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Why is the maximum precipitation (ITCZ) north of the equator?
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Data source: ERA-I Maximum precipitation is co-located with ascending branch of the Hadley cell



Tropical precipitation

Data source: GPCP



The solstice seasons

Data source: GPCP



The solstice seasons

Data source: GPCP



Monsoons are part of the atmospheric overturning

July zonal mean
Cross-equatorial

Hadley cell



Monsoons are part of the atmospheric overturning

July zonal mean July mean over Indian monsoon sector

Cross-equatorial
Hadley cell

Cross-equatorial monsoon cell



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

Monsoons are part of the atmospheric overturning

July zonal mean July mean over Indian monsoon sector

Cross-equatorial
Hadley cell

Cross-equatorial monsoon cell

e.g, Walker, Bordoni & Schneider (2015), Walker & Bordoni (2016)
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Figure 1. (a) Di↵erence in precipitation (colors, mm/day) and 850-hPa wind speed (ar-

rows, m/s) between Northern Hemisphere summer (defined as June-September) and Southern

Hemisphere summer (defined as December-March). (c) and (e) show Northern and Southern

Hemisphere summer precipitation and wind respectively. (b), (d) & (f) are as (a), (c) & (e) but

for shoulder seasons defined as October & November and April & May. Black arrows in (a) in-

dicate where the wind direction changes seasonally by more than 90�, where this criteria is not

met arrows are gray. The magenta contour in (a), (c) & (e) indicates regions where local summer

minus winter precipitation exceeds 2 mm/day and summer accounts for at least 55% of the an-

nual total precipitation (cf. B. Wang & Ding, 2008; P. X. Wang et al., 2014). The extent of these

regions does not change critically if these criteria are varied. Yellow boxes in (a) approximate

these regions for use in Fig. 3.

For practical purposes, such as agriculture, it has generally been of interest to ex-64

plore the controls on seasonal rainfall at a regional scale. However, empirical orthogo-65

nal function (EOF) analyses of the annual cycle of the global divergent circulation (Tren-66

berth, Stepaniak, & Caron, 2000) and of precipitation and lower-level winds (e.g., Fig.67

2) reveal a dominant, global-scale solstitial mode, driven by the annual cycle of insola-68

tion: the Global Monsoon. On interdecadal to intraseasonal timescales, the local mon-69

soons appear to behave largely as distinct systems, albeit with some degree of coordi-70

nation via teleconnections to ENSO (B. Wang, Liu, Kim, Webster, & Yim, 2012; Yim,71

Wang, Liu, & Wu, 2014). For example, interannual variability in precipitation shows weak72

correlation between regions (Fig. 3). Note that even within an individual region, the dom-73

inant mode of interannual variability may have spatial structure, so that precipitation74

–3–
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The global monsoon

Data source: GPCP, JRA-55

Monsoons are dominant circulation features of the tropics and subtropics, characterized 
by rainy summers and dry winters, and accompanied by a reversal of the prevailing 
winds. 



The global monsoon
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Figure 2. (a–c) The spatial patterns of the first three multi-variable empirical orthogonal

functions of the climatological monthly mean precipitation (colors, mm/day) and winds (ar-

rows, m/s) at 850 hPa, and (d) their corresponding normalized principal components. Winds

with speed less than 1 m/s are omitted. From B. Wang and Ding (2008). ©Elsevier. Used with

permission.

does not vary coherently across the domain (e.g., Goswami & Ajaya Mohan, 2001). As75

paleoclimate proxy datasets have become more comprehensive and reliable, it has be-76

come possible to investigate monsoon variability on longer timescales. For example, Fig.77

4 shows that there were coherent millennial-scale abrupt changes in precipitation through-78

out the tropics and subtropics associated with Heinrich events: sudden discharges of ice79

from the Laurentide ice sheet that flood the North Atlantic with freshwater (Heinrich,80

1988; Hemming, 2004), and Dansgaard-Oeschger (D–O) cycles: a mode of natural vari-81

ability that is manifest during (at least) the last ice age. A millennial-scale D–O cycle82

includes abrupt changes in North Atlantic sea ice extent (see Dansgaard et al., 1993; Dokken,83

Nisancioglu, Li, Battisti, & Kissel, 2013, and references therein). Modeling studies re-84

produce these hydrologic changes and demonstrate they are due to sudden changes in85

sea ice extent in the North Atlantic (see Pausata, Battisti, Nisancioglu, & Bitz, 2011;86

Atwood, Donohoe, Battisti, Liu, & Pausata, 2020 and references therein). On longer timescales87

(⇠23–26 kyr), the isotopic composition of the aragonite forming stalagmites through-88

out the tropics is strongly related to orbitally induced changes in insolation (see, e.g.,89

Fig. 5). Simulations using isotope-enabled climate models reproduce these proxy data90

and demonstrate that precession causes coordinated, pan-tropical changes in the strength91

of the monsoons (accentuated in times of high orbital eccentricity) (Battisti, Ding, & Roe,92

2014; Liu, Battisti, & Donohoe, 2017).93

–4–

EOF analyses of the annual cycle of the precipitation and lower-level winds reveal a 
dominant, global-scale solstitial mode, driven by the annual cycle of insolation: the 
Global Monsoon. 

e.g., Wang and Ding 2008



Rethinking monsoons

Ruddiman (2007)



Rethinking monsoons

Ruddiman (2007)
Monsoons are NOT land-sea breeze circulations driven by near-surface meridional 
temperature gradients!



As part of the large-scale tropical overturning, monsoons participate to large-scale 
transports of energy and angular momentum. In particular, monsoons NEED to transport 
energy from the summer into the winter hemisphere. 

