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Abstract The width of the tropical Hadley circulation (HC) has garnered intense interest in recent
decades, owing to the emerging evidence for its expansion in observations and models and to the
anticipated impacts on surface climate in its descending branches. To better clarify the causes and impacts of
tropical widening, this work generalizes the zonal mean HC to the regional level by defining meridional
overturning cells (RC) using the horizontally divergent wind. The edges of the RC aremore closely connected
to surface hydroclimate than more traditional metrics of regional tropical width (such as the sea level
pressure ridge) or even than the zonalmeanHC. Simulations reveal a robust weakening of the RC in response
to greenhouse gas increases, along with a widening of the RC in some regions. For example, simulated
widening of the zonal mean HC in the Southern Hemisphere appears to arise in large part from regional
overturning anomalies over the Eastern Pacific, where there is no clear RC. Unforced interannual variability
in the position of the zonalmeanHC edge is associated with amore general regional widening. These distinct
regional signatures suggest that the RCs may be well suited for the attribution of observed circulation trends.
The spatial pattern of regional meridional overturning trends in reanalyses corresponds more closely to the
pattern associated with unforced interannual variability than to the pattern associated with CO2 forcing,
suggesting a large contribution of natural variability to the recent observed tropical widening trends.

Plain Language Summary The large‐scale tropical wind patterns responsible for the dry desert
belts on either side of the tropics appear to be expanding. Most explanations for this widening are based on
the tropics as a whole and do little to address whether the subtropics are widening from one region to the
next. This study extends the definition of tropical width—specifically the Hadley cell edge—to the regional
level. The regional tropical edge lines up with deserts better than another, more conventional regional
indicator. The observed pattern of tropical widening more closely resembles natural changes than
human‐caused widening during much of the year.

1. Introduction

The climate in the tropics and subtropics is often described as being dominated by the meridional overturning
Hadley circulation (HC). TheHC is observed to bewidening by about 0.2° per decade in each hemisphere since
1979 (S. M. Davis & Rosenlof, 2012; Fu et al., 2006; Grise et al., 2019; Y. Hu & Fu, 2007; Seidel & Randel, 2007;
Seidel et al., 2008; Staten et al., 2018), and both theory andmodels suggest that this widening will continue dur-
ing the coming century as a result of continued greenhouse gas (GHG) concentration increases (Chen et al.,
2008; D'Agostino & Lionello, 2017; Kim et al., 2017; Min & Son, 2013; Nguyen et al., 2015; Staten et al., 2012;
Waugh et al., 2018).With over 1 billion people (~17% of Earth's human population) livingwithin±3° of the pre-
sent HC edges (Doxsey‐Whitfield et al., 2015), diagnosing the underlying circulation dynamics associated with
recent projections of subtropical aridification (Cook et al., 2014; Karnauskas et al., 2016, 2018; Scheff &
Frierson, 2015) is a timely challenge. However, the poleward shift of the edges of the tropical meridional over-
turning circulation is unlikely to occur at all longitudes around the world (Nguyen et al., 2017). Thus, a pole-
ward shift of the HC edge does not guarantee a meaningful climate shift (such as aridification) in populated
areas. While the HC is traditionally defined in the zonal mean for dynamical studies, the pressing question
for societal impacts concerns the changes in the regional tropical meridional overturning circulation (RC).

A metric for the RC may help to distinguish the impacts of the many drivers of HC widening, each having
their own seasonality and geography. Both stratospheric ozone (O3) depletion and increasing GHG
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concentrations shift the Southern Hemisphere (SH) tropical edge poleward, with the ozone influence max-
imining in austral summer (December–February, DJF) and the greenhouse gas influence maximizing in
austral summer and fall (March–May, MAM; D'Agostino & Lionello, 2017; N A Davis et al., 2016;
McLandress et al., 2010; Min & Son, 2013; Nguyen et al., 2012; Polvani et al., 2010; Son et al., 2010; Staten
et al., 2012; Stocker et al., 2013). Tropospheric pollutants, including black carbon, ozone, and sulfate aero-
sols, have a distinct geography owing particularly to recent rapid development in Eastern and Southeastern
Asia but also to reductions in pollutions over other developed nations (Allen & Ajoku, 2016; Allen et al.,
2012; Kovilakam & Mahajan, 2016). Changes in heat transport by the ocean similarly drive changes in tro-
pical atmospheric overturning, across a range of temporal and spatial scales (Schneider et al., 2014).
Coupled atmosphere‐ocean variability (e.g., the El Niño–Southern Oscillation, or ENSO, the Pacific
Decadal Oscillation) is known to drive multidecadal variability in the tropical overturning circulation
(Allen & Kovilakam, 2017; Amaya et al., 2017; Feng, Li, Kucharski, et al., 2018; Feng, Li, Jin, Zhao,
et al., 2018; Feng, Li, Jin, & Zheng, 2018; Feng et al., 2012; Grassi et al., 2011; Guo et al., 2016; Li et al.,
2004; Mantsis et al., 2017; Quan et al., 2014; Stanfield et al., 2016). Even internal atmospheric variability
appears to play an important role in the width of the HC on multidecadal timescales (Garfinkel et al.,
2015; Simpson, 2018).

