
12.810 Dynamics of the Atmosphere 

Hadley cells and zonally symmetric circulations 
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Basic aspects we would like to understand about 
the tropical atmosphere 
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Observed angular momentum mainly varies with latitude, 
decreases as move poleward

The existing theories of Hadley circulations thus ne-
glect nonlinear momentum fluxes in the upper branches
associated either with the mean circulation (Ro → 0) or
with eddies (Ro → 1). We do not have theories for the
case of intermediate Rossby numbers, in which nonlin-
ear momentum fluxes associated both with eddies and
with the mean circulation are important in the upper
branches of the circulations.

There is evidence that nonlinear momentum fluxes
associated both with eddies and with the mean circula-
tion are important for Earth’s Hadley circulation, with
the relative importance of the eddy and mean momen-
tum fluxes shifting over the course of the seasonal cycle.
Figure 2 shows the mass flux streamfunction and con-
tours of absolute angular momentum m. In the winter
hemispheres of the solstice seasons, and in both hemi-
spheres of the equinox seasons, angular momentum
contours in the tropical upper troposphere are dis-
placed from the vertical, indicating nonlinear momen-
tum fluxes associated with the mean Hadley circulation.
Local Rossby numbers in the horizontal upper
branches of the circulations, near the latitudes of the
streamfunction extrema, are 0.2 ! Ro ! 0.5 in the equi-
nox seasons and Ro ! 0.5 in the cross-equatorial winter
Hadley cell in the December–February (DJF) season.
Local Rossby numbers are poorly defined near the lati-
tude of the streamfunction extremum of the cross-
equatorial winter Hadley cell in the June–August (JJA)
season because the extremum is near the equator. In
the summer hemispheres of the solstice seasons, angu-
lar momentum contours are less strongly displaced
from the vertical, indicating weaker nonlinear momen-
tum fluxes associated with the weaker mean Hadley
circulation. Upper-tropospheric streamlines cross angu-

lar momentum contours, indicating that angular mo-
mentum is not conserved in the upper branches of the
summer Hadley cells. Local Rossby numbers in the up-
per branches of the summer Hadley cells are Ro ! 0.2.
The displacement of angular momentum contours from
the vertical in winter and in the equinox seasons sug-
gests that theories for the limit Ro → 0 may not gen-
erally be adequate. However, theories for the limit
Ro → 1 in the upper branch are likewise not generally
adequate, in particular not for the summer Hadley cells.

As the Hadley circulation does not generally con-
serve angular momentum in its upper branch, infer-
ences of its response to changes in external parameters
that are based on nearly inviscid axisymmetric theories
may not be valid. Indeed, one such inference, that the
strength of the annually averaged Hadley circulation is
much larger than that of the Hadley circulation driven
by annually averaged or equinoctial heating (Lindzen
and Hou 1988), is not realized in Earth’s atmosphere
(Dima and Wallace 2003), in idealized eddy-permitting
models, or in axisymmetric models with small vertical
diffusion of potential temperature and momentum
(Walker and Schneider 2005).

To provide guidance for and to test theories of how
the Hadley circulation may respond to changes in cli-
mate, here we explore how the strength and meridional
extent of the Hadley circulation behave in simulations
with an idealized GCM in which moist processes are
not explicitly taken into account. We vary external pa-
rameters such as the radiative-equilibrium surface tem-
perature gradient and the planetary rotation rate over
wide ranges to identify scaling laws for the strength and
extent of the Hadley circulation. We compare these
scaling laws with those predicted by existing theories,

FIG. 2. Mass flux streamfunctions (black contours) and angular momentum (gray contours) for DJF, MAM, JJA,
and SON. Streamfunction contour interval is 25 " 109 kg s#1; dashed and solid contours have the same meaning
as in Fig. 1. Contour interval for angular momentum is 0.1$a2, with values decreasing monotonically away from the
equator. Computed from the same reanalysis data as Fig. 1.

DECEMBER 2006 W A L K E R A N D S C H N E I D E R 3335

Black contours: Mass flux streamfunction (contour interval 25x109 kg/s) 
Gray contours: Angular momentum (contour interval 0.1Ωa2, with values decreasing 
monotonically away from the equator)

Fig. 0 
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Aquaplanet simulations,
Caballero and Huber, GRL, 2010

Superrotation may occur on Earth in a very 
warm climate

spectral resolution (∼2.5° × 2.5°). A 10 minute time step is
used to ensure numerical stability in all cases. OHT is held
fixed at the observationally‐derived present‐day value in the
modern runs. The aquaplanet simulations uses the same
OHT but rendered zonally and hemispherically symmetric.
The Eocene is simulated using OHT and mixed layer depth
derived from a corresponding set of equilibrated fully‐
coupled model (CCSM3) Eocene simulations [Liu et al.,
2009] using the same CO2‐doubling sequence as the slab‐
ocean runs.
[7] Figure 1 presents an overview of results. In the si-

mulations with low CO2 and modern or Eocene boundary
conditions, equatorial SSTs are near modern values (∼27°C)
and results agree reasonably well with observations, though
it is clear that this model underestimates observed modern
tropical eddy variability, as noted in previous work [Collins
et al., 2006]. There is little change in the results as SST
increases up to ∼33°C. Beyond this point, however, tran-
sient eddy activity becomes strongly sensitive to SST,
increasing roughly 4‐fold as SST rises to 47° (Figure 1a).

