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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)
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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)

54

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.
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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.
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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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Monsoon dynamics: 
           -land-sea contrast

n Thermal contrast : 

Plumb and Hou (1992)



7授课教师：张洋

Monsoon dynamics: 
           -land-sea contrast

n Thermal contrast: 

Plumb and Hou (1992)

Numerical results  
for axisymmetric flow

weak heating:

strong heating:

threshold of strong 
cross-equator 

meridional overturning 
circulation

strength of circulation
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Monsoon dynamics: 
           - Orography, Tibet Plateau

cross-equatorial flux of the Findlater Jet [Findlater, 1969b]. The remainder of the mass flux is associated 
with the rotational part of the wind field. Thus the mass flux associated with the Somalia Current in the 
ocean and the total mass flux of the atmospheric Findlater Jet are roughly equivalent. In the boreal 
summer the divergent longitudinal flow of the Walker Circulation is about half as large as either of the 
monsoon components. However, during the boreal winter the divergent mass flux of the Walker 
Circulation is of a comparable magnitude. Throughout the annual cycle the SST in the Indian Ocean 
undergoes an interesting progression. Figure 10 shows three longitude-time sections across the Indian 
Ocean for the year 1992. In the most general sense the SST maxima should lag behind the annual cycle 
of solar heating by about 2 months. However, a closer scrutiny of Figure 10 shows that this is not the 
case. The northern Indian Ocean (Figure 10a) remains warm throughout most of the winter, slowly 
increasing to a maximum of 30C in late June. Substantial cooling occurs in the vicinity of Somalia 
commencing in June at the equator and during July in the Arabian Sea. The cooling is associated with 
both upwelling and evaporation accompanying the freshening winds of the southwest monsoon [Knox, 
1987]. The southern Indian Ocean appears to undergo a more regular annual cycle. However, the SST 
maximum occurs some 5 months after the southern hemisphere summer solstice. Furthermore, the 
maximum SST in the boreal winter actually occurs even farther south near 15S in the vicinity of 60E, 
where, during February, temperatures exceed 30C. However, during this season and at these longitudes, 
maximum convection occurs equatorward of the maximum SST because of dynamical constraints [e.g., 
Walliser and Somerville, 1994; Tomas and Webster, 1997].  
 

 

 
 
 
Figure 11a displays the major orographic features of the eastern hemisphere. The Indian Ocean is 
bordered to the west by the East African Highlands and to the north by the Himalayas and the Tibetan 

Figure 11a.(a) Orography and the south Asian summer monsoon. Orographic structure 
of the eastern hemisphere (units are 102 m). The Indian Ocean is surrounded by the 
East African Highlands to the west and the Himalayan Mountains to the north. 
Australia, on the other hand, is devoid of major orography. Orography with elevations 
>1 km are shaded. . 

(from Webster 1998)
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n Thermal heating: behaves as a heat source of the upper 
level flow;  

n Mechanical forcing:  
n a local impact on precipitation through 

induced uplift; 
n a more spread impact by shielding the 

monsoon region from the cold dry air 
from higher latitude. 

Monsoon dynamics: 
           - Orography, Tibet Plateau
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Monsoon dynamics: 
           - Orography, Tibet Plateau
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n Thermal heating 

 

 

 

 

 

 

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. 

Upper level temperature

(from Webster 1998)
(from Molnar and Emanuel 1999)
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Monsoon dynamics: 
           - Orography, Tibet Plateau

n Sensitivity to mountain height enhanced precipitation

(from Kitoh, 2004, JC)
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Monsoon dynamics: 
           - An idealized GCM results

Numerical results from idealized 
aqua-planet model: 
•ocean surface all the globe 
•no orography 
•only vary depth of the ocean mixed 
layer
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Monsoon dynamics: 
           - An idealized GCM results
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Figure 1: Rapid shifts of precipitation zones. Seasonal cycle of zonal- and pentad-mean pre-

cipitation (color contours, mm day−1) and sea-level air temperature (SAT) (grey contours) from

observations in the Asian monsoon sector (a) and from aquaplanet simulations with ocean mixed-

layer thickness 1 m (b) and 100 m (c). SAT is evaluated at 1000 hPa in the observations and at

the lowest model level in the simulations. The contour interval for precipitation is 1 mm day−1

in (a) and 2 mm day−1 in (b) and (c); for SAT, it is 2◦C, with the solid grey line marking the

24◦C isoline. Precipitation rates in the simulations can exceed observed precipitation rates be-

cause the lower boundary in the simulations is entirely water-covered. The thick dashed line in (a)

shows the latitude at which the zonal-mean topography in the Asian monsoon sector rises above