Traditional methods for defining the regional extent of the tropics include outgoing longwave radiation
thresholds, sea level pressure (SLP) maxima, and tropopause‐based metrics. But outgoing longwave radia-
tion is affected not only by changes in the tropical circulation but also by thermodynamic changes and is
thus a poor measure of variability and change in the tropical overturning circulation, at least in the zonal
mean (Waugh et al., 2018). The SLP changes associated with the HC are strongest over oceans (Schmidt &
Grise, 2017), even though the tropical overturning circulation has clear impacts over both land and ocean
(Chen et al., 2014; Freitas et al., 2017; Huang et al., 2018; Lucas & Nguyen, 2015; Zhao & Moore, 2008).
For example, all of the world's hot deserts occur in or near subtropics. Tropopause‐based metrics (Lucas
et al., 2012; Lucas & Nguyen, 2015; Mathew & Kumar, 2018) tend to coincide with the subtropical jet
more than with surface climate. Manney and Hegglin (2018) and Totz et al. (2018) examine jet separation,
but aside from occasional ambiguity between the subtropical and extratropical jet, the latitudes of the
subtropical jets more closely coincide with upper level dynamics than surface hydroclimate. Even in
the zonal mean, many metrics based on the subtropical jet or tropopause are poorly correlated from year
to year with the width of the HC (N. Davis & Birner, 2017; Nick A. Davis et al., 2018; Staten et al., 2018;
Waugh et al., 2018).

The impacts of tropical overturning on surface climate motivate the use of a different metric. The HC drives
precipitation in the deep tropics through ascent and convergence of water vapor and suppresses precipita-
tion in the subtropics through descent and divergence of water vapor. Continuity guarantees a horizontal
flow that links the subsidence and the divergence. The circulation over the subtropics, then, is of particular
interest inasmuch as it creates low‐level divergence. Specifically, much of the vertical motion in the tropics
and subtropics (Figure 1a) is due to meridional divergence (Figure 1b), although zonal divergence also plays
an important role near coastlines and in midlatitudes (Figure 1c).

Schwendike et al. (2014) use this same decomposition to examine belts of ascent and descent related to mer-
idional and zonal overturning in the climatology and how they vary with ENSO. Schwendike et al. (2015)
further highlight trends in the strength of the vertical mass flux associated with meridional overturning, not-
ing a southward shift of the descent over Africa and a strengthening over the Americas and the Atlantic but
stopping short of defining an RC edge. Nguyen et al. (2017; hereafter NG17) calculate an RC edge but aver-
age the divergent wind in the ERA‐Interim reanalysis over roughly one third of the tropical belt at a time,
citing variations in the strength of the Walker circulation in the countervailing variations of the zonal mean
and Australian cells versus the South American and African cells. In the present study, we analyze forced,
unforced, and observed changes of this thermally direct overturning circulation (RC) at all longitudes.

The rest of this paper is organized as follows. In section 2, we document the data sources utilized in this
study, as well as the calculation and validation of the RC. In section 3, we examine the CO2‐forced changes
of the RC (section 3.1). We then document unforced variations in the RC (section 3.2) and compare the
forced and unforced variations to recent trends in two reanalyses (section 3.3). We finish by discussing the
implications of our work (section 4).
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2. Data and Methods
2.1. Model and Reanalysis Data

This study makes use of a combination of gridded temperature, horizontal wind, SLP, surface pressure, pre-
cipitation, and evaporation data from general circulation models and two modern reanalyses.
2.1.1. The CMIP5 Multimodel Ensemble
To examine the forced response (section 3.1), we use a multimodel average drawn from the Coupled Model
Intercomparison Project phase 5 (CMIP5; Taylor et al., 2011) to reduce the sensitivity to the choice of model.
We investigate forced changes due to greenhouse gas concentration increases by comparing the multimodel
mean difference between preindustrial control (piControl) and quadrupled CO2 (abrupt4 × CO2) experi-
ments. The piControl and abrupt4 × CO2 experiments have the same initial conditions and forcings, with
one important exception; the abrupt4 × CO2 experiments have 4 times the preindustrial concentrations of
well‐mixed greenhouse gases prescribed from the first day of the model integration, while the piControl
experiments retain preindustrial concentrations. The abrupt4 × CO2 simulations are integrated for 150 years
from the time that greenhouse gases are abruptly quadrupled from their preindustrial levels, but in order to
allow the general circulation time to equilibrate prior to averaging (Ceppi et al., 2018; Grise & Polvani, 2017),
we base our abrupt4 × CO2 climatologies on the last 50 years of each simulation in order to better represent
the equilibrium response, following Grise and Polvani (2016). The requirement that eachmodel has dynami-
cal variables archived during all 150 years of their respective integrations limits us to 23 models: ACCESS1.0,
BCC‐CSM1.1, BCC‐CSM1.1(m), CCSM4, CNRM‐CM5, CSIRO‐Mk3.6.0, CanESM2, FGOALS‐s2, GFDL‐
CM3, GFDL‐ESM 2G, GFDL‐ESM 2M, GISS‐E2‐H, GISS‐E2‐R, HadGEM2‐ES, INMCM4, IPSL‐CM5A‐LR,
IPSL‐CM5B‐LR, MIROC‐ESM, MIROC5, MPI‐ESM‐LR, MPI‐ESM‐P, MRI‐CGCM3, and NorESM1‐M.
2.1.2. The CESM Large Ensemble
To examine natural year‐to‐year variability, we make use of three controls runs conducted as part of the
Community Earth SystemModel (CESM) Large Ensemble (LE) project (Kay et al., 2014). We perform regres-
sions using years 400–2,200 of a 2,200‐year fully coupled atmosphere‐ocean control simulation, years 1–
1,000 of a 1,000‐year slab‐ocean control simulation, and years 1–1,600 of a 1,600‐year‐prescribed sea surface
temperature experiment.
2.1.3. Reanalyses
To examine recent historical changes in tropical width, we make use of two reanalyses: ERA‐Interim (Dee
et al., 2011) andMERRA2 (Bosilovich et al., 2015; Gelaro et al., 2017). Wemake use of the full available time-
span for each—1979–2017 for ERA‐Interim and 1980–2017 for MERRA2.

