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Introduction
n The definition of monsoon: a dramatic seasonal reversal of the 

low-level prevailing winds, precipitation and atmospheric circulation. 

n The major monsoon systems of the world:  
n Asian monsoon 

n South Asian monsoon 
n East Asian monsoon 

n Australian (Indo-Australian) monsoon 
n West African monsoon 

n North and South American monsoon (controversial) 
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Introduction

n 65% of world’s population 
lives within monsoon; 

n Monsoon precipitation is 
crucial to the life, food 
production, economy et al in 
these regions;  

n Proper forecasting of location 
and quantity of precipitation 
is crucial to  theses regions. 
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Introduction

n 65% of world’s population 
lives within monsoon; 

n Monsoon precipitation is 
crucial to the life, food 
production, economy et al in 
these regions;  

n Proper forecasting of location 
and quantity of precipitation 
is crucial to  theses regions. 

The formation of monsoon climate is closely 
related to the seasonal variation of the solar 
forcing and the seasonal migration of the 
planetary scale flow.
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n Seasonal variation: strongest in the subtropics, 
monsoon regions 
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Features of monsoonal circulation:  
           -an Indian monsoon example
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Features of monsoonal circulation:  
           -an Indian monsoon example

The seasons of winter 
and summer might be 
better described as dry 
and moist seasons.

(from Clift and Plumb, 2008)
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Features of monsoonal circulation:  
           -an Indian monsoon example

An obvious 
reverse of the 
prevailing winds

Somali Jet

(from Clift and Plumb, 2008)
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Features of monsoonal circulation:  
           -an Indian monsoon example

The onset of the summer monsoon brings cooler surface temperatures to India and other 

areas that receive monsoonal precipitation, due to the increase in clouds as well as the increase in 

soil moisture that accompanies the precipitation. The data shows, as one might expect, that the 

lowest surface air temperatures in the monsoon region occur at the highest elevations. There is a 

large area of low (less than 280 K) surface air temperature on the Tibetan Plateau, and a large 

area of high (greater than 305 K) surface air temperatures on the Arabian Peninsula. 

From an agricultural standpoint, the beginning of the precipitation associated with the 

Asian summer monsoon is probably  one of the most anticipated events in the world. The onset of 

the monsoon is generally defined as the beginning of consistent rainfall of the monsoon season. 

Figure 8.29: Observed 850 mb wind vectors for a) January, and b) July.

a

b
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An Introduction to the General Circulation of the Atmosphere

Cross equator meridional 
overturning circulation.

Accompanied is the 
reverse of whole 
atmospheric circulation.
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Features of monsoonal circulation:  
           -an Indian monsoon example

Bjerknes (1969) theorized that the cool, dry air of the trade winds is heated and 

moistened as it moves westward until it finally  undergoes large-scale moist-adiabatic ascent over 

the Warm Pool. If there were no mass exchange with adjacent latitudes, a simple circulation 

would develop in which the flow is easterly at low levels and westerly  at  upper levels. When 

meridional mass exchange is considered, this simple picture has to be altered, because absolute 

angular momentum is exported to adjacent latitudes. Under steady-state conditions, the flux 

divergence of angular momentum at the equator must be balanced by an easterly surface wind 

stress. Thus surface easterlies on the equator are stronger than those imposed by the Walker 

circulation. The net result is that a thermally driven Walker cell is imposed on a background of 

easterly flow, the intensity of which depends on the strength of the angular momentum flux 

divergence. 

Figure 8.37: JJA climatological 200 mb winds. The scale vector is 50 m s-1.

Figure 8.38: Latitude-pressure plot of the JJA climatological zonal winds at 77.5 ºE. The contour 

interval is 5 m s-1.
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18S42N

Strong vertical shear 
of zonal wind

(from Randall 2009)
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Features of monsoonal circulation:  
           -an Indian monsoon example

 

 

 

 

 

 

2. Description of the Monsoons  
 

Ramage [1971] provided a rather strict definition of a monsoon and identified the African, Asian, and 

Australian regions as satisfying both a wind reversal and seasonal precipitation criterion. However, the 

Americas qualify as monsoon regions at least in terms of precipitation. In the following sections the 

various monsoon circulations will be described.  