3 km. Arrows at the time axes in (a) and (b) indicate the centers of the 20-day periods for which

circulations are shown in Figs. 2 and 4. Observed precipitation is from Global Precipitation Cli-

matological Project29 data for the years 1999–2005. In this and subsequent figures, zonal means

for the Asian monsoon sector are averages between 70◦–100◦E. Results are robust to changes in

the averaging sector and do not change substantially if Southeast Asia is included in the averages.
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Numerical results from idealized 
aqua-planet model: 
•ocean surface all the globe 
•no orography 
•only vary depth of the ocean mixed 
layer

Hsur=1m

Day

OBS

Model

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 1 m (yellow) and 100 m

(orange). The near-surface zonal wind is evaluated at 850 hPa in the observations and at σ = 0.85

in the simulations, where σ = p/ps is pressure p normalized by surface pressure ps.
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A monsoonal circulation can observed only 
when the surface heat capacity is small 
enough.

(Bordoni and Schneider, 2008, nature-geosci.)
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Monsoon dynamics: 
       - GCM results on Orography

n Thermal heating vs. Mechanical forcing (I) 

(from Boos et al, 2010, nature)

Standard Orography

No Orography

Surface elevations north 
of Himalayas set to zero

Upper level T, lower level entropy, precipitation
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Monsoon dynamics: 
       - GCM results on Orography

n Thermal heating vs. Mechanical forcing (II) 

(from Wu et al, 2012, Scientific Reports)

Artificially separate the thermal and 
mechanical forcings of Tibet Plateau 

Experiment design: 

• prescribed, seasonally varying SST and sea ice 

• orographic setting - changing prescribed surface elevations 

• no-sensible heat experiment - the surface energy balance was 
kept unchanged, but the surface sensible heat released at the 
elevation above 500m was not allowed to heat the atmosphere. 
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Monsoon dynamics: 
       - GCM results on Orography

n Thermal heating vs. Mechanical forcing (II) 

(from Wu et al, 2012, Scientific Reports)

Artificially separate the thermal and 
mechanical forcings of Tibet Plateau 

latitude–height cross sections from the CON and IPTP_M
experiments, demonstrating that the vertical velocity is divided
into a southern branch and a northern branch at about 25uN. In
the CON run (Fig. 5a), strong rising associated with the southern
SASM is located over the northern Indian Ocean. Ascending air is
also dominant above the TP, with maxima located near the surface,
indicating the importance of surface sensible heating in generating
orographic ascent. In the IPTP_M experiment (Fig. 5b), the lack of
surface heating on the TP results in two remarkable sinking centers
over its slopes; thus, the northern branch of the SASM disappears
over northern India. However, the intensity and location of the
southern branch is largely unchanged. In fact, in all the
experiments the southern SASM branch remains steady, with a
center (.18 3 10–2 Pa?s–1) at about 400 hPa, locked to the south
of the coastline. The insensitivity of the southern branch of the

SASM to orographic change indicates that the land–sea thermal
contrast plays a dominant role in its generation and variation.
The above discussion is summarized schematically in Figure 6.

Themeridional circulation of the SASM can be divided into southern
and northern branches. Its southern branch is located in the tropics:
water vapor that originates from the Southern Hemisphere and is
transported along the zonally oriented ‘‘water-vapor conveyer belt’’
is lifted upward due to the land–sea thermal contrast, forming mon-
soon precipitation there. The northern branch occurs along the
southern margin of the IPTP in the subtropics. When the conveyer
belt approaches the TP, part of its water vapor is hauled away and
turned northward, then lifted upward by the IPTP-SHAP, resulting
in heavy precipitation in the monsoon trough over northern India
and along the foothills and slopes of the TP. The rest of the water
vapor along the water conveyer belt is transported northeastward to
sustain the EASM, which is controlled by the land–sea thermal con-
trast and thermal forcing of the TP. These results highlight the dom-
inant roles of the land–sea thermal contrast and IPTP thermal
forcing in influencing the ASM.

Discussion
In nature, the influences of the IPTP orography and its surface sensible
heating cannot be separated. The significance of the dominance of
IPTP thermal forcing in influencing the ASM lies in the fact that, over
the modern-day orography, the thermal status of the IPTP varies due
to natural and anthropogenic factors, as reviewed above. By focusing
on changes in the thermal status of the IPTP, the dominance of
thermal controls on the ASM may provide us with a tangible way
of identifying climate trends in the Asian summer monsoon in a
warming world, and of improving weather forecasts, climate predic-
tions, and projections in areas affected by the Asian monsoon.

