantified using the local Rossby number
(Schneider and Bordoni 2008) Ro = —/f, where ¢ is the relative
vorticity, with Ro — 1 representing the AMC limit. For reference,
among our different simulations Ro ranges from 0.43 to 0.59 in the
winter-hemisphere HC and from near zero to 0.36 in the summer-
hemisphere HC, where here we have averaged Ro over the upper
branch of the HC from ¢z — 15° to ¢ .
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this implies a weakening of the vertical wind shear even
in the absence of changes to ITCZ latitude.

To eliminate OHT’s diabatic weakening of the sub-
tropical SST gradient while preserving OHT’s effect on
the ITCZ, we shrink the meridional scale of the im-
posed OHT so that it is confined to a narrow region
around the equator while leaving its peak value un-
changed. This new experiment, called NarrowOHT, is
described in Table 1 and Fig. 1. By cooling the equator
and warming poleward of it, we expect NarrowOHT to
shift the ITCZ as OHT did; however, the NarrowOHT
q flux tapers to zero by 25° latitude so that NarrowOHT
no longer acts to weaken the SST gradient in the vi-
cinity of the CTL HC edge (31.51°). If anything, the
NarrowOHT q flux should act to strengthen the me-
ridional SST gradient between about 7.5° and 25° lati-
tude; therefore, any HC expansion that occurs from
CTL to NarrowOHT should not be due to a weakening

o 0 o
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FIG. 9. As in Fig. 2, but for NarrowOHT (slab ocean depth = 12 m) instead of OHT.

of the vertical wind shear associated with a weakening
of the subtropical SST gradient.

The response of the seasonal cycle of ITCZ latitude to
NarrowOHT is shown in Fig. 5. As desired, NarrowOHT
causes the seasonal migration of the ITCZ to expand
compared to CTL, and this expansion is nearly identical
to that in the full OHT experiment (see also Table 2).
Next, the SST response to NarrowOHT is shown in Fig. 9.
Note that NarrowOHT causes a strengthening of the SST
gradient poleward of ~10° and that the SST response is
virtually flat poleward of ~25° (Fig. 9f). Thus, NarrowOHT
meets our objective: it preserves the ITCZ changes that
occurred in the full OHT experiment, while eliminating
OHT’s weakening of the subtropical SST gradient.

The response of the zonal-mean circulation to
NarrowOHT is shown in Figs. 9g-o. NarrowOHT
causes a weakening of the wind shear throughout the
HC (Fig. 9i), consistent with the systematic increase
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in ITCZ latitude driving a decrease in HC angular
momentum. The meridional temperature gradient in
the free troposphere weakens (Fig. 9¢) to adjust to these
ITCZ latitude-driven changes to the momentum field as
required by thermal wind balance. NarrowOHT causes
positive and negative streamfunction anomalies in the
northern and southern subtropics (Fig. 91), respectively,
resulting in an annual-mean poleward shift of ¢ from
CTL to NarrowOHT of +0.85° or 28% of the +3.06°
shift that occurred from CTL to OHT (Table 2). In-
terestingly, NarrowOHT produces a bifurcation of the
overturning circulation such that descending motion
occurs on the equator in the annual mean (Fig. 9n),
similar to the bifurcation that occurred in the simula-
tions of Bischoff and Schneider (2016) as the amplitude
of the prescribed OHT was increased, shifting the ITCZ
away from the equator (and, like the present study, was
accompanied by a widening HC).

Since NarrowOHT reproduces ~30% of the annual-
mean HC expansion that occurred in the full OHT
experiment, we conclude that 30% or more of the
OHT-induced HC expansion can be attributed to
changes in ITCZ latitude (at least for our reference slab
ocean depth of 12m). Here, 30% is taken as a lower
bound since the HC expansion that is driven by the ITCZ
in NarrowOHT may be partially counteracted by the
strengthened meridional SST gradient poleward of 10°.
Finally, note that this 30% estimate is similar to the
earlier estimate from the scaling analysis that ITCZ lat-
itude changes cause =20% of the HC widening in re-
sponse to OHT.

c. Diabatic weakening of the subtropical SST gradient

We hypothesize that the remaining HC expansion can
be attributed to a reduction in baroclinicity associated with
OHT’s diabatic relaxation of the subtropical meridional
SST gradient. The previous NarrowOH'T experiment gives
an estimate of the importance of this mechanism; by
eliminating the diabatic weakening of the subtropical SST
gradient, NarrowOHT eliminated 72% of the widening
that occurred in OHT, suggesting that OHT’s diabatic
relaxation of the subtropical meridional SST gradient
could explain around 70% of the OHT-induced HC ex-
pansion. However, 70% is likely an overestimate, since
NarrowOHT also eliminated most of the global-mean
warming and its associated impacts on subtropical static
stability and tropopause height (Fig. 9c). To address
this issue, we run a variation on NarrowOHT in which
the global-mean temperature increase is recovered. This
new experiment, NarrowOH T+ UniWarm, uses the same
q flux that was imposed in NarrowOHT with an addi-
tional superimposed globally uniform heating (Table 1)
so that the global-mean surface temperatures in OHT
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and NarrowOHT+ UniWarm are statistically indistin-
guishable (Table 2).

