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The Hadley circulation (HC) is a global-scale atmospheric
feature with air descending in the subtropics and ascend-
ing in the tropics, which plays a fundamental role in Earth’s
climate because it transports energy polewards and mois-
ture equatorwards. Theoretically, as a consequence of an-
thropogenic climate change, the HC is expected to expand
polewards, while indications on the HC strength are equiv-
ocal, as weakening and strengthening are expected in re-
sponse to different mechanisms. In fact, there is a general
agreement among reanalyses and climate simulations that
the HC has significantly widened in the last four decades
and it will continue widening in the future, but no consen-
sus on past and future changes of the HC strength. Substan-
tial uncertainties are produced by the effects of natural vari-
ability, structural deficiencies in climate models and reanal-
yses, and the influence of other forcing factors, such as an-
thropogenic aerosols, black carbon, and stratospheric and

tropospheric ozone. The global HC can be decomposed

Abbreviations: AHT: Atmospheric Heat Transport with AHT(0) denoting its value at the equator; AMIP: Atmospheric Model Intercomparison Project;
AMOC: Atlantic Meridional Overturning Circulation; BC: Black Carbon; CMIP: Coupled Model Intercomparison Project; DJF ,MAM, JJA, SON: trimesters
(December-January-February, March-April-May, June-July-August, September-October-November); DSE: Dry Static Energy; ERA5: ECMWF Reanalysis
5; EFE: Energy Flux Equator; ENSO: EI-Nifio Southern Oscillation; GHG: Green-House Gases; GMS: Gross Moist Stability; HC: Hadley circulation; ITCZ
: Inter-Tropical Convergence Zone; LGM: last glacial maximum; MSE: Moist Static Energy; MSF: Meridional Stream Function; NEI: Net Energy Input; NH:
Northern Hemisphere; OHT: Ocean Heat Transport; Plcontrol: Prelndustrial control PDO: Pacific decadal oscillation; PMIP: Paleoclimate Modelling Intercom-
parison Project; SH: Southern Hemisphere; SST: Sea Surface Temperature; STC: shallow wind-driven Sub-Tropical overturning Cell; TOA: Top-of-Atmosphere
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in three regional HCs, associated with ascending motion
above Equatorial Africa, the Maritime Continent, and Equa-
torial America, which have evolved differently during the
last decades. Climate projections suggest a generalized ex-
pansion in the Southern Hemisphere, but a complex regional

expansion/contraction pattern in the Northern Hemisphere.

KEYWORDS
Hadley circulation, Climate Change, Monsoons, Inter-Tropical

Convergence Zone, Expansion, Strength, regional Hadley cells

1 | INTRODUCTION

The Hadley circulation (HC) is a global scale atmospheric feature that imports moisture in the tropics and exports
energy and angular momentum from the tropics to the sub-tropics, playing a key role in modulating the regional hy-
drological cycle. The HC consists of two cells, one for each hemisphere, which share an ascending branch in the
tropics (the Inter-Tropical Convergence Zone, ITCZ) and have their descending branches in the subtropics. The as-
cending and descending branches are connected by a flow that in the upper troposphere diverges from the common
central ascending branch, exporting energy away from the tropics and in the lower troposphere converges toward the
ITCZ, importing moisture.

Variations in the characteristics of the HC are closely associated with those of other global-scale features of the
atmospheric circulation, such as monsoons, the mean position of subtropical high pressure systems, the position of jet
streams, and the position and intensity of storm tracks. Variations of the HC affect the meridional energy and moisture
transport, the tropical and subtropical hydrological cycle and related precipitation regimes at multiple spatial scales
[16, 139, 108, 170, 253]. The ascending motion of moist air in the ITCZ is associated with low level convergence,
heavy precipitation and deep convective systems, and its structural changes affect tropical precipitation maxima and
monsoons [71, 244, 135]. The descending motion is among the mechanisms determining the low precipitation and
arid climates found in the subtropics [29, 193]. Consequently, ecosystems, human settlements, agriculture and water
resources across the tropics and subtropics are potentially affected by variations in the HC, particularly in monsoon
regions and vulnerable semi-arid areas, such as the Mediterranean, the southwestern United States and northern
Mexico, southern Australia, southern Africa, and parts of South America and it is expected to influence the future

evolution of precipitation in many of these semi-arid regions [197, 22, 50].

Historically, the HC was first detected in surface wind maps in the late seventeenth century by Edmond Halley
[92], who sought to explain the observed surface wind convergence in what is now known as the ITCZ as a result of
solar heating in the tropics. About fifty years later George Hadley [91] applied the concept of momentum conserva-
tion to explain the observed westward surface flow characterizing the subtropical trade winds. Though it took about
two centuries to fully appreciate the relevance of those studies and to complement surface with upper troposphere
observations [100], the structure of the HC and its dynamics have long been in the background of dynamical meteorol-

ogy [144, 145]. Studies addressing the characteristics of the HC during past climate conditions when the spatial and
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seasonal distribution of the solar forcing was quite different from the present (typically the last glacial maximum, LGM,
~21 kyr BP, and the mid-Holocene, ~6 kyr BP) date back to the 1950’s. The interest of the scientific community was
increased in the 1970’s, when numerical simulation of the atmospheric circulation became feasible [e.g. 242, 21, 116].
In the last few decades, the volume of scientific literature dedicated to studies of the HC has become extremely large
[see 59, 152, for an extensive documentation] and in the 2000’s the effect of anthropogenic greenhouse gas (GHG)
on HC has emerged as a major research topic [192, 188, 110, 185, and subsequent articles cited in this review]. Sev-
eral review papers have been written on the Hadley circulation (e.g. [204, 15, 149, 217, 216] ). Though some overlap
between this review and others is unavoidable, our paper aims to provide a distinct contribution as it focuses on the
underlying theoretical considerations, it discusses in detail the regional characterization of the HC and it emphasizes
both HC width and strength.

The HC is traditionally described using the global Meridional Stream Function ¥ (¢, p) [MSF, kg/s 171, 172]:

P
V(. p) = @ /O v(g.p)dp . 1)

where R, is the Earth'’s radius, ¢ is latitude, g is the gravitational acceleration, p is the atmospheric pressure and v is
the zonal mean meridional velocity. The global MSF is used to compute properties such as the strength and position
of the equatorial ascending branch, the poleward edges of the cells, and the overall HC width. The computation of the
MSF using winds provided by profile soundings became possible only in the second half of the 20t" century. After pre-
liminary attempts in the 1950's, the first reconstructions were completed in the 1960's [175, 232] and by the 1970’s
reconstructions became sufficiently accurate to allow a monthly climatology [171]. In the late 1990’s meteorological
reanalyses became available and provided a surrogate of global observations. Instead of using the MSF, some studies
have attempted to estimate characteristics and variations of the HC using the surface variables that are affected by it
and a variety of different metrics. The HC poleward edges have been identified based on thresholds of the outgoing
long-wave radiation [110, 119, 57, 35, 56, 1, 50], the subtropical absolute precipitation minima [112, 35, 36, 50], the
zero crossing latitude of the precipitation-evaporation imbalance [147, 119, 57, 52, 1, 56, 217, 50], the zonal-surface-
wind zero crossing [10] and the subtropical maxima of the mean sea-level pressure [56, 1, 112, 50]. Proxies of pre-
cipitation are often used for geological time scales, including glacial and interglacial cycles and most of the present
Holocene epoch [e.g. 157]. However, these variables allow only a partial reconstruction of the full tri-dimensional
structure of the HC and some of them poorly correlate with each other [241, 53]. Though some metrics, such as the
mid-latitude eddy-driven jet, the edge of the subtropical dry zones, and the Southern Hemisphere subtropical highs
exhibit variability and trends consistent with those of the zero crossing latitude of the MSF, others, such as those
based on the outgoing longwave radiation, the position of the subtropical jet, the break in the tropopause, and the
Northern Hemisphere subtropical highs appear to behave differently [241]. Therefore, metrics other than those based

on the MSF are not explicitly considered in this review.

In the annual mean, the global MSF shows two cells, roughly symmetric with respect to the equator, rotating in
opposite directions (Fig. 1a). This representation corresponds to the transient condition at the equinoxes, while the
solstitial condition exhibits one dominant cell extending from the mid-subtropics in the summer hemisphere to the
edge of the subtropics in the opposite winter hemisphere (Fig. 2, [60]). Furthermore, the HC exhibits pronounced
regional variability, as trade winds respond to ocean interbasin thermal and moisture flux contrasts [150, 159, 44] and
atmospheric flow over land exhibits zonal asymmetries due to surface inhomogeneities and local monsoonal circula-

tions [227, 44]. The global MSF is a smoothed result of the superposition of distinct regional meridional overturning
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FIGURE 1 Meridional stream function MSF over the period 1979-2019: global MSF ¥ (a) and regional MSF ¥z
of the Europe-Africa sector (b, EurAfr=20°W-65°E), the Asia-Pacific sector (c, AsiaPac =65°E-140°W) and the
sector of the North and South Americas (c, Americas=140°W-20°W). Contour line interval is 10'° kg-s~". All panels
are derived from ERA5 [99].

circulations that are the consequence of active convection occurring sporadically in time and space in preferred zones
[105, 104].

