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FOREWORD
The purpose of the IMO Lecture, initiated by the World Meteorological Organization to commemorate its predecessor, the International Meteorological Organization, is to present a review of progress in some branch of meteorology
prepared by an acknowledged expert in the chosen field.
The first IMO Lecture on The nature and theory of the general circulation of the atmosphere was presented in 1967
by Professor E. N. Lorenz. The second, in 1971 , which dealt with Radiation processes in the atmosphere was given by
Professor K. Ya. Kondratyev. In 1975 Professor R. W. Stewart presented the third IMO Lecture on The atmospheric
boundary layer. The fourth IMO Lecture on Climatic changes and their effects on the biosphere was given in 1979 by
Professor B. Bolin.
This present publication constitutes the full text of the monograph prepared by Professor P. K. Das for his presentation of the fifth IMO Lecture on Monsoons.
Winds which reverse their direction in a persistent manner with surprising regularity each year are known collectively
as monsoons. The name was coined from an Arabic word meaning a season. Monsoonal circulations are of critical
importance to many countries in Asia and Africa because of their capacity to generate seasonal rains, on which agriculture
and the replenishment of water resources rely heavily. The economies of many countries are therefore dependent on the
timely arrival and subsequent distribution of monsoon rains.
The predictability of monsoons has been the subject of considerable research in recent years. Predictability measured in
terms of the ratio of interannual and natural variability has been observed to be larger over the tropics than the mid-latitudes.
While this indicates greater potential for long-range prediction of the monsoon's performance, theory suggests that this is
largely true for the prediction of monthly means. On smaller scales of time, the tropics are probably less predictable; this
conclusion is based on numerical experiments with general circulation models.
This present monograph constitutes a thorough and comprehensive review of present-day knowledge of monsoons,
which will be welcomed by a wide variety of readers.
I wish to take this opportunity, on behalf of the World Meteorological Organization, to express deep appreciation to
Professor Das for the high standard of his work and contribution to the IMO Lecture series.

G. 0. P. Obasi
Secretary-General

SUMMARY
Many centuries ago seafaring traders discovered a system of alternating winds over the Indian Ocean and the adjoining
Arabian Sea. These winds appeared to flow from one direction for six months of the year and from a reverse direction for the
remaining six months. Winds which reverse their direction in a persistent manner with surprising regularity each year are
now known collectively as monsoons. The name was coined after an Arabic word meaning a season.
In 1686 an English astronomer, Edmund Halley, suggested that differential warming of the land and oceans is the prime
mover of monsoon winds. He noted that land surfaces respond much faster than oceans to solar radiation because of their
smaller heat capacity. The larger thermal capacity of water coupled with greater penetration of solar radiation leads to a
slower response from the oceans to incoming solar radiation.
Thermal gradients set up by the different response times ofland and oceans lead to a system of winds which blow from
the sea to the land in the northern summer and from the land to the sea in the northern winter. They represent the summer and
winter monsoons. Summer monsoons are most pronounced around the time of the summer solstice, while winter monsoons
reach their highest intensity at the time of the winter solstice.
Monsoonal circulations are important to many countries of Asia and Africa because of their capacity to generate
seasonal rains. Agriculture and the replenishment of water resources rely heavily on monsoon rains. The economy of many
countries is thus dependent on the timely arrival and subsequent distribution of rains.
The intensity and extent of monsoons are guided by other factors. The impact of orography, moist convection and
latent heat released by the conversion of water vapour into rain are some of the important features which influence the path of
monsoon winds.
Global monsoons are dominated by large-scale overturnings on zonal and meridional planes. By this means, available
potential energy is converted into kinetic energy of motion. Large-scale overturning on a meridional plane is referred to as a
Hadley cell, while a similar overturning on the zonal plane is known as a Walker cell. Hadley and Walker circulations are
maintained by a pattern of diabatic warming which shows a characteristic alignment. There is a north-south movement of
diabatic sources and sinks in response to the movement of the Sun.
The ascending branches of these circulations are located over heat sources. For the summer monsoon, the plateau of
Tibet to the north of India acts as a major heat source, while the winter monsoon is dominated by latent heat released through
moist convection over the oceanic regions surrounding Indonesia and Malaysia. The descending limbs of the Hadley
circulation are located near large anticyclones. For the summer monsoon, this is near the Mascarene High to the south of the
Equator; but the descending branch of the winter monsoon is over an anticyclone located over Siberia. Evidence of Hadley
and Walker circulations is also found over West Africa. The ascending branch of the Hadley circulation is over the Sahel
region, while its descent is in the form of a south-westerly current off West Africa. An interesting feature of the Walker
circulation for the summer monsoon is its descending limb. It is observed over the semi-arid regions of north-west India. This
region receives a larger than normal amount of solar radiation, but is still a radiative sink because of the high reflective power
of the soil. To compensate for cooling brought about by a radiation deficit, there is subsiding motion and adiabatic warming
over this region. Observations over the deserts of Saudi Arabia confirm subsidence over a substantial part of the troposphere.