2.2. The Helmholtz Decomposition

To apply the Helmholtz decomposition (Keyser et al., 1989; Schwendike et al., 2014), we calculate the over-

turning stream function at each longitude as Ψϕ ¼ 1
g ∫

p
0 vddp, where vd is the meridional component of the

Figure 1. The (a) pressure velocity ω at 500 hPa calculated kinematically from the divergent wind and its additive
components (b) ωmeridional, derived from the meridional component of the divergent wind, and (c) ωzonal, derived
from the zonal component of the divergent wind, using data from the fully coupled CESM1.0 piControl simulation during
DJF. Note that results in this study are calculated from the meridional component of the divergent wind not from the
entire meridional wind. DJF = December–February.
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divergent wind only. Here dp is calculated as the pressure at each level minus the pressure of the level above
(or minus zero in the case of the topmost pressure level).

Note that integrating Ψϕ zonally recovers the conventional zonal mean mass stream function Ψ (depicted in
Figures 2b and 2d). In calculating Ψϕ, we filter out horizontal rotational wind features, including those that
produce enhanced Hadley cell‐wise flow—but no vertical motion—along the west coasts of North America,
South America, Africa, and Australia (see Figures 2c, 2d, 2g, and 2h of Karnauskas & Ummenhofer, 2014).
We examine the RC intensity and width by mapping the Ψϕ field at 500 hPa level (hereafterΨϕ,500). One dis-
advantage to the Helmholtz decomposition is that it necessarily aliases diagonally oriented (e.g., southwest
to northeast) circulations onto a pair of zonal and meridional circulations. Despite this drawback, even diag-
onal bands of ascent and descent (like those over the northeast Pacific in Figure 1) are well reproduced
(albeit of smaller magnitude) by the meridional wind. A more complete decomposition of the 3‐D flow field,
which further separates the Rossby wave component, is also possible, but the simple Helmholtz decomposi-
tion yields very similar results (S. Hu et al., 2017).

To calculate useful boundaries of the tropics, we simply mark the meridional zero crossings of the Ψϕ,500

field (contours in Figure 2). Specifically, we mark any negative‐to‐positive (south to north) zero crossings
between 20 °S and 20 °N as RC‐intertropical convergence zone (ITCZs) and any positive‐to‐negative (south
to north) edges between 15° and 45° in each respective hemisphere as RC edges. The choice of latitudinal
limits was practical; the overlap between the RC‐ITCZ domain and the RC edge domain was chosen to allow
for narrow circulation cells near the deep tropics. The 45 °N‐S limit for RC width filters out zero crossings in
the extratropics, which are generally weak and very unlikely to be related to tropical overturning. Our
method does not yield an RC‐ITCZ or RC edges at every longitude (see Figure 2). Furthermore, this method
allows for multiple RC edges to exist within the same hemisphere and longitude (see, e.g., the double RC
edges where the ~25 °N Atlantic‐to‐West Asian RC edge and the ~40 °N East Asian RC edge overlap in
Figure 2a). Throughout this paper, we refer to an RC as a region of Ψϕ,500 bounded by an RC‐ITCZ in the
tropics and an RC edge on its poleward flank (see the annotations in Figures 2a and 2c). The same procedure
as outlined above, when applied to the one‐dimensional Ψ500 field, can provide metrics for the zonal mean
HC‐ITCZ andHC edge. However, it is important to note that while the zonal integral of theΨϕ,500 field yields
the conventional Ψ500 field, the zonal mean of the regional metrics does not equal the metrics derived from
zonal mean fields.

To test the sensitivity of our RC existence on the threshold chosen for its edge detection, we also calculate the
latitude at which the Ψϕ,500 drops to 10% of its maximum value in the subtropics (circles in Figure 2). The
choice between the zero crossing and the 10% crossing makes little difference at most longitudes and in most
seasons. To compare our results to those of NG17, we also apply their weaker threshold of 25% over specific
regions. But for most of this study, our regional analysis does not rely on a RC being defined at every long-
itude or time step, so we have no need to relax the zero‐crossing requirement as in NG17.