The decomposition of the global MSF into regional components is based on three conceptual steps. The first step
is to decompose the horizontal flow at each pressure level p into divergent and non-divergent components. Second,
the divergent flow is further decomposed in a zonal and a meridional component, which are associated with zonally
and meridionally oriented overturnings representing the Walker and the Hadley circulations, respectively. In fact, the
local MSF y (A, ¢, p) can be computed for each longitude A using the meridional component of the divergent flow

v4 (A, ¢, p) and ensuring mass conservation:
] P ’ /
v =2 [T vaho.pdp @

which provides a view of the HC whose strength and edges vary continuously with longitude [e.g., 203, 202, 130,
220, 77, 215, 50]. Specifically, v (A, ¢, p) represents a meridional mass flux density, which can be integrated zonally
to provide the meridional mass transport across any specified sector. The global MSF can be divided into selected
regional MSFs Yr (¢, p) by computing the regional zonal average vz (¢, p) of v, in selected sectors with a longitudinal
angular extent AAg [36, 125, 168, 222]

vr (¢, p')dp’ . (3)

AAg R, cos P
Ye(p.p) = SEEE [

Fig. 1b,c,d shows the resulting regional MSFs for the Europe-Africa, Asia-Pacific, and Americas sectors.

This review considers the HC focusing on aspects that are relevant for understanding the effects of climate change
on its characteristics. It does not attempt to review the full body of existing knowledge on the HC, which would
not be feasible within a single article. Section 2 describes the theoretical understanding of the HC dynamics [e.g.,
97, 234, 208, 101, 90], strength and width (section 2.1), transient behavior and its connection to monsoons (section
2.2.3). Section 3 describes the energy budget of the HC, how it relates to the cross equatorial energy transport

and top-of-atmosphere fluxes. Section 4 describes the HC response to different forcings: GHGs, stratospheric and
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FIGURE 2 Seasonal cycle of the global MSF over the period 1979-2019 derived from ERAS5 [99]. Contour line
interval is 2 - 10'0 kg-s~'. Panels represent seasonal means: DJF (December-January-February), MAM
(March-April-May), JJA (June-July-August), SON (September-October-November).
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tropospheric ozone, black carbon, dust and volcanic eruptions and astronomical cycles. Section 5 describes how the
regional HCs respond to climate change. The status of the knowledge, gaps and present research needs are discussed
in section 6.

2 | DYNAMICS OF THE HADLEY CIRCULATION

2.1 | Scaling of the Hadley Cell

A useful starting point for understanding the dynamics of the HC is the subtropical angular-momentum budget, which
expresses a balance between the advection of angular momentum into the subtropics by the mean circulation and
the flux of angular momentum out of the subtropics owing to eddies (Fig. 3). An approximate diagnostic for the HC
strength may be derived by evaluating this budget for the upper branch at the latitude of the center of the HC [e.g.,
234, 201],

Yiax(1 - Ro) = 7. @

Here, the strength of the HC is measured by the MSF maximum ¥puax, and Ro is the Rossby number of the flow, which
may be expressed approximately as Ro =~ —¢/f, with ¢ being the zonal mean vorticity evaluated in the upper-branch
of the HC and f the Coriolis parameter. The numerator on the right-hand side S represents net result of the poleward
transport of angular momentum provided by eddies integrated vertically between the level of the MSF maximum and
the tropopause, and it represents the influence of transient and zonally-asymmetric motions on the HC. Theories of
the HC often consider one of two limits: in the axisymmetric limit (section 2.1.1) eddy-momentum fluxes are small
and Ro = 1[198,97, 195, 66, 67, 25], in the small-Ro limit (section 2.1.2 ), the zonal mean vorticity is small compared
to £, and eddy-momentum fluxes are dominant[e.g., 234, 199].

The edge of the HC is usually defined by the latitude of the zero of the MSF at a mid-tropospheric level [e.g.,
500 hPa, 75]. In the axisymmetric limit, this latitude is determined not by the angular momentum balance but by the
energy budget, under the requirement that the temperature at the cell edge is equal to its corresponding value in
the “radiative-convective equilibrium” state in the absence of large-scale circulations [97, 140]. In the small-Ro limit,
the angular-momentum budget requires that this latitude coincides with a switch from eddy angular momentum flux
divergence to convergence, and the HC edge may be identified as the equatorward margin of wave-activity generation
by baroclinic eddies [138]. In this limit, eddies play a central role in determining both the width, as well as the strength,
of the HC [96, 234, 138].

2.1.1 | Axisymmetric theory

In the axisymmetric case, the atmospheric flow is assumed to have no zonal variations, the right-hand side of Eq. 4 is
zero, and the existence of the HC (i.e. ¥max # 0) requires Ro = 1. In this case, Eq. 4 becomes degenerate and gives no
information about the HC. Nevertheless, the requirement that Ro = 1 is equivalent to requiring that angular momen-
tum is conserved along streamlines of the flow, and it provides a strong constraint on the zonal wind distribution.

Building on the work of Schneider [198], Held and Hou [97] derived a simple model for the equinoctial HC in the

axisymmetric limit (hereafter H&H model), which was extended to the case of off-equatorial thermal forcing by [140].
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FIGURE 3 (a) Momentum- and (b) energy-budget constraints on the HC strength. Gray lines represent
streamlines of the HC and light gray boxes represent the region over which the budget is evaluated. (a) Angular
momentum advection by the mean flow (blue arrows) and eddy angular momentum flux (brown arrows) as
considered in Eq. 4. (b) Meridional energy flux by the HC (blue arrows), eddy energy flux out of the tropics (brown
arrows) and net energy input (NEI) to the tropical atmosphere (red arrows) as considered in Egs. 7 and 8 . EFE
denotes the Energy Flux Equator, i.e., the location where the atmospheric energy transport goes to zero and

approximate location of the ITCZ.
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The theory relates the angular momentum conserving wind distribution, through the assumption of thermal wind
balance and weak surface winds, to the meridional gradient of temperature. Combining this with a simple closure for
the energy transport by the cell, a complete description of the HC is obtained. The H&H model predicts a finite width
for the HC that, for Earth-like parameters, is comparable to the observed HC width. Moreover, the model provides
scalings for the width ¢4 and strength Wuax of the HC given by

1/2
gHA
¢H~(QZR§) , 5
1 8°2(HAp?
“VMAX ~ ;W (6)

Here Q is the Earth’s rotation rate and 7 is a radiative relaxation timescale. Egs. 5 and 6 involve parameters that
depend on the climate conditions: the troposphere depth H, the fractional surface-to-tropopause potential tempera-
ture A,, and a measure of the fractional pole-to-equator potential temperature difference in the “radiative-convective
equilibrium” solution that would exist in the absence of a circulation, A,. The H&H model (Egs. 5 and 6) predicts that
the strength and width of the solstitial HC increase with increasing tropospheric depth and radiative-convective equi-
librium meridional potential temperature gradient, while the strength of the cell decreases with increasing thermal

stratification.

2.1.2 | Small Rossby number theory

In the small-Ro number limit of Eq. 4, the strength of the Hadley cell is directly related to the eddy angular momentum
flux and its divergence in the subtropics. This flux divergence occurs primarily as a result of extratropical baroclinic
eddies that form in the mid-latitudes and propagate into the subtropics, where they reach their critical latitude and
break, decelerating the mean flow [e.g., 190]. In the small-Ro limit, the HC does not respond directly to the thermal
driving, rather, its variations are linked to those of the eddy angular momentum flux divergence in the subtropics
[234, 201].

Theories highlighting the effect of eddies on the HC go back to the 1950’s when Kuo [131] and Eliassen [65] de-
veloped a diagnostic equation connecting the meridional overturning to sources of momentum and heat associated
with eddy motions and diabatic effects. A number of authors have also investigated how eddies influence the equinoc-
tial HC by comparing the results of axisymmetric and eddy-permitting simulations of the HC using idealized models
[129, 13, 233, 209, 210, 54]. Such comparisons generally reveal that eddies substantially amplify the strength of the
equinoctial HC compared to the axisymmetric case, because eddies allow the descending branch to more efficiently
lose its angular momentum while approaching the boundary layer. According to Eq. 4, this increases the strength of
the HC. However, this amplification is much weaker if the surface temperature is specified instead of being computed
by closing the surface energy balance [196, 209]. The strength of the HC has also been found to scale with the magni-
tude of the divergence of the angular eddy momentum fluxes propagating into the subtropics from the mid-latitudes

in a suite of simulations with an idealized GCM over a wide range of parameters [234].

Concerning the width of the HC, it has been suggested that the HC terminates at the location where the axisym-
metric solution would become baroclinically unstable [96]. This argument has been supported by both idealized [138]

and comprehensive [147] climate change modeling studies, as well as by reanalysis studies of interannual variability
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[164], which reveal strong relationships between diagnostics associated with extratropical eddies and the width of the
HC [e.g., 124, 128, 26, 218]. Moreover, it is consistent with the observed narrowing of the HC in response to EI-Nifo
[167, 146], which is associated with increased meridional temperature gradients in the subtropics and an equatorward
displacement of the storm track.