An atmospheric feature which responds significantly to the seasonal north-south movement of the Sun is the
Inter-tropical Convergence Zone (ITCZ). This represents a region of convergence between the trade winds of the northern
and southern hemispheres. During the summer, the ITCZ moves to the north of the Equator, but it is not yet clear whether it
eventually loses its identity or merges with an extended trough in the lower troposphere.
Summer and winter monsoons are dominated by large anticyclonic circulations in the upper troposphere. Jet streams
are observed to the north and south of the anticyclones. The former is a westerly jet, while the latter is an easterly jet stream.
Just prior to the onset of the summer monsoon , a pronounced northward movement of the westerly jet stream is a
characteristic feature .
The regional features of monsoons are linked with the larger-scale overturning represented by Hadley and Walker
circulations, but the coupling mechanism is not well understood at present. Short-period rainfall variations within the
monsoon season are brought about by synoptic perturbations whose dimensions are small compared with the larger Hadley
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and Walker circulations. An important regional characteristic is the surprising regularity of the onset of monsoons. For
example, the standard deviation of the date of arrival of summer monsoon rains over the extreme south of India is only of the
order of a week. An important result that emerged from the recently concluded Monsoon Experiment (MONEX) of
1978-79 was a sudden increase in the kinetic energy of the monsoonal winds a little prior to the date of onset. The increase
was observed within the space of a few days. Opinions differ on the mechanism responsible for the substantial conversion of
available potential energy into kinetic energy at the time of onset. Barotropic instability leading to the formation of an onset
vortex has been suggested as a possible mechanism, but opinion is divided on the existence of such a vortex.
Of other regional features, the formation of a low-level monsoon trough, the westward propagation of monsoon
depressions and equatorial waves, and mid-tropospheric cyclones have received most attention. These systems appear to be
embedded in regions of meridional and vertical shear. Consequently, recent research has tended to be focused on combined
barotropic and baroclinic instability, but there is also evidence to indicate that some of these systems are remnants of
westward-moving disturbances located away from the monsoon lands.
Instability studies have concentrated on detecting inflection points on profiles of absolute and potential vorticity. At
best, this is only a necessary condition for instability, and this necessary condition is fulfilled over many parts of the monsoon
regime. A second necessary condition, which requires a positive correlation between the mean flow and the meridional
gradient of mean vorticity, has not been tested in detail. Consequently, it is difficult to assess the relative importance of
barotropic and baroclinic instability for monsoonal circulations. Energy conversions suggest the dominance of barotropic
instability on some occasions, but this is only relevant if the basic state is a straight zonal current.
Attempts have been made to ascertain how far combined barotropic-baroclinic instability is modulated by moist
convection and by boundary layer friction through Conditional Instability of the Second kind. Parameterization schemes for
inclusion of these effects in a stability analysis indicate additional available potential energy through latent heat release, but
the results are, surprisingly, not very different. There is divergence of opinion on a preferred scale of motion. This is largely
because most theoretical studies have been based on linear versions of the governing equations. The time needed for the full
development of a synoptic scale does not strictly justify a linear analysis.
General circulation models have been used to simulate the growth of monsoonal circulations. Unfortunately, they have
not been very successful in capturing many of the finer characteristics of monsoons, especially the distribution of pressure and
rainfall. This is probably because of inadequate horizontal and vertical resolution.
Notwithstanding lack of success in this regard, general circulation models have been useful for sensitivity tests. It has
been demonstrated that fluctuations in sea-surface temperature, soil albedo, ground hydrology and snow cover are likely to
influence the intensity of monsoons. Anomalies in sea-surface temperature over the central Pacific indicate teleconnections
between monsoon rainfall on the one hand, and events over the Pacific on the other. There is, however, divergence of
opinion on the appropriate statistical tests needed to establish the significance of a change brought about by fluctuations in
boundary conditions. Long-term integrations with anomalies and a comparison with control runs have not provided
adequate information on how the model-generated changes are brought about. Despite this limitation, there is mounting
evidence of teleconnections. This is interesting because many years ago Sir Gilbert Walker postulated that there was a
southern oscillation in the atmosphere which tended to link events in the Pacific with summer monsoon rainfall by large-scale
zonal overturning.
Sensitivity tests with and without the planetary-scale Himalayan barrier suggest that, if the Himalayas were not there, an
abrupt northward movement of the westerly jet in the upper troposphere would be absent. It has also been shown that, in the
absence of an elevated heat source by way of the plateau of Tibet, the Hadley circulation of the summer monsoon would be
much weaker. The vertical flux of sensible heat would then be the only drive for the Hadley cell and, in all probability, the
monsoon would scarcely be effective in bringing about the summer rains.
