45

RECENT RESEARCH CONTRIBUTIONS ON THE SOUTH
ASIAN MONSOON

T.N. Krishnamurti, Vasubandhu Misra, Bhaskar [ha and Mukul Tewari

INTRODUCTION

This review of monsoon research emphasizes mostly
the contributions during recent decades. Research
covering periods prior to that have been reviewed in a
number of publications: for example, Ramage (1971},
Krishnamurti (1978), Chang and Krishnamurd (1987},
Rao {1976), Asnani {1993) and several others. These
past reviews have covered issues such as the annual
cycle of the monsoon; the onset, active and break
monsoons; the diurnal change; monsoon depressions,
their structure and motion characteristics; large-scale
hear sources and sinks; quasi-biwcekly oscillations;
intraseasonal oscillations on the time scale of 30 to 50
days; winter monsoon cold surges over the South
China Sea; surge vortices, onset of the Australian
monsoon; the equatorial and monsoonal westerly wind
bursts; and the Maiu fronts along the south China
coast. In recent vears the emphasis on monsoon
research has shifred to intraseasonal and interannual
variability of the monsoon. Observational studies
have examined the issues of precipitation, droughts
and floods on different time scales ranging from
a couple of weeks to several vears. There is a large
interest in the eftects of El Nifio (warm phase of the
Southern Oscillation) time scale variability. Here the
effects of sca surface temperature anomalies and the
snow cover {and depth) over the Himalayas, Central
Asia and Western Siberia on the monsoon have drawn
considerable interest. The issues of intrascasonal time
scale variabilities in the upper troposphere and lower
stratosphere of polar latitudes (near 60° and 70°) are
now being related to the meridional propagation of
wave energy flux from the tropics. This required a

non-linear theory {and modeling) of the wave energy
flux from the monsoon latitudes across the so-called
critical latitudes. Other major advances have occurred
in the climate modeling of the monsoon where more
questions are being raised in reference to the ultimate
role of the lower boundary conditions {the sca surface
temperatures and the snow cover). It is felt chat large
internal variability of the monsoon may make it very
difficult to carry out meaningful forecasts of the mon-
soon on the intraseasonal and interannual time scales.

High resolution simulations (on the medium-range
time scale) have shown that the prediction of mon-
soons may require the prediction of their organ-
ization of convection. This review includes a detailed
discussion on that topic, which in turn raises some
interesting possibilitics for future climate modeling of
the monsoon. These earlier reviews also covered issues
on the early numerical weather prediction and climate
modeling efforts. In this present review we shall
address recent progress in several areas of monsoon
rescarch such as: numerical weather prediction, effects
of dust aerosols, intraseasonal and interannual vari-
ability, winter monsoon phenomena, and the cooling
of the Arabian sea during the monsoon season.

SOME ONSET FEATURES

The onset of monsoon oceurs during the carly part of
May over Burma and the south China coast, and dur-
ing carly June over southwestern India. In this section
we present some recent findings related to the onset
issties. Very rapid cooling of the Arabian Sea (far east
of the regions of coastal upwelling) is obsetved soon
after the onset of the strong southwesterly monsoonal
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winds. This evoludon of cooling is somewhat similar
to that seen in the wake of hurricanes. Tvpically, the
onset of the Indian summet monsoon 1s characterized
bv a tropical storm which is normally called the onsct
vortex. Figures 45.1a, b, cand d, based on Krishnamurd
et al. (1979}, illustratc the time variability of the
winds and sca surface temperature during the Global
Atmospheric Research  Project (GARP) Monsoon
Experiment (1979) over two different ship locations
at 9°N, 67°E and 7°N, 69°E, respectively. It is
apparent from these figures, that in a matter of two
days atter the onsct of strong winds around June 11,
1979, the sea surface temperature dropped by about
3 degrees. This period of onser featured a tropical
storm with winds as large as 60 knots {Krishnamurti
et al. 1979). Krishnamurti 2 4/ (1979) computed the
curl of the wind stress from the time of the onset of
strong winds. Figures 45.2a and b show the latitude-
time sections of the zonally averaged (between 55°E
and 70°E) curl of the wind stress, and sea surface
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temperature. It is striking to note in these figures thar
the axis of cold S8Ts coincides with the axis of the
strongest posiive wind stress curl suggesnng wind stress
induced upwelling of the mid-ocean, and the import-
ance of the oceanic mixed laver,

The mixed laver depth over the Arabian Sca and
the Indian Ocean has been studied extensively by the
Adantic Oceanography and Metcorology Laboratory
at Miami for many years. Figures 45.3a, b and ¢ illus-
trate the climatological mixed laver depth for January,
March and July, from their compilations. These show
the response to the wind, i.c. from the reverse Somali
jet in January, the northward moving wind gyre in
March, and the full-fledged summer monscon flows of
July. (The Somali jet is a summertime phenamenon
that is scen with maximum winds at the 1 km level
above sea level along the east African coast. That jet
exits Africa ncar Somalia on a westerly jet. A reverse
situation is seen during the northern winter where
the low-level jer is somewhat weaker and follows a
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Figure 45.1 Variability of the wind and SST during GARP monsoon experiment (| 979) over two different ship lecations at 9°N, 67°E,

and 7°N, 69°E, respectively
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Figure 45.2 Latitude—time sections of zonally averaged {between
SS°E and 70°E) curl of wind stress and SST

somewhar reverse track and hence the name, reverse
Somali jet.) Thesc distributions and their vadations arc
important for the validation of coupled atmospheric
ocean models.

Joshi et al. {1990) noted a spectacular ris¢ in the
300 mb (9 km) temperatures over the western, central
and eastern Tiberan Platcau and over the region of
the hear low over Pakistan. They noted a spectacular
rise at 300 mb commencing almost two weeks prior
to the onser of monsoon rains over southwestern
India (Figure 45.4). This analysis suggests that a
mean 300 mb temperature over these regions of

around 243K could be uscd as a threshold for the on-
set of the Indian monsoon. These results are consistent
with the previous studies of Krishnamort  and
Ramanathan (1982) on the response of the onsct of
monsoon to differential heating. This appears to be
an important parameter for monitoring the onset of
monsoons.

An important issue of offshore rainfall over the
Arabian Sea during the active summer monsoon phase
has been investipated by several scientists in recent
years; for example, Grossman and Duran (1984), Smith
and Lin (1983), and Ogura and Yoshizaki (1988).
Among these, Ogura’s study includes dynamical, oro-
graphic and the effects of camulus convection. Accord-
ing to this study, the upper tropospheric easterlies
tend to maintain the convection oftshore. This con-
vection is initiated over regions of strong moisture
flux over the Arabian Sea where the southwesterly
monsoon flow undergoes a slow offshore ascent well
befare reaching the slopes of the western Ghats. The
orography of the western Ghats is still quite import-
ant in providing the slow offshore ascent. The same
kinds of features of monsoon convection, during lare
May, have been noted offshore of the Burmese Moun-
tains over the eastern Bay of Bengal. The offshore
convecton is an important aspect of the onset of
monsoons over India and Burma.

Near the Somali coasr, over Garissa in northern
Kenya, observations of the wind show a pronounced
diurnal change from roughly 12ms? to 24 ms!?
between afternoon hours and the carly morning hours.
Figure 45.5 illustrates these features. A detailed study
of similar observations has also been presented by
Cader (1983). The Mascarene high and the Monsoon
trough over northeasr India are two of the major
elements of the summer monsoon. The pressure dif-
ference between the Mascarene high and the mon-
soon trough is in fact a measure of the diffcrential
heating that drives the monsoon. That forcing of the
monsoon can be measured by the kinetic energy of
the 850 mb (1.5 kin} winds over the central Arabian
Sea. Figure 45.6 illustrates a season-long behavior of
these two parameters. This illustration clearly shows a
strong relationship among the pressure difference
between the Mascarene high and the monsoon
trough (AP) and the kinete energy (KE) of the Arabian
Sea winds. This strong reladonship among AP and
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Figure 45.3 Climatological mixed layer depth for (a) January, (b} March and (c) July
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Figure 45.4 The temperature changes at 300 mb level over the
heat low, and the three plateau regions during May through July
1979. (From Joshi et al. 1990}

KE should be used by modelers aiming to simulate
the wet and dry spells of the monsoon over an entire
season.

It may be of interest to cxamine the time history
of all of these variables during an entire monsoon
scason. We have been limited in our review in this
regard due to the absence of detailed observations.
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Figure 45.5 Mean diurnal changes in the low-level jet stream
system at Garissa, Kenya, during a two-month period (June, July,
1973) of stronger than normal cross-equatorial flow. (From
Anderson 1981)

DUST AEROSOLS EFFECT ON THE
SYNOPTIC-SCALE MONSOON
DISTRIBUTIONS

The heat low over the Arabian Peninsula is charac-
terized by a well-mixed layer between the surface and
800 mb (2 km). An outflow laver cxists at around
750 mb (2.5 km). The air above 750 mb generally
displays descending motions accompanied by upper
tropospheric convergence over the heat low near
200 mb (12 km). The maintenance of the thermal
stratificarion, despite the net radiative heat loss,
poinred out by Charney (1975), is aided by drv

273
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Figure 45.6 Mean zonal kinetic energy over the Arabian Sea over
the domain (1.25°5 to 13.75°N and 5}.25°E to 71.25°E) and
pressure difference between the Mascarene high and the
monsoon trough as a function of time. (From Cadet 1983)

convection, radiation in the mixed layer and by sub-
sidence in the upper troposphere. The heat budget
studies over the region suggest a continual import of
energy through upper tropospheric circulations from
neighboring convective areas, especially the Indian
summer monsoon.

The Saudi Arahian region is exposed to extensive
dust aerosols in the summer especially during the
months of June¢ and July. This dusty condition ariscs
on account of strong winds in the lower troposphere
which inject dust aerosols and cause a high turbidity
in the region. In order to calculate the radiative heat-
ing due to dust aerosols, it is required that aerosol
properties such as optical depth (1), single-scattering
albedo {defined as the ratio of the scattered radiation
to the total radiation) (®) and asymmetry factor (a
measure of deviation of scattered radiation around a
scattering partical from its mean value) {g), as well as
their space and time variations, are known. {Optical
depth is the depth of an absorbing layer as felt by
atmospheric radiation. 1t is obtained by a vertical inte-
gration of the absorbing constituent through the
depth of study. This depth does have atmospheric
dependence on temperature and pressure generally,}
These parameters depend upon the dust acrosol charac-
teristics like aerosol density and size distribution and
their refraction index, which can be determined from
field experiments. In recent years, many experimental
studies have been conducted to assess the properties

of dust acrosols. These include the GARIP Adantic
Tropical Experiment over West Africa and the Adantic
Ocean, the 1987 USSR-USA dust aerosof experiment
over central Asia In Tadzhikistan, and the aircraft
measurements of dust aerosols over Saudi Arabia and
adjacent  regions during the summer Monsoon
Experiment (MONEX) 1979. The studies, based on
the Mei scattering theory (scattering of radiation by
particles whose size is comparable to or greater than
the wavelength of radiation), and utlizing dara obtained
from these experiments have provided some knowl-
edge on the optical properties of dust aerosols
(Patterson et al, 1977; Carlson and Benjamin 1980;
d’Almeida 1987; Ackerman and Chung 1992).

The dust acrosol properties documented by
d’Almeida (1987) and Ackerman and Chung {1992),
based on measurements over Saudi Arabia during
summer MONEX, show that the single-scattering
albedo and asymmetry factor are constant with height
within the measurement errors. During a duststorm,
Levin et 2l (1980) obtained the optical depth (1) of
dust layer over the spectral bands 0.70 pm, 0.55 pm
and 0.40 um as 3.56, 3.17 and 2 .87, respectively. This
is in agrcement with d’Almeida (1987}, who observed
T to be in the range of 2.8 to 3.5 during duststorm
conditions. In moderate and light dust condidons
the optical depth was in the range of 1.0-2.5 and
0.4-0.5, respectively.

The three categories of atmospheric dustiness (i.c.
light, moderate or heavy) and the dust optical properties
classified in terms of the horizontal visibility range
based on a long-term study by d’Almeida (1987} arc
as follows:

1 A visibility range higher than 7 km is light dust.

2 Visibility ranges between 2km and 7km are
termed moderate dust.

3 Visibility ranges lower than 2km are termed
sandstorm.

The optical properties for these three categories of
dust aerosol given by d’Almeida (1987) and used in
this study are summarized in Table 45.1 for the spectral
bands 0.40 pm, 0.55 pm and 0.77 pm.

