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Migrations and dynamics of the
intertropical convergence zone

Tapio Schneider?, Tobias Bischoff"? & Gerald H. Haug>

Rainfall on Earth is most intense in the intertropical convergence zone (ITCZ), a narrow belt of clouds centred on average
around six degrees north of the Equator. The mean position of the ITCZ north of the Equator arises primarily because the
Atlantic Ocean transports energy northward across the Equator, rendering the Northern Hemisphere warmer than the
Southern Hemisphere. On seasonal and longer timescales, the ITCZ migrates, typically towards a warming hemisphere
but with exceptions, such as during El Nifio events. An emerging framework links the ITCZ to the atmospheric energy
balance and may account for ITCZ variations on timescales from years to geological epochs.

clouds’, or as the maximum in time-mean precipitation® (Fig. 1a).

Seasonally, it migrates towards a hemisphere that warms relative
to the other. Over the central Atlantic and Pacific oceans, the ITCZ migrates
between 9° N in boreal summer and 2° N in boreal winter (Fig. 2a). Over
the Indian Ocean and adjacent land surfaces, the ITCZ swings more dra-
matically between average latitudes of 20° N in boreal summer and 8° Sin
boreal winter, prompting the seasonal rainfall variations of the South Asian
monsoon (Fig. 2b)*. On longer timescales, palaco-records indicate that the
ITCZ migrates similarly towards a differentially warming hemisphere*”.
For example, the boreal-summer ITCZ appears to have migrated southward

T he ITCZ can be identified as a tropical belt of deep convective

as Northern Hemisphere summers cooled from the Holocene thermal max-
imum around 8,000 years before present (8 kyr Bp) until the beginning of
the Little Ice Age (LIA) at about 500 BP*®. Simultaneously, summer mon-
soon rainfall in parts of South Asia weakened (Fig. 3a)° ", either because
the ITCZ swung less far northward in boreal summer, or because its rain-
fall intensity weakened, or a combination of both'>'*. These ITCZ variations
over the Holocene arose because summer insolation in the Northern Hemi-
sphere weakened with the precession of Earth’s perihelion from Northern-
Hemisphere towards Southern-Hemisphere summer'"*. But the annual-mean
position of the ITCZ in the Northern Hemisphere (Fig. 1a) and the non-
sinusoidal seasonal migrations in the South Asian monsoon sector (Fig. 2b)
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Figure 1 | Annual-mean precipitation, surface winds, and atmospheric
energy balance. a, Precipitation (colour scale) is maximal at the ITCZ, and
surface winds (vectors) converge there. The ITCZ over oceans (precipitation
maxima) is marked by red lines. (Within the resolution of the data, convergence
maxima of the surface winds and precipitation maxima coincide.) Other
convergence zones, such as the South Pacific convergence zone, are also
recognizable as precipitation maxima. The right panel shows the zonal-mean
precipitation. The precipitation data are from the Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)® for 1998-
2012. The wind data are from the European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis* for the same years. The
longest wind vector (over the central Pacific) corresponds to a wind speed of

8.1ms . Also marked (red diamonds) are the sites of the palaeo-records
shown in Figs 3 and 6: Oman (OM; 17°N, 51° E), Arabian Sea (AS; 23°N,
67° E), Borneo (BO; 4° N, 115° E), and the Cariaco basin (CB; 11° N, 65° W).
b, Atmospheric moist static energy fluxes F (vectors) are weak near the ITCZ,
but their divergence div F (colour scale) is generally positive there. (The ITCZ
over oceans is marked by the same red lines as in a.) The right panel shows
the zonal-mean divergence of the moist static energy flux. The energy flux
data are from the ECMWF interim reanalysis for 1998-2012, corrected as in
ref. 37 and provided by the National Center for Atmospheric Research. The
longest vector (over the Kuroshio region) corresponds to a 2.7 X 10" Wm™
energy flux.
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Figure 2 | Seasonal migration of the ITCZ over the Pacific and in the South
Asian monsoon sector. Mean precipitation (colour scale) and surface winds
(vectors) as a function of time of year averaged zonally over the Pacific

(160° E-100° W) (a) and the South Asian monsoon sector (65° E-95° E) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2° N) excursions of the ITCZ in
boreal winter.) The ITCZ (precipitation maxima) is marked by red lines. The
seasonal ITCZ migration is sinusoidal with a moderate amplitude over the
Pacific, away from continents; zonal winds remain easterly year-round (a). The
seasonal ITCZ migration features abrupt and large shifts in the South Asian

show that the ITCZ neither simply follows the insolation maximum®'®'%,

nor the sinusoidal seasonal variations of the interhemispheric tempera-
ture contrast. What mechanisms control the position of the ITCZ and its
rainfall intensity is an important unanswered question in climate dynamics.

