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ABSTRACT

Observations indicate that monsoon systems are characterized by orderly large-scale and low-frequency
variations. With a time scale of two weeks and sometimes longer, regions of ascending motion are observed
to form to the north of the equator and propagate slowly northward across southeast Asia. The propagation
appears 1o be associated with the “active-break sequence” of the summer monsoon which acts as a local
modulator on the activity of the synoptic-scale disturbances.

A zonally symmetric non-linear two-layer model containing an interactive ocean and a “continent” poleward
of 18°N is used to investigate the mechanisms which produce the observed low-frequency variability. Only
when a full hydrology cycle is considered does the model produce variations which resemble the observed
structures. Mechanisms are traced to include the interaction of the components of the total heating function.
The sensible heat input in the boundary layer, although considerably smaller than the other heating components,
destabilizes the atmosphere ahead of the ascending zone allowing the moist convective heating component to
move northward slightly ahead of the band of precipitation. The poleward encroachment of these components
of the heating forces the vertical velocity, which is proportional to the fotal heating, to move poleward also.
The poleward movement is aided by the evaporative cooling of the precipitation moistened ground on the
equatorial side of the rising motion which reduces the sensible heat input and effectively stabilizes the troposphere
and thus reduces the convective heating in that sector while at the same time reducing the latent heat flux.
The time scale of the event is determined by the rate of evaporative drying behind the ascent and the formation
of a new zone of ascent in the vicinity of the coastal margin. A schematic representation of heating intercomponent
interaction and dynamic feedback is given and the generality of the mechanism to other observed situations
is considered. The hypotheses developed and tested in this study underline the importance of the role of ground

hydrology related processes in large-scale atmospheric dynamics.

1. Introduction

Traditionally, the monsoon is characterized as a
relatively reproducible and smooth seasonal phenom-
enon with a variable amplitude which differentiates
between a “good” and a “bad” monsoon year. In
actual fact the subseasonal temporal structure of the
monsoon is much richer. Besides a very variable syn-
optic behavior, the monsoon regions of Southeast
Asia, Indonesia-Australia and Africa are character-
ized by low frequency (sub-seasonal) modulations of
the synoptic scale monsoon weather with each region
exhibiting its own special features. A period during
which a region receives considerable precipitation,
usually a manifestation of a sequence of disturbances,
is often referred to as an active monsoon period. On
the other hand, the absence of precipitation for a
prolonged period is usually referred to as the break
monsoon (i.e., a “‘break” in the active monsoon). The
*“‘active-break™ sequence appears to apply a multi-
week modulation to the regional precipitation pat-

! Present affiliation: Department of Meteorology, Pennsylvania
State University, State College, PA 16802,
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terns. The predominant time scale of the variation
of rainfall in the monsoon areas are summarized by
Ramage (1971).

A number of studies have attempted to isolate the
character of the low fréquency variability of the mon-
soon from observations. Krishnamurti and Bhalme
(1976), Murakami (1977), Sikka and Gadgil (1980),
among others have found two principal energy peaks
in the 10-15 day and 30-40 day period ranges. Krish-
namurti and Bhalme related the variation of the pre-
cipitation over India to an oscillation of the entire
interhemispheric monsoon system and suggested that
variations in the Mascarene High in the South Indian
Ocean were transmitted through the low level mon-
soon flow over the Western Indian Ocean to the In-
dian sub-continent region with roughly a 10-15 day
periodicity.

Using a 5-year set of satellite visible brightness data
Sikka and Gadgil (1980)* have related the low fre-
quency variations in precipitation over India to the

2 The domain has been enlarged subsequently to includel the
Western Pacific Ocean and Indonesian region for successive north-
ern hemisphere summers and is reported in Gadgil (1982).
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successive northward migration of a maximum
cloudiness zone (the MCZ), a phenomena which
they show to be fairly coincident with the 700 mb
trough. Two favorable locations for the MCZ were
found. These are a more usual location over the mon-
soon zone north of 15°N and between the equator
and 10°N. The southern location was only occupied
intermittently when the northerly MCZ was absent
or weak. Reestablishment of the MCZ to the north
occurred by a northward migration of a new zone
forming in the south.

Figure | presents a simplified interpretation of the
principal quasi-periodic migration of the MCZ as
determined by Sikka and Gadgil (1980).> The num-
bers indicate the approximate period of the existence
of an MCZ event. Although the cloud band occa-
sionally remained in a northward location for an ex-
tended period (~40 days), the average period is about
15 days. The variability is enclosed within a well-de-
fined seasonal envelope. Propagations early in the
summer are confined close to the coastal margin, a
path returned to in the early fall. During summer the
propagations extend much further poleward. Thus,
according to Sikka and Gadgil the character of the
monsoon during each summer season is one of or-
derly low-frequency transience which tended to sup-
port the observations of Krishnamurti and Bhalme
(1976) and Murakami (1977). Within their scheme
a “break-monsoon” (i.e., the absence of organized
precipitation over a large segment of the Indian sub-
continent) occurs when the monsoon MCZ in the
north weakens prior to a reestablishment by the
northward migration of the southern MCZ.

