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Clouds seen from above

http://badc.nerc.ac.uk/data/claus/



Where does it rain?
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Where does it rain?

Data source: GPCP Why is the maximum precipitation (ITCZ) north of the equator?



Precipitation is tied to the atmospheric circulation
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Ferrel cells

Precipitation is tied to the atmospheric circulation
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Maximum precipitation is co-located with ascending motion in the Hadley cells
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Monsoons are part of the atmospheric overturning

July zonal mean

Cross-equatorial
Hadley cell



When does it rain?

Data source: GPCP

mm day-1



Monsoons are part of the atmospheric overturning

July zonal mean

Cross-equatorial
Hadley cell

July mean over Indian monsoon sector

Cross-equatorial monsoon cell

Monsoon circulations are cross-equatorial Hadley circulations that project 
strongly on the solstice zonal mean

e.g., Bordoni & Schneider (2008), Walker, Bordoni & Schneider (2015), Walker & Bordoni (2016)



Convection and large-scale circulations

• The concept of conditional instability has been central to the thinking about 
moist convection and its interaction with large-scale circulations;

• Conditional implies that the instability is finite amplitude in nature:

CAPE

CIN

• The existence of CIN acts 
as a barrier to convection;

• Only large perturbations can 
trigger convection;

• But unambiguosly
conditionally unstable 
profiles have only been 
demonstrated over 
continental areas.



Is convection a heat source for large-scale circulations?

• In this external view, energy released by convection drives the flow:
• Latent heat released typically exceeds energy required to maintain the 

KE of large-scale motions against dissipation;
• Latent heating leads to KE production.

• But this energy conversion requires positive correlation between heating 
and temperature fluctuations:
• No a priori reason for this to be the case;
• In fact, latent heat release is largely balanced by radiative and 

adiabatic cooling – any residual is a small percentage of large 
compensating terms. 



Convective quasi-equilibrium

• Convective scale processes act on timescales that are much smaller 
than those of large-scale processes;

• Convection consumes CAPE as soon as it is generated by radiation or 
large-scale flow;

• CAPE can be non-zero, but it’s rate of change is approximately zero. 
For typical tropical conditions, net surface flux and column radiative 
cooling generate ~4000 J kg-1day-1, while CAPE values are below 
1000 J kg-1day-1.

• The fact that CAPE is largely invariant has important implications for 
the temperature of convective atmospheres:
• Moist convection does not act as a heat source for large-scale 

flow, but maintains free troposphere close to a moist adiabat;
• Changes in free tropospheric temperatures are in equilibrium with 

changes in boundary-layer moist static energy. 

e.g., Emanuel et al. (1994)



h = CpT + Lvq + gz

CQE and convectively coupled large-scale circulations

δTu ~ δhb

Free-tropospheric temperature

Subcloud MSE 

Convective quasi-equilibrium:  a modern way to 
think about convectively coupled large-scale flow

he
ig
ht

Tu

• Moist convection does not act as “heat source” for large-scale flow, but 
maintains free-troposphere near moist adiabat 

• Changes in free-tropospheric temperature are in equilibrium with changes in 
subcloud entropy: 

δTu ~ δhb
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Convectively coupled view of cross-equatorial Hadley cells

h = CpT + Lvq + gz

e.g., Emanuel et al. (1994), Emanuel (1995), Prive and Plumb (2007), Nie et al. (2010)

Maxima of Tu and hb
coincide at poleward 
edge of cell



Convectively coupled view of cross-equatorial Hadley cells

h = CpT + Lvq + gz

e.g., Emanuel et al. (1994), Emanuel (1995), Prive and Plumb (2007), Nie et al. (2010)

Maxima of Tu and hb
coincide at poleward 
edge of cell

Monsoons are NOT driven by near-surface temperature gradients!



Monsoons are not large-scale sea breeze circulations!

e.g., Ruddiman (2007)

Monsoons are NOT driven by near-surface temperature gradients!