Over the same range, tropopause westerly winds accelerate
from near‐zero to about 33 m s−1 (Figure 1b). This change
in the winds is due to increased momentum convergence by
the transient eddies (Figure 1c). Momentum divergence by
the zonal‐mean circulation also increases somewhat with
SST, but much less than eddy momentum convergence; as
result, the balance tips in favour of strong mean westerlies.
[8] Figure 2 compares climatological cross sections from

the coldest and warmest aquaplanet runs. The colder run
(Figure 2a) shows the conventional picture with near‐zero
equatorial winds, peak eddy activity in the midlatitude storm
tracks and Eliassen‐Palm fluxes directed upwards and
equatorwards. The warm case is dramatically different, with
much weaker eddy activity in midlatitudes–consistent with
prior work [Caballero and Langen, 2005; O’Gorman and
Schneider, 2008]–and peak activity at the equatorial tropo-
pause (which has risen to around 70 hPa). Strong poleward
Eliassen‐Palm fluxes emanate from this region, indicating
zonal momentum convergence which drives strong equato-
rial superrotation. At intermediate temperatures, the patterns

Figure 1. Summary results from the model runs as a function of equatorial‐mean SST (5°S–5°N). Large crosses indicate
corresponding results from the ECMWF ERA‐40 reanalysis product. All quantities plotted here are annual long‐term
averages around the equatorial tropopause (5°S–5°N, 50–150 hPa). (a) Standard deviation of transient‐eddy zonal wind,
a gross measure equatorial eddy activity. (b) Zonal‐mean zonal wind. (c) Zonal momentum convergence by transient eddies
(positive values) and by the zonal‐mean circulation (negative values).

Figure 2. Zonal‐mean climatologies of the aquaplanet runs with (a) 280 ppm and (b) 8960 ppm (5 doublings) atmospheric
CO2 concentration. Shading shows zonal wind (m s−1), contours show standard deviation of transient‐eddy zonal wind
(m s−1), and vectors show the Eliassen‐Palm flux, plotted as in the work of Edmon et al. [1980].

CABALLERO AND HUBER: WARM CLIMATE SUPERROTATION L11701L11701

2 of 5

Control Hot climate

Color shading: mean zonal wind (m/s)
Contours: standard deviation of zonal wind (m/s)
Arrows: Eliassen-Palm flux (see later in course)
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Held-Hou model assumptions

• Zonally symmetric circulation on sphere

• No time dependence (steady)

• Boussinesq and hydrostatic approximations

• Rigid wall at upper (z=H) and lower (z=0) boundaries 
(upper is stress free, lower has drag)

• Radiation is represented by “Newtonian” relaxation 
of potential temperature to a specified radiative-
equilibrium potential temperature θE(z,Φ)

List 1.
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Use handout to review the Boussinesq approximation. 

Can also read about it in the textbooks:

• Holton section 2.8 

• Vallis section 2.5 for the anelastic approximation and
Boussinesq limit for the atmosphere
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Fig 2.   Angular momentum conserving (AMC) region is shaded
Radiative equilibrium (RE) region is unshaded

Schematic of Held-Hou model circulation

h h

dividing streamline

z

EQ

v =w=0
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 T=Te

latitude =>

Figure 3: Schematic. AMC region is shaded, TE unshaded. (Note that
the edges of the Hadley cell do not need to be vertical.)

1.2.1 Solution for the cell boundaries

In both TE and AMC regions, integrate (9) in the vertical, and assume
u('; 0) << u(';H) (because of surface drag), whence

2% sin' u(';H) +
tan '

a
u2(';H) != "

gH

aT0

d

d'
hT i :

In the AMC region, m = constant =M0, say, along the top streamline,
whence

u(';H) = um =
1

a cos'
(M0 " %a2 cos2 ') :

For cases symmetric about the equator, we expect the meridional circu-
lation to look as shown in Fig. 3, with two cells, one on either side of
the equator. In the rising branch, the dividing streamline áow comes up
out of boundary layer at the equator where we assume u = 0; if m is
conserved in the updraft, then must have M0 = %a

2. Then

um = %a
sin2 '

cos '
.

7

θ=θE θ=θE
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Fig 3.   The <θm> curve is moved up or down until the two 
shaded areas have equal area

Application of matching conditions to find solution
to Held-Hou model
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Titan day is ~16 Earth days 
Titan radius is 0.4 Earth radii

Breakout

How would the latitudinal extent of the Hadley cell on 
Titan (a moon of Saturn) compare to that of the Earth?

�h =

✓
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3
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◆1/2

R =
gH�h

⌦2a2
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Fig 4.  Numerical solution of Held-Hou model for ν=1m2/s

Adapted from Held and Hou 1980

Zonal windStreamfunction

Easterlies

Subtropical
jet

Hadley cell

Contour interval for zonal wind is 5 m/s
 Streamfunction is in m2/s rather than kg/s
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List 2.   Properties of Held-Hou model solution  
that are similar to observations

• Subtropical jet

• Surface easterlies in deep tropics and westerlies at 
higher latitudes (Hadley cell transports zonal 
momentum poleward)

• u=0 line slopes equatorward with height

• Meridional temperature gradients are smaller than in 
radiative equilibrium (θE∝Φ2,  θm∝Φ4)

• Hadley cell width 20-30 degrees (coincidence?)
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List 3.   Properties of Held-Hou model solution 
that are different to observations 

• Missing Ferrel cell and surface westerlies at
midlatitudes because these are related to eddies

• Subtropical jet too strong (~90 m/s rather than       
25 m/s in annual mean) because eddies cause 
deviation from angular momentum conservation

19



Fig 5.  Seasonal Hadley cells: location of maximum radiative-
equilibrium temperature off the equator

Lindzen and Hou, JAS, 1988

Φ0: latitude where θE reaches a maximum
Φ1: latitude of dividing streamline

The winter (cross-equatorial cell) is stronger, and the peak 
upward motion occurs near Φ0 rather than Φ1 

© American Meteorological Society. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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Fig 6.  Upper-level zonal wind is still symmetric about the equator 
(because assuming angular momentum conserved)

Max θE at equator (Φ0=0)

Max θE off equator (Φ0=6 degrees)

Ascent with u=0 occurs here

Easterlies

Westerlies
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Fig 7a.  Can solve for temperature using nonlinear thermal
wind balance and weak winds at surface (as before)

Lindzen and Hou, JAS, 1988

Max θE at equator (Φ0=0)

Max θE off equator (Φ0=6 degrees)

θm

θE

Temperatures have been normalized 
by reference temperature θ0
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Fig 7b. Big difference between θE and θm when Φ0≠0 
⇒ need strong cross-equatorial Hadley cell to transport energy!