The ITCZ rainfall is fed by warm and moist trade winds near the sur-
face (Figs laand 2). Their convergence leads to ascent of air masses, cool-
ing, condensation and precipitation from deep convective clouds. In the
upper troposphere, the air masses detrain from the clouds and diverge. They
flow away from the ITCZ in the zonal mean, descend in the subtropics, and
flow back along the surface towards the ITCZ, forming the meridionally
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monsoon sector, marking the onset and retreat of the summer monsoon; zonal
winds north of the Equator turn westerly at monsoon onset (b, see Box 1). The
precipitation data are the daily TMPA data® averaged over 1998-2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1° in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis** for the same years. The
longest wind vector (in the South Asian monsoon sector at 18° S in September)
corresponds to a wind speed of 9.1 m s, and vector components to the left and
right indicate westward and eastward wind components, respectively.

overturning Hadley circulation (Fig. 4). The ITCZ must be understood as
one facet of meridional overturning circulations and zonal overturning
circulations such as the Walker circulation: as the location of their ascend-
ing branches. The ITCZ varies with the overturning circulations. The atmo-
spheric circulations, in turn, interact with circulations in the underlying
oceans, which modify the thermal conditions at the surface that drive the
atmospheric circulations (Fig. 4).

Observations and simulations indicate that the ITCZ migrates merid-
ionally and its rainfall intensity changes when the atmospheric energy bal-
ance shifts'* >, Elucidating how such ITCZ variations occur is the purpose
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R June-October based on land station data® (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960-91 AD mean.
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Figure 4 | Processes controlling zonal-mean ITCZ position. The lower
branches of the Hadley circulation (grey arrows) bring warm and moist air
masses towards the ITCZ, where they converge, rise and diverge as cooler and
drier air masses aloft. Because the moist static energy aloft is greater than near
the surface, the Hadley circulation transports energy away from the ITCZ.
Eddies transport that energy farther into the extratropics (red wavy arrows).
Hemispheric asymmetries in the energy export out of the tropics generally lead
to an energy flux that crosses the Equator. Currently, the energy export into
the extratropics in the south exceeds that in the north, leading to a southward
cross-equatorial energy flux (Fig. 5). This implies an ITCZ in the Northern
Hemisphere. Coupled to the Hadley circulation are mean zonal winds (red
arrows at the sea surface), which are easterly where the near-surface mass flux is
equatorward, and westerly where it is poleward. In the oceans, these zonal
winds drive subtropical cells, with near-surface mass flux to the right of zonal
winds in the Northern Hemisphere, and to the left in the Southern Hemisphere.
Water masses cool and sink along their way towards the Hadley circulation
termini and return below the sea surface (red and blue arrows). With mean
easterlies in the tropics, the returning cool water masses upwell at the Equator,
and the subtropical cells transport energy away from the Equator. But the
upwelling location can migrate with the ITCZ away from the Equator and can
dampen the ITCZ migration (Box 1).

of this Review. What emerges is a framework that links ITCZ variations
to the energy input to and energy fluxes in the atmosphere. It allows us to
interpret ITCZ variations across timescales from years to geological epochs.

Atmospheric energy balance and dynamics

Energy flux equator and ITCZ position

Although the air masses diverging in the upper troposphere above the ITCZ
are cooler and drier than those converging near the surface, their potential
energy is greater, such that their moist static energy—the energy relevant
for transport considerations— is generally greater than that of the near-
surface air masses®**. Therefore, vertically integrated over atmospheric
columns, deep overturning circulations such as the Hadley circulation trans-
port energy in the direction of their upper branches: away from the ITCZ
(Fig. 1b). Averaged over a span of longitudes wide enough that one can focus
on meridional fluxes, the ITCZ can be expected to lie near the “energy flux
equator”**?, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible*>*. Because the energy flux Fusually increases going
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux Fin the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around ¢ = 2.5°. Given the equatorial values of the
energy flux Fy and of its ‘slope’ with latitude div Fy, the energy flux equator &
can be determined from F = -ad div Fy, where a is Earth’s radius. For example,
if Fy increases (indicated schematically by the blue line), the energy flux equator
6 moves southward. Similarly, if div Fy increases, the energy flux equator
moves towards the Equator. The energy flux data are from the ECMWEF
interim reanalysis for 1998-2012, corrected as in ref. 37 and provided by the
National Center for Atmospheric Research. The light red shading indicates an
estimated 0.2 PW standard error (the actual uncertainty is poorly known).

northward in Earth’s tropics—its divergence div Fis usually positive, mean-
ing that energy is exported out of the tropics (Fig. 1b)—one expects the energy
flux equator and the ITCZ to lie farther north the stronger southward is
the cross-equatorial energy flux F, (Fig. 5). This is indeed what is seen in
observations and climate simulations**~***?. Moreover, for a fixed cross-
equatorial energy flux F, one expects the energy flux equator and the ITCZ
tolie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)*.
More precisely, the atmospheric energy balance™

divF=8-L-0 (1)

connects the divergence of the atmospheric energy flux F to the net energy
input to the atmosphere, consisting of the net downward shortwave radi-
ation S at the top of the atmosphere, minus the outgoing longwave radia-
tion L and any ocean energy uptake O owing to transport or storage in the
oceans. Energy storage on land is negligible on timescales of seasons and
longer, as is storage in the atmosphere, at least in the tropics®, on which
we focus. Now we consider a zonal average over a span of longitudes (for
example, an ocean basin) sufficiently wide that zonal fluxes can be ignored.
By expanding the meridional energy flux F to first order in the latitude ¢
of the energy flux equator, we obtain 0 = Fs = F, + (div F)ad, where the
subscripts 6 and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives®

0= a S()—Lo—O() (2)

