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ABSTRACT

TheHadley circulation has widened over the past 30 years. This widening has been qualitatively reproduced

in general circulation model (GCM) simulations of a warming climate. Comprehensive GCM studies suggest

this widening may be caused by a poleward shift in baroclinic eddy activity. Yet the limited amplitude of the

climate change signals analyzed so far precludes a quantitative comparison with theories.

This study uses two idealized GCMs, one with and one without an active hydrologic cycle, to investigate

changes in the extent of the Hadley circulation over a wide range of climates. The climates span global-mean

temperatures from 243 to 385K and equator-to-pole temperature contrasts from 12 to 100K. Baroclinic

eddies control the extent of the Hadley circulation across most of these climates. A supercriticality criterion

that quantifies the depth of baroclinic eddies relative to that of the troposphere turns out to be a good in-

dicator of where baroclinic eddies become deep enough to terminate the Hadley circulation. The super-

criticality depends on meridional temperature gradients and an effective stability that accounts for the effect

of convective heating on baroclinic eddies.

As the equator-to-pole temperature contrast weakens or the convective static stability increases, convective

heating increasingly influences the thermal stratification of the troposphere and the supercriticality. Con-

sistent with the supercriticality criterion, the Hadley circulation contracts as meridional temperature gradi-

ents increase, and it widens as the effective static stability increases. The former occurs during El Niño and

may account for the observed Hadley circulation contraction then; the latter occurs during global warming.

1. Introduction

Observational studies suggest that the Hadley circu-

lation in the tropics has widened over the past 30 years

(Hu and Fu 2007; Seidel and Randel 2007; Seidel et al.

2008), although there is a wide spread of the magnitude

of the widening among datasets (Adam et al. 2014). The

widening has been qualitatively reproduced in general

circulationmodel (GCM) simulations of global warming

scenarios. GCM simulations agree that the terminus of

the Hadley cells shifts poleward under global warming,

but they disagree on the magnitude of this shift (e.g., Lu

et al. 2007). The shift is accompanied by a poleward shift

of the subtropical dry zones (e.g., Lu et al. 2007) and

midlatitude storm tracks (e.g., Yin 2005; Barnes and

Polvani 2013; Simpson et al. 2014). At the same time, the

Hadley circulation has been observed to contract during

El Niño and to expand during LaNiña (e.g., Seager et al.
2003; Lu et al. 2008; Nguyen et al. 2013; Adam et al.

2014).

There is no convincing account of what causes the

widening trend or ENSO variations of the Hadley cir-

culation; a theory describing the width of the Hadley

circulation on an ‘‘Earth like’’ planet is lacking

(Schneider 2006; Schneider et al. 2010). The now-

prevalent hypothesis is that the Hadley circulation ter-

minates where baroclinic eddies in some sense start

controlling the dynamics. Several arguments of how this

may occur have been put forward. The simplest version

of this argument is based on the linear stability criterion

for the quasigeostrophic (QG) two-layer model and

states that the Hadley circulation extends up to the lat-

itude at which angular momentum–conserving axisym-

metric flow becomes baroclinically unstable (Held
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2000). This argument, and its quantitative consequences,

has been widely used in the recent literature to account

for the poleward shift of the Hadley circulation terminus

in comprehensive GCM simulations (Lu et al. 2007;

Frierson et al. 2007). Yet the resulting Hadley circulation

extent compares poorly with idealized GCM simulations

over a much wider range of climates than that sampled in

the comprehensive GCM simulations (Walker and

Schneider 2006; Korty and Schneider 2008). Moreover,

its core assumptions—angular momentum–conserving

flow in the upper branch of the Hadley circulation and

the existence of a critical shear for baroclinic instability—

are violated in Earth’s atmosphere (Schneider 2006;

Zurita-Gotor and Lindzen 2007).

A modified version of this argument is based on a

diffusive eddy mixing model and posits that the

Hadley circulation extends to the latitude where

baroclinic eddies become deep enough to reach the

upper troposphere and where, as a consequence, the

eddy flux divergence of angular momentum changes

sign (Schneider and Walker 2006; Korty and Schneider

2008). Determining this latitude from a supercriticality

criterion accounts broadly for Hadley circulation

changes in simulations with a dry idealized GCM (Korty

and Schneider 2008). But applying this criterion to an

atmosphere with an active hydrologic cycle has re-

mained challenging (Schneider and O’Gorman 2008).

More recently, O’Gorman (2011) suggested a way to

include moisture effects in the depth scaling of baro-

clinic eddies. This modified scaling was found to capture

changes in the extent of the Hadley circulation in global

warming simulations with an idealized GCM with an

active hydrologic cycle (O’Gorman 2011). However,

these recent findings have raised new questions: for

example, whether the supercriticality in dry and moist

GCM simulations can be represented by a uniform

framework, despite the differences in which diabatic

heating occurs. It is unclear to what extent convective

heating in dry GCM simulations affects baroclinic

eddies and whether an effective static stability similar to

that of O’Gorman (2011) captures its effects. Further-

more, it is unclear whether accounting solely for vertical

convection can capture the effects of diabatic heating on

baroclinic eddies or whether other processes, such as

slantwise convection, need to be represented explicitly

as well (Korty and Schneider 2007).

Here, we describe a modified supercriticality crite-

rion, which is very similar to that defined by O’Gorman

(2011), and we test its relevance over a wide range of

climates simulated with two idealized GCMs. We show

that this criterion can discriminate between regions

dominated by baroclinic eddy or convective activity and

that it constrains changes in the Hadley circulation

extent with climate when baroclinic wave activity is

strong in the extratropics.

2. Heuristic arguments

The simplest model of theHadley circulation is that of

an angular momentum–conserving axisymmetric over-

turning circulation that is energetically closed

(Schneider 1977; Held and Hou 1980). Held and Hou

(1980) showed that such a Hadley circulation extends

to a finite latitude, beyond which radiative–convective

equilibrium prevails. In our simulations, the prediction

of the Hadley cell extent obtained from this dynamical

model compares poorly with the actual latitude of the

Hadley circulation terminus (see appendix C). This is

unsurprising because the tropical circulation is neither

angular momentum conserving nor energetically closed

(Walker and Schneider 2006; Schneider 2006; Trenberth

and Stepaniak 2003).

Axisymmetric flows were not originally viewed as

accounting for the behavior of Earth’s Hadley circula-

tion, but as providing a basic state for studies of baro-

clinic instability (e.g., Schneider 1977). The zonal wind

speeds consistent with an angular momentum–

conserving mean flow would be large enough in the

subtropics to be linearly unstable to baroclinic instability

(e.g., Phillips 1954). This led to the notion that the axi-

symmetric Hadley circulation may extend up to the

latitude where baroclinic instability ‘‘sets in’’ (Held

2000). The analytical relation for an angular

momentum–conserving axisymmetric Hadley circula-

tion terminated by linear baroclinic instability has been

used in the recent literature to explain the poleward shift

of the Hadley circulation terminus in comprehensive

GCM simulations (e.g., Lu et al. 2007; Frierson et al.

2007; Kang and Lu 2012). But a quantitative comparison

of the resulting Hadley circulation extent with that in

our idealized GCM simulations shows significant dis-

crepancies (see appendix C), consistent with previous

findings (Walker and Schneider 2006; Korty and

Schneider 2008). This is again not surprising, because

core assumptions, such as the tropical upper tropo-

sphere being in an angular momentum–conserving re-

gime, are usually violated in Earth’s atmosphere

(Walker and Schneider 2006; Schneider 2006).