We note that in all of our calculations, we calculate seasonal averages of the data before calculating the
divergent wind field, the longitudinally varying meridional stream function, or the RC edges (Adam et al.,
2018). Also, we perform our analysis for all four seasons; but for clarity and brevity, we show results for
DJF and June–August (JJA) in the main text and corresponding results for MAM and September–
November (SON) in the supporting information.

2.3. Validating the RC Edge

The value of any metric lies in its ability to quantify the physical phenomenon it is intended to measure. A
metric for the edge of the tropics should (1) approximate fundamental measures such as SLPmaxima and (2)
coincide with extrema in precipitation minus evaporation. That is, if we argue that deserts cluster in the sub-
tropics because of subsidence associated with the HC, then the RC should have edges near deserts.

To validate the RC edge metric, we compare the RC edge and Ψϕ,500 field with the SLP and precipitation‐
minus‐evaporation (P‐E) fields calculated from preindustrial control simulation output produced using
CESM1.0 (Figure 3). In the zonal mean, the HC edge (Figures 3c and 3f, black circles) and the subtropical
SLP maxima (Figures 3c and 3f, red squares) are closely collocated, but the regional SLP maxima are gener-
ally poleward of their corresponding RC edges (Figures 3a and 3d; compare the red shading to the
horizontal dashes).
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In Northern Hemisphere (NH) winter (Figure 3a), the subtropical ridge and the RC edge are defined at most
longitudes, but in NH summer (Figure 3d) and in the SH, regional SLP maxima are concentrated into “cen-
ters of action” (Angell et al., 1969). These centers of action tend to occur over the ocean and at longitudes

Figure 2. The 500‐hPa meridional stream function Ψϕ,500 (shading, with black contours at ±3 × 104 kg s−1 m−1 for
reference with later figures) at each longitude (a, c), along with the traditional Ψ500 (b, d) during DJF (a, b) and JJA (c,
d), from the fully coupled CESM1.0 piControl experiment. Poleward RC edges (the regional extension of the HC edge)
are shown using horizontal dashes, while the RC‐ITCZ is shown using vertical dashes. The 90% drop on either side of the RC
maxima (an alternative metric for the RC edge) is shown in black circles. DJF = December–February; JJA = June–August.
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where the RC is weaker, particularly in the summer hemispheres (SH DJF in Figure 3a and NH JJA in
Figure 3d). Summarizing, while regional SLP maxima such as the North Atlantic and North Pacific
subtropical highs are best defined during the summer (Hoskins, 1996; Song et al., 2018), the RC is best
defined during the winter. The RC edge is also well defined during the equinox seasons over both
hemispheres (Figure S1) and tends to skirt the equatorward flanks of the subtropical SLP
maxima (Figure S2).

Compared to the SLP maxima, the poleward RC edges more closely follow the latitudes of P‐Eminima asso-
ciated with the dry subtropics over both hemispheres (Figures 3b and 3e) and during all four seasons
(Figures 3 and S2). Where the RC edges are clearly defined, they generally lie at or just poleward of the sub-
tropical P‐E minima. Conversely, where a strong P‐E minimum exists, an RC edge and associated descent is
found nearby. Over land, the poleward RC edges correspond closely to regions of climatologically dry surface
climate, that is, to hot deserts. For example, the RC edge tracks through the Saharan and Arabian deserts,
even though the driver for the subsidence in these regions may be a Rossby wave forced by diabatic heating
in Asian monsoon region (Rodwell & Hoskins, 1996), rather than a Lagrangian overturning loop between
the equator and subtropics. Also, in contrast to the SLP field, Ψϕ,500 clearly delineates an RC‐ITCZ which
corresponds closely to the hydrological ITCZ, that is, the P‐E maximum. Finally, the RC roughly delineates
regions in which precipitation is dominated by the mean overturning circulation, rather than by eddies (see
Figure 3 in Seager et al., 2010).

Figure 3. RC edges (horizontal dashes), the RC‐ITCZ (vertical dashes), andΨϕ,500 strength (contours at ±3 × 104 kg s−1 m−1 taken from Figure 2) in the context of
(a, d) SLP (shaded) and (b, e) P‐E (shaded). Also shown are the corresponding zonal mean fields (c, f; color coded with labels and units marked on top and
ranges marked on bottom). Data come from the fully coupled CESM1.0 piControl simulation. The 90% Ψϕ,500 cutoff is shown in hollow circles in (a, b, d, and e).
DJF = December–February; JJA = June–August; P‐E = precipitation‐minus‐evaporation; SLsea level pressure.
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Some relationships between zonal meanmetrics are even clearer in our regional analysis. The P‐Eminimum
equatorward of the HC edge (Figures 3c and 3f) is even sharper at most longitudes, since there is no smearing
due to zonal averaging. For example, while the HC is poorly defined during JJA over the NH, the RC over
North Africa is well defined during that season and descends over the northern edge of the Sahara.
Similarly, the tropical P‐E maximum, which occurs on the wintertime side of the RC‐ITCZ (Figures 3c
and 3f) in the zonal mean, follows even more closely with the RC‐ITCZ at most longitudes, suggesting that
energetic arguments considering the ITCZ to be an energy‐flux equator (e.g., Kang et al., 2008) are valid even
at a regional level.

