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ABSTRACT

Quasi-geostrophic diagnosis of the fields of vertical motion and streamfunction tendency, based on wind
analysis, was undertaken for the monsoon depression of 5-8 July 1979, a uniquely well-observed case during
Summer MONEX. Wind analysis, in terms of streamfunction and velocity potential, was performed for data
averaged in three layers of equal pressure depth from 1000 to 100 mb. The thermal stratification near the
depression above 850 mb was approximately moist-adiabatic. The wind analyses showed that the basic zonal
currents, westerly in the lower troposphere and easterly in the middle levels, weakened as the depression
formed. Central vorticity increased rapidly on 5-6 July to a magnitude three times the Coriolis parameter.
The center tilted toward the southwest with elevation.

The quasi-geostrophic omega-equation was solved at the interfaces between layers, for a range of stabilities
from the full dry-adiabatic value to 1% of it. Ascent west of the center for the near-neutral stability was sufficient
to account for the storm-scale average observed precipitation. Divergences for each layer were combined with
vorticity advections to calculate the quasi-geostrophic streamfunction tendencies. The observed slow westward
motion of the system was reasonably well accounted for, but the temporally increasing meridional slope of
the system was somewhat exaggerated. The strong increase in central vorticity during development could not
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be accounted for by divergence arising from advections of temperature and vorticity.

1. Introduction

Monsoon depressions are cyclones with winds of
moderate but rarely destructive strength which form
during the summer season near the head of the Bay
of Bengal. They are nearly stationary at first but then
move toward the west-northwest at speeds up to about
S m 5!, crossing the Indian coast and losing their
identity in the extensive zonal trough of low pressure
over the northern part of the country. Storm paths are
especially localized during July and August. The heavy
precipitation which lies mainly west or southwest of
the low center, and thus precedes its passage, constitutes
an important part of the rainfall during the southwest
monsoon season. Rao (1976) has presented a detailed
climatology of the phenomenon.

These storms occur in a unique large-scale tropical
environment. Nowhere else in low latitudes are mean
zonal currents and vertical wind shear as strongly de-
veloped. The shear of 35 m s™! between 850 and 200
mb (Fig. 1) is balanced geostrophically by a horizontal
temperature gradient of 0.42 g K (100 km)~'. Although
monsoon depressions form poleward of the region of
strongest vertical shear, where the effects of lateral shear
are not to be discounted, the presence of substantial
vertical shear implies the possibie dynamical impor-
tance of temperature advection and differential vor-
ticity advection. It is desirable to obtain a quantitative
assessment of the importance of these mechanisms for
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the development of the depression, for its movement,
and for its associated rainfall. In fact, Rao and Ra-
jamani (1970) and Krishnamurti et al. (1976) have
obtained at least qualitatively encouraging results in
quasi-geostrophic models embodying these mecha-
nisms.

As to development of the depression, Keshavamurty
et al. (1978) have argued that baroclinic instability
cannot be the mechanism, since the disturbance tilts
toward the west with elevation, down the vertical shear
of the zonal wind vector. This tilt was derived mainly -
from Indian data, taken for the most part during the
mature or dying stages of the depression. Develop-
mental conditions, in the Bay or near the Burmese
coast, had been little observed. In the data shown by
Keshavamurty ez al. (1978, in their Fig. 5), in fact, the
westerly wind at Port Blair (near 12 N, 93 E) veered
with elevation, indicating an eastward, upshear tilt of
this portion of the disturbance on the day of formation,
introducing ambiguity into the picture.

Further doubt about the efficacy of baroclinic in-
stability is raised by the case study of Raman et al,
(1978), during the Indo-USSR Monsoon-77 Experi-
ment. The vertical wind shear decreased over the upper
Bay of Bengal and adjacent Indian coast shortly prior
to depression development. The strong decreases were
limited in area, however, and the shear increased dra-
matically in the southern part of the Bay so that the
changes appear to have been associated with a distur-
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FIG. 1. Vertical wind shear from 850 to 200 mb during June-August. Adapted from Newell et al., (1972). Dashed lines are isotachs of shear, labeled in meters per second.

bance of synoptic scale rather than with an altered
base state which is germane to the baroclinic instability
problem. :

Whatever the mechanism of initiation and inten-
sification may be, other aspects of storm behavior are
likely to be accounted for at least qualitatively by the
baroclinic processes represented in quasi-geostrophic
theory, as found by Rao and Rajamani (1970). For
example, depressions move slowly westward despite
being embedded in a westerly current in the lower
troposphere. Thus there must be absolute vorticity
production west and destruction east of the cyclone
center. But with an easterly thermal wind, warm and
cold advection west and east of the center, respectively,
would yield (from quasi-geostrophic theory) the con-
vergence and divergence necessary for vorticity change.
For example, warm advection west of the center would
be associated with ascent, low-level convergence, and
vorticity production. A similar mechanism with a
westerly thermal wind is shown by Sanders (1971),
among others, to be responsible for the eastward mo-
tion of cyclones in higher latitudes. The same argument
also implies ascent and precipitation west of the mon-
soon depression, in agreement with observation, even
though the rain is highly convective.

