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Annual Cycle of P-E, Streamfunction, Zonal Wind

Data source: ERA-Interim; animation courtesy Ori Adam



Annual Cycle of P-E, Streamfunction, Zonal Wind

Data source: ERA-Interim; animation courtesy Ori Adam



Streamfunction Climatology
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First Observations

• ITCZ moves a lot seasonally (~25°)

• Subsiding branches of Hadley cells not so much (~2°)

• Storm tracks not much either



Seasonal ITCZ Migrations

show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose

P
recipitation (m

m
 day

–1)

a

J F M A M J J A S O N D

La
tit

ud
e

30° S

30° N

0

Month Month

b

J F M A M J J A S O N D
0

6

12

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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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Seasonal ITCZ Migrations

• ITCZ moves seasonally toward warming (summer) hemisphere

• Migration has lower amplitude and is gradual over most oceans

• Migration has higher amplitude and is abrupt in SA monsoon

ITCZ generally migrates toward differentially warming hemisphere

Also true on longer timescales (not true for subsiding branches of HC!)

See review by Chiang & Friedmann, Ann. Rev. Geophys. 2012
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African Sahel (Decadal Variations)

(Image: Wikipedia)
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Sahel Rainfall

• Correlates with extratropical NH-SH temperature difference

• Variations linked to continental ITCZ migrations

• ITCZ migrations driven by variations in NH-SH temperature 
contrasts (caused by AMOC variations, aerosols, etc.)

• Same is true on timescales of 1000’s of years:  e.g.,  African 
Humid Period
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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ITCZ Migrations

• Generally toward warming hemisphere, on timescales from 
seasons to millennia

• Variations in monsoon strength also at least in part driven by 
ITCZ migrations (stronger monsoons when ITCZ farther north, 
Walker et al. 2015)

What controls where ITCZ is located?



Energy Transport Generally Away From ITCZ

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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ITCZ and Atmospheric Energy Transport

Schneider et al., Nature, 2014



ITCZ and “Energy Transport Equator”

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).

REVIEW RESEARCH

4 S E P T E M B E R 2 0 1 4 | V O L 5 1 3 | N A T U R E | 4 7

Macmillan Publishers Limited. All rights reserved©2014

Bischoff & Schneider, J. Climate 2014, Schneider et al., Nature, 2014; ideas from Kang et al. 2009

Atmospheric 
energy transport



Determine Energy Flux Equator

Atmospheric energy balance

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35
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ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Latitude of energy flux equator: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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
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F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35
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Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Depends to first order on:

1. Cross-equatorial energy flux F0: ~0.3 PW 

2. Net equatorial energy input S0−L0−O0: ~15 W m-2 (small residual!) 

F0 dependence pointed out by Broccoli et al. 2006, Kang et al. 2009, and others. 

Energy input dependence not previously examined.



Test in Aquaplanet GCM

scenario. In the warmer climate, the region of maximum
low-level upward mass flux and the zero contour of the
mass flux streamfunction are located farther away from
the equator. This accompanies an increase in tropopause
height and Hadley circulation width (cf. Schneider et al.
2010; O’Gorman et al. 2011; Levine and Schneider 2011).
At the same time, the precipitation maximum (Fig. 2b)
lies farther away from the equator in the warmer climate,
as does the collocated maximum of the low-level upward
mass flux. The precipitation maximum is also strength-
ened in the warmer climate, primarily because of the in-
creased near-surface specific humidity in the tropics.
Generally, as the longwave optical depth and global-

mean surface temperature increase, the ITCZ and its
tropical precipitation maximum shift monotonically
away from the equator (Fig. 3a). Our estimate in Eq. (3)
of the ITCZ position captures this shift to within &28
(Fig. 3a, black dots). If the cross-equatorial energy flux
hyhi0 is related to interhemispheric asymmetries as in

Eq. (4), the resulting estimate of the ITCZ position is
essentially indistinguishable from that shown in Fig. 3a.
The larger errors in the warmer climates arise in part
because the ITCZ as defined by the precipitation maxi-
mum and the zero of the atmospheric energy flux (Fig. 3a,
crosses) begin to diverge and are up to 28 apart in the
warmest climates.
In the global warming simulations, changes in d are

primarily associated with hemispherically asymmetric
changes in extratropical eddy energy fluxes (Fig. 5a).
Changes in the net energy input to the equatorial at-
mosphere by themselves would imply an equatorward
shift of the ITCZ as the climate warms (Fig. 6a). Their
effect (28 equatorward ITCZ shift over the range of
simulations) is overcompensated by the effect of the en-
ergy flux changes (78 poleward shift). In our simulations,
the net energy input to the equatorial atmosphere in-
creases with increasing global-mean surface temperature
primarily because the equatorial top-of-atmosphere
outgoing longwave radiation decreases as the temper-
ature increases. This is because the atmosphere exports
more energy from the tropics to the extratropics in
warmer climates, thus increasing the radiative imbalance
at the top of the atmosphere at the equator. If changes in
d are regressed onto changes in the cross-equatorial at-
mospheric energy flux hyhi0 alone, disregarding that the
energy input to the equatorial atmosphere also varies, we
find that d increases by 38–48 for every 1-PW reduction in
hyhi0, quantitatively consistent with studies that regress
the location of maximum precipitation directly on the
cross-equatorial energy transport (Donohoe et al. 2013,
2014). However, this overemphasizes the role of the
cross-equatorial energy flux, because the energy input
to the equatorial atmosphere varies simultaneously. If
changes in d are regressed onto changes in both the cross-
equatorial atmospheric energy flux and the net energy
input to the equatorial atmosphere, d increases by 48–68
for every 1-PW reduction in hyhi0, holding the energy
input to the equatorial atmosphere fixed.
Decomposing the cross-equatorial energy flux into

components as in Eq. (4) shows that the principal reason
for the monotonic poleward shift of the ITCZ under
global warming lies in a strengthening of extratropical
latent energy fluxes and their hemispherically asymmetric
component, which overcompensate nonmonotonic
changes in extratropical dry static energy fluxes (Fig. 5a).
This is in agreement with earlier studies that identified
the latent energy flux as the main driver of ITCZ shifts
in CO2-doubling simulations in idealized setups (e.g.,
Hwang and Frierson 2010; Frierson and Hwang 2012).
It is also consistent with the notion that latent energy
fluxes dominate the poleward energy flux in warm cli-
mates (Pierrehumbert 2002; Caballero and Langen 2005;