Lindzen and Hou, JAS, 1988

Max θE at equator (Φ0=0)

Max θE off equator (Φ0=6 degrees)

θm

θE

Big differences between
θE and θm

Temperatures have been normalized 
by reference temperature θ0
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Fig 7c.  Upper level easterlies and thermal-wind relation 
⇒ temperature reaches a minimum at the equator

Lindzen and Hou, JAS, 1988

Max θE at equator (Φ0=0)

Max θE off equator (Φ0=6 degrees)

θm

θE

Minimum at equator!

Temperatures have been normalized 
by reference temperature θ0
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Fig 8a. 

Lindzen and Hou, JAS, 1988

Max θE off equator (Φ0=6 degrees)

Streamfunction units of 1010kg/s;
contour interval changes between panels

Small asymmetry in radiative forcing leads to large 
asymmetry in the circulation

Max θE at equator (Φ0=0)
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Fig 8b.  Winter cell (cross-equatorial cell) is much stronger than 
summer cell 

Lindzen and Hou, JAS, 1988

Max θE at equator (Φ0=0)

Max θE off equator (Φ0=6 degrees)

Streamfunction units of 1010kg/s;
contour interval changes between panels
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Hadley circulation crosses angular momentum contours in 
summer cell (eddies important), but much less so in cross-

equatorial winter cell (e.g. monsoons)
Fig. 9

The existing theories of Hadley circulations thus ne-
glect nonlinear momentum fluxes in the upper branches
associated either with the mean circulation (Ro → 0) or
with eddies (Ro → 1). We do not have theories for the
case of intermediate Rossby numbers, in which nonlin-
ear momentum fluxes associated both with eddies and
with the mean circulation are important in the upper
branches of the circulations.

There is evidence that nonlinear momentum fluxes
associated both with eddies and with the mean circula-
tion are important for Earth’s Hadley circulation, with
the relative importance of the eddy and mean momen-
tum fluxes shifting over the course of the seasonal cycle.
Figure 2 shows the mass flux streamfunction and con-
tours of absolute angular momentum m. In the winter
hemispheres of the solstice seasons, and in both hemi-
spheres of the equinox seasons, angular momentum
contours in the tropical upper troposphere are dis-
placed from the vertical, indicating nonlinear momen-
tum fluxes associated with the mean Hadley circulation.
Local Rossby numbers in the horizontal upper
branches of the circulations, near the latitudes of the
streamfunction extrema, are 0.2 ! Ro ! 0.5 in the equi-
nox seasons and Ro ! 0.5 in the cross-equatorial winter
Hadley cell in the December–February (DJF) season.
Local Rossby numbers are poorly defined near the lati-
tude of the streamfunction extremum of the cross-
equatorial winter Hadley cell in the June–August (JJA)
season because the extremum is near the equator. In
the summer hemispheres of the solstice seasons, angu-
lar momentum contours are less strongly displaced
from the vertical, indicating weaker nonlinear momen-
tum fluxes associated with the weaker mean Hadley
circulation. Upper-tropospheric streamlines cross angu-

lar momentum contours, indicating that angular mo-
mentum is not conserved in the upper branches of the
summer Hadley cells. Local Rossby numbers in the up-
per branches of the summer Hadley cells are Ro ! 0.2.
The displacement of angular momentum contours from
the vertical in winter and in the equinox seasons sug-
gests that theories for the limit Ro → 0 may not gen-
erally be adequate. However, theories for the limit
Ro → 1 in the upper branch are likewise not generally
adequate, in particular not for the summer Hadley cells.

As the Hadley circulation does not generally con-
serve angular momentum in its upper branch, infer-
ences of its response to changes in external parameters
that are based on nearly inviscid axisymmetric theories
may not be valid. Indeed, one such inference, that the
strength of the annually averaged Hadley circulation is
much larger than that of the Hadley circulation driven
by annually averaged or equinoctial heating (Lindzen
and Hou 1988), is not realized in Earth’s atmosphere
(Dima and Wallace 2003), in idealized eddy-permitting
models, or in axisymmetric models with small vertical
diffusion of potential temperature and momentum
(Walker and Schneider 2005).

To provide guidance for and to test theories of how
the Hadley circulation may respond to changes in cli-
mate, here we explore how the strength and meridional
extent of the Hadley circulation behave in simulations
with an idealized GCM in which moist processes are
not explicitly taken into account. We vary external pa-
rameters such as the radiative-equilibrium surface tem-
perature gradient and the planetary rotation rate over
wide ranges to identify scaling laws for the strength and
extent of the Hadley circulation. We compare these
scaling laws with those predicted by existing theories,

FIG. 2. Mass flux streamfunctions (black contours) and angular momentum (gray contours) for DJF, MAM, JJA,
and SON. Streamfunction contour interval is 25 " 109 kg s#1; dashed and solid contours have the same meaning
as in Fig. 1. Contour interval for angular momentum is 0.1$a2, with values decreasing monotonically away from the
equator. Computed from the same reanalysis data as Fig. 1.

DECEMBER 2006 W A L K E R A N D S C H N E I D E R 3335

Mass flux streamfunctions (black contours) and angular momentum (gray contours) 
Streamfunction contour interval is 25x109 kg/s. Contour interval for angular momentum is 
0.1Ωa2, with values decreasing monotonically away from the equator.