The following observations of Akerman and Cox
{1982}, using research aircraft-based direct measure-
ments of short- and long-wave irradiances over the
Saudi Arabian desert and over the northern Arabian
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Dust category  Wavelength Extinction Single Asymmetry
(um} coefficient  scattering factor
(k') albedo
Light dust 0.40 0.224 0.751 0.791
0.55 0.229 0.791 0.773
0.70 0.230 0.825 0.757
Moderate dust 0.40 0.945 0.706 0.841
0.55 0.948 0.750 0.838
0.70 0.956 0.718 0.845
Heavy dust 0.40 2.182 0.737 0.793
0.55 2.232 0.777 0.778
0.70 2.255 0.817 0.763
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figure 45.7 (a) The 24-hr mean radiative heating rates over the Arabian Sea. (b) The 24-hr mean radiative heating rates over the

Rub’al Khali Desert

Sea to construct the profiles of radiative cooling and
warming rates, are relevant here. They noted a sub-
stantial warming, over the dust layet which extended
up to almost 600 mbs (4.5 km). Figures 45.7a and b

from their study illustrate these respective profiles.
Both the short-wave and the long-wave radiative
heating,/cooling rates are shown here. These 24-hour
averaged profiles show a short-wave warming rate of
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the order of 3°C/day over the top of the dust layer
over Saudi Arabia, whereas over the adjacent Arabian
Sca that warming is of the order of 2°C/day. The
oceanic low clouds and the top of the massive dust
laycr exhibit a pronounced long-wave cooling rate of
the order of 10°C/dav. Overall, the dust aerosols
appear to affect the short-wave warming rates and
thus also the total heating rates over these dust-laden
land and occanic regions.

Mohalfi er af. (1998) have provided an esdmate of
the radiative cffects of dust aerosols, based on the dust
aerosol optical properties corresponding to the spectral
wavelength 0.55 pm in Table 45.1, which is illustrared
in Figurc 45.8. The figure shows the difference between
the dust-laden atmosphere and dust-free aumosphere for
both short-wave (solid line) and long-wave (dashed
line) heating rates. It can also be seen from the figure
that Arabian dust is almost transparent to long-wave
radiacion. Howcver, it indicates strong short-wave
radiative headng up to 3°C/day ar around 650 mb
{4 km) which is just below the top of the dust layer. The
diminished short-wave warming below 900 mb (1 km)

100 ’7 T
o0 -
5aoL
—
Q
é 500 (
L b
om
I
w
o
L
o eer
o b
500
3.000 . L.

-4 -3 -z -1

DEG / DAY

Figure 45.8 Difference in the short-wave and long-wave heating
rates between dust-laden atmosphere from MONEX 1979 daca,
and those for the dust-free atmosphere calculated from the F5U
model. These provide estimates of short-wave (solid line) and
long-wave (dotted line) heating rates due to dust aerosols. Units:
deg day~'. (From Mohalfi et ol 1998)

reflects the reduction of solar incidence due to dust
aerosols. Carlson and Benjamin (1980) and Sokolok
and Golitsyn (1993) also noted similar types of radiative
effects of dust layer over Saudi Arabia.

Mohalfi et al (1998), furthermore, conducted
several experiments with the Florida State Universicy
(FSU) limited area model to determine the sensitiviry
of dust acrosols on the synoptic features and divrnal
variation of the hecat low over the Arabian Peninsula.
Their study revealed that the intensity of the heat low
and its location is cxtremely sensitive to the radiative
properties of dust aerosol. This is clearly depicted in
Figure 459 which illustrates the variaton of the
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Figure 45,9 The intensity of heat low over the Rub’al Khali
Desert (52°E, 21°N) in relation to height of the top and
thickness of the dust layer. In the top panel, the solid line shows
observed mean sea-level pressure of the heat low, dashed line,
the mean sea-level pressure forecast by the aerosol experiment
and dotted line shows the mean sea-level pressure forecast by
the contreol experiment. (From Mohalfi et of. 1998)
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mean sca-level pressure of the heat low with the height
of the top of the dust layer and its thickness. The model
which incorporates the dust acrosol in its radiative
algorithm indicates an improved simulation over the
control model. The cold advection from the north-
western Arabian P'eninsula along with reduction of
incident solar radiation inhibit the deepening of the
heat low. Howcver, radiative heating of the shallow
dust layer below 700 mb (3 km) is sufficicnt to main-
tain the heat low as a low intensity trough. The heat
low turther deepens as the depth of the dust layer
increases. This provides an increase in solar incidence
in the prescnce of lighr dust aerosol resulting in more
radiative heating of middle and lower levels, resulting
in a fall of pressure. In addition, the study indicated
that the dust acrosols not only absorbed and back-
scattcred the solar radiation but also reduced the
sensible heat flux at the lower levels which improved
the simulation of the diurnal temperature variations
in the region. An cffect of the short-wave aerosol-
related warming, espccially over the middle tropo-
spherc over the Saudi Arabian Peninsula, is to enhance
the easterly thermal wind over the open oceans to its
south. The temperature anomaly associated with the
dust layer in the lower troposphere over Saudi Arabia
is cooler because of a reduction of direct solar
radiation. This contributes to an enhanced westerly
thermal wind, thus intensifying the Somali jet over
the open ocean in the afternoon hours. Thus a
diurnal maximum during the afternoon hours is
modeled over the open ocean. This is the opposite of
what we see over Somalia (Ardanuy 1979). Obser-
vations from the MONEX dropsonde observation
during 1979 have confirmed such an out-of-phase
relationship between the diurnal change of winds over
the landmass of Somalia and over the open ocean of
the north—central Arabian Sea.

HEAT AND MOISTURE SOURCES/SINKS OF
THE MONSOON

The distribution of heat sources and sinks in the global
tropics 1s found to be extremely important in simu-
lating rthe tropical circulations (Gill and Philips 1986).
Using a very simple lmear shallow water model forced
with locallv isolated diabatic heating, Gill (1980)
demonstrated that the major featutes of the monsoon

can be simulated. Zhang and Krishnamurti (1996)
extended this work further by studyiug the response of
the analvtical model using a more realistic global
tropical heating distribution obtained from satellire-
based datasets, Such a prescribed ficld is expanded
into a low-order sct of trigonometric functions in the
east-west direction and parabolic cylinder functions
{these arc polynomial power functions used along the
south—north direction to expand variables such as heat-
ing function, zonal and meridional wind and pressure)
along the north-south coordinate. Figures 45.10a
and b show the mean tropical circulations at 850 mb
for July 1989 based on the European Centre for
Medium-range Weather Forecasts (ECMWF) analysis
and the corresponding analvtical solution, respectively.
From the figure, the following features in both the
analysis and the analyrical solution can be noted:

1 subtropical highs over the Pacific Ocean in both
hemispheres;

2 subtropical highs over the Atlantic Ocean in both
hemispheres;

3 Mascarene high over the southwestern Indian

Ocean;

heat low over the Sahara;

heat low over Saudi Arabia;

heat low over the southwestern United States and

Mexico,

monsoon trough over India;

tradc wind system over the global tropics;

9 cross-equatorial flow over the western Arabian Sea;

[ NS ST

o= |

and
10 asvmptotes of convergence defining the ITCZ
over the global tropics.

A similar correspondence of the analytical solution
with ECMWF analvsis for January 1989 (winter cir-
culations) was also noted. This emphasizes the import-
ance of hcat sources and sinks for the maintenance of
tropical circulations.

Yanai e 4’ (1973) definirion of apparent heat
source () and apparent moisture sink (Q;) provides
an invaluable tool for diagnostic studies of the mon-
soon. Hete, we present Luo and Yanai’s (1984) mean
vertical distributions of hcadng and drying over a
forty-day period (from May 26 to July 24, 1979) over
four regions, namely western and eastern Tibet, the
Yangtze River Valley over eastern China, and the
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Figure 45.10 (a) Monthly mean of tropical circulation of July 198%

, from ECMWF analysis. (b) Generalization of Gill's solution for the

vertically integrated normalized heating distribution retrieved from OLR observations for July [989, This sclution describes nearly all

of the major elements of the tropical summer climatology. (From

Assam Valley of northeastern India. These areas are
characterized by relativelv dry weather, moderate
convective rain, steady stratiform rain and heavy con-
vection, respectively. This is reflected in Figures
45.11a, b, c and d. Over the Tibetan Platcau, i.e. in
regions I and 11 in Figure 45.11, and more so in the
western Tibetan Plateau (region 1), it is characterized
by large heating in the decp troposphere with very
little moisture sink. Luo and Yanai (1984) point out
that the forty-day mean profiles of Q) and Q; over
region Il represent the combined effects of two dif-
terent conditions during this period: the pre-onset phase
of the monsoon which 1s similar to the dry western
plateau and the post-onset phase when convective
activity begins. As a result, the profiles of Q, and Q;
suggest weak moist convective heating in region I1.
Scnsible hear flux calculated as a residual in the heat
and encrgy budget cquations revealed that it was a
dominant term in the equations, especially over
region 1. Furtherimore, the diurnal variation of surface

Zhang and Krishnamurti. | 996)

temperature is of the order of 12°C over most parts
of the plateau. This strong surface heating offscts dry
thermal convection which transports heat to the upper
atmosphere. This is suggested by the existence of a
deep well-mixed boundary layer with nearly constant
potential remperatures over the western and central
Tibetan Platcan. The mean vertical profiles of @, and
Qs over the Yangrze River Valley are very similar to
each other, indicating thar heating is mostly on account
of frontal precipitation (primarily from stratiform
cloud systems). Over this region, rainfall is primarily
causcd by the interaction between the summer mon-
soon winds from the south and airflow of mid-
latitude origin from the north. The raintall develops
along a quasi-stationary front (called the Mei-vu Front)
with most of the rainfall occurring on the warm side
of the front. However, in region 1V {over the Assam-—
Bengal region), the profiles of Q) and (» have
distinctly separated pcaks which refleet the role of
deep convection.
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Figure 45.1 1 Forty-day mean vertical distribution of the areal mean vertical p-velocity (mb h™'} and drying rate Q/C, (K day™) over
{a) western Tibec (region I), (b) eastern Tibet (region ll), {¢) Yangtze River Valley {region lll}, (d) Assam—Bengal region (region [V).

These are based on Luo and Yanai {1984)

An important diurnal see-saw in local vertical
circulation affects the weather of the northeastern
foothills of the Himalayas and the Tibetan Plateau.
Convection during the summer monsoon scason is a
maximum during the afternoon hours over the plateau,
whereas it is a minimum in the early morning hours.
The converse is true over northeastern India. This has
scrious implications in the understanding of the mon-
soonal heat source over these two regions. Figures

45.12a, b and ¢ (from Kuo and Qian 1981) illustrate
this sce-saw very clearly. Further work is needed to
clarify the distinct roles of these two regions.

When discussing any of the global monsoon systems,
it is essendal that one describes the primary large-
scale drive of the monsoon, i.e. the differential heat-
ing. Krishnamurti ez al. (1998a) have evaluated the
basic components of monsoon energetics. In that study
they allude to the importance of the covatance of
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heating and temperature on the scale of the synoptic-
scale monsoon as a measure of the ditferential heat-
ing. Furthermore, they show that the temperature field
of a robust monsoon stays somewhart invariant in time
in spite of this steady gencration of eddy available
potential energy. This happens because the divergent
circulation simultaneously provides a robust covariance
of the vertical velocity and the temperature, thus
transferring the energy from the heat sources to the
kinetic energy of divergent motions. These divergent
motions do not exhibit any explosive increase in inten-
sity. Thar happens because the divergent motions very
effectively pass on the excess divergent kinetic energy
to the rotational kinetic energy which is a key to the
maintenance of the monsoon. The relative constancy
in the strength of the monsoon, during an active
spell, lies in the removal of the excess kinetic energy
of the rotational monon via surface friction and via
lateral transports out of the monsoon domain,

Another important feacture related to the onset of
monsoons is the depth of the moist layer of the
monsoon, which extends from the surface to roughly
4 km over most regions. Prior to the onser of the mon-
soon the moist boundary layer is very shallow and
extends up to only 1 km. As the onset occurs a deep
layer of moist air (extending to almose 4 km depth)
moves northwards from the Indian Ocean. This was
noted by Joshi er al. (1990) using sarcllite datasets of
total precipitable water and moisture retrieval tech-
niques.

Li and Yanai (1996) have noted an important
observational finding on the relationship between the
onset of monsoon activity and the reversal of a meri-
dional temperature gradient south of the Tibetan
Plateau. Figure 45.13 shows the longitude—time section
of the ditference of the five-day laver mean rempera-
ture for 200-500 mb for the latitudes 30°N minus
5°N. This layer mean temperature gradient reverses
{as shown by the shading) during the monsoon months,
June through Scptember, berween 30°E and 150°E
longitudes.

The monsoon encrgetics reviewed here are con-
sistent with the description of the heating provided
by Luo and Yanai (1984). The work of Luo and Yanai
brings out the importance of heat sources ovet the
castern Tibetan Plateau and over the heavy-rain areas
of northeast India. Thes¢ are the regions where the
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Figure 45.13 Longitude—time section of the difference of the
five-day mean 200-560 hPa layer mean temperature (°C}
between 5°N and 25°N. Regions of positive values (in °C} are
shaded. (From Li and Yanai |996)

contributions to the generation of eddy available
potential ¢nergy are found to be the largest.

