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Fig.1 (a) Classical three-cell model®™; (b) Three-cell model modified by Frederick

Only the northern hemisphere is shown. The thin lines with arrows denote the MMC and the wider ones indicate

the wind directions in the lower troposphere. Note the directions of the upper flow between 30° ~ 60°.
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Figure 1: The approximate global monsoon precipitation domain is here defined where the local summer-minus-winter precipitation rate
exceeds 2.5 mmy/day and the local summer precipitation exceeds 55 % of the annual total [in red). During any individual year, it is possible
for the monsoon to affect a broader area than shown here. Summer denotes May through September for the northern hemisphere
and November through March for the southern hemisphere. The dry regions, where the local summer precipitation is less than T mm/
aay are hatched, and the 3000m height contour surrounding Tibetan Plateau is shaded. The merged Global Precipitation Climatology
Project/Climate Prediction Center Merged Analysis of Precipitation precipitation data were used. These observations are based on rain
gauge data over land and satellite data over the oceans. The regional monsoons are the North American monsoon [NAM), North African
monsoon [NAFJ, Indian monsoon [IND), East Asian monsoon [EAS), Western North Pacific monsoon (WNP), South American monsoon
[SAM), South African monsoon (SAF), and the Australian monsoon [AUS). This figure kindly provided by Prof Bin Wang.



EfR: 1T

B X5

L I T T Y T o
PO Y F J_:q"
...-.,.,.......__.__._.u.l AN

..._...uu;”... .....f.._....hr.......”;..-......_.nr._.
...........-_”;._.._......u..z-._.._{z...ﬁ. ._..._.._..__,._._.
WYY, BT O

a..._"..
.._‘.n.x.\\\}_.?:....:...u_ﬂ.i. Vil
b= i g ...K... L |

o T A
-1y P ALY LR

oo i -
TR

) L
L)

- e

k- rat ke

.

iR L N
EER AR LL LT
S R R

m IR RN

am A
T
e
S S R
IR AL 5 N R

120W 90w 60W 30w 0 30E 60E 90E 120E 150E

150W

Figure 2: Seasonal change in lower tropospheric wind [9250FPa/ over the tropical monsoon regions (JJA minus OJF]. Note the obvious

reversal from north-easterly fo south-westerly winds near West Africa and India from northern hemisphere winter fo summer in the

abserva

s figure

40-year Reanalysis project

-Range Weather Forecasits

fons. This data is from the European Cenire for Medium

kindly provided by Or. Andy Turner.



£WE KRB KRR
4.3 K5Ik : £k
B HRAYTm: KERS-EX

North America Monsoon Asian Monsoon

30

PACIFIC

/ fequator

QOCEAN INDIAN

Trapic of Capricom

</ ATLANTIC

- R 1,600 3,000 Miles
e Icesheetorglacier/ oy OCEAN

o PR = )
1,500 3,000 Kilometers

Australia
Monsoon

Antarctic Circle

South America Monsoon Africa Monsoon



30°N —

25°N —

20°N —

|

75°E

0 2 4 6 ¢

8 10 12 14 16
5-98 300mm3FPEK LK



m &

ST

5
TUTAYr
AR

ALY
)

B

)]

alker I

i




ZONAL ("WALKER") CIRCULATION ALONG EQUATOR

Il ATLANTIC \! ‘! ‘! PACIFIC
>

/, 2 //A////ﬁ///////, " o %

90° W 0° 90° 180°F 90° W

Southern Oscillation: an atmospheric phenomenon

In 1910s, Walker found a connection between barometer
readings at stations on the eastern and western sides of
the Pacific (Tahiti and Darwin). He coined the term
Southern Oscillation to dramatize the ups and downs in
this east-west seesaw effect.
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(Global Distribution of Deserts

Fig. 6.21 Map showing arid lands around the world. Meigs classification taken from Mosaic magazine (Vol. 8, Jan/Feb 1977). [See McGinnies et al., eds., (1968). Permis-
sion granted by the Office of Arid Lands Studies.]
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“Monsoon Debate”

- ENZH
NPDAEERRNAE?

Uncertainty comes from:

Coarse resolution of model

Lack of observation

Different developing phase of monsoon

The rhythms of life across South Asia depend on the Indian monsoon. Climate scientists
are locking horns over the cause of the summer deluges

BEIJING—The Tibetan Plateau is a study in
extremes. It’s the world’s largest expanse of
elevated terrain, covering 2.5 million square
kilometers. Frigid in winter, it bakes in
summertime: Because the average altitude
tops 4000 meters, the vast landscape absorbs
far more solar energy than land at sea level.
As a result, models predict that in summer,
the air layer above the plateau can be much
warmer than air at a similar altitude over the
oceans or over land lying at sea level.