More generally, the Hadley circulation terminus may

be considered as the equatorward boundary of the re-

gion where baroclinic eddies become deep enough to

reach the upper troposphere (Fig. 1). Where they reach

the upper troposphere, wave activity no longer propa-

gates upward but horizontally, implying angular mo-

mentum flux convergence into the latitude bandwhere it

is generated (Edmon et al. 1980; Held andHoskins 1985;
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Vallis 2006; Ait-Chaalal and Schneider 2015). Because

the Rossby number in the descending branch of the

Hadley circulation and poleward of it is generally small

(Walker and Schneider 2006; Levine and Schneider

2011), this implies equatorward mean meridional flow

where baroclinic eddies are generated and reach the

upper troposphere. In this view, the terminus of the

Hadley circulation defines the equatorward margin of

wave activity generation and upward propagation into

the upper troposphere (Korty and Schneider 2008).

a. Supercriticality in dry atmospheres

Building on Held (1978), Schneider and Walker

(2006) derived a nondimensional criterion, called

supercriticality:

Sc 5
Dhu

Dyu
’

po 2 pe
po 2 pt

, (1)

which quantifies the ratio of the depth scale of baroclinic

entropy fluxes to the height of the tropopause in dry

atmospheres. Here, the overbar defines a temporal and

zonalmean; po is themean surface pressure, pt is themean

tropopause pressure (determined as described in appen-

dix B), and pe is the mean pressure to which substantial

eddy entropy fluxes extend; Dhu is a meridional potential

temperature contrast, defined with the near-surface me-

ridional gradient (›yus) of potential temperature as

Dhu52
f

b
›yus , (2)

andDyu is a near-surface static stabilitymeasure, defined

with the near-surface static stability (2›pus) as

Dyu522›pus(po2 pt) . (3)

The near-surface average (�)s is taken to be the hori-

zontal mean averaged between the 800- and 700-hPa

pressure levels, that is, just above the planetary

boundary layer.

In regions where baroclinic wave activity strongly af-

fects the mean flow and thus sets the depth of the tro-

posphere, Schneider andWalker (2006) showed that for

Earth-like climates, Sc ’ 1. In regions where baroclinic

eddies are shallower than the depth of the troposphere,

Sc , 1. The latter occurs where radiative–convective

processes set the tropopause height, for example, in

the tropics. To obtain relation (1) for the depth of baro-

clinic eddy entropy fluxes, Schneider andWalker (2006),

following Held (1978), assumed that potential vorticity

(PV) along dry isentropes is mixed in the troposphere,

that potential temperature is mixed along the surface,

and that the turbulent diffusivity has no essential verti-

cal structure (i.e., that the mixing is essentially baro-

tropic over the depth over which baroclinic eddies

extend). The latter is expected in the limit of strong

turbulence and is an approximation when turbulence is

weak (cf. Held 1978). Relation (1) is strictly valid only

when applied on length scales greater than that of the

eddies, which are often of planetary scale (see appendix

A for a definition of this mixing region).

Using an idealized dry GCM like the one that we use

here, Schneider and Walker (2006) found that Sc, when

averaged over large-scale regions of strong baroclinic

eddy activity, assumedO(1) values over a wide range of

climates. Values of Sc ; 1 were attained when the tro-

pospheric thermal stratification was controlled by baro-

clinic eddies. Values of Sc , 1 were attained when

convection stabilized the tropospheric thermal stratifi-

cation more than baroclinic eddies could, that is, when

baroclinic eddies were relatively weak.

Supercritical climates with Sc � 1 are possible if one

or more assumptions leading to the Sc & 1 constraint are

FIG. 1. Cartoon of the effect of macroturbulence on the extent of

the Hadley circulation. When the thermal contrast becomes large

enough, baroclinic waves set the height of the tropopause (red

line). A change in the sign of the potential vorticity gradient be-

tween the surface layer (as shown by temperature decreasing

poleward at the surface) and the interior of the troposphere (as

shown by planetary vorticity increasing poleward) triggers baro-

clinic instability near the surface. Eddies then propagate upward

and equatorward into the subtropical upper troposphere, where

they dissipate (blue arrows). The terminus of the Hadley circula-

tion corresponds to a boundary between regions of eddy dissipa-

tion (subtropics) and eddy production (middle latitudes). In the

upper troposphere, this is characterized by a transition between

a region with eddy momentum flux divergence (orange patches)

and poleward mean meridional winds (Hadley cell; solid black

contours) to a region of eddy momentum flux convergence (blue

patch) and equatorward mean meridional winds (Ferrel cell;

dashed black contours).
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not satisfied. For example, supercritical climates can

occur when the stratification and meridional potential

temperature gradients are much weaker than in Earth’s

atmosphere so that the near-surface static stability ap-

proaches zero (Schneider and Walker 2006; Jansen and

Ferrari 2012). Or if the radiative time scales become

comparable or shorter than dynamical time scales,

eddies become inefficient at mixing PV and near-surface

potential temperatures. In that case, climates with Sc $ 1

can arise if the radiative–convective equilibrium state to

which the climate strongly relaxes has Sc . 1 (e.g., Chai

and Vallis 2014). Mildly supercritical climates can also

occur when turbulence is weak and the turbulent diffu-

sivity inherits a nonbarotropic structure from the mean

flow. However, our focus is on Earth-like climates, for

which Sc & 1 appears to hold well.

The supercriticality (1) with Sc ’ 1 is formally similar

to the necessary condition for baroclinic instability in

the QG two-layer model (Phillips 1954). Stone (1978)

and Stone and Nemet (1996) used this criterion to sug-

gest that Earth’s extratropical troposphere is close to

neutral with respect to linear baroclinic instability.

Others have used the linear-stability interpretation of

Sc ’ 1 to explain poleward shifts in the terminus of the

Hadley circulation with global warming, combining the

criterion either with an assumption of axisymmetric flow

in the tropics (e.g., Held 2000; Vecchi and Soden 2007;

Frierson et al. 2007) or with the actual zonal-mean flow

(e.g., Tandon et al. 2013). Despite the formal similarity,

however, the interpretations of the supercriticality (1)

and of the necessary condition for baroclinic instability

in the QG two-layer model differ. The supercriticality

(1) does not assume or imply a state ofmarginal stability,

which is known not to be attained in the atmosphere

(Simmons and Hoskins 1980; Barry et al. 2000; Zurita-

Gotor and Lindzen 2007; Merlis and Schneider 2009).

Rather, the constraint Sc & 1 emerges from considering

the limit of strong turbulence and how it would affect the

atmospheric thermal structure.

These results for dry atmospheres suggest that one

may use Sc to locate the terminus of the Hadley circu-

lation in climates in which baroclinic eddies influence

the thermal stratification (see Fig. 1). Korty and

Schneider (2008) defined a local Sc as the ratio of the

local depth of the entropy fluxes at the latitude of the

terminus over the depth of the extratropical tropo-

sphere. They found that the Hadley circulation in many

climates simulated with a dry GCM extends to the lati-

tude at which the local Sc first exceeds a critical O(1)

value. (The value of Sc generally increases with latitude

because the geometric term f /b5 a tanf increases rap-

idly with latitude f.) Here, we build on that work and

extend the results to regimes in which convection and

latent heat release are important in controlling the

subtropical and extratropical thermal stratification.

b. Effective static stability

Schneider and Walker (2006) derived the super-

criticality (1) neglecting moisture effects on baroclinic

eddies. However, latent heat release in large-scale con-

densation and moist convection are known to affect the

intensity and structure of baroclinic eddies (e.g.,

Emanuel et al. 1987; Gutowski et al. 1992; Lapeyre and

Held 2004), as well as the tropospheric thermal stratifi-

cation (Korty and Schneider 2007). Using an idealized

moist GCM, Schneider and O’Gorman (2008) found a

considerable effect of moisture on Sc: as the climate

warmed and moisture effects became more prevalent,

the supercritality decreased to values Sc , 1, in contrast

to its near invariance found in the dry GCM simulations.

Only in the coldest moist simulations were O(1) values

of supercriticality observed. Schneider and O’Gorman

(2008) attributed this decrease with global warming to

an increase in the static stability and tropopause height,

associated with increasing surface temperature and

large-scale condensation in moist baroclinic eddies. This

points to the need for a modified static stability measure

that accounts for latent heat release in baroclinic eddies.