Monsoons as cross-equatorial Hadley circulations

hb



Constraints from conservation of angular momentum and modern views of convection 
establish link between the circulation and the distribution of low-level moist static energy

Maxima of Tu and hb
coincide at poleward 
edge of cell

e.g., Lindzen and Hou (1988), Emanuel et al. (1994), Emanuel (1995), Prive and Plumb (2007), Nie et al. (2010)

Monsoons as cross-equatorial Hadley circulations

hb
h = cpT + gz + Lvq
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Observational evidence

(Figures 13e and 13f). Further discussion of these regions is given in section 4.1.3. It is also worth noting that
while CQE does not hold in all locations, tropical precipitation is generally located close to or just
equatorward of the maximum θeb throughout the year (see Figure 13). θeb appears a useful indicator of
where precipitation will fall, even where this does not take the form of intense, deep convection in a
monsoonal overturning circulation. Over ocean this is unsurprising, as θeb is strongly coupled to the SST.
However, that this holds over land reinforces the emerging view of monsoon precipitation being governed
by MSE, rather than surface temperature.

Also consistent with the idealized modeling work, seasonal changes in the character of the overturning
circulation have been observed in the regional monsoons. The Hadley circulation over the South Asian
monsoon region in particular has been highlighted as showing rapid transitions between an eddy‐driven
and an angular momentum conserving Hadley circulation that are similar to those seen in aquaplanet
simulations. In this region, precipitation migrates rapidly off the equator to ∼25° and the summertime cir-
culation is nearly angular momentum conserving (Bordoni & Schneider, 2008; Geen et al., 2018; Walker
& Bordoni, 2016). To give an indication of other regions where angular momentum conservation may apply,
Figure 14 shows the local overturning circulation, defined using the divergent component of the meridional
wind (e.g., Schwendike et al., 2014; Zhang & Wang, 2013) for each of the monsoon regions marked in
Figure 1. Angular momentum contours are plotted in gray. The upper‐level summertime overturning circu-
lation becomes roughly aligned with angular momentum contours in the deep tropics in the South Asian,
West and Southern African monsoon regions. In contrast, the overturning circulations over Australia
and the Americas are not angular momentum conserving, even very close to the equator. The case of

(a)

(b)

(c)

(d)

(e)

(f)

Figure 13. Evaluation of CQE for the (a) South Asia, (b) Northern Africa, (c) North America, (d) Australia, (e) Southern
Africa, and (f) South America monsoons. Colors show subcloud equivalent potential temperature, θeb. The black
contour is the free‐troposphere saturation equivalent potential temperature, θ∗e , averaged from 200 to 400 hPa.
The white contour indicates the region that has precipitation greater than 6mm/day. The θ∗e contours start from (a) 345
K, (b) 340 K, (c) 340 K, and (d–f) 341 K, and the respective interval is (a) 1 K, (b) 1 K, and (c–f) 0.5 K. Adapted from
Nie et al. (2010). ©American Meteorological Society. Used with permission.
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Also on interannual timescales

Walker et al. (2015)

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.

3738 JOURNAL OF CL IMATE VOLUME 28
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characterized by a weaker near-
surface meridional temperature 
gradient



And on intreaseasonal timescales

Walker and Bordoni (2016)



And on intreaseasonal timescales

Walker and Bordoni (2016)

qeb

Tb

Day 0 Day 15 – 0 anomaly



Monsoons can exist over an aquaplanet

Indian monsoon

Shallow mixed layer
(0.5 m)

Deep mixed layer
(50 m)

momentum, water and 
heat

advection

convection
solar 
radiation

terrestrial 
radiation

Bordoni and Schneider (2008)



Aquaplanet monsoons

Equator

30N

30S

Aquaplanet Observations

Adapted from Bordoni and Schneider (2008)



Aquaplanet monsoons

Adapted from Bordoni and Schneider (2008)

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



Aquaplanet monsoons

Equator

30N

30S

Aquaplanet Observations

Adapted from Bordoni and Schneider (2008)

Monsoons over aquaplanets can only be simulated over shallow oceans. This suggests that land is 
a driver of monsoons in that it provides a surface with low enough thermal inertia, rather than 
driving near-surface temperature gradients. 



Aquaplanet monsoons

Geen et al. (2019)

The peak migration rate increases with season length
up to the control, then decreases as the planet’s orbit
rate slows further. The rate of movement as the ITCZ
crosses the equator is used as an indicator for the rate
of ITCZ migration at other times of year than during
the regime change, and is seen to decrease as the orbital
period is slowed.
To assess over which sections of the annual cycle the

rate of movement of the ITCZ scales with the rate of
change of the insolation, Figs. 2d and 2e show equiva-
lent plots to Figs. 2a and 2b, but with the ITCZ mi-
gration rate scaled by P/PE. Aside from during the
regime transition, the trajectories for the three slowest
orbiting experiments overlap throughout the year, and

the red circles in Fig. 2e now level out at a value of
0.258day21. This shows that for a sufficiently long year
length, in both the equinoctial and solstitial regimes,
the rate of ITCZ migration is directly proportional
to the rate of change of the solar forcing. In contrast,
the peak rates, which occur over monsoon onset, do not
scale proportionately to the orbital period, with the
scaled peak rates continuing to increase with year
length. Over onset, the ITCZ migration rate is there-
fore not purely forced by insolation, and is fast relative
to this, indicating that a positive feedback occurs once
the ITCZ moves some distance from the equator. We
note that the difference in behavior for the shorter year
lengths indicates that scaling the mixed layer depth

FIG. 2. (a) Latitude of the precipitation centroid (8) vs rate of movement of the precipitation centroid (8 day21)
for the opX experiments, in which the aquaplanet’s orbital period and mixed layer depth are multiplied by a factor
X5 P/PE (see Table 1). The control experiment is indicated by the heavy black line. (b) ITCZ migration rate as a
function of P/PE. Black circles indicate the maximum rate for each run, and red circles indicate the rate at the
equator. (c) Maximum latitude the ITCZ reaches (red circles) and latitude at which the peak rate of ITCZ mi-
gration occurs (black circles). (d),(e) As in (a) and (b), respectively, but with the rate of movement of the pre-
cipitation centroid now also scaled by X. Lines in (b), (c), and (e) indicate the 95% confidence interval evaluated
using a bootstrapping technique.
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In aquaplanet simulations, the convergence zone migrates poleward fastest at a latitude of ~ 7o, 
suggesting this to be the poleward limit of a near-equatorial ITCZ. Beyond this latitude, there is a 
rapid transition into a monsoon regime with convergence zone at subtropical latitudes. 



