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Precipitation is tied to the atmospheric overturning
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But there are large seasonal migrations
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The Indian monsoon: subtropical ITCZ
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The Indian monsoon: regional cross-equatorial Hadley cell

Data source: ERA-40 Reanalysis
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The Indian monsoon: regional cross-equatorial Hadley cell

July zonal mean July mean over Indian monsoon sector

Cross-equatorial
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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)



Theories for ITCZ position

1) Thermodynamic theories:
• Convective QE predicts ITCZ to be just equatorward of the maximum in 

lower-level moist static energy (local forcing)
• Atmospheric energy budget emphasizes anti-correlation between the 

cross-equatorial atmospheric energy transport and the ITCZ location 
(remote forcing)

2) Dynamic theories:
• Angular-momentum conserving theories of Hadley cells
• Boundary-layer momentum budget
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Convective QE view

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

h = CpT + Lvq + gz



Theories for ITCZ position

1) Thermodynamic theories:
• Convective QE predicts ITCZ to be just equatorward of the maximum in 

lower-level moist static energy (local forcing)
• Atmospheric energy budget emphasizes anti-correlation between the 

cross-equatorial atmospheric energy transport and the ITCZ location 
(remote forcing)

2) Dynamic theories:
• Angular-momentum conserving theories of Hadley cells
• Boundary-layer momentum budget



Atmospheric energy budget

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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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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interpret ITCZ variations across timescales from years to geological epochs.
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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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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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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
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example, an ocean basin) sufficiently wide that zonal fluxes can be ignored.
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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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cross-equatorial energy flux (Fig. 5). This implies an ITCZ in the Northern
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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 position is anti-correlated with the cross-equatorial energy 
transport hvhi0

e.g., Kang et al. 2008, Hwang and Frierson 2012, Donohoe et al. 2013, Bischoff and Schneider 2014



Atmospheric energy budget

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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Theories for ITCZ position

1) Thermodynamic theories:
• Convective QE predicts ITCZ to be just equatorward of the maximum in 

lower-level moist static energy (local forcing)
• Atmospheric energy budget emphasizes anti-correlation between the 

cross-equatorial atmospheric energy transport and the ITCZ location 
(remote forcing)

2) Dynamic theories:
• Angular-momentum conserving theories of Hadley cells
• Boundary-layer momentum budget



Angular momentum conserving theories

e.g., Held and Hou (1980), Lindzen and Hou (1988), Caballero et al. (2008)



Theories for ITCZ position

1) Thermodynamic theories:
• Convective QE predicts ITCZ to be colocated with maximum in lower-level 

MSE (local forcing)
• Atmospheric energy budget emphasizes anti-correlation between the 

cross-equatorial atmospheric energy transport and the ITCZ location 
(remote forcing)

2) Dynamic theories:
• Angular-momentum conserving theories of Hadley cells
• Boundary-layer momentum budget



Boundary-layer momentum budget
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FIG. 7. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 108N.

FIG. 8. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 208N.

FIG. 9. (top) Angular momentum (solid line) and streamfunction
(dashed line) for the dry experiment with an ML depth of 50 hPa.
Contour interval is 2% of the angular momentum of the solid earth
at the equator and 4 3 1011 kg s21 for the streamfunction. (bottom)
Meridional wind velocity at 987.5 hPa for an ML depth of 50 hPa.

of precipitation is present on the southern (winter) side
of the equator.
Finally, to underline the differences between the dry

and moist dynamics, an additional run is performed in
which the moist dynamics are replaced by a simple re-
laxation toward the radiative–convective equilibrium
profile. The radiative–convective equilibrium used here
corresponds to the same SST distribution and the same
Newtonian cooling as the moist simulations. The over-
turning for a ML depth of 50 hPa is shown in Fig. 9.
An equatorial jump is also present in the dry simulation.
However, while the jump in the moist case easily reaches
the middle troposphere, the ascent is limited in the dry
case, with air barely rising above the ML. A similar
feature can be observed in the simulations presented by
Plumb and Hou (1992).