Such an effective static stability was proposed by

O’Gorman (2011), whose ideas we briefly review here.

To devise a theory for an effective static stability that

takes latent heat release in eddies into account,

O’Gorman (2011) addressed the asymmetry that exists

in moist atmospheres between updrafts, which favor

moisture saturation and latent heat release, and down-

drafts without condensation. This asymmetry affects the

atmospheric dry entropy budget:

›tu1⋯1v›pu5⋯1Qc . (4)

Here, Qc refers to latent heat release associated with

condensation of water, which dominates locally over

other diabatic processes, such as radiative heating,

when condensation occurs. Changes in the dry entropy

of a saturated air parcel during condensation imply a

vertical displacement (O’Gorman 2011); if the dis-

tance to saturation is much larger in the horizontal

than in the vertical direction (as is typically the case in

an Earth-like climate), then latent heat release

becomes a function of local upward velocity and static

stability:

Qc5v[›pu
[H(2v) . (5)

Here, v[ denotes an upward velocity in pressure co-

ordinates, ›pu
[ is the static stability in updrafts, and
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H(2v) is the Heaviside function, which selectively re-

moves downdrafts.

While O’Gorman (2011) considered ›pu
[ to depend on

local thermodynamic conditions, in our study we take it to

be in equilibriumwith near-surface conditions in a column.

That is, updrafts and condensation in the free troposphere

are tied to the thermodynamic state of the boundary

layer, with deep convection acting as communicator:

›pu
[ 5 ›puju*o , (6)

where2›puju*o is the static stability set by air parcels lifted
pseudoadiabatically from the surface and conserving

their near-surface moist entropy uo* in the process. In the

extratropics, deep baroclinic eddies set zones of deep

ascent around cyclones or along frontal zones separating

warm subtropical air and cold polar air masses: the re-

gions of ascent are collocated with vigorous convective

activity (Ralph et al. 2004; Knippertz and Wernli 2010).

While the net upward velocity v[ cannot be con-

strained without a detailed description of the local en-

ergy budget, O’Gorman (2011) provided a geometric

argument that relates the eddy upward velocity ap-

proximately to the total eddy velocity:

v[0 5 lv0 1 « . (7)

Here, l is a rescaling factor and « is a residual. Relation

(7) is satisfied identically when the eddy velocity struc-

ture is binary either up or down, in which case l defines

the surface area covered by downdrafts. But relation (7)

also is an adequate approximation for other (more re-

alistic) eddy velocity structures [see O’Gorman (2011)

for details]. Dry eddies are expected to show equi-

partition between updrafts and downdrafts (i.e.,

l5 0:5). In Earth’s atmosphere, NCEP-2 reanalyses

show that l converges to 1 in the deep tropics, where

updrafts are confined to a small part of the domain,

while in the extratropics its value is near 0.55, consistent

with near equipartition there (O’Gorman 2011). This

value was found to be nearly invariant in the extra-

tropics over awide range of climates, which suggests that

relation (7) is a useful representation of the eddy updraft

velocity (O’Gorman 2011; Booth et al. 2015).

Using near-convective neutrality to compute the static

stability in updrafts (6) and the linearized expression for

eddy upward velocity (7), the eddy entropy budget may

be expressed as

›tu
0 52v0›pu

eff , (8)

where the effective static stability experienced by

baroclinic eddies averaged over many life cycles is

›pu
eff 5 ›pu2 l›puju*o . (9)

This effective static stability now incorporates the latent

heat release (5) and thus makes the associated diabatic

heating, which is external in dry dynamics, internal to the

dynamics. An effective static stability measure similar to

the dry static stability measure (3) can then be defined as

Deff
y u522›pu

eff
s (po2 pt) . (10)

In a moist atmosphere, the effective static stability

measure (10) is always smaller than the dry static sta-

bility measure (3), consistent with the added buoyancy

provided by condensation and latent heat release. In a

dry atmosphere, the static stability (2›pu) equals its

effective form (2›pu
eff) because2›puju*o 5 0. Whenever

the convective lapse rate is more stable than its dry

adiabatic limit, a reduced effective static stability is felt

by eddies regardless of any other moisture effect. This

has important implications for how eddies equilibrate in

our dry GCM, in which the convective lapse is pre-

scribed to be stable and moist like, to achieve greater

resemblance with Earth’s climate.

There is no significant difference in the moist simu-

lations between our estimates of the effective static

stability measure (10) and that defined by O’Gorman

(2011). Indeed, relation (10) is a specific case of that in

O’Gorman (2011), because saturated equivalent en-

tropy is conserved in saturated updrafts whether or not it

is associated with vertical convection. But the scaling

devised by O’Gorman (2011) cannot easily be tested in

dry GCM simulations, because an equivalent potential

temperature cannot easily be defined there. This con-

trasts with our scaling, which can be tested in dry GCM

simulations using the prescribed convective lapse rate.

Themore restrictive interpretation of our effective static

stability measure (10) allows for a wider applicability

when compared to that defined in O’Gorman (2011).

But both estimates are nearly identical when both ver-

sions of effective static stability are applicable, such as in

moist GCM simulations.

With the effective static stability measure (10), a

heuristic effective supercriticality Seffc can be defined. It

is identical to relation (1) except for the replacement of

the dry static stability by the effective moist static sta-

bility. The effective supercriticality is systematically

greater than its dry form. O’Gorman (2011) found the

effective supercriticality to be invariant at the terminus

of the Hadley circulation, assuming a value Seffc ’ 0:6, in

moist GCM simulations under global warming; this

value is significantly larger than the dry supercriticality

Sc ’ 0:4 found in the dry GCM simulations of Korty and

Schneider (2008), or in the moist GCM simulations of
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Schneider and O’Gorman (2008) in the limit of vanish-

ing moisture content.

3. Idealized GCMs

We examine whether the effective supercriticality and

the constraint Seffc ’ 1 can account for the extratropical

thermal stratification and the extent of the Hadley cir-

culation in a wide range of simulations with idealized

GCMs. We use a dry GCM to investigate the effect of

convective mixing on the supercriticality independent of

other moisture effects (e.g., large-scale condensation).

And we use a moist GCM to investigate more broadly

how moist convection and moisture effects in baroclinic

eddies affect the extratropical thermal structure and

Hadley circulation extent.

a. Idealized dry GCM

The idealized dry GCM is described in Schneider

and Walker (2006). It simulates an atmosphere boun-

ded by a spatially uniform and thermally insulating

spherical surface. A spectral dynamical core solves for

the large-scale motions in the atmosphere, with a res-

olution of T85 in all experiments. The vertical co-

ordinate is discretized with 30 sigma levels. Momentum

and dry entropy are diffused in a boundary layer of

fixed height (2.5 km), with a turbulent Prandtl number

of 1 (Smagorinsky et al. 1965). Frictional dissipation at

the surface is parameterized by a bulk aerodynamic

formula. Radiative heating is represented by New-

tonian relaxation of potential temperatures toward a

zonally symmetric radiative equilibrium profile, which

is quadratic in the cosine of latitude and statically un-

stable to dry convection. The time scale for this New-

tonian relaxation is zonally symmetric and varies with

latitude and height from 7 days at the equator near

the surface to 50 days in the interior atmosphere

(Schneider 2004). Convection is parameterized by a

quasi-equilibrium convection scheme. The convective

lapse rate is varied by rescaling the dry adiabatic lapse

rate by a rescaling factor g # 1. Using a reduced con-

vective lapse rate mimics changes in the stability of a

convective atmosphere due to an increase in the near-

surface moisture content: decreasing g from its dry

adiabatic value of 1 is similar to increasing the moisture

content just above surface, which usually happens in a

moist atmosphere as a response to warmer surface

temperatures.

