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Structure and properties of summer monsoon stationary wave
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ABSTRACT. A study of wen-year (1976-1985) meun July climatology of southern Asia and adjoining
ocean dareas confirms the presence of a well-defined stationary wave beli *ved 10 be due mainly to land-sea
thermal contrast over the region. in the liclds of several meteorological variables. The wave extends laterally
over about 10 degrees of latitude with maximum intensity along about 20° N and vertically rom surface to
about 300 hPa. Its zonal wavelength is about 2000-2500 km and its amplitude in the lield of zonal anomaly of
temperature and merdional component of wind is 17C and 4ms*! respectively. The trough-ridge system of the
wave appears to tilt eastward with height from surface 1o about 700 hPa and westward aloft up 10 about
300 h Pa. while the warmest-coldest anomaly system appears to tilt castward all the way from surface to about
300 hPa. A phase difference appears to exist between the geopotential and the temperature fields in both the
lower and the upper tropospheres. The aforesaid zonal-vertical tilt of the monsoon trough and phase dil-
ference between the geopotential and the temperature fields appears to be compatible, through thermal advec-
tion. with a direct conversion of eddy available potential energy into eddy kinetic energy via a west-cast
(clockwise) overturning with warm air rising in the west and cold air sinking in the east in the case of the
eastward-tilting lower-troposphieric trough and an east-west (anti-clockwise) overturning with warm air rising
in the east and cold air sinking in the west in the case of the westward-tilting middle and upper-tropospheric
trough. An enhancement of the thermal advection and hence the vertical circulation may occasionally lead to
development of the trough into a low or depression. However. the question of development of the trough and
physical factors. which may contribute 10 such development needs 10 be examined by further study.

Key words — Monsoon stationary wave. Structure of stationary wave, Properties of stationary wave,
Stationary wave. Monsoon depressions.

1. Introduction continent. As part of this wave. they found three low
pressure troughs over the eastern edges of Africa.

A first comprehensive study of the surface wind India and Indo-China peninsula. which controlled
field over the Indian Ocean and the western the three main branches of the southwest monsoon,
Pacific led Fu er al. (1983) to discover the presence one each over the Arabian Sea, the Bay of Bengal
of a wave-like structure at the southern periphery and South China Sea and influenced the rainfall
of the huge summer low pressure over the Asian pattern in south Asia. It appears that the stationary
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TABLE 1

Mean standard deviation of moathly mean values of different
parameters from their climatological mean
for July at 850, 500 and 200 hPa

Windspeed
Pressure Temperature (ms™ ") Dewpoint
(hPa) (°C) (O
u v
850 1.02 1.52 148 131
(91) (107) (107 (105)
500 (.82 211 1.66 200
(111) (110) (109) (115)
200 1.19 4.06 324 Not
(107) (108) (107) computed

character of the monsoon wave was well recognized
by these workers in that they found the wave corres-
ponded to perturbations of the temperature field in
the lower troposphere caused by land-sea thermal
contrast in the area. Unfortunately . there has been
little follow-up study of this important finding and
several questions relating to the detailed structure
and properties of this wave and its relationship with
the prevailing weather over the region still remain.
For example, we do not yet adequately know the
horizontal and vertical extent of this wave and how
it manifests itself in different meteorological fields,
such as. wind (or geopotential). temperature, mois-
ture and rainfall. We need detailed information
regarding the vertical structure of the trough-ridge
system in relation to the thermal structure in order
to address the question of development. For. it is
common knowledge that most of the summer mon-
soon lows and depressions develop in the monsoon
trough zone which constitutes an integral part of the
stationary wave. What is the mechanism of this
development and what physical factors are involved
in it? Obviously, further studies are required to
address some of these questions. The present obser-
vational study may be said to be an attempt in
this direction.

There has been a controversy in the past regard-
ing the relative roles of land-sea thermal contrast
and mountains in the formation and maintenance
of the monsoon stationary wave. While Holopainen
(1970), from an observational study of the energy
balance of the stationary distrubances over the
globe, concluded that the contribution of the moun-
tains is likely to be negligible compared to tnat of
the land-sea thermal contrast during the northern
summer., some theoretical and numerical studies
(e.g. Banerji 1930, Hahn and Manabe 1975) have

stressed the importance of the mountain effect,
especially in the region of the Himalayas. However,
in the present study, we did not address this
question.

