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Large hemispheric differences in the Hadley cell strength
variability due to ocean coupling
Rei Chemke 1✉

By modulating the distribution of heat, precipitation and moisture, the Hadley cell holds large climate impacts at low and
subtropical latitudes. Here we show that the interannual variability of the annual mean Hadley cell strength is ~ 30% less in the
Northern Hemisphere than in the Southern Hemisphere. Using a hierarchy of ocean coupling experiments, we find that the smaller
variability in the Northern Hemisphere stems from dynamic ocean coupling, which has opposite effects on the variability of the
Hadley cell in the Southern and Northern Hemispheres; it acts to increase the variability in the Southern Hemisphere, which is
inversely linked to equatorial upwelling, and reduce the variability in the Northern Hemisphere, which shows a direct relation with
the subtropical wind-driven overturning circulation. The important role of ocean coupling in modulating the tropical circulation
suggests that further investigation should be carried out to better understand the climate impacts of ocean-atmosphere coupling
at low latitudes.
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INTRODUCTION
The Hadley circulation plays a central role in controlling the
meridional distribution of temperature, humidity, and precipita-
tion at low latitudes. Thus, changes in the strength and position of
the Hadley cell have large climate impacts in tropical and
subtropical regions. For example, the projected weakening of
the Northern Hemisphere (NH) Hadley cell and widening of the
Southern Hemisphere (SH) Hadley cell in coming decades will
affect the strength and position of the hydrological cycle both at
semi-arid regions and in the deep tropics1–4. On shorter time-
scales, the interannual variability of the Hadley cell was argued to
modulate the equatorial atmospheric heat transport, the location
and strength of the Inter-Tropical Convergence Zone (ITCZ), and
the activity of tropical cyclones5–7.
While changes in the Hadley cell over different timescales may

stem from different mechanisms4,8, over a wide range of
timescales, ocean coupling was argued to affect the Hadley cell’s
behavior. For example, on intraannual timescales dynamic ocean
coupling (i.e., the effect of changes in ocean heat flux
convergence, OHFC) was found to weaken the tropical circulation
and to generate the strong asymmetry between the summer and
winter tropical circulations and precipitation9. On multidecadal
timescales, OHFC was found to reduce the projected (by 2100)
weakening of the circulation by ~ 60% (via both horizontal ocean
heat transport and vertical heat uptake) and the widening of the
circulation by 30% (mostly via oceanic heat uptake)10,11. Similarly,
via ocean coupling processes, the projected melting of Arctic sea
ice by the end of this century was shown to have a significant
effect on the Hadley cell. In response to the projected sea-ice loss,
while thermodynamic ocean coupling was found to expand and
weaken the Hadley cell, dynamic coupling was found to contract
and strengthen the circulation12–14.
On interannual timescales, previous studies suggested that

ocean coupling also plays an important role in the Hadley cell’s
variability. For example, the El Nino-South Oscillation (ENSO) was
argued to affect the interannual variability of both the Hadley cell
width15–18 and strength19–24, mostly over the Pacific, and mostly

the symmetric component of the circulation around the equator. It
should be noted that mid-latitude eddies were also argued to
affect the variability of the Hadley cell strength, mostly in the
NH24–26.
Interestingly, using NCEP reanalysis, the interannual variability

of the NH Hadley cell strength was shown to be smaller than the
variability of the SH Hadley cell strength27. This hemispheric
difference deserves further investigation, as not only it breaks the
expected hemispheric symmetry in the atmospheric flow, but it
also points to the different climate impacts of the Hadley cell
variability in the two hemispheres; recall that the Hadley cell
strength has a large effect on the precipitation intensity over the
ascending and descending branches of the circulation, and on the
temperature distribution in the tropics. A leading potential
process to explain any hemispheric difference in the large-scale
atmospheric flow is ocean coupling. Thus, given the important
role of ocean coupling in the Hadley cell strength variability, we
here examine the role of ocean coupling in the different
hemispheric variability of the Hadley cell strength. In particular,
we revisit this hemispheric difference, corroborate its existence
using multiple reanalyses and state-of-the-art climate models, and
use a hierarchy of ocean coupling experiments. Such hierarchy
allows us to investigate and better understand the relative roles of
ocean coupling, and its dynamic and thermodynamic compo-
nents, in the different variability of the circulation in the two
hemispheres.