We simulated a wide range of climates by varying the

equator-to-pole temperature contrast in radiative equi-

librium from 15 to 300K and the convective lapse rate

rescaling factor from 0.4 to 1.0. All 96 simulations were

run for 2000 days. Statistics were accumulated after a

statistically steady state was reached: they are averages

over the last 600 days, sampled four times daily.

b. Idealized moist GCM

The idealized moist GCM is described in O’Gorman

and Schneider (2008) and is similar to that of Frierson

(2007). It simulates an atmosphere with an interactive

hydrologic cycle, over a uniform ocean surface with a

thermal inertia equivalent to 1m of water. The short-

wave albedo of the planet is set to a uniform value of

0.38. Other constants (insolation, rotation rate, gravity,

etc.) are kept the same as on Earth. A spectral dynam-

ical core solves for large-scale motions in the atmo-

sphere with a resolution of T42. This lower horizontal

resolution was chosen to reduce computational time.

We reran a small number of simulations at T85 resolu-

tion; we found no significant differences from the results

prescribed here at this higher resolution. As in the dry

GCM, the vertical coordinate is discretized with 30

sigma levels. Water vapor is advected by the flow, and it

condenses whenever saturation occurs on the grid scale.

Momentum, moisture, and dry entropy fluxes at the

surface are parameterized by bulk aerodynamic for-

mulas; a k-profile boundary layer scheme similar to

Troen andMahrt (1986) represents vertical transport by

subgrid-scale motions. Moist convection is parameter-

ized by a quasi-equilibrium convection scheme, which is

like that in Frierson (2007), with the modifications de-

scribed in O’Gorman and Schneider (2008). Radiative

heating rates are computed for a gray atmosphere with

no clouds, in which a prescribed longwave optical

thickness roughly accounts for longwave absorption by

water vapor and well-mixed greenhouse gases. The

GCM is forced by an approximation of annual-mean

insolation at the top of the atmosphere. This insolation is

steady (i.e., there is no diurnal or seasonal cycle). The

reference longwave optical thickness profile is chosen to

lead to an extratropical climate resembling Earth’s in

the annual mean (O’Gorman and Schneider 2008). To

obtain climate scenarios with a tropical climate and

Hadley circulation resembling Earth’s, it is necessary to

account for ocean heat transport in low latitudes. We

use a simple representation of ocean heat transport,

which couples the heat transport to surface temperature

gradients and surface wind stress (Klinger andMarotzke

2000; Levine and Schneider 2011).

We simulate a wide range of climates by varying the

longwave optical depth and the insolation profile, in

climate scenarios with and without the coupled ocean

heat transport. The reference profile for the longwave

optical depth is rescaled by a constant factor a to mimic

changes in greenhouse gas concentrations; we use

seven different rescaling factors, ranging from a 5 0.2
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to 4.0. The insolation profile is varied by varying

the pole-to-equator insolation contrast, while keeping

the global mean fixed. This is achieved by varying the

nondimensional factor D in the top-of-atmosphere

insolation STOA 5 So/4[1 1 D/4(1 2 3 sin2f)], where

So 5 1360Wm22 is the total solar irradiance. We use

between 14 and 19 insolation contrast values for every

optical depth value, for a total of 109 climate simula-

tions, each with and without coupled ocean heat

transport (see Table 1 for a summary of all configura-

tions). Some of these insolation contrast values are so

large that insolation becomes negative at the poles;

these simulations, despite not being realizable plane-

tary configurations, extend our study to a climate range

similarly wide as that covered by the dry GCM simu-

lations. All simulations were run for 9 years. Statistics

were accumulated over the last 4 years, from four-

times-daily samples.

c. Earth’s climate

In addition to these simulations, we analyzed Earth’s

annual-mean climate as given by ERA-Interim (Dee

et al. 2011). The reanalysis data were averaged annually

over a 30-yr period (1979–2008). To ease comparison

between theory and observation, all variables were

computed for the Southern Hemisphere only. This was

done to mitigate added complications arising from the

existence of continents and large mountain ranges in the

Northern Hemisphere. Selecting the Southern Hemi-

sphere allows for a comparison with Earth’s climate

under conditions more compatible with the assumptions

used to derive the supercriticality and effective static

stability.

4. Results

This ensemble of dry andmoist simulations (218moist

and 96 dry simulations) spans a very wide range of cli-

mates. In the moist GCM simulations without ocean

heat transport, global-mean surface temperatures vary

from 253 to 312K, and equator-to-pole temperature

contrasts vary from 11 to 144K (Table 1); the ranges are

essentially the same for the simulations with ocean heat

transport. Among the moist simulations, we identify a

reference simulation (a5 1:0 and D5 1:2), which has an

equator-to-pole surface temperature contrast (49K)

and a global-mean surface temperature (287K) close to

Earth’s in the annual mean. In the dry GCM simula-

tions, global-mean surface temperatures vary from 243

to 385K, and equator-to-pole temperature contrasts

from 12 to 100K.

Slab and ocean moist simulations have nearly identi-

cal global means and equator-to-pole contrasts of the

surface temperature. Yet the Hadley circulation was

found to be sensitive to the presence of ocean heat

transport in the tropics: Levine and Schneider (2011)

found that the Hadley circulation can become signifi-

cantly wider (by 58 or more) and weaker (by 50% or

more) when ocean heat transport is introduced. For

example, in the reference climate (a5 1:0 and D5 1:2),

the reference simulation with ocean heat transport is

characterized by a Hadley circulation strength [109Sv

TABLE 1. List of all configurations for moist GCM simulations (with or without ocean heat flux). Global-mean surface temperature and

equator-to-pole contrast are shown in each configuration for the slab simulations. Columns show variations due to change in the rescaling

coefficient of longwave optical depth. Rows show variations with insolation contrast. The reference simulation is defined by a5 1:0 and

D5 1:2, which is characterized by global-mean and equator-to-pole temperature contrast close to those of Earth in the annual mean (287

and 49K, respectively, for the Southern Hemisphere).

a

D

0 0.1 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

0.2 262 262 262 262 261 261 260 260 259 258 257 256 254 253 — — — — —

14 19 24 33 43 52 61 69 77 90 99 112 126 144 — — — — —

0.4 274 273 273 273 272 271 271 270 269 268 267 266 265 263 — — — — —

23 27 31 38 45 51 59 64 72 82 92 101 113 125 — — — — —

0.7 285 284 284 284 283 282 281 280 279 278 277 276 275 274 — — — — —

22 25 28 34 39 45 51 56 64 71 79 87 97 107 — — — — —

1.0 291 291 291 290 290 289 288 287 286 285 284 283 281 280 — — — — —

19 22 24 28 33 38 43 49 54 61 69 76 84 95 — — — — —

1.6 299 299 299 298 298 297 297 296 295 294 293 292 290 289 288 286 284 — —

16 17 18 22 25 29 32 37 42 47 53 60 68 75 86 96 106 — —

2.5 306 306 306 305 305 304 304 303 303 302 301 300 299 298 296 294 293 — —

13 14 15 18 20 23 26 29 32 36 40 46 51 59 68 77 88 — —

4.0 312 312 312 312 311 311 311 310 310 309 309 308 307 306 305 303 302 300 298

11 12 14 16 18 21 23 25 28 30 33 37 41 47 54 62 72 83 94
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(1 Sv [ 106m3 s21)] and width (268) comparable to

Earth’s in the annual mean (111 Sv and 308, re-

spectively). By contrast, the reference simulation with-

out ocean heat transport has an unrealistically strong

(181 Sv) and narrow (238) Hadley circulation. Ocean

heat transport becomes increasingly important for the

Hadley circulation as the global-mean surface temper-

ature decreases or its equator-to-pole contrast increases.

