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ABSTRACT
Being restricted in their vertical development by the Tibetan high, monsoon depressions propagate westward against
monsoon westerlies embedded in the Indian monsoon trough. The cause of this peculiar propagation has not been
well explained. Special characteristics of individual depressions were revealed from observations of previous studies;
particularly, the major rainfall of a depression occurs over its west–south-west sector. The latent heat released by this
rainfall forms east–west differential heating across the depression in developing an east–west asymmetric circulation.
Because this east–west circulation is a part of the depression’s divergent circulation, a spatial quadrature relationship
exists between this divergent circulation and the depression. Based on these characteristics, a westward propagation
mechanism of the depression is introduced. The depression’s rainfall is supported by the convergence of water vapor
transported by the low-level divergent circulation. In turn, the divergent circulation is maintained through a feedback
of the latent heat released by the rainfall. The upward branch of the east–west circulation coupled with the convergent
center of the low-level divergent circulation generates a negative streamfunction tendency. The depression is propagated
westward by a dynamic interaction between rainfall/convection and this monsoon disturbance through the negative
streamfunction tendency. The spatial quadrature relationship between a depression and its east–west (divergent) circu-
lation rejuvenates the water vapor supply maintaining diabatic heating and the divergent circulation, and perpetuating
the generation of negative streamfunction tendency ahead of the depression. The entire process from the maintenance
of east–west differential heating to the generation of negative streamfunction tendency west of a depression will not
diminish until the cessation of water vapor supply.

Budget analyses of heat, water vapor, velocity potential, and streamfunction for 143 depressions identified over 24
summers (1979–2002) were performed with ERA-40 reanalyses and three daily rainfall data sources. The westward
propagation mechanism of monsoon depressions was illustrated/confirmed in terms of these budget analyses.

1. Introduction

The Indian monsoon consists of the Tibetan high in the upper
troposphere and the Indian monsoon trough in the lower tropo-
sphere. The vertical development of depressions is thus restricted
below 300 mb by the Tibetan high (Sikka, 1977; Chen and Yoon,
2000). The westward propagation of monsoon depressions takes
place not only underneath the Tibetan high, but also against
monsoon westerlies. Prevailing winds in the mid-latitudes are
westerlies, while atmospheric flows in the tropics are primarily
easterlies. Therefore, extratropical synoptic cyclones propagate
eastward ahead of upper-level short-wave troughs by advection
of strong westerlies and tropical synoptic disturbances – includ-
ing easterly waves in the Caribbean Sea (Riehl, 1954), equatorial
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waves in the western tropical Pacific (Palmer, 1952; Yanai et al.,
1968; Reed and Recker, 1971), and African easterly waves in
West Africa (Carlson, 1969a,b; Burpee, 1972) – propagate west-
ward by advection of strong easterlies. The contrast of propaga-
tion direction between extratropical cyclones/tropical synoptic
disturbances and monsoon depressions implies that the horizon-
tal advection by environmental flow is crucial to the propagation
direction of the former synoptic disturbances, but not important
to the latter depressions. The peculiar propagation property of
monsoon depressions leads us to search for their propagation
mechanism.

Based on the linear wave theory developed on the tropical
beta plane by Matsuno (1966), Krishnamurti et al. (1977) sug-
gested that the westward propagation of a monsoon depression
might be due to the downstream amplification of the westward
propagating Rossby-like wave with a phase speed about three
times the westward propagating group velocity. The basic flow

758 Tellus 57A (2005), 5



WESTWARD PROPAGATION OF THE INDIAN MONSOON 759

used by Krishnamurti et al. was zonal-mean easterly of 2.7 m
s−1. As revealed from the July-mean zonal wind cross-section
between the equator and 25◦N at 85◦E, shown by Shukla (1978),
the upper-tropospheric monsoon easterlies in the Indian mon-
soon region yield to the lower-tropospheric monsoon westerlies
below 400 mb. These monsoon westerlies can have peak speeds
of 15 m s−1. Because of the limited vertical extent of the monsoon
depression and the vertical structure of zonal flow in northern
India and the Bay of Bengal, the upper-level tropical easterlies
do not seem to play any significant role in transporting mon-
soon depressions westward (Chen and Yoon, 2000). Actually,
the westward propagation of a monsoon depression against the
prevailing monsoon westerlies below 400 mb is a peculiar be-
havior.