What drives Hadley and monsoonal circulations

Transport energy from 
regions (or hemisphere) 
with net energy gain to 
regions (or hemisphere) of 
net energy loss



Energetically-direct circulations

Adapted from Schneider 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
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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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Energetically-direct circulations

Adapted from Schneider 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
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1
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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
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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

EqS N

He
ig

ht

h = CpT + Lvq + gz

Net energy inputNet energy deficit Moist static energy

Weaker energy stratification in moist circulations require a stronger circulation to 
accomplish same energy transport as dry circulations. Moist circulations are less 
efficient than dry circulations.



Energetically-direct circulations
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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<{
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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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Because MSE is positively stratified, Hadley and monsoonal circulations transport 
energy in the direction of the upper-level flow.



Energetically-direct circulations

e.g., Marshall et al. (2014), Frierson et al. (2013)

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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The fact that the ITCZ is shifted north of the equator implies that the NH receives 
more energy than the SH: primarily due to ocean heat transport.



Observational evidence

Boos and Hurley (2013)

Convective quasi-equilibrium framework 
describes South Asian summer mean state
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Also true on interannual timescales

Walker, Bordoni and Schneider (2015)

K

K

with an upper-level easterly jet in the tropics, a poleward
displaced upper-level westerly jet, and lower-level
westerly flow in the northern tropics over the Arabian
Sea, Bay of Bengal, and Indian subcontinent. These
features are also evident in a zonal average over the
SASM sector (Fig. 8), which additionally reveals two
distinct upper-level westerly jets in the Southern
Hemisphere, with the subtropical jet centered near 308S
and the midlatitude jet centered near 458S.
Linear regression onto the MFC index shows that

strong monsoons are associated with a strengthened
upper-level easterly jet in the tropics, enhanced lower-
level westerly flow over the Arabian Sea, decreased
lower-level westerly flow over the eastern Bay of Ben-
gal, and increased lower-level easterly trade winds
throughout the tropical PacificOcean (Fig. 7), consistent
with previous findings (Webster and Yang 1992; Wang
and Fan 1999). The zonally asymmetric lower-level
zonal wind anomalies over the SASM region are con-
sistent with the precipitation anomalies shown in Fig. 3b,
with weakened zonal winds and weakened convergence
over the eastern Bay of Bengal corresponding to
weakened precipitation there in strong monsoons.
Figures 7 and 8 also reveal correlations between the

MFC index and the zonal winds in the extratropics, with
significant correlations in the Southern Hemisphere;
these will be explored further in section 5.

c. Atmospheric temperature

In addition to the meridional overturning circulation
and zonal winds, we look at atmospheric temperatures,

particularly their meridional gradient, to seek patterns
in upper- and lower-level temperatures associated with
strong (weak) monsoons and to investigate the land–sea
thermal contrast in the context of interannual variabil-
ity. If the monsoon is largely driven by the land–sea
thermal contrast, then we might expect that stronger
monsoons would be accompanied by an increased near-
surface thermal contrast, with higher than average
temperatures over India and/or lower than average
temperatures over the Indian Ocean. However, as far
back as 1921, it was observed that average temperature
in India is higher in summers with low monsoon rainfall
than in summers with high monsoon rainfall (Simpson
1921).
Figure 9 shows the climatology of ERA-Interim at-

mospheric temperatures at 850 and 200hPa. We see the
reversal of the meridional temperature gradient at both
levels, with temperature increasing poleward, and
a strong maximum in upper-level temperature west of
the Tibetan Plateau, consistent with previous studies
(Molnar et al. 2010). Linear regression onto the MFC
index shows that strongmonsoons are associated with an
increased meridional gradient in upper-tropospheric
temperature in the monsoon region (Fig. 9c) (Li and
Yanai 1996; Sun et al. 2010; Hurley and Boos 2013; Dai
et al. 2013). We also see that strong monsoons are as-
sociated with positive anomalies in upper-level atmo-
spheric temperature in the subtropics and extratropics
of both hemispheres (Fig. 9c), consistent with a previous
study (Hurley and Boos 2013). This symmetric pattern
can be partially understood through axisymmetric the-
ories of the circulation induced by off-equatorial heating
(Lindzen and Hou 1988), which argue that for angular
momentum conserving cross-equatorial circulations,