© American Meteorological Society. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

27



Relevance to Monsoons: 
Meridional overturning in South Asian Monsoon sector 

(streamfunction in black contours)
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Figure 2 Observed monsoon onset over Asia. Zonal- and temporal-mean circulation in the Asian monsoon sector at two 20-day periods before (left panels, Julian Day
81–100) and after (right panels, Julian Day 161–180) monsoon onset. a,b, Streamfunction of meridional overturning circulation (black contours, contour interval
50⇥109 kg s�1, with solid contours for anticlockwise rotation and dashed contours for clockwise rotation), angular momentum per unit mass (grey contours, contour interval
⌦ a 2/15 with Earth’s rotation rate⌦ and radius a) and transient eddy momentum flux divergence div([u 0v 0]cos� ), with horizontal velocity vector v= (u, v ) (colour
contours, contour interval 0.6⇥10�5 m s�2 in a and 1.2⇥10�5 m s�2 in b, with red tones for positive and blue tones for negative values). Here, (·) denotes a temporal mean
over the 20-day period and over all years of data, primes denote deviations from this mean and [·] denotes a zonal mean over the monsoon sector. c,d, Zonal wind (black
contours, contour interval 6ms�1) and eddy momentum flux divergence (colour contours) as in a,b. e,f, Precipitation P (blue) and near-surface (850 hPa) MSE h (red). Except
for precipitation, all quantities are obtained from the ERA-40 reanalysis30 and are averaged over the years 1981–2000. In the latitude zones of the tropical overturning
circulation, the horizontal eddy momentum flux divergence shown in the figure is the dominant term balancing the Coriolis force on the mean meridional flow and the mean
meridional momentum advection in the zonal momentum budget; other terms, such as the stationary eddy momentum flux divergence and the zonal geopotential gradient
across the monsoon sector, are smaller.

primarily as a result of MSE advection (which dominates the
MSE budget in the boundary layer). The transition between
the equinox and monsoon regimes in the simulation occurs
rapidly compared with variations in radiative heating. This is
manifest in the rapid intensification and relocation of the ITCZ
into the summer subtropics (Fig. 1b) and the rapid changes in
subtropical near-surface winds (Fig. 3). Overall, the transition in
the simulation resembles the onset of the Asian monsoon. A reverse
transition occurs at the end of the warm season; this transition
occurs more rapidly than in the Asian monsoon, suggesting that
processes not captured by our idealized GCM modulate the Asian
monsoon retreat.

For the feedback mechanisms discussed above to be able to
mediate rapid transitions of the overturning circulation, the surface
thermal inertia must be suYciently low for the near-surface MSE
to be able to adjust rapidly. Only then can circulation changes
occur rapidly because the near-surface MSE controls the location
of the ascending branch of the cross-equatorial cell (and hence
of the main precipitation zone) and, by gradient-wind balance,
the upper-level zonal wind, both of which must be able to adjust

0 90 180
Julian day

270 360

–10

0

10

20

u 
(m
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)

Figure 3 Rapid changes in near-surface zonal wind at 15 N. Seasonal cycle of
zonal- and pentad-mean near-surface zonal wind at 15� N from observations in the
Asian monsoon sector (green) and from aquaplanet simulations with ocean
mixed-layer thickness 1m (yellow) and 100m (red). The near-surface zonal wind is
evaluated at 850 hPa in the observations and at � = 0.85 in the simulations, where
� = p/ps is pressure p normalized by surface pressure ps.

nature geoscience VOL 1 AUGUST 2008 www.nature.com/naturegeoscience 517

Before onset After onset

Bordoni and Schneider, Nature 
Geoscience, 2008

Contours: streamfunction (CI 50x109kg s-1)
Gray lines: angular momentum

Color shading: eddy mom. flux div.
Sector defined as 70E-100E
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Figure 2 Observed monsoon onset over Asia. Zonal- and temporal-mean circulation in the Asian monsoon sector at two 20-day periods before (left panels, Julian Day
81–100) and after (right panels, Julian Day 161–180) monsoon onset. a,b, Streamfunction of meridional overturning circulation (black contours, contour interval
50⇥109 kg s�1, with solid contours for anticlockwise rotation and dashed contours for clockwise rotation), angular momentum per unit mass (grey contours, contour interval
⌦ a 2/15 with Earth’s rotation rate⌦ and radius a) and transient eddy momentum flux divergence div([u 0v 0]cos� ), with horizontal velocity vector v= (u, v ) (colour
contours, contour interval 0.6⇥10�5 m s�2 in a and 1.2⇥10�5 m s�2 in b, with red tones for positive and blue tones for negative values). Here, (·) denotes a temporal mean
over the 20-day period and over all years of data, primes denote deviations from this mean and [·] denotes a zonal mean over the monsoon sector. c,d, Zonal wind (black
contours, contour interval 6ms�1) and eddy momentum flux divergence (colour contours) as in a,b. e,f, Precipitation P (blue) and near-surface (850 hPa) MSE h (red). Except
for precipitation, all quantities are obtained from the ERA-40 reanalysis30 and are averaged over the years 1981–2000. In the latitude zones of the tropical overturning
circulation, the horizontal eddy momentum flux divergence shown in the figure is the dominant term balancing the Coriolis force on the mean meridional flow and the mean
meridional momentum advection in the zonal momentum budget; other terms, such as the stationary eddy momentum flux divergence and the zonal geopotential gradient
across the monsoon sector, are smaller.

primarily as a result of MSE advection (which dominates the
MSE budget in the boundary layer). The transition between
the equinox and monsoon regimes in the simulation occurs
rapidly compared with variations in radiative heating. This is
manifest in the rapid intensification and relocation of the ITCZ
into the summer subtropics (Fig. 1b) and the rapid changes in
subtropical near-surface winds (Fig. 3). Overall, the transition in
the simulation resembles the onset of the Asian monsoon. A reverse
transition occurs at the end of the warm season; this transition
occurs more rapidly than in the Asian monsoon, suggesting that
processes not captured by our idealized GCM modulate the Asian
monsoon retreat.

For the feedback mechanisms discussed above to be able to
mediate rapid transitions of the overturning circulation, the surface
thermal inertia must be suYciently low for the near-surface MSE
to be able to adjust rapidly. Only then can circulation changes
occur rapidly because the near-surface MSE controls the location
of the ascending branch of the cross-equatorial cell (and hence
of the main precipitation zone) and, by gradient-wind balance,
the upper-level zonal wind, both of which must be able to adjust
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Figure 3 Rapid changes in near-surface zonal wind at 15 N. Seasonal cycle of
zonal- and pentad-mean near-surface zonal wind at 15� N from observations in the
Asian monsoon sector (green) and from aquaplanet simulations with ocean
mixed-layer thickness 1m (yellow) and 100m (red). The near-surface zonal wind is
evaluated at 850 hPa in the observations and at � = 0.85 in the simulations, where
� = p/ps is pressure p normalized by surface pressure ps.
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El Niño/Southern Oscillation (ENSO) or snow cover. However, these 
interannual variations in rainfall are relatively low, the interannual 
standard deviation being around 10% of the summer rainfall total. 
It is the active or break events on short (intraseasonal) timescales of 
a few days to weeks that o!en have large impacts that particularly 
a"ect agriculture or water supply6. #ese include the famous break of 
July 2002, where less than 50% of the usual rainfall fell22, contribut-
ing to substantially reduced agricultural output and growth of gross 
domestic product23,24. Understanding how variability in the South 
Asian monsoon on daily to interannual timescales will change against 
a background of anthropogenic warming is a demanding task.