Monsoons over idealized continents

Hui and Bordoni (2021)



Implications for “real” monsoons

1. Monsoons cannot be thought of as large-scale sea breeze circulations driven by 
thermal contrast between the land and the ocean;

2. Monsoons are intimately connected to the tropical overturning; as regional Hadley 
cells, they need to satisfy large-scale constraints implicated by the energy and 
angular momentum budgets;

3. Monsoons and oceanic ITCZs are manifestation of the ascending branches of 
regional Hadley cells. The presence of land over monsoon regions allows for 
more pronounced responses to the insolation forcing, which leads to more non-
linear cross-equatorial monsoonal circulations; 

4. Importantly, the ITCZ and the monsoon regimes differ in their dominant angular 
momentum budget.



The angumal momentum budget

The large-scale circulation needs to satisfy the angular momentum budget, which in 
steady state in the upper branch of the circulation is 

with local Rossby number

When the angular momentum budget reduces to     and 
the circulation strength is directly constrained by the large-scale eddies. 

When the angular momentum budget reduces to a trivial balance, 
with no constraint on the circulation strength, which responds directly to the energy 
balance and which conserves angular momentum. 



Monsoons vs ITCZ

Geen et al. (2020)
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Figure 8. Schematic illustration of the two regimes of the meridional overturning circulation

identified in aquaplanets (Bordoni & Schneider, 2008; Schneider & Bordoni, 2008). The gray

cloud denotes clouds and precipitation, red contours denote streamfunction. (a) Convergence

zone is an ITCZ located near to the Equator, and approximately co-located with the peak SST.

Hadley cells are significantly eddy driven, as indicated by the helical arrow. (b) Convergence

zone is monsoon-like, located farther from the Equator, with the mid-tropospheric zero contour

of the streamfunction aligned with the MSE maximum (Privé & Plumb, 2007b) and precipi-

tation falling just equatorward of this. The winter Hadley cell crosses the Equator and is near

angular-momentum conserving, with eddies only weakly influencing the overturning strength.

The summer Hadley cell is comparatively weak, if present at all. Known physics of these regimes

is summarized in Table 1. Illustration by Beth Tully.

2.1.3 Hadley cell regimes and cell extent343

The idealized modeling work discussed above indicates that the Hadley cells in an344

aquaplanet change their circulation regime over the course of the year, shifting rapidly345

between an eddy-driven ‘ITCZ’ regime and a near angular momentum conserving ‘mon-346

soon’ regime. In addition, that the cross-equatorial Hadley cell approaches angular mo-347

mentum conservation suggests that axisymmetric theories (e.g., Eq. 7) might not be ap-348

plicable to the understanding of the zonal and annual mean Hadley cell, but might pro-349

vide important constraints on monsoonal circulations, which do approach an angular mo-350

mentum conserving state. The relationship between these two regimes and the latitude351

of the convergence zone raises further questions: How far into the summer hemisphere352

must the Hadley cell extend for the regime transition, and associated rapid shift in con-353

vergence zone latitude, to occur? Does the latitude at which the convergence zone shifts354

from being governed by ‘ITCZ’ to ‘monsoon’ dynamics in aquaplanets relate to the ob-355

served latitudes of the ITCZs and monsoons? If the upward branch of the Hadley cell356

follows the peak in MSE (Privé & Plumb, 2007a), what governs the extent of the cross-357

equatorial cell, e.g., is a pole-to-pole cell possible?358

Geen et al. (2019) investigate the first of the above questions. By running aqua-359

planet simulations under a wide range of conditions, including di↵erent slab ocean depths,360

year lengths, and rotation rates, they investigated how the convergence zone latitude and361

migration rate were related, and how these factors varied over the year. They found that,362

at Earth’s rotation rate, the convergence zone appeared least stable (migrated poleward363

fastest) at a latitude of 7�, suggesting that, in an aquaplanet, this may be the poleward364

limit of the rising branch of an eddy-driven overturning circulation; i.e., the poleward365

–14–

• Small Rossby number
• Linear regime
• Circulation responds 

directly to changes in 
large-scale eddies

• Large Rossby number
• Non-linear regime
• Circulation responds 

directly to the energetics
• Circulations approaches 

AM conservation 
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Table 1. Characteristics of Hadley cell regimes associated with the limits of Eq. 4. The transi-

tion between the two regimes is determined by the criteria in Eq. 7.

Regime

Property ITCZ Monsoon

Position of convergence zone Within ⇠ 10� of the Equator Subtropics, up to ⇠ 30�N/S

Physics setting convergence Under development Under development
zone position

Strength of overturning cell/ Eddy momentum fluxes Energetic controls (still
precipitation under development)

2.1.4 Extratropical limit to monsoons405

The application of the theoretical concepts discussed in Sections 2.1.1 and 2.1.2 to406