Methods
General CirculationModel Description.The atmospheric general circulationmodel
(GCM) employed in the present study is SAMIL (Spectral Atmospheric Model of
IAP/LASG), as developed at the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynamics/Institute of Atmospheric
Physics (LASG/IAP), Beijing, China. SAMIL is a spectral model with rhomboidal
truncation at wave-number 42. It has 26 vertical layers with a top at 2.1941 hPa39. As

Figure 4 | Mechanism–– Relative contributions of the climbing and
deflecting effects of mountains, showing the summer precipitation rate
(color shading, unit mm?d–1) and streamlines at the s5 0.89 level for a,
the CON experiment; b, the IPTP_M experiment; c, theHIM experiment;
and d, the HIM_M experiment. Dashed contours surround elevations
higher than 1,500 m and 3,000 m, with red and black colors respectively
indicating with and without surface sensible heating of the mountains.
Dark blue open arrows denote the main atmospheric flows impinging on
the TP, either climbing up the plateau (a and c) or moving around the
plateau, parallel to orographic contours (b and d).

Figure 5 | Structure of the South Asian summer monsoon, showing
806E–906E longitudinally averaged vertical–meridional cross-sections of
pressure vertical velocity (contour interval, 2 3 10–2 Pa?s–1) for
experiments a, CON; and b, IPTP_M.
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n Land-sea contrast 
n thermal contrast: strongest heating over subtropical land 
n moisture advection: provide precipitation water 

n Orography 
n Thermal forcing as an upper level heat source 
n Mechanical forcing: 

n a local precipitation enhancement 
n a widespread barrier of cold, dry air  

n GCM results 
n strong seasonal heating due to the small heat capacity of the underlying surface seems to be 

crucial to the formation of monsoonal circulation;  

n the special topography of south asian reinforces the monsoon, especially by protecting warm 
and moist tropical air from the cold and dry extratropics； 

n thermal heating from the south slope of TP suggested strengthen the monsoon 

Monsoon dynamics 

n Monsoon variation in timescales as intra-seasonal, inter-annual scales needs 
further studies  
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Features of monsoonal circulation:  
           -the east asian  monsoon

n Difference in observed features 
n no such obvious sudden onset 

n precipitation in spring-summer is organized as the Meiyu Front 
n evolution and migration of the fronts are closely associated with the East 

Asian jet stream and the western pacific subtropical high 
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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
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Figure 6
(left) The climatological April horizontal wind on the 850 hPa pressure level (arrows) and precipitation from CPC Merged Analysis of
Precipitation (CMAP) (shading). (right) The climatological April horizontal wind on the 250 hPa pressure level (arrows) and wind speeds
on the same level (shading).

The anatomy of the East Asian “monsoon” is fundamentally different from that of the South
Asian monsoon. In the heart of northern-hemisphere winter, persistent, albeit weak, rainfall occurs
in southern China (Figures 3 and 5). This precipitation is associated with and organized by a
nearly stationary, convergent frontal circulation (e.g., Y-S Zhou et al. 2004). As winter gives way
to spring, precipitation remains organized in a band known as the Meiyu Front that extends east-
northeast over central China and the western Pacific (Figure 6). The front migrates northward and
precipitation reaches a maximum in mid-June (Figure 3) over the Yangtze River basin of central
China and eastward to Japan. Then the front breaks down during a relatively rapid transition
to summer circulation, and precipitation becomes highly irregular—if intense—when it happens.
The migration and evolution of these fronts are closely associated with seasonal changes in the East
Asian jet stream (Liang & Wang 1998). Hence, despite the moniker “monsoon,” the anatomy of
the spring and summer rains over East Asia do not conform to the common definition of a summer
monsoon.

4. DYNAMICS OF THE SOUTH ASIAN MONSOON
Heating of the atmosphere over the Tibetan Plateau has long been held to drive the In-
dian summer monsoon and strongly influence the broader-scale South Asian summer monsoon
(e.g., Flohn 1968, Yanai & Wu 2006). A high-amplitude seasonal cycle in the flux initially of sensi-
ble and then of latent heat from the plateau surface into the mid-troposphere evolves concurrently
with the South Asian monsoon circulation (e.g., Li & Yanai 1996, Luo & Yanai 1984). Recently,
however, some observational and theoretical work has raised questions about the importance of
the plateau’s heating for South Asian climate.