The layout of the paper is as follows :

Section 2 introduces data, analysis and com-
putations. Section 3 traces the wave structure in
various meteorological fields. An idealized model
of the stationary wave showing the vertical structure
of its trough-ridge system and temperature anoma-
lies is presented in section 4. Main findings of the
study are summarized in section 5.

2. Data, analysis and computations

The study utilizes a ten-year (1976-85) mean July
climatological dala set consisting of wind, tempera-
ture and dew-point at surface and isobaric surfaces
850. 700, 500, 300, 200, 100 and 50 hPa over Asia and
adjoining ocean areas bounded by latitudes 0° and
55°N and longitudes 35° and 125°E. The data set
also includes mean July rainfall over the area. The
rationale behind selecting the period 1976-85 for the
climatology was maximization of available data in
space and time. There was large-scale expansion of
data network around 1979 when the Global
Weather Experiment was carried out with a strong
component of Monsoon Experiment (MONEX)
over the Indian Ocean and western Pacific. It was
also during this period that data from mainland
China including Tibet became available for a few
years at a stretch, after a gap of several years. The
sources of data include : (i) Monthly Climatic Data
of the World published by the United States of
America Department of Commerce: (ii) Special
MONEX Datasets published by thé¢ International
MONEX Management Center (IMMC) and avail-
able with the India Meteorological Department
(IMD) at its Headquarters at New Delhi;
(iii) Regional Daily/Monthly Weather Reports
published by the IMD and (iv) Mausam (formerly
Indian Journal of Meteorology, Hydrology and
Geophysics) also published by the IMD. We also
utilized a data set relating to the period (1963-66) of
the International Indian Ocean Expedition (IIOE),
published by Ramage and Raman (1972).

The coverage and quality of data was generally
good over the land. barring mountainous regions
where data were sparse, but not quite so over the
oceans where, as usual, there were large data holes.
The total number of reporting stations included in
the climatology is around 185, distributed rather
unevenly over the region. with the maximum (53)
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Fig. 1. Zonal anomaly of temperature (°C) @t MSL (con-
tinuous), 830 hPa (dashed) and 700 hPa (dotted) along
20°N. Topography and land-sea distribution e shown
at botton. Positive-Warm, Negative-Cold

between 20° and 30°N which is predominantly land
and mimimum (20) between the equator and 10°N
which is largely ocean. Unfortunately, some
stations’ data were missing in some years. so the
lime-averaging at these stations could be done for a
period less than ten years. This is likely to introduce
an eclement of inhomogeneity in the climatology
which is. perhaps, unavoidable. A measure of
intcrannual variability of the different parameters is
furnished in Table 1 which gives the standard devia-
tion of their mean July values about the climatologi-
cal mean at three standard pressure surfaces 850.
500 and 200 hPa. averaged over the number of
reporting stations shown in parenthesis. Generally
speaking, the interannual variability of wind and
dew-point increases with height, while in the case of
lemperature it is less at 500 hPa than at 850 or
200 hPa.

The main objective of the analysis was to secure
a description of the fields of the different variables
at pressure surfaces. For this purpose, data were
plotted on standard isobaric maps and analyzed
manually. féllowing standard procedures. Tem-
peratures at surface over land were reduced to mean
sea level (MSL) and/or standard isobaric surfaces
below the station level by assu ming a standard lapse
rate of 6.5°C per km. In the case of winds, they were
first resolved into the eastward (#) and the
northward (v) components at each pressure surface
and then analyzed like any other scalar variable.
Moisture analysis aimed at securing the fields of
humidity-mixing-ratio, computed from values of
temperature and dew-point. at each pressure sur-
face upto 300 hPa. From the analysis, grid-point
values were picked up at 2.5° lat./long. intervals for
further study and computations.