Examining the heat budget of a MONEX (Monsoon Experi-
ment) depression, Saha and Saha (1988) argued that the latent
heat released by cumulus convection/rainfall in the west–south-
west sector of this depression sustained an upward branch of
the east–west asymmetric circulation across a depression with a
downward branch east of the depression center. It was suggested
by Daggupaty and Sikka (1977), based on the vorticity bud-
get analysis, and by Sanders (1984), from his quasi-geostrophic
streamfunction budget analysis, that the westward movement of a
depression may be caused by imbalance between vorticity advec-
tion and vortex stretching. Analyzing the detailed streamfunction
budget analysis of another MONEX monsoon depression, Chen
and Yoon (2000) showed that the negative streamfunction ten-
dency induced by the upward branch of the east–west circulation
may move the depression westward. Therefore, they suggested
that the westward propagation of a monsoon depression is a
dynamic response of the depression to the coupling of the con-
ditional instability of second kind (CISK) mechanism with the
east–west circulation of this depression. However, two impor-
tant components of this mechanism were missing from previous
studies.

(i) How is water vapor supplied to maintain cumulus con-
vection/rainfall over the west–south-west sector of a depression?
An extensive water budget analysis of 143 monsoon depressions
over the period 1979–2002 was performed in a recent study
of Yoon and Chen (2005). It was shown that water vapor was
converged toward the west–south-west sector of a monsoon de-
pression by its divergent circulation to support rainfall over its
west–south-west sector. However, the coupling of the divergent
circulation with the westward propagating monsoon depression
was not clear.

(ii) The east–west circulation is driven/maintained by the
latent heat released from the rainfall over the west–south-west
sector of a depression. Because the east–west circulation is a part
of the depression’s divergent circulation, how is this divergent
circulation coupled with diabatic heating?

Based on budget analyses of heat, water vapor, and streamfunc-
tion of previous studies and the two aforementioned missing

components, a westward propagation mechanism of the mon-
soon depression is proposed in Section 2. In order to illustrate
this mechanism, several types of data were used in this study and
are presented in Section 3: the ERA-40 reanalysis data (Källberg
et al., 2004) for the period 1979–2002, and three different pre-
cipitation data sets covering different periods between 1979 and
2002 were applied to all depressions identified over 24 summers.
Composite budgets of the previous three variables and velocity
potential were performed. Results of these budget analyses are
synthesized in Section 4 to substantiate the proposed mechanism.
Concluding remarks are offered in Section 5.

2. Propagation mechanism

It was hypothesized that the westward propagation of a monsoon
depression was caused by a coupling of the asymmetric circula-
tion across the depression with the CISK mechanism. This mech-
anism will be elucidated by the synthesis of simplified budget
analyses of heat, water vapor, velocity potential, and streamfunc-
tion.

According to their heat budget of a MONEX monsoon depres-
sion (3–8 July 1979), Saha and Saha (1988) showed that the lo-
cal rate of change of temperature (∂T /∂t) and thermal advection
(−V ·∇T ) of this depression during its mature stage were gen-
erally much smaller in magnitude than diabatic warming (−σω)
and diabatic heating (Q̇/cp). Generally, heating appears over the
west/south-west sector of a monsoon depression where heavy
rainfall occurs, and cooling is present over the east/north-east
sector. After tedious heat budget analyses of 143 monsoon de-
pressions, we obtained the same outcome. In other words, the
heat budget equation (its complete form is eq. A1 in Appendix A)
may be approximated by the following form

−σω � Q̇/cp, (1)

not only for the deep convection over the west/south-west sector,
but also for the diabatic cooling area over the east/north-east
sector of a monsoon depression. Symbols used in all equations
hereafter are explained in Table 1.

Vertical motion is part of the atmospheric divergent circula-
tion (which is often portrayed by velocity potential χ ), while
horizontal divergence (∇ · V) can be expressed in terms of the
Laplacian of velocity potential, i.e. ∇ · V = ∇2χ . Combining
eq. (1) with the continuity equation

∇ · V + ∂ω

∂ p
= 0

and replacing divergence by velocity potential, one can easily
obtain the simplified χ -maintenance equation (its complete form
is eq. A2 in Appendix A):

χ � ∇−2

[
∂

∂ p

(
1

σcp
Q̇

)]
= χQ̇ . (2)

Evidently, a divergent circulation can be maintained by diabatic
heating (Q̇/cp) through vertical motion with the relationship
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Table 1. List of symbols

Symbol Meaning

T temperature
W precipitatable water ≡ (1/g)

∫ ps
0 q dp

χ velocity potential
ψ streamfunction
V wind vector
σ static stability
cp specific heat capacity with constant pressure
ω p vertical velocity ≡ (dp/dt)
Q̇ diabatic heating
Q water vapor flux ≡ (1/g)

∫ ps
0 (Vq) dp

q specific humidity
p, ps pressure, surface pressure
E evaporation
P precipitation
ζ vorticity
f Coriolis parameter

shown in eq. (1). The east–west circulation across a monsoon
depression is depicted by (uD, −ω), in which uD is divergent
zonal motion and can be related to diabatic heating through the
following relation:

uD

(
= ∂χ

∂x

)
= ∇−2

[
∂

∂ p

(
1

σcp

∂Q̇
∂x

)]
.