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F,
and on the net energy input to the atmosphere at or near the Equator:
div Fy = Sy — Ly — O,. Tobe sure, the energy flux equator is not as sharply
defined as is the ITCZ, because the nearly moist adiabatic thermal strati-
fication implies that the atmospheric energy flux near the ITCZ is weak™
(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle> for example). But its meridional excursions
have magnitudes similar to those of the ITCZ>?**, so equation (2) pro-
vides a starting point for understanding the ITCZ position quantitatively.
In the present climate in the zonal and annual mean, the atmosphere
transports 0.3 = 0.2 PW of energy southward across the Equator (Fig. 5)**%.
The net equatorial energy input to the atmosphere® is 18 = 3 W m™> (Fig. 1b).
With that, equation (2) implies an energy flux equator at4° N = 3°—broadly
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consistent with the actual energy flux equator (Fig. 5) and the mean ITCZ
position®. However, the net equatorial energy input, So — Ly — Oy, isa small
residual of large terms**%: §, =~ 323 Wm™>, Ly~ 251 Wm™> and Op =
54Wm™. Reducing S, or increasing L, or O, by only 6 W m2 (by 2%-
10%) suffices to move the energy flux equator 6 a factor of about 1.5 far-
ther poleward. The energy flux equator and ITCZ are sensitive to slight
energetic shifts.

The mean position of the ITCZ in the Northern Hemisphere is thus
linked to the atmospheric energy transport, which is directed from the warmer
Northern Hemisphere into the 1.2-1.5 K cooler Southern Hemisphere*"*.
The Northern Hemisphere is warmer primarily because the Atlantic’s merid-
ional overturning circulation (AMOC) transports energy northward, up
the mean temperature gradient. It dominates the cross-equatorial ocean
energy transport; the resulting net northward transport across the Equator
amounts to about 0.5 PW in the zonal mean®**"*. Some of this ocean energy
transport across the Equator is compensated by the southward (downgra-
dient) atmospheric energy transport, primarily accomplished by a Hadley
cell with ascending branch and ITCZ north of the Equator (Fig. 4). (The
Hadley cell, in turn, is often dominated by regional overturning cells, such
asin the Asian monsoon sector'®.) The AMOC energy transport displaces
the ITCZ north of the Equator also in the Pacific (Fig. 2a), because winds
homogenize the effect of AMOC energy transport zonally in the extratropics;
hence, the partially compensating atmospheric energy transport is more
zonally uniform and affects the ITCZ similarly over the Atlantic and Pacific*.
This global energetic perspective de-emphasizes atmosphere—ocean inter-
actions triggered by the shape of coastlines, which had previously been sug-
gested to control the mean ITCZ position®*. Such local processes probably
still play a role in shaping zonal asymmetries, but they appear to be second-
ary in displacing the Atlantic and Pacific ITCZ north of the Equator®****".
However, local processes do seem to be responsible for the annual-mean
ITCZ position south of the Equator over the Indian Ocean (Fig. 1a). The
southern ITCZ arises because in the Indian Ocean a secondary precipita-
tion maximum is maintained south of the Equator even in boreal summer
(Fig. 2b), probably because the northward monsoonal flow rises and gen-
erates precipitation south of the Equator*!, before crossing the Equator in
the free troposphere and continuing towards the primary convergence zone
farther north.

More generally, cross-equatorial atmospheric energy flux F, into one hemi-
sphere demands an ITCZ in the opposite hemisphere, provided div F, > 0.
Equation (2) quantifies how much the ITCZ migrates northward when F,
decreases (becomes more southward), and how much the ITCZ migrates
equatorward when Sy —Ly — Oy increases. Studies hitherto have focused
on the cross-equatorial energy flux—or closely related meridional temper-
ature gradients (see below). But the energy flux alone cannot determine the
ITCZ position, because it has units of power rather than units of ITCZ dis-
placement. The net equatorial energy input matters too. Often the two will
vary simultaneously, so that the regression coefficient of the ITCZ posi-
tion on F, alone, inferred in recent studies®*, generally differs from the
corresponding coefficient in a bivariate regression on Fyand So — Ly — Oy
(ref. 35). How the ITCZ globally and regionally depends on both should
be analysed in simulations and observations.

However, equation (2) is merely an energy balance identity that does not
initself imply a direction of causality. To establish causal links, it is neces-
sary to discuss how energetic shifts arise mechanistically.

Mechanisms of triggering ITCZ migrations

Simulations and records of past climates have established that hemispher-
ically asymmetric changes in the extratropics—for example, in AMOC
energy transport or ice cover—can trigger ITCZ migrations®. To explain
how extratropical changes can shift the energy flux equator and ITCZ, we
need to discuss a special property of tropical temperatures® .

Tropical temperatures above the planetary boundary layer are dynam-
ically constrained to vary only weakly in the horizontal** and to be nearly
symmetric about the Equator. For example, in a Hadley circulation thatis
unaffected by eddy fluxes of angular momentum and that hasan ITCZ far
from the Equator, free-tropospheric temperatures are exactly symmetric
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about the Equator, despite the strong asymmetry of the circulation®’. Indeed,
hemispherically asymmetric variations of mid-tropospheric temperatures*
currently do not exceed approximately 3 K in the zonal mean between 20° N
and 20° S, not even in boreal summer, when strongly asymmetric monsoon
circulations dominate the Hadley circulation.