3. Results
3.1. Forced RC Change in CMIP5 Models

While greenhouse gas concentration increases are expected to widen the zonal mean HC, this does not
necessarily imply that they will widen the RC everywhere—or even anywhere. For example, a shift in the
HC edge may result from a regional trend in Ψϕ,500 at a longitude where no RC exists. Furthermore, the
zonal mean HC by construction cannot capture a zonal shift of an RC.

The 4 × CO2 response of theΨϕ,500 field in CMIP5 (Figures 4a, 4e, S3a, and S3e) includes a weakening of both
the summertime and wintertime RCs at most longitudes (cool shading in the NH RC and warm shading in
the SH RC), consistent with the zonal mean HC weakening (Figures 4b, 4f, S3b, and S3f; Betts, 1998; Feldl &
Bordoni, 2015; Held & Soden, 2006; Schneider et al., 2010; Vecchi & Soden, 2007). But the weakening of the
RC is even stronger than the weakening of the zonal mean HC (after dividing the latter by the circumference
of the earth) because the zonal average includes cancelling contributions from both a weakening RC and a
weakening thermally indirect circulation over the South Atlantic (during DJF) and the Eastern Pacific (blue
shading over the said regions in Figure 4a).

Previously, an anticorrelation between HC width and strength has been noted in response to the seasonal
cycle (Nguyen et al., 2012), during El Niño and La Niña events (Lu et al., 2008), in paleoclimate simulations
(D'Agostino, Lionello, Adam, et al., 2017) and in idealized experiments with prescribed tropical heating
(Chang, 1995), but it has not as yet been explained mechanistically. Furthermore, we show here that at a
regional level, this anticorrelation does not strictly hold, but that the widening of the RC (shading at the
RC edges) is much more localized than the weakening (shading in the RC interiors; see Figures 4 and S3).
The widening of the RC is thus a common but not definitive, accompaniment to RC weakening in response
to increased GHG concentrations.

During DJF, a weak zonal mean poleward HC shift in the NH (Figure 4b) coincides with RC widening cen-
tered over the Middle East and the Western Pacific, but it also coincides with RC contraction over the
American Southwest, the North Atlantic, and East Asia (Figure 4a). SH HC expansion is clearer in all four
seasons (Figures 4b, 4f, S3b, and S3f), owing largely to significant negative Ψϕ,500 anomalies over the east
Pacific, even though no climatological RC is defined in this region during JJA (Figure 4e), and only a weak
RC exists during DJF (Figure 4a) and MAM (Figure S3a). NH mean widening during SON (Figure S3b) is
dominated by positive Ψϕ,500 anomalies over the east Pacific and the Middle East.

The above results demonstrate that forced tropical widening may be more robust in a few regions (e.g., over
South America) than the zonal mean HC would indicate. Furthermore, east‐west shifts in the RC—which
appear as north‐south shifts when the RC edge is sloped—can be missed by the HC completely.

In contrast to the RC edge, the subtropical ridge (see Figures 4c, 4d, 4g, 4h, S3c, S3d, S3g, and S3h) shifts
poleward almost uniformly over the SH year round in a warming climate, even at longitudes where no
RC is defined (e.g., the South Central Pacific during JJA; Song et al., 2018); in some cases, the SLP signal
may reflect changes in the eddy‐driven jet rather than the RC (Pena‐Ortiz et al., 2013). Our results suggest
that caution should be exercised when interpreting the zonal mean SH climate change response; tradition-
ally, the strong HC widening signal over the SH is ascribed in part to the reduced land‐sea contrast over the
SH and a more zonally symmetric circulation. But while the midlatitude circulation and subtropical ridge
are certainly more zonal over the SH, the forced Ψϕ,500 anomalies associated with HC widening are domi-
nated by the Eastern Pacific.
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Over the North Pacific, the subtropical ridge and the RC edge shift equatorward during JJA, while the RC
edge shifts poleward during DJF, consistent with the seasonality of the Pacific jet response (Grise &
Polvani, 2014; Shaw & Voigt, 2016; Simpson et al., 2014).

3.2. Natural RC Variability in CESM

One overarching challenge in studying the widening of the tropics is discerning a forced response from nat-
ural variability. One approach is to analyze the spatial pattern of RC changes associated with forced and
unforced HC variations. We know the HC widens in forced warming simulations; but does a widening
HC in a forced simulation have similar impacts geographically as an unforced widening HC from one year
to the next?