As the global-mean surface temperature increases,

the tropopause shifts upward (Fig. 2), consistent with the

radiative–convective response of an atmosphere to an

increase in longwave opacity (Thuburn and Craig 2000;

Schneider 2007). Increasing the equator-to-pole tem-

perature contrast also deepens the troposphere through

an increase in static stability that, other factors equal,

usually accompanies increased meridional tempera-

ture contrasts. The increase in tropopause height

with static stability can likewise be understood from

radiative constraints on the tropopause (Held 1982;

Schneider 2007).

a. Supercriticality in midlatitudes

Schneider and Walker (2006) found Sc & 1 in baro-

clinic zones of dry GCM simulations, with Sc , 1 when

convection played a substantial role in stabilizing the

extratropical thermal stratification. Here, we address

whether the effective supercriticality, which takes the

stabilizing effect of convection in baroclinic eddies into

account, leads to a scaling Seffc ’ 1 over a wider range of

climates in the dry GCM simulations and can also ac-

count for latent heat release in baroclinic eddies in the

moist GCM simulations.

Figure 3 shows the traditional static stability (3)

versus the meridional potential temperature contrast

(2) in all dry and moist GCM simulations. Simulations

with Sc 5 1 lie on the one-to-one line. Colors indicate

the convective static stability, evaluated from the static

stability (3) using the convective lapse rate and tropo-

pause pressure and averaged over the baroclinic zones

for each GCM simulation (see appendix A for aver-

aging conventions). Dry or moist simulations with

(nearly) dry adiabatic convective lapse rates lie near

the line Sc 5 1 (dark blue colors in Fig. 3). Moist sim-

ulations with nearly dry adiabatic convective lapse rate

are cold climates. In them, the convective static sta-

bility is nearly zero, and the thermal stratification is

stabilized by essentially dry baroclinic eddies. How-

ever, these essentially dry simulations in which latent

heat effects are negligible cover only a small subset of

all simulations. For example, among the moist simu-

lations, only those with global-mean surface tempera-

tures below 270K fall into this category. Most

simulations, including the Earth-like reference simu-

lations with the moist GCM, lie above the one-to-one

FIG. 2. Mass flux streamfunction (clockwise: solid black lines; counterclockwise: dashed black lines), mean potential temperature (cyan

lines), mean zonal wind (magenta lines), and mean tropopause height (red solid line) for the following moist GCM simulations (without

ocean heat transport): (a) a cold climate with low equator-to-pole temperature contrast DTs, (b) a temperate climate with low DTs, (c) a

warm climatewith lowDTs, (d) a cold climatewith largeDTs, (e) a temperate climatewith largeDTs, and (f) a warm climatewith largeDTs.

The poleward and equatorward boundaries of the baroclinic zone, as defined in appendix A, are shown by the vertical green dashed lines.

The global-mean surface temperature and the equator-to-pole temperature contrast of these simulations are shown in the bottom-right

corner of each panel. Contour intervals are 10m s21 for zonal wind, 203 109 kg s21 for streamfunction, and 10K for potential temperature.
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line in Fig. 3.1 Figure 3 also suggests that Earth’s cli-

mate lies above the one-to-one line. In these simula-

tions, as well as in Earth’s atmosphere, the static

stability (3) is larger than the meridional potential

temperature contrast (2) (i.e., Sc , 1). Generally, Sc
decreases as the convective lapse rate decreases (i.e., as

colors in Fig. 3 shift from blue to red). A value of Sc , 1

implies that convection plays a role in stabilizing the

extratropical thermal stratification, although it may not

act alone but in conjunction with baroclinic eddies,

because the static stability is typically greater than that

implied by convection alone (cf. Schneider and Walker

2006). For example, moist simulations with large me-

ridional temperature contrasts are characterized by

static stability values around 160K (ordinate of Fig. 3).

This exceeds the convective static stability, which

would be less than 120K (colorbar in Fig. 3). In these

simulations, the supercriticality does not provide in-

formation on the extratropical thermal stratification

beyond the inequality constraint Sc & 1, and it does not

discriminate effectively between purely convective and

baroclinic–convective static stability regimes.

Using the effective static stability (10), with the

specified convective lapse rate in the case of the dry

simulations, better characterizes dynamical regimes in

the extratropics. Figure 4 shows the effective static

stability (10) versus the meridional potential tempera-

ture contrast (2). Comparing Figs. 3 and 4, we see that

now a much larger fraction of the simulations, both

moist and dry, lie on the one-to-one lines that signify

Seffc 5 1. Only in moist GCM simulations with weak

meridional temperature contrasts does convection

control the extratropical thermal stratification (Seffc , 1).

All other simulations characterized by Seffc 5 1 have

greater effective static stability than predicted from

purely convective adjustment, as shown by comparing

the ordinate to the values denoted by the colorbar in

Fig. 4.2 In the moist simulations, the transition from

baroclinic to convective regimes is temperature de-

pendent, requiring greater baroclinicity as the climate

warms: while the coldest moist simulations are con-

trolled by baroclinic eddies regardless of their baro-

clinicities, in the warmest simulations, baroclinic eddies

only dominate the extratropical thermal stratification

when the meridional potential temperature contrast

becomes larger than around 50K, which is when the

meridional potential temperature contrast equals the

effective static stability in radiative–convective equilib-

rium. Thus, the effective supercriticality can provide

information on the extratropical thermal stratification

FIG. 3. Meridional potential temperature contrast (2) and static stability (3) in (a) 89 dry simulations, (b) 109 moist simulations with

a slab ocean, and (c) 109 moist simulations with ocean heat transport. Colors indicate the convective static stability, averaged over the

baroclinic zones for each GCM simulation (see appendix A for averaging conventions). Earth’s Southern Hemisphere climate in the

annualmean ismarked by a pentagram. The black dashed line shows the one-to-one line (i.e., Sc 5 1:0). Dashed lines in (a) show a series of

dry GCM simulations with varying equator-to-pole surface temperature contrast in radiative equilibrium and fixed convective lapse rates

G5gGd, where Gd is the dry adiabatic lapse rate (blue: g5 0:9; black: g5 0:7; red: g5 0:6). Dashed lines in (b) and (c) show a series of

moist GCM simulations with varying equator-to-pole insolation contrast and fixed longwave opacity profile atlwref, where t
lw
ref is the Earth-

like reference optical depth (blue: a5 0:2; black: a5 1:0; red: a5 4:0). The extratropical thermal stratification in simulations clustered on

the one-to-one line is controlled by baroclinic eddies, while in those clustered above the black line (i.e., Sc # 1), it is controlled by

radiative–convective processes.

1 Seven dry GCM simulations with low meridional potential

temperature contrasts and low convective lapse rates were domi-

nated by numerical noise. This prevented a robust estimate of

baroclinic zones and of theHadley circulation terminus. They were

excluded from Fig. 3 and all subsequent figures. In them, the tro-

popause height is controlled by convection.

2 Figure 4 shows four moist GCM simulations below the one-to-

one line (i.e., with Seffc . 1). These simulations correspond to very

cold climates, with near-neutral temperature lapse rates. These

simulations appear to be consistent with the findings of Schneider

and Walker (2006) and Jansen and Ferrari (2012), who also found

Sc . 1 in simulations with near-neutral lapse rates.
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even when convection and/or large-scale latent heat

release in baroclinic eddies are important for the ex-

tratropical thermal stratification, as suggested by

O’Gorman (2011) for moist simulations similar to those

here. It can discriminate more effectively between

purely convective and baroclinic–convective static sta-

bility regimes. Comparison of Figs. 3 and 4 shows that

convection influences how baroclinic eddies affect the

thermal stratification, even when turbulence is strong or

when large-scale latent heat release has no effect on the

dynamics. Comparing these results to Earth’s climate,

Fig. 4 suggests that Earth’s annual-mean climate is mar-

ginally subcritical, with an effective supercriticality value

of about 0.8 in the annual mean for the Southern Hemi-

sphere. This finding appears consistent with Korty and

Schneider (2007), who found convective adjustment to

be a dominant process in Earth’s extratropical tropo-

sphere in some regions and seasons (e.g., in summer over

continents and in winter over oceanic storm tracks).