It is revealed from this relationship that the east–west asymmetric
circulation of a depression is driven by east–west differential
heating

1

cp

∂Q̇
∂x

.

The diabatic heating of a depression is primarily (∼80%) con-
tributed through the latent heat released from rainfall over its
west–south-west sector (Saha and Saha, 1988). How is this de-
pression’s rainfall maintained? This question can be answered
through the water vapor budget (its complete form is referred to
by eq. A3 in Appendix A) of a depression. A comprehensive anal-
ysis of all 143 identified monsoon depressions was performed by
Yoon and Chen (2005). It was shown that the local rate change of
precipitable water (i.e. storage term ∂W/∂t) is small compared
to other terms in the depression water budget. Although evapo-
ration (E) is not observed, it is possible to estimate it in terms of
a residual method of the water vapor equation:

E = ∂W

∂t
+ ∇ · Q + P.

However, this estimation may include bias of the data assimila-
tion system and computational errors. As observed by Yoon and
Chen (2005), the major water vapor supply to maintain a depres-
sion’s rainfall is largely accomplished through the convergence
of water vapor flux (∇ · Q). This hydrological relationship may

be expressed as

P ∼ −∇ · Q. (3)

Rainfall, which is a local hydrological process, is maintained
by the local convergence of water vapor flux (eq. 3). In order
to link this local process with the large-scale circulation, Chen
(1985) introduced the potential function of water vapor flux, χ Q .
This hydrological process may be expressed as

χQ ∼ ∇−2(−P). (4)

Because the majority of precipitable water resides in the lower
troposphere, water vapor transport is primarily carried out by the
lower-tropospheric circulation. It is expected that spatial patterns
of χ Q and lower-tropospheric χ are similar. It is inferred from the
comparison between eqs. (2) and (4) that the divergent circulation
is maintained by the latent heat released from rainfall. This is
also true of the east–west asymmetric circulation of monsoon
depressions.

How is a monsoon depression propagated by the east–west cir-
culation? This fundamental question will be answered by anal-
ysis of the streamfunction budget:

∇−2

(
∂ζ

∂t

)
= ∇−2[−V · ∇(ζ + f )] + ∇−2[−(ζ + f )∇ · V]

ψt ψA ψχ. (5)

Sanders (1984) analyzed the streamfunction budget of the 5–8
July 1979 MONEX monsoon depression, while Chen and Yoon
(2000) analyzed the 19–25 June 1979 MONEX monsoon depres-
sion. It was shown by Krishnamurti et al. (1977) that the spatial
structure of monsoon depressions could be properly depicted by
the short-wave (6–25) regime. A variable ( ) in this wave regime
can be denoted by ( )s. Previous budget analysis showed that ψ s

A

was much smaller in magnitude than ψ s
χ (Sanders, 1984; Chen

and Yoon, 2000). Therefore, the streamfunction budget of a de-
pression may be expressed by the following approximation of
eq. (5):

ψ s
t ∼ ψ s

χ . (6)

It is inferred from this equation that the negative streamfunction
tendency can be generated over the west–south-west sector of
a monsoon depression through vortex stretching by the upward
branch of the depression’s east–west asymmetric circulation. Be-
cause monsoon depressions generally propagate westward along
the Indian monsoon trough, the total vorticity (η = ζ + f ) of
these depressions is always cyclonic. In order to facilitate our
discussion, let us assume that η associated with vortex stretch-
ing in eq. (5) is constant. We may then approximate eq. (6) as

ψ s
t ∼ −ηχ s. (7)

Two important implications of the depression’s development
may be derived from eqs. (6) and (7): westward propagation
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of a monsoon depression, and coupling between a monsoon de-
pression and its east–west circulation.

Recall that ζ = ∇2ψ and ∇ · V = ∇2χ . If ψ and χ are
expressed in terms of sinusoidal functions, we may write them
as

ψ =
N∑

n=0

ψnei(nλ−νt) and χ =
N∑

n=0

χ nei(nλ−νt),

respectively, where ( )n represents the wavenumber n component
of ( ). For the short-wave regime, these two variables may be
written as

ψ s =
25∑

n=6

ψnei(nλ−νt) and χ s =
25∑

n=6

χ nei(nλ−νt),

and eq. (7) as the following form:
25∑

n=6

ψn
t ∼

25∑
n=6

−ηχn . (8)

As indicated by this equation, streamfunction tendency should
be out of phase with the divergent circulation depicted by ve-
locity potential. It is shown by the schematic diagram in Fig. 1
that the convergent center of the east–west circulation west of
a depression center overlaps the negative streamfunction ten-