2.2 | The seasonality of the Hadley circulation and its response to climate change

Earth’s tropical overturning circulation undergoes an annual cycle where the equinoctial HC, characterized by two
cells of roughly equal strength and the ITCZ close to the equator, represents a transitional condition between two
solstitial states, each characterized by a strong cross-equatorial HC cell (which has its descending/ascending branch
in the winter/summer hemisphere) and a weaker cell in the summer hemisphere [60]. The poleward flow of both
equinoctial HC cells and the whole solstitial summer cell occur in regions of upper-tropospheric westerlies, through
which mid-latitude eddies are able to propagate. These cells are, therefore, strongly influenced by eddy transports
of energy and momentum [234] and are close to the small-Ro regime (section 2.1.2). At the solstices, however, the
existence of easterlies in the equatorial upper troposphere prevents Rossby waves from propagating into the deep
tropics, limiting the influence of eddies on the HC upper branch [18, 19, 201] and suggesting that axisymmetric dy-
namics (section 2.1.1) is more relevant for the cross-equatorial solstitial HC. However, eddies still have important
effects on the solstitial HC through their effect on the descending branch [23, 24].

2.21 | The response of the HC width

Motivated by both the axisymmetric theory of H&H and theories based on the onset of baroclinic instability [96], a
number of studies have investigated how changes in bulk thermodynamic characteristics of the troposphere under
climate change affect the HC width [e.g., 205, 49]. Under global warming, the tropopause height and stability are
expected to increase [229], while the meridional temperature gradient in the subtropical atmosphere decreases [2,
205]. Analysis of different climate conditions using PMIP simulations and RCP8.5 projections indicate that, under
solstitial conditions, the HC widens as the subtropical static stability and the tropospheric depth increase, while its
dependence on meridional temperature gradient differs between the hemispheres [49]. This leads to the relatively
robust result that the HC becomes wider as the climate warms [49, 212].

While the above results are qualitatively consistent with the H&H scalings embodied in Egs. 5 and 6, this should
not be taken as a conclusive argument supporting them as all involved variables are correlated among themselves
and very well correlated with global warming [49]. In fact, a growing literature suggests that both in equinoctial and
solstitial conditions, the HC width is strongly influenced by midlatitude processes [138], scaling with the equatorward-
most location at which the mean state is baroclinically unstable [96]. For example, [32] analysed the detailed time
evolution of the HC under abrupt 4xCO2 forcing to show that variations in the subtropical baroclinicity give the best
explanation for the simulated shifts in the HC edge. According to this interpretation [e.g., 147, 204, 169], the projected
widening of the HC is associated with increased static stability, reduced meridional temperature gradients in the
subtropics, and a poleward shift of the storm track [e.g., 185] as seen under La-Nifna condition [146]. However, directly
relating these changes in the HC width to the influence of eddies or any other external factor remains challenging
[2]. Diagnostic relationships between eddy-forcing and shifts in the HC should be cautiously used as an evidence of
causality, and the widening of the HC under warming has instead been argued to be an axisymmetric response, with

eddies acting as a damping factor to reduce its magnitude [55].
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2.2.2 | The response of the HC strength

For the strength of the HC, both axisymmetric and small-Ro dynamics may be important, and the relative importance
depends on the point in the seasonal cycle being considered. The axisymmetric theory suggests that the HC strength-
ens with increasing tropospheric depth and meridional temperature gradient, but it weakens with increasing thermal
stratification. These scalings, based on the H&H model, have been investigated under different climate conditions
using PMIP simulations and RCP8.5 projections [49] showing that the NH solstitial HC strength scales with the tropo-
spheric depth, the fractional pole-to-equator potential temperature difference Ah, and the subtropical near-surface
static stability, while a weak and unclear dependence is present for the SH. However, the complex superposition of
different responses limits the potential for theoretical constraints on the changes in the HC strength that are produced
under future warming scenarios; for example, Chemke and Polvani [30] point out the importance of the direct effect
of CO2 forcing, independent of surface temperature changes. Complicating matters further, idealized simulations
suggest that the change in equinoctial HC strength with warming may be nonmonotonic, with changes in eddy fluxes,

Rossby number, and ocean heat transport all playing a role [137].

2.2.3 | The response of the seasonal migration of the ITCZ

At the solstices, the winter cell dominates the tropical overturning circulation, shifting the zonal mean precipitation
maximum into the summer hemisphere and transporting energy across the equator to the winter hemisphere (see
section 3). At the same time, monsoon circulations develop over tropical continents, with associated precipitation
providing water for over half the World's population [e.g., 187]. While, historically, monsoon circulations have often
been conceptualized as large-scale land-sea breezes, with the land-sea contrast considered to be central to their be-
havior, more recent studies show that monsoons are the regional expression of the seasonal migration of the ITCZ
at the solstices [see e.g., 18, 76]. In this view, individual regional monsoons are components of the global monsoon
system, and changes in the HC and the global monsoon system are fundamentally coupled [e.g., 80]. Such a view does
not preclude a role for land-sea contrasts in influencing the local behavior of individual monsoons [43].

The axisymmetric theory shows that a shift of the thermal forcing maximum by a few degrees from the equa-
tor [140] or an isolated, off-equatorial thermal maximum above a low threshold [182] are sufficient to trigger the
transition to the regime dominated by a single (winter) HC. Realistic time-dependent cases [67, 233] and observed
estimates of the zonal mean circulation [60] show that this transition is less pronounced than in the idealized the-
oretical description. Further, feedbacks associated with stationary eddies [207, 81] and surface fluxes [17] have a
potential role in accelerating the transition between regimes, while surface flux feedbacks and cloud-radiative inter-
actions have a role in the timing and in increasing the rapidity of the onset of the Asian monsoon [151]. A number of
recent studies have investigated the sensitivity of the seasonal migration of the ITCZ to the planetary rotation rate
[68, 101, 208, 82, 102]. Under climate change, Seth et al. [206] found a delay in the onset of a number of monsoons,
attributing this to an increased convective springtime barrier in a warmer world (similar to the so-called upped-ante
mechanism [40]). However, detailed understanding of how climate change affects the dynamics of the HC seasonal

cycle remains a work in progress [80].
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3 | LINKS OF THE HADLEY CIRCULATION WITH THE ENERGY BUDGET

The energy budget couples the HC to the net input of energy into the tropical atmosphere by radiative and turbulent
fluxes on the one hand, and eddies on the other hand, providing a complementary constraint on the HC strength
to the momentum-budget based constraint embodied in Eq. 4 (see Fig. 3). In this section energetic arguments are
used to provide a framework to understand the HC response to global warming. Indeed, the primary effect of GHG
emissions is to perturb the energy balance at the top-of-atmosphere (TOA), while the thermodynamics and circulation
responses work toward re-establishing the energy balance.

3.1 | Meridional Energy transport by the Hadley circulation

Air masses diverging from the ITCZ are drier and cooler than those converging at low level, but they also have
significantly higher potential energy. As the latter effect dominates (Fig. 4), the moist static energy (MSE, in J/kg,
m=CpT +gZ+Ly,q,where C,,T,g,Z,L, and g are heat capacity, temperature, gravity, geopotential height, latent
heat of vaporization and specific humidity, respectively) of air masses aloft is higher than of those at low levels. The
net effect is that, in the vertical integral, the HC exports energy away from the ITCZ while simultaneously importing
moisture into the ITCZ. This net meridional energy transport, often described as the atmospheric heat transport AHT,
scales as [95, 45]:

AHT (¢) = ¥ (@) - Am($) + Te(9) » 7

where ¢ is the latitude, A denotes the difference between upper and lower branches of the HC, the overbar denotes
the zonal mean, ¥,, is the maximum of the global MSF as a function of latitude (kg/s), and T is the eddy meridional
heat transport (vertically and zonally integrated). The AHT is dominated by the overturning term in the Tropics [84]
where horizontal gradients, and thus T, are small (see Fig. 3). T. however becomes dominant away from the Equator.
The total AHT can be decomposed into dry static energy (DSE = C,T + gZ) and latent heat (LH = L, g) transport,
which can be obtained (again at the scaling level) as AHTpsg = Wm - ADSE and AHTj¢ent = ¥m - ALH, respectively.
Since LH, which depends on the humidity g, decreases with height while the DSE increases with height (Fig. 4),
AHTpse and AH T .:en: OPpPose one another. Using typical values for Earth’s atmosphere, ¥,, =~ 100 x 10° kg/s and
Am =~ 10* J/kg, Eq. 7 gives about 1 PW, typical of the AHT near the peak of the HC MSF [180, 9, 84]. Observations
[63] reveal a robust linear relationship between ¥,,(0) and AHT (0) through the seasonal cycle, consistent with a
constant value of Am ~1.4 x 10* J/kg, emphasizing that, close to the equator, the time (seasonal) variations in AHT

are dominated by changes in the strength of the HC.

AHT is related to the Net Energy Input (N EI) in the tropical troposphere, which is given by the vertical integral of
the diabatic heating (see Fig. 3) or, equally, the difference between the net radiative fluxes at the top of the atmosphere
and net radiative and turbulent fluxes at the surface. In fact, at steady state, the vertically and zonally integrated energy
budget of the tropical atmosphere is a balance between the rate at which energy is transported away from the ITCZ

(given by the meridional divergence of AHT) and the zonally averaged (positive) NEI:

0AHT

R 0% =2nRe cos(¢p) - NEI . (8)
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Using a two-layer description of the atmosphere, [166] connected the NEI to the vertical motion and energy
stratification showing that:

Wm

NEI ~-—".GMS, (9)
g

where w,, (Pa/s) is the vertical velocity at a mid-tropospheric level p,, separating the upper and lower part of the tro-
posphere. The Gross Moist Stability (GM S, J/kg) is the difference between the horizontal flow divergence-weighted
averaged M SE of the upper and lower layers and it can be considered a representation of the transport of MSE
away from the tropics by the divergence of the mean circulation. In fact, eq. 9 is a valid approximation only under the
assumption that the advection of M SE by the mean circulation and its transport by eddies are negligible. Physically,
Eq. 9 states that, in the deep tropics, where horizontal gradients are weak, ascent (w<0, a conversion of air parcels
from low to high MSE) requires a diabatic energy source (NEI>0; see Fig. 3, right panel). However, since the flow
is strongly divergent, NEI can be only partially converted in the M SE of the upper troposphere, and the concept of
GM S is needed for expressing the relation between NEI and convection. Eqg. 9 loses its relevance away from the
equator such that, in the descending branch, the decrease of potential energy and adiabatic warming are balanced by
a poleward energy export by eddies (Fig. 3).

