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ABSTRACT. Many features ol the intrascasonal variation of the ITCZ over the Indian longitudes in the
summer monsoon including poleward propagations emanating from oceanic regions and traversing both ocean and
land to culminate in the seasonal trough have been simulated by a modified version of the Webster model. The
mechanism underlving the propagations in the model involves excess convective heating to the poleward side of

the convergence zone relative to the equ
the model from the seasonal gradient of't

factor of convective heating which is the product of the two factors. ]
factors. the observed propagations could bz generated by the

vertical ascent in reality also depends on these two
same mechanism

1. Introduction

The large-scale rainfall over the monsoonal regions.
as over the rest of the tropics is associated with the
ITCZ. The variation of the large scale rainfall is inti-
mately related to the variation in the location and inten-
sity of the ITCZ. Detailed analysis ol the satellite
imagery (in which the ITCZ appears as a zonal band ol
intense cloudiness) has revealed the rich structure of the
supersynoptic variation of the ITCZ over the Indian
longitudes during the summer monsoon (Sikka and
Gadgil 1980). Within the seasonal envelope. the varia-
tion of the ITCZ is seen to be a succession of events
involving genesis, an active spell (which may involve a
propagation in space) and demise.  There are two
favourable locations of the ITCZ over these longitudes:
one over the seasonal trough on the heated continent,
and another over the warm waters of the equatorial
Indian Ocean. Thus the latitudinal distribution of the

occurrence of the ITCZ is bimodal with the zone ol

frequent occurrence over the continent and a secondary
zone over the equatorial ocean. The most prominent
feature of the intraseasonal variation is the poleward
propagation of the ITCZ from the equatorial Indian
Ocean onto the heated subcontinent throughout
the summer monsoon season. These propagations
involve ITCZ traversing over 20 in latitude. coherently
over a region larger than 30" in longitudinal extent.
Such a propagation during the onset phase leads to -the
establishment of the continental ITCZ and subsequent
propagations at intervals of about 40 days lead to its
revival from weak monsoon phases.

atorward zone and can operate on land or sea, This differential arises in
he convective instability and moisture availability and hence the intensity

If the ratio of the convective heating to the

The poleward propagation of the cloudband, rainbelt
and other features of the circulation during the onset
phase has been well documented (Rao 1976) and is
understood as the mode of the transition from the spring
to the summer pattern. However, although the pheno-
menon of repeated occurrence of such propagations in
the summer has been simulated by Webster and Chou
(1980) it is yel to be completely understood. It must be
noted that the ITCZ is seldom uniformly intense
throughout its zonal extent, synoptic scale disturbances
are generally embedded in it. The observed propaga-
tions of the ITCZ over the Indian longitudes are often
associated with propagations of these embedded synop-
tic scale disturb: nces (Sikka and Gadgil 1980, hence-
forth referred 1o as SG).  Given the property of cyclonic
vortices to move poleward one may expect the ITCZ to
exhibit poleward propagations in other parts of the
tropics as well. However, McBride (1983) has shown
that, while the ITCZ over Australian longitudes in the
southern hemispheric summer exhibits considerable
fluctuations in the location, there is no bias in the meri-
dional propagations in favour of poleward ones and no
poleward propagations of the type observed over the
Indian longitudes in the summer monsoon. This
suggests that the poleward propagations is not an ubi-
quitous feature of the intraseasonal variation of the
ITCZ. On the other hand. if the propagation are
attributed to surface hydrological leedbacks (Webster
1983, Goswami and Shukla 1984) which can operate
only on land, there should be no propagations over the
oceans. Observations are at variance with this p-: .ic-
tion (SG). The hypothesis that the propagations are
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triggered by cold outbreaks from the southern hemis-
phere (Yasunari 1981) cannot be tested unless some testi-
fiable predictions are generated.

In this paper the results of our recent empirical and
theoretical studies are summarised. addressed towards

gaining a deeper understanding of the phenomenon of

poleward propagations. It is suggested that the obser-
ved propagations could arise from the same mechanism
as the necessary conditions for the mechanism to operate
are satisfied for the Indian longitudes during the summer
monsoon. It is found that the observations for the
variation of the ITCZ over monsoonal Africa in the
southern hemispheric summer are consistent with the
predictions generated by the model.