Fig. 1. A schematic diagram depicting the westward propagation mechanism of a monsoon depression (ψ s < 0) embedded in the
lower-tropospheric monsoon westerlies (indicated by the left diagram) and overlaid by the Tibetan high (the elliptic stippled area at the top of the
right diagram). The combination of the depression and monsoon westerlies is portrayed by the thick sinusoidal streamline. The east–west
asymmetric circulation of the depression is denoted by solid lines with shafts encircling this depression, which is represented by the stippled
cylinder. The divergent circulation (χ s) coupled with the east–west circulation is denoted by thin-line circles centered at Ds and Cs at the upper and
lower levels. Cumulus convection/rainfall west of the depression center is coincident with the upward branch of the east–west circulation. This
depression is moved westward by the negative (positive) streamfunction tendency (ψ s

t ) generated by the vortex stretching (ψ s
χ ) associated with the

upward (downward) branch of the east–west circulation.

dency. Therefore, the depression is propagated westward by this
negative tendency.

Equation (6) may be expressed in a different form:

25∑
n=6

ψn ∼
25∑

n=6

η

νn2
χne−i(π/2). (9)

It is indicated by the factor e−i(π/2) that ψn and χ n are spatially
in quadrature; negative anomalies of ψn are located west of neg-
ative χ n anomalies. Based on this argument, the ψ s–χ s spatial
relationship is shown in Fig. 1. In order to maintain this spa-
tial relation, a westward propagating depression (ψ s < 0) by
the negative streamfunction tendency (ψ s

t < 0) requires a re-
sponse of the divergent circulation coupled with the depression
to satisfy eq. (9). The convergence of water vapor toward the
convergent center (χ s > 0) west–south-west of the moving de-
pression follows the response of the divergent circulation to sup-
port the accompanying rainfall and the latent heat released from
rainfall through a CISK mechanism. The depression is propa-
gated westward by the coupling between the CISK and dynamic
ψ s–χ s interaction. These processes will not be terminated un-
til the water vapor supply to maintain the depression’s rainfall
diminishes.
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3. Data and analysis

The data used in this study include reanalysis, precipitation (P),
vertical motion (ω), and diabatic heating (Q̇). The life cycle of
a monsoon depression may range from 3 to 6 d. We portray
this life cycle in terms of ERA-40 reanalyses (Källberg et al.,
2004) twice a day (00 and 12 UTC) for the period of 1979–2002.
These data were used to identify the monsoon depression and
to perform four different (heat, water vapor, velocity potential,
and streamfunction) budget analyses. The identification scheme
of monsoon depressions used by Chen and Weng (1999) was
adopted by Yoon and Chen (2005). In total, 143 monsoon depres-
sions were identified by Yoon and Chen (2005) over 24 summers
(1979–2002). As observed by previous studies (e.g. Saha et al.,
1981; Chen and Weng, 1999), six monsoon depressions propa-
gate into the Indian subcontinent every monsoon season. Budget
analyses of four different variables will be applied to elucidate
the proposed propagation mechanism of monsoon depressions.

The depiction of the hydrological processes of monsoon de-
pressions needs several hydrological variables: winds, water va-
por, precipitation, and evaporation. The first two variables were
directly supplied by the ERA-40 reanalysis. Because precipi-
tation and evaporation were not initially specified in the data
assimilation cycle, they were generated by the model. In other
words, these two hydrological variables were not obtained from
observations and might contain bias of the data assimilation sys-
tem. Currently, there are three sets of daily global precipitation
available: the Global Precipitation Climatology Project (GPCP;
Huffman et al., 1997), the Tropical Rainfall Measuring Mission
(TRMM; Simpson et al., 1988), and the Goddard Precipitation
estimation (called GPI; Susskind et al., 1997). However, the first
two precipitation data sets cover a period of only 5 yr (1997–
2002). The precipitation estimations generated with satellite in-
frared (IR) observations by Susskind et al. (1997) of the Goddard
Space Flight Center may be used as an alternative. This precip-
itation proxy (GPI) provides a daily data set for two periods
(1979–1980 and 1986–1997) with a 1◦ × 1◦ resolution. Being
essentially an oceanic rainfall proxy, the GPI may contain some
bias over land. To avoid this potential problem, station rainfall
observations over India archived at the National Center for At-
mospheric Research were interpolated into a 1◦ × 1◦ mesh with
the Cressman (1957) scheme and merged with GPI. For details
of this merger, refer to Yoon and Chen (2005). Rainfall of all
identified depressions during the time periods of rainfall avail-
able will be used to prepare composite charts of hydrological
processes and the water vapor budget of depressions over the
period of 1979–2002.

Vertical motion and diabatic heating, which were generated by
the data assimilation system, were not initially specified. There-
fore, the reanalysis vertical motion and diabatic heating issued
by the ERA-40 reanalysis may contain bias caused by the spin-
up process of the assimilation system. In order to avoid this
possible bias, the kinematics method with the O’Brien (1970)

adjustment scheme was used to compute the ω fields, and the
residual method of the heat budget equation (Chen and Baker,
1986) was applied to generate diabatic heating.