FIG. 5. Streamfunctions representing ‘‘strong’’ (blue) and
‘‘weak’’ (red) monsoonal circulations, defined as those associated
with a62 standard deviation excursion of the MFC index. Positive
contours are solid, negative contours are dashed, and zero contours
are omitted. Contour interval is 5 3 109 kg s21.

FIG. 6. SASM sectorGPCP JJAS precipitation profiles (mmday21)
for strong (blue) and weak (red) monsoons.
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Also true on interannual timescales

Walker, Bordoni and Schneider (2015)
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surface meridional temperature 
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features are also evident in a zonal average over the
SASM sector (Fig. 8), which additionally reveals two
distinct upper-level westerly jets in the Southern
Hemisphere, with the subtropical jet centered near 308S
and the midlatitude jet centered near 458S.
Linear regression onto the MFC index shows that

strong monsoons are associated with a strengthened
upper-level easterly jet in the tropics, enhanced lower-
level westerly flow over the Arabian Sea, decreased
lower-level westerly flow over the eastern Bay of Ben-
gal, and increased lower-level easterly trade winds
throughout the tropical PacificOcean (Fig. 7), consistent
with previous findings (Webster and Yang 1992; Wang
and Fan 1999). The zonally asymmetric lower-level
zonal wind anomalies over the SASM region are con-
sistent with the precipitation anomalies shown in Fig. 3b,
with weakened zonal winds and weakened convergence
over the eastern Bay of Bengal corresponding to
weakened precipitation there in strong monsoons.
Figures 7 and 8 also reveal correlations between the

MFC index and the zonal winds in the extratropics, with
significant correlations in the Southern Hemisphere;
these will be explored further in section 5.

c. Atmospheric temperature

In addition to the meridional overturning circulation
and zonal winds, we look at atmospheric temperatures,

particularly their meridional gradient, to seek patterns
in upper- and lower-level temperatures associated with
strong (weak) monsoons and to investigate the land–sea
thermal contrast in the context of interannual variabil-
ity. If the monsoon is largely driven by the land–sea
thermal contrast, then we might expect that stronger
monsoons would be accompanied by an increased near-
surface thermal contrast, with higher than average
temperatures over India and/or lower than average
temperatures over the Indian Ocean. However, as far
back as 1921, it was observed that average temperature
in India is higher in summers with low monsoon rainfall
than in summers with high monsoon rainfall (Simpson
1921).
Figure 9 shows the climatology of ERA-Interim at-

mospheric temperatures at 850 and 200hPa. We see the
reversal of the meridional temperature gradient at both
levels, with temperature increasing poleward, and
a strong maximum in upper-level temperature west of
the Tibetan Plateau, consistent with previous studies
(Molnar et al. 2010). Linear regression onto the MFC
index shows that strongmonsoons are associated with an
increased meridional gradient in upper-tropospheric
temperature in the monsoon region (Fig. 9c) (Li and
Yanai 1996; Sun et al. 2010; Hurley and Boos 2013; Dai
et al. 2013). We also see that strong monsoons are as-
sociated with positive anomalies in upper-level atmo-
spheric temperature in the subtropics and extratropics
of both hemispheres (Fig. 9c), consistent with a previous
study (Hurley and Boos 2013). This symmetric pattern
can be partially understood through axisymmetric the-
ories of the circulation induced by off-equatorial heating
(Lindzen and Hou 1988), which argue that for angular
momentum conserving cross-equatorial circulations,