2. Observations

The variation of the ITCZ over the Indian longitudes
has been studied by visual scanning of the visible and
infrared imagery to identify the maximum cloudiness
zone associated with the ITCZ (SG). This subjective
approach has some advantages at the initial stages,
firstly, because it is relatively easy to identily regions
with deep convective clouds and secondly, because it
utilizes fully the remarkable capacity of the eve to
recognize coherent patterns even when the intensity is
not uniform throughout. However. for an extensive
analysis of the variations of the ITCZ over different
parts of the tropics an analysis of digitized data would
be preferable. For such an analysis, a method of objec-
tively identifying coherent zones of intense cloudiness
of the type associated with the ITCZ from digitized
satellite data has to be developed.

We expect the data set on the 2. 5-degree grid to be of
adequate resolution for delineating the ITCZ on a day-
to-day basis, since the accuracy with which the 1ITCZ can
be located in a subjective scan of the NOAA satellite

imagery (viz., about l-degree latitude in the location ol

the associated cloud band) has been found to be ade-
quate for this purpose (SG). We, therefore. developed
a method using the 2.5-degree data which we believe to
be the simplest possible method, which incorporates
the essential steps in the subjective pattern recognition
from satellite imagery, so as to yield results which are
comparable with those obtained earlier by visual scan-
ning of satellite imagery (SG) for overlapping data.

2.1. Hdentification of the ITCZ from digitized satellite
data

The delineation of the ITCZ involves firstly. the identi-
fication of the 2.5-degree squares which have a large
fraction of deep convective clouds and then Irom amongst
such squares, omitting those which are not organised
over a large spatial scale. The 2. 5-degree squares with
a large fraction of deep convective clouds can be identi-
fied on the basis of the characteristic signatures ol the
deep convective clouds in terms of the ranges ol the
satellite derived parameters. The most important lea-
tures that distinguish one cloud type from another are :
(i) the level of the cloud top which determines the out-
going longwave radiation (henceforth OLR) or the
brightness temperature and (/i) the vertical extent of the
cloud which determines the albedo. Deep convective
clouds of the type associated with tropical disturbances
nd the ITCZ are at the low OLR, high albedo edge ol

the distribution while the stratocumulus and mid-level
clouds are associated with distinctly higher OLR than
those comprising convective thunderstorms and tropical
disturbances. However. the cirrus clouds are also
characterized by low values of OLR. Thus, while re-
gions of high convection are always associated with low
ULR, the converse is not true. Kegions with high level
cirrus  overlving non-convective conditions are also
characterized by low values of OLR. Morrissey (1986)
has shown that this *cirrus contamination’ can lead to a
poor correlation between OLR and precipitation/
moisture budget (/.e., precipitation—zvaporation). We
found that for the studies ol the movemanis ol the ITCZ
on the intraseasonal scale, it is necessary to remove the
cirrus contamination.

The basic data set consists of day-time OLR and albedo
over a 2.5-degree grid derived from the measurements
by NOAA polar orbitting satellites during 1974-86.
The data utilized have already been corrected for changes
in the equatorial crossing time and changes in instrumen-
tation. The simplest way of identifying regions with
low OLR and hign albedo characteristic of deep convec-
tive clouds is by imposing a threshold. Richards and
Arkin (1981) have shown that for estimation of the
fractional area covered with deep convective clouds (Irom
which the tropical precipitation is derived) from OLR
data. the appropriate threshold is a brightness tempera-
ture of 240" K (i.e., OLR of about 190 Wm—2), How-
ever, all the studies of the distribution of the different
cloud types in the OLR and albedo space and hence, of
the appropriate thresholds for deep convective clouds
are for the pixel scale. Whether the thresholds for
the average values over 2.5-degree squares will be
the same or less stringent depends on the detailed
distribution  of the pixels ol the deep convective
type in the OLR albedo space and the typical value of
the fraction of the square covered with such pixels in a
tropical disturbance or an ITCZ.