 

2.1. The Annual Cycle of the Monsoon 

 

 

 

 

 

In Figure 6a the horizontal distribution of the 200-500--mbar layer mean temperature is plotted for 

boreal summer (Figure 6a left) and winter (Figure 6a right). The shaded region shows a mean 

temperature warmer than --26C. During summer a planetary-scale warm air mass is centered on south 

Asia with the maximum average layer temperature ( > --22C) over the southern Tibetan Plateau, 

resulting in strong temperature gradients in both the north-south and east-west directions. A warm 

temperature ridge exists over the North American continent, and a deep temperature trough stretches 

from the west coast of North America to the central Pacific. A similar trough lies over the Atlantic 

Ocean. The upper tropospheric flow pattern during summer identifies clearly the thermal contrast 

between continents and oceans [e.g., Krishnamurti, 1971a, b]. The boreal winter presents a very 

different structure. A much smaller section of the globe (northeast of Australia) is warmer than --26C. A 

Back to the previous section Forward to the next section

Figure 6a. Mean upper tropospheric (200--500 mbar) temperature (degrees Celsius) for 
the boreal summer (JJA), and boreal winter (DJF), averaged between 1979 and 1992. 
The boreal summer plot is based on calculations first made by Li and Yanai [1996]. 
Mean columnar temperatures warmer than --25C are shaded. 

(from Webster 1998)
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Features of monsoonal circulation:  
           -an Indian monsoon example

EA38CH04-Molnar ARI 23 March 2010 13:11
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Figure 3
Annual cycles of precipitation for India, 7.5◦–30◦N, 70◦–87.5◦E (left), and eastern China, 22.5◦–30◦N, 105◦–122.5◦E (right), using
pentad (5-day average) data for 1979–2008 from the Global Precipitation Climatology Project (GPCP). The gray lines show data for
the most recent 10 individual years, and the blue lines show the 30-year average climatology. The India time series exhibits an abrupt
increase near day 150, and the eastern China time series shows a near-linear increase up to day 175, followed by two step-wise decreases.

ITCZ: intertropical
convergence zone

tropical monsoon circulations in which rain falls almost entirely in an intertropical convergence
zone (ITCZ) displaced from the equator (e.g., Gadgil 2003). The East Asian “monsoon,” however,
which encompasses the climates of China, the Korean Peninsula, and Japan, is distinctly extrat-
ropical in nature; precipitation and winds are associated with frontal systems and the jet stream.
Thus “monsoon” is somewhat of a misnomer, but we use the term below and distinguish it with
quotation marks.

The South Asian monsoon displays the following anatomy. Near the spring equinox, peak
precipitation and large-scale ascent is centered over the equatorial islands of Indonesia. As the
annual cycle progresses, this peak precipitation migrates northward to the Indochina Peninsula and
its adjacent waters, the Bay of Bengal and the South China Sea. Then, by early June the region of
large-scale ascent intensifies and expands westward across India. Deep convection throughout the
northern Bay of Bengal and inland over India along the southern flank of the Himalaya characterize
the peak of the South Asian summer monsoon, with temperature and pressure maxima in the
upper troposphere centered in these regions (Figure 4). When the gradient in upper troposphere
temperature reverses so that the air is colder on the equator than in the subtropics, balanced
easterlies develop aloft over the region between ∼10◦N and ∼20◦N (Figure 5), and the potential
for a strong, off-equatorial meridional overturning circulation develops (Plumb & Hou 1992).
Thus, the onset of the monsoon correlates with a marked change in the wind shear to a regime
with surface westerlies and easterlies aloft. Accordingly, Webster & Yang (1992) suggested that
the strength of that wind shear provides a good measure of the strength of the South Asian summer
monsoon. Goswami et al. (1999) modified Webster & Yang’s index (1992) to span the region where
rain falls most on India and the adjacent Bay of Bengal and found that this modified monsoon
index correlated better with monsoon rainfall on India than did the original. Many associate that

www.annualreviews.org • Orography and Paleoclimate of Asia 83

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
10

.3
8:

77
-1

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 N

an
jin

g 
U

ni
ve

rs
ity

 o
n 

12
/0

2/
10

. F
or

 p
er

so
na

l u
se

 o
nl

y.