RESULTS
Quantifying the role of ocean coupling in the different
hemispheric Hadley cell’s variability
We start by assessing the different interannual variability in the
annual mean SH and NH Hadley cell strength (Ψmax, Methods) over
recent decades in the Coupled Model Intercomparison Project
Phase 5 (CMIP5) and Reanalyses (Methods). This is done by
calculating the difference between the variance of the detrended
NH (σ2

NH) and SH (σ2
SH) Ψmax time series over 1979–2017, relative
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to σ2
SH. Almost all CMIP5 models (27 out of 30, gray bars in Fig. 1a)

show that σ2
NH is smaller than σ2

SH, with a multi-model mean value
of−28% (vertical black line). Similarly, all reanalyses show that the
Ψmax variability in the NH is smaller than the variability in the SH,
with a mean value of−31% (vertical blue lines in Fig. 1a); in CFSR,
Era-Interim, NCEP and MERRA σ2

NH is smaller than σ2
SH by 31%, 12%,

61%, and 20%, respectively. Note that the smaller Hadley cell
strength variability in the NH, relative to the SH, is not only evident
at the location of Ψmax, but throughout the tropics (Supplemen-
tary Fig. 1). These results corroborate the finding of previous
studies, which also found using NCEP reanalysis, larger variability
in the SH Hadley cell than the NH Hadley cell27.
To investigate the role of ocean coupling in the different

interannual variability of Ψmax in the two hemispheres using a
longer dataset, and in the absence of a transient external forcing
(i.e., where only the internal variability of the circulation is present),
we follow previous studies11,28,29 and analyze a hierarchy of ocean
coupling simulations in long preindustrial control runs (Methods). In
particular, using the Community Earth System Model (CESM), we
analyze the effects of the different components in the oceanic
mixed-layer temperature equation, ρcph ∂T

∂t ¼ SHF þ OHFC , where,
ρ is sea-water density, cp is the ocean specific heat capacity, h
mixed-layer depth, T is temperature, SHF represents the net heat
flux into the ocean from the atmosphere/sea-ice (thermodynamic
coupling), and OHFC is dynamic coupling (−∇ ⋅ (vT), where v is the
velocity vector).
The first simulation (hereafter referred to as FULL) uses the fully-

coupled configuration, including a full-physics ocean, of CESM30,
where both thermodynamic and dynamic coupling are active. In
the second simulation30 (hereafter referred to as SOM), while
interannual variability of thermodynamic coupling is active, the
interannual variability of dynamic ocean coupling is inactive;
OHFC and h are fixed at their preindustrial values (Methods). Thus,
comparing the FULL and SOM runs allows inferring the effects of
dynamic ocean coupling on the interannual variability of the
Hadley cell. Fixing the OHFC and mixed-layer depth is done by
replacing only the full-physics ocean component in FULL with a
slab-ocean model (SOM); from an atmospheric perspective, the
sole difference between the FULL and SOM is the variability of
dynamic ocean coupling. In the third simulation (hereafter
referred to as NOM), both thermodynamic and dynamic coupling
are inactive, as the sea surface temperature in the slab-ocean
model is fixed at its preindustrial values (there is no active ocean
model, NOM). Thus, while comparing the FULL and NOM
simulations isolates the net role of ocean coupling in the
interannual variability of the Hadley cell, comparing the SOM

and NOM runs allows isolating the role of thermodynamic
coupling (see Methods for more information on the FULL, SOM,
and NOM simulations). The comparison of the simulations allow us
to investigate the role of each ocean coupling component in the
Hadley cell variability, including indirect effects of ocean processes
via other climate system components; i.e., any effects on the
Hadley cell variability that involve ocean coupling. Lastly, note that
such attribution analysis relies on the fact that the effects of ocean
coupling are linearly additive; by construction, the sum of the roles
of dynamic and thermodynamic coupling yields the net role of
ocean coupling as inferred from the fixed mixed-layer
temperature run.
Similar to the Ψmax variability in reanalyses and CMIP5 models,

in the FULL run σ2
NH is 39% smaller than σ2

SH (red bar in Fig. 1b).
This provides us the confidence to use the CESM preindustrial runs
to investigate the role of ocean coupling in the different variability
of Ψmax in the two hemispheres. Note that here we focus on the
annual mean Hadley cell variability, in order to eliminate the
effects of the seasonal cycle on the relation between ocean
coupling processes and the Hadley cell strength (e.g., the single
winter cells), thus to focus only on the effect of the interannual
variability of the ocean on the Hadley cell’s variability in the two
hemispheres. Nonetheless, below we further discuss the results
during March-May (MAM) and September-November (SON), where
two Hadley cells are evident concomitantly, as in the annual mean.
First, we focus on the net role of ocean coupling (i.e., the