The changes in Ψϕ,500 and the RC edges due to unforced variations in the CESM control runs (Figures 5,
6, S4, and S5) contrast sharply with the forced response to quadrupling CO2 in CMIP5 (Figures 4a, 4d,
S3a, and S3d). Compared to their forced counterparts, unforced changes in Ψϕ,500 are smaller scale (regio-
nal scale rather than planetary scale) and peak at different longitudes. During DJF over the NH, forced
RC widening occurs over the Sahara and Middle East and Central Pacific (Figure 4a), while unforced
widening of the NH HC is focused near the Gulf of California (reminiscent of ENSO), Africa's Northwest
coast, and the Himalayas (Figures 5a–5c). During JJA over the SH, forced RC widening occurs mainly due to
a tendency toward thermally direct circulation over the South Pacific (Figure 4e), while unforced widening
occurs near South America, Africa, and the Indian Ocean (Figures 6a–6c). Year round over the SH, CO2

increases result in negative Ψϕ,500 anomalies in the subtropical Eastern Pacific (Figures 4a, 4e, S3a, and S3e),
often contributing to a widening of the SH HC as mentioned in section 3.1, but natural coupled SH HC

Figure 4. Forced changes in (a, e) Ψϕ,500 and the RC edges (horizontal and vertical dashes; piControl edges are black, and 4 × CO2 are red) with climatological
contours at ±(3,7) × 104 kg s−1 m−1, (b, f) Ψ500, (c, g) SLP and the subtropical high (horizontal dashes), and (d, h) SLP in response to a quadrupling of CO2 in
a CMIP5 multimodel ensemble during DJF (a–d) and JJA (e–h). Stippling indicates that at least 20 models indicate a change of the same sign. CMIP5 = Coupled
Model Intercomparison Project phase 5; DJF = December–February; JJA = June–August; SLsea level pressure.
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widening coincides with negative Ψϕ,500 anomalies over the Indian Ocean, often strengthening and widening
the RC there (Figures 5d, 6d, S4d, and S5d).

A surprising result of this analysis is that year‐to‐year changes in the strength of the RC in each of the
CESM LE control integrations—namely, the coupled atmosphere‐ocean simulations (the left‐most panels
of Figures 5, 6, S4, and S5), the slab‐ocean simulations (the center panels), and the atmosphere‐only simu-
lations (the right‐most panels) —differ strongly, but the resulting variations in RC extent are quite

Figure 5. Regression of Ψϕ,500 onto unforced 2° poleward shifts (for fully coupled experiments) or 3° poleward shifts (for the slab ocean and prescribed SST
experiments) of the zonal mean (a–c) NH HC and (d–f) SH HC from Community Earth System Model Large Ensemble during DJF. Climatological contours are
shown at ±(3,7) × 104 kg s−1 m−1. Black horizontal dashes indicate the climatological RC edge in the respective hemisphere, and red horizontal lines indicate
the RC edge calculated from the climatology with the regressedΨϕ,500 superimposed. The regressions are performed using output from (a, d) a fully coupledmodel,
(b, e) a land‐atmosphere model coupled to a slab ocean, and (c, f) a land‐atmosphere model with prescribed SSTs. DJF = December–February; HC = Hadley
circulation; NH = Northern Hemisphere; SH = Southern Hemisphere.

Figure 6. As for Figure 5 (d–f) but for JJA. (Only SH regressions are shown, as the zonal meanHC is poorly defined over the Northern Hemisphere during JJA.) JJA
= June–August; HC = Hadley circulation; SH = Southern Hemisphere.

10.1029/2018JD030100Journal of Geophysical Research: Atmospheres

STATEN ET AL. 6112



similar. Specifically, HC variations in the coupled simulation result from
an anomalous overturning field distinct from that in dynamically
uncoupled simulations, with the strongest differences near the
Maritime Continent, the Western Pacific, Western North Atlantic (dur-
ing DJF; Figures 5a and 5d) and South Atlantic (during JJA, Figure 6
a). The similarity of the regressions onto NH HC edge latitude
(Figures 5a and S4a) and onto SH HC edge latitude (Figures 5d and S4d)
during DJF and MAM elegantly illustrate hemispherically symmetric
variability associated with coupled modes of variability such as El Niño
(Seager et al., 2003); the uncoupled simulations show little such symmetry.
The strengthening and widening of overturning is particularly intense in
the Maritime Continent region, in agreement with the La Niña regression
in Schwendike et al. (2014).

While the largest changes in RC intensity are absent in the slab ocean and
prescribed SST simulations (the center and right panels in Figures 5, 6, S4,
and S5), the anomalies in the immediate vicinity of the RC edge—and
hence the widening of the RC—are very similar in all three control simu-
lations. Assuming the leading modes of variability in the HC edge in the
prescribed SST simulations are eddy driven, this would suggest that mid-
latitude eddies are key modulators of the RC width in both coupled and
uncoupled scenarios (Kang et al., 2013). Our analysis does not determine
whether the changing RC width modifies the eddy flux (Mbengue &
Schneider, 2018) or whether the midlatitude eddies change RC width,
but it suggests that extratropical variability may drive similar changes in
HC width in both coupled and uncoupled experiments alike. When con-
sidering mechanisms of poleward expansion, then one may need to con-
sider not just the local diffusivity to eddies (set in part by conditions in
the tropics) but also eddy generation and flux from the extratropics
(Staten et al., 2014).
3.2.1. Our Interannual Regressions Versus NG17
While our regressions show a wide RC over South America during years
with a wide HC, NG17 finds a negative correlation between the latitudes
of South American Hadley Cell (HESA) edge and the zonal mean edge
in the ERA‐Interim reanalysis. The difference is due primarily to the
choice of longitude band 140–20 °W represented by HESA in NG17. This

range includes the Southeast Pacific, where a large swath of positiveΨϕ,500 anomalies (Figure 5d) act to con-
tract the RC edge during years when the zonal mean HC is further poleward.