~

Fig. 2. Ventical section of zonal anomaly of temperature (°C)

along 20°N. Positive-Warn, Negative-Cold

Parameters computed from the basic data
included horizontal divergence of wind. vorticity,
vertical motion. horizontal thermal advection and
diabatic heating. Vertical velocity was computed
using the well-known continuity equation with
orographic lifting velocity as the lower boundary
condition. Diabatic heating was computed as a
residual from the first law of thermodynamics. The
formulae used for the computations are (unless
otherwise stated. the basic parameters used in the
computations are all time-mean values) :

Zonal anomaly X’ of parameter X,
X = X—[x| (1)

Meridional anomaly X" of parameter X,
X'=X-<x> (2)
Horizontal divergence,

D = du/ox + dv/dy — (v/a)tan ¢ (3)

Relative vorticity.
€ = ov/ox — du/dv + (u/a) tan I (4)

Vertical motion at p-surface.

s __
Wy = w5 4 f D &p (5)
P

Diabatic heating,

Py .

Q=(Cyg) | (10T/dx+7dT/dv—Gm)8p (6)
P
T

where. the rectangular bracket [ | and the angular
bracket < > denote respectively the zonal and the
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PRESSURE

Fig. 3. Ventical section ol meridional anomaly ol temperatire
(P C) along 707 Positive-Warnn, Negatine-Colid

meridional average. the overbar an average over a
pressure interval 8p. a the radius of the carth. ¢ the
latitude. €, the specific heat of air at constant
pressure. g the acceleration due to gravity. the
vertical p-velocity at the lower boundary surface at
pressure p. prthe pressure at the top of the domain.
T the absolute temperature and  the static stability
parameter. In the expression for diabatic heating
(6). the time-mean value of a werm. 8770 (lempera-
ture tendency) is neglected

3. Wave structure in meteorological fields

The presence of a stationary wave in the mon-
soon atmosphere over southern Asia is revealed by
the spatial distribution of the time-mean values. or
the zonal or meridional anomalies. of temperature.
wind. moisture and rainfall as well as some of their
derived properties. such as. divergence. vorticity.
vertical motion. diabatic heating and circulation. In
what follows. a brief account is presented ol some of
these distributions.

(a) Temperature field

Fig. 1 shows the longitudinal distribution of
zonal anomaly (deviation from zonal mean) of ten.-
perature at MSL. 850 and 700 hPa along 20°N. (]
brings out the land-sea thermal contrasts with the
warm sectors generally appearing over the land and
the cold sectors over the sea. There appears 1o be a
general eastward shift of the temperature maxima
and minima with height over both land and sca. A
fuller view of the structure of the wave is furnished
in Fig. 2 which shows the vertical distribution of the
zonal temperature anomaly along 20°N through the
whole atmosphere upto about 50 hPa. Land-sea
thermal contrast and zonal-vertical profiles of the
warm and cold sectors are more clearly scen here.
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Fig 4 Zonal anomaly of meridional component of wind (v) mn
s s 830 WP elashed) and 700 ©Pas (donted) along
UNL Positive-Southerly. Neganive-Nonherly

Fig. 2 would seem to suggest that the stationary
wive is basically a phenomenon ol the lower
atmosphere with its upper houndary somewhere
close to 500 hPa. lis wave-length in the temperature
ficld would appear to be around 2500 km and the
thermal amplitude is about 1°C. Above about 500
hPa. the structure of the temperature wave appears
to change considerably. as it comes under the
influence of the upper-tropospheric warm high over
Asia which forms part of planetary-scale monsoon
with wave number 1 10 2 in the zonal direction. A
detailed analysis of the planetary-scale monsoon
wave at 200 hPa was presented by Krishnamurti and
Kanamitsu (1977). A characteristic feature of the
thermal structure above 300 hPa (Fig. 2) is a pro-
nounced secondary temperature maximum (warm
anomaly) situated over the low-level temperature
maximum over the land and a minimum (cold
anomaly) over the low-level temperature minimum
over the sca. Features similar to those in Fig. 2 were
also found along 157 and 25°N but not along 107 or
30°N. The meridional domain of the wave would.
therefore. appear to extend from about 137 t¢ about
J5°N with the strongest intensity along about
207N,

Fig. 3. which gives the vertical distribution of
meridional anomaly (deviation from meridional
mean) of temperature along 70°E. confirms the pre-
sence of a mid-tropospheric temperature maximum
(minimum) above the lower-tropospheric tempera-
ture maximum (minimum) over the land (sea).
Features similar to those presented in Fig. 3 were
also found in meridional-vertical sections along 90°
and 1107E.