The GM S concept has been extensively used in the subsequent literature and often been redefined [166, 248,
191, 41, 117]. Although all its definitions measure the vertical variations of MSE, GM S has also been interpreted as
an efficiency of the meridional heat transport by the HC or a measure of the energy export per unit convective mass
flux [103, 243]. Both Am and GM S are nearly always positive in the tropical atmosphere [248], because energy is
larger in the upper than in the lower tropical atmosphere, though negative GMS can occur depending on the choice

of definition and inclusion, or not, of advection and transient terms (neglected in Eg. 9).

Eqg. 9 implies a tight link between changes in GM S (or Am) and changes in vertical velocity:

dwm dGMS dNEI\ = dGMS

om _ \Gms Y NET|T “Gms (10)

where the second equality is obtained in the limit of small N E I changes. Eq. 10 provides the link between the strength-
ening of the stratification and weakening of the overall tropical circulation including the HC. Global warming, on one
hand, increases the water vapor concentration in the lower troposphere, therefore reducing GM S, on the other hand,
warms the upper troposphere and uplifts the tropopause, therefore increasing GMS. The increase prevails so that
wm and the overall tropical circulations weakens (see [39, 41] and references therein). The increase of GM S and
weakening of the circulation, respectively, increases and decreases the energy export out of the tropics (Eq. 7). The
two effects roughly cancel out, consistently with the assumption of relatively small NEI changes in Eq. 10. However,
NET increases with GHG emissions leading to a small intensification of AHT (about 0.25 PW at the peak AHT in
both hemispheres [see 148]).
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3.2 | ThelTCZ latitude and cross-equatorial energy transport

Because both vertical M SE gradient and MSF are weak at the ITCZ, AHT is small and changes sign near the ITCZ.
In practice, the “energy flux equator” (EFE, where AHT =0, Fig. 3) is close to the ITCZ, although they are not always
collocated [200, 63], because of small, but non-negligible, eddy fluxes in Eq. 7. In the present-day climate the ITCZ is
located on average about 5°N and this meridional deviation is most pronounced in the Pacific Ocean [see e.g. 200]. As
the distribution of incoming solar radiation is nearly symmetric around the equator, it was suggested this asymmetry
was due to land mass distribution and/or ocean-atmosphere coupling [181]. As detailed below, recent studies, using

an energy perspective, suggest that the latter effect is the dominant one.

The latitude of the zero energy transport, &, is obtained by a Taylor expansion [200]:

AHT (8) ~ AHT (0) + ngT 0)-6=0, (11)
which, using Eq. 8, gives:
s___ 1 AHT(O) (12)

" 27R?  NEI(0)

Using NEI(0) = 18 W m~2, and AHT (0) = -0.3 PW [200, 46], one obtains § ~4 degree of latitude, which is
in close agreement with observations. Eq. 12 highlights that the off-equator location of the ITCZ depends on the
ratio between the energy transport at the equator (dominated by the HC) and the net energy input. It suggests that
a larger NEI(0) would shift the ITCZ closer to the equator at constant AHT (0). However, under climate change,
both NEI(0) and AHT (0) are expected to change. Indeed, in 2xCO, experiments with slab ocean from CMIP3
(Coupled Model Intercomparison Project 3), [73] found northward/southward ITCZ shifts which are well correlated
with decreased/increased AHT (0). This is consistent with Eq. 12 although suggesting that AHT (0) changes dominate

over the NEI(0) changes in these experiments.

3.3 | Linking the ITCZ position with ocean heat transport, top-of-atmosphere flux and
SST

The SH receives about 0.4 PW more than the NH, as the TOA, hemispheric NET is positive for the SH (+0.2 PW) and
negative for the NH (-0.2 PW) [156, 141]. This asymmetry is dominated by the outgoing long-wave radiation, presum-
ably because the NH is slightly warmer than the SH [136]. The short-wave difference between the two hemispheres
is small as they have similar average incoming solar radiation and similar planetary albedo [~0.3, see 63]. Current
best estimates suggest a global ocean heat transport (OHT) of about 0.5 PW northward across the equator [226, 72],
which is mostly achieved in the Atlantic basin with a transport of ~0.7 PW, while the Pacific Ocean is close to neutral
and the Indian Ocean transports ~0.2 PW southward (all these estimates have the significant uncertainties of about
+0.2 PW). The large Atlantic transport is primarily driven by the Atlantic Meridional Overturning Circulation (AMOC)
associated with deep water formation in the Nordic seas and Labrador sea [69]. In the absence of deep water forma-
tion in the Pacific and Indian oceans, their transports are dominated by shallow wind-driven sub-tropical overturning
cells (STCs). The global northward OHT combined with the 0.3 PW southward transport by the HC balances the TOA

radiation asymmetry and closes the energy budget of both hemispheres (Fig. 4).
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The hemispheric energy balance suggests that the northward position of the ITCZ compensates for the northward
cross-equatorial OHT [156, 74]. This agrees with atmospheric model experiments in which the OHT is prescribed (so-
called Q-flux experiments, see [20] and [200] and references therein), where the ITCZ moves northward/southward
as the (implied) cross-equatorial OHT is increased/decreased. The ITCZ shift is not seen only in the AMOC-dominated
Atlantic sector, but also in the Pacific because of the efficiency of the atmosphere to zonally redistribute the energy
output [122]. Variations of the AMOC strength in past and future climates are, therefore, expected to contribute to
the displacement of the ITCZ compared to present-day (intensification of AMOC would move the ITCZ northwards
and further away from the Equator) [see below 157].

The mechanisms re-establishing the energy balance and connecting the ITCZ to the OHT variations are likely
provided by the inter-hemispheric SST difference across the equator that is caused by the AMOC OHT warming the
NH and cooling of the SH. A robust linear relationship between ITCZ shifts and changes in interhemispheric tropical
SST difference (20°N - 0 minus 20°S - 0, in K) can be found in observations and climate models (with slopes of 3.3 and
3.7 K/deg of latitude, respectively [63]) and under other climates (although with weaker slopes in the range 1.5 - 2.4
K/deg for last glacial maximum, mid-Holocene, and 2xCO,). Such relationships combined with paleo-proxy estimates
of temperature can be used to reconstruct the global ITCZ shifts [157]. Numerical experiments with an imposed cross-
equatorial flux demonstrate that the ITCZ is sensitive to high latitude SST perturbations [e.g. 121], possibly generated
by AMOC changes [see example in 165] and explained by a “rigidity” imparted to the AHT by the weak temperature
gradient in the tropics [200]. In climate model projections, the AHT anomaly is directed from the faster to the slower

warming hemisphere [136].

The STCs and HC are coupled through the wind stress at the air-sea interface ([95], Fig. 4). If the effect of eddy
momentum fluxes in the atmospheric boundary layer is neglected, the STC and HC should have opposite mass trans-
ports of similar magnitude. However, the STCs are more efficient at exporting heat away from the equator than the
HC because the temperature stratification in the ocean is stronger than in the atmosphere [45]. The result is that
the coupling between the ITCZ shift and the response of the STCs generates a negative feedback that can limit the

excursions of the ITCZ in response to perturbations [85].

4 | THE RESPONSES OF THE HADLEY CIRCULATION TO NATURAL AND
ANTHROPOGENIC FORCINGS

4.1 | HCtrends in the last decades

For a long time, behaviors of the HC and interpretation of long term trends in reanalyses were considered uncertain
due to the influence of natural variability, which in the late 19th and early 20t century may have exceeded the changes
that occurred in the recent decades [143], and due to different model physics and data assimilation methods adopted
by reanalyses [167, 48, 56]. In spite of that, there is general agreement among reanalyses that the global HC has sig-
nificantly widened in the last four decades, while changes of the HC strength are still uncertain and data-dependent
[163, 143, 167, 169, 48, 217, 33, 216].

Fig. 5 compares the HC extension trends in the ERA5 [99] and ERAlInterim [58] reanalyses, to those of the CMIP5
and CMIP6 historical “All-forcing” (based on [245]) and preindustrial control (Plcontrol) experiments (based on [87]).
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FIGURE 4 Schematic of the Hadley circulation and associated energy transport. a) Annual mean Hadley cell
(grey) and typical vertical profiles of Moist Static Energy, Dry Static Energy and Latent heat. b) schematic meridional
profile of precipitation (dashed black line) and surface wind stress (solid red line with arrows). c) Overturning
circulation in the ocean showing the Subtropical cells and the Atlantic overturning circulation.
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FIGURE 5 Annual trends of the HC edges in the period 1979 - 2014: for ERA5 (black), ERA-Interim (grey) the
central line marks the Sen’s estimate and whiskers the 95% confidence interval; for the All-forcing historical
simulations (red), the CMPI6 (orange) and CMIP5 (yellow) Plcontrol (piC) the central line marks the multi-model
mean value and whiskers indicate the range of possible trends (i.e. twice the inter-model standard deviation, 2o).
Positive/negative trends indicate poleward expansion/contraction of the HC. Units are latitude degrees per decade
for the edges (based on [245] and [87]).