NG17 attributes the anticorrelation between the HESA width and the SH HCwidth to a Gill‐type response to
heating over the Maritime continent and in particular to variations in the strength of theWalker circulation.
By replicating their results for the coupled and uncoupled CESM LE (see Figure 7 compared to Figure 4 from
NG17), we qualify the importance of ENSO and surface heating to the regional HC width. As in NG17, we
confirm the negative correlation between the width of HESA and the SH HC during SON and DJF (Figure 7,
solid blue line) and the near‐zero correlation between the South AfricanHadley cell (HEAfr) edge and the SH
HC during the same months (Figure 7, solid red line). During most seasons, the correlations between the
regional cell edges and the zonal mean cell generally decrease without a coupled ocean; we posit that RC
width variations become less organized, rather than being preferentially dominated by shifts from one
region or another. But it is interesting to note that while the correlation between HESA and the zonal mean
HC changes is weakly positive during DJF for the slab ocean and fixed‐SST experiments (Figure 7, blue
dashed and blue dotted lines), the seasonal cycle is broadly similar, and the negative SON correlation is even
stronger in the fixed SST experiment. Thus, while coupled ENSO variations and a Gill‐type response may
indeed be responsible for the correlations in the observed data record, they may not be necessary to produce
the seasonality observed by NG17.

Figure 7. Interannual correlations between the zonal mean Southern
Hemisphere Hadley circulation edge and the regional cells as in Fig. 4 of
NG17 but for DJF, MAM, JJA, and SON. The hemispheric cells here are
defined as in NG17 as the latitude where the Ψϕ,500, averaged over the
respective latitude bands (HEAus = 65 °E – 140 °W, HEAfr = 20 °W – 65 °E,
HESA = 140 °W – 20 °W), reaches 25% of its maximum value nearer the
equator. The line styles denote the Community Earth System Model
experiment from which the correlations are calculated: “full” for fully
coupled simulation, “slab” for the atmosphere model coupled to a slab
ocean, and “fix” for the atmosphere‐only model run with fixed SSTs. DJF =
December–February; MAM = March–May; JJA = June–August; SON =
September–November.
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3.3. Recent RC Trends in Reanalyses

Given the contrast between the forced and unforced RC anomalies shown in the previous two subsections,
we ask the following question: Do recent RC trends in reanalyses more closely resemble unforced variability
(section 3.2) or forced changes (section 3.1)? To address this question, we examine trends inΨϕ,500 and in the
RC edge in the ERA‐Interim and MERRA2 reanalyses. One important qualification with the results we pre-
sent in this section is that there is no guarantee that the vertical integral of the zonal mean meridional wind
in reanalyses reaches zero at the surface in the mean or in trends (Cheng et al., 2018; Davis et al., 2018;
Trenberth, 1991). The stream functions for individual longitudes may similarly contain such artifacts.

In spite of these imperfections of the reanalysis wind field, the RC climatologies from ERA‐Interim
(Figures 8 and S6) and MERRA2 (Figures S7 and S8) resemble those from models (comparing the contours
from Figures 8a and 8d to those in Figures 4a and 4e), although the overturning is slightly stronger in
the reanalyses.

The trends in reanalyses over the last 38 years contrast sharply with the multimodel mean forced response
(compare Figures 8b, 8c, S6b, and S6c with Figures 4a, 4b, S3a, and S3b). Feng et al. (2015) note that mod-
els struggle to capture hemispherically asymmetric trends in general. Here we show that the widening
depicted in reanalyses is accompanied by a strengthening of the centers of the RCs, which likewise con-
trasts with the modeled forced response. This strengthening is stronger in the RC (Figures 8b and S6b

Figure 8. Ψϕ,500 climatology (shaded and contoured in a and d; contoured in b and e) and linear trends (b, e) over the time period 1979–2017 in the ERA‐Interim
reanalysis during DJF (top row) and JJA (bottom row). The climatological Ψ500 (black curve) and the climatology +38‐year trend (red curve) are also shown
(c, f). Black stippling indicates regions where the least squares fit slope for Ψϕ,500 has a corresponding p value < 0.05. DJF = December–February; JJA = June–
August.
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vs. Figures 4a and S3a), than in the HC (Figures 8c, 8f, S6c, and S6f vs. Figures 4b, 4f, S3b, and S3f), owing
to opposing intensification at longitudes where the climatological circulation is thermally indirect (e.g., the
Eastern South Pacific and South Atlantic). Note that the strengthening is particularly strong over the
America's year round.

Reanalysis‐based trends in Ψϕ,500 and RC width more closely resemble those due to unforced variability in
HCwidth (compare Figures 8b, 8e, S6b, and S6e with Figures 5, 6, S4, and S5); for example, the NHwidening
over the Eastern Pacific during DJF (Figures 5a–5c) and the SHwidening over the Eastern Pacific during JJA
(Figures 6a–6c) also occur in the reanalysis‐based trends in the corresponding seasons (Figures 8b and 8e).
Correlating the spatial Ψϕ,500 trend pattern between 15° and 45° over each hemisphere with the unforced
anomalies and the forced CMIP5 response (Figure 9) suggests that during DJF and MAM not only do trends
agree better with unforced widening, but they are actually anticorrelated with the forced response due to
greenhouse gas increases.