Chou er al.s (1986) study of the distribution ol the
1010 km pixels in the OLR albedo space has revealed
important features ol pixels covered with deep convec-
tive clouds within the 1TCZ over the West Pacific. The
mean OLR ol the pixels. identified by them as cloudy, is
about 135 Wm—=2, and the fraction of such pixels in a
4-degree square within the ITCZ is over 70%,. The
average OLR for such 4-degree squares is less than 180
Wm—= . Thus the thresholds appropriate for delineating
the ITCZ may not be much more stringent than those
suggested by the pixel scale studies. We have determined
the appropriate thresholds by comparison of the results
of the delineation of the ITCZ based on different sets of
thresholds in the range suggested by studies on the pixel
sciale with those obtained by subjective visual scanning
ol the imagery.

The ITCZ is associated with organization of such deep
clouds over large spatial scales. It has been suggested
that the minimum longitudinal extent ol the associated
cloudband 1s 10 degrees (SG). To filter out from the
set ol grid points which have deep convective clouds (as
determined from the threshold conditions) and those grid
points which are not organised over a large scale, we
adopted a very simple method. A grid point, at which
the threshold conditions were satisfied, was retained as a
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Fig. 1. A comparison of the variation of the ITCZ during July-
August 1985 at 70 . 80, 90 E of the results of subjective
scans (above : «frer SG) and from 2.5-degree OLR-
albedo data (below)

cloudy grid point only when. at least two of the eight
grid points surrounding it, also satisfied the threshold
conditions. This implies retention of only the grid
points within organized large scale convection (over
scales =500 km, i.e., LCSA after Morrissey 1986). In
general about 80-85"; of the grid points. at  which
threshold conditions were satisfied, were retained alter
this filtering of the smaller scales. The other grid points
are taken to be ‘cloudfree’. Since the grid scale of the
data is not small, this simple method was found to be
adequate for filtering out isolated cloudy grid points.

Once the ITCZ is delineated, the variation of the ITCZ
in the latitude-time domain at different longitudes is
derived. For that purpose, the latitudinal extent ol all
the cloudbands at the longitude of interest has to be
determined on a day to day basis. We take two cloud-
bands to be distinct if they are separated by at least

three consecutive cloudfree grid points. This implies
a minimum separation of 750 km between bands. In
determining the latitudinal extent of the bands, gaps of
one or two cloudfree grid points within a cloudy zone
are ignored. Occasionally parts of the cloudy
zone may not be as intense as the resc and so the thres-
hold criteria may not be satisfied at all the longitudes
within what the eye sees a coherent cloudband. To
take care of such cases when the band is less
intense over tha longitude of interest, the occur-
rence ol the band at the two neighbouring longitudes
was also tested. The variation at the central
longitude was obtained by spatial smearing over the
three neighbouring longitudes.

The results for the summer of 1975 using a variety of
thresholds were compared with those obtained earlier
(SG). It was found that an OLR threshold of 185 Wm—2
(i.c., brightness temperature of about 240° K implying
2.5-degree average cloudtop height of about 300 mb)
and lor the albedo a threshold of 0.5 give results which
are closest to those obtained by visual scan of satellite
imagery (Fig. 1). The results for thresholds for OLR in
the range 170-200 Wm—2 are not too different. For
more stringent OLR thresholds the number of days of
ITCZ occurrence is drastically reduced, while for larger
OLR thresholds the cloudband become unrealistically
wide on a few days leading to an apparent merger of the
oceanic and the continental bands over the Indian longi-
tudes. The results are also not very sensitive to the
exact value of the albedo threshold chosen.

Murakami (1983) has suggested a method for delineat-
ing regions ol intense convection based on an analysis
of OLR data with a resolution of about 5 km. The
method involves derivation of the mean and standard
deviations ol equivalent blackbody temperature 735 on
I-degree square mesh. The squares with the standard
deviation larger than 5 K are taken to be convective and
the intensity index of convection is defined in terms of the
mean values of the cloudtop temperature for clouds
higher than 400 mb. The zones characterized by high
index ol convection during July 1979 by Murakami’s
criterion are found to be markedly similar to the region
characterized by a high frequency of occurrence of the
deep clouds delineated by the far simpler bispectral
threshold method used here.