The period 1979-2014 is used to avoid the comparison between model simulations and reanalysis before the large
increase of satellite data starting in 1979. Though the reanalyses contain structural problems and systematic errors
[163, 48, 33], there are indications that these issues do not prevent a realistic reconstruction of the past HC evolution.
Fig. 5 shows that the HC expansion in reanalyses (particularly in ERAS5) is within the range of models’ “All-forcing”
experiments [89, 88, 87, 252], with former reanalyses (such as ERAlnterim) being just compatible with the largest
“All-forcing” trends [8, 2, 169, 48, 87]. This comparison suggests that internal variability has a large impact on long
term trends and that structural problems (in climate models and reanalyses) may limit our ability to assess HC trends
convincingly [48]. However, by accounting for internal variability and different HC metrics, climate model and reanal-
ysis results can be reconciled [79, 89, 216, 87]. AMIP simulations show that the value of the trends of HC width
since the last two decades of the 20th century have been affected by the variability of SST patterns via coupled atmo-
sphere-ocean dynamics [2, 7, 155, 88]. Modes of variability like ENSO and PDO, particularly the change in the phase
of the PDO from positive to negative during the late 1990s approximately doubled the rate of tropical expansion from
that expected from anthropogenic forcing alone [2, 7, 88]. In fact, Fig. 5 shows that trends of magnitude comparable

to those in the reanalyses are present in the Plcontrol simulations as a result of the internal variability alone.

Trends of HC strength and width are caused by the superposition of multiple factors due to internal variability, nat-
ural and anthropogenic forcings (e.g. GHGs, stratospheric and tropospheric ozone, aerosols, particularly black carbon,

volcanic eruptions and orbital forcing). Disentangling the individual impacts of natural and anthropogenic forcings on
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the recent HC evolution is possible by designing single-forcing experiments in an ensemble context. The following
subsections discuss the response of HC strength and width to different forcings, highlighting the structural difficulties
and consequent uncertainties in CMIP sensitivity experiments in Fig. 6, where, as in Fig. 5, we have considered the
period 1979-2014 instead of 1970-2014 originally used in [245]).

The analysis of the impact of various forcings on the HC strength and width that is provided in the next subsec-
tions is largely guided by the CMIP experiment prescriptions, i.e. GHG, stratospheric ozone (Strat03), anthropogenic
aerosols (Aer) and natural forcings (Nat) as shown in Fig. 6, but it also considers literature on the role of black carbon
(BC), tropospheric ozone and the HC response to orbital forcings. Tab. 1 provides a synthesis of the impacts of the
considered factors. Results based on dedicated CMIP simulations suggest widening and narrowing of the HC, as a
consequence of GHG and anthropogenic aerosols increasing, respectively. In Fig. 6 (updated from [245]) these con-
trasting effects are pronounced on the SH HC, and not evident in the NH HC. However, the simulations of Fig. 6,
may be not fully adequate for describing the role of some factors, such as black carbon and some species of anthro-
pogenic aerosols that have a negligible effect on the global HC, but may be important at regional scale (see section
5.2). Further, the different number of models that were available for the experiments in Fig. 6 (27 for All-forcing, 10
for GHG, 3 for Stratospheric ozone, 9 for Aerosols, 11 for Natural forcing) may affect the relative magnitude of the
changes among different experiments, which may not be a function only of the forcings. Moreover, in Fig. 6 individual
single forcing trends should not be expected to add up to the "All-forcing" scenario trends, because different subsets

of models have been used for each experiment.

For sake of clarity, we restrict the literature review to the aforementioned forcings, although stratospheric aerosol
geo-engineering [37], water vapor [246] and Arctic sea ice loss [31], wildfires [225] and natural dust emissions [12]

have been proposed to significantly shape the HC too.

4.2 | CO, and other well-mixed GHG

The large majority of climate model simulations show that weakening of the HC is the prevalent effect of the GHG-
induced global warming. In fact, the weakening of the solstitial winter HC is significant in CMIP5 and CMIPé’s GHG
simulations for the period 1979-2014. There is also consensus on the weakening [41, 147, 230, 49] in climate projec-
tions, though with a large uncertainty on its magnitude, ranging between 0 and 4% K~ as a function of the global-mean
surface air temperature change [147, 49]. The weakening of the HC is qualitatively consistent with the decrease in
ascent and associated increase in GMS, as predicted by the simplified energy balance Eq. 10 [sec. 3.1, and 41]. Dy-
namical theories of the HC do not provide a clear interpretation of the effect of GHG-induced warming on the HC
intensity. For instance, according to the H&H model, on one hand, the decrease of the meridional temperature gra-
dient and the increase of vertical stratification in the tropics caused by GHG emission weaken the HC. On the other

hand, the increase of the tropospheric depth strengthens the HC (sec. 2.1.1 and references therein).

Model simulations show that that GHG increase leads to HC widening. In the CMIP5 and CMIPé simulations
considered in Fig. 6, the HC expansion driven by GHGs is larger in the SH than in the NH, being significant in the SH
in every season, in the NH at the annual scale and in the winter solstitial season. In fact, there is a consensus that
GHGs have contributed to HC widening since 1980 in idealized simulations [75, 221, 223, 240] and in the different
generations of CMIPs [147, 83, 53, 49, 89, 217, 130, 224, 245, 87, 32] especially in the SH. The asymmetry among
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FIGURE 6 Trends of the HC edges (left) and strength (right) in the period 1979 - 2014 for ERA5 (black),
ERA-Interim (grey) and CMIP6 historical simulations: All-forcing (red), GHG (orange), Stratospheric ozone (Strat03,
green), Aerosols (Aer, light blue), and Natural forcing (Nat, blue). Positive trends indicate poleward
expansion/strengthening and negative trends contraction/weakening of the HC. Units are latitude degrees per
decade for the edges and kg/s per decade for the strength. In color whisker-box (CMIP$), the central line marks the
multi-model mean value of the trends. Boxes indicate uncertainties on the multi-model mean trends (i.e. twice the
standard error, 20 /+/n, where o is the standard deviation of the trends and n the number of CMIP6 models that have
been analyzed in each set of simulations) while whiskers indicate the range of possible trends (i.e. twice the standard
deviation, 20). Note that the latter is a slight underestimate of the true range of possible realizations as some, but
not all, model trends are obtained through ensemble averaging (adapted from [245]).
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hemispheres has been highlighted in a set of idealised (quadrupled CO, simulations by [240]), who explained it as a
result of the smaller sensitivity of the Northern Hemisphere HC to static stability changes. However, seasonal details
of Fig. 6 differ with respect to other periods in reanalyses and to climate model simulations, which fail to reproduce
the large values found in reanalysis products [2, 48, 87], as natural variability (see the text at the beginning of 4.1) and
other factors (see particularly sec. 4.3) need to be taken into account. Further, Fig. 6 is not consistent with the expec-
tation that the GHG effect on the NH HC expansion is larger in autumn (SON) than in other seasons [240]. As this
expectation is based on a quadrupled CO2 concentration [240] and the selection of a different (longer) 1970-2014
period would produce a large HC NH expansion in SON [245], the magnitude of the GHG forcing and of the SST
coupling have plausibly a role on this specific seasonal feature. The expansion of the HC is expected in the small-Ro
limit, consistent with the northward shift of the storm track and the eddy activity changes (sec. 2.1.2), while the H&H
model provide ambiguous indications, as it suggests on one hand an expansion of the HC under GHG forcing, as tro-
pospheric depth is expected to increase, and on the other hand a contraction as the meridional temperature gradient

is expected to decrease (sec. 2.1.1).

As in the next decades, without successful mitigation actions, GHG forcing will become dominant, weakening
(particularly in the NH, [30]) and widening (particularly in the SH [240]) of the HC shown in climate projections are

expected for the future.

4.3 | Stratospheric ozone

Stratospheric ozone depletion has been identified as the primary driver of most of SH tropospheric circulation changes
in DJF from 1979 until late 1990s [183]. Its immediate effect is to cool the lower-stratospheric polar cap, where
the persistent low temperatures and strong circumpolar winds, also known as the polar vortex, prevent meridional
mixing and support the formation of a large Antarctic ozone hole. Stratospheric ozone depletion drives the poleward
shift of the jet-stream which is intimately related to mid-latitude eddy activity. Therefore, according to the small-Ro
theory, the HC strength and width must respond to this specific forcing [186]. Dedicated simulations and CMIP5 and
CMIP6 stratospheric ozone experiments [110, 213, 214, 211, 184, 123, 162, 83, 130, 224, 245] simulate widening
and modest strengthening of the SH HC in response to this forcing. The relationship between the HC edge and
stratospheric ozone concentration found in SH is also seen in the NH in a different set dedicated of model experiments
[109]. The SH HC trends have slowed down since the 2000s and this hiatus has been attributed to the recovery of the
stratospheric ozone [183, 224, 11]. Therefore, Fig. 6 is not optimal to show the effects of ozone depletion, because the
considered period (1979-2014) includes a relatively long sub-period during which ozone recovery occurred. Further,
the shown results may not be fully representative, because the number of simulations in the StratO3 experiment is
very small. While until the 2000s ozone depletion has contributed to the extension of the SH HC in synergy with
GHG increase, its subsequent and future recovery acts in the opposite direction and the overall future evolution of
the HC will depend on the net effect of CO2 and other anthropogenic emissions [183, 224, 11].