WINTER MONSOON

Winter monsoon rain affects the southcastern coasts
of India and Malaysia, Borneo and northern Australia.
Over most of these tegions the lower tropospheric
northeasterlics of the winter monsoon interact with
the local orography to produce heavy rains. The rain-
fall over these regions is also attributed to the
monsoon trough and monsoon disturbances, Further-
more, westward propagating tropical disturbances
also contribute to the monsoon rains over these
regions. The principal driver of the winter monsoon is
a differential heating ficld that extends from the
Siberian region (heat sink) to the maritime continent
(heat sources). Thete also cxists cast-west-oriented
differential heating berween the equatorial castern
Pacific (heat sink) and the maritime continent (heat
source). That picture is somewhat modified during El

Nino (warm phasc of the southern oscillation) years,
when the ecast—west-oriented differential hcating
extends from the eastern to the central cquatorial
Pacific Ocean. The Walker circulation (this name
refers to a vertical circulation along a west—cast
plane along the equator (and 5°S). This circulation
has easterly winds near the Earth’s surface, upward
motion ncar Indonesia, westerly winds over the
upper troposphere of the equatorial Pacific, and a
descending lobe in the eastern Pacific Ocean is driven
by the east—west-oriented differential hearing.

The winter monsoon behavior cannot be entirely
interpreted by these broad-scale headng difterentials.
There exist a plethora of smaller space-time scale
transients within the winter monsoon environment
that are driven both by local heat sources and sinks
and by local dynamical instabilitics. {The presence of
horizontal and vertical wind variation, called shear,
can lead to dynamical instabilities where smaller scales
can grow at the expense of energy theyv receive from
the larger-scale shearing flows,) Tt is from the detailed
prediction of such transients that one often learns of
the importance of these more regional dynamical and
thermodvnamical forcings. One of the important
featurcs of the winter monsoon is the ITCZ which is
located some 10° latitude south of the equator. The
cloud cover along this east—west-ortented axis of rain-
fall shows a considcrable degree of intermittency.
Fipures 45.14a, b, ¢ and d illustrate the rainfall vari-
abiliry, during different months, based on Krishnamurt
et al. (1997¢). This covers a four-month pericd dur-
ing December 1992 through March 1993, The rain-
fall estimates were derived from a microwave instru-
ment, the Special Sensor Microwave Imager (SSM/
I), on board a polar orbiting satellite. This rainfall
variability has spectral peaks on the time scales of 4 to
6 days and the Madden Julian time scale of 30-50
days. {This refers to a 40-60-day time scale that was
first brought to the artention by Madden and Julian
1971, these are eastward propagarting planetary waves
that traverse the globe in that period. The largest
amplituzde of this oscillation is near the equator.) The
4—6-day wvariability arises from considerable storm
activity on the summer hemisphere side of the ITCZ
where an abundance of westward propagating tropical
waves and tropical cyclones are usually present.

The shallow vertical swucture of the winter
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Figure 45.14 Manthly mean daily rainfall ending 12 UTC. For (a) December 1992, (b} January 1993, (c) February 1993, (d) March
1993. Units: mm/day; the rainfall amounts over shaded areas are according to the scale shown below each figure

monsoon, especially north of 15°N, distinguishes it
trom the summer monsoon. The winter monsoon
winds which are northeasterlics near the Earth’s sur-
face turn rowards westerlies over a very short verncal
distance. Near 20°N this depth of the winrer mon-
soon northeasterlies is about 1.5km. This depth
increases slowly as one proceeds south rowards the
ITCZ. At 10°N this depth is around 3 km, Pollutants
are transferred equatorwards by these shallow north-

east monsoon circulations. These pollutants are possibly
carried upwards as they enter the convective regions
of the ITCZ. This is a topic of major intcrest for the
cloud chemistry and cloud radiative interaction pro-
gram for the proposed Indian Ocean Experiment
{INDOEX) which is planned for 1999. These winter
monsoon crculations over the Arabian Sea are mostly
from the north below the 1 km level; they turn to
casterlies in the next kilometer, and very rapidly
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become westerlies above that level.

Regional scenarios of the winter monsoon include
phenomena such as the cold surges from the Asian
mainland traversing down the South China Sea. These
have been very well documented by Lau and Chang
(1987). They show a southward propagation of dis-
continuities in temperature (of a couple of degrees),
meridional wind and especially the humidity. The
phase speed of propagation is that of Rossby gravity
waves (these describe the typical wave motions in the
tropical latitudes, are solutions of the meteorological
equations and describe the speed of propagation of
systems such as che tropical easterly waves; the typical
propagation speed of these waves is around 7°
longitude /day). As this surge arrives over the middle
of the South China Sea, the discontinuities tend to
weaken considerably. Westward propagating ITCZ or
equatorial waves from the western Pacific Ocean often
interact with these surges resulting in the formation
of surge vortices. These vortices often become intense
rain-producing small tropical depressions causing heavy
rains over east Malaysia. The cold surges also tend to
amplify the ITCZ over the Java Sea, bringing in
moisture from the South China Sea. There have also
been instances when this evaporation is small and the
cold surges arrive as dry surges, resulting in a weaken-
ing of the ITCZ over the maritime continent and
resulting in an eastward shift of the ITCZ activity to
the western Pacific Ocean. This entire region has large
divergent wind fluctuations on the vme scale of the
Madden—Julian Oscillation on svnoptic and larger spatial
scales. These systems have been studied in the context
of the onset of the Australian monsoon and its active
and dry spells (see Krishnamurti et al. 1995a;
Davidson 1995).

NUMERICAL WEATHER PREDICTION

In this section we suminarize the recent emphasis on
the numerical weather prediction of the monsoon.
This review outlines the following areas: impact of
model resolutions, organization of resolved con-
and the par-
ameterization.

Most operational weather centers that deploy global
models have examined the performance of their modcls
with reference ro monsoon forecasts (see Mohanty et al.

vection sensitivity  to  cumulus

1994). The centers in India, Australia, NCEP (USA),
ECMWF (England), the UK Meteorological Office and
Japan have routinely cxamined the performance of their
modcls. Based on their evaluations, we note that the
predictability over a monsoon domain, measured from
the 500mb (5.8 kin) geopotential height anomaly
correlations greater than 0.6, is generally of the order of
two rto three davs. (Geopotential height anomaly
correlations refer to a forecast skill parameter. Here one
first removes the climatology of the predicted and the
observed fields. The correlation of the departure, from
ciimarology, fields are called anomaly correlations.) The
limitations stem from varous factors such as the
treatment of deep convecton, steep orography and the
overall coverage and quality of observations. As a result,
progress has been quite slow., Rescarch models have
addressed various issues related to the monsoon fore-
casts, some of which are summarized below. The impact
of resolution is best illustrated by Figurc 45.15. Here,
we show the day 5 predicted position of the center of a
monsoon depression (shown by black dots) for various
resolutions of a global model. These resoclutions range
from T21, T31, T42, Té63, T106 and T170. The
analysis, based on ECMWE, for this verification period
(i.c. corresponding to dav 5 of the above forccasts) is
superimposcd. This shows the “observed” flow fields at
850 mb. This is a tvpical forecast that illustrates that the
improvements in medium-range forccase result from
increased resolution. The better forecasts arosc at the
resolutions T106 and T170. These results also reflect the
improved representation of orography at such higher
resolutions. The resolution issue has also been very
revealing in another major area of monsoon prediction.
That to predicting the organization of
meso-convective precipitation in the maintenance of and
in the medium-range predicion of the monsoon.
Physical initalization, described in Krishnamurti et al
{1991), is important for this study. Here, the observed
rain rates were obtained from a mix of satcllite {SSM/I-
and OLR-based algorithms) and rain-gauge data
following Gairola and Krishnamurti (1992). Using
reverse cumulus parameterizadon and reverse similarity
alporithms, these rain rares were assimilated within a very
high resolution global model. The resolution of the
global model, T255, is the highest of anv current
operational model (globally). The transform grid
separation at resolution T255 is comparable to the

relates
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Figure 45.15 Day 5 predicted positions of the monscon depression (shown by black dots) for resoludions T2, T3, T42, T63, TI06

and T|70

foorprint of the SSM/T instrument, i.e. roughly 35 km?
at 20°N. This makes it possible to initalize the observed
rainfall without undue smoothing. Figures 45.16a and b
illustrate such a rainfall obtained from observations and
from the model’s initializaton. These fields have a
correladon of 0.92. When global forecasts arc made at
this resolution the meso-convective distribution of mon-
soon rainfall is preserved in general over several days.
One of the major outcomes of these numerical weather
prediction expedments is that convection is organized
on the scales of the synoptic-scale monsoon and as a
result two things are notable:

1 The two-dimensional spectra of the covariances of
the vertical velocity and temperature and of the con-
vective heating and temperature show a maximum
variance on the scale of the monsoon.

2 The anomaly correlation, a measure of skill score
of forecast crror, are higher for these high reso-
lution forecasts compared to un-initialized lower
resolution forecasts of the monsoon.

Figure 45,17 illustrates the two-dimensional spectra
of the vertical velocity and temperature (-0’ T/ P) for

the above mode] at the resolution T255 and for an
NCEP reanalysis at 'T62 without any physical initial-
ization. The lower resolution exhibits a maximum vari-
ance for the zonal scale, which indicates an over-
emphasis of the local Hadley overturning. The higher
resolution places the energy conversions on the synoptic
scales of the monsoon. The message that cmerges
here is that the organization of convecton is better
conveyed by a higher resolution model with physical
initialization. The observed and predicted meso-
conveetive precipitation elements at hour 72 of
forecast are shown in Figures 45.18a and b, where we
see a considerable model skill in predicting the organ-
ization of convection. The anomaly correlation of
the 500 mb stream function over a monsoon domain
30°E to 150°E, 30°S to 40°N for three different models
are shown in Figure 45.19. (Anomaly correlation
denotes a flow field parametcr such that the flow is
along lines of constant stream function. Here one
removes the divcrgcﬁt wind before constructing the
isopleths of the stream function. This flow is non-
divergent.) Here, we are comparing the results from
To62 and T106 resolutions without physical initial-
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Figure 45,16 A comparison of physically initialized and observed rainfall ac 12 UTC of August 29, 1993; units: mm/day. (From

Krishnamurti et al. 1998b)

ization (this refers 1o a data assimilation procedure for
a numerical weather prediction model where the data
analvsis incorporates the initial observed rain rates
within the analysis) and for the above 1255 reso-
lution with physical inidalization. These results suggest
the possible importance of physical initialization at
very high resolution for monsoon forecasts.

Finally, we shall briefly address dhe issue of the onset
of monsoons. The UK Meteorological Office has madc
some important strides in the prediction of the onset
of Indian monsoon rainfall. One of the major issues
in the prediction of monsoon is its sensitivity to the
parameterization of cumulus convection. This is
especially true for the onset forecasts as well
It is casy to demonsoate that a classical Kuo-tvpe
scheme (an early scheme developed by Kuo 1965, when
the effects of cumulus convection, ie. the heating,
moistening  and rainfall rates are incorporated in a

numerical weather prediction model using the
properties of a local moist adiabat) that underestimates
convective heating performs very poorly in resolving the
onset as compared to a more robust modified Kuo-
type scheme (advancement of the carly scheme of Kuo
1965, where the heating, moistening and rainfall rares
for a numerical weather predicton mode] are statistically
corrected using field experiment darasets; Krishnamurd
and Bedi 1988). Figures 45.204a, b, ¢ and d illustrate this
sensitivity. In these llustrations we show an initial state
at 850 mb for hour 0, ie. June 11, 1979, 12 UTC,
the hout 144 predicted fields for the two different
cumulus parameterization schemes and the corre-
sponding observations.
illustrates the tormation of an onset vortex over the
northern Arabian Sea and the onset of strong
westerlies from the Arabian Sea towards southern
India. These were not predicted from the simpler

The more robust scheme
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version of the cumulus scheme which rerained an
essential anti-cyclonic flow over the Arabian Sea for the
entire six-day period. Resolution, orography and the
handling of cumulus conveetion are important ingredients
for improvements of monsoon forecasts,
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Figure 45.18 The observed and predicted meso-convective
precipitation at hour 72 of forecast at T255 resolution

INTRASEASONAL VARIABILITY

The Asian summer monsoon exhibits significant vari-
ance in the 30-50-dav time scale. Many observational
studies in the monsocon region have shown the meri-
dional propagation of clouds (Yasunari 1981; Sikka
and Gadgil 1980), precipitation anomalies {Singh and
Kripalani 1985, 1986), and of the trough and ridge
lines that are associated with the wet and dry spells of
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850 STREAM FUNCTION, AUGUST 28, 1993