FIG. 3. ITCZ position in GCM simulations under (a) global and
(b) tropical warming. Colors show precipitation normalized by its
global maximum, with contours from 0.9 to 1.0. Black crosses in-
dicate where the moist static energy flux is zero. Black dots show
the ITCZ latitude d calculated fromEq. (3).Magenta dots show the
approximate ITCZ latitude d calculated fromEq. (8). The horizontal
axes are (a) global-mean surface temperature and (b) equatorial
surface temperature. The ITCZ shifts are qualitatively different in
the two series of simulations: Under global warming, the ITCZ shifts
are primarily caused by hemispherically asymmetric changes in
extratropical latent energy fluxes and associated changes in cross-
equatorial energy flux (cf. blue line in Fig. 1). Under tropical
warming, the ITCZ shifts are primarily caused by changes to the net
energy input to the equatorial atmosphere (cf. red line in Fig. 1).
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ITCZ Sensitive to Energy Export out of Tropics

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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ITCZ Sensitive to Energy Export out of Tropics

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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ITCZ Sensitive to Energy Export out of Tropics

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
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F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Perturbation to Energy Export at 30°N

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Result is Southward ITCZ Migration

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°
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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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Such ITCZ Shifts Seen in Observations and Simulations

(Many papers on this: Chiang & Bitz 2005; Broccoli et al. 2006; Kang et al. 2009; Chiang & Friedman 2012 [review]; Donohoe et al. 2013)
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Figure 3 | Schematic of the role of the oceanic MOC in forcing the
Northern Hemisphere maximum of tropical precipitation. Heat is released
from the ocean to the atmosphere in the Northern Hemisphere owing to
cross-equatorial OHT. The atmosphere responds through eddy energy
transports in the extratropics, and a cross-equatorial Hadley circulation,
which fluxes energy from the Northern Hemisphere to the Southern
Hemisphere. The moisture transport by the Hadley circulation is in the
opposite direction as the energy transport, so tropical precipitation moves
northwards. SP, South Pole; NP, North Pole; cross-EQ, cross-equatorial;
q, moisture transport; F, energy transport.

(along with the possible influence of land) would cause a Southern
Hemisphere rainfall maximum, and the observed OHT is a primary
cause of the Northern Hemisphere maximum.

Our simulations are from atmosphere-only GCMs, and there
is the potential for a rich interplay among ocean dynamics, land
properties and TOA radiation, which should be studied in detail.
For instance, Earth’s continental configuration plays an important
role in setting the direction and strength of the oceanic MOC.
A recent idealized coupled GCM study14 showed that opening a
Southern Hemisphere Drake Passage-like channel anchors deep
water production and the tropical rain band in the Northern
Hemisphere, explicitly supporting aMOC-determined tropical rain
band location within a coupled context. This result has since been
shown in an aquaplanet coupled GCM setting18. These and other
coupled interactions should be further examined in comprehensive
GCMs and observations.

Our argument by no means precludes the existence of strong
local influences on tropical precipitation. Many well-documented
local mechanisms shape the east–west asymmetries of rainfall, the
seasonal cycle and interannual variability, and seek to explain
the Northern Hemisphere peak in tropical rain through tropical
processes and continental/topographic features19–21. Indeed, in
our comprehensive model simulations with symmetrized OHT,
whereas the Pacific and Atlantic intertropical convergence zones
clearly shift into the Southern Hemisphere, the Indian Ocean
rainfall location is affected much less (Supplementary Fig. S5),
indicating the primary role of local processes within that basin. The
links between coupled tropical and tropical-extratropical dynamics
and global energetics should be investigated further as well.

This study on what controls the present tropical precipitation
position has strong implications for our understanding of past
and future climates. Much palaeoclimate literature focuses on
the possibility of changes in the MOC structure and strength.
This analysis suggests that such changes would be associated with
latitudinal shifts in tropical precipitation. Previous studies with
GCMs have shown that MOC slowdowns are indeed accompanied
by southward shifts in rainfall overmuch of the tropics11.

The role of TOA radiation was also probably different
in past climates. For instance, the Sahara Desert was green

in the mid-Holocene22, which could on its own cause the
Northern Hemisphere to receive more radiation than the Southern
Hemisphere, and shift tropical rainfall further into the Northern
Hemisphere, unless other terms such as clouds could compensate.
In contrast, in glacial climates when ice covered much of the
Northern Hemisphere, the albedo effect would probably reduce
NorthernHemisphere net radiation and push tropical precipitation
southward11, although reduced outgoing longwave radiation over
ice sheets would have a compensating effect.

In the future, owing to global warming, we expect reductions
in the strength of the oceanic MOC (ref. 4), accompanied by
changes in surface albedo, clouds, aerosols and ocean heat uptake,
presenting a complex challenge for GCM forecasts of tropical
precipitation7,23. The complexity of the task is matched by the
importance to tropical societies of determining what will, in
fact, happen. The analysis of the coupling between energy fluxes,
circulation and precipitation presented here provides a useful
paradigm for addressing this critical global problem.