4. Moist convection and equatorial ascent
The dynamical constraints on the PBL flow apply

equally to dry and moist atmospheres. Indeed, both dry
and moist simulations exhibit an equatorial jump. How-
ever, the ascent is much shallower in the dry circulation,
barely rising above the PBL. The role of moist con-
vection in strengthening and deepening the equatorial
ascent is now discussed.
Consider first the dry case. The equatorial jump can

be viewed as a small perturbation on a direct overturning
cell for which all the return flow takes place in the ML.
The discussion in section 2 indicates that the meridional
pressure gradient can be insufficient to drive the cross-
equatorial flow. Let us define F as the net, unbalanced,
acceleration toward the winter hemisphere in the ML:

1 ]F
21F 5 2 f u 2 2 t y . (31)b b)a ]f b

One can compute the atmospheric response to a forcing
F in the boundary layer. Assuming that the flow behaves

linearly in the equatorial region, one can then view the
atmospheric circulation as the superposition of a Hadley
cell and an equatorial jump resulting from the excess
surface friction at the lower boundary. For simplicity,
the equations of motion [(4)–(7)] and the potential tem-
perature equation (13) are linearized for a reference at-
mosphere at rest, and the spherical geometry is replaced
by a beta-plane approximation. This yields

f y 2 gu 5 0, (32)
2] F9 2 fu 5 0, (33)y

] uw 5 2au9, (34)z*

] pw 1 ] py 5 0, and (35)z* y

u9
] F9 5 g* . (36)z* u

Pauluis 2004 

Cross-equatorial mass flux in boundary layer is constrained by the BL 
momentum budget
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FIG. 7. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 108N.

FIG. 8. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 208N.

FIG. 9. (top) Angular momentum (solid line) and streamfunction
(dashed line) for the dry experiment with an ML depth of 50 hPa.
Contour interval is 2% of the angular momentum of the solid earth
at the equator and 4 3 1011 kg s21 for the streamfunction. (bottom)
Meridional wind velocity at 987.5 hPa for an ML depth of 50 hPa.

of precipitation is present on the southern (winter) side
of the equator.
Finally, to underline the differences between the dry

and moist dynamics, an additional run is performed in
which the moist dynamics are replaced by a simple re-
laxation toward the radiative–convective equilibrium
profile. The radiative–convective equilibrium used here
corresponds to the same SST distribution and the same
Newtonian cooling as the moist simulations. The over-
turning for a ML depth of 50 hPa is shown in Fig. 9.
An equatorial jump is also present in the dry simulation.
However, while the jump in the moist case easily reaches
the middle troposphere, the ascent is limited in the dry
case, with air barely rising above the ML. A similar
feature can be observed in the simulations presented by
Plumb and Hou (1992).

4. Moist convection and equatorial ascent
The dynamical constraints on the PBL flow apply

equally to dry and moist atmospheres. Indeed, both dry
and moist simulations exhibit an equatorial jump. How-
ever, the ascent is much shallower in the dry circulation,
barely rising above the PBL. The role of moist con-
vection in strengthening and deepening the equatorial
ascent is now discussed.
Consider first the dry case. The equatorial jump can

be viewed as a small perturbation on a direct overturning
cell for which all the return flow takes place in the ML.
The discussion in section 2 indicates that the meridional
pressure gradient can be insufficient to drive the cross-
equatorial flow. Let us define F as the net, unbalanced,
acceleration toward the winter hemisphere in the ML:

1 ]F
21F 5 2 f u 2 2 t y . (31)b b)a ]f b

One can compute the atmospheric response to a forcing
F in the boundary layer. Assuming that the flow behaves

linearly in the equatorial region, one can then view the
atmospheric circulation as the superposition of a Hadley
cell and an equatorial jump resulting from the excess
surface friction at the lower boundary. For simplicity,
the equations of motion [(4)–(7)] and the potential tem-
perature equation (13) are linearized for a reference at-
mosphere at rest, and the spherical geometry is replaced
by a beta-plane approximation. This yields

f y 2 gu 5 0, (32)
2] F9 2 fu 5 0, (33)y

] uw 5 2au9, (34)z*

] pw 1 ] py 5 0, and (35)z* y

u9
] F9 5 g* . (36)z* u

Pauluis 2004 

Deep BL and/or strong T gradient Shallow BL and/or weak T gradient

Single ITCZ
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FIG. 7. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 108N.

FIG. 8. Same as in Fig. 3 but for an ML depth of 100 hPa, and a
maximum SST at 208N.

FIG. 9. (top) Angular momentum (solid line) and streamfunction
(dashed line) for the dry experiment with an ML depth of 50 hPa.
Contour interval is 2% of the angular momentum of the solid earth
at the equator and 4 3 1011 kg s21 for the streamfunction. (bottom)
Meridional wind velocity at 987.5 hPa for an ML depth of 50 hPa.

of precipitation is present on the southern (winter) side
of the equator.
Finally, to underline the differences between the dry

and moist dynamics, an additional run is performed in
which the moist dynamics are replaced by a simple re-
laxation toward the radiative–convective equilibrium
profile. The radiative–convective equilibrium used here
corresponds to the same SST distribution and the same
Newtonian cooling as the moist simulations. The over-
turning for a ML depth of 50 hPa is shown in Fig. 9.
An equatorial jump is also present in the dry simulation.
However, while the jump in the moist case easily reaches
the middle troposphere, the ascent is limited in the dry
case, with air barely rising above the ML. A similar
feature can be observed in the simulations presented by
Plumb and Hou (1992).

4. Moist convection and equatorial ascent
The dynamical constraints on the PBL flow apply

equally to dry and moist atmospheres. Indeed, both dry
and moist simulations exhibit an equatorial jump. How-
ever, the ascent is much shallower in the dry circulation,
barely rising above the PBL. The role of moist con-
vection in strengthening and deepening the equatorial
ascent is now discussed.
Consider first the dry case. The equatorial jump can

be viewed as a small perturbation on a direct overturning
cell for which all the return flow takes place in the ML.
The discussion in section 2 indicates that the meridional
pressure gradient can be insufficient to drive the cross-
equatorial flow. Let us define F as the net, unbalanced,
acceleration toward the winter hemisphere in the ML:
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21F 5 2 f u 2 2 t y . (31)b b)a ]f b

One can compute the atmospheric response to a forcing
F in the boundary layer. Assuming that the flow behaves

linearly in the equatorial region, one can then view the
atmospheric circulation as the superposition of a Hadley
cell and an equatorial jump resulting from the excess
surface friction at the lower boundary. For simplicity,
the equations of motion [(4)–(7)] and the potential tem-
perature equation (13) are linearized for a reference at-
mosphere at rest, and the spherical geometry is replaced
by a beta-plane approximation. This yields

f y 2 gu 5 0, (32)
2] F9 2 fu 5 0, (33)y

] uw 5 2au9, (34)z*

] pw 1 ] py 5 0, and (35)z* y
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Theories for ITCZ position

1) Thermodynamic theories:
• Convective QE predicts ITCZ to be colocated with maximum in lower-level 

MSE (local forcing)
• Atmospheric energy budget emphasizes anti-correlation between the 

cross-equatorial atmospheric energy transport and the ITCZ location 
(remote forcing)

2) Dynamic theories:
• Angular-momentum conserving theories of Hadley cells
• (Boundary-layer momentum budget)

Is there really no role for BL dynamical constraints on the ITCZ 
position?