(h)y Wind field

The analysis of the wind field was done sepa-
rately for v and v components. The u-ficld revealed
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PRESSURE

Fig. 5. Distribution of relative vorticity (unit - 10 % s™ 'y in venti-
cal section along 20°N. Positive-cyelonic. Negative-
anticyclonic

the well-known features of zonal citculation over
the region with westerlics below and casterlies
above. The depth of the westerlies increased from
the trough location equatorward and attained a
height of about 6 km along about 10°N. The eas-
terlies prevailed above about 500 hPa and were
strongest over the latitudes of southern India at an
altitude of about 150 hPa.

The longitudinally averaged v-field over
southern Asia shows a general poleward flow from
sea to land in the lower troposphere and a reverse
equatorward flow aloft. However, as shown in Fig. 4.
a distinct wave pattern can be seen in the zonal
anomaly of the v-component at 850 and 700 hPa
along 20°N. Between the northerly and the
southerly flows at both the surfaces the locations of
three monsoon troughs. one each over the eastern
part of the Arabian Sea. the western part of head
Bay of Bengal and the western part of South China
Sea can be identified. The mean zonal wave-length
and amplitude of the wave in the v-field would
appear to be about 2000-2500 km and 4 ms-!
respectively.

(¢) Relative vorticity (&)

Fig. 5 presents the distribution of relative vor-
licity in a zonal-vertical section along 20°N. It
reveals alternate segments of positive and negative
relative vorticity, reflecting the stationary wave
character of monsoon flow below about 400 hPa.

We also examined the distributions of relative
vorticity in two meridional-vertical sections along
longitudes 77.5° and 85°E with a view to finding the
meridional slope of the monsoon trough with
height, assuming that the positive relative vorticity
would be maximum at the trough location. The
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Figs. 6(a & b). Distribution of divergence (unit: 10°% 7'y in
vertical sections along (a) 20°N and (b) 85°:
Positive-divergence, Negative-convergence

results (not presented for lack of space) show that
along 77.5°E which passes through the western part
of the trough. the slope is distinctly equatorward
with an angle of about 1/100. while along 85°F
which passes through the eastern part. the trough is
almost vertical upto about 600 hPa. above which it
tilts rapidly equatorward.

(d) Divergence (D)

Figs. 6(a & b) present the vertical distributions
of horizontal divergence along 20°N [Fig. 6 (a)] and
85°E [Fig. 6 (b)] respectively. The section along
20°N [Fig. 6 (a)] shows convergence in the lower
troposphere with divergence aloft over the castern
part of the Arabian Sea (except the coastal belt). the
Indian peninsula and adjoining Bay of Bengal bet-
ween about 76° and 92°E. the Indo-China penin-
sula mountains and South China Sea east of about
110°E. Low-level divergence appears over a narrow
belt of longitudes off the west coast of India, the
eastern part of the Bay of Bengal and a broad belt of
longitudes over South China Sea between the coast
of Indo-China and longitude about 110°E.
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Fig. 9(a). Distribution of ten-year (1976-85) mean July rainfall (unit: 10" *kgs™' m~?) for the
Southern Asia

The section along 85°F [Fig. 6 (b)] reveals lower-
tropospheric convergence with divergence aloft
over a broad belt of latitudes from the equator to
about 21°N and divergence to the north over the
plains of northern India. However. covergence
appears along the slopes of the Himalayas above
about 700 hPa. In the upper troposphere over the
Tibetan plateau, strong convergence appears bet-
ween about 300 and 100 hPa with a maximum at
about 200 hPa.

(e) Vertical motion (w)

Field of vertical motion consistent with the dis-
tribution of divergence and convergence in the
monsoon-atmosphere are shown in two vertical sec-
tions, zonal [Fig. 7 (a)] along 20°N and meridional
[Fig. 7(b)] along 85°E. In Fig 7(a). alternate
segments of upward and downward motions
appear, reflecting the stationary wave character of
the monsoon flow. Since meridian 85°E lies some-
what westward of the location of the monsoon
trough at MSL, Fig. 7 (c) presents the meridional-
vertical section of vertical motion along 90°E
which lies somewhat to the east of the trough. The

difference between the patterns of vertical motion
along the two longitudes appears to be well-marked.
Along BS°E [Fig. 7(b)). there is strong downward
motion over the plains of northern India. whereas
along 90°E [Fig. 7(c)] there is upward motion
all over the plains extending right up to the
Himalayas.