Methods
A 10-year mean of the Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled (EBAF) satellite product2 from 2001 to 2010 is
used to study TOA energetics, which includes contributions from downward
solar radiation, upward solar radiation (determined by the distribution of the
planetary albedo) and outgoing longwave radiation (determined primarily by the
temperature, greenhouse gas concentration, and cloudiness of each column).

Surface heat fluxes are not routinely measured at the ocean surface. The most
accurate method to derive the net surface heat flux is, therefore, an indirect one,
subtracting atmospheric energy transport estimates based on reanalysis data from
TOA satellite observations of net radiative flux.We estimate the implied OHT using
the method of ref. 24 applied to the recently released ERA-Interim data set3 over
the same time period as the CERES data (2001–2010). Although this new reanalysis
data set is thought to be a significant improvement over previous estimates, there
of course remains some uncertainty in any such energy budget estimate. A basic
physical expectation can be used to infer the sign of the cross-equatorial OHT
without reference to reanalyses; an assumption of thermal directness of the deep
tropical overturning, along with the larger TOA flux into the Southern Hemisphere,
requires a northward cross-equatorial OHT.

An aquaplanet (ocean-covered) version of the Geophysical Fluid Dynamics
Laboratory (GFDL) AM2.1 atmospheric GCM (ref. 25) forced with the observed
surface heat flux (Fig. 2d) into the oceanic mixed layer is integrated to demonstrate
that the observed surface heat flux is more than sufficient to shift the maximum
of zonal mean tropical precipitation to its observed location in the Northern
Hemisphere. The ECHAMGCM version 4.6 with realistic geography is additionally
used, forced with the observed surface flux distribution in the control case. The
symmetrized case with the ECHAM GCM uses a surface flux distribution that is
zonally symmetric, with values chosen at each latitude such that the zonal integral
of the surface flux is equal to the average between the Northern Hemisphere and
SouthernHemisphere zonal integrals of the observed surface flux.
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(Frierson et al. 2013)

• Accounts for mean ITCZ in 
NH because NH warmer 
(Marshall et al. 2013, Frierson 
et al. 2013)

• Accounts for southward ITCZ 
shift when NH cools (e.g., 
Heinrich events) with energy 
flux closure

• May account for some 
monsoon variations



For Example: Last Ice Age

Schneider et al. Nature, 2014; based on data from Bond et al. 1993; Deplazes et al. 2013; Carolin et al. 2013; Fleitmann et al. 2007

culminated in periods of massive iceberg discharge known as Heinrich
stadials76,86. Variations in the Southern Hemisphere are less pronounced,
so changes in the interhemispheric temperature contrast were dominated
by high northern latitudes87. The origin of these cycles has eluded research-
ers for decades; AMOC changes are thought to play a role88. 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 tropics4,89.

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. 6c)90,91. 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 overhead90,91, 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 monsoons13. Over
the Holocene, as the boreal-summer position of the ITCZ migrated south-
ward, Indian summer monsoon rainfall weakened9,92 (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)11. Cave stalagmites from eastern China92,93 and a
host of other hydroclimate reconstructions94 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 insolation93, 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

tropics and subtropics, with a northward displacement of the ITCZ imply-
ing increased rainfall farther north and decreased rainfall farther south12,13.
However, thermodynamic rainfall variations prompted by precession-driven
local insolation variations may also have a role59. 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 records90,91.

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 El Niño. 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
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Figure 6 | Northern Hemisphere temperatures
and ITCZ migrations during the last ice age.
a, d18O from the North Greenland Ice Core Project
(NGRIP) is a proxy of Arctic temperatures86.
It indicates gradual warming after the Last Glacial
Maximum (,20 kyr BP) and millennial-scale
Dansgaard–Oeschger cycles, between cold (stadial)
and warmer (interstadial) intervals76. Cold
intervals include the Younger Dryas (YD) and
Heinrich stadials H1 to H6 (grey shading). (d18O
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
deposits. It is high when rainfall and runoff are
low11. 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-round11. c, d18O, relative to the VPDB
standard, in cave stalagmites from Borneo is a
proxy of rainfall in the equatorial western Pacific91.
It is low during Heinrich stadials, but Dansgaard–
Oeschger cycles otherwise are less evident than
in the higher-latitude records. d, Analogously to
b, low reflectance of Arabian Sea sediments
indicates high runoff from Indian monsoon
rainfall11. It occurs during warm intervals indicated
by the Greenland ice core. High reflectance and
weaker Indian monsoon rainfall occur during
cold intervals.
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For Example: Interannual Monsoon Variations
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What We Think We Understand About The ITCZ

• Position depends on equatorial net energy input 
S0−L0−O0 and cross-equatorial energy flux F0 

• Position linked to extratropical eddy energy fluxes through 
F0 because tropical temperatures are “stiff” with respect to 
perturbations (need to stay nearly symmetric)  

• Sensitive to small energetic perturbations because 
S0−L0−O0 ≈ 15 W m-2 is small residual of large terms 
(~100 W m-2), and so is F0 ≈ 0.3 PW (residual of ~4 PW 
energy exports into N and S extratropics) 

There’s more (Toby this afternoon)!



Open Questions

• How does angular momentum 
balance (Hadley circulation) 
enter? (E.g., controls S0−L0−O0)

• Ocean feedbacks? Likely damping 
because of Ekman transport in 
subtropical cells.

• Cloud feedbacks? Sign unclear 
(e.g., Voigt et al. 2014).