Scope of the Review
In this Review we describe the observed changes to monsoon rain-
fall over the second half of the twentieth century — a period of 
unprecedented increase in greenhouse gas and aerosol concentra-
tion — and attempt to link these changes with modelled monsoon 
responses to anthropogenic warming at the end of the twenty-$rst 
century or in equilibrium experiments, which tend to suggest 
increases in monsoon rainfall. Despite this, model uncertainty for 
projections of monsoon rainfall is high25 and so a weighty ques-
tion for climate scientists is how can this uncertainty be reduced? 
Building on ideas that show variability on di"erent temporal and 

spatial scales to be linked, one possible approach that we discuss is 
to choose models capable of simulating the present monsoon pre-
cipitation climate as well as its spectrum of variability. Furthermore, 
we highlight discrepancies in results obtained from various obser-
vations and stress the need for reprocessing the data for quality. 
Finally, we address evolving work in one further important uncer-
tainty: the role aerosols may play in modulating any response to 
anthropogenic warming. 

Trends in present-day mean monsoon rainfall
Under increasing greenhouse-gas forcing, we know that the land–sea 
temperature contrast, shown to relate to monsoon strength in sim-
ple models4, will increase26. Also, the warm pool of the Indo-Paci$c 
oceans has already warmed in the past 50 years27, potentially allow-
ing for an increased supply of moisture to the monsoon regions. In 
the face of these potential drivers of increased monsoon rainfall, the 
evidence for such trends in observations is unpersuasive.

To illustrate the complexity of monsoon rainfall variability over 
the recent observed record, Fig. 2 shows smoothed summer rainfall 
from the all-India rainfall (AIR) data28 based on a weighted mean 
of 306 stations. Century-long trend identi$cation is di&cult owing 
to the presence of multidecadal variability, leading to epochs of 
strong and weak monsoon rainfall29. #e observed data suggest a 

Figure 1 | Schematic of summer and winter climate in the South Asian monsoon region. Schematic of boreal summer (June–September) and winter 
(December–February) atmospheric conditions in the South Asian monsoon region. The summer and winter panels depict the Asian and Australian 
monsoons, respectively. In each case, the lower panels show: orography (>1,000 m, shaded grey); SSTs from the Hadley Centre Sea Ice and Sea Surface 
Temperature91 data set for 1979–2010 (shaded yellow/orange); sea-level pressure for 1979–2010 (blue contours, interval 2 hPa) and lower tropospheric 
(850 hPa) winds from the European Centre for Medium Range Weather Forecasts Interim Reanalysis92. ‘H’ and ‘L’ refer to the monsoon highs and lows, 
respectively, in the both summer and winter. In summer, the high reaches around 1,024 hPa, whereas the low is approximately 1,000 hPa. The upper 
panels show upper tropospheric (200 hPa) wind vectors and Tropical Rainfall Measuring Mission 3B43 monthly rainfall93 for 1998–2010 (shaded blue). 
The seasonal cycle of solar insolation leads to temperature gradients at the surface. In summer, this leads to a cross-equatorial pressure gradient from the 
Mascarene High in the southern Indian Ocean to the monsoon trough over northern India. Orography helps to both steer the cross-equatorial flow back 
towards India and isolate South Asia from dry air to the north: the summer diagram shows a line (in red) representing the location of maximum vertically 
integrated MSE, bounding the northward extent of the monsoon Hadley-type circulation. Over the ocean, rainfall locates over the warmest SST, whereas 
maxima over India occur near the Western Ghats and Himalaya, and near the Burmese mountains. During summer, the upper-level jet structure moves 
north, yielding the South Asia High over the Tibetan Plateau. This leads to upper-level easterly flow over South Asia, indeed the strength of the vertical 
shear at Indian latitudes has been shown to relate to the intensity of the Asian summer monsoon94. 
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El Niño/Southern Oscillation (ENSO) or snow cover. However, these 
interannual variations in rainfall are relatively low, the interannual 
standard deviation being around 10% of the summer rainfall total. 
It is the active or break events on short (intraseasonal) timescales of 
a few days to weeks that o!en have large impacts that particularly 
a"ect agriculture or water supply6. #ese include the famous break of 
July 2002, where less than 50% of the usual rainfall fell22, contribut-
ing to substantially reduced agricultural output and growth of gross 
domestic product23,24. Understanding how variability in the South 
Asian monsoon on daily to interannual timescales will change against 
a background of anthropogenic warming is a demanding task.

Scope of the Review
In this Review we describe the observed changes to monsoon rain-
fall over the second half of the twentieth century — a period of 
unprecedented increase in greenhouse gas and aerosol concentra-
tion — and attempt to link these changes with modelled monsoon 
responses to anthropogenic warming at the end of the twenty-$rst 
century or in equilibrium experiments, which tend to suggest 
increases in monsoon rainfall. Despite this, model uncertainty for 
projections of monsoon rainfall is high25 and so a weighty ques-
tion for climate scientists is how can this uncertainty be reduced? 
Building on ideas that show variability on di"erent temporal and 

spatial scales to be linked, one possible approach that we discuss is 
to choose models capable of simulating the present monsoon pre-
cipitation climate as well as its spectrum of variability. Furthermore, 
we highlight discrepancies in results obtained from various obser-
vations and stress the need for reprocessing the data for quality. 
Finally, we address evolving work in one further important uncer-
tainty: the role aerosols may play in modulating any response to 
anthropogenic warming. 