4. Results of analysis

The westward propagation mechanism of monsoon depressions
introduced in Section 2 (Fig. 1) includes three basic elements.

(i) A spatial quadrature relationship exists between a mon-
soon depression depicted by ψ s and the associated divergent
circulation portrayed by χ s.

(ii) The depression is propagated westward by the nega-
tive streamfunction tendency west of the depression center. This
streamfunction tendency is generated through the vortex stretch-
ing created by the upward branch of the east–west asymmetric
circulation across the depression.

(iii) The upward branch of a monsoon depression’s east–west
circulation coupled with this depression’s divergent circulation
is maintained by the latent heat released by cumulus convec-
tion/rainfall over the depression’s west–south-west sector. This
convection/rainfall is then rejuvenated by the convergence of
water vapor flux driven by the lower-tropospheric divergent
circulation.

Budget analyses of heat, water vapor, velocity potential, and
streamfunction with all 143 selected monsoon depressions were
synthesized to illustrate the westward propagation mechanism,
with particular attention focused on the three basic elements
of this mechanism listed at the beginning of this section. The
major goal of this paper is to present and substantiate the west-
ward propagation mechanism of monsoon depressions, rather
than to report the budget analyses in detail. The details of these
budget analyses can be found in individual case studies: the
heat budget of a MONEX depression (3–8 July 1979) was pre-
sented by Saha and Saha (1988), the streamfunction budget of a
MONEX depression (5–8 July 1979) was analyzed by Sanders
(1984) in terms of the quasi-geostrophic vorticity equation and
another MONEX depression (19–25 June 1979) by Chen and
Yoon (2000) in terms of the complete vorticity equation, and
the water vapor budget of all 143 monsoon depressions during
the period 1979–2002 was examined by Yoon and Chen (2005).
The only exception is that the velocity-potential maintenance
equation (eq. A3) has not been analyzed with any monsoon de-
pression in the past. Because so many depressions were analyzed,
composite results during different phases of their life cycles will
be presented. The composite procedure of Yoon and Chen (2005)
was adopted in this study.

As shown by Chen and Weng (1999, see their fig. 8), the
lower-tropospheric summer circulation in south–south-east Asia
is characterized by a short-wave train (including three troughs
in the Arabian Sea, the Bay of Bengal, and the South China Sea,
and two ridges along western India and Indochina) which ra-
diates out of two surface lows over land (the Indian monsoon
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Fig. 2. (a) Composite monsoon depression depicted by the 850-mb streamline field superimposed with streamfunction departures (shaded areas)
from their summer (JJA) mean values in the short-wave regime, �ψ s(850 mb), (b) composite 850-mb velocity potential and divergent wind
departures in the short-wave regime superimposed with precipitation, [�(χ s, Vs

D) (850 mb), P], and (c) departures of the east–west circulation from
their summer-mean values, �(us

D, −ωs), superimposed with �ψ s (shaded areas) projected on the longitude–height cross-section cutting through the
monsoon depression center. Contour intervals of all variables and measurements of vector lengths are shown at the bottom of each column of figures.

trough and the South China thermal low). In order to avoid ob-
scurity in depicting the horizontal structure of the monsoon de-
pression by the aforementioned stationary short-wave train, the
summer-mean value of any variable is removed from compos-
ite charts of this variable. For convenience, the departure of any
variable, ( ), from its summer-mean value is denoted hereafter by
�( ). It was revealed from eq. (9) that there should be a spatial
quadrature relationship between the ψ s and χ s anomalies of a
depression. Does such a ψ s–χ s spatial relationship really exist?
The �ψ s(850 mb) anomalies superimposed on 850-mb stream-
lines and anomalies of divergent wind vectors �Vs

D (850 mb)
superimposed on the �χ s(850 mb) anomalies over the depres-
sion’s life cycle1 are shown in Figs. 2a and b, respectively. Cen-
ters of composite monsoon depression are marked by a dot on

1Following Yoon and Chen (2005), the composite life cycle of a depres-
sion spans 5 d. Immediately after the depression is formed, the initial
stage is designated as day 1. For the next three days, the rainfall of the de-
pression exceeds 25 mm d−1. The life cycle of the depression from days
2 to 4 is defined as the mature phase. The rainfall starts to drop signifi-
cantly after the mature phase. Therefore, day 5 belongs to the decaying
phase.

day 1 when the depression is formed and a cross thereafter. A
spatial quadrature relation emerges between �ψ s(850 mb) and
�χ s(850 mb) anomalies over the entire life cycle of a depression
during its westward propagation.