It’s like “having a gigantic heat pump at
over 4000 meters,” says Wu Guoxiong,
an atmospheric scientist at the Chi-
nese Academy of Sciences’ Institute
of Atmospheric Physics here. The
temperature differential is the engine
that drives the spectacular sum-
mer deluges in South Asia known
as the Indian monsoon—or so say
textbooks. A new spate of research
is challenging existing dogma,
sparking a debate over the Tibetan
Plateau’s role in the Indian monsoon.
How it’s decided could have effects
reaching far beyond the climate
science community.

At stake are how to “predict when
[the monsoon] will start, how long it’s
going to last, and how it will respond
to rising carbon dioxide and aerosols,” says
David Battisti, a climate scientist at the
University of Washington, Seattle. “That
matters hugely to millions of people.” A
resolution could prove elusive, however,
because of the challenges of modeling cli-
mate in mountainous regions.

This much is agreed upon: In the sum-
mer, the air over and around Tibet is much

Dueling !

warmer than air at the same altitude over the
Indian Ocean. Consensus breaks down on
whether that heating effect has broad con-
sequences. In the 1950s, atmospheric sci-
entists Ye Duzheng and Hermann Flohn
independently proposed that the tempera-
ture differential creates winds that blow
moist air from the sea into the interior of the
Indian subcontinent. There, the air warms
and rises, creating monsoonal rains. The
hypothesis, which has stood for decades, is
supported by climate modeling: The mon-

[ .

soon’s strength—the total rainfall on the
Indian subcontinent, that is—and how far
north it reaches are greatly reduced when
Tibet and the Himalayas are removed from
climate models.

But those modeling studies have got it
wrong, argues William Boos, a climate sci-
entist at Yale University. They fail to “dis-
tinguish the role of the Himalayas from that

heorists. Wu (right) says the “heat pump" of the Tibetan
Plateau drives the Indian monsoon. Boos (left) disagrees.

Peaks of contention. Modeling climate in the
Himalayas and other i regions is
notoriously difficult.

of the Tibetan Plateau,” he says. In 2008,
he and Zhiming Kuang, then both at Har-
vard University, after examining tempera-
ture and humidity records in India and Tibet,
uncovered what they claim are inconsisten-
cies in the monsoon paradigm. One is that
the upper atmosphere in the region is hot-
test over northern India and along the Hima-
layan ridge—not over Tibet. The finding
“contradicts the view that Tibet is the heat
center,” says Peter Molnar, a geoscientist at
the University of Colorado, Boulder. Sec-
ondly, Boos and Kuang showed that this
hot air blankets the land surface with the
highest energy level—a calculation based
on temperature and the energy released by
water vapor when it rises and condenses into
liquid. That means heating of the Indo-
Gangetic Plain, rather than Tibet, is driving
the monsoon, Boos argues.

Supporters of a diminished role for the
Tibetan Plateau also point to precipitation
models, which hold that the hotter the sur-
face is and the more moisture it contains,
the more likely it is that water vapor will
rise. Heat is released as water vapor con-
denses and rain falls, thereby transferring
the energy of air near the surface to the
upper atmosphere. More water vapor means
a warmer upper atmosphere—exactly what
Boos and Kuang saw.

In a series of papers, the most
recent of which appeared in Febru-
ary in Scientific Reports, the two sci-
entists argue that Tibet is irrelevant
to the Indian monsoon. Instead, they
say the monsoon is caused by a “bar-
rier effect”: the Himalayas blocking
cold, dry winds from the north. In a
global climate model, the duo showed
that the Himalayas alone could gener-
ate a monsoon pattern that is largely
similar to that pattern predicted when
the Tibetan Plateau is included. When
| the mountain ranges were absent, they

ended up with much lower energy in

the air over northern India and got a

weaker monsoon.
To further support their hypothesis, the
researchers tweaked the model such that the
Tibetan Plateau reflected all incoming solar
radiation back into space, without heating
the atmosphere. This “effectively turned off
the heating source of Tibet without chang-
ing the Himalayas’ blocking effect,” Boos
says. The result: The monsoon pattern
hardly budged.
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Figure 11.50

Initially zonal flow of the jet stream at point 1, if disturbed at
point 2, will develop north-south meanders called Rossby waves.
A = wavelength. A = wave amplitude.
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