2.2, Intraseasonal variation of the ITCZ over different
regions

The frequency of occurrence of deep convective clouds
over a given region in any month (as derived from the
number of days on which the threshold conditions on
OLR and albedo are satisfied by the 2.5-degree grid
points within it) varies from 0 over the purely non-
convective regions to 10-15 days over regions near the
centres of the major convective zones. The major zones
of convection in the northern hemispheric summer are :
(/) the Asian monsoon-W. Pacific zone (70°-150° E),
(ii) the E. Pacificzone (120°-80° W) and (i) a relatively
weaker zone extending from E. Atlantic to the African
continent (20° W-20° E). During the southern hemi-
spheric summer, the major convective zones are (iv) one
streching from the equatorial Indian Ocean across the
maritime continent  (70°-170% E), and western and
southwestern Pacific. (v) over the southern equatorial
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Fig, 2. Variation of the 1TCZ at difTeres

parts of the African continent (20 -35 E) and (vi) an-
other over the South American continent (80 -50° W).
It is found that the latitudinal extent of the distribution i«
largest for the Asian monsoon-W. Pacific zone during
the northern hemispheric summer, in comparison with
the other zones.  During July-August the distribution of
occurrence is bimodal over most of that region with the
primary zone over 15°-25°N and a secondary zone ove

the equatorial ocean. The latitudinal extent of the
convective zones over the other regions characterized by
a continental ITCZ (i.e.. v and vi) is considera bly smaller
[although somewhat larger than the zones (i) and (/i1)]
and the distribution is unimodal. '

The variation of the ITCZ of the continzntal zonzs
(v, v/) during the southern hzmispheric winter of 1975-76
are shown in Fig. 2. While there ars considzrabl:
fluctuations in the location of the ITCZ over those
continents, poleward propagations of the type obszrvad
over the Asian longitudes in the summer monsoon are
not observed. Over the zones (/7. iii) also no polzward
propagations are obszived (Fig. 2). Over the Asian
winter monsoon region (iv), only one poleward propaga-
tion is seen at 120° E. However, it appears to bz restric-
ted to a relatively small longitudinal bslt and further-
more does not occur every vear. Thus. we may conclud:
that coherent sustained propagations of the tvpz observed
over the Asian summer monsoon region are not obszrvad
elsewhere.

3. Theory

The poleward propagations of the ITCZ have been
simulated in an axisvmmetric climatz modal developad
by Webster and Lau (1977) and Webster and Chou
(1980) which will henceforth be refarred to us the Wabst 27
model.
I8” N, and oczan over the rest of the earth. the intra-
seasonal variation compriszs a succession of ITCZ zvents
involving gznesis at the land-oc2an boundary and subso-
quent poleward propagation. There is a4 marked simi-

larity between the observed variation of the axis of the

it longitudes during

In this model with a continental cup noith of
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ITCZ and that of thz axis of the convergencs zone in the
modzl. suggzsting that an insight into the mechanisms
underlying thz obszrvad variation can be gained by an
in-depth study of th: model.

There are some diffzrences, howaver, bztween simula-
tions and rzality. The variation in the model is less
complzx than obszived with more orderly periodic
propagations at intzrvals smaller than the observed.
The azvival of th continental ITCZ occurs only through
such poleward propagations.  Also. whilz the obszrved
propagations occur from thz zquatorial oczan onto the
land surfacz. for th2 param:ters ocz2anic conditions of
th: mod:l runs rzported (Webstzr and Chou 1980).
the ITCZ is always genzratzd only at the land-oczan
boundary and th: propagations occur only over the land
surfacz, Woebster (1983) has suggested  that  these
propagations aris: duz to north-south diffzrzntial in
total hzating cratzd by suriac: hydrological feed-
backs.  Goswami and Shukla (1984) also found that the
mzridional propagations in thzir modzl occur only for
the continzntal casz and that too only when surface
evaporation is taken into account.  Obviously, the
obs:crved propagations across the oczans and the conti-
nznt cannot bz undzrstood in tzrms of this mechanism
sincz it can opzratz only on land.