Hadley cell extent has been addressed in recent work by Faulk et al. (2017), Hilgenbrink407

and Hartmann (2018), Hill et al. (2019) and Singh (2019). Faulk et al. (2017) performed408

a series of simulations using an eddy-permitting aquaplanet model in which they var-409

ied rotation rate under seasonally varying insolation. They found that, at Earth’s ro-410

tation, the MSE maximized at the summer pole, but the convergence zone did not mi-411

grate poleward of ⇠ 25� from the Equator even in perpetual solstice simulations, con-412

trary to expectations from Privé and Plumb (2007a). The influence of eddies on the cross-413

equatorial circulation was found to be weak, consistent with the suppression of eddies414

by upper-level easterlies (Bordoni & Schneider, 2008; Schneider & Bordoni, 2008) and415

justifying the use of axisymmetric based considerations as a starting point for understand-416

ing the cell extent. Faulk et al. (2017) found that a Hadley circulation existed over the417

latitudes where the curvature of ✓eb was supercritical (see Eq. 7), with the curvature sub-418

critical in the extratropics.419

While these studies have provided novel insight into important features of cross-420

equatorial Hadley cells, prognostic theories for their poleward boundary (the zero stream-421

function contour) in the summer hemisphere have yet to emerge. Singh (2019) investi-422

gated the limitations of CQE-based predictions based on the lower-level MSE maximum.423

The vertical instability addressed by CQE is not the only form of convective instabil-424

ity in the atmosphere. If vertical wind shear is strong, CQE predicts an unstable state425

in which potential energy is released when saturated parcels move along slantwise paths,426

along angular momentum surfaces (Emanuel, 1983a, 1983b). Singh (2019) showed that427

the extent of the perpetual solstitial overturning cell can be accurately estimated by as-428

suming that the large-scale circulation adjusts the atmosphere towards a state that is429

neutral to this slantwise convection. When the peak in subcloud moist entropy is rel-430

atively close to the Equator, the cell boundary is near vertical and the atmosphere is near431

CQE, and this reduces to the condition of Privé and Plumb (2007a).432

Notably, this developing body of literature indicates that the planetary rotation433

rate determines the latitudinal extent of the Hadley cell, potentially limiting the max-434

imum latitudinal extent of a monsoon circulation. This might provide a guideline for dis-435

tinguishing a monsoon associated with a cross-equatorial Hadley cell and governed by436

eddy-less, angular momentum conserving dynamics, where the convergence zone is lo-437

cated in the subtropics (⇠ 20�25� latitude, e.g., South Asia) from a monsoon that is438

strongly influenced by extratropical processes, where summer rainfall is observed at even439

higher latitudes (e.g., 35� in East Asia).440
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Figure 8. Schematic illustration of the two regimes of the meridional overturning circulation

identified in aquaplanets (Bordoni & Schneider, 2008; Schneider & Bordoni, 2008). The gray

cloud denotes clouds and precipitation, red contours denote streamfunction. (a) Convergence

zone is an ITCZ located near to the Equator, and approximately co-located with the peak SST.

Hadley cells are significantly eddy driven, as indicated by the helical arrow. (b) Convergence

zone is monsoon-like, located farther from the Equator, with the mid-tropospheric zero contour

of the streamfunction aligned with the MSE maximum (Privé & Plumb, 2007b) and precipi-

tation falling just equatorward of this. The winter Hadley cell crosses the Equator and is near

angular-momentum conserving, with eddies only weakly influencing the overturning strength.

The summer Hadley cell is comparatively weak, if present at all. Known physics of these regimes

is summarized in Table 1. Illustration by Beth Tully.

2.1.3 Hadley cell regimes and cell extent343

The idealized modeling work discussed above indicates that the Hadley cells in an344

aquaplanet change their circulation regime over the course of the year, shifting rapidly345

between an eddy-driven ‘ITCZ’ regime and a near angular momentum conserving ‘mon-346

soon’ regime. In addition, that the cross-equatorial Hadley cell approaches angular mo-347

mentum conservation suggests that axisymmetric theories (e.g., Eq. 7) might not be ap-348

plicable to the understanding of the zonal and annual mean Hadley cell, but might pro-349

vide important constraints on monsoonal circulations, which do approach an angular mo-350

mentum conserving state. The relationship between these two regimes and the latitude351

of the convergence zone raises further questions: How far into the summer hemisphere352

must the Hadley cell extend for the regime transition, and associated rapid shift in con-353

vergence zone latitude, to occur? Does the latitude at which the convergence zone shifts354

from being governed by ‘ITCZ’ to ‘monsoon’ dynamics in aquaplanets relate to the ob-355

served latitudes of the ITCZs and monsoons? If the upward branch of the Hadley cell356

follows the peak in MSE (Privé & Plumb, 2007a), what governs the extent of the cross-357

equatorial cell, e.g., is a pole-to-pole cell possible?358

Geen et al. (2019) investigate the first of the above questions. By running aqua-359

planet simulations under a wide range of conditions, including di↵erent slab ocean depths,360

year lengths, and rotation rates, they investigated how the convergence zone latitude and361

migration rate were related, and how these factors varied over the year. They found that,362

at Earth’s rotation rate, the convergence zone appeared least stable (migrated poleward363

fastest) at a latitude of 7�, suggesting that, in an aquaplanet, this may be the poleward364

limit of the rising branch of an eddy-driven overturning circulation; i.e., the poleward365
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Implications for “real” monsoons

1. Monsoons cannot be thought as large-scale sea breeze circulations driven by 
thermal contrast between the land and the ocean;

2. Monsoons are intimately connected to the tropical overturning; as regional Hadley 
cells, they need to satisfy large-scale constraints implicated by the energy and 
angular momentum budgets;

3. Monsoons and oceanic ITCZs are manifestation of the ascending branches of 
regional Hadley cells. The presence of land over monsoon regions allows for 
more pronounced responses to the insolation forcing, which leads to more non-
linear cross-equatorial monsoonal circulations; 

4. Importantly, the ITCZ and the monsoon regimes differ in their dominant angular 
momentum budget; 

5. Consequences of these emerging theoretical views on observed monsoons and 
how they respond to perturbations on different timescales are currently being 
investigated. 



The overturning circulation in the South Asian and South African monsoon approaches 
conservation of angular momentum. Stronger deviations in other monsoon regions, especially 
Australia and the Americas.

But there is some observational evidence

Geen et al. (2020)

Australia highlights that regions where CQE applies may not reflect those where the circulation conserves
angular momentum.