The near-symmetry of tropical temperatures about the Equator means
that a hemispherically asymmetric atmospheric energy export out of the
tropics (say, across 30° N or 30° S) generally drives an energy flux across the
Equator. To see this, assume that the tropics are confronted with a strength-
ening of the energy export across their northern boundary, which may be
triggered by reduced AMOC energy transport or increased Arctic ice cover.
First, we take cloud radiative effects and ocean energy uptake to be fixed,
so that Sand O stay fixed. In response to the perturbation at the northern
boundary, temperatures may adjust throughout the tropics, but in the
free troposphere they will remain nearly symmetric about the Equator—
and so will the response of L, which depends on temperatures at the mid-
tropospheric emission levels (for a fixed distribution of longwave absorbers
and, in particular, clouds). Therefore, the response of S — L — Ois nearly
symmetric about the Equator. The energy balance (equation (1)) then implies
that the response of the energy flux F consists of a constant component F,
and a component F(¢) = —F(-¢) that is nearly antisymmetric about the
Equator. The antisymmetric component is associated with hemispheri-
cally nearly symmetric energy export out of the tropics. So, to the extent
that any hemispherically asymmetric energy export persists, it drives an
energy flux F, through the tropics®, leading to a northward cross-equatorial
energy flux perturbation in our example. The energy flux equator (equa-
tion (2)), and with it the ITCZ, migrate southward.

Feedbacks from clouds, the distribution of water vapour, and ocean energy
uptake modulate the ITCZ response, both by modulating Sy — Ly — Opand
by inducing hemispheric asymmetries in the off-equatorial S — L — Ores-
ponse, which modulate the F, response®. But because the longwave and
shortwave effects of the deep ITCZ clouds nearly cancel®®*, their feed-
back on the net radiative energy input § — L is small. Other tropical cloud
feedbacks may modulate S — L further™. Yet their overall effect appears
to be small; even its sign is uncertain®®. The specific humidity of the atmo-
sphere is enhanced near the ITCZ and reduces clear-sky L there. This, by
itself, amplifies ITCZ migrations by increasing S — L — Oin the hemisphere
with the ITCZ and amplifying the cross-equatorial energy flux into the
opposite hemisphere. But because clear-sky variations in L near the ITCZ
are onlya small contributor to hemispheric asymmetriesin L (< 4 W m >
in the annual mean according to satellite data®®), this feedback is prob-
ably weak. Ocean energy uptake O may also cause hemispheric asym-
metriesin § — L — O.Itand the shallow subtropical cells that dominate
the ocean energy transport in low latitudes*~* interact with the ITCZ.
When the ITCZ migrates sufficiently far from the Equator, upwelling
of cold waters and ocean energy uptake is enhanced near the ITCZ and
dampens the ITCZ migration (Box 1). In the Indian Ocean, this feed-
back dampens the seasonal ITCZ migrations of the South Asian mon-
soon*". It is probably even more important on longer timescales.

Thus, modulated by tropical feedbacks, hemispherically asymmetric
energy export out of the tropics generally drives a cross-equatorial atmo-
spheric energy flux. In the zonal and annual mean today, the atmosphere
exports around 4 PW energy poleward across both 30° N'and 30° S (Fig. 5),
but it exports around 0.6 PW more southward than northward?. This in
itself implies a southward atmospheric energy transport across the Equator
of about 0.3 PW, consistent with the observed flux*** Fy =~ —-0.3 = 0.2 PW.
(A constant energy flux F, through the tropics adds to the energy export
out of the tropics in one hemisphere and subtracts from it in the other,
implying a hemispheric difference of 2F, in energy exports.) Hemispheric
asymmetries in S — L — O within the tropics® contribute less to F,. The
southward cross-equatorial energy flux is extratropically triggered in that
AMOC energy transport differentially reduces meridional temperature gra-
dients in the northern extratropics. This weakens the energy export out of
the northern tropics because it weakens the poleward eddy energy flux*®,
which dominates the energy export® and generally strengthens both with
increasing temperature gradients and temperatures (because specific humidities
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BOX |
Atmosphere-ocean coupling and
feedback on ITCZ

Ekman balance, fV = —* (where the Coriolis parameter is f, and the
eastward surface stress is ), holds outside the equatorial latitude belt
between approximately 5°N and 5°S and links zonal surface winds to
ageostrophic near-surface meridional mass fluxes in the atmosphere
and oceans. The meridional Ekman mass flux Vis directed to the right
of the zonal surface stress 7*in the Northern Hemisphere (f> 0),and to
its left in the Southern Hemisphere (f<0).

In the atmosphere, Ekman balance accounts for the near-surface
mean meridional mass flux. The stress t* retards zonal surface winds u
and thus has sign opposite to that of u. An equatorward near-surface
flow (fV < 0) implies surface easterlies (u < 0). This is the case over the
tropical Atlantic and Pacific year-round: the ITCZ does not migrate
sufficiently far from the Equator to lead to poleward near-surface flow
off the Equator (Fig. 2a). A poleward near-surface flow (fV > 0) off the
Equator implies surface westerlies (u > 0), just as over the tropical
Indian Ocean during the summer monsoon: the ITCZ migrates so far
off the Equator that the zonal winds turn westerly (Fig. 2b).

In the oceans, Ekman balance accounts for most of the near-surface
mean meridional mass flux in the shallow subtropical cells*’=°. By
Newton’s third law, the wind stress t* driving V in the oceans is equal
and opposite to the stress that retards the atmosphere’s zonal winds
over the oceans. Therefore, the near-surface Ekman mass flux is
poleward (fV > 0) where zonal winds are easterly (* < 0), and
equatorward otherwise. Remarkably, because the mean zonal stress
on the atmosphere is equal and opposite to that on the oceans (up to
the small surface stresses over land), the zonal-mean Ekman mass
fluxes (=7*/f) in the low-latitude atmosphere and oceans are
approximately equal and opposite—even though water is a thousand
times denser than air.