A recent study by McBride (1983) considered the
variation of cloudiness in the Australasian-Indonesian -
region during the Southern Hemisphere summer (i.e.,
in the precipitating region of the winter monsoon).
During the period of the Winter Monsoon Experiment
(December 1978 through March 1979) McBride found
that large scale variations in cloudiness were apparent
. and were associated with active and break periods in
monsoon precipitation. However, unlike the variation
found for the Indian monsoon by Sikka and Gadgil
(1980), the variations were distinctly longitudinal in
character and varied only weakly in latitude. There
appears to be no similar study for the African monsoon
region.

A number of mechanisms have been proposed for
the low-frequency variability of the planetary scale
monsoon. Most refer to some type of circulation mod-
ulation induced by feedbacks between the dynamics
of the system and some aspect of the heating. For

3 The original diagram of Sikka and Gadgil (1980) (their Fig. 4)
showed time sections of the 700 mb trough as well as the northern
and southern limits of the MCZ. A central location is plotted in
Fig. 1.
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F1G. 1. Summary of the maximum cloudiness zone (MCZ) ex-
cursion as a function of time and latitude as determined by Sikka
and Gadgil (1980). Numbers indicate the approximation duration
of the major epochs or events in days. When MCZ maintained a
northerly location the epoch is divided by hash marks. Total period
is in parenthesis.

example, Sikka and Gadgil (1980) attribute the MCZ
migration to variations of surface heating produced
by the cloudiness gradient which is produced by the
existence of the MCZ itself. Similar feedbacks emerge
from Krishnamurti and Bhalme (1976) and undoubt-
edly are of importance, at least over the continental
regions. (The initial surface temperature tendencies
over continents introduced by cloudiness factors have
been estimated theoretically by Stephens and Webster,
1979, 1981).4

Most theoretical and modeling studies of the mon-
soon have concentrated on the structure of the mean
monsoon (e.g., Washington and Daggapaty, 1975;
Hahn and Manabe, 1975 and many others). Despite
a constant insolation assumption, even these studies
realize low frequency variability. In the latter paper,
-low frequency modulations are observable in diagrams
portraying time-sections and the transients appear to
possess similar time scales to those observed. Beyond
the general circulation models investigation of mon-
soon variability with variable insolation has generally
been restricted to the simpler phenomenological mod-
els such as those considered by Webster et al. (1977),
Webster and Lau (1977) and Webster and Chou
(1980a,b, hereafter referred to as WC1 and WC2) in

4 Stephens and Webster (1983) discuss in detail the dual time
scales for which cloud-radiation interaction may impact climate.
Over land areas, time scales are relatively short. Over oceans, be-
cause of the differential absorption of the long wave and visible
streams and the manner in which clouds can alter the ratio of the
magnitude of long wave and visible, the time scales of interaction
introduced by the cloud may be rather long.
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which an “aggregate” philosophy was adopted allowing
the physical complexity of the system to be successively
incremented from experiment to experiment. For ex-
ample, Webster and Lau (1977) considered a dry mon-
soon model (i.e., no hydrologic cycle) allowing only
the effect of a heating differential between an interactive
and evolving ocean and the land. In a series of ex-
periments, WC1 and WC2 extended the model scheme
to include a full hydrology cycle and compared dif-
ferences in both the mean seasonal model monsoon
and the subseasonal variability of the model monsoon
WQC?2 via a series of controlled experiments. The latter
paper produced evidence of a subseasonal variability
of the time scale suggested by Krishnamurti and
Bhalme (1976) and of the character observed by Sikka
and Gadgil (1980).

In summary, data studies, general circulation mod- -

els and phenomenological studies alike appear to be
showing similar low frequency, orderly sub-seasonal
variability. The aim of this study is to identify the
basic physical mechanisms governing its structure. As
a vehicle towards this aim we will use the zonally
symmetric version of the Webster and Lau (1977)
paper used in WCI. It is noted that a major resuit
of Webster and Lau was the importance of the east—
west ocean-land contrast. However, in order to sim-
plify the system we choose, in the first instance, the
zonally symmetric version assuming that the princi-
pal mechanism of poleward-equatorial propagation
will exist in the zonally symmetric model. In this, we
aim to provide insight into the more complicated
structures of the real atmosphere and the large scale
general circulation models.