Recently, increasing evidence has pointed to a substantial role played by natural variability in the widening
the tropics (Alfaro‐Sánchez et al., 2018; D'Agostino & Lionello, 2017), particularly over recent decades (see
the review by Staten et al., 2018; also, Allen & Kovilakam, 2017; Amaya et al., 2017; Grise et al., 2018;
Simpson, 2018). This examination of the patterns of RC intensification, weakening, and widening leaves
us to conclude that natural variability has also played a decisive role in regional meridional overturning
trends as well, but the forced responses to individual forcings, including greenhouse gas increases, strato-
spheric ozone depletion, and anthropogenic aerosols on Ψϕ,500, and the RC should also be examined and
compared to the reanalysis trend, particularly during NH SON, when neither the forced response to CO2

nor interannual variability associated with HC variations from year to year in CESM can explain the pattern
of the observed trend (see also Grise et al., 2018).

The climatology and trends in the RC edge are distinct from those of the upper tropospheric jets (Manney &
Hegglin, 2018; hereafter MH18). That said, the latitude and strength of the jets are related to the intensity of
the RC; the jets have a stronger subtropical component (“radiative component” in MH18) at longitudes
where the RC is stronger; this applies to both hemispheres and all seasons (compare Figures 8 and S6 in
the present work to panel a of Figures 1–4 of MH18). The edges of the RC parallel the jets over each winter
hemisphere and to some extent during the equinoctial seasons, but recent changes in the RC width during
DJF are much more regional and varied than the nearly global poleward shift in the jets during DJF.
Furthermore, longitudes where the RC strengthens or weakens notably do not show consistent, correspond-
ing shifts in the subtropical jet, in spite of the climatological relationship. It has recently been shown that the

Figure 9. Spatial correlations between the reanalysis Ψϕ,500 trend patterns over (a) 15–45 °N and (b) 15–45 °S with the
anomaly pattern from the experiment shown. Black and dark gray curves show the correlation for each season between
the Modern‐Era Retrospective Analysis for Research and Applications, version 2 (black) and ERA‐Interim (gray)
trends and unforced anomalies associated with a 2° poleward shift in each hemisphere. The red and salmon curves show
the correlation between the MERRA2 (red) and ERA‐Interim (salmon) trends and the CMIP5 mean response in 4 × CO2
experiments. DJF = December–February; MAM = March–May; JJA = June–August; SON = September–November;
NH = Northern Hemisphere; SH = Southern Hemisphere.
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zonal mean subtropical jet and the HC edge latitudes are poorly correlated from year to year (Davis & Birner,
2017; Staten et al., 2018; Waugh et al., 2018); the gap between the two may be even larger at a regional level.

Trends between the changing RC and in SLP likewise show strong differences. Like their climatological
maxima, the trends in SLP similarly are largest over longitudes where the RC is not well defined (compare
Figures 8b and 8e with Figure 1 from Choi et al., 2014). Thus, even for two fields with moderate year‐to‐year
correlation, the regional responses of the two highlight notable differences not apparent in the zonal mean.

4. Summary and Conclusions

In this work, we generalize the zonal mean HC as a zonally varying RC, following Schwendike et al. (2014).
This generalization links the tropical overturning to much of the vertical motion in the tropics and subtro-
pics and consequently to major features in the P‐E field. Compared to the subtropical centers of high pres-
sure, the RC edge coincides more closely with the dry, subtropical climates typically ascribed to the
subsiding branch of the Hadley cell. This suggests that the RC width metric has potential to relate forced
widening to hydrological change. RC width can be overinterpreted where overturning is weak (e.g., over
the Eastern USA) as can the HC (e.g., over the NH during JJA). But changes in the RC can be used to under-
stand changes in HC extent, as well as the regional signature of widening. Changes that have previously been
examined statistically, such as the relationship between sea surface temperatures in the Asian summer mon-
soon region and HC extent (Feng, Li, Kucharski, et al., 2018; Feng, Li, Jin, Zhao, et al., 2018; Feng, Li, Jin, &
Zheng, 2018), can now be examined directly.

The first‐order response of the RC to greenhouse gas increases in CMIP5 is a broad, significant weakening.
In contrast, the resulting widening response is regional, and dominated by Ψϕ,500 changes over the Eastern
Pacific, where an RC is weakly defined, if at all. Thus, care should be taken before assuming that a widening
of the HC implies a widening of the RC at any given location. This model result is, however, for just one for-
cing, and it differs from patterns of both coupled and uncoupled variability. It seems likely that other for-
cings, such as aerosol concentration changes and ozone depletion, will have distinct fingerprints as well.
The weak correlation between the regional pattern of observed trends in the subtropical Ψϕ,500 and either
the forced widening or the year‐to‐year variations during SON (particularly in the NH; Figure 9) suggests
that other forcings or modes of variability are likely needed to explain the observed RC change in this season
(Grise et al., 2018). Such spatial attribution work is a logical next step, and the RCmetric's validity and strong
regionality make it well‐suited to such an analysis.
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