Working in other longitudes, Burpee (1972) found
baroclinic effects to be important in the dynamics of
African waves, westward-propagating disturbances
embedded in a large-scale easterly thermal wind south
of the Sahara, with some structural similarity to mon-
soon depressions. Altogether, it appears worthwhile to
examine further the role played by baroclinic processes
in these storms.

To proceed along these lines is not to deny the ex-
istence of cumulus convection nor to denigrate a priori
its large-scale importance. If we find that some aspect
of depression behavior is not even qualitatively ac-
counted for by the effects of temperature and vorticity
advection we measure, then the large-scale importance
is clear. If the convection, however, is embedded in
an atmosphere that is saturated, or nearly so, on the
scale of the storm, then its effect may be only on the
small-scale distributions of rainfall and other elements.
These latter aspects are important but are not the sub-
ject of this investigation. The major goal of this in-
vestigation is to distinguish those aspects of storm be-
havior that depend directly and crucially on the bulk
effects of cumulus convection from those that do not.

Our formulation will be a quasi-geostrophic one,
despite lack of a priori justification due to low latitude,
strong wind, and small effective static stability. The
approach, therefore, is heuristic, based on success ob-
tained in previous application in comparably unjus-
tifiable circumstances. ’

2. The depression of July 1979

The monsoon depression of 5-8 July 1979 occurred
during the summer MONEX field program and was
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uniquely well observed, especially by numerous drop-
windsondes from research aircraft over the Bay (WMO,
1981). Its motion and behavior appears to have been
typical. During the first few days of the month there
was weak evidence of a westward-moving upper-level
trough over Southeast Asia, apparently acting as a pre-
decessor of the depression, as Saha et al. (1981) found
to be typical.

On 3 July, the aircraft and land-based upper-wind
observations (Fig. 2) defined a trough oriented north-
east-southwest from the middie of the Bay of Bengal
to central Burma. This trough displayed little system-

atic vertical slope, being toward the west with elevation
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FIG. 2. Wind observations on 3 July: (a) at 850 mb and (b) at
500 mb. Time is 0000 GMT unless otherwise indicated in parentheses.
Station circles represent rawinsonde data, squares dropwindsonde.
The heavy line represents the trough as defined by the 270 deg
isogon.
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F1G. 3. As in Fig. 2 except for 5 July. Large dot represents
the estimated position of the circulation center.

over the Bay and perhaps toward the east néar the

" coast. The dropwindsondes nearest the coast, at 1003

and 1032 GMT, showed some possibly erroneous
small-scale variability not seen in the Burmese sound-
ings.

After an unfortunate gap in the aircraft observational
program on 4 July, a weak circulation center was ap-
parent on 5 July, as seen in Fig. 3, near the Burmese
coast at 850 mb and over the Bay some 250 km to
the southwest at 500 mb. The trough containing the
center now sloped toward the west north of the center
and toward the east south of it. The sharp, nearly 90
degree wind shift in the southwest portion of Fig. 3a
had no temporal continuity and arises from obser-
vations by different aircraft. Those data west of 86°E
are felt to be erroneous, as they show stronger merid-
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ional components than observed at almost any other
time or place. Warner (1984) has made a similar judg-
ment.

By the next day the circulation had strengthened
markedly at both levels (Fig. 4), with the center still
sloping toward the southwest. A slow west-southwest-
ward displacement of the system had begun, at a rate
of about 2 m s~

On 7 July (Fig. 5), there was some further inten-
sification and the beginning of a separation of the lower-
tropospheric center, moving westward at 3 m s™!, from
the midtropospheric center, which had progressed west-
southwestward at 4 m s~'. Warner (1984) also finds a
southwestward tilt of the center with elevation on this
day. On the 8th and 9th the system crossed the coast
and weakened over the Indian peninsula, the 850 mb
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FIG. 4. As in Fig. 3 except for 6 July.
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center moving northwestward and the 500 mb west-
ward, both at about 5 m s™!, so as to produce a sub-
stantial separation. The path is summarized in Fig. 6.