Findings from aquaplanets show consistency with climatological behavior of some regional monsoons,
although it is clear that there is still more to be learned. Awareness of the relevance of the lower‐level
MSE and upper‐level wind structures to the meridional overturning circulation may additionally help in
understanding present day variability of the monsoons and model projections of future climate. For exam-
ple, Hurley and Boos (2013) used reanalysis and observational data sets to explore whether variability in
monsoon precipitation could be connected to variability in θeb, as expected theoretically in a monsoon cir-
culation. Even removing the signal of variability linked to ENSO, they found that positive precipitation
anomalies in the American, African, South Asian and Australian monsoons were associated with enhanced
θeb, consistent with previous findings over West Africa (Eltahir & Gong, 1996). In addition, variability in θeb
was found to be due primarily to variability in moisture rather than in temperature, with strong monsoon
years associated with enhanced specific humidity near the climatological θeb maximum, with temperature
anomalies of the opposite sign (see also Walker et al., 2015). This clearly contradicts the classical sea breeze
view of the monsoons but is consistent with the CQE perspective. Shaw and Voigt (2015) showed that the
CQE perspective can help to explain the weak response of the Asian monsoons to global warming seen in
climate model projections. Using data from the Atmospheric Model Intercomparison Project (AMIP) experi-
ments, they compared the circulation response to a quadrupling of CO2 with fixed SSTs (AMIP4xCO2) with
the response to a uniform 4 K increase in SST (expected due to a 4 times increase in CO2) but with no CO2

increase (AMIP4K). They found that the CO2 forcing led to θeb changes that supported a more intense mon-
soon, but the SST forcing led to opposite θeb changes which, they argued, led to a weak net response to an
increase in CO2.

The tight, albeit diagnostic, relationship between lower‐level MSE and precipitation (Figure 13) makes
assessment of the influence of forcings or teleconnections on the MSE budget (e.g., via advection and
enhanced evaporation) an intuitive focus for research into monsoon variability and future change. The con-
nection to the upper‐level momentum budget and Hadley cell regimes has not yet been so comprehensively
investigated. However, it has been observed that anomalous upper‐level easterlies and westerlies are asso-
ciated with anomalous upper‐level divergence and convergence in monsoon regions in a sense that is con-
sistent with the aquaplanet regimes. For example, on intraseasonal and interannual time scales over
South Asia andWest Africa, anomalously wet conditions are associated with easterly upper‐level zonal wind
anomalies, westerly lower‐level zonal wind anomalies, and expansion and strengthening of the meridional
overturning, with the opposite applying in dry phases (Goswami & Ajaya Mohan, 2001; Sultan &
Janicot, 2003; Walker et al., 2015). However, these circulations are zonally confined, and terms in the
momentum budget that are trivially 0 in an aquaplanet might play a more dominant role. More work is

Figure 14. Black contours show local summer (June–September or December–March) meridional overturning
circulations for South Asia (70–100°E), West Africa (10°W to 30°E), North America (85–115°W), Australia (115–155°E),
South Africa (10–50°E), and South America (40–70°W). This is computed by vertically integrating the divergent
component of the meridional wind, averaged in longitude, from the top of the atmosphere to the surface (cf. Schwendike
et al., 2014; Zhang & Wang, 2013). Shading shows zonal wind. Light gray contours indicate absolute angular
momentum per unit mass, with contours at Ωa2cos2ϕiðϕi ¼ 0∘; ±5∘ ± 10∘; …Þ.
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The presence of multiple precipitation peaks suggest changes in the precipitation (and circulation) 
regime over the year in South Asia, Australia, Southern Africa and West African.

But there is some observational evidence

Geen et al. (2020)



Summary

1. Theory suggests monsoons and ITCZs can be interpreted as different regimes of 
the tropical overturning circulation and associated convergence zone, with the 
monsoon regime being characterized by an angular momentum conserving 
circulation extending into the subtropics and coupled to the lower-level moist static 
energy distribution, and the ITCZ regime being characterized by an eddy-driven 
cell with ascending branch remaining close to the equator. 

2. The differing leading order momentum budget suggests different responses of 
these two regimes to different forcings;

3. Observed regional systems can be differentiated and characterized in terms of 
these two theoretical regimes (at least to some extent);

4. Implications for their behavior on different timescales are only now beginning to 
be explored, but this seems to be a very promising avenue of future 
investigations. 



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

Atmospheric energy balance and dynamics
Energy flux equator and ITCZ position
Although the air masses diverging in the upper troposphere above the ITCZ
are cooler and drier than those converging near the surface, their potential
energy is greater, such that their moist static energy—the energy relevant
for transport considerations— is generally greater than that of the near-
surface air masses33,34. Therefore, vertically integrated over atmospheric
columns, deep overturning circulations such as the Hadley circulation trans-
port energy in the direction of their upper branches: away from the ITCZ
(Fig. 1b). Averaged over a span of longitudes wide enough that one can focus
on meridional fluxes, the ITCZ can be expected to lie near the ‘‘energy flux
equator’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is usually positive, mean-
ing that energy is exported out of the tropics (Fig. 1b)—one expects the energy
flux equator and the ITCZ to lie farther north the stronger southward is
the cross-equatorial energy flux F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (1)

connects the divergence of the atmospheric energy flux F to the net energy
input to the atmosphere, consisting of the net downward shortwave radi-
ation S at the top of the atmosphere, minus the outgoing longwave radia-
tion L and any ocean energy uptake O owing to transport or storage in the
oceans. Energy storage on land is negligible on timescales of seasons and
longer, as is storage in the atmosphere, at least in the tropics36, on which
we focus. Now we consider a zonal average over a span of longitudes (for
example, an ocean basin) sufficiently wide that zonal fluxes can be ignored.
By expanding the meridional energy flux F to first order in the latitude d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be sure, the energy flux equator is not as sharply
defined as is the ITCZ, because the nearly moist adiabatic thermal strati-
fication implies that the atmospheric energy flux near the ITCZ is weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, so equation (2) pro-
vides a starting point for understanding the ITCZ position quantitatively.