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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Why Does Subsiding Branch Move So Little?
EMFD S

Angular (or zonal) momentum balance:

Eddy driven if Ro≪1
Schneider,  Ann. Rev. Geophys., 2006; Schneider, O’Gorman & Levine Rev. Geophys., 2010



Why Does Subsiding Branch Move So Little?
EMFD S

Angular (or zonal) momentum balance:

Eddy driven if Ro≪1
Schneider,  Ann. Rev. Geophys., 2006; Schneider, O’Gorman & Levine Rev. Geophys., 2010



Termination of Hadley Cells

• HC terminates where EMFD in upper troposphere 
changes sign 

• This is where baroclinic wave activity flux becomes deep 
enough to reach UT (Korty & Schneider 2008) 

• Measure of depth of baroclinic wave activity flux 

with effective bulk stability 

Sc =� f
β
∂yθ̄s
∆v

⇠ p̄s� p̄e
p̄s� p̄t

. 1

Held 1978; Schneider and Walker 2006; O’Gorman 2011; Levine & Schneider, submitted

Sign of eddy momentum flux divergence

Sc =� f
β
∂yθ̄s
Δv

⇠ p̄s� p̄e
p̄s� p̄t

. 1

Dv =�2∂pqs
(p̄s� p̄t)⇠ q̄t� q̄s

(Held 1978; Schneider 2004, 2005; Schneider and Walker 2006)

• Eddy momentum flux convergence in source region of 
eddies 
⇒ changes sign where vertical wave activity flux first 
reaches UT

• Depth of vertical wave activity flux:

with bulk stability



Why Is HC Width So Insensitive?

• Terminus satisfies 

• HC expands as tropical or subtropical static stability 
increases (global warming) 

• HC contracts as temperature gradients increase (El Niño!) 

• Because tan(lat) increases rapidly with latitude, HC 
terminus insensitive to perturbations



Hadley Cell Expansion Under Global Warming

poleward of !e (where vertical wave activity fluxes con-
verge) and because the meridional wave activity flux
divergence is proportional to the eddy momentum flux
convergence, there is upper tropospheric eddy momentum
flux convergence poleward of !e and divergence equator-
ward of !e [e.g., Held, 1975, 2000; Simmons and Hoskins,
1978; Edmon et al., 1980]. At the latitude !e, then, the
eddy momentum flux divergence S in the upper troposphere
changes sign. Because the local Rossby number is generally
small near the subtropical termini of the Hadley circulation,
the zonal momentum balance (10) there is approximately

f v ! S; ð14Þ

so that a change in sign in S implies a change in sign in the
meridional mass flux: the latitude !e marks the transition
between the Hadley cells, near whose subtropical termini
S > 0 and v is poleward, and the Ferrel cells, in which S < 0
and v is equatorward (Figures 5 and 6).
[43] With this notion of what terminates the Hadley cir-

culation, it remains to relate the height reached by substantial
eddy entropy fluxes to the mean temperature structure and
other mean fields and parameters. In dry atmospheres, the
supercriticality

Sc ¼ % f
"

@y#s
!v

& ps % pe
ps % pt

ð15Þ

is a nondimensional measure of the pressure range over
which eddy entropy fluxes extend [Schneider and Walker,
2006; Schneider, 2007] (see Held [1978] for a similar
measure in quasigeostrophic theory). Here b = 2Wa−1 cos !
is the meridional derivative of the Coriolis parameter f; #s is
the mean surface or near‐surface potential temperature; Dv

is a bulk stability measure that depends on the near‐surface
static stability; and ps, pt, and pe are the mean pressures at
the surface, at the tropopause, and at the level up to which
eddy entropy fluxes extend. Consistent with the preceding

discussion, the Hadley circulation in dry GCM simulations,
in parameter regimes comparable with Earth’s, extends up to
the latitude !e at which supercriticality (15), evaluated
locally in latitude, first exceeds a critical O(1) value [Korty
and Schneider, 2008]. In particular, the Hadley circulation
generally widens as the bulk stability Dv increases, consis-
tent with the increase in Dv at the subtropical termini being
primarily compensated by an increase in f /b = a tan !e.
[44] There are two challenges in obtaining a closed theory

of the width of the Hadley circulation from these results.
First, for dry atmospheres, the mean fields in supercriticality
(15) need to be related to the mean meridional circulation
and eddy fluxes, which determine them in concert with
radiative processes. For a Hadley circulation whose upper
branches approach the angular momentum–conserving limit,
an expression for the width can be derived in which the
meridional surface potential temperature gradient no longer
appears explicitly [Held, 2000]; however, because the
Hadley circulation generally does not approach the angular
momentum–conserving limit, the resulting expression does
not accurately account for changes in the width, even in dry
GCM simulations [Walker and Schneider, 2006; Schneider,
2006; Korty and Schneider, 2008]. (Some recent papers
have advocated similar expressions to account for the rela-
tively modest changes in the Hadley circulation width seen
in simulations of climate change scenarios [e.g., Lu et al.,
2007; Frierson et al., 2007b], but the results from the
much broader range of dry GCM simulations by Walker and
Schneider [2006] and Korty and Schneider [2008] show that
these expressions cannot be generally adequate.) In addition
to the meridional surface potential temperature gradient, one
needs to close for the near‐surface static stability, which
likewise depends on the flow. The static stability at the
subtropical termini of the Hadley circulation cannot simply
be viewed as controlled by convection, as in the deep tro-
pics, but it is influenced by the mean meridional circulation
and eddy fluxes.
[45] Second, for moist atmospheres, the supercriticality

(15) does not generally give a good estimate of the height
reached by substantial eddy entropy fluxes [Schneider and
O’Gorman, 2008]. The difficulties in relating the static
stability at the subtropical termini of the Hadley circulation
to mean flows and eddy fluxes are exacerbated in moist
atmospheres, in which it is unclear what the effective static
stability is that eddy fluxes experience, how that effective
static stability is controlled, and how it relates to the depth
of eddy entropy fluxes. We currently do not have theories of
the static stability and Hadley circulation width that are
adequate for moist atmospheres. (In addition to the mech-
anisms sketched here, the width of the Hadley circulation
may also change in response to changes in upper tropo-
spheric wave dynamics that may be caused by lower
stratospheric changes associated with ozone depletion or
increased concentrations of greenhouse gases [Chen and
Held, 2007]. See section 4.2.)
[46] In the idealized GCM simulations presented

throughout this paper, the width of the Hadley circulation
increases modestly with surface temperature (Figure 7). The