The available TIROS-N imagery, which was not of
particularly high quality, showed great masses of cirrus
cloud throughout most of the period, indicating (if due
allowance was made for transport of cloud material
by the strong upper-tropospheric easterlies) where con-
vective or large-scale ascent was occurring, but ob-

- scuring much of the detail below. The visible and IR

imageries at a given time were highly correlated. On
the 3rd, the trough was embedded in an extensive
region of deep cloud. Such striations as could be seen
were largely zonal and not organized relative to the
trough. As the circulation center formed and intensified
on the 5th and 6th, cloud cleared from the area over
the Bay north of the center, probably as a consequence
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Fi1G. 6. Path of the depression center and total precipitation, 5~
9 July. The date and GMT of each position are indicated by the 4-
digit group. Precipitation data begin and end at 0300 GMT. Isohyets
are labeled in centimeters. Stations reporting precipitation are shown
by Xs. )

. of topographic descent in the developing easterly flow
at low levels. There was little evidence of cloud
suppression upshear (east) from the center as might
be expected from quasi-geostrophic theory, since cold
advection should be associated with subsidence. At
this time and place, however, low-level southwesterlies
(Fig. 3a and 4a) were impinging on the rugged Burmese
coast with convection initiated by topographic lifting.
Only on the 7th did cloudiness diminish over the Bay
as the system moved westward toward the Indian coast.
By that time, low-level winds (Fig. 5a) were nearly
parallel to the Burmese coast. On the 8th, there was
a clear distinction between extensive cloud west of the
disturbance over India and relatively cloudless con-
ditions over the Bay to the east of the system. At no
time was there a “vortex signature” of the type that
characterizes satellite pictures of other intense cyclones
in or out of the tropics. The total rainfall for the storm,
derived from measurements at rather few stations, ap-
pears in Fig. 6. The swath of heaviest amounts from
the coast into central India lay between the paths of

the 850 and 500 mb centers, favoring the former. On -

the coast, substantial precipitation began after 0300
GMT on the 6th and ended by 0300 GMT of the 8th
as the depression center passed inland. The separate
area of rainfall extending northward from the head of
the Bay was highly sporadic, but did not occur during
the period of pronounced low-level easterly flow on
the 5th and 6th when topographic descent was an ef-
fective inhibitor.

In summary, these are the facts for which we call
on the baroclinic processes of temperature advection
and differential vorticity advection (as expressed in
quasi-geostrophic theory) to explain the growth of a
substantial cyclonic circulation, its westward motion
and increasing vertical slope toward the southwest,
and the associated major cloud and precipitation areas

- west of the disturbance (discounting major topographic
effects).
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3. Methods of analysis

Owing to the generally low signal-to-noise ratio in
the upper-level temperature and height data in the
subtropics, it seemed preferable to base the diagnostic

* calculations on observations of wind rather than of

pressure-height. A wind sounding, however, responds

- to high-frequency oscillations of smaller scale than the

synoptic-scale features of interest. Serious aliasing of
the latter can thus occur. .

To mitigate this effect, Sanders and Burpee (1968)
successfully applied wind data, pressure-averaged for
a single layer through the depth of the troposphere, to
the problem of hurricane track prediction. To capture
the baroclinic effects of interest in the present problem
would require, of course, mean winds for at least two
layers. Since monsoon depressions are generally held
to be most intense near the 700 mb level (e.g., Kes-
havamurty et al., 1978), the patterns of wind shear
and temperature gradient in the lower and upper tro-
posphere may be importantly different. Hence for this
investigation the wind observations were averaged over
three layers of equal pressure depth extending from
1000 to 100 mb.

First, the wind data were averaged for a nominal
time of 1200 GMT on 5, 6 and 7 July for lower,
middle, and upper tropospheric layers 1000-700, 700~
400, and 400-100 mb, over the area shown in Fig. 7.
For rawinsondes the mandatory-level data were ap-
propriately averaged for each layer. Dropwindsonde
data over the Bay were available at each 50 mb up to
~400, for various times up to six hours or so from
the nominal time of the analysis. The locations of
these observations were adjusted on the basis of dis-
placement of the depression center. When a few data
were missing in a given layer, interpolation or extrap-
olation was used. If fewer than half the required data
were present, no average was calculated for the layer.

Topography was treated more crudely than would
be acceptable in a prediction model; the extreme gra-
dient along the edges of the Tibetan plateau (Fig. 7)
was considéred to represent a vertical wall extending
to the 700 mb level, along the 700 mb isobar. At sta-
tions and grid points within the plateau, the surface
was presumed to be at 700 mb, and a calm wind was
assigned to the lower layer. Elsewhere the surface pres-
sure was assumed to be at 1000 mb for the purpose
of wind analysis. The entire development occurred
well to the south of the Himalayan slope where winds
remained light throughout.

Manual analysis of the wind field was then per-
formed in terms of isogons and isotachs for each of
the three layers; an example appears in Fig. 8. Little
smoothing was undertaken, in anticipation that further
processing would damp or remove small-scale or spu-
rious features. In some areas of little or no rawinsonde
or dropsonde coverage, qualitative reference was made
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to the analyses by Young et al. (1980) of satellite cloud-
motion vectors. Data were especially sparse in the up-
permost layer, but it appeared that there was little trace
of the depression, to judge from the much weakened
circulation at the top of the dropwindsondes near 400
mb and from the lack of systematic disturbance in the
high cloud-motion vectors.