different variability in the FULL and NOM runs). Ocean coupling
results in an interannual variability of Ψmax in the NH that is 51%
less than the interannual variability in the SH (gray bar in Fig. 1b).
Thus, the interannual variability of the ocean is responsible for the
smaller variability in the NH relative to the SH; without an active
ocean, the variability of the circulation would have been larger in
the NH than the SH. Further decomposing the effect of ocean
coupling to thermodynamic (i.e., the different variability in the
SOM and NOM runs) and dynamic (i.e., the different variability in
the FULL and SOM runs) coupling reveals that dynamic coupling
(i.e., changes in OHFC) is responsible for the smaller variability of
the Hadley cell in the NH; OHFC changes result in variability of the
NH Hadley cell that is 70% less than the variability in the SH (blue
bar in Fig. 1b). This effect of dynamic coupling overcomes the
relative minor tendency of surface heat fluxes (SHF, i.e.,
thermodynamic coupling) to produce a larger variability in the
NH (by 20%) relative to the SH (green bar in Fig. 1b).
Before further investigating the role of OHFC in the different

variability in the two hemispheres, we ensure that the effect of
dynamic coupling to produce the smaller variability in the NH
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Fig. 1 Hemispheric difference in the Hadley cell variability and the role of ocean coupling. a The occurrence frequency (in percentage) of
the difference in the variance of Ψmax in the NH (σ2NH) and SH (σ2SH) (in percentage) over the 1979–2017 period in CMIP5 models (gray bars).
Black and blue vertical lines show the difference in the variance between the hemispheres in CMIP5 mean and reanalyses, respectively. b The
difference in the variance of the NH and SH Ψmax in the FULL run (red bar). The relative contribution to the difference in the variance from
ocean coupling (gray bar, OCN) and from decomposing the ocean coupling to dynamic coupling (OHFC, blue bar) and thermodynamic
coupling (SHF, green bar).
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Hadley cell, relative to the SH Hadley cell, is not dependent on the
specific formulation of the CESM. This is done by comparing the
variability of the Hadley cell in two preindustrial runs using the full
and slab ocean configurations of GISS Model E2.1 (Methods).
Similar to the role of OHFC in CESM, in GISS Model E2.1, dynamic
coupling is responsible for the smaller (by ~53%) variability of the
Hadley cell in the NH, relative to the SH (Supplementary Fig. 3);
without dynamic ocean coupling, the NH and SH Hadley cells in
GISS would have shown similar interannual variability. This
provides us the confidence that the role of ocean coupling to
result in the large hemispheric differences in the Hadley cell
variability is not dependent on the specific formulation of
the CESM.

Investigating the role of ocean dynamic coupling in the
different Hadley cell’s variability in two hemispheres
We next investigate via which mechanisms OHFC gives rise to the
smaller variability of the circulation in the NH, relative to the SH.
This is done by calculating the Hadley cell strength from the
solution of the Kuo–Eliassen (KE) equation (ΨKE

max, Methods). The KE
equation is an elliptic equation for the meridional mass stream
function (Ψ) and takes the simple form, LΨ ¼ DQlat þ DQrad þ
Dv0T 0 þ Du0v0 þ DX ; where the operator L is a function of static
stability and the Coriolis parameter, and the righthand side terms
account for the effects of latent heating (DQlat ), radiative heating
(DQrad ), eddy heat (Dv0T 0 ) and momentum (Du0v0 ) fluxes and zonal
friction (DX) (See Methods for a full description of these terms, and
a discussion on the interpretation of the results from the KE
equation analysis). Using the solution of the KE equation in the
FULL and SOM runs, we analyze the roles of the different
components in the KE equation in modulating the variability of
the circulation in the two hemispheres via OHFC processes. Note
that due to the fact that in annual mean, the different terms in the
KE equation are not independent, the effect of each term on the
annual mean circulation might stem from the changes in other
terms in the equation; in particular, from eddy fluxes31,32.
Before analyzing the KE equation, we verify that ΨKE

max
adequately captures the variability of Ψmax in the FULL and SOM
runs. First, Ψmax and ΨKE

max are highly correlated across all years in
each run (Supplementary Fig. 4), in both the NH (with r= 0.93 and
r= 0.96 in the FULL and SOM runs, respectively), and in the SH
(with r= 0.98 and r= 0.98 in the FULL and SOM runs,
respectively). Second, similar to Ψmax, not only that ΨKE

max captures
the smaller variability in the NH, relative to the SH (by 34%, red bar
in Fig. 2a), it also captures the role of OHFC in driving the different
variances in the two hemispheres (dynamic ocean coupling results
in 65% less ΨKE

max variability in the NH, relative to the SH, blue bar).
These validations provide us the confidence to use the KE
equation to investigate the mechanisms underlying the hemi-
spheric differences in the variability of Ψmax.