ANOMALY CORRELATION
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Figure 45.19 Anomaly correlation of 500 mb stream-function

forecasts at resolutions T255, T106 and Té3 (From Krishnamurti
et al. 1998b)
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the Asian monsoon {Krishnamurtd and
Subramaniam 1982) on this time scale. Hartman and
Michelsen (1989) examined seventy years of Indian
monseon rainfall data and noted clearly dominant
oscillation on the time scale of 30-50 days. This was
most pronounced south of 23°N and clearly exhibited
a northward motion from the equatorial latitudes of
the Indian Ocean. The scale of these svstems is
roughly 2,000-3,000 km with an approximate speed
of 1° latitude /day. Figures 45.21a and b (based on
Krishnamurti ez al. 1992a), illustrates a latitude—time
diagram of the outgoing long-wave radiation (OLR)
and the precipitation averaged across 70°E to 85°E.
It is evident from the figure that the origin of these

sumimner

meridionally propagaring systems is near the southern
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Figure 45.20 An 850 mb flow field showing the stream lines and isotachs (m s™). (a) Obrained from ECMWF analysis for the start
date of the forecast, i.e. June 11, 12Z, 1979. (b} Obtained from ECMWF analysis for June 17, 12Z, 1979, (c) After a |44-hour forecast
valid for June 17, 12Z, 1979, with the modified Kuo (Krishnamurti and Bedi 1988) convection scheme. (d) After a 144-hour forecast
with Kuo {1965) convection scheme, (This is based on Krishnamurti and Bedi 1988)
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Figure 45.21 Latitude—time diagram showing meridional
propagation in time. The values are averaged zonally from 50°E
to 70°E. Panel (a) shows the outgoing long-wave radiation on the
time scale of 30-50 days. Panel (b) shows the rainfall derived
from an OLR algorithm, again on the same time scale

equatorial trough, i.e. ncar around 5°S. In Figures
45.22a and b, we present histograms that illustrate
the percentage variance for the zonal harmonics (here,
one performs Fourier analysis along latitude circles in
order to determine the phase, amplitude and vari-
ances of different waves of which a zonal dataset is
composcd} of the 850 mb flow on the time scale of

30-50 days at differcnt laditude belts over the Northern
and Southern Hemispheres, respectively. Similarly,
Figures 45.22¢ and d show the percentage variance
for the zonal harmonics at 200 mb. It is apparent
from the figure that most of the variance is cxplained
by the first six or s¢ven harmonics with higher lati-
tudes cxhibiting larger spread through wave number
seven or eight. While exploring the global variability
of the intrascasonal oscillation, Krishnamurti ez al.
{1992a) noted a strong correlation in the variability of
the zonal flow of the monsoon, atmospheric angular
momentum and length of day. The active periods of
the monsoon arc accompanied by cast—west flow
accelerations which increase the atmospheric angular
momentum, thereby increasing the length of the day
in order to maintain the invardability of the total angular
momentum. Likewise, during the break periods of
the monsoon a decrease in the length of the day was
noted.

Lau and Chan (1985} have observed intrascasonal
oscillations in the near equatorial organized super-
cloud clusters which move castward at a speed of
roughly 10° longitude,/day. Embedded within these
clusters, Nakazawa (1988) noted smaller cloud
systems that moved westwards at a speed of roughly
5° longitude /day. Such westward propagating systems
have also been noted in the wind analysis by Murakami
{1984). The super-cloud cluster is an envelope whose
eastward motion is on the time scale of 30-50 days.

The intraseasonal variability in the monsoon has
also been found to modulate the tracks of the
tvphoons. In a recent study, Chen and Weng (1996),
analyzed the tracks of the summer typhoons in the
western north Tacific between 1979 and 1993. Here
they noted intraseasonal variations between straight
and recurving tracks. They assaciated the meridional
propagation of the typhoons to the low-level 30-60-
day oscillation of the monsoonal trough-ridge systems.
They determined that the typhoon track recurves if
the northward translation c¢an move the tvphoon o
the mid-latitude westerlies which are associated with
deepening upper-level short-wave troughs over East
Asia. However, the typhoon track would be straight
moving if the northward translating typhoon fails to
reach the westerlies due to the blocking phenomenon
of the Tibetan or subtropical Pacific high.

Wang and Xic (1997) proposed a model for this
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Figure 45.22 (c, d) Histograms illustrating the percentage variance for the zonal harmonics of the 200 mb flow on the time scale of
30-50 days. These panels include the results for eight lacitude belts: equator to 22°N, 22°N to 45°N, 45°N to 67°N, 67°N to 90°N;
90°S to 67°5, 67°S to 45°8, 45°5 to 22°S, and 22°S to equator. (From Krishnamurti et al. 1992)
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transient behavior of eastward and meridional propa-
gation of the intraseasonal oscillations in the Northern
Hemisphere summer. Here, a coupled Kelvin—Rossby
wave packet (this alludes to a near equatorial wave
that traverses eastward, and associated with upwelling
and colder waters above which the atmosphere was
relatively dry) was first noted as a disturbance over
the east coast of Africa which moves eastward. On
account of reduced moisture availability and mean
sinking motion over the central eastern Pacifie, con-
vection is generally suppressed. This results in the
decay of the equatorial Kelvin—Rossby wave packet.
The convectively active region in the western Pacific
with a mean upward motion and high moist static
energy (total energy pcr unit mass of air measured by
gz + CT + Ly where gz denotes potential energy, C, T
denotes sensible heat and Lg denotes the latent heat)
provide a favorable environment for the emanation of
moist Rossby waves. These waves move northwest-
ward toward Southeast Asian monsoons. As a result
of the prevalent asymmetric distribution of monsoons,
easterly vertical shear and the seasonally enhanced
moist static enerpy, the Rossby waves amplify and
develop into asymmetric structures with respect to
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the equator, These Rossby waves, on their approach
towards the sinking dry air mass over the Middle East
and North Affica, start to stall and decay. However,
the asymmetric structure of the Rossby wave com-
bined with the mean Hadley eirculation of the
summer monsoon, reinitiates an equatorial convective
disturbance that propagates eastward, which marks
the beginning of the next cyele of the low frequency
disturbances.

Furthermore, Krishnamurti er al. {1992a), while
examining the vertieal variations of these oscillations,
noted that they exhibited distinet dynamical structures
in the tropics and the mid-latitudes. Figures 45.23a
and b represent the vertical phase of these oscillations
in the zonal flow for the tropics, while Figures 45.23¢
and d represent the mid-latitudes. Phase reversal
between the lower and upper troposphere in the
tropical convective ateas is evident in Figures 45.23a
and b. A barotropic structure {an atmosphere where
the pressure and density surfaces coincide, and as a
consequence pressure and temperature isopleths do
not interseet and there is no vertical variation of the
horizontal wind) in the mid-latitudes is discernible in
Figures 45.23c and d. Thesc structures indicate the
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Figure 45.23 Pressure—time analysis of the zonal wind on the time scale of 30-50 days for two tropical grid prints {a) and {b}) and for
two higher latitude grid points (c} and (d). The units are in m s™'. Shaded areas denote negative values. The interval of analysis is
shown at the top right of each panel. (From Krishnamurti et al. 1992a)
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importance of convection in the tropics and of
dvnamics in the higher latitudes for the generation
and maintenance of these oscillations.

Tropical mid-latitude interaction on intraseasonal
time scales

Several studies (e.g. Palmer 1988; Weickmann ¢f al.
1985) have found significant tropical and extra-
tropical interaction on the intraseasonal time scale.
One of the common observations thar has often been
made is that the amplitude of the extratropical
response to convective anomalies is larger during those
periods when OLR anomalies propagate eastward
from the Indian Ocean to the central Pacific. Using
First GARP Global Experiment (FGGE) Level I1I-b
wind and temperature analyzes at 200 mb and OLR
datasets from TIROS-N satellite, Magana and Yanai
(1992) showed that the intraseasonal modulation of
the convective activity and its extension from Indian
Ocean to the Central Pacific and over Central America
regulated the amplitudes of the South Asian high and
mid-Tacific trough through upper-level divergence over
Southeast Asia and convergence over the central
North Pacific. In addition, the transients around the
subtropical circulation provide robust mechanisms for
the tropical-mid-latitude interactions on the 30-50-
day time scales. Figure 45.24, based on Magana and
Yanai (1992}, illustrates the variability of the relative
angular momentum {this measures the angular momen-
tum of a parcel of air relative to the Earth as it is
measured by f[#2/2] where fis the coriolis parameter
and # is the distance of the parcel of air from the cenrer
of the Earth) at 200 mb in the Northern Hemisphere
through tme series of anomalies of zonally averaged
cast—west wind ([#]) at every 5° latitude inrerval.
The variations in the field are closely associated with
the intraseasonal oscillation which is superposed over
it. This signal propagates meridionally from 10°N to
40°N modulating the mid-Pacific trough.
Krishnamurd er al. {1997b) viewed the wave energy
flux across the critical latitude separating the tropical
easterlies from the extratropical westerlies using a com-
plete non-linear system for the north—south wave energy
flux in the frequency domain. This included linear,
and quadratic and triple product non-linearities which
were handled using Hayashi’s (1980} co-spectral
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Figure 45.24 Time series of anomalies of zonally averaged zonal
wind at 200 mb during the NH summer (thick lines} and their
band-pass (3060 days) filtered versions (thin lines). (Based on
Magana and Yanai 1992)

method (spectral analysis to determine the lag
relationship phase as well as amplitude between time
series of two variables in wave number domain). Such
a non-linear formulation of the wave energy flux
showed a distinct continuity of the fluxes from the
latitudes of the monsoon all the way to the polar
latitudes. This is illusttated in Figures 45.25a, b, ¢, d,
e, f, g and h for the eight years from 1987 through
1994. Here, the ordinate denotes the latitude and the
abscissa denotes time. A strong convergence of wave
energy flux in the polar latitudes provides a possible
explanation of the observed polar maxima of the
zonal flow amplitudes on the 30-50-day time scale in
the upper ttoposphere and the lower stratosphere.
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Figure 45.25 (above and opposite) Latitude-time diagram of meridional wave energy flux ¢'v’ on the time scale of 30-50 days. Eight
separate years of results are shown for the years 1987 through 1994. The ordinate denotes latitude, the abscissa denotes day of the
year. Units are Joules m/sec. The heavy arrows denote channels of strong meridional poleward flows. (From Krishnamurti et al.
1997b)

However, the linear theorics, which assume a con- Since the zonal flow anomalies on the time scale of
stancy (o time for the zonal flows, preclude any direct  30-50 days propagates meridionally, in effect the
interaction across the critical latitude. It only accounts  critical latitude itself propagates. It is this migration
for episodic opening of the barrier during periods of  of the transient critical latitude that permits a meri-
cxtension of zoual flows beyond the mean critical  dional leakage of wave energy flux across a critical
latitude initiated by the pulsating mid-Pacific trough latitude dcfined from a time mean flow.

{Lu and Yanai 1987; Webster and Zhang 1989).
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Predictability of low frequency models

Krishnamurti er al (1990a, 1990b, 1993) have
demonstrated that the intrascasonal variability asso-
ciated with the monsoons over India, China and
Australia can be predicted through one cycle, ie.
thirty days. The methodology adopted for such a
forccast involves a primitive equation-based compre-
hensive glohal spectral model (this refers to a global
forecast model where spherical harmonics arc used as
basis functions and these equations are cast in terms
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of spectral coefficients of these harmonics, see an
advanced text on numerical weather prediction for
details) with full physics (this refers to a model that
includes convecrive, radiative and planctary boundary
laver processes) and a unique initial state. Anoinalies
derived on the 30-50-day time scale using a bandpass
filter are superposed on the seasonal mean, which
determines the initial statc for such extended fore-
casts, This is based on the premise that the con-
tamination of the low frequency modes can be
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delayed by suppressing the high frequency motdon of
the initial state. A typical forecast skill from such an
experiment is shown in Figures 45.26a and b for the
global and tropical domains. Here, the skill is measured
in terms of anomaly correlations of the low frequency
850 mb wind component. Invariably, the skill beyond
five days of the forecast drops ftom 0.5 to 0.2, From
the figure it is seen that the anomaly corrclations are
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Figure 45.26 Typical anomaly correlations of (a) global and (b)
tropical low-frequency component of 850 hPa wind (From
Krishnamurti et al. 1992b)

maintained at around 0.5 cven after day 30 of the
forecast with the adopted initialization procedure;
however, a sharp drop of skill in the first five days is
noted. The authors reason that, although the initial-
ization procedure filters out the high frequency
motions in the initial state, it has no control over its
tendencies, which might initially contaminate the low
frequency motions as these higher frequencies evolve.
This skill of large-scale circulation fields is then used
to provide an outlock forecast on dry and wet spells
of the monsoon. A schematic illustration of such a fore-
cast is shown in Figures 45.27a, b, ¢, d, e and f. When
the climatological circulation is in phase with the low
frequency circulation in the lower troposphere (as in
Figures 45.27a, b and ¢} a wet spell ensues, while, an
out-of-phase circulation spells a dry period (as in
Figures 45.27d, ¢ and f) of the monsoon.
Qualitatively such a skill was also noted from the
use of ship observations along the heavily traversed
lanes connecting Sri Lanka and Sumatra, which were
analyzed by Cadct and Daniel (1988). They noted a
strong predictive potential from the phase and ampli-
tude of the 30-50-day oscillation along this lane and
the subsequent occurrences of dry and wet spells of
the monsoen. This was more in the nature of an
extrapolative forccast suggesting that one cycle {i.c. a
time scale of around forty davs) can be predicted.