The east–west asymmetrical circulation across a monsoon de-
pression is a part of the depression’s divergent circulation. It
is thus expected that the east–west circulation anomaly, �(uD,
−ω)s, on a longitude–height cross-section cutting through the
depression center should match with �χ s(850 mb) during dif-
ferent phases of the depression’s life cycle. As shown in Fig. 2c,
the upward and downward branches of the east–west circulation
are coincident with the corresponding convergent and divergent
centers of �χ s(850 mb) shown in Fig. 2b. Following the di-
vergent circulation of the depression depicted by �χ s(850 mb),
the east–west circulation also propagates westward coherently
with the depression (lightly stippled areas in Fig. 2c). The ver-
tical structure of the depression portrayed by �ψ s seems to
be consistent with that depicted by Godbole (1977) in terms
of horizontal winds. Nevertheless, a spatial quadrature relation-
ship also exists between the east–west circulation and monsoon
depression.
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In view of this spatial quadrature relationship between
�ψ s(850 mb) and �χ s(850 mb) and between �ψ s and �(us

D,
−ωs), the following two questions are raised

(i) How is the divergent circulation of a monsoon depression
maintained?

(ii) What is the dynamic implication of the spatial quadrature
relationship between �ψ s and �χ s of a monsoon depression?
How is this spatial quadrature ψ s–χ s relationship maintained?

Let us first explore the answer to the first question. As in-
ferred from eqs. (3) and (4), rainfall in the west–south-west
sector of a depression should be maintained by the conver-
gence of water vapor flux toward this region generated by the
depression’s divergent circulation. The [�(χ s

Q , Qs
D), P] fields

during different phases of the depression are shown in Fig. 3
(adopted from fig. 4b of Yoon and Chen, 2005). Comparing
�(χ s

Q , Qs
D) to �(χ s, V s

D)(850 mb) in Fig. 2b, similar spatial
patterns between these two fields during different phases of a
depression life cycle confirm our inference. In addition to sup-
porting the rainfall of a depression, how does the feedback of
the latent heat released by cumulus convection/rainfall main-
tain a divergent circulation? It is inferred from eq. (1) that the
east–west circulation of a depression is driven by the latent heat
released in the west–south-west sector of a depression. This
inference is confirmed by coincident patterns of − � ωs(500
mb) and �Q̇s(500 mb) shown in Figs. 4a and b, respectively:
upward (downward) motion west (east) of the depression co-
incides with heating (cooling). To support this argument fur-
ther, the east–west circulation superimposed with diabatic heat-
ing projected on the longitude–height cross-section through the
center of a depression [�(us

D, −ωs), �Q̇s] is shown in Fig. 4c.
The in-phase relationship between diabatic heating and verti-
cal motion is reflected by the coincidence of heating (cooling)
with the upward (downward) branch of the east–west circula-
tion. Because the east–west circulation is a part of the diver-
gent circulation, it is also expected that the divergent circulation
should be maintained by adiabatic heating. This argument is sup-
ported by a comparison between [�(χ s

Q̇
, Vs

D) (850 mb), �〈Q̇〉s]

in Fig. 5 (where 〈 〉 = (1/p)
∫ ps

0 〈 〉 dp) and �(χ s, Vs
D)(850

mb) in Fig. 2b. It was found from the heat budget analysis
that local temperature change (∂T /∂t) and thermal advection
(−V · ∇T ) are generally much smaller than adiabatic warm-
ing and diabatic heating. The magnitude and spatial struc-
ture of �χ s

Q̇
and �χ s should be close to each other. Actu-

ally, Variance[�χ s
Q̇

(850 mb)]/Variance[�χ s(850 mb)] shown in
Fig. 5 is always larger than or equal to 99% over the entire life
cycle of a depression. It is revealed from such a large variance ra-
tio that the depression’s divergent circulation is primarily driven
by diabatic heating.

We demonstrated previously that the rainfall of a monsoon
depression was supported by convergence of water vapor trans-
ported by the lower-tropospheric divergent circulation of a de-

Fig. 3. Same as Fig. 2b, except for [�(χ s
Q , Qs

D), P].

pression. Next, we argued that divergent circulation/east–west
circulation of a depression could be maintained by the latent heat
released by cumulus convection/rainfall. It becomes obvious that
there is a feedback interaction between rainfall and the divergent
circulation of a depression. However, what is the dynamic role
played by this feedback interaction in the westward propagation
of a depression? The answer to this question in terms of the
streamfunction budget eq. (4) is identical to answering the sec-
ond question raised above. Results of the �ψ s(850 mb) budget
analysis are presented in Fig. 6.