The next step was calculation of streamfunction ()
and velocity-potential (x) fields from the vorticity and
divergence, respectively, of the analyzed wind fields.
To yield maximum kinetic energy of the nondivergent
wind, represented by the streamfunction, the Neumann
boundary condition, derived from the tangential com-
ponent of the analyzed wind, was applied at the hor-
izontal boundaries. For the velocity potential, it was
assumed that the tangential component of the irro-
tational wind was zero.

"~ The streamfunction fields had decidedly greater
character than the velocity-potential fields, as con-
firmed by the data in Table 1. The former displayed
ranges from maximum to minimum to more than 10
times greater than the latter. Peak nondivergent wind
components were about three times their irrotational
counterparts and were on a much larger scale. Gen-
erally, the velocity-potential fields displayed inflow over
the region as a whole in the lower layer and outflow
in the upper, consistent with average ascent. The details
did not match the weather patterns, however, and no
further use was made of the kinematic velocity po-
tential.

4, Kinematic structure

Fields of streamfunction and absolute vorticity for
the central portion of the computational domain ap-
pear in parts (a) and (c) of Figs. 9, 10 and 11. Com-
parison of streamfunction along the northern and
southern boundaries shows in the middle layer a de-

crease in the area-averaged westerly component from .

48 ms'onthe Sthto 2.1 ms'and 20 m s~ on

TABLE 1. Characteristics of the fields of streamfunction
and velocity potential

Largest zonal or

Total range meridional component

Layer (10° m? s™") (ms™)

¥ ,
Sth 6th 7th Sth 6th 7th
Upper 449 45.1 424 239 22.3 23.2
Middle 29.2 23.5 22.0 13.0 13.2 14.3
Lower 323 . 297 26.2 16.5 18.0 15.6
X

5th 6th 7th Sth 6th 7th
Upper = 3.5 9.8 7.3 5.1 5.9 7.5
Middle 2.5 3.2 3.6 3.2 44 53
Lower 3.9 5.0 4.5 5.8 6.6 52
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succeeding days. In the lower layer there was a less
dramatic decrease, from 5.9 m s™! to 4.1 m s™! over
the 3 day period. These changes suggest a kinetic-energy
conversion from basic current to disturbance, consis-
tent with viewing depression development as a man-
ifestation of barotropic-baroclinic instability, as sug-
gested by Keshavamurty et al., (1978).

The intensity of the growing disturbance must have
arisen from another source, however, as the central
absolute vorticity increased in the lower layer by a
factor of 2, and in the middle layer by 60%, between
the S5th and 7th. The greatest increase was from the
5th to the 6th, when a growth of lower-layer relative
vorticity from 48 to 130 (X107° s™!) (roughly from 1
to 3 times the local value of ) occurred. In the middle
layer, central relative vorticity rose from 61 to 102
(X107® 57"} in the same 24 h period. The important
intensification occurred very rapidly, most strongly in
the lower troposphere.

Close examination of the patterns on the 5th and
6th suggests that the southwestward displacement of
the lower-layer streamfunction minimum represented
a response to intensification in a westward-moving
vorticity maximum. The southeastward displacement
of the middle-layer vorticity maximum may represent
the effect of upward transport of vorticity from the
developing lower-layer disturbance.

Parts (b) and (d) of Figs. 9, 10 and 11 show the
streamfunction fields, together with the differences be-
tween layers, representing under the quasi-geostrophic
assumption both the vertical wind shear and the gra-
dients of mean temperature between midpoints of lay-
ers. The temperature gradient is obtained by an ap-
propriate form of the thermal-wind relationship

Y

vT = ,
~ R Ap

(1)

whence 15 X 10° m? s7! — isopleths of Ay, the dif-
ference of Y in this case from the lower to the middle
layers represent, at 18°N, mean isotherms at intervals
of 0.5°C. Similarly, the isopleths at intervals of 30
X 10° m?s~! between middle and upper layers represent
mean isotherms at intervals of 0.6°C. The substantial
difference between the upper and lower temperature
fields supports the use of more than two layers to rep-
resent the wind field.