The sudden onset of south asian 
monsoon occurs between Julian 
day 146-160.

conditions extend from the Sahara across Arabia and India. In the interior of the

Indian subcontinent, temperatures exceed 40 !C, but deep convection does not

occur, in part because of the dryness of the low level air, such that the

near-surface moist static energy is actually less than that over the somewhat

cooler oceans to the south, and because of broad-scale subsidence aloft. However,

this state of affairs eventually breaks down, accompanied by the almost simul-

taneous onset of deep convection and rainfall across the northern Indian Ocean

and the continent south of about 20! N, and of the large-scale summertime

circulation. The suddenness with which the circulation is established is evident

in Figure 1.14, which shows the winds picking up over the Arabian Sea over

an interval of 2–3 weeks. With onset, temperatures in the subcontinent drop

markedly (Figure 1.13) as cooler but more humid air is advected inland. The

precipitation maximum over the Indian Ocean migrates quite rapidly from

near and south of the equator to be centered near 10! N, although equatorial

precipitation does not cease with monsoon onset. The maximum moves further

north over the following month before receding, more gradually than during

onset, in October to November. Surface temperatures off the coast also drop,

partly in response to enhanced evaporation in the strong winds.

Despite the rather systematic onset of the large-scale flow evident in

Figure 1.14, the appearance of monsoon rains is not simultaneous over southern
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Figure 1.14 Seasonal evolution of an index of mean wind speed over the Arabian Sea.

The index is calculated as the square root of specific kinetic energy, averaged over the

area 5! S to 20! N, 50! E to 70! E. The day number is a nominal day of year (day 1 is

nominally Jan 1), shifted with respect to onset date (the data are composited with

respect to monsoon onset). The vertical dashed lines indicate days number 142 and

160. Data courtesy of William Boos.

1.3 The Indian Ocean monsoon system 17

850 hPa wind speed

(from Clift and Plumb, 2008) (from Molnar et al, 2010)
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Features of monsoonal circulation:  
           -an Indian monsoon example

The sudden onset of south asian 
monsoon.

(from Webster 1998)
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Features of monsoonal circulation:  
           -an Indian monsoon example
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Features of monsoonal circulation:  
           -an Indian monsoon example
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Features of monsoonal circulation:  
           -an Indian monsoon example

−80 −60 −40 −20 0 20 40 60 80

200

400

600

800

1000

pr
es

su
re

 (m
b)

Mean circulation transport Vc (1014 W) for JJA

−20

−10

0

10

20

−80 −60 −40 −20 0 20 40 60 80

200

400

600

800

1000

pr
es

su
re

 (m
b)

Stationary eddy transport Vs (1014 W) 

−20

−10

0

10

20

−80 −60 −40 −20 0 20 40 60 80

200

400

600

800

1000

pr
es

su
re

 (m
b)

Transient eddy transport VT (1014 W)

−20

−10

0

10

20

JJA
大气�流概述－分析方法

38授�教�：�洋

[vT ] = [(v̄ + v0)(T̄ + T 0)] = [v̄T̄ ] + [v0T 0]

= [([v̄] + v̄⇤)([T̄ ] + T̄ ⇤)] + [v0T 0]

= ¯[v] ¯[T ] + [v̄⇤T̄ ⇤] + [v0T 0]
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Features of monsoonal circulation:  
           -an Indian monsoon example

Intra-seasonal variation:  
exhibits peaks on 4-5 days, 
10-20 days and 40-50 days

Fig. 8.42 shows that the 1000-mb winds above the tropical Pacific (between 10° N and 

10° S) have an easterly component  in both solstitial seasons. For both seasons, easterly flow near 

the equator occurs west of about 90° W. In January, the easterly component is particularly strong 

above the central equatorial Pacific, and convergence is evident along the ITCZ near 8° N. In 