Figure 7. Hadley circulation width versus global‐mean sur-
face temperature in idealized GCM simulations. Shown is the
latitude of the subtropical terminus of the Hadley circulation,
defined as the latitude at which the mass flux stream function
at approximately 725 hPa is zero. The termination latitudes in
both hemispheres are averaged.
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FIG. 6. Meridional potential temperature contrast (2) and effective static stability (10) evaluated at the latitude

of the Hadley circulation terminus using the same simulations and plotting conventions as in Fig. 3.
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Global Warming in Idealized GCM Many More Such Simulations

Levine & Schneider, submittedSchneider, O’Gorman & Levine, Rev. Geophys., 2010



Farther Poleward: Storm Tracks

(Kaspi & Schneider, J. Atmos. Sci., 2013)
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They Also Move Poleward As Climate Warms

[51] To understand why the energies in the idealized
GCM are maximal in a certain climate, it is useful to con-
sider the approximate dry mean available potential energy

MAPEd ! cp
24 g

!pt L2Z " @y!
! "2

; ð16Þ

obtained as a scaling approximation of Lorenz’s [1955] mean
available potential energy [Schneider, 1981; Schneider and
Walker, 2008; O’Gorman and Schneider, 2008b]. Here
Dpt = ps − pt is the pressure depth of the troposphere,

" ¼ % "

p
@p!
! "%1 ð17Þ

is an inverse measure of the dry static stability, ∂y! is the
mean meridional potential temperature gradient, " is the
adiabatic exponent, and g is the gravitational acceleration.
The meridional potential temperature gradient and inverse
static stability are understood to be averaged vertically over
the depth of the troposphere and meridionally over bar-
oclinic zones, in addition to being averaged zonally and
temporally [O’Gorman and Schneider, 2008b]. According
to the approximation (16), MAPEd increases with increasing
meridional potential temperature gradients and tropopause
height and with decreasing static stability. In the idealized
GCM simulations, several factors conspire to lead to the
nonmonotonic behavior of MAPEd:
[52] 1. As the climate warms relative to the reference

climate, the vertically averaged meridional potential tem-
perature gradient decreases and the static stability increases
(see Figure 11). These changes in the thermal structure of
the troposphere primarily result from increased poleward
and upward transport of latent heat. There is also a coun-
tervailing increase in tropopause height (it changes for the
reasons discussed in section 3.3), but the combined changes
in static stability and temperature gradient are larger and
result in a decrease in MAPEd.
[53] 2. As the climate cools relative to the reference cli-

mate, the near‐surface meridional potential temperature

gradient increases strongly. The vertically averaged merid-
ional potential temperature gradient also increases, albeit
less strongly than the near‐surface gradient because the
tropical temperature lapse rate, which is approximately
moist adiabatic, increases, whereas the extratropical lapse
rate, which is at least partially determined by baroclinic
eddies (see section 4.4), decreases. In MAPEd, the increase
in the vertically averaged meridional potential temperature
gradient is overcompensated by decreases in the tropopause
height and by the increase in the extratropical static stability.
[54] It is noteworthy that changes in the eddy kinetic

energy need not be of the same sign as changes in the near‐
surface meridional temperature gradient, contrary to what is
sometimes assumed in discussions of extratropical stormi-
ness (e.g., at the LGM). In the idealized GCM simulations,
the near‐surface meridional temperature gradient decreases
monotonically as the climate warms, whereas the eddy
kinetic energy (and MAPEd) changes nonmonotonically.
[55] The scaling of the eddy kinetic energy with the dry

mean available potential energy intimates that water vapor
dynamics affects the eddy kinetic energy in the idealized
GCM primarily through its effect on the thermal structure of
the troposphere, rather than through direct effects of latent
heat release on eddies. Because extratropical water vapor
dynamics generally decreases meridional potential temper-
ature gradients and increases the (dry) static stability, it
primarily damps eddies, rather than energizing them, as one
might have inferred from the fact that in Earth’s storm
tracks, latent heat release contributes positively to the bud-
get of eddy available potential energy [cf. Chang et al.,
2002]. Although it may seem surprising and is largely an
empirical result that the eddy kinetic energy scales with the
dry mean available potential energy and thus depends on the
dry static stability, there are several plausible reasons for this
[O’Gorman and Schneider, 2008b]. For example, the 30%
difference between mean dry and moist available potential
energies that Lorenz [1979] found for the present climate
largely arises owing to water vapor in tropical low‐level
regions, which may not be important for midlatitude eddies.
Additionally, changes in the effective moist static stability
that midlatitude eddies experience may generally scale with
changes in the dry static stability if the effective moist static
stability is a weighted average of a dry stability and a
smaller moist stability in updrafts [Emanuel et al., 1987] and
if the weighting coefficients (e.g., the area fractions of
updrafts and downdrafts) do not change substantially with
climate.
[56] Does the eddy kinetic energy always scale with the

dry mean available potential energy, as in the idealized
GCM, or can latent heat release directly energize the sta-
tistically steady state of baroclinic eddies? Lapeyre and
Held [2004] analyzed the moist eddy available potential
energy budget of a two‐layer quasigeostrophic model with
water vapor in the lower layer. In the model, increases in the
production of moist eddy available potential energy asso-
ciated with latent heat release are primarily balanced by
water vapor diffusion and dehumidification processes, rather
than by conversion to eddy kinetic energy, implying an

Figure 9. Near‐surface eddy kinetic energy (contour inter-
val 5 kJ m−2) as a function of global‐mean surface tem-
perature and latitude in idealized GCM simulations. The
near‐surface eddy kinetic energy is integrated from the
surface to s = 0.9.
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Storm Tracks Often Move With HC Terminus