4.4 | Anthropogenic aerosols, black carbon and tropospheric ozone

In the 20" century, anthropogenic aerosols (sulfate, black carbon, organic carbon) have exerted a cooling effect, no-
tably over the industrial areas of the NH, that has partially compensated the GHG-induced warming [27, 28], leading
to a global climate evolution quite different from what would have resulted from an increase in GHG concentration

alone [136]. The cooling of the NH relative to the SH drives a decrease in the magnitude of the southward energy
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transport across the equator and a corresponding southward ITCZ shift [sec. 3.2, and 236, 237, 235, 231] and a decel-
eration of both SH subpolar and subtropical jets [238]. Since, in contrast to GHGs, past aerosol forcing has warmed
the stratosphere and cooled the upper troposphere, it has been suggested that its effect on atmospheric circulation
opposes to that of GHGs [194]. In fact, [6] have shown that in the NH the widening associated with the increase in
GHGs has been partially offset by the increase of anthropogenic aerosols in the past (when comparing to the prein-
dustrial period, i.e. since 1850), while it is expected to be reinforced during the 215¢ century by the aerosol decrease
that will contribute to the poleward shift in the latitude of maximum baroclinicity. However, these estimates strongly
depends on whether models include the aerosol indirect effect (mainly on cloud albedo and lifetime), which are subject
to uncertainties and aerosol forcings may differ from observations [6]. In the SH the zonal mean circulation changes
due to aerosols are not simply opposite to those due to the GHGs [38] and are uncertain [219]. Considering intensity,
strengthening of the tropical circulation driven by aerosol-induced NH cooling is consistent with thermodynamic scal-
ing arguments [98]. Considering the last decades of the 20th century, the CMIPé6 simulations [245] summarized in
Fig. 6 confirm former CMIP5 results [224, 6] that aerosol forcing has had only a minor effect on the HC width, while

they show some strengthening of the SH HC that was not present in CMIP5 experiments.

Tropospheric ozone and BC, resulting from the combustion of fossil fuels and biofuels, are both very effective
warming agents and have been concentrated over the NH industrial regions for several decades of the 20t century,
motivating investigation of their combined effects [8]. While tropospheric ozone is not an aerosol itself, its effect can
only be reproduced in CMIP-type simulations with an active photochemical module describing its formation where
aerosols are involved [86]. Unfortunately, only two models satisfying this requirement are included in the CMIP aerosol
experiments shown in Fig. 6 and, further, they share with similar models substantial inaccuracies when compared with
tropospheric aerosol observations [86]. Therefore, the representation of the effect of tropospheric ozone in Fig. 6 is
possibly poor. The combined effect of BC and tropospheric ozone induces heating of the NH lower troposphere and
perturbs the tropical boundary layer moisture, a condition that affects the climate of arid/semi-arid regions [189]. It
also contributes to the observed poleward shift of the jet-stream, thereby relocating the main division between tropi-
cal and temperate air masses [5, 8]. Sensitivity experiments with a model including a detailed aerosol physics suggest
that increases of tropospheric ozone and BC have been the largest contributors to the recent (1979 - 2009) observed
widening of the NH HC, having had an effect larger than that of GHG [8].

4.5 | Natural forcing: volcanic aerosols and solar irradiance

Large volcanic eruptions inject sulfur particles into the lower stratosphere, where they reflect the incoming solar ra-
diation and absorb solar near-infrared and thermal radiation, producing an overall global cooling effect [132]. The
temporary radiative cooling over land (from 1 up to 3 years after the eruption) suppresses clouds, weakens tropical
deep convection and the rising branch of the HC, and causes a contraction of the ITCZ [94, 177, 61, 179, 51]. Effects
persist for at least two summers after volcanic eruptions [154, 114, 115, 62, 51]. The contraction of the tropical belt
and of the HC following major volcanic events is shown by proxy reconstructions over the last 800 years and simula-
tions of the last millennium [154, 42, 142, 4]. Narrowing has been of the order of 0.4-1° in response to Pinatubo-like

eruptions and stronger (up to 1.6°) for events of double this magnitude [4].

In CMIP protocols, volcanic eruptions are combined with the solar irradiance variability in the natural forcing

experiment (Nat) preventing their disentangling. For the recent decades, CMIP6é Nat simulations do not show any
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factor past decades projections
widening and weakening widening and weakening
Strat O3 widening (stronger in the SH) narrowing (Strat O3 recovery)

ITCZ southward shift, uncertain and mi- . L
. . depending on aerosol emission
nor contraction, NH strengthening

NH widening (uncertain)

temporary (1-3 years) ITCZ narrowing,

volcanism . .
uncertain effect on HC width

ALL widening, uncertain effect on strength, widening (larger in the SH) and weaken-
large role of natural variability ing (larger in the NH)

glacials strengthening and narrowing of solstitial circulation

TABLE 1 Summary table of the effects of the factors considered in subsections 4.2-4.6

significant change of the HC edges (Fig. 6). However, results of CMIP simulations are uncertain, because the overall
effect of stratospheric volcanic aerosol (and of tropospheric dust in general) strongly depends on the prescribed opti-

cal properties that can lead to very different, and sometimes opposite, results [161, 3, 251].

4.6 | Orbital forcing and glacial-to-interglacial cycles

The modulation of the distribution of insolation by periodic changes of Earth’s orbital eccentricity, axial obliquity
and apsidal precession (with periodicities approximately of 100 kyr, 41 kyr and 23 kyr, respectively) in concert with
cryosphere and carbon cycle feedbacks [174, 228] drive the Quaternary glacial to interglacial cycles [160, 93, 14].
The complex interplay between orbital forcing, CO, concentration, ice-sheet dynamics and ocean circulation have
affected the HC strength and width (see sec. 3.2).

During Quaternary interglacials, proxy and modeling evidence indicate orbitally-induced climate conditions differ-
ent from present day. During the early-to-mid Holocene (9.5 - 6 kyr BP) and the early Eemian (126 kyr BP) interglacials,
the NH warming and enhanced interhemispheric insolation and SST gradients in the boreal summer (compared to pre-
industrial conditions) presumably led to stronger winter solstitial SH HC and NH monsoons, and a northward shift
of the ITCZ, consistent with the relationships found in PMIP models [see sec. 3.2, and 127, 46, 118]. In the boreal
winter, models indicate that reduced interhemispheric insolation asymmetries have led to weaker winter solstitial NH
HC, SH monsoons and equatorward shift of the ITCZ relative to pre-Industrial [47, 118].

PMIP simulations of LGM (~21 kyr BP) clearly show that the winter solstitial HC was stronger and narrower than
in pre-industrial conditions [49, 212]. Literature also provides a consensus on a equatorward shift of the ITCZ [239].
During the glacials and cold episodes, such as the Younger Dryas (12.9 - 11.7 kyr BP) and Heinrich stadials, the complex
interplay between orbital and CO, forcing, and ice-sheets dynamics presumably led to a AMOC slowdown [78, 70].
Climate model simulations of the Heinrich stadials show decreased northward OHT and an associated equatorward
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shift of the ITCZ, weakening of the NH monsoons and a relatively wetter climate in the SH [158]. Similar to other
cold periods, reconstructions for the last glacial maximum show a southward shift of the ITCZ [239] and reinforced
northeast trade winds [173, 49]. Trade winds proxies of the HC during cold episodes are consistent with the response
predicted in section 3.3: cooling the NH relative to the SH shifts the ITCZ equatorward and strengthens the NH
trade winds, while it weakens them in the SH [158]. Paleo-proxy and energetic considerations [157] show that the
equatorward shift of the ITCZ was likely less than 1° at the LGM [157] suggesting that inferences of large (up to 4°-
5°) shifts from a single proxy may reflect localized changes.

5 | REGIONALITY OF THE HADLEY CIRCULATION

Section 4 highlighted the hemispheric asymmetry as well as regional impacts of different forcings on the HC. This
suggests that changes or absence of changes in the global HC due to a specific forcing may result from a combination
of additive or competing regional effects. Therefore, the global perspective is likely to miss important regional changes

(addressed in this section) that have important environmental effects on precipitation and droughts.

5.1 | Characteristics of the regional Hadley circulations

The HC shown in Fig. 2 does not resemble the circulation at any given longitude. Areas of ascent do not spread uni-
formly around the globe, rather they are strongly localized [202, 168]. The seasonal cycle of the local MSF y (A, ¢, p)
at p =500 hPa (Fig. 7, left panel) shows three centers of minima in the SH and maxima in the NH located near the
equator above Africa, the Maritime Continent and America. These minima/maxima in each hemisphere are merid-
ionally separated by the zero contours of the MSF near the equator, which are associated with intense ascent and
where the meridional gradient of y is strongest, concomitant with the ITCZ. The regions of intense ascent are zonally
separated by a discontinuity near 60°E, 140°W and 20°W and are marked by seasonal and regional variability. The
strongest center is located above the Maritime Continent in the solstitial seasons and the weakest above Africa in the

equinoctial seasons.