Thus the oceanic subtropical cells and the Hadley cells overhead
resemble each other. Mirroring the upper branches of the Hadley cells,
near-surface waters in the upper branches of the subtropical cells flow
meridionally away from the ITCZ. They cool and are subducted on their
way towards the Hadley circulation termini, where zonal surface winds
turn westerly. The cooler water masses return below the surface and
upwell near the ITCZ#748 (Fig. 4). This ocean circulation transports
energy away from the upwelling region. Its zonal- and annual-mean
energy transport is currently about as strong as the atmospheric
energy transport®?, but it weakens as the climate warms!°°. Today,
upwelling occurs at the Equator in the Atlantic and Pacific because
mean zonal surface winds there are easterly year-round, so Ekman
mass fluxes diverge at the Equator (f changes sign). But when the ITCZ
is far enough from the Equator that tropical surface westerlies occur—
such as in the Indian Ocean during the summer monsoon—upwelling
occurs near the ITCZ, and the ocean can transport energy away from
it. This increases the ocean energy uptake O and reduces the
atmospheric energy input to the hemisphere with the ITCZ. It reduces
the cross-equatorial atmospheric energy transport into the opposite
hemisphere, thus dampening ITCZ migrations.

and latent energy fluxes increase with temperature)*>*>*, Ultimately, this
chain of processes set in motion by AMOC energy transport leads to the
mean position of the ITCZ north of the Equator®**'. Conversely, if AMOC
energy transport were weaker or absent, the atmospheric energy export
out of the tropics to the north may well exceed that to the south: the more
prominent continentality of the Northern Hemisphere leads to stronger
stationary eddies, which enhance the poleward eddy energy flux®. This may
result in a northward F; and an ITCZ south of the Equator.

For the extratropical-tropical communication, then, it suffices to per-
turb the atmospheric energy export out of the tropics. Processes such as
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wind-induced evaporation, previously proposed as mediators between
the extratropics and tropics™, are not essential*>**. This energetic perspec-
tive is consistent with the notion that the ITCZ typically lies in the warmer
hemisphere and migrates farther into that hemisphere the larger the inter-
hemispheric temperature contrast'**: Because tropical temperatures are
nearly symmetric about the Equator, the warmer hemisphere will usually
have weaker meridional temperature gradients in the extratropics, imply-
ing reduced energy export out of the tropics®*** and an ITCZ in that hemi-
sphere. The larger the interhemispheric temperature contrast, the stronger
is the unilateral reduction in energy export (other factors equal), and the
farther in the warmer hemisphere is the ITCZ. Through closures for the
atmospheric energy flux*>**, the energy flux equator (equation (2)) and
the ITCZ position have been quantitatively connected to temperatures,
temperature gradients and other (for example, humidity) variables®.

Towards a complete theory

The atmospheric energy balance is a starting point for understanding the
ITCZ. But it gives an incomplete picture. The energy input to the atmo-
sphere depends on the circulation, which must also satisfy other balances.
In particular, the angular momentum balance is important for the Hadley
circulation and convergence zones*~*’. For example, the Hadley circula-
tion undergoes a regime transition from an equinox regime, in which its
angular momentum balance is dominated by eddy fluxes, to a monsoonal
solstice regime, in which its angular momentum balance is less affected by
eddy fluxes'®*. This regime transition is rendered abrupt by dynamical
feedbacks within the Hadley circulation and in its interaction with extra-
tropical eddies—feedbacks that may account for the square-wave shape of
seasonal ITCZ migrations in the South Asian monsoon sector (Fig. 2b)'®.
In contrast, the energy flux equator migrates sinusoidally; it does not cap-
ture the ITCZ migrations fully®. For a full account, the energetic perspective
must be paired with an account of the Hadley circulation—an outstanding
challenge whose resolution may now be within reach because today’s com-
putational capabilities allow us to interrogate Hadley circulation dynamics
systematically in experiments with global circulation models™**.

An account of the Hadley circulation is also necessary for a complete
theory of how rainfall intensity in the ITCZ varies. Net precipitation (pre-
cipitation minus evaporation, measured, for example, by palaeo-proxies of
continental runoff) is balanced by the convergence of water vapour in the
atmosphere. Its variations consist of two components: a dynamic com-
ponent associated with variations of the mass fluxes advecting the water
vapour, and a thermodynamic component associated with variations of
the specifichumidity of the air masses'”. The dynamic component includes
migrations of the ITCZ and variations of Hadley circulation strength. Like
the ITCZ position, the Hadley circulation strength depends on extratropical
temperature gradients, among other factors, and so will also respond to
extratropical changes®*. Therefore, dynamic variations of ITCZ net pre-
cipitation can be expected to respond to Earth’s orbital precession (which
alters temperature gradients seasonally) and obliquity variations (which
alter temperature gradients in the annual mean)'>', in addition to the
response to variations in So — Ly — O,. In contrast, thermodynamic vari-
ations of ITCZ net precipitation depend locally on the tropical energy bal-
ance, which controls the specific humidity®. The tropical energy balance
in the annual mean is not affected by precession and is only weakly affected
by obliquity variations®®. But precession influences the specific humidity
seasonally, and it can lead to an annual-mean thermodynamic rainfall res-
ponse because seasonal humidity changes at a location are only relevant
when the ITCZ is overhead, whereas annual-mean evaporation responses
are weak™. A rich interplay of such dynamic and thermodynamic responses
to different orbital variations probably caused the tropical rainfall varia-
tions indicated by palaeo-records.