Barotropic EKE in dry GCM

Previous studies have shown a dependence of storm
track response on storm track latitude (Kidston and
Gerber 2010; Garfinkel et al. 2012). This result is qual-
itatively reproduced in our simulations varying convec-
tive stability (Fig. 4) and varying radiative equilibrium
temperatures (top right panel of Fig. 3): the storm
track’s poleward migration levels off at the highest lat-
itudes. Additionally, storm tracks shift little as the con-
vective stability is varied for g * 0.9; the reasons for this
are unclear.
All simulations show that the Hadley circulation

widens as the storm tracks migrate poleward (Figs. 3 and
4)—a correlation noted previously by Kang and Polvani
(2010) and Ceppi and Hartmann (2012). But Fig. 4
shows more particularly that storm tracks migrate in

tandemwith theHadley cell terminus when varying only
the tropical convective stability; however, the migration
is less parallel when the convective stability is varied
globally. Nonetheless, this suggests that the Hadley
cell is responsible for communicating the variations in
tropical convective stability to the storm tracks in the
midlatitudes. The role of the tropical convective stability
in eliciting a response in themidlatitude storm tracks has
not been previously identified. This result complements
the results found by Butler et al. (2010). It also raises
questions about the mechanisms facilitating the requi-
site tropical–extratropical interactions.
Using our simulations, we estimate the individual con-

tributions of changes in radiative equilibrium tem-
perature and tropospheric stability to the storm track

FIG. 3. Barotropic eddy kinetic energy as a function of latitude plotted across climates with increasingmean surface
temperature in radiative equilibrium. The convection scenario is stated above each plot. Here, ge is the convective
stability rescaling parameter within6108 of the equator; gx is the value outside of this latitude band. The white dots
show the EKEmaxima, each marking the storm track location in the respective climate. The thick white dashed line
shows the terminus of theHadley cell, defined as the latitude at which the Eulerianmass streamfunction changes sign
at the altitude where it achieves its extremum.

FIG. 4. As in Fig. 3, but showing storm track response to convective stability variations.

9928 JOURNAL OF CL IMATE VOLUME 26

Mbengue & Schneider, J. Atmos. Sci., 2013;  Mbengue & Schneider, in prep. 
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How Does Storm Track Position Relate to HC?

• HC terminus provides Neumann boundary condition to 
diffusive EBM 

• For example: increased tropical static stability widens HC; 
b.c. on extratropical temperature gradient pushed poleward 

• Storm track pushed poleward because it is associated with 
max temperature gradients
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@µT (µh) = F (µh,�v) (at HC terminus)

Mbengue & Schneider, in prep. 



Analytical EBM Solution (n=2 Truncation)

Mbengue & Schneider, in prep. 

Stronger ∂yT

Weaker ∂yT

Hadley cell

Storm 
track

• Stronger temperature gradients 
move poleward when HC expands 

• Max depends on subtropical ∂yT

• Storm track closer to HC terminus 
for larger subtropical ∂yT 

• E.g., opposing responses to 
increases in static stability and ∂yT

T

∂yT



Example: Effect of Equatorial Stability on Storm Track

Previous studies have shown a dependence of storm
track response on storm track latitude (Kidston and
Gerber 2010; Garfinkel et al. 2012). This result is qual-
itatively reproduced in our simulations varying convec-
tive stability (Fig. 4) and varying radiative equilibrium
temperatures (top right panel of Fig. 3): the storm
track’s poleward migration levels off at the highest lat-
itudes. Additionally, storm tracks shift little as the con-
vective stability is varied for g * 0.9; the reasons for this
are unclear.
All simulations show that the Hadley circulation

widens as the storm tracks migrate poleward (Figs. 3 and
4)—a correlation noted previously by Kang and Polvani
(2010) and Ceppi and Hartmann (2012). But Fig. 4
shows more particularly that storm tracks migrate in

tandemwith theHadley cell terminus when varying only
the tropical convective stability; however, the migration
is less parallel when the convective stability is varied
globally. Nonetheless, this suggests that the Hadley
cell is responsible for communicating the variations in
tropical convective stability to the storm tracks in the
midlatitudes. The role of the tropical convective stability
in eliciting a response in themidlatitude storm tracks has
not been previously identified. This result complements
the results found by Butler et al. (2010). It also raises
questions about the mechanisms facilitating the requi-
site tropical–extratropical interactions.
Using our simulations, we estimate the individual con-

tributions of changes in radiative equilibrium tem-
perature and tropospheric stability to the storm track

FIG. 3. Barotropic eddy kinetic energy as a function of latitude plotted across climates with increasingmean surface
temperature in radiative equilibrium. The convection scenario is stated above each plot. Here, ge is the convective
stability rescaling parameter within6108 of the equator; gx is the value outside of this latitude band. The white dots
show the EKEmaxima, each marking the storm track location in the respective climate. The thick white dashed line
shows the terminus of theHadley cell, defined as the latitude at which the Eulerianmass streamfunction changes sign
at the altitude where it achieves its extremum.

FIG. 4. As in Fig. 3, but showing storm track response to convective stability variations.

9928 JOURNAL OF CL IMATE VOLUME 26

Barotropic EKE in dry GCM

Equatorial Stability

HC terminus
Storm tracks

Changing convective stability 
only at equator suffices to move 

storm tracks, as in EBM

Mbengue & Schneider, J. Atmos. Sci., 2013; 



Summary Points

• Energy balance constrains ITCZ position through energy flux equator 
(somewhat surprising AM does not enter explicitly)

• Expanding energy flux around equator gives ITCZ position as function of F0 

and S0−L0−O0 (depend on extratropical eddy fluxes and AM balance)

• Energetic terms are small residuals of large terms, so ITCZ is sensitive to 
small energetic shifts (e.g., Heinrich events, monsoon variability, ENSO)

• Hadley cell terminus is not so sensitive (constrained by geometry and 
properties of baroclinic eddies)

• Storm tracks near where temperature gradients are maximal

• Position of maximum gradient controlled by energy fluxes and boundary 
condition provided by Hadley circulation



Some of the People Making it Happen



Thank You!