Wherever there is a tropical monsoon regime associated with deep convection and rising motion near the equa-
tor and descending motion in the subtropics, with equatorward flow near the surface and return flow in the upper
troposphere, it is possible to define a regional HC [107, 106, 47]. This motivates a regional perspective of the HC
where Eq. 3 is used to define Y (¢, p) for three different regions ( AsiaPac, EurAfr, Americas, Fig. 1) characterized
by different morphology, land-sea patterns, monsoonal flow and seasonally varying ITCZ [168]. This regionalization
is consistent with a recent theoretical framework that describes the HC as the results of active tropical convection
occurring over specific zones (Equatorial Africa, Indian Ocean and west Pacific, east Pacific and Equatorial America)
and enhanced during certain periods causing meridional circulations on longitudinally confined sectors [107, 106]. All
three regional HCs (Fig. 1b-d) exhibit an overturning structure in both hemispheres, but with marked regional variabil-
ity, which is associated with the different strengths of their respective ITCZ and rising branch (Fig. 7). The AsiaPac HC
is the strongest, while the EurAfr HC is the weakest. The width of the cells differs among the three regions especially
in the NH where the AsiaPac cell extends far beyond the subtropical latitudes due to the strong Asian summer mon-
soon [107]. This is consistent with other studies that have described the zonal variations of subtropical margins using
different metrics [50, 216]. The results shown in Figs. 7 (left panel) and 8 have been obtained using the most recent
ECMWEF reanalysis product ERAS5 for the period 1979-2020 and confirm that the AsiaPac is stronger and wider than
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FIGURE 7 Seasonal cycle of the local MSF at 500hPa (left) and their long term trend (right) derived from the
ERAS5 divergent meridional wind over the period 1979-2020. In the left column panels the zero-contour is
highlighted in black. In the right column panels hatched areas denote values statistically significant to the 95% level
and black solid/dashed contours show the £5x107 kg s~' MSF levels. In all panels thick orange and blue lines
indicate the local edges of the overturning circulation when they can be defined.

the other two HCs. The main features and the magnitude of the local MSF in the Asia-Pacific, Europe-Africa, Amer-
ica sectors and their seasonal variations are similar if a different (e.g., 1970-2014) period or the former ERA-Interim
reanalysis are adopted and are consistent with analogue published climatologies [215].

The intensity of the regional HC can be defined as the maximum of Wk (¢, p) between the equator and 30° lat-
itude and its edge as the latitude where Yg (¢, p) is decreased to 25% poleward from its maximum value averaged
between 400 - 700 hPa [168]. Though this threshold is subjective, its value is not critical and reducing it (e.g. to
10% as in [215]) does not appreciably affect the results. The methodology adopted in Fig. 7 fails to identify the edge
of the HC NH only in the Asia-Pacific sector in the boreal summer in a zone around the west coast of the Pacific
Ocean, but, depending on the adopted methodology the definition of the HC edges may fail at several longitudes
[215]. However, results are generally consistent at the longitudes where the edges are identified by the different
methods and datasets. The seasonal cycle of the edge and intensity of the regional and global HC are presented in
Fig. 8. Both the edge and intensity of the regional HCs loosely follow the annual cycle of the global HC. According to
the maps of the local MSF at 500 hPa (Fig. 7), in the NH between May and August the (summer solstitial) AsiaPac has
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FIGURE 8 Seasonal cycle (3-month running average) of the edge (left, in degrees of latitude) and strength (right,
in kg s71) of the three regional and global HCs for the Northern (top, NH) and Southern (bottom, SH) Hemisphere
according to ERA5 and the 1979-2020 period. The regional HCs are Europe-Africa (EurAfr; 20°W-65°E, orange),
Asia-Pacific (AsiaPac; 65°E-140°W, green) and Americas (Am 140°W-20°W, red). Missing values in the summer
months for AsiaPac NH edge are due to the cell extending to the pole.

no well defined northern limit. The occurrence of the maximum (minimum) extension of the Americas NH (SH) HC
during the autumn (spring) equinoctial conditions might be an artifact caused by the criterion used for defining the
edges; in this case the HC is weak and its regional extension has an irregular shape. Note that the weighted average

of the regional edges equals the global edge and the sum of the regional intensities equals the global intensity (Fig. 8).

5.2 | Pastand projected changes of the regional Hadley circulations under
anthropogenic climate change

Here, we discuss changes of the HC that are marked by regionality and seasonality [e.g., 202, 50, 215] using the ERA5
data for the period 1979-2020 to support the discussion®.

Fig. 9a shows the trends of the HC poleward edges adopting a 95% significance level. Global expansion is driven
by the Asia-Pacific HC, which is the unique sector presenting positive values in all seasons and in both hemispheres,
while in the Europe-Africa and America sectors most values are negative. The statistically significant global expansion
of the winter solstitial and autumn equinoctial SH HC results from non significant trends that are positive in all sectors
in winter, but only in the Asia-Pacific HC in autumn. At the annual scale, the statistically significant expansion of the
SH HC results from the positive trend in the Asia-Pacific sector, only partially reduced by narrowing (statistically non

significant) in the America sector. There are no statistical significant trends of the NH HC

1These data and results have not been previously published.
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Fig. 9b shows strengthening of the HC, which is more robust in the SH than in the NH. The SH HC strengthening
is driven mostly by the intensification in the Asia-Pacific sector, which is significant in all seasons but summer. In the
NH, weakening of the Europe-Africa and America sectors contrasts the strengthening of the Asia-Pacific sector in all
seasons, leading to a significant weakening of the summer solsticial global NH HC. The agreement with [215] is partial
as their results show HC strengthening in the America sector in all seasons.

Therefore, Fig. 9 shows that the HC expansion and strengthening in the period 1979-2020 have not been zonally
uniform, but actually contraction and weakening have occurred in many seasons for the Europe-Africa and America
sectors. Further, natural variability prevents identifying statistically significant trends at regional scale in most sectors
and seasons.

Breaking down the HC regional changes of Fig. 9 to longitudinal scale by the analysis of the local y (A, ¢, p), (Fig. 7,
right panel) allows one to interpret the trends in Fig. 9 in terms of sub-regional features. In most season, the expansion
and strengthening of the AsiaPac SH HC is driven by its behavior over the Maritime Continent. The intensification of
the winter SH HC in the Americas sector is reflected in a significant signal over south America and the East Pacific in
Fig. 7, while the interpretation of the trends over equatorial Africa is less clear. Many features that are present in [215]
are confirmed in Fig. 7 right panel, but in Fig. 7 the intensification of the HC above America and the Indian Ocean in
JJA are weaker and have a different spatial structure than in [215]. Further, [202] shows SH winter solstitial trends
different than in [215] above equatorial America and do not exhibit the significant intensification of the Asia-pacific
SH HC that is evident in Fig. 7, right panel. These disagreements can be partially explained by the different peri-
ods that have been adopted (1979-2017 for [215], 1979-2009 for [202], 1979-2020 for Fig. 7), as these trends are
strongly affected by natural variability [89, 215], but it is also likely that structural issues can locally cause substantial

differences between re-analyses (namely between ERA-Interim and ERA5).

Beside land-sea contrast and ocean circulations, a major role in the lack of zonal uniformity of past evolution of
the HC is played by aerosol emissions, whose major sources have moved in the last few decades from North Amer-
ica and Western Europe to East Asia and tropical regions. In the regions of strong convection such as in monsoon
areas and the ITCZ, the BC-induced surface cooling and tropospheric warming could have masked the effect of GHG
forcing, and may have been responsible for regional impacts, such as Sahel drought, Indian monsoon weakening and
meridional shift of the East Asian rainfall pattern observed in the mid-20th century. In arid and hyper-arid areas col-
located with the HC descending branch, the overall BC effect could have contributed to expansion of the subtropical

dry zones and local increase of drought intensity [189, 8, 111].

Dust, which has not been included in CMIP aerosol prescriptions [189], absorbs solar radiation and absorbs/re-
emits thermal infrared radiation [126] exerting a large influence on the energy budget of the dry subtropics, such as
the Saharan and Arabian deserts. Over North Africa, the dust radiative effect strengthens the NH HC, inducing a
slight northward shift of the ITCZ and increased precipitation [12]. However, global climate model simulations show
a contrasting response of the tropical rain belt to dust forcing [247, 133, 249, 250]. The disagreement may arise from
uncertainties associated with different representation of dust optical properties, with large absorption producing a
large negative net radiative effect and a positive impact on the hydrological cycle. On paleo-time scales, dust follows
the long-term oscillations associated with glacial-interglacial cycles. During interglacial humid and more vegetated
periods, such as the mid-Holocene, the HC is wider and stronger [49]. The dust reduction over the “Green Sahara”

strengthens the vegetation-albedo feedback, increasing further the area and intensity of the African monsoon and
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FIGURE 9 ERA5 1979-2020 annual and seasonal trends in the edge (panel a ) and strength ( panel b) of the
zonal mean and regional HCs. Trends in the NH/SH are indicated by open circles/squares, with values statistically
significant (at the 95% confidence level) indicated by filled circles/squares. Positive values indicate
expansion/strengthening.

the local HC [178].

CMIPé6 projections under the combined SSP3.0-RCP7.0 scenario show a northward shift of the ITCZ over east-
ern Africa and the Indian Ocean and a southward shift in the eastern Pacific and Atlantic Oceans and South America
associated with changes in the divergent atmospheric energy transport by 2100 [153]. These shifts appear to be as-
sociated with meridional SST contrasts; in the Indian Ocean higher SST warming is located in the northern subtropics
while in the eastern Pacific and Atlantic Oceans it is located between 10°S and 5°N. The South Atlantic Convergence
Zone is projected to shift southward in association with the deepening of the south Atlantic subtropical high [176],

while over Africa the ITCZ is projected to shift northward associated with the deepening of the Saharan heat low [64].