Trends in present-day mean monsoon rainfall
Under increasing greenhouse-gas forcing, we know that the land–sea 
temperature contrast, shown to relate to monsoon strength in sim-
ple models4, will increase26. Also, the warm pool of the Indo-Paci$c 
oceans has already warmed in the past 50 years27, potentially allow-
ing for an increased supply of moisture to the monsoon regions. In 
the face of these potential drivers of increased monsoon rainfall, the 
evidence for such trends in observations is unpersuasive.

To illustrate the complexity of monsoon rainfall variability over 
the recent observed record, Fig. 2 shows smoothed summer rainfall 
from the all-India rainfall (AIR) data28 based on a weighted mean 
of 306 stations. Century-long trend identi$cation is di&cult owing 
to the presence of multidecadal variability, leading to epochs of 
strong and weak monsoon rainfall29. #e observed data suggest a 

Figure 1 | Schematic of summer and winter climate in the South Asian monsoon region. Schematic of boreal summer (June–September) and winter 
(December–February) atmospheric conditions in the South Asian monsoon region. The summer and winter panels depict the Asian and Australian 
monsoons, respectively. In each case, the lower panels show: orography (>1,000 m, shaded grey); SSTs from the Hadley Centre Sea Ice and Sea Surface 
Temperature91 data set for 1979–2010 (shaded yellow/orange); sea-level pressure for 1979–2010 (blue contours, interval 2 hPa) and lower tropospheric 
(850 hPa) winds from the European Centre for Medium Range Weather Forecasts Interim Reanalysis92. ‘H’ and ‘L’ refer to the monsoon highs and lows, 
respectively, in the both summer and winter. In summer, the high reaches around 1,024 hPa, whereas the low is approximately 1,000 hPa. The upper 
panels show upper tropospheric (200 hPa) wind vectors and Tropical Rainfall Measuring Mission 3B43 monthly rainfall93 for 1998–2010 (shaded blue). 
The seasonal cycle of solar insolation leads to temperature gradients at the surface. In summer, this leads to a cross-equatorial pressure gradient from the 
Mascarene High in the southern Indian Ocean to the monsoon trough over northern India. Orography helps to both steer the cross-equatorial flow back 
towards India and isolate South Asia from dry air to the north: the summer diagram shows a line (in red) representing the location of maximum vertically 
integrated MSE, bounding the northward extent of the monsoon Hadley-type circulation. Over the ocean, rainfall locates over the warmest SST, whereas 
maxima over India occur near the Western Ghats and Himalaya, and near the Burmese mountains. During summer, the upper-level jet structure moves 
north, yielding the South Asia High over the Tibetan Plateau. This leads to upper-level easterly flow over South Asia, indeed the strength of the vertical 
shear at Indian latitudes has been shown to relate to the intensity of the Asian summer monsoon94. 
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El Niño/Southern Oscillation (ENSO) or snow cover. However, these 
interannual variations in rainfall are relatively low, the interannual 
standard deviation being around 10% of the summer rainfall total. 
It is the active or break events on short (intraseasonal) timescales of 
a few days to weeks that o!en have large impacts that particularly 
a"ect agriculture or water supply6. #ese include the famous break of 
July 2002, where less than 50% of the usual rainfall fell22, contribut-
ing to substantially reduced agricultural output and growth of gross 
domestic product23,24. Understanding how variability in the South 
Asian monsoon on daily to interannual timescales will change against 
a background of anthropogenic warming is a demanding task.

Scope of the Review
In this Review we describe the observed changes to monsoon rain-
fall over the second half of the twentieth century — a period of 
unprecedented increase in greenhouse gas and aerosol concentra-
tion — and attempt to link these changes with modelled monsoon 
responses to anthropogenic warming at the end of the twenty-$rst 
century or in equilibrium experiments, which tend to suggest 
increases in monsoon rainfall. Despite this, model uncertainty for 
projections of monsoon rainfall is high25 and so a weighty ques-
tion for climate scientists is how can this uncertainty be reduced? 
Building on ideas that show variability on di"erent temporal and 

spatial scales to be linked, one possible approach that we discuss is 
to choose models capable of simulating the present monsoon pre-
cipitation climate as well as its spectrum of variability. Furthermore, 
we highlight discrepancies in results obtained from various obser-
vations and stress the need for reprocessing the data for quality. 
Finally, we address evolving work in one further important uncer-
tainty: the role aerosols may play in modulating any response to 
anthropogenic warming. 

Trends in present-day mean monsoon rainfall
Under increasing greenhouse-gas forcing, we know that the land–sea 
temperature contrast, shown to relate to monsoon strength in sim-
ple models4, will increase26. Also, the warm pool of the Indo-Paci$c 
oceans has already warmed in the past 50 years27, potentially allow-
ing for an increased supply of moisture to the monsoon regions. In 
the face of these potential drivers of increased monsoon rainfall, the 
evidence for such trends in observations is unpersuasive.

To illustrate the complexity of monsoon rainfall variability over 
the recent observed record, Fig. 2 shows smoothed summer rainfall 
from the all-India rainfall (AIR) data28 based on a weighted mean 
of 306 stations. Century-long trend identi$cation is di&cult owing 
to the presence of multidecadal variability, leading to epochs of 
strong and weak monsoon rainfall29. #e observed data suggest a 