FIG. 5. Streamfunctions representing ‘‘strong’’ (blue) and
‘‘weak’’ (red) monsoonal circulations, defined as those associated
with a62 standard deviation excursion of the MFC index. Positive
contours are solid, negative contours are dashed, and zero contours
are omitted. Contour interval is 5 3 109 kg s21.
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And on intraseasonal timescales

Walker and  Bordoni, in prep
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Monsoons can exist over an aquaplanet
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Bordoni & Schneider (2008)
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Monsoons can exist over an aquaplanet
momentum, water and 
heat

advection

convection
solar 
radiation
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radiation

Adapted from Bordoni & Schneider (2008)

The reversed meridional temperature gradient can develop even without a 
subtropical landmass (let alone topography!)



Monsoons can exist over an aquaplanet
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heat
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Adapted from Bordoni & Schneider (2008)

What drives the rapid development of a monsoon in these simulations?



Angular momentum-conserving cross-equatorial HC

Lindzen and Hou (1988)



Angular momentum-conserving cross-equatorial HC

Lindzen and Hou (1988)

Potential 
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Is the observed Hadley cell AMC?

Schneider et al. (2010)

• Not on annual mean
• Not in the summer cells
• More so in the cross-equatorial winter cells
• Even more so in monsoonal circulations



Upper-level flow of the South Asian monsoon

Data source: GPCP 1DD and ERA-40 Reanalysis



Momentum balance in aquaplanet monsoons

Bordoni and Schneider (2008)

Before onset After onset



Emerging theoretical framework

Equinox Monsoon
Role%of%eddies% in%angular%
momentum% budget Large Minor%– approaches%angular%

momentum% conservation

Circulation 
constrained by 

momentum budget

Circulation 
constrained by 
energy budget

Aquaplanet simulations suggest rapid monsoon onset/end correspond to 
transitions in leading angular momentum budget
Aquaplanet simulations suggest rapid monsoon onset/end correspond to 
transitions in leading angular momentum budget

More next week on how these mechanisms are modified by presence of 
zonally symmetric continents, in the presence of zonal asymmetries 
(stationary eddies) and in the observed AM balance of the South Asian 
monsoon!



Energetic constraint on the ITCZ position

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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Energetic constraint on the ITCZ position

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
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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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Energetic constraint on the ITCZ position

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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Energetic constraint on the ITCZ position

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
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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 and EFE

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
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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 and cross-equatorial energy transport

Donohoe et al. 2013



Open questions on energetic constraints on ITCZ/monsoons

• Is zonal mean framework useful?
• How do we modify this framework to include zonal variability? (Boos 

and Korty 2016, Adam et al. 2016)
• Is the GMS always constant? (Seo et al. 2017)



Tipping points in monsoons?

• Will monsoons shift abruptly and discontinuously from wet to dry 
states for small changes in radiative forcing past a critical threshold?

• Paleo-records show evidence of rapid changes in monsoon strength;
• The rapid onset of the monsoon on subseasonal timescales due to 

nonlinearity? Can same mechanism(s) produce similar response to 
imposed seasonal mean forcing?
• It has been suggested that albedo increasing above 0.5 can shut 

down monsoons;
• Could GHG concentration increases also cause similar nonlinear 

responses?

e.g., Zickfeld et al. 2005, Levermann et al. 2009, Schewe and Levermann (2012)



Tipping points in monsoons?

Boos and Storelvmo (2016)

• Model based on vertically-integrated T and q equations (as we have 
discussed for derivation of MSE budget);

• Horizontal advection of T and q;
• Vertical terms representing adiabatic cooling and low-level moisture 

convergence;
• Meridional wind assumed proportional to meridional T gradient;
• Simple closure for precipitation, P = q – T/τ H(q – T);
• No rotation, no non-linear momentum advection, no evaporation 

dependence on surface winds.



Tipping points in simple models?

Boos and Storelvmo (2016)



Tipping points in GSMs?

Boos and Storelvmo (2016)



Changes in monsoon season length!

Boos and Storelvmo (2016)