In the present climate in the zonal and annual mean, the atmosphere
transports 0.3 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly

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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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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Moist static energy is the relevant energy transported by large-scale circulations. It has larger 
values in the upper troposphere than close to the surface. 
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Moist static energy
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of this Review. What emerges is a framework that links ITCZ variations
to the energy input to and energy fluxes in the atmosphere. It allows us to
interpret ITCZ variations across timescales from years to geological epochs.

Atmospheric energy balance and dynamics
Energy flux equator and ITCZ position
Although the air masses diverging in the upper troposphere above the ITCZ
are cooler and drier than those converging near the surface, their potential
energy is greater, such that their moist static energy—the energy relevant
for transport considerations— is generally greater than that of the near-
surface air masses33,34. Therefore, vertically integrated over atmospheric
columns, deep overturning circulations such as the Hadley circulation trans-
port energy in the direction of their upper branches: away from the ITCZ
(Fig. 1b). Averaged over a span of longitudes wide enough that one can focus
on meridional fluxes, the ITCZ can be expected to lie near the ‘‘energy flux
equator’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is usually positive, mean-
ing that energy is exported out of the tropics (Fig. 1b)—one expects the energy
flux equator and the ITCZ to lie farther north the stronger southward is
the cross-equatorial energy flux F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (1)

connects the divergence of the atmospheric energy flux F to the net energy
input to the atmosphere, consisting of the net downward shortwave radi-
ation S at the top of the atmosphere, minus the outgoing longwave radia-
tion L and any ocean energy uptake O owing to transport or storage in the
oceans. Energy storage on land is negligible on timescales of seasons and
longer, as is storage in the atmosphere, at least in the tropics36, on which
we focus. Now we consider a zonal average over a span of longitudes (for
example, an ocean basin) sufficiently wide that zonal fluxes can be ignored.
By expanding the meridional energy flux F to first order in the latitude d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
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S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be sure, the energy flux equator is not as sharply
defined as is the ITCZ, because the nearly moist adiabatic thermal strati-
fication implies that the atmospheric energy flux near the ITCZ is weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, so equation (2) pro-
vides a starting point for understanding the ITCZ position quantitatively.

In the present climate in the zonal and annual mean, the atmosphere
transports 0.3 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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Figure 4 | Processes controlling zonal-mean ITCZ position. The lower
branches of the Hadley circulation (grey arrows) bring warm and moist air
masses towards the ITCZ, where they converge, rise and diverge as cooler and
drier air masses aloft. Because the moist static energy aloft is greater than near
the surface, the Hadley circulation transports energy away from the ITCZ.
Eddies transport that energy farther into the extratropics (red wavy arrows).
Hemispheric asymmetries in the energy export out of the tropics generally lead
to an energy flux that crosses the Equator. Currently, the energy export into
the extratropics in the south exceeds that in the north, leading to a southward
cross-equatorial energy flux (Fig. 5). This implies an ITCZ in the Northern
Hemisphere. Coupled to the Hadley circulation are mean zonal winds (red
arrows at the sea surface), which are easterly where the near-surface mass flux is
equatorward, and westerly where it is poleward. In the oceans, these zonal
winds drive subtropical cells, with near-surface mass flux to the right of zonal
winds in the Northern Hemisphere, and to the left in the Southern Hemisphere.
Water masses cool and sink along their way towards the Hadley circulation
termini and return below the sea surface (red and blue arrows). With mean
easterlies in the tropics, the returning cool water masses upwell at the Equator,
and the subtropical cells transport energy away from the Equator. But the
upwelling location can migrate with the ITCZ away from the Equator and can
dampen the ITCZ migration (Box 1).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. The energy flux data are from the ECMWF
interim reanalysis for 1998–2012, corrected as in ref. 37 and provided by the
National Center for Atmospheric Research. The light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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ITCZ and cross-equatorial energy transport

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

Atmospheric energy balance and dynamics
Energy flux equator and ITCZ position
Although the air masses diverging in the upper troposphere above the ITCZ
are cooler and drier than those converging near the surface, their potential
energy is greater, such that their moist static energy—the energy relevant
for transport considerations— is generally greater than that of the near-
surface air masses33,34. Therefore, vertically integrated over atmospheric
columns, deep overturning circulations such as the Hadley circulation trans-
port energy in the direction of their upper branches: away from the ITCZ
(Fig. 1b). Averaged over a span of longitudes wide enough that one can focus
on meridional fluxes, the ITCZ can be expected to lie near the ‘‘energy flux
equator’’21,22, where the atmospheric meridional energy flux F changes sign—
insofar as eddy contributions to the tropical atmospheric energy flux diver-
gence remain negligible30,33. Because the energy flux F usually increases going

northward in Earth’s tropics—its divergence div F is usually positive, mean-
ing that energy is exported out of the tropics (Fig. 1b)—one expects the energy
flux equator and the ITCZ to lie farther north the stronger southward is
the cross-equatorial energy flux F0 (Fig. 5). This is indeed what is seen in
observations and climate simulations20–30,32. Moreover, for a fixed cross-
equatorial energy flux F0, one expects the energy flux equator and the ITCZ
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy
flux with latitude (Fig. 5)35.