We find that the simulations bzcom:z more realistic
when the modzl is modifizd and the propagations arz no
longer restrictzd to land.

3. L. Maodifications aof the Websier model

The tzmporal variation oi the mod:l atmosphere is in
raspons: to the variation oi the conditions at th: lower
boundary. which in turn are forczd by thz variation in
the insolation.  The rzsponsz timz oi the land surface
depends on its thermal inertia.  Sincz this time-scale is
much smaller than the response time of the ocean. as a
first approximation the thermal inertia of land is taken
to be zevo in most climate models including Webster's,
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Fig. 3. The variation of the axis of the ascent in :

(a) Webster's model

(b) a smoothed version of the observed variation at 90 1
from Fig.1

{¢) in the modified version of Webster's model  and
(d) in the modified version of Webster's model when the

intensity factor f in the convective heating para-
meterization is a constant.

Whilz this assumption has no serious conszquznczs lor
the evolution of the monthly or seasonal fizlds, wz expzct
the impact on the intraszasonal variation to bz signifi-
cant. We have, therefore, modifizd th: Webster model to
incorporate thermal inertia of the ground.

As suggested by Hansen ef al. (1983), the thermal
capacity of the soil is taken to bz that commensurat:
with an equivalent depth of the annual thermal wave,
i.e., a depth of 4 m in order to account for the szasonal
heat storage in the soil. Inaddition. the fizld moisture
holding capacity of the soil has been enhanczd from the
value of 10 em (assumed in Webster and Chou 1980) to
a value of 30 cm which is more representative of Indian
subcontinent (Hansen et af. 1983). Both these changes
had an impact on the time-scales of intraszasonal varia-
tion, the first factor having by far the largsst impact.
Since the sca surface temperature predicted by the
coupled ocean-atmosphere model of Webster is some-
what lower than the climatological values for the oceans
over the Indian longitudes in the summer, the modzl was
decoupled and run with specified seasonally varying seg

surface temperature based on the climatological data (in
the region of 80°-100” E).

The results of the modified model are shown in Fig. 3.
The pattern of variation is more realistic.  Once estab-
lished. the continental ITCZ revives by genesis in the
primary zone nzar the secasonal trough or by propagation
from the szcondary zone. There is a significant im-
provement in the period betwesn consecutive poleward
propagations of ITCZ. The genesis of the events now
occurs over the oczanic rzgions and the propagations
occur over both the ocean and land.

3.2. Mechanism of propagation

The ITCZ in the Webster model propagates northward
from the point of genesis because there is an excess of
heating to the north of the ITCZ relative to the region
directly beneath and to its south. This excess of heating
in the north leads to an intensification of the ascent in
the region to the north of the axis of the ascent, and a
subsequant northward shift of the axis. We seek an
explanation for the propagations in the modzl in terms
of a more general mechanism than surface hydrological
feedbacks which can operate on land or sea. We find
that thz key elemznt of the mzchanism, viz., the north-
south diffzrential in the total heating arises from the na-
tura of the meridional variation ol thz convective heating,
which is th2 dominant componznt of the heating func-
tion. Even whzn the vertical velocity profilz is asym-
matric with strongsr ascent to the south of the axis of
maximum ascznt, there is morz convective heating to
the north of the axis than to thz south. 1t is clear that
such an excess of convective heating, and hence total
heating, in ths north can lead to an intensification of the
ascent in the region to the north of the axis of the ascent,
and a subsequant northward shift of the axis. Thus the
poleward propagations can aris2 in this mannzr due to
the meridional lag bztwzen convective heating and the
vertical velocity.