Figure 1 | Schematic of summer and winter climate in the South Asian monsoon region. Schematic of boreal summer (June–September) and winter 
(December–February) atmospheric conditions in the South Asian monsoon region. The summer and winter panels depict the Asian and Australian 
monsoons, respectively. In each case, the lower panels show: orography (>1,000 m, shaded grey); SSTs from the Hadley Centre Sea Ice and Sea Surface 
Temperature91 data set for 1979–2010 (shaded yellow/orange); sea-level pressure for 1979–2010 (blue contours, interval 2 hPa) and lower tropospheric 
(850 hPa) winds from the European Centre for Medium Range Weather Forecasts Interim Reanalysis92. ‘H’ and ‘L’ refer to the monsoon highs and lows, 
respectively, in the both summer and winter. In summer, the high reaches around 1,024 hPa, whereas the low is approximately 1,000 hPa. The upper 
panels show upper tropospheric (200 hPa) wind vectors and Tropical Rainfall Measuring Mission 3B43 monthly rainfall93 for 1998–2010 (shaded blue). 
The seasonal cycle of solar insolation leads to temperature gradients at the surface. In summer, this leads to a cross-equatorial pressure gradient from the 
Mascarene High in the southern Indian Ocean to the monsoon trough over northern India. Orography helps to both steer the cross-equatorial flow back 
towards India and isolate South Asia from dry air to the north: the summer diagram shows a line (in red) representing the location of maximum vertically 
integrated MSE, bounding the northward extent of the monsoon Hadley-type circulation. Over the ocean, rainfall locates over the warmest SST, whereas 
maxima over India occur near the Western Ghats and Himalaya, and near the Burmese mountains. During summer, the upper-level jet structure moves 
north, yielding the South Asia High over the Tibetan Plateau. This leads to upper-level easterly flow over South Asia, indeed the strength of the vertical 
shear at Indian latitudes has been shown to relate to the intensity of the Asian summer monsoon94. 
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El Niño/Southern Oscillation (ENSO) or snow cover. However, these 
interannual variations in rainfall are relatively low, the interannual 
standard deviation being around 10% of the summer rainfall total. 
It is the active or break events on short (intraseasonal) timescales of 
a few days to weeks that o!en have large impacts that particularly 
a"ect agriculture or water supply6. #ese include the famous break of 
July 2002, where less than 50% of the usual rainfall fell22, contribut-
ing to substantially reduced agricultural output and growth of gross 
domestic product23,24. Understanding how variability in the South 
Asian monsoon on daily to interannual timescales will change against 
a background of anthropogenic warming is a demanding task.

Scope of the Review
In this Review we describe the observed changes to monsoon rain-
fall over the second half of the twentieth century — a period of 
unprecedented increase in greenhouse gas and aerosol concentra-
tion — and attempt to link these changes with modelled monsoon 
responses to anthropogenic warming at the end of the twenty-$rst 
century or in equilibrium experiments, which tend to suggest 
increases in monsoon rainfall. Despite this, model uncertainty for 
projections of monsoon rainfall is high25 and so a weighty ques-
tion for climate scientists is how can this uncertainty be reduced? 
Building on ideas that show variability on di"erent temporal and 

spatial scales to be linked, one possible approach that we discuss is 
to choose models capable of simulating the present monsoon pre-
cipitation climate as well as its spectrum of variability. Furthermore, 
we highlight discrepancies in results obtained from various obser-
vations and stress the need for reprocessing the data for quality. 
Finally, we address evolving work in one further important uncer-
tainty: the role aerosols may play in modulating any response to 
anthropogenic warming. 

Trends in present-day mean monsoon rainfall
Under increasing greenhouse-gas forcing, we know that the land–sea 
temperature contrast, shown to relate to monsoon strength in sim-
ple models4, will increase26. Also, the warm pool of the Indo-Paci$c 
oceans has already warmed in the past 50 years27, potentially allow-
ing for an increased supply of moisture to the monsoon regions. In 
the face of these potential drivers of increased monsoon rainfall, the 
evidence for such trends in observations is unpersuasive.

To illustrate the complexity of monsoon rainfall variability over 
the recent observed record, Fig. 2 shows smoothed summer rainfall 
from the all-India rainfall (AIR) data28 based on a weighted mean 
of 306 stations. Century-long trend identi$cation is di&cult owing 
to the presence of multidecadal variability, leading to epochs of 
strong and weak monsoon rainfall29. #e observed data suggest a 

Figure 1 | Schematic of summer and winter climate in the South Asian monsoon region. Schematic of boreal summer (June–September) and winter 
(December–February) atmospheric conditions in the South Asian monsoon region. The summer and winter panels depict the Asian and Australian 
monsoons, respectively. In each case, the lower panels show: orography (>1,000 m, shaded grey); SSTs from the Hadley Centre Sea Ice and Sea Surface 
Temperature91 data set for 1979–2010 (shaded yellow/orange); sea-level pressure for 1979–2010 (blue contours, interval 2 hPa) and lower tropospheric 
(850 hPa) winds from the European Centre for Medium Range Weather Forecasts Interim Reanalysis92. ‘H’ and ‘L’ refer to the monsoon highs and lows, 
respectively, in the both summer and winter. In summer, the high reaches around 1,024 hPa, whereas the low is approximately 1,000 hPa. The upper 
panels show upper tropospheric (200 hPa) wind vectors and Tropical Rainfall Measuring Mission 3B43 monthly rainfall93 for 1998–2010 (shaded blue). 
The seasonal cycle of solar insolation leads to temperature gradients at the surface. In summer, this leads to a cross-equatorial pressure gradient from the 
Mascarene High in the southern Indian Ocean to the monsoon trough over northern India. Orography helps to both steer the cross-equatorial flow back 
towards India and isolate South Asia from dry air to the north: the summer diagram shows a line (in red) representing the location of maximum vertically 
integrated MSE, bounding the northward extent of the monsoon Hadley-type circulation. Over the ocean, rainfall locates over the warmest SST, whereas 
maxima over India occur near the Western Ghats and Himalaya, and near the Burmese mountains. During summer, the upper-level jet structure moves 
north, yielding the South Asia High over the Tibetan Plateau. This leads to upper-level easterly flow over South Asia, indeed the strength of the vertical 
shear at Indian latitudes has been shown to relate to the intensity of the Asian summer monsoon94. 
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Figure 2 Observed monsoon onset over Asia. Zonal- and temporal-mean circulation in the Asian monsoon sector at two 20-day periods before (left panels, Julian Day
81–100) and after (right panels, Julian Day 161–180) monsoon onset. a,b, Streamfunction of meridional overturning circulation (black contours, contour interval
50⇥109 kg s�1, with solid contours for anticlockwise rotation and dashed contours for clockwise rotation), angular momentum per unit mass (grey contours, contour interval
⌦ a 2/15 with Earth’s rotation rate⌦ and radius a) and transient eddy momentum flux divergence div([u 0v 0]cos� ), with horizontal velocity vector v= (u, v ) (colour
contours, contour interval 0.6⇥10�5 m s�2 in a and 1.2⇥10�5 m s�2 in b, with red tones for positive and blue tones for negative values). Here, (·) denotes a temporal mean
over the 20-day period and over all years of data, primes denote deviations from this mean and [·] denotes a zonal mean over the monsoon sector. c,d, Zonal wind (black
contours, contour interval 6ms�1) and eddy momentum flux divergence (colour contours) as in a,b. e,f, Precipitation P (blue) and near-surface (850 hPa) MSE h (red). Except
for precipitation, all quantities are obtained from the ERA-40 reanalysis30 and are averaged over the years 1981–2000. In the latitude zones of the tropical overturning
circulation, the horizontal eddy momentum flux divergence shown in the figure is the dominant term balancing the Coriolis force on the mean meridional flow and the mean
meridional momentum advection in the zonal momentum budget; other terms, such as the stationary eddy momentum flux divergence and the zonal geopotential gradient
across the monsoon sector, are smaller.