July, a notable characteristic is the strong cross-equatorial flow in the eastern Pacific. The zone 

Figure 8.39: Observed Fourier power spectra of surface pressure. a) at 10ºN, 77.5ºE, near the 

southern tip of India, for oscillations with a period of 0-5 days; b) at  18ºN, 77.5ºE, for oscillations 

with a period of 0-5 days; c) at 26ºN, 77.5ºE, for oscillations with a period of 0-5 days; d) at  10ºN, 

77.5ºE, for oscillations with a period of 0-90 days; e) at 18ºN, 77.5ºE, for oscillations with a period 

of 0-90 days; and f) at 26ºN, 77.5ºE, for oscillations with a period of 0-90 days.
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Fig. 8.42 shows that the 1000-mb winds above the tropical Pacific (between 10° N and 

10° S) have an easterly component  in both solstitial seasons. For both seasons, easterly flow near 

the equator occurs west of about 90° W. In January, the easterly component is particularly strong 

above the central equatorial Pacific, and convergence is evident along the ITCZ near 8° N. In 

July, a notable characteristic is the strong cross-equatorial flow in the eastern Pacific. The zone 

Figure 8.39: Observed Fourier power spectra of surface pressure. a) at 10ºN, 77.5ºE, near the 
southern tip of India, for oscillations with a period of 0-5 days; b) at  18ºN, 77.5ºE, for oscillations 
with a period of 0-5 days; c) at 26ºN, 77.5ºE, for oscillations with a period of 0-5 days; d) at  10ºN, 
77.5ºE, for oscillations with a period of 0-90 days; e) at 18ºN, 77.5ºE, for oscillations with a period 
of 0-90 days; and f) at 26ºN, 77.5ºE, for oscillations with a period of 0-90 days.
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Features of monsoonal circulation:  
           -an Indian monsoon example

Obvious Inter-annual 
variation
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Features of monsoonal circulation:  
           -an Indian monsoon example

Inter-annual variation is related 
to the El Nino event and the 
pacific SST. 

Relatively weaker precipitation 
over India is always found in 
the El Nino years; 

Relatively stronger 
precipitation over india is found 
in La Nina years. 

 

(from Webster 1998)
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Observed features
n Summary: 

n A monsoon climate is characterized by the obvious seasonal reversal of 
wind, precipitation and atmospheric circulation. 

n From a global view: south asian monsoon is associated with the seasonal 
migration of ITCZ and Hadley circulation, which also plays an important 
role in the global meridional moisture and latent energy transport. 

n South asian monsoon exhibits obvious sudden onset, with the low-level 
winds and the whole monsoonal circulation built in two weeks.  

n Intra-seasonal  variation: show periods in 4-5 days, 10-20 days and 
40-50 days. 

n Inter-annual variation: Relatively weaker precipitation occurs during El 
Nino years. 
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Outline
n Introduction 

n Features of monsoonal circulation:  

           an Indian monsoon example 

n Monsoon dynamics  
n The land-sea contrast 

n The role of Orography, Tibet Plateau 

n Some GCM results 

n On the east asian monsoon 
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Monsoon dynamics: 
           -land-sea contrast

n Moisture advection: provide source of precipitable water 

n Thermal contrast: different (equivalent) heat capacity  
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Monsoon dynamics: 
           -land-sea contrast

n Thermal contrast : 

2.3 Underlying surface

2.3.1 Governing equation

The tendency of the underlying surface temperature, Tg, is calculated from the energy budget

equation of the surface layer:

�gCpgHsur
⌅Tg

⌅t
= Fsur + Qfx, (2.13)

where �g is the density of the surface materials, i.e., soil density or sea water density in the

ocean mixed layer, and is constant in the model; Cpg is its specific heat; Hsur is the depth of

the surface layer; Fsur is the heat flux across the air- surface interface (define the flux from

the atmosphere into the surface as positive), Qfx represents the e�ect of the convergence of

the horizontal heat transport and the possible heat flow into the surface layer from deeper

layers. In this study, we assume the underlying surface in the standard coupled run is an

ocean surface, and �gCpg ⇤ 4 ⇥ 106 Jm�3K�1. Even though the depth of the ocean mixed

layer has large spatial and seasonal variation (Levitus, 1994), for simplicity we assume Hsur

a constant in the model. In the transient response experiments in Section 6.1.2 and 6.3.2,

we use a shallower surface layer with Hsur = 5 m as the default value. In the midlatitude,

ocean mixed layer is typically 100 m in the winter and 20 m in the summer. However, we

find that even with a shallow ocean mixed layer, the surface response time scale, which is

around hundreds of days, is already much longer than the atmospheric response time scales

and the mechanism through which the coupled system reaches the equilibrium is the same.

To save the computation time, a shallower surface depth is used.

Fsur has three components: radiative flux into the surface Frad, sensible heat flux from

the surface to the atmosphere Fsh, which has the same definition as in Equation 2.6, and

latent heat flux from the surface to the atmosphere Flh,

Fsur = Frad � Fsh � Flh. (2.14)

54

Hsur ⇠ O(10m) to O(100m)

2.3 Underlying surface

2.3.1 Governing equation

The tendency of the underlying surface temperature, Tg, is calculated from the energy budget

equation of the surface layer:

�gCpgHsur
⌅Tg

⌅t
= Fsur + Qfx, (2.13)

where �g is the density of the surface materials, i.e., soil density or sea water density in the

ocean mixed layer, and is constant in the model; Cpg is its specific heat; Hsur is the depth of

the surface layer; Fsur is the heat flux across the air- surface interface (define the flux from

the atmosphere into the surface as positive), Qfx represents the e�ect of the convergence of

the horizontal heat transport and the possible heat flow into the surface layer from deeper

layers. In this study, we assume the underlying surface in the standard coupled run is an

ocean surface, and �gCpg ⇤ 4 ⇥ 106 Jm�3K�1. Even though the depth of the ocean mixed

layer has large spatial and seasonal variation (Levitus, 1994), for simplicity we assume Hsur

a constant in the model. In the transient response experiments in Section 6.1.2 and 6.3.2,

we use a shallower surface layer with Hsur = 5 m as the default value. In the midlatitude,

ocean mixed layer is typically 100 m in the winter and 20 m in the summer. However, we

find that even with a shallow ocean mixed layer, the surface response time scale, which is

around hundreds of days, is already much longer than the atmospheric response time scales

and the mechanism through which the coupled system reaches the equilibrium is the same.

To save the computation time, a shallower surface depth is used.

Fsur has three components: radiative flux into the surface Frad, sensible heat flux from

the surface to the atmosphere Fsh, which has the same definition as in Equation 2.6, and

latent heat flux from the surface to the atmosphere Flh,

Fsur = Frad � Fsh � Flh. (2.14)
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For ocean surface:

Determine the 
response time scale 
to surface heating

⇢gCpg ⇠ 1⇥ 106 Jm�3K�1 Hsur ⇠ O(1m)
For land surface:

The role of boundary layer processes in baroclinic eddy equilibration
in a simple atmosphere-slab ocean coupled model
Yang Zhang1, Peter H. Stone1

1EAPS, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. yangzh@mit.edu

Introduction

To understand the role of baroclinic eddies in atmospheric circulation, several
theories have been proposed. However, these theories either fail to work in the
boundary layer or simply neglect the influence of boundary layer processes.
The study of Zhang et.al. (2009, JAS) found that, under fixed SST boundary
condition, the boundary layer thermal diffusion, along with the surface heat
flux, is primarily responsible for limiting PV homogenization by baroclinic ed-
dies in the boundary layer, which also provides an explanation for why the
baroclinic adjustment theory does not work well there. In this study, the differ-
ent roles of different boundary layer processes in eddy equilibration are further
investigated in a simple air-sea coupled model.