Observations of ITCZ variations

Direct observations in the past century and palaeo-records for the more
distant past afford instructive case studies of how the ITCZ varies with
climate and how it shifts with the atmospheric energy balance.
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Direct observations in the past century

El Nifio and Southern Oscillation (ENSO). The alternation between
warm ElNifo and cold La Nifia conditions in the eastern Pacific provides
a counterexample to the notion that the ITCZ generally migrates towards
adifferentially warming hemisphere. Going from typical La Nifia to El Nifio
conditions, annual-mean temperatures rise by around 0.1 K averaged glob-
ally, but the extratropics of the Northern Hemisphere warm 0.08 K more
than those of the Southern Hemisphere (according to data from ref. 60).
Yet the ITCZ shifts southward®'. The shift is clearest in boreal winter: pre-
cipitation data®* show that the western and central Pacific ITCZ shifts south-
ward by about 2° going from typical La Nifia to El Nifio conditions, and by
about 5° during strong El Niflo events (such as in 1983 and 1998). Addi-
tionally, the longitudinal ITCZ structure is modified by ENSO’s zonal rear-
rangement of convection®'.

The energy balance provides an explanation. Zonal-mean O, in boreal

winter is approximately 15 W m ™~ > smaller during El Nifio than during La
Nina, with the largest changes in the eastern Pacific (according to the data
described in refs 37 and 44; see also ref. 63). This reduction in ocean energy
uptake increases Sy — Ly — Op, which in the zonal mean in boreal winter
more than doubles from typical La Nifa to El Nifio. It implies that the
displacement of the energy flux equator (equation (2)) and of the ITCZ
away from the Equator is reduced by more than a factor of two—sufficient
to account for the observed shift in ITCZ position. The effect of changes
in F, is smaller (about a quarter of the total shift). Thus, ENSO variations
of the ITCZ position appear to be primarily driven by tropical changes in
the atmospheric energy input.
Differential hemispheric warming. Increasing concentrations of green-
house gases have led to global warming over the past century, which, how-
ever, was not uniform®. Until the 1930s, the northern extratropics warmed
relative to the southern. Then, from the 1950s to the 1970s, the northern
extratropics cooled by around 0.6 K relative to the southern extratropics.
Since the mid-1970s, the northern extratropics have been warming again
relative to the southern extratropics, thus far by around 0.7 K (Fig. 3¢). (Dif-
ferential warming rates for the entire hemispheres, rather than just the extra-
tropics, are similar.) Differential warming of the northern extratropics is
expected as concentrations of greenhouse gases increase: continents warm
more than oceans and are more prominent in the Northern Hemisphere® .
The differential cooling of the northern extratropics in the mid-twentieth
century has been ascribed to increasing concentrations of anthropogenic
aerosols in the Northern Hemisphere®, and to natural variations partic-
ularly in the North Atlantic®®*.

To the extent that tropical temperatures are symmetric about the Equator,
warming of the northern relative to the southern extratropics differentially
reduces meridional temperature gradients in the northern extratropics.
This by itself should lead to differentially reduced eddy energy export out of
the tropics into the Northern Hemisphere and a northward ITCZ migration.
The converse holds for warming of the southern relative to the northern
extratropics.

Tropical precipitation records are not accurate enough to assess past
ITCZ migrations in detail. But there is evidence that the zonal-mean ITCZ
migrated southward as the northern extratropics cooled differentially in
the mid-twentieth century”®”'; simulations show a similar response to
increased anthropogenic aerosol loadings™. Consistently, the northward
ITCZ excursion in boreal summer appears to have been capped at lower
latitudes, at least over the Atlantic’®. The neighbouring semi-arid African
Sahel region, which lies at the northern limit of the seasonal ITCZ excur-
sion over the continent, dried severely (Fig. 3¢)”>°. Indeed, decadal vari-
ations of Sahel rainfall over the past century correlate with variations of the
interhemispheric temperature contrast, including the differential warm-
ing of the northern extratropics (increasing Sahel rainfall) early in the twen-
tieth century and since the 1980s (Fig. 3¢).

Palaeo-records going back to the last ice age

Palaeoclimate data do not yet allow a global analysis of ITCZ variations
but indicate globally coherent regional migrations. They suggest that the
ITCZ position depends robustly on the interhemispheric temperature
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contrast, which—since the last ice age—has varied primarily because of:
(1) Earth’s precessional cycle®®, with a period of about 21 kyr; and (2) mil-
lennial climate changes around the North Atlantic, driven by changes in
AMOC and glaciation”””.