primarily as a result of MSE advection (which dominates the
MSE budget in the boundary layer). The transition between
the equinox and monsoon regimes in the simulation occurs
rapidly compared with variations in radiative heating. This is
manifest in the rapid intensification and relocation of the ITCZ
into the summer subtropics (Fig. 1b) and the rapid changes in
subtropical near-surface winds (Fig. 3). Overall, the transition in
the simulation resembles the onset of the Asian monsoon. A reverse
transition occurs at the end of the warm season; this transition
occurs more rapidly than in the Asian monsoon, suggesting that
processes not captured by our idealized GCM modulate the Asian
monsoon retreat.

For the feedback mechanisms discussed above to be able to
mediate rapid transitions of the overturning circulation, the surface
thermal inertia must be suYciently low for the near-surface MSE
to be able to adjust rapidly. Only then can circulation changes
occur rapidly because the near-surface MSE controls the location
of the ascending branch of the cross-equatorial cell (and hence
of the main precipitation zone) and, by gradient-wind balance,
the upper-level zonal wind, both of which must be able to adjust

0 90 180
Julian day

270 360

–10

0

10

20

u 
(m

 s
–1

)

Figure 3 Rapid changes in near-surface zonal wind at 15 N. Seasonal cycle of
zonal- and pentad-mean near-surface zonal wind at 15� N from observations in the
Asian monsoon sector (green) and from aquaplanet simulations with ocean
mixed-layer thickness 1m (yellow) and 100m (red). The near-surface zonal wind is
evaluated at 850 hPa in the observations and at � = 0.85 in the simulations, where
� = p/ps is pressure p normalized by surface pressure ps.
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Figure 2 Observed monsoon onset over Asia. Zonal- and temporal-mean circulation in the Asian monsoon sector at two 20-day periods before (left panels, Julian Day
81–100) and after (right panels, Julian Day 161–180) monsoon onset. a,b, Streamfunction of meridional overturning circulation (black contours, contour interval
50⇥109 kg s�1, with solid contours for anticlockwise rotation and dashed contours for clockwise rotation), angular momentum per unit mass (grey contours, contour interval
⌦ a 2/15 with Earth’s rotation rate⌦ and radius a) and transient eddy momentum flux divergence div([u 0v 0]cos� ), with horizontal velocity vector v= (u, v ) (colour
contours, contour interval 0.6⇥10�5 m s�2 in a and 1.2⇥10�5 m s�2 in b, with red tones for positive and blue tones for negative values). Here, (·) denotes a temporal mean
over the 20-day period and over all years of data, primes denote deviations from this mean and [·] denotes a zonal mean over the monsoon sector. c,d, Zonal wind (black
contours, contour interval 6ms�1) and eddy momentum flux divergence (colour contours) as in a,b. e,f, Precipitation P (blue) and near-surface (850 hPa) MSE h (red). Except
for precipitation, all quantities are obtained from the ERA-40 reanalysis30 and are averaged over the years 1981–2000. In the latitude zones of the tropical overturning
circulation, the horizontal eddy momentum flux divergence shown in the figure is the dominant term balancing the Coriolis force on the mean meridional flow and the mean
meridional momentum advection in the zonal momentum budget; other terms, such as the stationary eddy momentum flux divergence and the zonal geopotential gradient
across the monsoon sector, are smaller.
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MSE budget in the boundary layer). The transition between
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rapidly compared with variations in radiative heating. This is
manifest in the rapid intensification and relocation of the ITCZ
into the summer subtropics (Fig. 1b) and the rapid changes in
subtropical near-surface winds (Fig. 3). Overall, the transition in
the simulation resembles the onset of the Asian monsoon. A reverse
transition occurs at the end of the warm season; this transition
occurs more rapidly than in the Asian monsoon, suggesting that
processes not captured by our idealized GCM modulate the Asian
monsoon retreat.

For the feedback mechanisms discussed above to be able to
mediate rapid transitions of the overturning circulation, the surface
thermal inertia must be suYciently low for the near-surface MSE
to be able to adjust rapidly. Only then can circulation changes
occur rapidly because the near-surface MSE controls the location
of the ascending branch of the cross-equatorial cell (and hence
of the main precipitation zone) and, by gradient-wind balance,
the upper-level zonal wind, both of which must be able to adjust
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Figure 3 Rapid changes in near-surface zonal wind at 15 N. Seasonal cycle of
zonal- and pentad-mean near-surface zonal wind at 15� N from observations in the
Asian monsoon sector (green) and from aquaplanet simulations with ocean
mixed-layer thickness 1m (yellow) and 100m (red). The near-surface zonal wind is
evaluated at 850 hPa in the observations and at � = 0.85 in the simulations, where
� = p/ps is pressure p normalized by surface pressure ps.
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Fig. 11 

Contours: zonal wind (CI 6 m s-1) with dashed for easterly
Color shading: eddy mom. flux div.

Sector defined as 70E-100E
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