On the 5th, the temperature structure in the lower -
to middle troposphere was ill-defined near the nascent
disturbance center. Slightly cooler air lay to the west
and warmer air to the east of the center. In the middle
to upper troposphere the disturbance was characterized
by a weak warm core at the northern edge of a relatively
strong meridional temperature gradient. On the 6th,
the intensification of the depression had been accom-
panied by an organization of lower temperature field
comprising a systematic meridional gradient and a
continuing zonal perturbation, colder to the west and
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FI1G. 9. At 1200 GMT 5 July: (a) lower-level streamfunction (solid) and absolute vorticity (dashed); (b) streamfunction at lower level
and difference, middle minus lower levels (dashed); (c) middle-level streamfunction (solid) and absolute vorticity (dashed); and (d) stream-
function at middle levels and difference, upper minus middle levels (dashed). Streamfunction isopleths are at intervals of 15 X 10° m? s~
with centers indicated by large dots. Vorticity isopleths are at intervals of 40 X 107 s™!, with minima and maxima denoted by N’s and
X’s, respectively, and by the extreme value. Isopleths of streamfunction difference are at intervals of 15 X 10° m? s™' in (b) and of 30
X 10° m? s™' in (d). These represent isotherms of mean temperature between (b) 850 mb and 550 mb and between (d) 550 mb and 250
mb at intervals of approximately 0.5°C and 0.6°C, respectively. Maxima and minima are labeled W and K.

warmer to the east of the center. In the upper tem-
perature patterns, there was relatively little change. At
both high and low levels, the patterns on the 7th re-
sembled those of the 6th in their major aspects.

5. Vertical motion

With the streamfunction defined by ¢ = gz/f,, where
z is the height of a constant pressure surface and f,
the value of the Coriolis parameter at 18°N, the quasi-
geostrophic omega-equation can be written

I: 2 2 9? _ 0

oV +foa—pz]w—ﬁ>5[v-wr+f>1
v
op

Here the wind is given by V = k X VY, the relative
vorticity by V X V = ¢ = VX, @ is the “vertical” p-

0
—fOVZ(V-V )+ﬁ)V2Q +ﬁ,a—p(V XF). (2)

velocity dp/dt, o is a measure of static stability (9 Inf/
dp)(gdz/dp), a horizontal average varying only with
pressure, and Q is the change of dy/dp due to diabatic
heating. We did not attempt to represent Q explicitly,
although an estimate of its importance was obtained
implicitly, as we shall see, through use of an altered
effective static stability. A friction force F may arise
either from surface stress or from internal small-scale
momentum transfers such as those possibly important
ones which may be produced by cumulus convection.
No attempt was made to evaluate ¥, except in the
lower boundary condition.

A finite difference analogue of (2) was solved on a
34 X 26 horizontal grid over the area shown in Fig.
7, with vertical resolution illustrated in the insert; that
is, w was obtained at 700 and 400 mb, the interfaces
between layers. The upper and lateral boundary con-
ditions were w; = 0. At the lower boundary, calculations
both with w, = 0 and with
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FI1G. 10. As in Fig. 9 except at 1200 GMT 6 July.

ws =V -Vp,— (glfo)k-V X pscpV V, 3)
where V, is the mean wind in the lowest layer, p; is
the surface pressure mapped in Fig. 7, and ¢p is the
drag coeflicient; that is, the vertical motion at the lower
boundary was taken as the sum of effects due to to-
pography and to Ekman pumping. In this equation it
would be preferable to use the surface wind and to
apply the lower boundary condition at an elevation
of, say, one kilometer above the surface, rather than
at the 1000 mb level. In the event, however, we found
that this lower boundary condition had no salutary
“effect, nor was it especially large except in the lowest
level. There seemed little point, therefore, in parame-
terizing the surface wind in terms of V,, or otherwise.
The static-stability parameter was obtained from a
mean sounding (Fig. 12), representing an average of
1200 GMT coastal rawinsondes around the periphery
of the Bay and dropwindsondes within it on 6 July.
Data on the other days did not appear to indicate
markedly different temperature and moisture structure.
On the whole, substantial conditional instability was
present only from the surface to 700 mb, owing to
warm late afternoon temperatures at coastal locations.

(The dropwindsonde data rarely reached below 930

mb or above 400 mb.) Near the center of the depres-
sion, the aircraft data showed virtually saturated air
from 850-500 mb, relatively cool at the lowest level .
and warm aloft, with nearly neutral conditional sta-
bility. ' .
-The stability in the layer from 700 to 400 mb was
deemed most important for this study, as the largest
values of vertical motion would be expected in the

. middle troposphere. In an unsaturated thermodynamic

process, the sounding shown in Fig. 12 yielded o
= 3.65 X 1076 kg2 s? for this layer. For a saturated
process, however, ¢ was effectively zero. For compar-
ative purposes, therefore, a number of values was used,
ranging from the unsaturated value to 1% of it. The
use of a stability smaller than the unsaturated value
is a way of representing the effects of the release of
latent heat of condensation of water vapor. This heating
at a point is taken as proportional to the local value
of the product of w times the lapse rate of the saturation
specific humidity along a moist adiabat. This way of
representing the heating (or cooling) is appropriate
when the atmosphere is in fact saturated on the scale
on which w is measured. Then the stability is obtained
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FiG. 11. As in Fig. 9 except at 1200 GMT 7 July.

by comparing the vertical temperature gradient with
the moist-adiabatic lapse rate, yielding a value always
smaller than the unsaturated one. In the present case
the atmosphere is saturated or nearly so over much
of the storm area, and the effective stability thus ob-
tained is nearly zero. Where the atmosphere is not
saturated, of course, the effective stability is the un-
saturated value, and the use of a reduced value will
exaggerate the vertical motion.