The linearity of the KE equation allows one to examine the roles
of each of the righthand side terms, along with static stability
(the operator on the lefthand side), in modulating the circulation.
This is done, following previous studies8,11,33,34, by rewriting the
KE equation as, LΨ= D, where D is the sum of the righthand side
terms. Decomposing L, Ψ, and D to their mean preindustrial value
and deviation from it, yields the following equation for the
deviations of Ψ (δΨ), LmeanδΨ= δD− δLΨmean− δLδΨ, where δD
and δLΨmean isolate the contributions from each of the righthand
side terms in the KE equation and from static stability to δΨ,
respectively, and δLδΨ represents the multiplicative deviations in
static stability and in Ψ (calculated as a residual). The contribution
of each term to the variance of the circulation is estimated at the
location of ΨKE

max, such that their sum yields the variance in ΨKE
max.

Note that since the variance is calculated using the square of δΨ,
not only the square of each term on the righthand side affects the
variance of the circulation, but also the product of all other
possible pairs (δΨ∣product).
The relative contribution to the hemispheric difference in the

variance of the circulation from each of the righthand side terms
in the KE equation, static stability (S2) and a residual (δLδΨ and
δΨ∣product) is shown in Fig. 2b. First, in the FULL run (red bars), the
term that mostly contributes to the smaller variability of ΨKE

max in
the NH, relative to SH, is the meridional gradient of latent heating
(Qlat). All other terms either have a minor effect on the variability
difference between the two hemispheres (e.g., radiative heating,
eddy fluxes, static stability, and friction), or result in a larger
variability in the NH, relative to the SH (e.g., residual; the relatively
large values of the residual terms stem from the interaction of
eddy momentum fluxes and static stability with the other terms in
the KE equation, Supplementary Fig. 5). Second, the effect of Qlat

on the hemispheric difference in the variance of ΨKE
max stems from

changes in OHFC (blue bars); without the interannual variability in
OHFC, Qlat would have resulted in a larger variability in the NH
than the SH.
Next, we ask: how does OHFC affect the interannual variability

of Ψmax in each hemisphere via Qlat? We start answering this
question by isolating the effect of OHFC on the variability of Ψmax
in each hemisphere (Fig. 2c). The interannual variability of OHFC
has opposite effects on the Ψmax variability in the two hemi-
spheres; while OHFC changes act to reduce the Ψmax variability in
the NH (by 35%), they act to increase the Ψmax variability in the SH
(by 65%).
To better understand the opposite effects of OHFC on the Ψmax

variability in the two hemispheres, we next explore the
interannual changes in the ocean’s circulation that are linked to
the interannual changes in Ψmax. This is done by regressing the
Meridional Overturning Circulation (MOC) against Ψmax in each
hemisphere (from the FULL run). The resulting regression of MOC
onto Ψmax (normalized by Ψmax climatological value) is shown in
Fig. 3a, b (colors), along with the mean preindustrial MOC
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Fig. 2 Dynamic coupling and the different hemispheric Hadley cell variability. a The difference in the variance of the NH and SH Hadley cell
strength (in percentage), calculated using the KE equation (ΨKE

max), in the FULL run (red bar) and the relative contribution from OHFC (blue bar).
b The relative contribution to the difference in the variance (in percentage) from latent heating (Qlat), radiative heating (Qrad), eddy heat flux
(v0T 0), eddy momentum flux (u0v0), static stability (S2), zonal friction (X), and a residual (res). c The relative contribution of OHFC (in percentage)
to the variance of the NH and SH ΨKE

max.
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(contours). The white hatching shows where the MOC is linked to
Ψmax (where the MOC explains at least 30% of the Ψmax variability,
i.e., R2 ≥ 0.3).
In the NH, the Ψmax variability is linked to the variability of the

subtropical wind-driven overturning circulation (Fig. 3a). Across all
years, the strength of the Hadley cell and of the wind-driven
overturning circulation (estimated as the maximum of the MOC at
the latitude of Ψmax) are positively correlated (with r= 0.74, blue
dots in Fig. 3c). Such link between the two circulations is expected
since the wind-driven flow stems from the stress exerted by low-
level easterly winds, which are in balance with the meridional
wind in the lower part of the Hadley cell. Namely, off the equator,
the Coriolis force on the mean meridional wind balances the
frictional force on the mean zonal wind (u), f v � ru, where r is a
drag constant35; poleward of latitude 10°N near-surface fv and u
are highly correlated, with r ≥ 0.8 (Fig. 4).
The above relation suggests that as the Hadley cell strengthens