The Tibetan Plateau does not directly provide the dominant heat source for the South Asian
summer monsoon, as the warmest upper-tropospheric air lies over northern India just southwest
of, rather than over, the plateau (Figure 4). The largest diabatic heat source, inferred from rean-
alyzed atmospheric data, lies in the region of intense cumulus convection just south of the plateau
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Features of monsoonal circulation:  
           -the east asian  monsoon
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Figure 7
Calculated precipitation rates (in color) and lower tropospheric (850 hPa) streamlines superimposed on a map of Earth. A general
circulation model (GCM) was coupled to a slab ocean in calculations (an aquaplanet), and included only the high terrain equivalent to
that of Tibet. Perpetual equinox insolation was used; all forcings except orography are also symmetric about the equator. East of the
high terrain that mimics Tibet, focusing (converging red arrows) and intensification of the upper-level jet (large red arrow across the central
Pacific) set up circulation with lower-level convergence and heavy precipitation colocated where southeastern China is located. (From
unpublished work of K. Takahashi and D.S.B.)

precipitation downstream of the plateau, the Meiyu Front, shifts northward into central China.
In this view, the intensification and northward movement of the Meiyu Front from late winter to
late spring can be seen as a result of (a) the jet interacting with the plateau and (b) the increasing
humidity of air that is swept in from the south over a warming ocean. With the onset of the South
Asian monsoon in early June, humid air is also transported over the Indo-Burman ranges and
southeastern Tibet into southeast China (Y-S Zhou et al. 2004), contributing to the increase in
precipitation at this time. Then approximately when the core of the jet stream moves northward
to pass north of Tibet (Figure 5), the Meiyu Front disintegrates, and precipitation over China
decreases (Figure 3).

The demise of the Meiyu Front as the locus of convection and intense precipitation over China
in late June is inconsistent with the simple traditional model that equates monsoonal flow with
increasing land-sea temperature gradients. Viewed in a more global context, the strong meridional
temperature gradient in the extratropics weakens as spring moves into summer, causing the jet to
weaken and shift to higher latitudes where the Tibetan Plateau affects it less. This might explain
the rather sudden demise of the Meiyu Front in late June and the transition from nearly daily to
more sporadic (yet intense) precipitation and overall drying despite the continuing increase in the
land-ocean temperature contrast.

The view that we express here treats Tibet as an obstacle to flow aloft, and might suggest
that heating over the plateau is secondary. Indeed, we hold that Tibet’s principal effect results
simply from its height, but some studies demonstrate that heating over the plateau directly affects
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Pacific) set up circulation with lower-level convergence and heavy precipitation colocated where southeastern China is located. (From
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precipitation downstream of the plateau, the Meiyu Front, shifts northward into central China.
In this view, the intensification and northward movement of the Meiyu Front from late winter to
late spring can be seen as a result of (a) the jet interacting with the plateau and (b) the increasing
humidity of air that is swept in from the south over a warming ocean. With the onset of the South
Asian monsoon in early June, humid air is also transported over the Indo-Burman ranges and
southeastern Tibet into southeast China (Y-S Zhou et al. 2004), contributing to the increase in
precipitation at this time. Then approximately when the core of the jet stream moves northward
to pass north of Tibet (Figure 5), the Meiyu Front disintegrates, and precipitation over China
decreases (Figure 3).

The demise of the Meiyu Front as the locus of convection and intense precipitation over China
in late June is inconsistent with the simple traditional model that equates monsoonal flow with
increasing land-sea temperature gradients. Viewed in a more global context, the strong meridional
temperature gradient in the extratropics weakens as spring moves into summer, causing the jet to
weaken and shift to higher latitudes where the Tibetan Plateau affects it less. This might explain
the rather sudden demise of the Meiyu Front in late June and the transition from nearly daily to
more sporadic (yet intense) precipitation and overall drying despite the continuing increase in the
land-ocean temperature contrast.

The view that we express here treats Tibet as an obstacle to flow aloft, and might suggest
that heating over the plateau is secondary. Indeed, we hold that Tibet’s principal effect results
simply from its height, but some studies demonstrate that heating over the plateau directly affects
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Features of monsoonal circulation:  
           -the east asian  monsoon

n Difference in observed features 
n no such obvious sudden onset 
n precipitation in spring-summer is organized as the Meiyu Front 
n evolution and migration of the fronts are closely associated with the East 

Asian jet stream and the western pacific subtropical high 

n Different systems in the summer/winter east asian “monsoon”, 
which is distinctly extratropical in nature 

n The different role of Tibet Plateau in south/east asian monsoon 
n South Asian monsoon: acting as an obstacle the southward cool, dry air 
n East Asian monsoon: lying in the path of subtropical jet stream 
n The importance of thermal heating is under study 
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