More precisely, the atmospheric energy balance33

div F 5 S – L – O (1)

connects the divergence of the atmospheric energy flux F to the net energy
input to the atmosphere, consisting of the net downward shortwave radi-
ation S at the top of the atmosphere, minus the outgoing longwave radia-
tion L and any ocean energy uptake O owing to transport or storage in the
oceans. Energy storage on land is negligible on timescales of seasons and
longer, as is storage in the atmosphere, at least in the tropics36, on which
we focus. Now we consider a zonal average over a span of longitudes (for
example, an ocean basin) sufficiently wide that zonal fluxes can be ignored.
By expanding the meridional energy flux F to first order in the latitude d
of the energy flux equator, we obtain 0 5 Fd < F0 1 (div F0)ad, where the
subscripts d and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving
for the energy flux equator gives35

d<{
1
a

F0

S0{L0{O0
ð2Þ

Hence, the energy flux equator, and approximately the ITCZ position,
depend to first order on the cross-equatorial atmospheric energy flux F0
and on the net energy input to the atmosphere at or near the Equator:
div F0 5 S0 2 L0 2 O0. To be sure, the energy flux equator is not as sharply
defined as is the ITCZ, because the nearly moist adiabatic thermal strati-
fication implies that the atmospheric energy flux near the ITCZ is weak34

(Fig. 1b). The energy flux equator also does not always coincide with the
ITCZ (over the annual cycle5,26 for example). But its meridional excursions
have magnitudes similar to those of the ITCZ5,22,35, so equation (2) pro-
vides a starting point for understanding the ITCZ position quantitatively.

In the present climate in the zonal and annual mean, the atmosphere
transports 0.3 6 0.2 PW of energy southward across the Equator (Fig. 5)30,37.
The net equatorial energy input to the atmosphere37 is 186 3 W m–2 (Fig. 1b).
With that, equation (2) implies an energy flux equator at 4uN 6 3u—broadly
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Figure 4 | Processes controlling zonal-mean ITCZ position. The lower
branches of the Hadley circulation (grey arrows) bring warm and moist air
masses towards the ITCZ, where they converge, rise and diverge as cooler and
drier air masses aloft. Because the moist static energy aloft is greater than near
the surface, the Hadley circulation transports energy away from the ITCZ.
Eddies transport that energy farther into the extratropics (red wavy arrows).
Hemispheric asymmetries in the energy export out of the tropics generally lead
to an energy flux that crosses the Equator. Currently, the energy export into
the extratropics in the south exceeds that in the north, leading to a southward
cross-equatorial energy flux (Fig. 5). This implies an ITCZ in the Northern
Hemisphere. Coupled to the Hadley circulation are mean zonal winds (red
arrows at the sea surface), which are easterly where the near-surface mass flux is
equatorward, and westerly where it is poleward. In the oceans, these zonal
winds drive subtropical cells, with near-surface mass flux to the right of zonal
winds in the Northern Hemisphere, and to the left in the Southern Hemisphere.
Water masses cool and sink along their way towards the Hadley circulation
termini and return below the sea surface (red and blue arrows). With mean
easterlies in the tropics, the returning cool water masses upwell at the Equator,
and the subtropical cells transport energy away from the Equator. But the
upwelling location can migrate with the ITCZ away from the Equator and can
dampen the ITCZ migration (Box 1).
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Figure 5 | Atmospheric meridional energy flux and energy flux equator.
The atmospheric moist static energy flux F in the zonal and annual mean in the
present climate (red line) is generally poleward, but it has a small southward
component F0 at the Equator. The energy flux equator is the zero of the energy
flux, which currently lies around d < 2.5u. Given the equatorial values of the
energy flux F0 and of its ‘slope’ with latitude div F0, the energy flux equator d
can be determined from F0 < –ad div F0, where a is Earth’s radius. For example,
if F0 increases (indicated schematically by the blue line), the energy flux equator
d moves southward. Similarly, if div F0 increases, the energy flux equator
moves towards the Equator. The energy flux data are from the ECMWF
interim reanalysis for 1998–2012, corrected as in ref. 37 and provided by the
National Center for Atmospheric Research. The light red shading indicates an
estimated 60.2 PW standard error (the actual uncertainty is poorly known).
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ITCZ 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

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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So far we have only talked about thermodynamics and energetics, but to understand 
the rapidity of monsoon transitions in aquaplanet simulations, we have to think about 
dynamics too. 

Let’s look at the zonal momentum budget (which one can show is equivalent to the 
angular momentum budget).

What drives rapid monsoon transitions in aquaplanet simulations 



The zonal momentum budget

Making the following assumptions:
1. Each variable can be decomposed in a mean an eddy term

2. Assuming continuity in both the mean and eddy velocities
the zonal and time mean zonal momentum budget becomes
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Introducing the vertical component of the relative vorticity

the zonal momentum budget can be rewritten as

Notice how convergence (divergence) of eddy momentum flux results in a westerly 
(easterly) tendency of the mean zonal momentum. 
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Zonal momentum and large-scale eddies

6.3. Momentum transport by Rossby waves 93

SOUTH NORTH

latitude

!"

Rossby wave 
source

wave 
activity flux

momentum 
flux

Figure 6.2: Fluxes of momentum (grey arrows) and wave activity (black arrows) produced by a
localised source of Rossby waves.

We now search for wave-like solutions to the above equation of the form,

 (x, y, t) = A< {exp(i(kx+ ly � !t))} , (6.22)

= A cos(kx+ ly � !t)

where A is the wave amplitude, k and l are the zonal and meridional wavenumbers, ! is
the frequency and <{} refers to the real component. For this plane wave form, we have
that,

u
†
v
† = A

2< {�il exp(i(kx+ ly � !t))}< {ik exp(i(kx+ ly � !t))}
= �A

2
kl sin2(kx+ ly � !t).

Taking the zonal or time average over one period, we have,

[u†v†] = �A
2
kl

2
. (6.23)

Thus the momentum flux averaged over the wave is nonzero and depends on the meridional
and zonal wavenumbers. Note that we have not used the vorticity equation to derive (6.23),
rather, (6.23) is a general property of plane waves described by (6.22).