(weakens), the oceanic wind-driven flow will act to transfer more
(less) heat from low to subtropical latitudes, which may reduce
(increase) the meridional gradient of latent heating (via the
Clausius–Clapeyron relation), and the strength of the circulation
(Fig. 2c). Indeed, the contribution of Qlat to NH ΨKE

max is also
correlated with the strength of the wind-driven overturning
circulation (with r= 0.59, red dots in Fig. 3c). Regressing the sea
surface temperature (SST) onto NH Ψmax further highlights the
damping relation between the wind-driven flow and the Hadley
cell since it reveals a pattern of reduction in the meridional
temperature gradient (i.e., cooling at low latitudes and warming at
subtropical latitudes, which is most evident over the Pacific and to
a lesser extent over the Atlantic, Supplementary Fig. 6). This
negative effect of the wind-driven flow on Ψmax was also found to

explain the effect of OHFC to reduce the response of the Hadley
cell strength to increasing greenhouse gases10,11. Note that Ψmax

and the wind-driven flow are positively correlated in spite of the
effect of the wind-driven circulation to reduce the changes in
Ψmax; this occurs since OHFC changes merely damp the Hadley
cell’s strength, thus do not overcome the effect of other processes
that set the circulation’s strength.
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Fig. 3 Linking the MOC to the Hadley cell strength. The regression of the MOC onto Ψmax, normalized by its climatological value (Sv, colors)
in the (a) NH and (b) SH. Black contours show the mean preindustrial values of the MOC in intervals of 5 Sv and maximum/minimum values of
± 35 Sv. Hatching shows where the MOC is linked to Ψmax (i.e., with R2 ≥ 0.3). c NH Ψmax (blue, 1010 kgs−1), and the relative contribution from
latent heating (ΨKE

maxjQlat, red), plotted against the wind-driven overturning circulation (MOCSub, Sv). d Same as in panel (c), only the SH Hadley
cell strength plotted against the equatorial upwelling (MOCEq, Sv). Correlations are shown in the upper left corners.
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In the SH, while the balance between the meridional and zonal
winds also holds off the equator (with r ≥ 0.7 poleward of 10°S, Fig. 4),
Ψmax is only weakly (and positively) linked to the meridional oceanic
wind-driven flow (Fig. 3b). Instead, Ψmax in the SH is inversely linked to
the upwelling branch of the wind-driven flow south of the equator.
Thus, unlike in the NH, changes in the upwelling seem to overcome
the effect of the meridional wind-driven flow to damp the Ψmax
changes (Fig. 2c). In particular, the strength (in absolute value) of the
Hadley cell and of the oceanic upwelling (averaged between 0− 2°S
and between 70m−170m) are negatively correlated (with r=−0.56,
blue dots in Fig. 3d); as the SH Hadley cell strengthens (weakens) the
cooling effect of equatorial upwelling is reduced, which may increase
(decrease) the meridional gradient of latent heating, and further
increase the circulation (Fig. 2c). Indeed, the contribution of Qlat to the
SH ΨKE

max is also negatively correlated with equatorial upwelling (with
r=−0.62, red dots in Fig. 3d). The fact that most of the equatorial
upwelling occurs within the SH Hadley cell (recall that the Inter-
Tropical Convergence Zone, ITCZ, lies north of the equator) might
explain why the SH circulation, unlike the NH circulation, is linked to
oceanic upwelling. To further corroborate this, note that the larger
variability of Ψmax in the SH, relative to the NH, is also evident during
SON when the ITCZ lies north of the equator, while the variability of
Ψmax in the NH is larger than in the SH during MAM, when the ITCZ
lies south of the equator (Supplementary Fig. 7).
To better understand the relation between the SH Hadley cell

and equatorial upwelling, which occurs over different regions, we
next examine the relation between SH Ψmax and SST and surface
winds over the different oceanic basins. This is done by regressing
the SST (colors in Fig. 5a) and surface winds (colors in Fig. 5b) onto
Ψmax (white hatching shows where the SST/surface winds are
linked to Ψmax, i.e., with R2 ≥ 0.3). First, in contrast to the NH SST
and Ψmax relation, the lack of cooling at low latitudes and warming
at subtropical latitudes even in the Pacific and Atlantic basins (Fig.
5a) is in agreement with the weak link between SH Ψmax and the
meridional oceanic wind-driven flow (Fig. 3b); this suggests that
other processes that affect the SST might obscure the relation
between the Hadley cell and the wind-driven circulation in the SH.
Second, interestingly, while Ψmax shows positive correlation with
SST around the equator over most longitudes, it is most entirely
linked to the SST in the West Indian ocean, south of the equator,
near the East coasts of Kenya and Tanzania; in this region, most of

the upwelling in the South Indian ocean occurs36 (unlike in the
Pacific and Atlantic oceans, the lack of persistent easterly winds
around the equator in the Indian ocean results in off-equatorial
upwelling). The high and positive correlation of the SST in the
Southwest Indian ocean (averaged between 45−65°E and
between 1−9°S) with SH Ψmax (with r= 0.66, Fig. 5c) suggests
that a strengthening of the circulation is accompanied with
anomalous surface warming, i.e., a reduction in the upwelling and
its cooling effect over that region might result in the negative
correlation between SH Ψmax and zonal mean ocean upwelling
(Fig. 3d). Note that although the zonal mean upwelling in Fig. 3d
comprises both the equatorial upwelling in the Pacific and Atlantic
oceans and the off-equatorial upwelling in the Indian ocean, only
the SST in the Indian Ocean seems to be associated with changes
in SH Ψmax, which thus affects the relation between Ψmax and the
zonal mean upwelling. One possible reason for the stronger link
between SH Hadley cell and SST over the Indian Ocean, than over
the Pacific and Atlantic oceans, might be that most of the SH
atmospheric overturning circulation is concentrated over the
Indian Ocean37–39.
Investigating the relation between SH Ψmax and surface winds