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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[51] To understand why the energies in the idealized
GCM are maximal in a certain climate, it is useful to con-
sider the approximate dry mean available potential energy

MAPEd ! cp
24 g

!pt L2Z " @y!
! "2

; ð16Þ

obtained as a scaling approximation of Lorenz’s [1955] mean
available potential energy [Schneider, 1981; Schneider and
Walker, 2008; O’Gorman and Schneider, 2008b]. Here
Dpt = ps − pt is the pressure depth of the troposphere,

" ¼ % "

p
@p!
! "%1 ð17Þ

is an inverse measure of the dry static stability, ∂y! is the
mean meridional potential temperature gradient, " is the
adiabatic exponent, and g is the gravitational acceleration.
The meridional potential temperature gradient and inverse
static stability are understood to be averaged vertically over
the depth of the troposphere and meridionally over bar-
oclinic zones, in addition to being averaged zonally and
temporally [O’Gorman and Schneider, 2008b]. According
to the approximation (16), MAPEd increases with increasing
meridional potential temperature gradients and tropopause
height and with decreasing static stability. In the idealized
GCM simulations, several factors conspire to lead to the
nonmonotonic behavior of MAPEd:
[52] 1. As the climate warms relative to the reference

climate, the vertically averaged meridional potential tem-
perature gradient decreases and the static stability increases
(see Figure 11). These changes in the thermal structure of
the troposphere primarily result from increased poleward
and upward transport of latent heat. There is also a coun-
tervailing increase in tropopause height (it changes for the
reasons discussed in section 3.3), but the combined changes
in static stability and temperature gradient are larger and
result in a decrease in MAPEd.
[53] 2. As the climate cools relative to the reference cli-

mate, the near‐surface meridional potential temperature

gradient increases strongly. The vertically averaged merid-
ional potential temperature gradient also increases, albeit
less strongly than the near‐surface gradient because the
tropical temperature lapse rate, which is approximately
moist adiabatic, increases, whereas the extratropical lapse
rate, which is at least partially determined by baroclinic
eddies (see section 4.4), decreases. In MAPEd, the increase
in the vertically averaged meridional potential temperature
gradient is overcompensated by decreases in the tropopause
height and by the increase in the extratropical static stability.
[54] It is noteworthy that changes in the eddy kinetic

energy need not be of the same sign as changes in the near‐
surface meridional temperature gradient, contrary to what is
sometimes assumed in discussions of extratropical stormi-
ness (e.g., at the LGM). In the idealized GCM simulations,
the near‐surface meridional temperature gradient decreases
monotonically as the climate warms, whereas the eddy
kinetic energy (and MAPEd) changes nonmonotonically.
[55] The scaling of the eddy kinetic energy with the dry

mean available potential energy intimates that water vapor
dynamics affects the eddy kinetic energy in the idealized
GCM primarily through its effect on the thermal structure of
the troposphere, rather than through direct effects of latent
heat release on eddies. Because extratropical water vapor
dynamics generally decreases meridional potential temper-
ature gradients and increases the (dry) static stability, it
primarily damps eddies, rather than energizing them, as one
might have inferred from the fact that in Earth’s storm
tracks, latent heat release contributes positively to the bud-
get of eddy available potential energy [cf. Chang et al.,
2002]. Although it may seem surprising and is largely an
empirical result that the eddy kinetic energy scales with the
dry mean available potential energy and thus depends on the
dry static stability, there are several plausible reasons for this
[O’Gorman and Schneider, 2008b]. For example, the 30%
difference between mean dry and moist available potential
energies that Lorenz [1979] found for the present climate
largely arises owing to water vapor in tropical low‐level
regions, which may not be important for midlatitude eddies.
Additionally, changes in the effective moist static stability
that midlatitude eddies experience may generally scale with
changes in the dry static stability if the effective moist static
stability is a weighted average of a dry stability and a
smaller moist stability in updrafts [Emanuel et al., 1987] and
if the weighting coefficients (e.g., the area fractions of
updrafts and downdrafts) do not change substantially with
climate.
[56] Does the eddy kinetic energy always scale with the

dry mean available potential energy, as in the idealized
GCM, or can latent heat release directly energize the sta-
tistically steady state of baroclinic eddies? Lapeyre and
Held [2004] analyzed the moist eddy available potential
energy budget of a two‐layer quasigeostrophic model with
water vapor in the lower layer. In the model, increases in the
production of moist eddy available potential energy asso-
ciated with latent heat release are primarily balanced by
water vapor diffusion and dehumidification processes, rather
than by conversion to eddy kinetic energy, implying an

Figure 9. Near‐surface eddy kinetic energy (contour inter-
val 5 kJ m−2) as a function of global‐mean surface tem-
perature and latitude in idealized GCM simulations. The
near‐surface eddy kinetic energy is integrated from the
surface to s = 0.9.
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.