The multi-model mean local y (A, ¢, p) weakens significantly at most longitudes [215] in an ensemble of simula-
tions of CO, quadrupling. However, the widening signature is more complex. In the NH for the winter solstitial HC,
widening is projected over the Middle East and the Western Pacific, while contraction is projected over Southwest
America, North Atlantic and East Asia [see also 47]. The autumn widening of the equinoctial NH HC over east Pacific
and Middle East results in a small NH HC widening. In contrast, SH widening is projected in all four seasons but is
largely driven by widening over the East Pacific where the overturning circulation is weak. In summary, the projected
regional effects of increasing GHG concentration and the trends in reanalyses present large discrepancies, that make
the attribution of regional changes of the HC edges since 1979 to anthropogenic climate change problematic. The
analysis of [50] suggests that the anthropogenic expansion of the tropical belt will emerge within this century only in
few areas of the NH (the Mediterranean/Middle East and, to a lesser extent the Western Pacific).

6 | DISCUSSION AND CONCLUSIONS

Theoretical understanding of the HC dynamics generally considers the axisymmetric limit, in which eddies are not con-
sidered, and the eddy-driven small-Ro limit, in which extratropical processes strongly constrain the HC. In Earth’s HC,
the relevance of these limits is expected to differ at different points of the seasonal cycle. The axisymmetric scaling
provided by the H&H model [97] represents a theoretical framework for the solstitial winter HC, since its response to
the off-equatorial solar forcing is weakly influenced by eddies. The small-Ro limit [131, 65, 199] represents a theoret-

ical framework more suitable than the axisymmetric theory for understanding the HC during equinoctial conditions,
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when its extension is associated with the activity of the mid-latitude eddies (controlled by the Eady growth rate) and
the position of the storm track. In spite of theoretically different conditions for their validity, both frameworks have
been applied in general to the HC. However, recent studies, which evidence the relevance of mid-latitude processes
(and therefore of the small-Ro limit) both in equinoctial and solstitial conditions, suggest that the axisymmetric theory
is not relevant for the HC width [138, 32].

The axisymmetric theory suggests that both HC width and strength increase with the troposphere depth and
radiative equilibrium meridional temperature gradient, and that the strength also decreases with the thermal strati-
fication in the tropics (sect.2.1.1). Small-Ro theory implies that the width is sensitive to changes in baroclinicity in
the subtropics, implying that the latitude of the HC edge shifts consistently with the meridional position of the mid-
latitude storms track, and the HC strength is related to that of the eddy momentum flux divergence in the subtropics,
implying that it varies with the intensity of the mid-latitude eddies (sect.2.1.1).

Climate projections, largely driven by the radiative effects of the increasing GHG concentration, show significant
expansion and weakening of the HC, which are consistent with the role of the troposphere depth and of the subtrop-
ical near-surface static stability, respectively [e.g., 147, 120, 224, 134, 49, 87] and/or increased static stability in the
ascending branch with differences among the NH and SH [32, 30]. Since the parameters of the H&H scaling vary with
global warming, the H&H model can be used to support the extension and weakening of the HC with the intensity
of the anthropogenic climate change identified in PMIP3-CMIP5 numerical experiments [49]. The expansion of the
HC is also supported by the small-Ro theoretical limit through the poleward migration of the storm track, increased
static stability, and reduced meridional temperature gradients in the subtropics resulting from anthropogenic global
warming [147, 185, 146, 204, 169]. These are the bases for the expectation of the future expansion and weakening
of the winter HC, but with uncertainties on their magnitude, so that the climate change signal might not emerge from

natural variability in the NH during the 21st century even in a high emission scenario [88].

Energy budget considerations suggest that the tropical circulation weakens in response to the increase of gross
moist stability of the tropical troposphere, but strengthens with increasing NEI, which are both effects caused by
increasing GHG concentration. Climate models generally favour a decrease in HC strength with warming, although
a strengthening cannot be ruled out either based on models or theoretical considerations, limiting the confidence on

the future weakening of the HC.

Historical climate simulations and meteorological reanalyses suggest that an expansion of the HC has occurred in
the recent decades (particularly of the winter solstitial HC). The quantitative agreement among the two sets of data
is poor, with substantially smaller trends in simulations than in reanalyses [e.g., 110, 112, 113, 167, 169, 48, 245],
but they can be reconciled accounting for the large role of natural variability that has approximately doubled the rate
of tropical expansion from that expected from anthropogenic forcing alone [2, 7, 88]. Changes in the HC strength
and their interpretation are uncertain. The HC has been mostly weakening in historical simulations of GHG [245]
but mostly strengthening in reanalyses (as it is shown also the ERA5 data considered in this article) particularly in
the SH. Using sea-level pressure gradients to estimate the change of the HC strength, [34] suggested that the NH
HC has weakened over recent decades, and the weakening is attributable to anthropogenic emissions. The proposed
explanations for these disagreements include structural climate model deficiencies, multidecadal variability [56, 252]
and/or possible artifacts in the reanalyses [48]. In general, there is a growing evidence that properly accounting for

natural variability, climate model and reanalysis results can be reconciled [89, 216, 79, 252] and, though the reanalyses
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contain structural problems and systematic errors [163, 48, 33], these issues do not prevent a realistic reconstruction
of the past HC evolution.

Variations of the HC are linked to multiple factors that have played a role in the recent decades. The widening
caused by increasing GHG concentration, has been further amplified by the contribution of the stratospheric ozone
depletion (at least in the SH). The NH cooling produced by anthropogenic aerosols is expected to have exerted an
effect opposite to GHGs that occurred mostly in the NH, but there are large uncertainties in the estimates of their
individual effects. Solar irradiance and volcanic forcing in the 20th century have not produced any significant trend of
the HC in climate simulations. In synthesis, there is a consensus among theoretical arguments, reanalyses and climate
model simulations that an expansion of the global HC has occurred in the recent decades, and that increasing GHG
concentration and stratospheric ozone depletion have contributed to it. Consistently with these mechanisms, climate
models project robust future HC expansion in the SH (but not in the NH), and robust future HC weakening in the NH
(but not in the SH) as a result of the GHG increase and the recovery of stratospheric ozone (e.g. [30]).

Energy budget considerations provide a background for understanding variations of the strength of the AHT and
of the shift of the ITCZ, which are relatively recent topics (e.g. they were not highlighted in [59]). The annual mean
location of the ITCZ north of the equator and the associated southward atmospheric heat transport at the equator
are consolidated features across different climates and in recent times. This is caused by the large northward OHT
across the equator overcompensating for different signs of the TOA energy budget of the two hemispheres. Anthro-
pogenic climate change is expected to increase NEI in the tropics and, therefore, to simultaneously shift the ITCZ
equatorwards and increase the AHT. The magnitude of both effects is uncertain.

During the last 15 years, regional aspects of the HC have gained relevance as the global perspective has revealed
its limitation for the full understanding of recent, past and future trends of the HC. A measure of this progress could
be the comparison of the discussion in this article with respect to [59], published in 2004, where the importance of
regional features had only begun to emerge. In fact, the global HC concept hides the fact that both ascending and
descending motions are not zonally uniform and are concentrated above the three areas: Equatorial Africa, the Mar-
itime Continent and Equatorial America. While these three regional features, particularly the HC above the maritime
continent, can be clearly identified in all seasons, the HC and an overturning circulation do not exist at all longitudes

and seasons (e.g. in the central Pacific) and the identification of the edges might fail depending on the adopted method.

The identities of regional HCs and their different behaviors have become clear, also in terms of different past
and future responses, including responses to forcings with regional characterizations (black carbon, volcanic and an-
thropogenic aerosols, tropospheric and stratospheric ozone) and regional responses to globally homogeneous forcing
(anthropogenic GHG). The expansion of the Asia-Pacific circulation in the SH has been the dominant signal in the
last few decades and is expected to play the same role in the future. Further, the OHT variations in the different
ocean basins can determine zonal variations of the ITCZ shift whose sign may change depending on the basin. In fact,
simulations show a future northward shift of the ITCZ over Africa and the Indian Ocean, southward over the Atlantic,
eastern Pacific and Americas. The large differences between the regional responses of the HC to GHG and the trends
observed in reanalyses in the last 40 years, makes the attribution of its recent regional evolution to anthropogenic
climate change problematic [215], and the signal might need several decades to emerge at regional scale, particularly
in the NH [50]. Reducing the existing uncertainties on regional responses of the HC to increasing GHG and other

factors is presently problematic because there are multiple forcing agents present with contrasting effects and likely
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7ea  strong model-dependency of results, which have shown major limitations in reproducing the regional evolution of the
705 HC in the last decades.

796

707 Though the present theoretical understanding provides useful guidelines, interpretation of past variations (partic-
708 ularly at the regional scale) is still in part uncertain. CMIP5 and CMIPé simulations do not capture well HC, ITCZ and
700  precipitation changes suggesting the need of reducing structural model uncertainties. However, important progress
soo  has been obtained explaining a substantial fraction of recent trends to multidecadal natural variability. A possible way
so1 forward to better connect theory to observation and simulations would be to unify the energetic and momentum-
so2 based perspectives discussed in sections 2 and 3 to a more coherent theory for the HC. Further, an important direction
sos for future work is to develop theoretical constraints on regional HCs.
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