As shown in Fig. 6, �ψ s
A(850 mb) and �ψ s

χ (850 mb) are spa-
tially in quadrature with the �ψ s(850 mb) anomalies (shaded
areas in Fig. 6) of the composite monsoon depression. The
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Fig. 4. Composite 850-mb streamline charts superimposed with departures of (a) p vertical velocity, −�ωs, (b) diabatic heating, �Q̇s, and (c)
east–west circulation, �(us

D, −ωs), superimposed with �Q̇s, from their summer-mean values. Depression centers in different phases of its life cycle
are marked by dots, crosses, and sticks. Contour intervals of different variables are shown at the bottom of each column of figures.

streamfunction tendency, �ψ s
t (850 mb), should be generated

by the combination of these two dynamic processes. Note that
the magnitude of �ψ s

χ (850 mb) is much larger than that of
�ψ s

A (850 mb), as observed in the streamfunction budget of a
MONEX depression by Chen and Yoon (2000). This comparison
enables us to reach the following approximation

�ψ s
t (850 mb) ∼ �ψ s

χ (850 mb). (10)

Based on the composite �ψ s(850 mb) budget of monsoon de-
pressions, it is clear that �ψ s

A(850 mb) (streamfunction ten-
dency generated by total vorticity advection) is not an effective
dynamic process in generating �ψ s

t (850 mb). Instead, �ψ s
χ (850

mb) coupled with the east–west asymmetric circulation of the
monsoon depression is the primary dynamic process in propa-
gating a monsoon depression westward. According to eq. (9),
the dynamic relationship of eq. (10) requires a spatial quadra-
ture relationship between divergent circulation (�χ s)/east–west
circulation �(us

D, −ωs) and the westward propagating monsoon
depressions (�ψ s). Budget analyses of heat, water vapor, ve-
locity potential, and streamfunction lead us to conclude that the
westward propagation of monsoon depressions is a result of the
feedback interaction between cumulus convection/rainfall and

divergent circulation coupled with the dynamical interaction be-
tween the divergent circulation and monsoon depression.

Up to this point, the westward propagation of monsoon de-
pressions and their spatial �ψ s–�χ s quadrature relationship are
explained in terms of eq. (6). However, this dynamic relationship
does not explain why the upward branch of the east–west asym-
metric circulation and rainfall/cumulus convection occur in the
west–south-west sector of monsoon depressions. It was found by
Chen and Yoon (2000) in their streamfunction budget analysis
of a MONEX depression that prior to/during the depression for-
mation (i.e. day −2 ∼ 1), meridional advection of total vorticity
was larger than zonal advection of relative vorticity[
−v

∂

∂ y

(
f − ∂u

∂ y

)]
>

[
−u

∂ζ

∂x

]

over the west–south-west sector of the depression. During this
stage of a depression, the meridional shear of monsoon west-
erlies is often positive/cyclonic south of the maximum wester-
lies. Streamfunction tendencies generated by these advections
of vorticity are represented by ψ s

Ay+Aβ and ψ s
Ax , respectively,

as shown in Fig. 7. At this stage, the zonal advection of rela-
tive vorticity [−u(∂ζ/∂x)] is much smaller than the meridional
advection of total vorticity. This positive meridional advection
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Fig. 5. Same as Fig. 2b, except for [�(χ s
Q̇
,Vs

D) (850 mb),�〈Q̇〉s], where 〈 〉 ≡ (1/ps)
∫ ps

0 〈 〉 dp.

of total vorticity (which generates negative streamfunction ten-
dency) over the west–south-west sector of monsoon depressions
initiates upward motion and the east–west asymmetric circula-
tion. After this circulation is formed, the feedback interaction
between rainfall/cumulus convection over the west–south-west
sector of a monsoon depression and the divergent circulation is
coupled with the dynamic process, ψ s

χ , in maintaining the west-
ward propagation of the depression and the spatial quadrature
ψ s–χ s relationship. This argument can be confirmed by the con-
trast between ψ s

A(850 mb) and ψ s
χ (850 mb) at day 1 in Fig. 6.

5. Concluding remarks

The Saha and Saha (1988) heat budget analyses of a MONEX
monsoon depression suggested the possible existence of an
east–west asymmetric circulation across a monsoon depression.
On the other hand, the streamfunction budget of individual
monsoon depressions by Sanders (1984) and Chen and Yoon
(2000) showed that advection of total vorticity was negligible in

the westward propagation of monsoon depressions. Indeed, the
streamfunction tendency generated by vortex stretching over the
west–south-west sector of a monsoon depression is vital to its
westward propagation. It was shown in a recent study by Yoon
and Chen (2005) that rainfall in the west–south-west sector of a
depression was maintained by convergence of water vapor flux
driven by the depression’s east–west circulation. Major findings
of previous studies lead us to introduce a westward propagation
mechanism of monsoon depressions depicted by a schematic di-
agram shown in Fig. 1. A monsoon depression is propagated
westward by the negative streamfunction tendency west of the
depression, which is generated through vortex stretching by the
upward branch of a depression’s east–west circulation. This up-
ward branch is maintained by the latent heat released from rain-
fall over the west–south-west sector of the depression. Based on
the feedback interaction between diabatic heating and the east–
west circulation/divergent circulation and the dynamic coupling
between the divergent circulation and the monsoon depression
through vortex stretching, a link between diabatic heating and
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Fig. 6. Departures of 850-mb streamfunction (shaded areas), �ψ s (850 mb), superimposed with departures of 850-mb streamfunction tendencies
generated by (a) total vorticity advection, �ψ s

A (850 mb), and (b) vortex stretching, �ψ s
χ (850 mb). Contour intervals of �ψ s (850 mb) and

streamfunction tendencies �ψ s
A and �ψ s

χ are shown at the bottom of the left column.