(N Moisture field

Since surface evaporation is maximum over the
sea and minimum over the land, a wave pattern
reflecting this land-sea contrast in moisture
content at MSL is well evident in Fig. 8 which
presents the zonal anomaly of humidity-mixing-
ratio at MSL. 850 and 700 hPa along 20°N.
However, as may be seen from Fig. 8, the moisture
content falls off with height much more rapidly
over the sea than over the land with the result
that at 850 and 700 hPa the atmosphere over
the land holds much more moisture than that over
the sea. It is likely that low-level convection
over land and subsidence over sea may play a
crucial role in creating this type of moisture
distribution.
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Fig. 9 (b). Distribution of ten-year (1976-85) meuan July rainfall (unit: 107 kg s~ ' m *) far the central and eastern India.

HR denotes Heavy rain. LR Light rain

(g) Rainfall field

Fu et al. (loc. cit.) stressed the importance of the
branching phenomenon of the southwest (SW)
monsoon to account for the observed rainfall pat-
tern over southern Asia. But the rainfall they refer
to is the orographic rainfall at the west coasts of
India and Indo-China peninsulas. Undoubtedly.
there are heavy concentrations of orographic rain
along each of the branches of the SW monsoon
which lie to the east of a monsoon trough. as poin-
ted out by these workers. but one can also see in
Fig. 9 (a). which presents the ten-year mean July
rainfall distribution over southern Asia, an area of
heavy rainfall to the west/southwest of the trough
over castern India which can not possibly be
attributed to orography. A detailed meso-scale
analysis of the rainfall pattern relative to the mon-
soon trough over central and eastern India was.
therefore. carried out and the result is presented in

o

Fig. 9(b). It shows a rainfall minimum at the
trough location flanked by rainfall maxima over
central India in the west and plains of north-
eastern India and the slopes of the Himalayas in
the east. Similar pattern of rainfall in relation to
monsoon trough may also be found over southe.s-
tern China bordering South China Sea.

(h) Diabane heating

The first law of thermodynamics, as applied to
the atmosphere. represents the adiabatic response
of the atmosphere to any diabatic heating or cool-
ing. Unfortunately, it is difficult to measure diabatic
heating or cooling directly in the atmosphere in the
absence of requisite data. However. it is possible to
measure the terms on the right hand side of equa-
tion (6) which constitute the adiabatic response in
terms of atmospheric circulation features to obtain
diabatic heating indirectly.
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Figs. 10 (a & b). Distribution of diabatic heéating (unit: W m™?) in vertical sections along (a) 20°N and (b) 85°E

Results of computation of diabatic heating using
(6) are presented in two vertical sections. viz.. one
zonal along 20°N [Fig. 10(a)] and the other
meridional along 85°E [Fig. 10 (b)]. In Fig. 10 (a).
alternate segments of heating (positive values) and
cooling (negative values) appear reflecting the
stationary wave character of the field of diabatic
heating. Broad positive segments appear westward
of the location of the monsoon trough over India,
while a negative segment appears at the trough loca-
tion itself. In the South China Sea sector. two nega-
tive segments would seem to be presenl. one near
105°E and the other necar 110°E. the two being
separated in the upper troposphere by a positive
segment. In Fig. 10 (b). diabatic heating appears to
the south of about 20°N and along the slapes of the
Himalayas while diabatic cooling prevails over the
plains of northern India. In the absence of adequate
data, it is not easy to interpret the net diabatic heat-
ing or cooling in the atmosphere. It could be the
result of several physical processes, such as, release
of latent heat due to precipitation. radiative heat
loss caused by longwave radiation, sensible and
latent heat fluxes across the boundary, etc.
However, in the free atmosphere, the net diabatic
heating or cooling is largely determined by the rela-
tive values of precipitation heating and radiative
cooling. In areas where there is a precipitation
minimum, such as at the monsoon trough location,
radiative heat loss may dominate over precipitation
heating and the result may be a net diabatic cooling.
On the other hand, in areas where there is large-
scale heavy precipitation, such as that lying to the
southwest of the monsoon trough, latent heat
released by precipitation may dominate over radia-
tive heat loss and there may be a net diabatic heat-
ing of the atmosphere. The distribution of net
diabatic heating (cooling) appears to be well cor-
related with upward (downward) motion in the
atmo-~ " -re.