Clear evidence for ITCZ migrations comes from the Cariaco basin®’

(Fig. 1a). There, the ITCZ during today’s summers is overhead, trade winds
and the ocean upwelling they drive are weak, and rainfall and runoffare at
amaximum. Under such conditions, Cariaco sediments accumulate dark
terrestrial detritus rich in elements such as titanium. In winter, the ITCZ
migrates southward, trade winds and ocean upwelling strengthen, and run-
off into the Cariaco basin is reduced. This increases the production of lightly
coloured marine biogenic debris, which comes to dominate the flux to the
sea bed®. From this alteration of Cariaco sediments, ITCZ migrations can
be reconstructed.
Holocene. The Holocene (the past 11.7 kyr) represents the current inter-
glacial (Fig. 3). Over its first 2-4 kyr, the Northern Hemisphere warmed”
as glacial ice retreated”. But after the Holocene thermal maximum at around
8 kyr BP, one of the few remaining drivers of climate variations was the pre-
cessional cycle. Early in the Holocene, perihelion occurred during boreal
summer, intensifying summer insolation in the Northern Hemisphere and
weakening it in the Southern Hemisphere. Perihelion then precessed towards
its current occurrence in boreal winter. At the Holocene thermal maxi-
mum at around 8 kyr Bp, the boreal-summer insolation contrast between
the northern and southern extratropics was 9% stronger than it is today™".
The implied summertime warming of the northern extratropics relative
to the southern should have led to a farther northward seasonal excursion
of the ITCZ. (The excursion is modulated by equatorial insolation, which
enters equation (2) through S, and was 5% stronger in boreal summer at
8 kyr Bp; however, changes in S, are at least partially compensated by changes
in Ly and hence only represent a comparatively weak modulation of Sp —
Ly — Op.) Indeed, Cariaco sediments indicate greater summertime runoff
around 8 kyr Bp, followed by a gradual reduction until the beginning of the
LIA at 500 Bp (Fig. 3a,b). This signals a southward migration of the boreal-
summer ITCZ, possibly paired with a thermodynamic reduction in rainfall
intensity because of weakening local summer insolation. Cariaco runoff
correlates well with reconstructions of the interhemispheric temperature
contrast over the Holocene, which exhibits variations with amplitude (~0.6 K)
similar to those seen over the past century (Fig. 3a,c)”7®.

Consistent with the trend in the Cariaco record, the Atlantic ITCZ appears
to have migrated southward over the Holocene®. Tropical West Africa
dried®" as the northern extratropics cooled differentially—the counterpart
of the Sahel drying in the mid-twentieth century. The African Humid Period,
during which lakes existed in the Sahara, appears to have terminated abruptly
ataround 5 kyr B (ref. 81), perhaps when the boreal-summer ITCZ excursion
over Africa ceased to reach the catchment areas of the sites from which the
terminations are inferred. The complement to the reduction of boreal-
summer rainfall in the northern tropics is a simultaneous increase of austral-
summer rainfall in the southern tropics**. This indicates a precession-driven
farther-southward excursion of the ITCZ in austral summer, prompted
by an increasing south-to-north interhemispheric insolation contrast (3%
greater in austral summer today than 8 kyr Bp). But precession-driven ther-
modynamic rainfall changes may also play a part™.

Superimposed on the Holocene trend in the Cariaco record are abrupt
features that cannot be explained by orbital insolation changes. The most
notable is reduced runoff into the Cariaco basin during the LIA (Fig. 3b).
The LIA cooling appears to have been most pronounced in high northern
latitudes; it is absent in much of the Southern Hemisphere®. Consistent
with the implied differential cooling of the northern extratropics, Cariaco
sediments suggest a southward ITCZ migration (Fig. 3b)’. Similarly, a variety
of tropical Pacific records also indicate the ITCZ migrated southward dur-
ing the LIA, followed by a northward migration at its end****. Thus, the
LIA appears to elicit a southward ITCZ migration similar to the more grad-
ual differential Holocene cooling of the Northern Hemisphere.

Last ice age. North Atlantic climate records from the last ice age are rife
with millennial-scale climate variations, such as the Dansgaard-Oeschger
cycles, in which rapid warming is followed by gradual cooling that often
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culminated in periods of massive iceberg discharge known as Heinrich
stadials’®*. Variations in the Southern Hemisphere are less pronounced,
so changes in the interhemispheric temperature contrast were dominated
by high northern latitudes®. The origin of these cycles has eluded research-
ers for decades; AMOC changes are thought to play a role®®. Whatever their
origin, the ITCZ appears to have responded to the millennial variations in
high northern latitudes in the same fashion as to the more recent changes
in interhemispheric temperature contrast. Each time high northern latitudes
cooled, a dry interval is observed in the Cariaco basin, signalling a southward
ITCZ migration (Fig. 6a,b). Consistent with a southward ITCZ migration,
increased rainfall is indicated in the southern tropics*®.

Rainfall reductions coeval with strong high-latitude coolings are also

indicated by cave stalagmites from Borneo (Fig. 1a), where today’s ITCZ
passes overhead in boreal spring and fall (Fig. 6¢)°**". The fact that the
Borneo record shows a response at least to the strongest millennial cool-
ings in high latitudes suggests that it may likewise record ITCZ migrations.
However, the slower orbital-timescale variations in the record correlate
with local insolation when the ITCZ is overhead®”", suggesting that local
thermodynamic rainfall variations may also play a part.
Monsoons and the ITCZ. Palaeo-records for the past 100 kyr indicate a
strong correlation between the marine ITCZ position and monsoons'*. Over
the Holocene, as the boreal-summer position of the ITCZ migrated south-
ward, Indian summer monsoon rainfall weakened””* (Fig. 3a). During the
last ice age and the millennial cold intervals in high northern latitudes,
Indian monsoon rainfall dropped, to be reinvigorated during subsequent
warm intervals (Fig. 6d)"". Cave stalagmites from eastern China®*** and a
host of other hydroclimate reconstructions® exhibit similar changes over
the Holocene and millennial variations during the last ice age. They also
correlate with precession-driven changes in northern high-latitude sum-
mer insolation®, which seasonally influences extratropical temperature
gradients and the energy export out of the tropics.