The results for vanishing w, showed that with un-
saturated stability the vertical motions were extremely
small, the maximum ascent associated with the
depression never exceeding 3 X 10~* mbs~!, as Charney
(1963) anticipated for tropical systems. With the 1%
stability value simulating the effect of saturated con-
ditions, vertical motions in this ascent region were
about 30 times more intense and displayed much more
small-scale character, consistent with the early argu-
ments of Sumner (1950) and with numerous subse-
quent calculations. In the depression-associated ascent
region, calculation of w, from Eq. (3) showed relatively
little effect on vertical motion at higher levels. With
the small stability, after the intensification of the
depression, the enhancement over the values previously

cited was ~10 and 3% at 700 mb and 400 mb, re-
spectively. With larger, unsaturated, stability the ascent
was about 40 and 10% greater at the two levels than
values obtained with vanishing wy; fields of vertical
motion for the 1% stability value and for vanishing w
at the lower boundary appear in Figs. 13, 14 and 15.

On 5 July (Fig. 13), the fields were not well organized
with respect to the depression, although ascent north-
west and descent southeast of the center was present
at both levels. In the satellite imagery a few hours after
the time of the calculation, large cloud clusters are
seen in the region of weak ascent west of the center,
but the main regions of extensive cloudiness occurred
in weak to moderate ascent covering the southeast
portion of the map area and in advance of a tropical
storm approaching the coast from the South China

-Sea. On the whole, there was reasonable correspon-

dence between regions of ascent and regions of exten-
sive continuous high cloud. The only prominent ex-
ception was the ascent centered near 11°N, 84°E. The
forcing here was due mainly to cyclonic vorticity ad-
vection in the upper troposphere, where the flow pat-
tern was least reliably known. Of course, with unsat-
urated air these vertical motions are greatly overesti-
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FIG. 12. Mean sounding of temperature (heavy solid) and dew-
point temperature (heavy dashed) for observations in the Bay of
Bengal and surrounding coast on 6 July. The +s and Xs represent
the mean of four dropwindsondes nearest the depression center. The
thin solid line is a moist adiabat through the lifting condensation
level of the 850 mb sample near the center.

mated. Nitta and Masuda’s (1981) and Warner’s (1984)
patterns of subsidence are regarded as more reliable,
although their kinematic methods are sensitive to
smaller scales.

A day later (Fig. 14), there was a prominent doublet
of ascent west and descent east of the intensified
depression center. Major cloudiness accompanied the
ascent and impinged on the descent region. The cloud
mass associated with the tropical storm had moved
inland in southern China along with the associated
area of ascent; both were weakening. ‘

On the 7th, the strong doublet still dommated the
fields displayed in Fig. 15 (except for the small region
of intense ascent near 12°N, 92°E, which was due to
a 60-deg error in the input wind direction at a single
grid point, detected after the computation had been
completed). The eastern edge of the cloud mass as-
sociated with the depression now lay near the point
of maximum ascent but no doubt extended farther
eastward at 1200 GMT, the time of the calculation.
Extensive cloudiness occurred in the region of general
ascent over the southeastern portion of the.map area,
as on the two preceding days.

At both levels and on all three days, the depression
center fell almost exactly on the zero-isopleth of vertical
motion. Since w was zero also at the base and top of
the computational domain, the divergence over the
center was almost exactly zero, and the model would
not be expected to account for the intensification of
the depression. This result characterized calculations
with all the selected values of static stability. With
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nonzero values of w;, large divergence was calculated
over the center.

Finally, it is interesting to calculate the condensation
rate implied by the maximum diagnostic ascent on
the 7th, as the depression crossed the Indian coast.
Assume that the condensation rate is given by the
product of w and the rate of change of saturation mixing
ratio along a moist adiabat, that the temperature struc-

_ture is as given in Fig. 12 and that w varies linearly

from-zéro at 1000 mb to —99 X 107* mb s~! at 700
mb to —57 X 107* mb s™! at 400 mb to zero at 100
mb; then the integrated condensation rate is 1.18
X 107* gm s™!. Expressed as a rainfall rate at the ground,
this value would yield 0.43 cm h™! or 10.2 cm day™!
This rate compares favorably with the total rainfall
along the path of the depression, shown in Fig. 6, given
that the storm probably lasted more than 24 h at a
given point but, of course, at less than the computed
peak rate.