(1) Circulation

It is well-known that the magnitude of vertical
motion (w) is almost two to three orders
of magnitude smaller than that of horizontal
motion (w. v) in the atmosphere. Despite this
difference in magnitude, it may be possible to
combine the two. by ignoring the difference in
scale. to produce what may be called approximate
resultant streamlines in zonal-vertical or meri-
dional-vertical planes. Results of an attempt made
to produce such streamlines are presented in Figs.
11 (a & b) for vertical sections along 20°N and
85°E respectively.

The zonal section along 20°N [Fig. 11 (a)]
shows broad streams of westerlies below about
500 hPa and easterlies aloft. The two streams
appear to be rising and falling at places and
between them produce anti-clockwise circulation
cells centered at some heights above the surface.
From west to east. the cell over the west coast of
India appears to be centered between 500 and 300
hPa but those over the east coast of India and the
west coast of Myanmar lie between 700 and 500
hPa. The cell over the South China Sea appears to
be centered between 850 and 700 hPa. Fig. 11 (b),
the meridional section along 85°E reveals strong
subsidence over the monsoon trough zone with
the upper-tropospheric northerlies descending
steeply between about 25° and 20°N but rising
along the southern slopes of the HImalayas and
also over a broad belt of latitudes south of the
trough zone. Between the location of the monsoon
trough and the Himalayas, one can discern an
anti-clockwise circulation cell centered at latitude
about 26°N between 300 and 200 hPa. Such a cir-
culation cell was found by Saha and Saha (1989)
using another data set (1963-66) and called a
‘mountain cell.
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Figs. 11 (u-c). Approximate resultant streamlines in vertical sections along @ (a) 20°N. (b) 85°E and (¢) W°E

Since the meridian 85°E lics to the west of the
monsoon trough over India along 20°N at MSL. it
may be of interest to examine the approximate
streamlines in a meridional-vertical section along
90°E which lie somewhat to the cast of the trough.
shown in Fig. 11 (¢). The difference in the pattern of
circulation between the two meridians appears to be
very striking. Whereas. the upper-tropospheric
northerlies descend to very low levels along 85°E.
they dip only slightly along 90°E. with the result
that the 'mountain cell’ is more prominent in the
former than in the Jatter. Along 90°E. southerlies
blow all the way from the equatorial region to the
mountains with strong rising motion along the
slopes of the Himalayas. though the ‘mountain cell’
is less marked.

4. An idealized model

Several details of the structure of the monsoon
stationary wave presented in the foregoing section
can now be placed together to construct an
idealized model of the wave in the geopotential (or
wind) and the temperature fields in space. Such a

model is presented in Fig. 12 which shows the
trough-ridge system in relation to the warmest-
coldest anomalies at two pressure surfaces (300 and
850 hPa) and in a zonal-vertical section along 20°N,
as estimated from the present data set and an earlier
4-year (1963-66) mean July data set (Ramage and
Raman 1972) for the same region. The reason for
using the earlier data set was that it contained the
geopotential height data which were not included in
the present data set. In using the additional data set,
it was ensured that the temperature and wind fields
which were associated with the height field were
more or less identical in the two sets.

Fig. 12 would appear to bring out the following
salient features :

(i) There exists a phase difference between the
geopotential and the temperature fields so that the
warmest (coldest) anomaly lags behind the geo-
potential trough (ridge), looking downstream, in
both the lower (below about 700 hPa) and the upper
(between about 500 and 300 hPa) troposphere. As
mentioned earlier. the prevailing wind is westerly

o
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Figs. 12 (a-¢). An idealized model of the monsoon stationary
wave showing the distribution of the trough-ridge
system relative 1o the coldest-warmest anomalies
at (a) 300 hPa. (b) 850 hPa and (¢) in a zonal-
vertical section. along 20°N. ¢ denoles geopoten-
tial. T-temperature. C-cold, W-warm, R-ridge and
Tr-trough

(casterly) in the lower (upper) troposphere. Over the
eastern Arabian Sea. the warmest anomaly and its
associated trough appears to be lifted from surface
and mostly in the mid-troposphere.