The lagin the model between the convective heating
and vertical velocity profiles can be understood by
considering the parameterization ol cumulus convection
in the Webster model. The convective instability factor
as well as the moisture availability factor depend upon
the surface temperature.  In the summer, the monthly/
seasonal values of zach of these factors and hence of /
attain a maximum at the latitude of the maximum sur-
face temperature, i.e., at the seasonal trough induczd by
the solar insolation. Subsecasonal variations in the
intensity factor 7, arisc from various factors such as the
changss in surface temperature due to hydrological
feedbacks, the stabilization of the vertical enthalpy
profile due to the mid-tropospheric heating associated
with convection etec, Despite thesz subseasonal changes,
the maximum over the scasonal trough persists in the
daily profiles of 7 throughout the summer. A secondary
maximum in 7/ appears over the zonez of genesis. Bet-
ween the secondary zone and the seasonal trough there is
a positive meridional gradient of /. The presence of such
a gradient in the intensity factor induces a lag between
the vertical velocity profile and convective heating profile.

To test the hypothesis proposed here, viz., that the
poleward propagations arise duc to the meridional lag
between convective heating and the vertical velocity
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profiles generated by the meridional gradient of the inten-
sity factor. 7, both the original and modifizd versions
of the model were run after specifving the intznsity factor
to be a constant over the entire domain. The result in
each case was dramatic—the propagation totally dis-
appeared (Fig. 3). In contradistinction with th2 stan-
dard case. thers was no lag in spacz or time betwzzn the
convective heating and vertical velocity profilzs in this
case and the ITCZ did not propagate. From this w2
may concludz that the northward propagations dz2pznd
primarily on the latitudinal variations of thz intznsity
factor [ in the parameterization of convective hzating in
the model, which arises from the szusonal giadiznt in the
insolation. As demonstratzd. ths proposed mzchanism
can operate on land or sea. Since the meridional gra-
dient of the sensible heat flux is also positive ovar the
region characterized by propagations. it enhances to
some extent the north-south asymmetry in the hezating
and. thus, rzinforces the propagations generated by the
variation in thz intensity factor. Modulations of the
surfacz temperature by hvdrological fzedbacks and
variations in the stablity of th2 atmospharz also have
somz impact on the detailed structure of the propaga-
tions.

The observed mean summer ficlds of the conditional
instability and the specific humidity at thz top of the
boundary layer exhibit an increasz with latitude in the
summer hemisphere over the region equatorward of the
latitude of the seasonal trough.  The necessary condi-
tion of a positive meridional gradient of the intensity
factor, /, is likely to be satisfied by the tropical atmos-
phere for the region over which these propagations are
observed. Hence. if the convzctive parameterization
used in the model can be shown to be realistic. then the
mechanism responsible for the observed propagations
could in fact bz the one proposzd hers.

We note that such propagations will occur wheneve:
the latitudinal variation of the intensity factor is bimodal
with genesis occurring over the secondary maximum,
provided the gradient of the intensity lactor is positive
in the region between the zon2 of genesis and the primary
maximum located over the seasonal heat trough,  In the
modified Webster model with ocean cquatorward ol the
continent, the secondary maximum is associated with the
maximum sea surface temperature. I the continent
stretches across the equator with ocean poleward of the
boundary (e.g.. continent from 18 S upto 90 N) in
the season in which the sun is over the hemisphere with

the ocean (in the southern hemispheric summer in our
example), there is no secondary maximum in the equato-
rial rzgions and the ITCZ occurs over the scasonal heat
trough throughout the szason. This simulates wel] the
observed variation of the ITCZ over the African region
in the southern hemispheric summer (Fig, 2).

4. Concluding remarks

Many features of the intraszasonal variation of the
ITCZ over the Indian longitudes in the summer monsoon
including poleward propagations emanating from ocea-
nic regions and traversing both ocean and land to culmi-
natz in the seasonal trough hav: been simulated by a
modifizd version of the Webster model. The mecha-
nism underlying the propagations in the model involves
excess convective heating to the "poleward side of the
convergenc: zone relative to the equatorward zone and
can operate on land or sea. This differential arises in
the model 1rom the szasonal gradient of the convective
imstability and moisture availability and hence the inten-
sity factor. /, of convective heating which is the product
of the two factors. If the ratio of the convective heating
to the vertical ascent in reality also depends on these two
factors, the observed propagations could be generated
by the same mechanism.
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