INTERANNUAL VARIATIONS

Observational studies (Khandekar 1991) on inter-
annual variation of the summer monsoon suggest that
Eurasian snow cover, cquatorial eastern Pacific sea
surface temperatures (S8Ts) and the Southern Oscil-
lation Index (SOI) are closely interlinked. Figures
45.28a, b, c and d, based on Khandekar (1991), illus-
trate the interannual variation of the monsoon rainfall
(June—September), Eurasian snow cover departures
between December—February and March-May, and
sea surface temperature anomalies (SSTA) over the
castern equatorial Pacific and Southern Oscillation
{this refers to a see-saw among the sea-level pressure
distributions over the Indian Ocean and the eastern
Pacific Ocean on a time scale of roughly 4-6 years),
respectively. From this figure it is apparent that the
large-scale deficit (surplus) years of the Indian summer
monsoon rainfall is associated with heavier (lighter)



RECENT RESEARCH ON THE SCUTH ASIAN MONSOON

a0

AOHT

Laow flequency

—

308 .
3UE SUE =20 120E 150
75N
50N
CLIMAIOLOGICAL
A SUNTAGDCAL
2 NGH
Wel spall f ¥ b
Low ‘requency -| 30N
mexde
— =
mY . 25H
BOE 100E 120E MOE  150C

0E 1208 PA0E 1AGE 150E

0N
mr«t‘(.“ .

Chry spell
Low frogucncy
mode

OH

305%
308 FaE SOF

{ 125N

SON

CLIMATOLOGICAL
SUBTROPCAL
HIGH

()

SN

BOE I00E 120E

Low Irequercy mode Jz0s (f)

4305

nog 120% 1308 "Ta0E 1SOE

Figure 45.27 Schematic fllustration of the low-level flow field for a dry spell over (a) India, {b) China, {¢) northern Australia; and wet

spell over (d} India, (e) China, (f) northern Australia

than normal Eurasian snow cover during the pre-
ceding winter, warmer (cooler) SSTA in the castern
equatorial Pacific and a negative (positve) Southern
Oscillation (SO} index. Hahn and Shukla (1976},
examining cleven vears of satellite-derived winter

snow cover over Eurasia and summer monsoon rain-
fall over India, also observed such an inverse relation-
ship. 1n addition, Dev and Bhanukumar (1982) noted
a dircct relationship between spring snow cover over
Eurasia and the tme taken by the lndian summer
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as a difference in standardized sea-level pressure berween Tahici and Darwin. The rainfall curve also shows large-scale surplus and

deficit years of the Indian monsoon, (From Khandekar 1991)

monsoon raintall to progress from the southern tip of
India to the northern border of India. They report
that, for the period 1967-78, the monsoon advanced
trom the south to the notth much slower when the
snow cover 1n the preceding spring was greater than
normal, and wice versa. Such an inverse rclationship
berween the Eurasian snow cover and the progress of
summer monsoon rainfall is consistent with the notion
that extensive and persistent snow cover has the cffect
of delaving and weakening the spring and summer
heating of the land masses which is necessary for estab-
lishing a robust monsoon.

Ei Nifio (Spanish, meaning Christ’s child) (i.e. a
warm phasc of the Southern Oscillation), is a phenom-
enon which manifests itself as a warm ocean tempera-
ture anomaly over the equatorial Pacific Ocean on the
time scale of the Southern Oscillation, i.e. roughly
four to six vycars. The cvents with warmer SST over
the eastern equatorial Pacific are generally associated

with below-normal Indian summer monsoon rainfall.
The creation of a decp tropospheric heat source over
the warm SST anomalies is what contributes ro the
modulation of the planetary-scale phenomenon such
as monsoons. The castward shift of the Walker cir-
culatcion during El Nifo creates large-scale descent
upper tropospheric level mass convergence over the
Indian monsoon region, influenced by the monsoon
rainfall. Rasmussen and Carpenter {1983) have
examined the relationship between E Nifio events and
summer monsoon rainfall over thirty-on¢ Indian
climate subdivisions. Figure 45.29 from their study
shows the summer monsoon rainfall anomalies (denoted
by the bar chart) with negative bars denoting below-
normal rainfall vears. The dark bars in the figure
denote the El Nifo events with positive SSTAs over
the central and eastern Pacific. From this study, it was
noted that from twenry-five El Nifio events in the
period from 1875 to 1979, the area-averaged lndian
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Figure 45.29 A standardized Southern Oscillation index, plotted as a function of years. The dark bars denote those years when there
was a strong warm episode (i.e. a strong El Nifie year). (Based on Rasmussen and Carpenter [983)

summer monsoon rainfall was below the median in
twenty-one such episodes. Howewver, it should be noted
that several vears of near normal rainfall are cither El
Nifie or non-El Nifio years. Interestingly, correlation
studies {(e.g. Khandckar 1991) have shown that the
SOI and the Indian summer monsoon rainfall exhibit
a strong positive correlation (of 0.62) at lag +1 or +2
i.e. SOI variations lead the Indian summer monsoon
rainfall by one or two scasons. Shukla and Paolino
{1983) plotted the time evolution of the normalized
sea-level pressure anomaly over Darwin. This is shown
in Figure 45.30. 1t is apparent from the figure that
occurrence of high (low) Darwin pressure anomalies
and deficient (heavy) monsoon rainfall anomalies
persist for two seasons. The Darwin pressure anomaly
decreases in the preceding winter to spring before the
heavy rainfall vears and increases betore deficient
rainfall vears.

Strong interannual variation of the Indian summer
monsoon was observed during the El Nifo year of
1987 {Krishnamurti ez 2/ 1989) and La Niida (cold
phase of the Southern Oscillation) year of 1988
{Krishnamurti er a/. 1990a). The Indian subcontinent
cxperienced severe drought conditions in June and
July of 1987, which under uormal conditions are
active monsoon months. The El Nifo-related warm
sea surface temperatures over the eastern and central
Pacific contributed 1o the castward and equatorial

shift of the planetary-scale divergent circulations in
1987, resulting in large-scale descent over the Indian
subcontinent. Furthermore, warm SST anomalics were
observed over the ncar-equatorial southern Indian
Occan, resulting in a southward shift of Hadley-type
vertical overturning with descent along roughly
20°5-25°S. 1n the near-equatorial regions of ascent, a
negative anomaly of the stream-function at 850 mb
flow was found (Krishnamurti and Surgi 1987). With
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Figure 45.30 Composite of normalized Darwin pressure anomaly
(three-month running mean) for heavy monsoon {(high) rainfall
years and deficient monsoon {low) rainfall years. {(From Shukla
and Paolino [983)
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the seasonal heating, these anomalies propagated
northward across the equator toward central India in
July 1987 conrributing to a counter-monsoon low-
level flow, weakening the southwesterlies. In addition,
at 200 mb, nepative strcam-function anomalics were
observed over the Tibetan Platcau. Krishnamurd et
al. {1989) rclate this anomaly to the occurrence of
strong westerly winds aloft chat entered northwestern
India from the dry desert arcas of Africa and Arabia
and was not simplv due to a weakening of the tropical
easterly jet. However, in 1988, the warm anomaly in
the east and central Pacific disappeared and the
Walker Circulation extended westward. In contrast to
1987, a circulation anomaly enhancing the low-level
monsoon flow over the Indian subcontinent was
observed (Krishnamurti ez af. 1990a). Furthermore,
an easterly anomaly in the stream-function field at
200 mb was also noticed. All of these factors contri-
buted to heavier than normal rainfall over the Indian
subcontinent, northeastern China, Japan, the Korean
Peninsula and Indo-China.

Verma et al. (1985) noted a statistically signiticant
reladonship between the Northern Hemisphere sur-
face air temperature and the monsoon rainfall. This
statistical relation was most significant with a six-month
lag, i.e. warm surface air temperatures over the cntire
Northern Hemisphere during the winter months are
followed by an above-normal summer monsoon rain-
fall. Joseph et ai. (1994) have also noted a strong
relationship between the Indian monsoon rainfall and
the SST variations over the central Arabian Sea near
10°N on the time scale of El Nijio. This region is close
to the lattude of the Somah jet, where the air-sca
exchanges are influenced by the mesoscale (this alludes
to scales of the order of few hundred kilometers, this
being the typical scale of clustering of cumulo-nimbus
clouds) wind speed and SST variations of the order of
10 m s and 1°C, respectively.

In Ef Nino years, two equatorial divergent circu-
lations are prominent, one over the equatorial Indian
Ocean and the other over the equartorial central
Pacific. As the monsoon procecds, these two centers
merge in the western Pacific Ocean giving rise to a
single belt of broad rising motion along the equator
from the Indo-China coast to the central Pacific
Ocean. However, in La Nina years, the divergent
circulation centers are initially located over the

cquatorial Indian Ocean and the southern Pacific
Convergence Zone. These centers move northwards
and merge to form a narrow belt of ascent over Indo-
China which then moves over to the Bay of Bengal.
These equatorial crossings of the divergent circu-
lations, which are also seen in rainfall anomalies,
cxcire a wave train similar to the Pacific North
American (PNA) pattern (Krishnamurti et al. 1997a).
Figures 45.31a and b illustrate such a wave train
excited in the Northern Hemisphere in spring and in
the Southern Hemisphere in fall from a composite
map of the difference in 300 mb heights ten davs
prior to and after the equatorial crossing. The wave
train emanates from the tropics into subtropical and
middle latitudes. This is observed to excite a precipi-
tation signature with alternating wet and dry regions
along the wave train. The region east of the upper-level
trough in the wave train tends to be wet while it is
dry to the west of the upper-level trough, resulting in
a transient climate over the east China coast.

Gadgil et al. {1993) noted large regional dif-
ferences in intraseasonal climate. Based on these findings
they defined some thirty-one coherent rainfall zones
over India based on high intercorrelation of the
rainfall tme series of weather reporting sites within
each of the (thus defined) zones. In order to define
these thirty-one distinct zones, they utilized an initial
databasc from 200 sites. This definition of coherent
zones provides an array for long-term climate studies
of the monsoon on scasonal and longer time scales.

In a detailed empirical study using nine years of
snow cover and the Indian monsoon rainfall datasets,
Kripalani er &/ (1996), noted a very strong inverse
relanonship between the snow mass during January,
over a region northeast of Moscow and over Mongolia
and Siberia, and the subsequent summer monsoon rain
over India. These observations have been exploited in
the staristical and modeling studies of seasonal fore-
casts by many scientists.

The India Mereorological Department, Gowarikar
et al. (1991), has developed a statistical regression
method for long-range (three to six months in advance)
monsoon forecasts, This regression includes several
parameters such as: 10 mb westerly winds over Balboa
(Quasi-biennial Oscillation refers to a period close
o two vyears, closer to twenty-six months; this
phenomenon is most conspicuously noticed over the
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Figure 45.31 (a) lllustrates the northward passage of the 300 mb geopotential anomalies from six cases. The contour interval is
30 gpm. Shaded regions represent negative values. The solid arrow represents the wave crain. This is based on Krishnamurti et al.
(1997). (b} As in Figure 45.31a except for southward passage of the geopotential anomalies

equatorial lower stratosphere where the zonal winds
alternate berween westerlies and easterlies globally at
this dme scale}; pressure during April over Darwin;
the Eurasian snow cover during the previous December;
mecan pressure over the equatorial Indian Ocean
during January through May; Himalavan snow cover
during January through March; surface air tempera-
ture averaged over central India during May; 500 mb
ridge over central India during January and February;
monthly mean minimum temperature over northern
India during March; the minimum temperature over
the cast coast of India during March; mean surface air
temperature over the Northern Hemisphere during
January and February; and the Southern Oscillation
index and pressure over Argentina during April,
Statistical forecasts are issued prior to the start of the
summer monsoon season each vear. These have been
quite promising tor nearly a decade. In 1997, in spite
of an carly Fl Nifio onset, this method predicted near
normal rain over India; it would be interesting to see
if this is verified.

The AMIP (Atmospheric Model Intercomparison
Project, 1995) was aimed at examining the relative
performance of scveral global models. These are global
atmospheric general circulation models where the sea
surface temperaturcs are prescribed. The monsoon
simulations from these models were studied by Gadgil
and Sajani {1997). Figure 45.32a, b, ¢, d, € and
show the observed seasonal mean results from the dif-
ferent models. Here we present seasonal mean precipi-
tation simulations of the winter and the summer
monsoon. As is clearly evident, the seasonal mean
rainfall from the different models shows almost no
mutual agreement, or any agreement with obser-
vations. Rains have occurred here, there and anywherc.
This is considered an important result by several
scientists, who arcribute these differences to the large
internal variability of the monsoon torecasts and they
infer that these internal variabilities overwhelm the
slow surface forcing from the S8Ts and the snow
cover. These are issucs that deserve further studies.
Some pessimism has been expressed by a few climate
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JULY-AUGUST MEAN PATTERNS: OBSERVATIONS
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modelers who now feel that seasonal forecasts of
monsoon may have to be done using the statistical
methods. However, it is possible that all of these are
relatively low-spatial resolution climate models and
they do not resolve the organization of convection
needed to drive the monsoon. The coupling of the
lower boundary conditions to the atmosphere occurs
via this organized convection which simply needs a
higher resolution. Very high resolution data assimi-
lation with physical initialization within a coupled
atmosphere—ocean model appears to offer some hope
for further improvement of seasonal forecasts.