(i) The trough-ridge system appears to tilt
eastward with height in the lower troposphere upto
about 700 hPa (500 hPa over the eastern Arabian
Sea) and westward aloft up to about 300 hPa. while
the warmest-coldest anomaly system tilts castward
with height all the way upto 300 hPa. However. over
South China Sea sector. the trough appears to tilt
westward all the way from surface upward. although
the warmest anomaly tilts somewhat eastward with
height up to about 700 hPa and then remains almost
vertical aloft.

(7if) At about 300 hPa. the geopotential and the
lemperature waves would appear to be in phase so
that the trough (ridge) coincides with the coldest
(warmest) anomaly.

The existence of a phase difference between the
geopotential and the temperature fields and an
castward tilt of the monsoon trough with height in
the lower troposphere and their significance in the
context of the maintenance of the trough and its
possible further development into a low or depres-
sion. was discussed carlier by Saha and Chang
(1983). In the idealized model presented in Fig. 12.
the vertical tilt of the monsoon trough and the phase

difference between the geopotential and the tem-
perature fields in the lower as well as the upper
troposphere would. through thermal advection,
lead to a direct conversion of eddy available
potential energy into eddy kinetic energy via a
west-east (clockwise) overturning with warm air
rising in the west and cold air sinking in the east
in the lower troposphere and an east-west (anti-
clockwise) overturning with warm air rising in the
east and cold air sinking in the west in the middle
and upper troposphere. It is likely that the trough
of the monsoon stationary wave, where the posi-
tive relative vorticity is maximum. is maintained
by such a direct energy conversion process. It is
also likely that an enhancement of the aforesaid
energy conversion process may occasionally lead
to the development of the trough into a low or
depression. However. the question of possible
further development of the trough and the
mechanism which may lead to it requires
further study.

5. Conclusions

The findings of the present study may be sum-
marized as follows :

(i) A stationary wave which appears to owe its
existence primarily to land-sea thermal contrast
over the region of southern Asia manifests itself in
several meteorological fields, such as, temperature,
geopotential. wind. moisture and rainfall.

(i) The horizontal north-south extent of the
wave appears to be about 10 degrees of latitude
from 15° to about 25°N with maximum intensity
along about 20°N, Vertically, the wave extends
from surface to about 300 hPa. Its average zonal
wave length appears to be about 2000-2500 km and
amplitude about 1-2°C in the temperature field
and about 4 ms~! in the v-field.

(ifi) There appears to be a phase difference bet-
ween the geopotential (or the wind) and the tem-
perature fields in both the lower troposphere
(below about 700 hPa) where the prevailing wind
is westerly and the middle and upper troposphere
where the prevailing wind is easterly. The tempera-
ture wave appears to lag behind the geopotential
wave, looking downstream.

(iv) The trough-ridge system of the wave
appears to tilt castward with height from surface
to about 700 hPa and westward aloft. while
the warmest-coldest anomaly system tilis east-
ward practically at all heights. This allows warm
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advection to the trough zoue from the west at low
levels and the east alolt,

(v) The stationary wave appears 1o be associated
with several features of observed monsoon activity
over the region. such as. large-scale convection.
diabatic heating and cooling. orographic and non-
orographic rainfall. etc.

(vi) The stationary wave appears 1o be main-
tained by a direct conversion ol cddy available
polential energy into eddy kinetic energy via a wesl-
cast (clockwise) overturning with warm air rising in
the west and cold air sinking in the castin the lower
troposphere and an cast-west (anti-clockwise) over-
wrning with warm air rising in the castand cold air
sinking in the west in the middle and upper
troposphere. An enhancement ol this energy con-
version process may occasionally lead to develop-
ment of the trough into a low or depression.
However. the question of possible development of
the trough requires further study.
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