Comparing Figs. 4b and 4c, we see that moist simu-

lations with and without parameterized ocean heat flux

show similar behavior. Despite its large effect on the

dynamics of the tropical atmosphere, ocean heat trans-

port in the tropics has little effect on the extratropical

atmosphere (Levine and Schneider 2011).

b. Extent of Hadley circulation

Despite a large body of theoretical and observational

studies, there is no unique definition for the terminus of

the Hadley circulation (cf. Levine and Schneider 2011).

Here, we define the terminus as the subtropical latitude

where the mean meridional mass flux, integrated from

the 750-hPa pressure level to the top of the atmosphere,

attains 10% of its tropical extremum. In most climates,

the 750-hPa pressure level is near the upper bound of the

lower branch of theHadley circulation. This definition is

similar to others used in the literature (e.g., Lu et al.

2007). Figure 5 shows that the latitude of the terminus in

both moist and dry simulations varies widely, from 88 to
368. Using slightly different definitions for the terminus

based on the mass flux streamfunction (for instance, the

latitude of its zero crossing) does not change our results

significantly. Dry GCM simulations suggest the exis-

tence of a maximum width for the Hadley circulation on

an Earth-like planet: in simulations with large convec-

tive static stabilities and large meridional potential

temperature contrasts, the terminus appears to asymp-

totically approach 368. Thismaximumextent is generally

reached in simulations with large baroclinicity. One

might think this maximum latitude is given by the Held–

Hou extent of angular momentum–conserving Hadley

circulations [see (C1)]. However, unlike the angular

momentum–conserving extent, the terminus latitude in

the dry simulations depends on the static stability, and it

does not appear to continue to increase as the meridi-

onal potential temperature contrast increases.

In the moist simulations, the Hadley circulation

widens as the climate warms, in agreement with com-

prehensive global warming simulations (e.g., Lu et al.

2007; Medeiros et al. 2015). The Hadley circulation

terminus moves from 168 to 278 when the longwave

opacity in the simulations increases, while the insolation

is kept fixed to Earth’s annual-mean profile (dashed

lines in Fig. 5). The terminus also shifts poleward as the

insolation contrast, and with it meridional temperature

contrasts, increase: when the longwave opacity is kept

fixed to its reference profile while the insolation contrast

is increased from zero to its maximum value, consistent

with nonnegative insolation at the poles, the terminus

moves from 168 to 268 (i.e., simulations on Fig. 5, de-

noted by a green color, shifting from the dashed red line

to the dashed blue line as insolation contrast increases).

In the reference simulation without ocean heat trans-

port, the Hadley circulation extends to 238. This is a 78
smaller extent than that of Earth’s Hadley circulation in

the annual mean. Once ocean heat transport is included,

FIG. 4. Meridional potential temperature contrast (2) and effective static stability (10) for the simulations shown in Fig. 3. Colors

indicate the convective effective static stability averaged over the baroclinic zones for each GCM simulation. Other plotting conventions

are as in Fig. 3.
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the Hadley circulation in the reference simulation is 268
wide and closer to Earth’s in the annual mean (cf.

Figs. 5b,c), consistent with the results of Levine and

Schneider (2011).

In the dry simulations, Fig. 5 shows that the terminus

shifts poleward as the equator-to-pole contrast in ra-

diative equilibrium increases or the convective lapse

rate decreases. These variations are qualitatively con-

sistent with a widening of the circulation that

accompanies a deepening of the troposphere or an in-

crease in extratropical baroclinicity, as seen in the

moist GCM simulations and in observations (Adam

et al. 2014).

c. Supercriticality at the terminus of the Hadley
circulation

In the simulations in which the extratropical thermal

stratification is baroclinically controlled and Seffc ’ 1, the

terminus of the Hadley circulation sits at the latitude at

which Seffc first exceeds a critical O(1) value. That is, to

the extent the effective supercriticality is a good mea-

sure of the depth of baroclinic eddies, the Hadley cir-

culation extends to the latitude where baroclinic eddies

become deep enough to reach the upper troposphere.

This can be seen in Fig. 6, which shows the effective

static stability (10) versus the meridional potential

temperature contrast (2) evaluated at the latitude of the

terminus. Comparing these local quantities with the

bulk quantities estimated over baroclinic zones (Fig. 4),

we find very similar results. The only noticeable differ-

ence is the slope of the line around which simulations

cluster.When baroclinic eddies control the extratropical

thermal stratification (i.e., Seffc ’ 1:0 over the baroclinic

zones), a lower but largely invariant value of super-

criticality is found at the terminus (Seffc ’ 0:7). This lower

value of the supercriticality is conceptually consistent

with the terminus being a transition between regions

where baroclinic eddies dominate the dynamics (i.e.,

extratropical storm tracks) and regions where convec-

tion exerts a direct control on the tropospheric thermal

stratification (i.e., the tropics). With the interpretation

of Schneider and Walker (2006), Seffc ’ 0:7 also implies

that baroclinic eddies generated at the latitude of the

terminus extend over approximately 70% of the extra-

tropical tropospheric depth. Simulations found in the

convective regime are characterized by Seffc , 0:7. This

also seems to apply to Earth’s climate (Fig. 6), in which

the effective supercriticality was estimated to be about

0.36 in the annual mean at the terminus of the Hadley

cell in the Southern Hemisphere. This is in agreement

with convection exerting some influence on the thermal

stratification of the extratropical troposphere.

Similar to what we found over the baroclinic zones,

using the dry static stability in lieu of the effective static

stability significantly degrades the ability of the super-

criticality to predict the latitude of the Hadley circula-

tion terminus. That is, accounting for convection and

large-scale condensation is as important near the ter-

minus as it is over the storm tracks.

To the extent that Seffc ’ 0:7 holds at the terminus, the

Hadley circulation would be expected to be wider in the

ocean simulations than in the corresponding slab simu-

lations, as is indeed seen in the simulations. The reason

is that ocean heat transport warms the subtropics and

cools the deep tropics, thereby reducing the meridional

surface temperature gradient in the tropics and

subtropics. Lower baroclinicity on the equatorward side

of the Hadley circulation terminus is compensated by

the terminus being shifted poleward in the ocean

simulations.

FIG. 5. Latitude of the terminus of the Hadley circulation and global-mean near-surface temperature for simulations shown in Fig. 3.

Colors indicate the convective static stability, evaluated locally at the latitude of the terminus. (a) As in Fig. 3, dashed lines show a series of

dry GCM simulations with varying equator-to-pole surface temperature contrast in radiative equilibrium and with fixed convective lapse

rates (blue: g5 0:9; black: g5 0:7; red: g5 0:6). (b),(c) Dashed lines show a series of moist GCM simulations with varying longwave

opacity and fixed equator-to-pole insolation contrast (blue: D5 2:0; black: D5 1:2; red: D5 0:2). Other plotting conventions are as in

Fig. 3.
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5. Discussion

In our simulations, the Hadley circulation was found

to widen with global warming, associated with an in-

crease in static stability and a lifting of the extratropical

tropopause height. This widening with global warming

accompanies a poleward shift of the storm tracks

(Schneider 2004; Lorenz and DeWeaver 2007; Mbengue

and Schneider 2013). For example, increasing the long-

wave optical depth of the atmosphere by a factor of 30

in moist simulations leads to a 108 shift of the terminus,

from 158 to 258; the storm tracks shift as much, from 448
to 548. Both shifts appear to be caused by the increase

in tropospheric latent heating (increasing static sta-

bility) and lifting of the tropopause associated with the

global warming. Previous studies using comprehensive

GCM simulations have also recognized that the wid-

ening of the Hadley circulation is associated with an

increase in static stability (Lu et al. 2008), a lifting of

the extratropical tropopause height (Lu et al. 2007),

or a decrease in the wind shear (Tandon et al. 2013).