reveals that, similar to the SST, the SH Hadley cell is linked to the
surface winds in the Indian ocean (Fig. 5b; arrows show the mean
surface winds from the FULL run). In particular, the Hadley cell is
positively correlated (with r= 0.67, Fig. 5d) with the southeasterly
surface winds in the southeast Indian ocean (averaged between
80−100°E and between 6−9°S). This surface flow, which is mostly
equatorward (as one would expect in the lower branch of the
Hadley cell), results in a westward Ekman transport, which may not
only carry warm water to the upwelling region in the West Indian
ocean, but may also enhance coastal downwelling over the coasts
of Africa. These two processes would act to reduce the upwelling
and thus its cooling effect over the Southwest Indian ocean,
resulting in the inverse and strong relation between the upwelling
and Ψmax. Fully elucidating the link between the SH Hadley cell
and Indian ocean SST/upwelling is beyond the scope of this paper,
but this interesting relation deserves further investigation.
Finally, note that the effect of equatorial upwelling on the SH

Hadley cell strength is different than the Bjerknes feedback
mechanism, which links equatorial upwelling and the strength of
the Walker circulation over the Pacific ocean40. In the Bjerknes
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mechanism, enhanced easterlies drive upwelling over the East
Pacific, which further increases the easterlies by enhancing the
zonal SST gradient. This suggests a positive relation between the
Walker circulation and equatorial upwelling. Here, on the other
hand, a negative relation is found between the Hadley cell and
ocean upwelling, since the mechanism is mostly operative over
the Indian Ocean, where the upwelling occurs off-equator in the
west parts of the Indian ocean; a stronger southerly flow may thus
warm the upwelling region on the west. Furthermore, the link
between the variability of the SH Hadley cell and Indian Ocean
variability suggests that ENSO variability might be less relevant for
modulating the different interannual variability of the Hadley cell’s
strength in the two hemispheres; ENSO was found to result in a
symmetric variability of the circulation around the equator20.
Indeed, both the SH and NH Hadley cells’ strength are weakly
correlated (r= 0.31 and r=−0.1 for the SH and NH cells,
respectively) with the Nino 3.4 index (Fig. 6).

DISCUSSION
We have here examined the different interannual variability of the
Hadley cell strength in the NH and SH. First, we find that over
recent decades, in both reanalyses and CMIP5 models, the
variability of the NH Hadley cell is smaller than the variability in
the SH by ~30%. Second, by analyzing a hierarchy of ocean
coupling experiments in long preindustrial control runs, we show
that the smaller variability of the Hadley cell in the NH stems from
ocean coupling processes. In particular, dynamic coupling (OHFC
changes) overcomes the minor effect of thermodynamic coupling
(to produce a larger variability in the NH than the SH), and result in
the smaller interannual variability of the Hadley cell in the NH than
SH. This occurs as OHFC has opposite effects on the variability of
the NH and SH circulations. The NH Hadley cell is directly linked to
the meridional wind-driven circulation, which acts to damp the
Hadley cell changes. The SH Hadley cell, on the other hand, is
inversely related to equatorial upwelling (likely by reducing the
upwelling in the Indian Ocean), which enhances the Hadley cell
changes.
The effects of the different oceanic components on the Hadley

cell strength in the NH and SH suggests that the different
interannual variability of the Hadley cell strength in the two
hemispheres might stem from the fact that the ITCZ lies
northward of the upwelling region; as a result of this northward
displacement of the ITCZ most equatorial upwelling occurs within
the SH Hadley cell. On the other hand, the NH Hadley cell, which,
due to its position, is less linked to equatorial upwelling, is mostly
affected by the negative effect of the meridional wind-driven
circulation. Similarly, while during SON, the ITCZ lies north of the
equator and the SH Hadley cell variability is larger then in the NH,
during MAM the ITCZ lies south of the equator and the NH Hadley
cell variability is larger then in the SH.