CLIMATE MODELING OF THE MONSOONS

Seasonal simulations of the monsoon have shown that
58T, land surface parameterization, mitial conditions,
detailed orography and the resolution of the model
are extremely important. Palmer et al. {1992) con-
ducted several scositivity studies to examine the
impact of regional SST anomalies on seasonal fore-
casts of the monsoons. Their study revealed that inter-
annual differences in rainfall forecasts over the Sahel
and India between 1987 and 1988 were associated
almost entirely with tropical Pacific S§T anomalies
while the Indian Ocean did not exhibit such an influ-
¢nce. Summer seasonal mean rainfall over the Sahel,
East Africa, India and south lndian Ocean observed
an cnhancement in 1988 relative to 1987 when the
west Pacific Oceau exhibited warmer SST anomalies.
However, anomalies in the Indian and Atlantic Oceans
indicared a more passive response to the interannual
monsoon variability. Observational studies such as
Shukla and Paolino (1983) have also suggested that
the Indian monsoon rainfall is correlated more strongly
with Pacific SST anomalies than with Indian Ocean
SST anomalies. Simulation studies with the Center for
Ocean-Land-Atmospheric (COLA) Studics model
{Fennessy 1993) suggested a strong correlation of the
interannual differences in the monsoon precipitation
of 1987 and 1988 with the intraseasonal differences.
This is illustrated in Figures 45.33a and b. Primarily,
the wet and dry spells in a monsoon season are related
to the fluctuation of the regional tropical con-
vergence zone with its favorable location being either
over the subcontinent {continental regime) or over

the equatorial Indian Ocean (oceanic regime),

respectively (Goswami 1993). Palmer (1993) noted
from these observations that the El Nifo SST anomalies
might influence the probability of occurrence of the
continental regime or the oceanic regime, though the
regime struccure itself would be relacively unaffected
by the SST anomalics. Furthermore, the author sug-
gests that prediction of the time spent in one regime
relative to others is highly uncertain. This warrants a
design of an ensemble of integrations to assess the
impact of SST anomalics on regime residence
statistics.

In studying the impact of initial conditions to
seasonal simulations of the monsoons, Palmer &t al.
(1992) designed two experiments with a T42 version
of the ECMWF mode¢l. These model runs were three-
month integrations with identical 88Ts but inital
conditions one day apart. The experiments showed
that the large-scale velocity potential (this is a scalar
potential filed whose gradient provides the direction
and strength of the divergent wind) and stream-
function was predominated bv the impact of anomalous
ocean forcing rather than variations in the initial state.
This observation is consistence with the work of
Charney and Shukla (1981) which emphasized that
the predictability of monsoons arises in part due to
relative insensitivity of the large-scale atmospheric
circulation in the tropics to the inital conditions in
comparison with its dependence on boundary con-
ditions. However, regional rainfall, particularly over
parts of India and Southecast Asia, indicated high
sensitivity to initial conditions. Ji and Vernckar (1997)
simulated the interannual variation of the
monsoon using a nested high-resolution grid point
model with a horizontal resolution of 80 km with
prescribed 88T, snow cover and soil moisture. Their
study revealed that a significane fraction of total
precipitaton in the Asian monsoon region is due to

Asian

deep convection associated with the orography of the
region which generate mesoscale circulations. Seasonal
monsoon forecasts contrasting the below-normal
monsoon rainfall season of 1987 and the above-
normal rainfall of 1988 were studied by several
authors, in particular by Laval e al (1996} They
used an armospheric global circulaton model (GCM),
a variable spatial resolution grid point global model.
The key issue contrasting these rainfall features of the
El Nifio year, 1987, and the La Nifa year, 1988, were
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Figure 45.33 (a} Ensemble mean )JA difference rainfall between |988 and 1987 MONEG integrations of the COLA model. (b)

Composite difference between active and break periods of the monsoon from within the COLA-MONEG integration. This is based
on Fennessy (1993)

the land surface propertics, i.e. the soil moisture.
Although the Pacific Occan SS8T were quite dissimilar
during these years the Indian Ocean SSTs were closer
to each other. This was also noted by Dumenil

{1993). The drvness of the soil during the spring
months of 1987 was noted as a primary contributor
to the extension of the drvness. Fennessy (1993)
noted thar there is a strong rendency for better
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seasonal mean precipitation simulations with increasing
resolution. The most obvious improvement obtatned
with increasing resolution was a better simulation of
the maxima on either coast of the Indian sub-
continent. In reality, much of the obscrved tropical
rainfall is in response to transients on small spatial and
temporal scales which most climate models have
difficulty in simulating. Furthermore, these cransients
are dynamically coupled to the planetary scale flow in
the tropics (Palmer ez al. 1992). Imperfect simulation
of such transicnt features in the model reflects that
the rainfall variability is not well coupled with the
simulated planctary scale flow which might be a con-
sequence of several deficiencies in the model. Experi-
ments on the sensitivity of the monsoon behavior to
the variations of Eurasian snow cover have been
investigated by Vernekar et 2l (1995). Basically the
well-known inverse rclationship, i.e. larger extent and
depth of Eurasian snow cover in the spring months to
a reduction of monsoon seasonal rainfall, was verified
by this modeling cxperiment.

Krishnamurti ez 4. (1995b) illustrated an improved
simulation of the interannual variation of the Asian
summer monsoon with an advanced ground wetness
parameterization (Bounoua and Krishnamurn 1993a,
1993b) which is based on the surface energy balance
method. This parameterization is a function of a
number of fixed and time-dependent parameters, the
most important of which is the past rainfall. In
analvzing the contrasting behavior of the 1987 and
1988 summer monsoon from such a model,
Krishnamurti ez a/. (1995b) found from the residue-
free moisture budget studies that the excess rainfall in
1988 over the region arose from a larger net con-
vergence of moisture, produced by cnhancement of
evaporation in the Indian Ocean and the Arabian Sea.

PARTITIONING A SEASONAL MONSOON
SIMULATION

It is possible to carry out a residue-free budget of a
model’s seasonal mean simulation for any of its basic
variables. For instance, one could ask why a seasonal
simulation resulted in a certain anomaly of a time-
mean geopotential height (this denotes the height of
a pressure surface above sea level) at any vertical
pressure level of the model atmosphere. This type of

partitioning for a non-linear climare model was pro-
posed by Krishnamurt et al. (1996). Here, several
processors of a supercomputer carry the history of the
tendencies of a reference variable arsing from dif-
ferent portions of the model’s physics and dynamics.
As an example we could ask what are the contri-
butions to a seasonal mean geopotential height anomaly
at 500 mb from factors such as:

non-linear advective dynamics in the model,
linear dynamics;

air—sea interaction;

land surface processes;

deep cumulus convection;

[= R B R

large-scale non-convective precipitation;

and other such featurcs of a comprehensive model.

A central processor carries the full model, whereas
the other processors borrow the final results at the
end of cach time step from the central processor and
CArTy out a one time-step integration suppressing one
of the above factors. This procedure merely provides
the bookkeeping for a residue-free budget and can
address the budget (i.e. model contriburion) from
any part of the model.

Using this approach several questions were asked
in relation to the behavior of the simulated monsoon
for the years 1987 and 1988: 1987 was an El Niio
year and 1988 a La Niiia vear. The 200 mb Tibetan
anti-cyclone complex migrated westwards and north-
wards between these respective years by roughly 5°
longitude westward and 5° latitude northwards. The
residue-free budgets were used to ask which of the
forcings were important for this eastward migration.

The qualitative explanation for this shift is usually
ascribed to the warm SST anomaly of the equatorial
central Pacific Ocean, which results in a shift of
convection eastward during an El Nino vear. This is
usually accompanied by a shift of the divergent cir-
culations. The descending branch of these east—west
circulations are often located over the Asian landmass,
resulting in below-normal monsoon rainfall activity
(Kanamitsu and Krishnamure 1978; Rasmussen and
Carpenter 1982). Descending air over the Asian land-
mass results from upper-tropospheric convergence;
the resulting generation of cyclonic vorticity weakens
the Tibetan anticyclone and this contributes to this
eastward shift, the upper tropospheric high over the
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Pacific being maintained by the El Nino convection.
We shall next cxamine the results of seasonal climare
forccasts on the tendencies of 200 mb geopotential
heights over Africa and Asia to assess what were the
salicnt dynamical and physical components of the
model that contributed to this castward shift in
model simulations.

The model-based seasonal buildup of the 200 mb
high over the African—-Asian belt was higher in 1988
than 1987, Largcly, that buildup is attributed to
dynamical contributions, among which the advective
dynamics tended to lower the height of the 200 mb
surface over this area much more during 1987 than
1988. 1n the model, this contribution from advective
dynamics is counteracted by the other dynamics, with
the largest contribution coming from the divergence
terms of the vorticity equation. The effect of this rerm
in both years was to increasc the 200 mb height. The
height changes by advective dynamics during 1987
were more negative than those during 1988. This is
atcributed to upper-troposphere convergence over the
Asian-Alrican region related to the downward branches
of cast—west circulations, which contribured to a gen-
eration of vorticity and a lowering of heights during
the El Nino vear. The effect is offset by an increasc in
height by the rest of the dvnamics.

1t should be noted that we are comparing peo-
potential height tendencies for an entire scason, where
the tendency implics the geopotendal height difference
between August 31 and June 1 for the respecrive vears.
For both years, on Junc 1 the mean height of the
200 mb was in fact smaller than that on August 31. The
change was less positive in 1987 compared wo that during
1988; the seasonal height change in 1988 (the above-
normal monsoon ranfall year) was less negadve because
of the contributions of non-advective dynamics. The
direct contributions from physics towards the height
tendencies over this large domain were not all that
different during the two vears. Convective hcating
contributed to an elevation of the 200 mb heights,
non-convective heating contributed much less. The
radiative cffects in both vears contributed to a net
lowering of the 200 mb surface. Overall, there was a
basic cancellaton of the tendencics from the con-
vective and radiative contributions. The contributions
from the total physics were smaller than those from
the dynamics over this sclected domain.

The main issue is that of the castward shift of the
upper anticyclone in 1987 with respect to its position
in 1988. Excessive upper-level convergence in the El
Nino vear 1987, arising from the divergent circu-
lation, appears to be the primary contributor for the
gencration of cyclonic vorticity at the upper levels of
the monsoon, resulting in the lowering of the
heights. The eastward shift of the upper anticyclone
appears to be more directly related to changes in the
planetary-scale divergent circulations related to El
Nino. The direct effects from changes in local heat
sources appear to be insignificant for these heigli
changes.

In summary, we find that deep convection over the
central Pacitic contributed to a general descent via
east—wcst circulation over the regions of the African—
Asian monsoon. An castward shift of the Tibetan
anticyclone is mainly atrributed to the descent, the
upper tropospheric mass convergence and the gen-
cration of cvclonic vortciry over this region. This is
what we had expected from our synoptic experience.

The contributions to the 500 mb seasonal mean
torecasts of the geopotental height averaged between
30° and 40°N, tor the longitude belr 30°-150°E
during the 1988 monsoon scason are illustrated in
Figure 45.34. This was the post-El Nifte vear with
above-normal rainfall over the Indian subcontinent.
We display the breakdown of the contributions to the
predicted mean height from the components of the
model’s history. The contributions from total dynamics
and total physics (Figure 45.34) show that over the
Asian monsoon domain, between roughly 50° and
110°E, the conrribution of physical processes is to
elevate the 500 mb surface well above the final pre-
dicted value. The contribution from the total dynamics
lowers the heights over this region. The two pro-
cesses evolve to counteract each other. The mag-
nitude of these two processes is substantial, that is, on
the order of 40 m. The issue is whether something
can be said abourt the role of dynamics in the seasonal
mean height. Ir is clear thatr dynamical contributions
ar¢ indeed very large. When one partitions the
dynamical contributons into those arising from
advective non-linearity and those from the rest of the
dvnamics {Figure 45.34¢), we note that this large
total dvnamical contribution is again composced of
two opposing contributions, that is, from the non-
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Figure 45.34 The 500 mb seasonal height tendency for the
summer of 1988 over the domain 30°5-40°N, 30°-150°E. (a)
Contributions from total physics and toral dynamics, (b}
contributions from physical processes, and (c} contributions
from dynamical processes

lincar advective dynamics {this denotes the role of
non-linear terms in the dynamical cquation of the
system being considered here) and the rest of
dynamics. The advective dynamics tends to lower the
500 mb geopotential substantially; that is, advective
non-linearities contribute to negate the final seasonal

mean state. The toral contributions from dynamics
are in fact comparable to magnitudes of the individual
contributions from the various physical processes, as
illustrated in Figure 45.34b. Cumulus convection, by
far, contributes the most to elevate the 500 mb geo-
potental surface over the monsoon region. That is
partly offset by the radiative contributons. Large-
scale condensation heating, in this instance, appears
to clevate the 500 mb surface. The air-sea and land-
air interactions (and resulting vertical convergences of
fluxes) contribure to a net elevaton of the 500 mb
surface as well.