Our study quantifies this effect using the invariance of

the effective supercriticality at the latitude of the

terminus.

The Hadley circulation was generally found to widen

when the equator-to-pole temperature contrast in-

creased in both moist and dry GCM simulations. In this

scenario, the subtropical static stability was found to

increase faster than the local meridional potential tem-

perature contrast, and this leads to a poleward shift of

the terminus. This is the opposite of what happens

during an El Niño, when an anomalous warming of

the tropical troposphere (and thus an increase in the

equator-to-pole temperature gradient) leads to a

contraction of the Hadley circulation. In the latter

case, anomalous heating in the deep tropics increases

the meridional temperature gradient in the sub-

tropics, but without large compensation from a static

stability increase, and this leads to an equatorward

shift of the terminus. Our results are consistent with

the findings of Brayshaw et al. (2008), who showed

that the storm tracks (and perhaps also the Hadley

circulation terminus) could shift poleward or equa-

torward when increasing baroclinicity (e.g., by pre-

scribing an anomalous SST gradient), depending on

whether this anomalous baroclinicity is applied in the

subtropics (in which case storm tracks shift equator-

ward) or in the midlatitudes (in which case storm

tracks shift poleward).

It is also important to note that the terminus of the

Hadley circulation and the storm-track latitude are not

equally sensitive to climate changes, depending on

which forcings are varied (Mbengue and Schneider

2013). For instance, increasing the insolation contrast

from D5 0 to D5 2:0 in simulations with the reference-

longwave optical depth (a5 1:0) induces an 118 shift of
the terminus, from 168 to 278, and this outpaces the 28
shift of the latitude of the storm tracks. This difference

comes from the different sensitivity of the static stability

in the subtropics and extratropics: while the increase in

meridional temperature gradient is matched by static

stability increases when averaged over the baroclinic

zones, static stability in the subtropics increases more

rapidly. The decoupling of the isentropic slope (i.e., the

ratio of the meridional potential gradient and static

stability) between the subtropics and the extratropics in

these simulations calls into question whether changes in

the isentropic slopes in the subtropics generally translate

into shifts in the storm tracks, as suggested by Butler

et al. (2011).

6. Conclusions

Using a dry and a moist idealized GCM, we have

simulated a wide range of climates. In the simulations,

the terminus of the Hadley circulation varied between

about 88 and 368. A supercriticality criterion was modi-

fied to account for the tight coupling between baroclinic

eddies and convection. This effective supercriticality

FIG. 6. Meridional potential temperature contrast (2) and effective static stability (10) evaluated at the latitude of the Hadley circulation

terminus using the same simulations and plotting conventions as in Fig. 5. The magenta lines correspond to Seffc 5 0:7.
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criterion successfully discriminated between simulations

in which the extratropical thermal stratification was

controlled by baroclinic eddies and those in which it is

controlled locally by convection. The latitude of the

Hadley circulation terminus was found to be well con-

strained by a constant O(1) value of the effective su-

percriticality whenever baroclinic eddies were strong; in

this regime, the Hadley circulation terminus acts as the

equatorward boundary for baroclinic wave activity that

reaches the upper troposphere, as suggested in the dry

context by Korty and Schneider (2008).

We found that the extratropical thermal stratification

in idealized moist GCM simulations is controlled by

baroclinic eddies when the meridional potential tem-

perature contrast becomes larger than the effective

static stability in local convective equilibrium. The

Earth-like reference climate was found to be near the

transition between baroclinic and convective regimes.

Earth’s Southern Hemisphere climate in the annual

mean similarly shows an important influence from con-

vection on the thermal stratification. More generally, we

found convection to influence the static stability and

tropopause height, even when baroclinic eddies

were strong.

The finding that the effective supercriticality typically

assumes a constant O(1) value near the Hadley circu-

lation termini may offer an explanation for why the

Hadley cells contract under El Niño but expand under

La Niña and global warming (Seager et al. 2003; Lu et al.

2008; Tandon et al. 2013; Adam et al. 2014). Under El

Niño, the equatorial atmosphere warms, leading to in-

creased equator-to-pole temperature contrasts in the

lower troposphere (e.g., Seager et al. 2003). For Sc to

assume a constant value at the Hadley circulation ter-

mini, the Hadley circulation needs to contract, provided

changes in static stability in the lower troposphere are

not large enough to compensate. Conversely, reduced

pole-to-equator temperature contrasts under La Niña
demand an expansion of the Hadley circulation.3 Simi-

larly, under global warming, the static stability and tro-

popause height near the Hadley circulation termini

generally increase, both ultimately because surface

temperatures increase. This leads to increased static

stability because of increased latent heat release (e.g.,

Frierson et al. 2006; Schneider andO’Gorman 2008) and

an elevated tropopause because of higher temperatures

and increased static stability (e.g., Schneider 2007).

Overall, these conclusions are qualitatively consistent

with previous studies, which found the Hadley circula-

tion to widen in response to a global (or extratropical)

heating but to contract in response to a tropical heating

(Butler et al. 2011; Tandon et al. 2013). The effective

supercriticality criterion for the extent of the Hadley

circulation affords a unified and simple interpretation of

these seemingly disparate phenomena.
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APPENDIX A

Determination of Baroclinic Zones

The supercriticality may be evaluated either locally

(1) or as a bulk average. Schneider and Walker (2006)

argued that the supercriticality should be estimated

over a baroclinic zone that is at least as wide as the

largest baroclinic eddies. Following Schneider and

Walker (2006), we define baroclinic zones as regions

where the near-surface eddy meridional potential tem-

perature (heat) flux is greater than 50% of its maximum

value. Near-surface averaging is defined as a mass-

weighted vertical averaged between sigma levels 0.75

and 0.85. On an Earth-like planet (in size and rotation

rate), this region covers most of the extratropics, con-

sistent with the deformation radius being of the scale of

the planet. Schneider and Walker (2006) defined the

center of the storm tracks as the latitude where the eddy

heat flux is maximum. In some climates, the eddy heat

flux does not have a sharply defined maximum, which

leads to sensitivity to the averaging convention when

estimating baroclinic zones. We address this issue by

defining the center of the storm track uM from the eddy

heat flux cumulative distribution: that is,

3 The relevance of supercriticality to ENSO events is difficult to

assess quantitatively from observations, as the Northern Hemi-

sphere Hadley circulation contracts by less than 28 during a typical
El Niño event, with significant discrepancies among observational

datasets (e.g., Nguyen et al. 2013). But prescribing a heat source in

the deep tropics in our idealized moist GCM induces a contraction

of the Hadley circulation as during an El Niño event, and the

effective supercriticality criterion captures these changes

(T. Bischoff 2014, personal communication). These results will be

described in a forthcoming publication.
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uM 5

ðu
1

u
2

(y0u0)u dp

ðu
1

u
2

(y0u0) dp
. (A1)

Here, u2 and u1 define, respectively, the equatorward

and poleward boundaries of the baroclinic zones: that is,

the latitudes where the near-surface eddy meridional

potential temperature (heat) flux equals 50% of its

maximum value, equatorward and poleward of the lat-

itude of its maximum value. In a moist GCM simulation

characterized by an Earth-like climate (e.g., D5 1:2 and

a5 1:0), we found u2 5 288, u1 5 688, and uM 5 488 in
each hemisphere. Generally, the width of the baroclinic

zones stays relatively invariant with climate changes.

Yet storm-track latitudes (as well the boundaries of the

baroclinic zones) can shift with climate changes.

A bulk estimate of supercriticality can then be de-

fined as

hSci5
hDhui
hDyui

, (A2)

where hDhui is defined as the bulk meridional potential

temperature contrast,

hDhui52
f (uM)

b(uM)
[›yus] , (A3)

and hDyui as the bulk static stability:

hDyui522[›pus][po2 pt] . (A4)

Here, the angle braces indicate a bulk estimate, the

square brackets define a meridional average over

the baroclinic zone, and po is the reference pressure at

the surface (po 5 105 Pa). Similarly, a bulk convective

static stability can be defined as

hDyuiju*o 522[›pusju*o][po2 pt] , (A5)

and both together determine the effective static

stability.