Now, let us calculate the dispersion relation for waves governed by (6.21). Substituting
the plane wave solution into (6.21), we have,

� (k2 + l
2)(�! + k[u]) + k� = 0. (6.24)

Rearranging for the frequency, we have,

! = k[u]� k�

(k2 + l2)
, (6.25)

which is the familiar barotopic Rossby wave dispersion relation in a flow with mean zonal
wind [u]. We may also calculate the meridional group velocity cgy as,

cgy =
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⇢
2�
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�
. (6.26)

Large-scale extratropical eddies converge zonal momentum in regions in which they 
are generated (extratropics) and they divergence momentum from regions in which 
they break (subtropics). They propagate in regions of upper-level westerly flow and 
they tend to break as they approach their critical latitude. 

Courtesy of Marty Singh
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5.3. Drag and the angular-momentum budget 83
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Figure 5.4: Latitude-pressure schematic of the extratropical angular momentum budget and its
influence on the circulation. Arrows represent angular momentum fluxes and colours represent con-
tours of the angular momentum flux divergence (red) and convergence (blue). Grey lines represent
the overturning streamfunction, and ⌦ and � symbols represent surface winds into and out of the
page, respectively.

5.3.3 Angular momentum budget and the midlatitude westerlies

As already hinted at above, drag between the atmosphere and surface is a function of the
relative motion between these two bodies, that is, it is a function of the surface wind.
Assuming the viscous stress tends to reduce this relative motion, then, in regions where
the surface wind is westerly, the Earth is exerting an eastward frictional torque on the
atmosphere, and the atmosphere is exerting a westward frictional torque on the Earth.
There is therefore a transport of angular momentum from the atmosphere to the surface.
Similarly, when the background flow is westerly, one would expect the surface pressure to
be higher on the western slopes of topography than on the eastern slopes, also implying a
westward acceleration of the atmosphere and a transport of angular momentum from the
atmosphere to the Earth.

The above discussion suggests that westerly winds can only be maintained against drag in
the presence of a flux of angular momentum from the atmosphere to the surface. By (5.33),
this requires a convergence of angular momentum within the atmosphere. We have thus
constructed an explanation for the pattern of surface winds plotted in 1.7: where there is
a net convergence of angular momentum in the atmospheric column, there will be surface
westerlies. Where there is a net divergence, there will be easterlies.

Combining the results of this section, we have a powerful set of relationships tying the gen-
eral circulation in the extratropics to the angular momentum budget (Fig. 5.4). Regions of
convergence of angular momentum (midlatitudes) correspond to equatorward zonal-mean
flow in the free troposphere. This implies an overturning circulation (the Ferrel Cell) that
can only be closed in the boundary layer, where frictional torques are able to balance the
Coriolis acceleration. The implied frictional torques require zonal-mean surface westerlies

Convergence
(divergence) of 
eddy 
momentum flux 



The zonal momentum budget in steady state

In steady state and neglecting the vertical advection and vertical eddy momentum flux 
terms, the zonal momentum budget becomes

with eddy momentum flux divergence 

We can define a local Rossby number as 

and the momentum budget becomes 

(f + ⇣)v = S
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The zonal momentum budget in steady state

Let’s look at the two opposing limits of small and large local Rossy number.

1.Small Rossby number (extratropical regime) 

In this regime, the overturning cell is entirely driven by the eddies, as its strength is 
directly linked to the eddy momentum flux convergence. Any change in eddies will 
have to be met by a change in the strength of the meridional circulation. 



The zonal momentum budget in steady state

This is the relevant regime for the Ferrel cell. The Ferrel cell can be indirect because 
it is driven by dynamical constraints.  

Extratropical regime

Northeasterly trades

Southeasterly trades
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Figure 5.4: Latitude-pressure schematic of the extratropical angular momentum budget and its
influence on the circulation. Arrows represent angular momentum fluxes and colours represent con-
tours of the angular momentum flux divergence (red) and convergence (blue). Grey lines represent
the overturning streamfunction, and ⌦ and � symbols represent surface winds into and out of the
page, respectively.

5.3.3 Angular momentum budget and the midlatitude westerlies

As already hinted at above, drag between the atmosphere and surface is a function of the
relative motion between these two bodies, that is, it is a function of the surface wind.
Assuming the viscous stress tends to reduce this relative motion, then, in regions where
the surface wind is westerly, the Earth is exerting an eastward frictional torque on the
atmosphere, and the atmosphere is exerting a westward frictional torque on the Earth.
There is therefore a transport of angular momentum from the atmosphere to the surface.
Similarly, when the background flow is westerly, one would expect the surface pressure to
be higher on the western slopes of topography than on the eastern slopes, also implying a
westward acceleration of the atmosphere and a transport of angular momentum from the
atmosphere to the Earth.

The above discussion suggests that westerly winds can only be maintained against drag in
the presence of a flux of angular momentum from the atmosphere to the surface. By (5.33),
this requires a convergence of angular momentum within the atmosphere. We have thus
constructed an explanation for the pattern of surface winds plotted in 1.7: where there is
a net convergence of angular momentum in the atmospheric column, there will be surface
westerlies. Where there is a net divergence, there will be easterlies.

Combining the results of this section, we have a powerful set of relationships tying the gen-
eral circulation in the extratropics to the angular momentum budget (Fig. 5.4). Regions of
convergence of angular momentum (midlatitudes) correspond to equatorward zonal-mean
flow in the free troposphere. This implies an overturning circulation (the Ferrel Cell) that
can only be closed in the boundary layer, where frictional torques are able to balance the
Coriolis acceleration. The implied frictional torques require zonal-mean surface westerlies

Hadley cell Ferrel cell
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2. Large Rossby number (tropical regime)

Remembering that

this limit is the limit of a cell that conserves angular momentum. AM is is 
homogenized by the overturning circulation in its upper branch. Streamlines and AM 
contours coincide.  



Monsoons can exist over an aquaplanet
momentum, water and 
heat

advection

convection
solar 
radiation

terrestrial 
radiation

Bordoni and Schneider (2008)

Before onset After onset