In the end, when examining the magnitudes of
these various components, we note that advective non-
linearites, the rest of the dvnamics, and cumulus con-
vecton by far share the largest contributions in shap-
ing the final 500 mb seasonal mean geoporential
height over the monsoon region.

CONCLUDING REMARKS AND FUTURE
OUTLOOK

Monsoon rescarch has moved on from the more
descriptive and modeling aspects of the onset, active
and break scenarios to the arcas of intraseasonal and
interannual variabilities. Much progress has been scen
in recent decades in the observatonal and simple
modeling of these time scales, A large number of
scientific papers have examined the role of surface
boundary conditions, including sca surface rempera-
tures, snow cover and albedo. It is also being recog-
nized that the slow variability of these lower
boundary conditions do not simply provide a veri-
fiable slow variability of the monsoon. The slow vari-
ability of the monsopon on the intrascasonal and
especially the interannual time scales appcars to be
also a function of the strong internal chaotic vari-
ability of the atmosphere (Ferranti et af. 1997). In
this important scudy with the AMIP global models
{which ran for ten vears along prescribed S5Ts) it was
clearly noted that the dominant modc of variability of
the monsoon showed only a weak level of repro-
ducibility coinpared ro the observed monsoon. This
provides a major challenge for future modeling, Our
studics on monsoon prediction (Krishnanurti e al.
1998b) place a major emphasis on the resolving of the
organization of convection for monsoon forecasts.
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Most climate models, coupled or uncoupled, utilize
resolutions of the order of T42 with some exceptions
{such as Ferranti et al. 1997, who usc a resolution of
T106). At these resolutions the monsoon convection
is not organized on the scales of the monsocon
disturbances. Energeticallv the maintenance of the
monsoon shifts from a disturbance adapted to a local
Hadley cell-oriented scale, that simulates large
planctarv-scale characteristics of the monsoon, but
fails to have a skill in predicting monsoon disturb-
ances on the medium range. (The Hadley cell is a
well-known slow vertical and north-south circulation
of a zonally averaged motion field. This circulation
cxhibits slow rising air in the near 30°N or 30°S
latitudes.} Using a resclution of T255 it is possible to
pass on the satellite rainfall at the resolution of its
footprint to the transform grid resolution of the
model. Physical initialization, thus carried out, appears
to handle the mesoconvective precipitation structures
of monsoon disturbances in a more realistic manner
than lower resolutions do. There still remains the
strong possibility that the organization of monsoon
convection provided by high-resolution modcls (as
seen in medium-range forecasts) is what is required to
provide the nceded link between the slow forcing of
the surface boundary conditions and the evolution of
the intraseasonal and the interannual monsoon climate.
Lacking such an organization we lose the integrity of
most monsoon disturbances that are essential ele-
mentes for defining the monsoon climate!

This raises the following issue: do we need to
resort to higher-resolution climate models for mon-
soon simulations, or do we need to parameterize the
organization of convection in some innovative ways
for lower-resolution models? This current bias in
lower resolution models is a north-south flow catas-
trophe that tends to slowly degrade the divergent
north—-south flows in favor of more non-divergent
cast—west flows on disturbance scales. As a consc-
quence we often sce an almost total lack of monsoon
disturbances. Some scmblance to monsoon-like
circulations in lower-resolution models arises largely
from a description of the differential heating related
to orographic and larger-scale rainfall features. How-
¢ver, the above argument certainly does not rule out
the possibility that climate modeling at high reso-
lutions would cease to cxhibit chaotic behavior.

Further modeling work is clearly needed to address
these issues.

The statistical (regression) approach, being
pursued in India for seasonal forecasts of monsoon
rainfall has performed reasonably well over the last six
years. This makes use of some fifteen or so antecedent
parameters (from the season before) to predict a
single number, an index, for monsoon rainfall over
the whole country. This approach has not succeeded
in providing regional skill which varies from one
region to another and rather drastically from one
season to the next. 1t is not clear whether the future
modcling will be entirely statistical, nor is it apparent
that a mix of statistical and deterministic approaches
needs to be pursued. Further work is apparently
needed in both areas.

Going through the monsoon litcrature, we have
noted that a vast amount of “monsoon facts” reside in
numerous published and unpublished literature. These
dwell on many spacc—time scales of the monsoon. A
cearer synthesis of that literature is currenty lacking.
This includes many findings especially in the smaller
scales which we belicve have an impact on our under-
standing of the larger space—time scales. Future work on
the synthesis of this material is cxtremely important;
much of this htcrature resides in India and China.
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LIST OF ACRONYMS

AMIP Atmospheric Model
Intercomparison Project
COLA Center for Ocean—Land-

Atmosphere Studies

ECMWF European Centre for
Medium-range Weather
Forecasts

ENSO El Nifio Sourhern Expeniment

FGGE First GARP Global Experiment

ESU Florida State University

GARD Global Atmospheric Research

Project
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GCM Global Circulation Model

GFDL Geophysical Fluid Dynamics
Laboratory

INDOEX Indian Ocean Experiment

ITCZ Intereropical Convergence
Zone

KE Kinctic energy

MONEG Monsoon Numerical
Experimentation Group

MONEX Monsoon Experiment

NCEP National Center for
Environmental Prediction

OLR Outgoing longwave radiation

PNA Tacific North American

o Apparent heat source

[0 Apparent moisture sink

QBO Quasi-bicnnial Oscillation

50 Southern Oscillation

o)) Southern Oscillation Index

SSM/1 Special sensor microwave
imager

§ST Sea surface temperature

SSTA Sea surface temperature

anomaly

Triangular truncation at wave
numbers 21, 31, 42, 63, 106,
170 and 255

T21, 31, 42, 63,
106, 170 and T255

TIROS Television and infrared
operational satellite

UGAMP UK Universities Global
Awmospheric Modelling Project

UTC Universal time coordinated

REFERENCES

Ackerman, S.A. and Cox, S.K. (1982) “The Saudi Arabian
heat low: acrosol distribution and thermodynamic struc-
rure”, J. of Geophysical Research 87: 8991-9002.

Ackerman, S.A. and Chuug, H. (1992) “Radiative effecrs of
airborne dust on regional energy budgets ar the top of
the atmosphere”, J. Appl. Meteor. 31: 223-33.

Ardauuy, I (1979) “On the observed diumal oscillations of
the Somali jer”, Mon. Wea. Rer. 107: 1694-700.

Asnani, G.C. (1993) Tropical Meteorology, Vols 1 and I1.
Printed by Noble Printers, Pune, India.

Bounoua, L. and Krishnamurti, T.N. (1993a) “Influence of
soil moisture on the Sahelian climate prediction - Part
17, J. Metear. Atmos. Phys. 52: 183-203.

Bounoua, L. and Krishnamurti, T.N. (1993b) “Influcnce of

soil moisture on the Sahelian climate predicrion — Part
117, J. Meteor. Atsnos. Phys. 52: 205-24,

Cader, D. (1983) “The monsoon over rhe Indian Ocean
during summer 1975, Part 11: hreak and acrive mon-
soons”, Mon, Wea. Rev. 111: 95-108.

Cadet, D. and Danicl, P. (1988) “Long-range forecasr of
the break and active summer monsoons®™, Tellus 40A:
133-50.

Carlson, TN. and Benjamin, $.G. (1980} “Radiarive heating
rates for Sabaran duse™, J. Atmes. 8¢i. 37: 193-213,

Chang, C.P. and Krishnamurt, T.N. {1987} “Monsoon
mereorology”™,  Oxford Monggraphs of Geology and
Geophysics, no. 7.

Charney, J.G. (1975) “Dynamics of deserts and drought in
the Sahara™, Quart. J. Roy. Meteor. Sor. 101: 193-202.
Charney, J.G., and Shukla, ]J. {1981) “Predictability of
monsoons”, Moensoon Dyramics, J. Lighthill and R,

Pearce (eds), Cambridge University Press, Cambridge.

Chen, T.C. and Weng, S.I' (1996) “Some effects of the
inrraseasonal oscillation on the equatorial waves aver
the western tropical Pacific-Souch China Sea region
during the northern summer”, Mon. Wea. Rev. 124:
751-56.

d’Almeida, G.A. (1987) “On the vardability of desert aerosol
radiative characteristies™, J. Geophys. Res. 92: 3017-26.

Davidson, N.E. (1995) “Vortieiry budget for AMEX. Part
I1: simulations of monsoon onset, midtropospheric lows,
and tropical cvelonc bechavior”, Mon. Wea. Repy 123:
1636-59.

Dey, B. and Bhanukuwmar, O.S.R.U. (1982} “An apparent
relationship between Euvrasian spring snow cover and the
advance period of the Indian summer monsoon”, [
Appl. Meteor. 21: 1929-32.

Dumenil, L. {1993) “Simulation and prediction of mon-
soons: recent results”, WMO/TD, No. 546. New Delhi,
1ndia, March.

Fenncssy, M. (1993} “MONEG related research at COLA™,
WMO/TD, No. 546. Simulation and prediction of
monsoons: reecnt results, New Dehli, pp. 19-22.

Ferranti, L., Slingo, J.M., Palmer, T.N. and Hoskins, B.].
{1997} “Relations between interannual and intraseasonal
monsoon variability as diagnosed from AMIP inte-
grations”, Quart. J. Roy. Meteor. Soc. 123: 1323-57.

Gadgil, Sulochana, Yadumani and Joshi, N.V. (1993)
“Cohcrenr rainfall zones of the Indian region™, [
Climare 13: 547-66.

Gadgil, S., Sajani, $. and participating modeling groups of
AMIP (1997) “Atmospheric Model 1lntercomparison
Project (AMIP"), Monsoon precipitation in rhe AMIP
runs {resulrs from an AMIP diagnostic subproject)”,
Centre for Atmospheric and Oceanic Schemes, 1.I.5c.,
Bangalore, 560012, India.

Gairola, R.K. and Krishnamurt, T.N. {1992} “Rain rates
based on SSM/[, OLR and raingauge data scts”, Mezeor
Atrmaos. Phys. 150: 165-74,

Gill, A.E. (1980) “Some simple solutions for hear-induced



308 T.N. KRISHNAMURTI ET AL

rropical circularion”, Quare. J. Rey. Meteor. Soc. 106:
447-62.

Gill, A'E. and TPhilips, P.]. (1986) “Nenlincar effects on
lreat-induced circulation of the rropical armosphere™,
Quart. J. Roy. Mercor. Soc. 110: 69-91.

Goswami, B.N. (1993) “Deterministic non-pericdic flow™,
J. Arsaos. Sei. 42: 433-71.

Gowarikar, V., Thaplival, V., Kulshrestha, S.M., Mandal,
G.S., Sen Roy, N. and Sikka, D.R. (1991} “A power
regression model for long range forecast of sourhwest
monsoon rainfall over India”, Mawusam 42: 125-30.

Grossman, R.L. and Duran, D.R. (1984} “lnccraction of
low-level flow with the western Ghat mountains and
offshore convecrion in the summer monsoon®”, Mox.
Wea. Rer 112: 652-72,

Hahn, D. and Shukla, J. (1976} “An apparent rclationship
berween Eurastan snow cover and  Indian monsoon
rainfall”, J. Armos. Sci. 33: 2461-63.

Hartmann, D.1. and Michelsen, M.L. (1989) *“lntra-
scasonal periodicities in Indian rainfall”, J. Atsmos. Sei.
46: 2838-62.

Hayashi, Y. (1980} “Estimation of nonlinear energy transfer
spectra by the cross-spectral method”, J. Atmaos, Sei. 37:
299-307.

Ji, Y. and Vernckar, A.1>. (1997) “Simulation of the Asian
summer monsoons of 1987 and 1988 with a regional
modcl nested in a global GCM™, J. Climate, in press.

Joseph, DPV., Eischeid, J.K. and Pyle, R.J. ({1994}
“lnrerannual variability of the onset of the Indian
summer monsoon and its association with atmospheric
fearurcs, El Nine, and sea surface  temperature
anomalies”, J. Climare 7: 81-105.

Joshi, P.C., Simon, B. and Desai, .S, (1990) “Aunospheric
thermal changes over the Indian region prior to the
monsoon onset as observed by sarellire sounding data”™,
International J. of Climatology 10: 49-56.

Kanamitsu, M. and Krishnamurti, T.N. {1978) “Norchern
summer trapical circulation during drought and normal
rainfall months”, Mon. Wea. Rer. 106: 331-67.