2. Model simulations of low-frequency variability

a. Model description

The WC1 version of the Webster and Lau (1977)
" multi-domain model is a zonally symmetric two-layer
non-linear primitive equation model with an inter-
active advective mixed-layer ocean which predicts,
in stable ocean regimes, the mixéd-layer depth and
temperature and a meridional heat transport by the
ocean. In unstable regions where the mixed layer is
undefined, a convective adjustment scheme is used
for the calculation of the surface temperature. The
transition point between the stable and unstable
zones being computed at each iteration. Evolving sea-
- and land-ice extents are also calculated. The temper-
ature of the continental surface is determined from
energy balance considerations.

In all experiments discussed as follows the conti-
nent-ocean boundary is placed at 18°N, thus crudely
approximating the mean southern coastline of Asia.
With this stipulation the model is assumed to. be rep-
resentative of the longitude band 60°E to 100°E. As
discussed above it is appreciated that lateral effects
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may be of considerable importance to the structure
of the monsoon,’ although for simplicity we ignore
lateral effects in this study.

The governing zonally symmetric set may be writ-
ten as

 + G(i) — f)(f + é tanqsd) = F,, 1

_ - - 1 _ - _
v, + G(v) + u(f + p tany) = — é P, + .5, (2)

T, + G(T) - kTw/p.= Qror + F, 3
G+ G(q=S+F, 4)
—RT

P, = T S)

_ (Dcosd)s _
? " acose 0 ©

where G is the operator,
. —(XD cosg), B __

G = — g~ (X&), [©

The equations are written for the 750 and 250 mb
levels which have the subscript signatures of 1 and
2 respectively on the dependent variables.

Oror = Qra + Osen + Oraps (8

where Qsgny and Orap are the sensible and radiative
heating rates. In (8) Q, y is the latent heating rate and
is made up of two components; the heating due to
convective effects (Qcv) and the heating due to broad
scale convection (Q;). Thus the latent heating of a

.column is given by

L
J=—-([g— 4§+ |g— ¢
H 2Cp([q gl +lg — 4D

\ 7o L A
+ A( f n(1 —b) = o'qg'dp|, (9)
0 Cp /

where the first term represents the heating due to broad

.scale convection and the second the convective heating

in moist unstable regions. In (9) A is the Heaviside
function which is unity for @ < 0 but 0 for @ > 0,
and operates on a convective heating scheme which
is a combination of Ooyama (1969) and Anthes (1977).
Here n and b are effective controls on the intensity
and moisture availability and are given by

y= 1400

s (10)
€2 4] ’

5 See, for example, the discussion by Stephens and Webster
(1979) regarding longitudinal variations in heating and also the
theoretical results of Webster and Lau (1977) and Webster (1980).
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- R
11 R’ R> R,
b= T e ()
1, R <R..

In (10) 6., and 6,, are the equivalent potential tem-
peratures of levels 1 and 2 and 4,, the equivalent po-
tential temperature of the boundary layer. In (11) R
is the layer relative humidity and R, a critical relative
humidity.

The two forms of latent heating have entirely dif-
ferent characteristics. Through (10), the convective
latent heating is strongly linked to lower boundary
heating and the resulting dry convective instability
in the lower troposphere. Thus, if moisture is avail-
able in a convective unstable region, deep rapid heat-
ing of the entire column will ensue. On the other
hand, the large scale latent heating requires conden-
sation achieved by broad scale ascent of moist air.
The latter process will occur over a larger region de-
pending only on the moisture distribution. It will tend
to be smaller than Qcy. The more vigorous convec-

tive heating will be restricted to the heated land areas -

Or Very warm ocean regions.
Evaporation is calculated over ocean and land in
an identical manner using the bulk aerodynamic for-

mulation
EO = psl Vs'Cp(q.s - qh)' (12)

Over the ocean an infinite moisture supply is assumed
whereas over land a water budget is maintained such
that

E,, W= W,

(13)
w
E, ;V—c , W< W,
where W is the moisture holding capacity of the soil
and W, some maximum value, assumed to be 0.1 m.
If the ground water exceeds W, it is assumed to be
lost as runoff. In (13) Wis calculated as the difference
of the precipitation and the evaporation E. The
ground hydrology enters into the surface heat budget
in another manner by altering the ground albedo and
the evaporation, as described in (12). A relationship
is assumed which linearly decreases the ground al-
bedo from a maximum of 0.2 when W = 0 to 0.1
(the same as the assumed ocean albedo) when W
> W..