1.5

0.5

0

–0.5

0 2 4 6 8 10 12

 δ1
8 O

 (‰
)

–2.5

–0.5

–1.5

0.5

0.4

0.1

0.2

0.3

Ti (%
)

ITC
Z

In
di

an
 m

on
so

on
 ra

in
fa

ll

Stronger

Weaker

a

0.2

–1

Age (kyr BP)

0 400

0.1

0.3

Ti (%
)

0.05

0.25

ITC
Z

South
(drier)

North
(wetter)

North
(wetter)

–0.2

–0.6

Age (yr AD)
190019802012 1940N

or
th

er
n-

to
-S

ou
th

er
n 

he
m

is
ph

er
e

te
m

pe
ra

tu
re

 a
no

m
al

y 
(K

) 

N
or

th
er

n-
to

-S
ou

th
er

n 
he

m
is

ph
er

e 
te

m
pe

ra
tu

re
 a

no
m

al
y 

(K
) 

N
or

th
er

n-
to

-S
ou

th
er

n 
he

m
is

ph
er

e
te

m
pe

ra
tu

re
 a

no
m

al
y 

(K
) 

–0.6

0.6

0

S
ahel rainfall
(m

m
 day

–1)

3
Wetter

Drier

–1

1

2.5

1.5

0.5

bc

Age (yr BP)
800

South
(drier)

Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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Thank You!

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 masses33,34. 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’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is 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 F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (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 tropics36, 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 d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be 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 weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, 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 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

30° S 30° N0°

ITCZ

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).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. 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 light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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[51] To understand why the energies in the idealized
GCM are maximal in a certain climate, it is useful to con-
sider the approximate dry mean available potential energy

MAPEd ! cp
24 g

!pt L2Z " @y!
! "2

; ð16Þ

obtained as a scaling approximation of Lorenz’s [1955] mean
available potential energy [Schneider, 1981; Schneider and
Walker, 2008; O’Gorman and Schneider, 2008b]. Here
Dpt = ps − pt is the pressure depth of the troposphere,

" ¼ % "

p
@p!
! "%1 ð17Þ

is an inverse measure of the dry static stability, ∂y! is the
mean meridional potential temperature gradient, " is the
adiabatic exponent, and g is the gravitational acceleration.
The meridional potential temperature gradient and inverse
static stability are understood to be averaged vertically over
the depth of the troposphere and meridionally over bar-
oclinic zones, in addition to being averaged zonally and
temporally [O’Gorman and Schneider, 2008b]. According
to the approximation (16), MAPEd increases with increasing
meridional potential temperature gradients and tropopause
height and with decreasing static stability. In the idealized
GCM simulations, several factors conspire to lead to the
nonmonotonic behavior of MAPEd:
[52] 1. As the climate warms relative to the reference

climate, the vertically averaged meridional potential tem-
perature gradient decreases and the static stability increases
(see Figure 11). These changes in the thermal structure of
the troposphere primarily result from increased poleward
and upward transport of latent heat. There is also a coun-
tervailing increase in tropopause height (it changes for the
reasons discussed in section 3.3), but the combined changes
in static stability and temperature gradient are larger and
result in a decrease in MAPEd.
[53] 2. As the climate cools relative to the reference cli-

mate, the near‐surface meridional potential temperature

gradient increases strongly. The vertically averaged merid-
ional potential temperature gradient also increases, albeit
less strongly than the near‐surface gradient because the
tropical temperature lapse rate, which is approximately
moist adiabatic, increases, whereas the extratropical lapse
rate, which is at least partially determined by baroclinic
eddies (see section 4.4), decreases. In MAPEd, the increase
in the vertically averaged meridional potential temperature
gradient is overcompensated by decreases in the tropopause
height and by the increase in the extratropical static stability.
[54] It is noteworthy that changes in the eddy kinetic

energy need not be of the same sign as changes in the near‐
surface meridional temperature gradient, contrary to what is
sometimes assumed in discussions of extratropical stormi-
ness (e.g., at the LGM). In the idealized GCM simulations,
the near‐surface meridional temperature gradient decreases
monotonically as the climate warms, whereas the eddy
kinetic energy (and MAPEd) changes nonmonotonically.
[55] The scaling of the eddy kinetic energy with the dry

mean available potential energy intimates that water vapor
dynamics affects the eddy kinetic energy in the idealized
GCM primarily through its effect on the thermal structure of
the troposphere, rather than through direct effects of latent
heat release on eddies. Because extratropical water vapor
dynamics generally decreases meridional potential temper-
ature gradients and increases the (dry) static stability, it
primarily damps eddies, rather than energizing them, as one
might have inferred from the fact that in Earth’s storm
tracks, latent heat release contributes positively to the bud-
get of eddy available potential energy [cf. Chang et al.,
2002]. Although it may seem surprising and is largely an
empirical result that the eddy kinetic energy scales with the
dry mean available potential energy and thus depends on the
dry static stability, there are several plausible reasons for this
[O’Gorman and Schneider, 2008b]. For example, the 30%
difference between mean dry and moist available potential
energies that Lorenz [1979] found for the present climate
largely arises owing to water vapor in tropical low‐level
regions, which may not be important for midlatitude eddies.
Additionally, changes in the effective moist static stability
that midlatitude eddies experience may generally scale with
changes in the dry static stability if the effective moist static
stability is a weighted average of a dry stability and a
smaller moist stability in updrafts [Emanuel et al., 1987] and
if the weighting coefficients (e.g., the area fractions of
updrafts and downdrafts) do not change substantially with
climate.
[56] Does the eddy kinetic energy always scale with the

dry mean available potential energy, as in the idealized
GCM, or can latent heat release directly energize the sta-
tistically steady state of baroclinic eddies? Lapeyre and
Held [2004] analyzed the moist eddy available potential
energy budget of a two‐layer quasigeostrophic model with
water vapor in the lower layer. In the model, increases in the
production of moist eddy available potential energy asso-
ciated with latent heat release are primarily balanced by
water vapor diffusion and dehumidification processes, rather
than by conversion to eddy kinetic energy, implying an

Figure 9. Near‐surface eddy kinetic energy (contour inter-
val 5 kJ m−2) as a function of global‐mean surface tem-
perature and latitude in idealized GCM simulations. The
near‐surface eddy kinetic energy is integrated from the
surface to s = 0.9.
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
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 1a and 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

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 shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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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
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) 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

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 data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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