Another hemispheric difference in the Hadley cell strength also
appears in the Hadley cell strength response to anthropogenic
emissions. While the NH Hadley cell is projected to weaken by the
end of this century, the SH Hadley cell strength does not exhibit
any significant changes in response to increasing greenhouse
gases8. Unlike the role of dynamic ocean coupling, reported here,
in driving the large hemispheric differences in the Hadley cell
variability, dynamic coupling was found to reduce the projected
weakening of the NH Hadley cell11, which thus reduces the
discrepancy between the NH and SH Hadley cell strength
responses to anthropogenic emissions. Other processes, then
dynamic ocean coupling, should thus explain the different future
response in the Hadley cell strength in the two hemispheres.
Finally, while here we focus on the effect of ocean coupling on

the variability of the Hadley cell strength in the two hemispheres,
ocean coupling might also be important for the different
variability of the Hadley cell width in the NH and SH.
Unfortunately, unlike for the strength of the Hadley cell, one
could not use the CESM’s hierarchy of ocean experiments to
examine the role of ocean coupling in the variability of the Hadley
cell width since the hemispheric difference in the Hadley cell
width in CESM is an outlier within the CMIP5 models. The
hemispheric differences in the Hadley cell width variability in
CESM are larger than the hemispheric differences in most (26)
CMIP5 models, and is 2.7 times larger than the CMIP5 mean value.
Thus, the importance of ocean coupling in the Hadley cell strength
variability, reported here, would hopefully motivate other model-
ing centers to construct such hierarchy of preindustrial ocean
coupling experiments, which would allow one to isolate the role of
ocean coupling in the variability of the Hadley cell width.

METHODS
Hadley cell strength
We define the Hadley cell using the meridional mass stream function (Ψ),

Ψðϕ; pÞ ¼ 2πa cosϕ
g

Z p

0
vðϕ; pÞdp0; (1)

where v is the zonal and annual mean meridional wind, p is pressure, ϕ is
latitude, and a and g are Earth’s radius and gravity. The Hadley cell
strength is defined as the maximum of the absolute value of Ψ at 500 mb
at each hemisphere (Ψmax). Note that we choose to analyze the variability
of the Hadley cell using Ψmax (i.e., at a specific location) since the large
hemispheric differences in the variability of the Hadley cell are evident
across the tropics (Supplementary Fig. 1).

Reanalyses
To assess the interannual variability of the Hadley cell strength over recent
decades, we use 1979–2017 v from four different reanalyses: the ECMWF
Era-Interim41, NCEP/DOE Reanalysis II42, MERRA-2 (available from 1980)43,
and CFSR V244.
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CMIP5 models
We also analyze the output from 30 climate models from the Coupled
Model Intercomparison Project Phase 5 (CMIP5)45 (using the ’r1i1p1’
realization), forced by the Historical and Representative Concentration
Pathway 8.5 (RCP8.5) radiative forcings (Supplementary Table 1).

Hierarchy of ocean coupling simulations
To investigate the effect of ocean coupling and its different components
on the hemispheric difference in the interannual variability of the Hadley
cell strength, we follow previous studies11,28,29 and examine the different
processes that affect the oceanic mixed-layer temperature. Namely, the
surface heat fluxes (SHF), which account for the net heat flux into the
ocean (thermodynamic coupling), and ocean heat flux convergence (OHFC,
dynamic coupling). In particular, we conduct an attribution analysis, and
analyze a set of three multi-century preindustrial control simulations with
constant 1850 forcing, using the CESM, which only differ in their ocean
coupling processes. Unlike the above datasets (reanalyses and the CMIP5
runs), the long preindustrial simulations not only allow us to gather
enough statistics on the interannual variability of the Hadley cell strength,
but also to examine only the internal variability of the circulation, as the
transient external forcing is absent.
The first simulation (of 1800 years) is part of the CESM large-ensemble

project30, and uses the full configuration of CESM (atmosphere, ocean,
land, and sea-ice components have horizontal resolution of ~1°) (referred
to as FULL); in this configuration, both thermodynamic and dynamic
coupling are active. In the second simulation (of 900 years), which is also
part of the CESM large-ensemble project, the full-physics ocean of CESM is
replaced by a slab-ocean model (referred to as SOM). In this configuration,
while interannual variability of thermodynamic coupling (i.e., the heat flux
exchange between the atmosphere/sea-ice and the ocean, SHF) is active
(as in the full configuration), interannual variability of dynamic ocean
coupling (horizontal and vertical OHFC changes) is inactive. The OHFC and
mixed-layer depth in the slab ocean are fixed at their preindustrial values,
calculated from the FULL preindustrial run, using the net heat flux into the
mixed-layer (from both atmosphere and sea-ice)46. Thus, one can infer the
role of OHFC in the interannual variability of the Hadley cell by comparing
the circulation’s variability in the FULL and SOM simulations. Note that the
interannual variability of the mixed-layer depth account for changes in
vertical mixing, and thus, it is part of the OHFC variability.
In the third simulation (of 500 years), there is no active ocean model