Khandekar, M.L. (1991) “Eurasian somow cover, lndian
monsoon and El Nino/Southern Oscillation — a syn-
thesis™, Atmosphere — Ocean 29: 636—47.

Kripalani, R.M., Singh, §.V., Vernekar, A.>. and Thaplival,
V. (1996) “Empirical study on nimbus of snow mass and

Indian summer monsoon rainfall”, International J. of

Clisarology 16: 23-34.

Krishnamurti, T.N. (1978) “Monscon dynamics. Contri-
butions to current research”, in Geophysics, Birkhauser
Verlag, pp. 1087-529.

Krishnamurei, T.N. and Ramanathan, Y. {1982} “Scnsitivity
of the monsoon onsct to differential heating™, f. Armos.
See. 39- 1290-306.

Krishnamured, T.N. and Subramaniam, I>. {1982) “The 30-
50 day mode at 850 hPa during MONEX”, J. Atmos.
Sct. 39: 2088-95.

Krishnamurti, T.N. and Surgi, N. (1987) *Observanonal

aspects of summer monsoon™, in Moensoon Meteorclogy,
C.P. Chang and T.N. Krishnamurri (cds), Oxford
University Press, Oxford, pp. 3-25.

Krishnamurti, T.N. and Bedi, H.8. (1988) “Cumulus
parameterization and rainfall rates: Pare 1117, Mon. Wen.
Rer. 116: 583-99.

Krishnamurti, T.N., Pan, H,, Chang, C.B., Polsncy, J. and
Qodally, W. (1979) “Numerical weather prediction for
GATE”, Quart. J. Roy. Meteor. Sec. 105: 979-1010.

Krishnamurti, T.N_, Bedi, H.S. and Subramaniam, M.
(1989} “The summer monsoon of 19877, J. Climate 2:
321-40.

Krishnamurti, T.N., Bedi, H.S. and Subramaniam, M.
(1990a) “The swmmer monsoon of 19887, [ Mereor
Atmos, Phys, 42: 19-37.

Krishnanwrti, T.N., Subramaniam, M., Oosterhof, ). and
Daughenbaugh, G. (1990b) “On rhe predictability of
low-frequency modes™, J. Meteor Atmos. Phys. 44:
63-84.

Krishnamurti, T.N., Xue, J., Bedi, H.S., Ingles, K. and
Qosterhof, D, (1991) *Phvsical initialization for
numerical weather prediction over the tropics™, Tellus
45A: 247-69.

Krishnamurri, T.N., Sinha, M.C., Krishnamuri, R,
Oosterhof, D). and Comeaux, J. (1992a} *Angular momen-
turn, length of day and monsconal low-frequency
mode®, J. Meteor Soc. Japan 1B: 131-66.

Krishnamurti, T.N., Subramaniam, M., Daughenbaugh, G.,
Oosterhof, D. and Xue, J. (1992b) “One month fore-
casts of wet and dry spells of the monsoon™, Moen., Wea,
Rep 120: 1191-223,

Krishnamurt, T.N., Han, S.K. and Vasubandhu Misra
{1995a) “Prediction of the dry and wer spell of the
Australian monsoon”, J. Climatolggy 15: 753-71.

Krishnamurd, T.N., Bedi, H.S., Rohaly, G., Fulakeza, M.,
Oostethof, D. and Ingles, K. (1995b) “Scasonal mon-
soon forecase for the vears 1987 and 19887, Global and
Planetary Change 10: 79-95.

Krishnamurt, T.N., Bedi, H.S., Rohaly, G.D. and
Qosterhof, D. (1996) “Partitioning of the seasonal
simulation of a monsoon climare”, Mon. Wea. Rev. 124:
1496-519.

Krishnamurti, T.N., Wagner, C.P, Carcwright, T.]. and
Qosterhof, D. (1997a) “Wave trains excited by cross-
cquatorial passage of the monsoon annual cvele™, Mon,
Wea. Rew. 125: 2709-15.

Krishnamurti, T.N., Sinha, M.C., Vasubandhu Misra, and
Sharma, O.P. (1997b) “Tropical middle latitude inrer-
actions viewed via wave energy flux in the frequency
domain™, Dyaasmics of Armespheres and Oceans 27: 383—
412.

Krishnamurti, T.N., Bhaskar Jha, Rasch, PJ. and
Ramanathan, V. (1997¢) “A high resolution global
reanalysis highlighting the winter monsoon”, Meteor.
Atmaos. Phys. 64: 123-71.

Krishnamurt, T.N_, Shina, M.C., Bhaskar Jha and Mohanty,



RECENT RESEARCH ON THE SOUTH ASIAN MONSOON

U.C. (1998a) “A study of south Asian monsoon
energetics”, [ Armos. Sci. 55: 2530-48.

Krishnamure, T.N., Bedi, H.S. and Wei Han (1998Db)
“Organizarion of convection and monsoon forceases™,
Meteor. Aemos. Phys. 67: 117-74,

Kuo, H.L. (1965) “On the formation and intensification of
tropical evelones through farent heat release by cumulus
convection”, J. Atmaes, Sei. 22: 40-63.

Kuo, H.L. and Qian, Y.F. (1981} “Influence of the Tiberan
Plateau on cumulative and diurnal changes of weather
and climare in summer”, Mon. Wea. Rer 109: 2337-56,

Lau, K.M. and Chan, "H. (1983) “Aspects of the 40-58
day oscillaton during northern winter as inferred from
outgoing longwave radiation™, Mon. Wea. Rep. 113:
1889-909.

Lau, K.M. and Chang, C.I. {1987) “Planctary scale aspects
of the winter monsoon and  atmospheric  tele-
connections”, in Mowsoon Meteorology, C.I. Chang and
T.N. Krishnamurti  (eds), Oxford University  DPress,
Oxford, pp. 3-25.

Laval, K., Raghava, R., Polcher, J., Sadouny, R. and
Forichon, M. (1996} “Simulation of the 1987 and 1988
Indian monsoons using the LMD GCM™, J. Climawe 9:
3357-71.

Levin, Z., Joseph, J.H. and McKler, Y. (1980) “Propertics
of Sharay (Khamsin) dust; comparison of optical and
direct sampling™, J. Atmzos. Scf. 37: 882-91.

Li, C. and Yanai, M. (1996} “The onser and interannual
variability of the Asian summer monsoon in relaton to
land-sea thermal contrase™, J. of Clisate 9: 358-75.

Lu, M-M. and Yanai, M. (1987) “Excitation mechanisms
of equarorially trapped waves and the wopical low-
frequency  oscillation  during  the  special  observing,
periods  of FGGE™, Preprins, 17th Conference on
Hurvicanes and Tropical Metoerology, Miami, Amer.
Meteor. Sac., pp. 397400.

Luo, H. and Yanai, M. (1984) “The large-scale circulation
and hcat sources over the Tibetan Platcan and sur-
rounding arcas during the carly summer of 1979, Part
I1: heac and meisture budgers”, Mon. Wea. Rep. 112:
966-89.

Madden, R, and Julian, P. (1971} “Detection of a 40-50
dav oscilladion in the zonal wind™, . Atsos. Sei. 28:
702-08.

Magana, V. and Yanai, M. (1992) “Tropical-midlatitude
interaction on the tme scale of 30 to 60 days during the
northern summer of 19797 J. Climare 4: 180-201.

Mohalfi, §., Bedi, H.S., Krshnamurr, T.N. and Cocke,
S.1>. (1998) “Scusitvity of svnoptic-scale system and
diurnal change to dust acrosols over the Saudi Arabia
region”, Men, Wea. Rev. 126: 3153-68.

Mohanty, U.C., lyengar, G.R., Basu, $., Klinker, E., Whitc,
G.H., Milton, S.F. and Singh, ID. {1994) “An intcr-
comparison of medium range prediction of selected
features of Asian summer mensoon  activity with
operational GCMs”, Proceedings of the Internarional

Conference on Monsoon Variability and  Prediction,
Trieste, Traly, Vol. 1, pp. 351-61.

Murakami, M. (1984) “Analysis of deep convective activity
over the western Pacific and Southeast Asia, Pare 117, [
Mercor Sve. Japan 62: 88-108.

Nakazawa, T. (1988) “Tropical super clusters within intra-
seasonal variations over the western Pacitic”, [ Meteon
Soc. Japan 66; 823-39.

Qgura, Y. and Yoshizaki, M. {1988) “Numerical study of
orographic connective precipitation over the castern
Arabian Sea and the Ghar mountains during the summer
monsoon”, J. Asgses. Sei. 45 2097-122.

Palmer, TN, (1988) “Large-scale tropical, cxtratropical
interactions cn time scales of a few days to a scason™,
Auwst. Meteor. Mag. 36: 107-25,

[almer, T.N. (1993) “Somc thoughts of monsoon pre-
dictability”, WMO/TDD No. 546. Simulation and
predictions of monsoons, recenr results, New Dehli,
pp- B1-57.

Palmer, T.N., Brankovic, C., Viterbo, P and Miller, M.].
{1992) “Modcling interannual variations of summer
monsoons”, J. Climare 5: 399417,

Parterson, E.M., Gillete, D.A. and Stockron, B.H. (1977}
“Complex index of refraction between 300 and 700 nm
for Saharan acrosols™, J. Geophys. Res. 82: 3135-61.

Procecdings of the First Internarional AMIP Scientific
Conference (1995) WCRP-92, WMO ITD-No. 732, cd.
by W.1., Gates.

Ramage, C.S. (1971} Monsoon Meteorology, Academic Press,
New York.

Rao, Y.I. (1976) “The southwest monsoon™, Indian
Mctcorological  Department  Monograph,  Svnoptic
Mcteorology, 1, lndian Meteorological Department,
New Delht.

Rasmussen, E.M. and Carpenter, T.H, {1982) “Variation in
the tropical sea surface remperature and surface wind
ficld associated with rhe Southern Oscillarion /El Nifo”,
Mon. Wea. Repr. 110: 345-85.

Rasmussen, E.M. and Carpenter, T.H. (1983) “The rclation
berween castern equatorial Pacific sea surface tempera-
tures and rainfall over lndia and Sri Lanka”, Men. Wea.
Rer 111:517-28.

Shukla, J. and Taolino, D.A. (1983)
Oscillation and longrange forccasting of the summer
monsoon over India™, Men, Wea, Rer. 111: 1830-37.

Sikka, ID.R. and Gadgil, $. {1980} “On the maximum cloud
zone and the 1ITCZ over Indian longirtures during the
southwest monsoon™, Mon. Wea. Rev. 108: 1840-53.

Singh, 5.V, and Kripalam, R.H. (1985) “The south to north
progression of rainfall anomalies across India during the
summer monsoon season”, Pure Appl. Grophys. 123:
624-37,

Singh, S.V. and Kripalani, R.H. (1986) “Application of
EEQF analysis to interrcladionships and  scquential
cevolution of monsoon ficlds™, Mon. Wea. Rev 114:
[683-710.

“The  Southern

309



- T Tve o Tma ST T o

310 T.N. KRISHNAMURT! ET AL

Smith, R.B. and Lin, Y.L. {1983) “Orographic rain on the
western Ghar”| Proc., First Sino-Amertican Wotkshop on
Mountain Mereorelogy, E.R. Reiter, Z. Bazhen and Q.
Yongtu {eds), pp. 71-94.

Sokolok, I.N. and Golitsyn, G.S. (1993} “Investigation of
optical and radiative properties of dust acrosol”, J.
Atmos. Environ. 27A: 2509-17.

Verma, RK., Subramanian, K. and Dugan, §.5. (1985)
“Inrerannual and long-term variability of che summer
monsoon and possible link with Northern Hemispheric
surface air remperatue™, Proc. Indian Acad. Sci (Earth
Planer Sci.) 94 3: 187-98.

Vernekar, A.D., Zhou, J. and Shukla, J. (1995} “The effecr
of Eurasian snow cover on the Indian monsoon”, J.
Climate 8: 248-66.

Wang, B, and Xie, X. (1997) “A model for the boreal
summer intrascasonal oscillation™, [ Atmes. Sci. 54

72-86.

Webster, I]. and Zhang, C. (1989) “Effects of zonal flows
on equatodal rrapped waves™, [ Atmes. Sei. 46: 3632-52.

Weickmann, K.M., Lussky, G.R. and Kutzbach, J.E. (1985)
“Inrraseasonal (30-60 day) fluctuations of outgoing
longwave radiation and 250-mb streamfunction during
northeru winrer”, Mon. Wea. Rev. 113: 941-61.

Yanai, M., Esbensen, S, and Chu, J.H. (1973)
“Dctermination of bulk properries of tropical cloud
clusters from large-scale heat and moisture budgets™, [
Atmeos. Sci. 30: 611-27.

Yasunari, T. {1981) “Structure of an Indian summer
monsoon system with around 40-day period”, J. Meteor.
Soc. Japan. 59: 336-54.

Zhang, Z. and Krishnamurri, TN. (1996} “A gencralization
of Gill's hear-induced tropical circulation”, J. Armes Sci.
53: 1045-52.