Convective activity may have been embedded within
the large-scale cloud mass, but it is easily shown that

FIG. 13. “Vertical” motion « (107 mb s™'), at 1200 GMT 5 July:
(a) at 700 mb, (b) at 400 mb. Large dot denotes the position of the
depression center. Stippling indicates areas of continuous high cloud
in the satellite infrared imagery around 1800 GMT. !
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FIG. 14. As in Fig. 13 but for 6 July.

if the atmosphere is saturated on the large scale, as it
apparently nearly was in this case, then this activity
does not add appreciably to the large-scale average
precipitation. In the present case, it is likely that the
role of cumulus convection within the main rainstorm
of the depression (as opposed to sporadic precipitation
at large distances from it) was to provide small-scale
variability in space and time. The ascent forced by
quasi-geostrophic advections of temperature and vor-
ticity in an atmosphere of nearly neutral static stability
appears to have been sufficient to account for the storm-
averaged rainfall, with little need for Ekman pump-
ing or other, more exotic, mechanisms. A quasi-geo-
strophic prediction of a depression over land by Krish-
namurti ef al. (1976), on the other hand, produced no
precipitation save that due to a convective parame-
terization scheme at the initial time.

6. Streamfunction tendency

With Eq. (2) solved for w at 700 and 400 mb, the
mean divergences in the lower, middle, and upper lay-
ers were obtained by simple vertical differencing. Then,
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a finite difference analogue of the quasi-geostrophic
vorticity equation, excluding the effect of friction,

%
at

was solved with the streamfunction tendency set equal
to zero on the lateral boundaries. Calculations were
performed for sets of divergence values derived from
results of each of the choices of stability and lower-
boundary vertical motion as described.

Fields of streamfunction tendency for the nearly-
neutral static stability value are shown in Figs. 16, 17
and 18, along with portions (near the depression center)
from calculations with the full dry stability. Compar-
ison of the two affords insight into the effects of vorticity
advection and divergence dw/dp since the latter is al-
most completely suppressed in the dry-stability cal-
culations owing to the extremely small vertical motions
previously discussed. '

As anticipated, intensification of the depression is
not indicated by any of the results. The slight positive
tendency values over the center in the lower layer and
the weak negative ones in the middle layer probably

v2 =—V-V(V2¢+f)+ﬁ)3—; @

FI1G. 15. As in Fig. 14 but for 7 July.
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FiG. 16. Streamfunction tendency (m? s™2) for ¢ equal to 1% of
the dry-adiabatic value (solid) and to the dry adiabatic value (dashed)
at 1200 GMT 5 July: (a) for the lower layer; (b) for the middle layer.
Letters denoting centers of rise and fall refer to the solid isopleths.
The large dot indicates the concurrent position of the streamfunction
minimum,

arise from the map-average beta effect —V - Vf since
the average meridional components are southerly in
the lower layer and northerly in the middle. The La-
placian of the tendency at both levels (a more fun-
damental measure of intensification than the tendency
itself), in fact, is nearly zero at both levels and on all
three days, since the vorticity advection is zero and
the divergence, as pointed out earlier, is nearly so. In
the calculations with w; calculated from (3), there is
a large rise over the depression center, due to divergence
above the ascent resulting from Ekman pumping. Thus,
the quasi-geostrophic theory fails in a crucial aspect.
The motion of the depression center is a different
matter. From kinematic considerations we can obtain
“the displacement speed C of the streamfunction min-

" imum from 5 /0 S
G e

where the s-axis is chosen along the gradient of stream-
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function tendency at the center, directed from rises
toward falls. The direction of displacement of the center -
is along the s-axis. In the evaluation of C, for the
tendencies based on the small stability, a mesh length
equal to the one used in the main calculations was
employed. .

Results appear in Table 2. Comparison with the
observed track of the center in:Fig. 6 shows that the
calculated speeds are reasonable, somewhat too slow
in the middle layer and just slightly too fast in the
lower layer. The observed separation of the centers in
the two layers is qualitatively indicated, but exagger-
ated, especially on the first two days, the calculated
direction of the lower-layer and middle-layer centers
being too much northward and too much southward,
respectively. In reality, vertical advection of vorticity
over the center may act to keéep the vortex relatively. .
vertical. Westward progress in both layers is indicated
on all three days, as observed. ’

These results, with the strong divergence effect in-
cluded, are much better than those based essentially
on vorticity advection (quasi-barotropic), as shown in
Figs. 16, 17, and 18. By inspection it appears that the

FIG. 17. As in Fig. 16 but for 6 July.
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FIG. 18. As in Fig. 16 but for 7 July.

lower-layer center in the quasi-barotropic calculations
is moving east-northeastward on the 5th and 6th, and
north-northwestward on the 7th, nearly opposite to
the observed motion on the first two days. In the middle
layer, the quasi-barotropic indications are for motion
toward east-southeast on the 5th, north-northwest on
the 6th, and west-northwest on the 7th, again poorer
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than the results with strong divergence effects. This
finding contrasts with that of Krishnamurti et al. (1976)
who showed poor agreement between the observed
motion and either a barotropic or a 2-level quasi-geo-
strophic baroclinic forecast. The difference may be at-
tributable to the better data coverage in this case.