APPENDIX B

Determination of Tropopause Height

A reliable determination of the tropopause height is

essential when estimating the supercriticality in our

simulations. The World Meteorological Organization

(WMO) defines the tropopause as the lowest level of the

atmosphere where the lapse rate is equal to or lower

than a threshold lapse rate of 2Kkm21. We applied this

definition to the bulk lapse rate (averaged over the

baroclinic zones) for all climates. Tropopause heights

estimated from this definition were then used to define

the supercriticality (1). The same definition was used to

define the local tropopause height in Fig. 2. We found

that simulations with near-neutral convective lapse rate,

which corresponds to cold climates in the moist GCM,

have a poorly defined tropopause when applying the

WMO definition. To circumvent this issue, we use a

different definition of the tropopause height based on

the meridional circulation structure.

In the coldest set of simulations, the tropopause

height was redefined as the level where the mean me-

ridional mass flux in the upper troposphere reaches its

maximum value in the Northern Hemisphere. This

maximum is always achieved in the deep tropics, and its

latitude usually defines the center of the Hadley circu-

lation in the Northern Hemisphere. This level usually

corresponds to the levels of both maximum eddy mo-

mentum flux divergence in the tropics and convergence

in the extratropics, consistent with quasi-horizontal

propagation of eddies from the storm tracks to the

subtropics (Ait-Chaalal and Schneider 2015). The height

obtained from this definition is nearly identical to that

provided by the lapse rate definition, except in the cli-

mates with near-neutral thermal stratification. In the

latter simulations, the lapse rate definition fails to esti-

mate the tropopause height because of the existence of

strong inversions between the boundary layer and the

free troposphere, while our dynamical definition gives a

more robust estimate.

APPENDIX C

Other Theories for Hadley Cell Terminus

Held and Hou (1980) derived a relation describing

the extent of an angular momentum–conserving

Hadley circulation, which in the small-angle approxi-

mation is

uHH805

�
gHt

V2a2

DhuR
u0

�1/2

. (C1)

Here, g is the gravitational acceleration,V is the angular

velocity of the planetary rotation, a is the planetary ra-

dius, and u0 is a constant reference value of potential

temperature. Radiative–equilibrium temperatures near

the equator are assumed to decrease quadratically with

latitude, and DhuR is the equator-to-pole radiative–

equilibrium temperature difference vertically averaged

over the depth of the troposphere;Ht is the height of the
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upper branch of the Hadley circulation (i.e., approxi-

mately the tropical tropopause height).

We test an approximate form of relation (C1) in the

dry GCM simulation, applicable to simulations with

invariant planetary radius and rotation rate:

uHH80 ; (HtDhuR)
1/2 . (C2)

Here, Ht is averaged over the deep tropics (jfj# 58);
DhuR is evaluated by taking the difference between the

equator and 508N in the vertically averaged potential

temperature profile uR, obtained by running the GCM

with independent atmospheric columns (without ad-

vection). Figure C1c shows scaling (C2) normalized by

the latitude of the Hadley circulation terminus in a

reference dry GCM simulation (Dh 5 120K, g5 0:7)

with Earth-like values for static stability and equator-

to-pole temperature contrast in dynamical equilibrium.

Figure C1c shows that scaling (C2) poorly predicts

changes in the latitude of the Hadley circulation ter-

minus. The terminus latitude is not nearly as sensitive to

changes in the equator-to-pole temperature contrast in

radiative equilibrium as predicted from the scaling

(Schneider and Walker 2006). Even when baroclinic

eddies are weak and the upper-tropospheric mo-

mentum balance is near its axisymmetric limit, eddy

meridional heat transport usually induces large dis-

crepancies between predicted and actual latitudes of

the terminus.

Held (2000) derived a relation describing the extent of

an angular momentum–conserving Hadley circulation

terminated by linear baroclinic instability:

uH005

�
b

2

gHt

V2a2

Dyu

u0

�1/4

. (C3)

In accordance with Korty and Schneider (2008),

b is a constant factor, and Dyu is the same measure of

static stability (3) as that defined for the dry

supercriticality.

We test an approximate form of relation (C3) in the

dry GCM simulations:

uH00; (HtDyu)
1/4 . (C4)

Here, Dyu defines the bulk static stability. The values of

Dyu and Ht are averaged over the deep tropics (i.e.,

jfj# 58). A number of studies have claimed that scaling

(C4) can describe changes in the latitude of the Hadley

circulation terminus, either in comprehensive GCM

simulations of global warming scenarios (Lu et al.

2007), or in idealized GCM simulations forced by pre-

scribed surface temperature profiles (Frierson et al.

2007). Yet the relevance of relation (C4) to Earth’s

dynamics is questionable (e.g., Zurita-Gotor and

Lindzen 2007). In addition, Korty and Schneider (2008)

showed that relation (C4) does not describe changes of

the terminus latitude when tested over a large set of dry

GCM simulations similar to those shown in this study.

Figure C1b shows scaling (C4) normalized by the lati-

tude of the Hadley circulation terminus in the reference

dry GCM simulation (Dh 5 120K, g5 0:7). In agree-

ment with the latter study, Fig. C1b shows that changes

in the terminus latitude are not well captured by re-

lation (C4) in dry GCM simulations forced by large

equator-to-pole temperature contrasts. Yet our findings

remain qualitatively consistent with Lu et al. (2007) and

Frierson et al. (2007) for relatively small climate

changes, for which simulations obey relation (C4) rel-

atively well (see Fig. C1).

While the angular momentum–conserving regime

can provide analytical predictions for the terminus

latitude, it neglects the important role played by ex-

tratropical eddies in driving of the Hadley circulation

(Levine and Schneider 2011). To address this issue, Lu

et al. (2008) and Tandon et al. (2013) have investigated

FIG. C1. DryGCM simulations: (a)Meridional potential temperature contrast (C6) and static stability (C7), as defined in accordance to

the two-layer QG criticality criterion (C5) and evaluated at the latitude of the Hadley circulation terminus. (b) Latitude of the terminus

and its predicted value (C4) for an axisymmetric circulation bounded by regions of baroclinic instability. (c) Latitude of the terminus and

its predicted value (C2) for an axisymmetric angular momentum–conserving circulation. Colors indicate the static stability contrast in

radiative–convective equilibrium evaluated locally at the latitude of the terminus. Other plotting conventions are as in Fig. 5.
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the relevance of a discretized version of the Phillips

criterion for diagnosing the terminus latitude in equil-

ibrated flows in both idealized and comprehensive

GCM simulations:

SQG5
f 2(u5002 u850)u0
bgHt(u500 2 u850)

5
Dhu

Dyu
, (C5)

with

Dhu5
f 2(u5002 u850)u0

bgHt

, (C6)

and

Dyu5 (u5002 u850) . (C7)

Here, SQG defines the two-layer supercriticality crite-

rion, which is formally similar to the supercriticality (1),

apart from the discretization of the wind shear and bulk

static stability and the levels at which those variable are

evaluated. We evaluate u500 2 u850, u500 2 u850, f /b, and

Ht at the latitude of the Hadley circulation terminus;

u0 defines a reference value of potential temperature

(300K). Figure C1a shows the meridional potential

temperature contrast (C6) versus static stability (C7).

Figure C1a shows that the QG supercriticality (C5) is a

worse predictor of the Hadley circulation terminus than

the supercriticality (1). Nevertheless, it provides a

qualitative guideline for dynamical changes at the ter-

minus latitude, similar to that found for scaling (C4) in

Frierson et al. (2007) and Lu et al. (2007).
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