The following paragraph defines the simple con-
stant flux boundary layer of the model. The vertical
fluxes of sensible and latent heat at the lower bound-

ary are defined by:

Hg = psCplVCAT, — Th)}
H, = PSCD|VS|L(‘Is -~ gn) ’

where the subscripts s and £ denote the quantities at
the surface and the reference level which is defined

(14)
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at the top of the constant flux layer. As used in (14)
and (12) |Vy| is the velocity at the lower boundary
and is assumed to be one half the prognostic velocity
calculated at 750 mb. The constant flux layer, as-
sumed to be 80 m in height, is taken to represent the
lower boundary of the atmosphere. To calculate
quantities at level 4 we assume that the flux from the
lower surface can be described in the lower layer in
terms of an eddy diffusion. Thus we can write

oT u
LY iy~ (Ty — Tp) = p,Col V(T ~ T}p)
so that T
niy + Tl
Tp=—"—""—, 15
= (15)

where n = p,AZCp|Vs|/u and AZ is the thickness be-
tween the 750 mb level and the top of the constant
flux layer. Here Cp is a drag coefhicient defined by

k{) 2

h+ Zo) ’
ln(———z0 }

where ko = 0.4 is the von Karman constant and Z,
is the roughness parameter of the underlying surface.

In this study we will test the hypothesis that the
monsoon variability is produced by the intercom-
ponent interaction of the total heating function (8).
As modulations have occurred in model results with
assumed constant cloudiness distribution (e.g., Hahn
and Manabe, 1975, and WC2,% we will test the hy-
pothesis that the variability occurs by interaction be-
tween the two components of Oy 3 and Qsen. In order
to isolate the interaction of these two heating func-
tions, the cloudiness is set constant and 30% coverage
is assumed. That is, we will assume that the radiative
heating is non-interactive, except, of course, that the
ground albedo and surface temperature is a function
of soil moisture which is a function of precipitation.
Thus, even with a fixed cloudiness a weak Qgap feed-
back does exist. Actually, the neglect of interactive
clouds does not appear to be a major factor in that
a change in sign of the feedback would not be in-
volved. In fact, the feedback taking place between the
sensible and latent heating is consistent with that
which would be attributable to cloud-radiational
heating feedback.

In WCl the two layer formulation was chosen be-
cause it was considered adequate to represent the
basic modal form the monsoons which appear as deep
divergent structures occupying most of the tropo-
sphere in the vertical. An increase in vertical reso-

CD=

¢ We have become aware of similar variability occurring in a zonally
symmetric version of the NASA-GLAS general circulation model
in a study by Goswami and Shukla (1983).
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FIG. 2a. Time-latitude section of the surface temperature (7, K) for the 1%z year period
between the spring equinox (day 365) to the autumnal equinox (day 910). The continuous
horizontal line represents the model coast located at 18°N. The three boxes labelled A, B and
C show the location of the latitude-time regions detailed in Figs. 3a, b and c, respectively.

Contour interval; 4 K.

lution would not necessarily alter the form of the
response. However, the price one pays for the two
level formulation is a crudeness of the representation
of the reference level in terms of interpolations of
variables measured at the surface and 750 mb.

b. Experiments

Webster and Chou (1980a) performed experiments
with the model discussed above in which the evolving
monsoon driven by a variable insolation was studied
under a number of situations. The experiments con-
sidered the monsoon circulation of an ocean covered
earth with and without a hydrology cycle (the “dry”
and “moist” ocean experiments of WC1 and an ocean
covered earth with a polar continental cap north of
18°N. The latter geography was also considered with
and without a hydrology cycle (the “dry”” and “moist”
ocean-continent experiments). Except for the “moist
ocean-continent” experiment, all other experiments
produced a smooth seasonal variation lagging behind
the insolation maxima but with no subseasonal stric-
ture. With respect to the sensitivities of the various
" parameterizations used in the model, we refer the
reader to Webster and Lau (1977) and WCI1. We will
consider only the results of the moist ocean-continent
experiment in this paper.

The following procedure was adopted. The model
was initialized as a horizontally isothermal atmo-
sphere with an initially prescribed surface tempera-
ture. With the sun held in the equinoctial position
the model was integrated for one year during which

* time an equilibrium state was approached. Th: model

was run for a further three years with the insolation
undergoing the seasonal cycle. Results are shown for
years 2 and 3 after the equinoctial equilibrium state.
Day 365 on all diagrams refers to the spring equinox
one year following the commencement of variable
insolation.

¢. Results

Figures 2a-d show the surface temperature (T),
the lower (750 mb) and upper (250 mb) tropospheric
zonal velocity components (7, and i7,) and the vertical
velocity (W;; actually dp/dr) as functions of timme and
latitude.

Within a large-period seasonal modulation two
main subseasonal variations may be observed. The
first is a monsoon onset which occurs about 40 days
after the spring equinox. The onset may be seen in
the vertical velocity fields as a substantial latirudinal
jump from south of the equator to a position just
poleward of the continental demarkation (the solid

0
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b

FIG. 2b. As in Fig. 2a except for the 750 mb zonal wind component u, (m s™!).
Dashed contours denote easterly winds. Contour interval; 2.5 m s™',