The temperature and circulation responses to Nar-
rowOHT+UniWarm are shown in Fig. 10. Note that
the subtropical static stability and tropopause height
increases in NarrowOHT+UniWarm are similar to
those in OHT (cf. Fig. 10c and Fig. 2¢). Additionally,
the seasonal migration of the ITCZ expands nearly as
much in NarrowOHT+UniWarm as it did in OHT
(Table 2). Meanwhile, the subtropical SST response in
NarrowOHT+ UniWarm is nearly flat (Fig. 10f), and so
any HC expansion that occurs in Narrow OHT+ UniWarm
should be due to the combined effects of the increased
ITCZ latitude and global-mean warming, not to a weak-
ening of the subtropical SST gradient. Finally, the
annual-mean change in ¢, that occurs from CTL to
NarrowOHT+ UniWarm is +1.31°, which is 43% of the
full OHT response (Table 2). This suggests that OHT’s
diabatic relaxation of the subtropical SST gradient is re-
sponsible for 55%-60% of the HC widening in response
to OHT. One caveat is that since NarrowOHT+ UniWarm
acts to strengthen the meridional SST gradient between
10° and 25°, the difference between NarrowOHT+ UniWarm
and OHT cannot be strictly interpreted as the effect of
removing OHT’s weakening of the subtropical SST gradi-
ent. Thus, the difference between NarrowOHT+ UniWarm
and OHT likely overstates the importance of OHT’s
weakening of the subtropical SST gradient in produc-
ing HC expansion, and our estimate that OHT’s weak-
ening of the subtropical SST gradient is responsible for
55%-60% of the HC expansion should be taken as an
upper bound.

6. Discussion and conclusions

This study examines the impact of poleward ocean
heat transport on the meridional extent of the Hadley
circulation using a slab ocean aquaplanet model. It is
found that a modern-day-like profile of OHT causes the
HC to be wider than it would be in the absence of OHT.
The total amount of HC expansion that occurs due to
OHT is a function of the depth of the model’s slab
ocean; generally speaking, experiments with shallower
slab oceans exhibit more HC expansion than do those
experiments with deeper slab oceans (though the re-
lationship between HC expansion and slab ocean depth
is not monotonic; Table 2). For the choice of slab ocean
depth (12 m) that produces a realistic annual-mean HC
strength, meridional distribution of albedo and precipi-
tation, and seasonal migration of the ITCZ, OHT causes
a 3° poleward shift of the HC edge.

OHT causes HC expansion by decreasing baroclinicity
on the equatorward flank of the HC edge, allowing the HC
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FIG. 10. As in Fig. 2, but for NarrowOHT+ UniWarm (slab ocean depth = 12 m) instead of OHT.

to extend farther poleward before becoming significantly
baroclinically unstable. This decrease in baroclinicity is
associated with three distinct mechanisms:

1) increased subtropical static stability and tropopause
height resulting from the global-mean temperature
increase caused by OHT,

2) decreased vertical wind shear resulting from a de-
crease in tropical upper-tropospheric angular momen-
tum driven by an increase in the seasonal migration
of the ITCZ, and

3) decreased wind shear resulting from the diabatic
weakening of the subtropical meridional SST gradi-
ent by OHT.

For simulations with slab oceans of representative
(12m) depth, mechanism 3 contributes the most to the
annual-mean HC expansion, explaining up to 55 %-60%
of the response of HC width to OHT. Mechanisms 1

and 2, however, are by no means negligible, and are
estimated to account for around 20%-30% and 25% of
the response of HC width to OHT, respectively.