(referred to as NOM), as the sea surface temperature in the slab-ocean
model is fixed at its preindustrial values, calculated again from the FULL
preindustrial run. Thus, comparing the interannual variability of the Hadley
cell in the FULL and NOM simulations isolates the net role of ocean
coupling (both thermodynamic and dynamic coupling) in the circulation’s
variability (note that unlike in atmosphere-only runs, in NOM, only the sea
surface temperature is prescribed, while sea-ice is active). Furthermore,
comparing the interannual variability of the circulation in the SOM and
NOM runs allows one to infer the role of thermodynamic coupling in the
interannual variability of the Hadley cell. Note that the above hierarchy of
ocean coupling experiments assumes that the impacts of ocean coupling
are linearly additive.
Before comparing the interannual variability of the Hadley cell strength

in the FULL, SOM, and NOM runs, it is important to ensure that they all
have similar preindustrial Hadley cell climatology, such that the different
interannual variability across the runs is only due to the different ocean
coupling processes and not due to different background states. Since the
prescribed OHFC and mixed-layer depth in SOM, as well as the sea surface
temperature in NOM, are calculated from the FULL run, the climatological
Hadley cell, averaged over all years in each simulation, is very similar across
the FULL, SOM, and NOM runs (Supplementary Fig. 2a–c). This provides us
the confidence to use these simulations to examine the role of ocean
coupling in the hemispheric differences in the interannual variability of the
Hadley cell strength.
Lastly, it is important to verify that the FULL, SOM, and NOM runs are

sufficiently long to capture the variability of the Hadley cell strength.
Supplementary Fig. 2d–f shows the variance (σ2) in the Northern (blue) and
Southern (red) Hemispheres Hadley cell strength, calculated over a
different number of years (using 1000 random samples for each number
of years), relative to the variance across the entire simulation. The variance
of the Northern (Southern) Hemisphere Hadley cell does not change by
more than 2% after 13 (9), 29 (36), and 18 (17) years in the FULL, SOM, and
NOM simulations, respectively. Thus, these multi-century control runs are
sufficiently long to capture the variability of the Hadley cell.

GISS Model E2.1
To validate that the role of OHFC in the variability of the Hadley cell in the
two hemispheres in CESM does not depend on the specific formulations of
CESM, we also analyze “fixed” OHFC experiments using the NASA Goddard
Institute for Space Studies Model E2.1 (GISS Model E2.1)47. As in the
preindustrial runs in CESM, we make use of the last 40 years of 150-year
and 60-year preindustrial runs of the fully-coupled and slab ocean (with
fixed OHFC and mixed-layer depth) configurations of the GISS Model E2.1,
respectively.

The Kuo–Eliassen equation
To investigate via which processes ocean coupling modulates the
interannual variability of the Hadley cell strength, we follow previous
studies8,11,34, and analyze the Kuo–Eliassen (KE) equation. The KE
equation derived based on quasigeostrophic assumptions, is a second-
order linear partial differential equation for Ψ48, and can be written as
follows,

f 2 g
2πa cosϕ

∂2Ψ
∂p2 þ S2 g

2πa
∂

a∂ϕ
1

a cosϕ
∂Ψ
∂ϕ ¼ R

p
1
a
∂Q
∂ϕ � ∂

a∂ϕ
1

a cosϕ
∂v0T 0 cosϕ

∂ϕ

� �

þf 1
acos2ϕ

∂2u0v0cos2ϕ
∂p∂ϕ � ∂X

∂p

� �
;

(2)

where f is the Coriolis parameter, S2 ¼ � 1
ρθ

∂θ
∂p is static stability, ρ is density,

θ is potential temperature, R is the gas constant of dry air, Q=Qlat+Qrad is
diabatic heating, Qlat and Qrad are latent and radiative heating, respectively,
v0T 0 and u0v0 are eddy heat and momentum fluxes, respectively, X is zonal
friction (estimated from the annual and zonal mean zonal momentum
quasigeostrophic equation) and primes represent deviation from zonal and
monthly means. A solution for Ψ is achieved by numerically solving
Equation (2) using the annual mean values of the righthand side terms and
static stability. Note that since the KE equation comprises key components
that control the Hadley cell, and since we allow f2 and S2 to vary spatially,
the KE equation is able to capture the variability of the tropical circulation,
in spite of being derived based on quasigeostrophic assumptions. Lastly,
note that as pointed out in previous studies31,32, on sufficiently long
timescales (i.e., when the time derivative of the zonal wind and
temperature is small), the different righthand side terms in Equation (2)
are not independent. Thus, the contribution of each term to changes in Ψ
might stem from changes in the other terms in the equation. In particular,
the effects of each term in the KE equation on the mean circulation might
merely reinforce the effects of eddy flux since over long timescales the
mean meridional flow in the zonal momentum equation is affected by
eddy momentum flux and friction35.
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