The similarity of marine ITCZ and monsoon variations may be taken as
evidence that monsoon variations indicate rainfall redistribution within the
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tropics and subtropics, with a northward displacement of the ITCZ imply-
ing increased rainfall farther north and decreased rainfall farther south'>".
However, thermodynamic rainfall variations prompted by precession-driven
local insolation variations may also have a role®”. The relative importance
of dynamic and thermodynamic variations may shift with latitude and may
account for the phase differences in rainfall variations seen, for example,
between the Borneo and eastern China cave records™”'.

Outlook

The energetic constraints on the ITCZ position have several implications.
Stronger southward atmospheric energy transport across the Equator gen-
erally implies an ITCZ farther north; greater net energy input to the equa-
torial atmosphere implies an ITCZ closer to the Equator. The currently
southward-directed cross-equatorial atmospheric energy transport weakens
or reverses sign when the Northern Hemisphere extratropics cool relative
to the southern extratropics, and this explains the southward ITCZ migra-
tions that apparently occurred in the mid-twentieth century, LIA, and in
cold intervals during the last ice age. Variations in the equatorial net energy
input to the atmosphere modulate these ITCZ migrations, as they do dur-
ing an EINifio. An outstanding challenge is to link orbital insolation varia-
tions to the shifts in the atmospheric energy balance that control the ITCZ
position and its rainfall intensity—to arrive at a comprehensive under-
standing of tropical rainfall variations. Systematic studies with global cli-
mate models of how the tropical energy balance and extratropical energy
fluxes respond to climate variations would be helpful. They will need to be
accompanied by progress in our understanding of how clouds vary with
climate and feed back onto the energy balance and ITCZ position.

The ITCZ position is sensitive to slight shifts in the atmospheric energy
balance because the factors controlling it are small differences between large
terms. The cross-equatorial energy flux depends on the small difference
between the large energy exports out of the tropics into the northern and
southern extratropics; the net energy input to the atmosphere is the small
residual of the absorbed solar radiation, outgoing longwave radiation and

Figure 6 | Northern Hemisphere temperatures

and ITCZ migrations during the last ice age.

a, 9"%0 from the North Greenland Ice Core Project
(NGRIP) is a proxy of Arctic temperatures®.

It indicates gradual warming after the Last Glacial
Maximum (~20 kyr Bp) and millennial-scale
Dansgaard—-Oeschger cycles, between cold (stadial)
and warmer (interstadial) intervals’. Cold
intervals include the Younger Dryas (YD) and
Heinrich stadials H1 to H6 (grey shading). (5'%0
here is measured relative to Vienna Standard Mean
Ocean Water (VSMOW).) b, Reflectance of
Cariaco basin sediments measures the relative
abundance of marine biogenic to terrigeneous

r deposits. It is high when rainfall and runoff are
low"". Low reflectance is interpreted as a farther-
northward ITCZ excursion in boreal summer.
Warm intervals indicated by the Greenland ice core
are generally associated with high runoff and a
farther-northward boreal-summer ITCZ, and vice
versa for cold intervals. During peak stadials,
sediments lack the lamination produced by the
annual rainfall cycle, indicating that the ITCZ
appears to have been south of the Cariaco basin
year-round'’. ¢, 5180, relative to the VPDB
standard, in cave stalagmites from Borneo is a
proxy of rainfall in the equatorial western Pacific”".
It is low during Heinrich stadials, but Dansgaard—
Oeschger cycles otherwise are less evident than
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ocean energy uptake. Slight shifts in the large terms can lead to substantial
ITCZ migrations. This sensitivity of the ITCZ position probably accounts
for the difficulties climate models have in simulating it*. Biases in simula-
ting the ITCZ can arise, for example, through relatively small errors in rep-
resenting clouds: in the extratropics®, they distort the energy export out
of the tropics, and in the tropics®, they distort the net energy input. Yet
this sensitivity also makes the ITCZ an excellent recorder of how energetic
balances shift with climate. Reconstructions of past ITCZ migrations may
soon constrain predictions about the future in regions such as the Sahel,
where slight modifications of seasonal ITCZ excursions can change the
hydroclimate drastically®. As our theories advance and ITCZ and palaeo-
reconstructions improve, it may become possible to use inferences about
how past ITCZ migrations depend on insolation variations to constrain
uncertain cloud feedbacks. Particularly helpful would be reconstructions
of the ITCZ in the mid-Pliocene (4.5-3.1 million years Bp), the youngest
geological analogue of a climate that is 2-3 K warmer. The Northern Hemi-
sphere then was ice-free and relatively warm, suggesting a more northern
ITCZ, while the equatorial eastern Pacific had a weaker cold tongue®”’,
suggesting reduced ocean energy uptake and an ITCZ closer to the Equator.
Additionally, net energy input to the atmosphere was modified by increased
concentrations of greenhouse gases® and cloud changes. Knowing how
these competing effects balanced would reduce uncertainties in predic-
tions for the next century.
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