Simulations with an aquaplanet GCM

Model: Idealized Caltech GCM (e.g, O’Gorman and Schneider 2008, Bordoni 
and Schneider 2008)

• Simplified Betts-Miller convection 
scheme;

• Grey radation (no clouds, no water 
vapor feedback);

• Slab ocean;
• Seasonal cycle of insolation with 360 

days

• Aquaplanet with different mixed layer 
depths (Aqua20m, Aqua10m, 
Aqua0.2m)

Longitude
Mixed layer depth: 
20/10/0.2 m

Eq

Experimental design:



Simulations with an aquaplanet GCM
Aqua20m

Aqua10m

Aqua0.2m

Contour: 

Shading: Precip
hvhi

Wei and Bordoni 2018, in press



Simulations with an aquaplanet GCM
Aqua20m

Aqua10m

Aqua0.2m

Contour: 

Shading: Precip
hvhi

Wei and Bordoni 2018, in press

The EFE always leads the
ITCZ, even in the simulation
with the shallowest mixed layer
depth



Simulations with an aquaplanet GCM
Aqua20m

Aqua10m

Aqua0.2m

Contour: 

Shading: Precip
hvhi

Wei and Bordoni 2018, in press

Phase&(day) EFE Pmax EFE/Pmax

Aqua20m 136 198.55 /62.55
Aqua10m 121.9 162.45 /40.55
Aqua0.2m 90.65 119.1 /28.45

Latitude



Simulations with an aquaplanet GCM
Aqua20m

Aqua10m

Aqua0.2m

Contour: 

Shading: Precip
hvhi

Wei and Bordoni 2018, in press

Phase&(day) EFE Pmax EFE/Pmax

Aqua20m 136 198.55 /62.55
Aqua10m 121.9 162.45 /40.55
Aqua0.2m 90.65 119.1 /28.45

Latitude

There are times during the
seasonal cycle when EFE and
ITCZ reside on opposite sides of
the equator.



Seasonal cycle of EFE and ITCZ

Wei and Bordoni 2018, in press

SWTOA LWTOA

Fsfc

Energy budget

Strong divergence occurs in regions of positive net 
energy input



Seasonal cycle of EFE and ITCZ

Wei and Bordoni 2018, in press

SWTOA LWTOA

Fsfc

Energy budget

Strong divergence occurs in regions of positive net 
energy input

Energy flux equator is a meridional integral measure



Seasonal cycle of EFE and ITCZ

Wei and Bordoni 2018, in press

Contour: 

Shading: NEIeff
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Seasonal cycle of EFE and ITCZ

Wei and Bordoni 2018, in press

EFE

ITCZ

Aqua20m

Phase offset between EFE and ITCZ arises from phase offset between
insolation and surface temperature



What happens when EFE and ITCZ are in opposite hemisphere?

Wei and Bordoni 2018, in press

Aqua20m

EFE

Poleward boundary of the cross-equatorial Hadley cell

ITCZ 



What happens when EFE and ITCZ are in opposite hemisphere?

Wei and Bordoni 2018, in press

Expanding Retreating

Meridional velocity

MSE



Role for BL dynamics?

Wei and Bordoni 2018, in press

Near-surface T Near-surface MSE

T gradient T Lapacian



Role for BL dynamics?

Wei and Bordoni 2018, in press

Near-surface T Near-surface MSE

T gradient T Lapacian

Stronger Laplacian of temperatures favors more bottom-heavy vertical
profiles (e.g., Back and Bretherton 2006)



Summary

Importance of changes in efficieny of energy transport through changes in 
vertical circulation structure on seasonal timescales



Is the ITCZ always controlled by MSE maximum?

Aqua0.2m



Double ITCZ and jumping behavior



Role of temperature gradients



Conclusions

• Controls on ITCZs are still unclear;
• Thermodynamics theories do not always control the ITCZ position;
• Dynamical factors do play a role; 
• Consideration of boundary layer dynamics might prove useful to 

understand ITCZ migrations. 