A few comments regarding this partitioning are in
order. First, we caution that these experiments have
been performed using only one atmospheric model, the
GFDL AM2.1. Second, this partitioning is likely sensi-
tive to the effective heat capacity of the slab ocean (e.g.,
Fig. 8b), underscoring the importance of an appropriate
choice of slab ocean depth in aquaplanet simulations as
previously emphasized by Donohoe et al. (2014). Re-
latedly, we speculate that the nonmonotonic behavior of
the total OHT-induced HC expansion with slab ocean
depth may derive from the nonmonotonic behavior of
the global-mean temperature and ITCZ responses with
slab ocean depth (Table 2), though further mechanism-
denial simulations with different slab ocean depths are
required to confirm this hypothesis.
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In this study, we have focused on tropical sources of
HC expansion since the imposed forcing by OHT is
largest in the tropics. It is known, however, that eddy
fluxes of heat and momentum from midlatitude baro-
clinic eddies affect the width of the HC (Schneider 2006;
Walker and Schneider 2006). For example, it has been
shown that increases in midlatitude eddy phase speeds
can drive HC expansion by shifting poleward the lati-
tude at which the eddies break in the subtropics (Lu
et al. 2008; Ceppi and Hartmann 2013). To determine
whether such a mechanism could be causing HC ex-
pansion in our simulations, we have computed latitude—
phase speed spectra of annual upper-tropospheric eddy
momentum flux but find no evidence of an eddy phase
speed shift (Fig. S4). A second possibility is that the
OHT-induced weakening of the upper-level westerlies
in the subtropics (Fig. 2i), which we argue is driven by
a combination of an increase in the seasonal migration
of the ITCZ and of OHT’s relaxation of the subtropical
SST gradient, could draw subtropical wave breaking
poleward and induce a poleward shift of the HC edge.
Such a scenario—which resembles the response of HC
width to La Nina as discussed by Seager et al. (2003),
Luetal. (2008), and Ceppi and Hartmann (2013)—could
represent an important positive feedback on the re-
sponse of HC width to OHT due to mechanisms 2 and 3
above. Indeed, Fig. S4 indicates that eddy momentum
fluxes and subtropical wave breaking shift poleward
when OHT is imposed, consistent with this scenario;
however, without additional experiments that can sep-
arate the mean and eddy-mediated responses of the
HC to OHT, it is difficult to determine how large of
a feedback this might be. Relatedly, the HC edge and
eddy-driven jet (EDJ) are coupled—at least during some
seasons and in some hemispheres—and many studies
note that the two often shift in tandem (Kang and Polvani
2011; Kidston et al. 2013; Mbengue and Schneider 2013;
Staten and Reichler 2014). For example, Ceppi and
Hartmann (2016) found that cloud feedbacks that
strengthen the extratropical heating gradient cause both
the EDJ and the HC to shift poleward. OHT causes a
poleward shift of the EDJ in our simulations (Fig. 2i),
and so it is possible that part of the OHT-induced HC
expansion is a response to this poleward EDJ shift. [It
is also possible that the HC expansion forces the pole-
ward EDJ shift (e.g., Mbengue and Schneider 2018).]
On the other hand, we note that the annual-mean HC
expansion is dominated by changes to the winter HC
(Fig. S1), and the relationship between HC extent and
the EDJ tends to be weak in winter (Kang and Polvani
2011; Hendon et al. 2014; Nguyen et al. 2018).

The results shown here emphasize the role of the
ITCZ in setting the climatological width of the HC and
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its response to external forcing. Although we are not the
first to explore such a link between ITCZ latitude and
HC extent [see Kang and Lu (2012) and Staten and
Reichler (2014) for discussions of this mechanism in the
context of global warming and interannual HC vari-
ability, respectively], to our knowledge, ours are the
first simulations to go beyond a diagnostic relation-
ship between HC extent and ITCZ latitude by isolat-
ing this mechanism experimentally. Moreover, we have
explored this mechanism in the context of a new forcing—
poleward OHT—for which the mechanism appears to
be particularly important. More broadly, these results
elucidate the role of the seasonal cycle of ITCZ latitude in
setting the mean width of the HC; namely, simulations
with narrow ITCZ seasonal cycles (i.e., deep slab oceans)
have narrower climatological HCs than simulations with
wide ITCZ seasonal cycles (i.e., shallow slab oceans). An
important implication is that simulations using annual-
mean insolation or overly deep or shallow slab oceans
will, by virtue of having unrealistic ITCZ climatologies,
likely produce climatological HCs that are too narrow or
too wide.

That variations in ITCZ latitude can drive HC ex-
pansion or contraction by modifying subtropical baro-
clinicity has been under appreciated. We hope the
results presented here will encourage others to consider
the role of ITCZ latitude in modulating the response of
HC extent to external forcing. For example, during El
Nifio events, the ITCZ shifts equatorward, atmospheric
angular momentum increases, and the HC contracts
(Adames and Wallace 2017); although this HC con-
traction is typically attributed to changes in eddy prop-
agation due to a thermally-driven strengthening of the
subtropical jet (Seager et al. 2003), these changes to
ITCZ latitude, atmospheric angular momentum, and
HC extent are also consistent with the mechanism out-
lined here. It would be interesting to reexamine the HC
response to El Nifio in light of these results and quantify
how much (if any) of the HC contraction can be ex-
plained by an equatorward shift of the ITCZ and sub-
sequent increase in subtropical baroclinicity. Relatedly,
we note that the SST trend in recent decades has been
“La Nifa-like” in the equatorial Pacific, and that cli-
mate models forced with observed concentrations of
greenhouse gases, aerosols, and ozone—which typically
do not reproduce this recent La Nifia-like trend, at least
in the multimodel mean—tend to underestimate the rate
of recent HC expansion by up to an order of magnitude
(Kohyama et al. 2017; Allen and Kovilakam 2017; Davis
and Birner 2017). Our results suggest that part of the
Hadley cell expansion over the past 30 years could be
related to the trend toward more La Nifia-like states
during the same period.
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