In summary, it seems clear that strong vertical mo-
tions are required to supply the divergence necessary
to account for the displacement of the center, in agree-
ment with the findings of Rao and Rajamani (1970).
Vertical motions computed from conventional quasi-
geostrophic effects acting on an atmosphere of nearly
neutral stability, are apparently adequate, as the re-
sulting errors in displacement velocity are no larger
than those in predictions of other tropical and tem-
perate systems for which the physical mechanisms are
reasonably well-known, and may arise from uncer-
tainty in specification of the flow fields.

7. Conclusions

Application of quasi-geostrophic diagnosis to this
uniquely well-observed monsoon depression yields
mixed results. The rapid intensification of the center
between 5 and 6 July 1979 is not accounted for by
the response of an atmosphere with nearly moist-adi-
abatic stratification to advections of temperature and
vorticity. Some effect, presumably related to conver-
gence in the surface boundary layer and similar to
CISK, may produce an upward-increasing vertical
motion above the top of the layer, so that growth of
vorticity can occur in situ. Shukla (1978) has dem-
onstrated the importance of the CISK mechanism, to-
gether with barotropic-baroclinic instability, in pro-
ducing monsoon depressions. In this light it seems
curious that no obvious cloud signature appears in the
satellite imagery. Further, Warner (1984) found warm
dry air in the center on the 7th. It is possible that the
vorticity growth occurs on air parcels as they travel
toward the center, rather than in sity, in a way that
escapes quasi-geostrophic diagnosis.

TABLE 2. Calculated and observed displaéement velocity of the depression center.

Displacement speed

Direction of s-axis (ms™)
Date Layer ~ Calculated Observed Calculated Observed
5 July Lower Toward 320° 1.9
Middle Toward 220° 1.4
5-6 July Lower Toward 230° 22
Middie Toward 200° 2.6
6 July Lower Toward 310° 3.0
Middle Toward 205° 1.4
6-7 July Lower Toward 270° 24
Middle Toward 270° 2.6
7 July Lower Toward 290° 4.7
Middle Toward 240° 1.9
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The westward motion of the system, once estab-
lished, is accounted for much more successfully, how-
ever, provided that the large horizontal divergences
associated with the nearly neutral stratification are
taken into account in the vorticity equation. The dis-
crepancies between diagnosed and observed motion,
while not small compared to the observed motion, are
no larger than the absolute discrepancies in dynamical
prediction of other types of cyclones for which the
mechanism of displacement is considered to be well-
known. The small observed and diagnosed motion
represents a near balance between effects of divergence
and of vorticity advection. It seems curious then that
the tracks of depressions are so regular, as imbalance
would seem to favor more or less random dispersion.
We might speculate that the mechanism of formation
requires that the center will develop near the trough-
line with little zonal basic current and thus very small
vorticity advection, rather than within the flanking
" currents where steering effects would be strong. Then
the motion, however small, would be dominated by
divergence effects associated with the advection of the
basic temperature pattern (warmer to the north, cooler
to the south) by the developing cyclonic circulation.

The storm-scale ascent west of the center appears
to be adequate to account for the area-averaged pre-
cipitation produced by the depression, again on the
assumption of nearly neutral stratification. The role
of any embedded convection in this region must then
be primarily to add detail on the small temporal and
spatial scales. The ascent appears to represent mainly
the effect of warm advection and lies approximately
due west of the mean position of the depression (av-
eraged in depth through the lower and middle tro-
posphere). Since the meridional slope of the depression
with elevation is toward the south, the maximum ascent
lies south of, as well as west of, the position of the
depression at the surface. This position is consistent
with the usual position of the major precipitation area
relative to a monsoon depression.

The monsoon depression is thus found to be a pe-
culiar phenomenon. It is unlike either the tropical cy-
clone of lower latitudes, which depends not at all on
the vertical wind shear in the large-scale ambient flow
(other than to avoid it), or the extratropical storm of
higher latitudes which depends entirely on this vertical
wind shear, or the so-called “hybrid” storm of sub-
tropical latitudes with which it shares some charac-

teristics but which appears to develop as an intense -

reaction to forcing of the type found to be ineffective
in this study. Cursory examination of the data suggests
that the closest resemblance may be to some of the
weaker typhoons of the neighboring South China Sea.
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