Model Setup

The atmospheric model is a modified ! -plane multilevel quasi-geostrophic
channel model with an interactive stratification and a simplified parameteri-
zation of atmospheric boundary layer physics, similar to that of Solomon and
Stone (2001). The model has a channel length of 21040 km, a channel width of
10000 km. In this study, the horizontal resolution is 330 km and there are 17
equally spaced pressure levels in the model.
A slab surface model is used to couple with the atmospheric model. The slab
surface model has a fixed depth Hsur and only allows the heat exchanges with
the atmosphere to influence the underlying surface temperature Tg directly. The
dynamic heat transport in the ocean is simply represented by a pre-specified
Q-flux.

"gCpgHsur
#Tg
# t

= Frad +Flh+Fsh+Qfx, (1)

In the coupled model, the surface temperature can influence the atmospheric
flow in two ways:

• it is the bottom boundary condition of the atmospheric model, which can be
quickly ‘felt’ by the lower level atmosphere;

• the target state temperature $e in the Newtonian cooling term is set to
$e(y, p, t) = $ ∗

e (T ∗

g (y, t)) + $e
xy
(%rce(p, t)), thus Tg influences the radiative-

convective heating exerted on the atmospheric flow.

Spin-up of the coupled model
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Figure 1: Latitudinal distribution of the underlying surface temperature in the (a) 2D symmetric run with-
out Q-flux, in the (b) eddy included run without Q-flux and in the (c) eddy included run with Q-flux compared

with the climatological surface temperature (left), and the latitudinal distribution of each surface energy flux in

the equilibrium state in the three simulations. Baroclinic eddies, by mixing the surface air
temperature, enhance Fsh and results in smaller temperature gradient.

Surface heat flux
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Figure 2: (a) Zonal mean temperature gradient, (b)

stratification, (c) PV gradient in the boundary layer and

(d) poleward eddy heat flux in the cdt = 0, 0.01, 0.06 ms−1

runs and the SD runs. For the equilibrium state
thermal structure, the direct influence
of the latent heat flux is dominant.
However, the net effect is still damping
the lower atmosphere PV mixing.
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Figure 3: Transient response of Fsh− Fsh
sd,

Flh−Flh
sd, Frad − Frad

sd and Tg− Tg
sd (from upper

to lower pannels) when suddenly increasing the

surface heat drag coefficient, where Hsur = 5m.

Surface friction
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Figure 4: (a) Zonal mean temperature gradient, (b)PV gradient in the boundary layer and (c) poleward

eddy heat flux in the cd f = 0.01, 0.06 ms−1 runs and the SD runs. Surface friction influences the
equilibrium state thermal structure by modifying the eddy activities.
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Figure 5: Same as Fig.3 but the transient re-

sponse when suddenly reducing the surface friction.

Transient response in Figs. 3 and 5
indicates three adjustment time scales
in the coupled system: a quick forc-
ing time scale of the boundary layer
heat flux on the lower atmosphere (∼ 1
day), a synoptic adjustment time scale
of the baroclinic eddies to the zonal
flow (a few days) and a much longer
response time scale of the underly-
ing surface to the surface heat flux,
which depends on Hsur. Under a shal-
low ocean mixed layer (5 m), this time
scale is a few hundreds of days.

Conclusions
•Eddy mixing of the surface air potential temperature enhances the sensible

heat flux, which can result in weaker meridional temperature gradient in the
equilibrium state.

•Since the latent heat flux is the dominant component in balancing the merid-
ional contrast of the solar radiation, reducing surface heat drag coefficient
results in much stronger surface and atmospheric temperature gradients.

•Reducing surface friction increases the poleward eddy heat flux in the atmo-
sphere, thus a weaker surface temperature gradient is obtained.

•Surface friction and surface heat flux, in spite of their effects on the surface
temperature, still act to damp the lower atmosphere PV homogenization.

•The transient response of the coupled system to change in surface friction and
surface heat flux displays three different time scales affecting the equilibration
of the coupled model.

fast response time scale
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Numerical results  
for axisymmetric flow

weak heating:

strong heating:

threshold of strong 
cross-equator 

meridional overturning 
circulation

strength of circulation