Fig. 7. Same as Fig. 6, except for �ψ s
Ay+Aβ (850 mb) and �ψ s

Ax (850 mb).
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divergent circulation should be established. The velocity poten-
tial maintenance equation (Chen and Yen, 1991a,b) was used to
serve this purpose.

Except for the water vapor budget analysis of depressions
presented recently by Yoon and Chen (2005), the Saha and Saha
(1988) heat budget analysis and the streamfunction budget anal-
yses of Sanders (1984) and Chen and Yoon (2000) focused only
on individual monsoon depressions. In this study, budget analy-
ses of heat, water vapor, streamfunction, and velocity potential
were performed for all 143 monsoon depressions identified by
Yoon and Chen (2005). The westward propagation mechanism
of monsoon depressions presented by the schematic diagram in
Fig. 1 could be elucidated by results of these comprehensive
budget analyses over the composite life cycle of depressions in
terms of the ERA-40 reanalysis and three sets of daily global
satellite-gauge observed precipitation. The westward propaga-
tion mechanism of monsoon depressions not only discloses the
cause of this peculiar propagation behavior, but also facilitates
the improvement in forecasts of these depressions.

The tropical atmosphere is conditionally unstable (e.g. Riehl,
1979). Therefore, convection may be triggered by an uplift of air
parcel forced by the low-level convergence of a synoptic distur-
bance. The divergent circulation embedded by this convergence
may be intensified/maintained by the latent heat released from
cumulus. This feedback interaction also develops the tropical
synoptic disturbance through vortex stretching. Most tropical
disturbances, which are transported by tropical easterlies, are
developed by this CISK mechanism. In contrast, the westward
propagating depressions are embedded in the monsoon west-
erlies within the Indian monsoon trough and overlaid by the
Tibetan high. The feedback interaction between diabatic heating
and divergent circulation functions in a way like the CISK mech-
anism. The westward propagation of a depression by the negative
streamfunction tendency generated through vortex stretching by
the east–west asymmetric circulation across a depression differs
from the traditional wave-CISK mechanism of tropical distur-
bances (e.g. Hayashi, 1970; Lindzen, 1974, and many others).
Except for monsoon depressions, synoptic disturbances in the
tropics do not propagate under any major tropical anticyclone
in the upper troposphere. These distinctions between monsoon
depressions and other tropical disturbances strongly suggest that
the wave-CISK-like mechanism of monsoon depression’s west-
ward propagation should be further tested by analytic analy-
sis and numerical simulations with simple models forced by a
medium-deep cumulus convection scheme.

As pointed out earlier, half of the Indian monsoon rainfall is
produced by monsoon depressions. Thus, the weather predic-
tion of monsoon depressions is important to human activity on
the Indian subcontinent. In order to accurately predict the in-
tensity, propagation, and rainfall of a depression, basic elements
of the Indian monsoon circulation (including the Tibetan high,
the monsoon trough, and monsoon westerlies) should be prop-
erly simulated. However, the water vapor supply and rainfall are

important to maintain the east–west circulation, and, in turn, to
determine the westward propagation speed of monsoon depres-
sions. Therefore, cumulus convection schemes, which were not
developed to simulate convection in the monsoon environment,
have to be properly designed in such a way that they can handle
medium-depth convection capable of generating heavy rainfall
underneath the Tibetan high.
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7. Appendix A: Budget equations of heat, water
vapor, velocity potential and streamfunction

The budget equations used in this study are: the heat equation

∂T

∂t
+ V · ∇T − σω = 1

cp
Q̇; (A1)

the water vapor equation

∂W

∂t
+ ∇ · Q = E − P; (A2)

the velocity potential-maintenance equation, which is obtained
by combing the continuity equation and thermal equations

χ = ∇−2

{
∂

∂ p

[
1

σ

(
∂T

∂t
+ V · ∇T

)]}
+ ∇−2

[
∂

∂ p

( −1

σcp
Q̇

)]

χt χH χQ ; (A3)

and the streamfunction budget equation, which is the Laplace
inverse transform of the vorticity equation

∇−2

(
∂ζ

∂t

)
= ∇−2 [−V · ∇(ζ + f )] + ∇−2 [−(ζ + f )∇ · V]

ψt ψA ψχ. (A4)

The notation used is conventional. Symbols used are explained
in Table 1.
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