The mountains of east Africa are very effective for accelerating cross-equatorial flow from the southern to the northern
hemisphere during the summer monsoon. Cross-equatorial flow appears in the form of a low-level jet stream off the coast of
Kenya. The jet is reinforced by surges across the Mozambique Channel and appears to be deflected away from the coast
around 10°N towards India. Modelling experiments to simulate the jet have been based on either the conservation of
potential vorticity along streamlines or one-level barotropic primitive equations. These models have been successful in
simulating the deflection of the jet away from the coast after it has traversed some distance north of the Equator. The
alignment of the jet has been captured successfully by an experiment with constant-level balloons released from the
Seychelles and Diego Suarez by a team of scientists from France. Careful monitoring of the path of balloons suggests close
coupling between the pressure-gradient force and frictional drag near equatorial flow patterns. It suggests an advective type of
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boundary layer very near the coast of Africa between the Equator and 5°N; over other regions away from the Equator, an
Ekman boundary layer is inferred from balloon trajectories.
In research on the influence of regional-scale barriers, the flow over the Western Ghats oflndia has received attention. It
has been conjectured that downstream Rossby waves are generated which, ultimately, accelerate cyclogenesis to the east of
the barrier; but opinion is divided on this conjecture and numerical models have been unable to detect downstream Rossby
waves.
Monsoons generate a system of surface ocean currents which is unique because it is one of the few instances when
oceans seem to respond quickly to changes in atmospheric circulation. This system is known as the Somali current. It flows
northwards during the summer monsoon, but reverses its direction and flows towards the south during the winter monsoon.
It sets in about a month before the onset of monsoon winds over the Arabian Sea. Theoretical analysis has suggested that this
is the result of forcing from remote distances, if baroclinic modes are considered. However, subsequent modelling
experiments have emphasized the importance of forcing by local winds rather than forcing by a remote disturbance. Theory
suggests that in the initial stages local forcing by the divergence of the wind stress is more important, but remote forcing
measured by the curl of the wind stress gains importance later. The Somali current is associated with strong coastal up welling.
This leads to strong thermal gradients.
Prior to the onset of the monsoon, a general cooling of sea-surface temperatures over the Arabian Sea is observed. This
has not been explained satisfactorily. It was believed that upwelled waters from the Somali current propagate eastwards to
cool the Arabian Sea, but model results do not support this idea.
The long-range prediction of monsoon rainfall has engaged the attention of meteorologists over many decades. Three
types of prediction are attempted: (a) a forecast of the date of onset ofrains; (b) the total quantum of rainfall during the entire
monsoon season; and (c) monthly rainfall forecasts. The first two forecasts are based on regression equations with a number
of predictors. These have achieved reasonable success in forecasting the date of onset, but have not been very successful in
forecasting seasonal rainfall; the statistical association between rainfall and antecedent events displays large fluctuations with
time. Autoregressive models are being developed to predict seasonal and monthly rainfall. This type of model is still in the
early stages of development, but has performed better than a regression equation in anticipating seasonal rainfall; its success
with monthly rainfall predictions is at an exploratory stage.
The predictability of monsoons has been the subject of interesting research in recent years. Predictability, measured in
terms of the ratio of interannual to natural variability, has been observed to be larger over the tropics than the mid-latitudes.
While this indicates greater potential for long-range prediction of the monsoon's performance, theory suggests that this is
largely true for the prediction of monthly means. On smaller scales of time, the tropics are probably less predictable. This
conclusion is based on numerical experiments with general circulation models. Beginning with widely different initial mean
values, and with random perturbations imposed on the initial conditions, long-term integration shows that there is hardly any
difference after a month. The atmosphere does not appear to remember how it started after about a month. Unlike
mid-latitude systems, Hadley and Walker circulations are more stable for monsoons. Fluctuations in these circulations are
largely the outcome of changes in lower boundary conditions. If this basic premise is correct, then it is possible that future
improvements in model performance will depend on better parameterization schemes.

RESUME
II y a plusieurs siecles, les commerc;ants navigateurs decouvraient un systeme de vents alternants au-dessus de !'ocean
Indien et de la mer d'Oman adjacente. Ces vents semblaient souffler pendant six mois de l'annee dans une direction et a
!'inverse les six autres mois. Les vents dont la direction est inversee de maniere persistante et avec une regularite surprenante
chaque annee soot maintenant connus collectivement sous le nom de "mousson". Ce nom leur a ete donne d'apres un mot
arabe qui signifie "saison".
En 1686, un astronome anglais, Edmund Halley, avanc;a que la difference de rechauffement entre la terre et les oceans
etait la principale cause des vents de mousson. Du fait de leur capacite thermique plus faible, les surfaces terrestres reagissent
plus rapidement que Jes oceans au rayonnement solaire. La capacite thermique supfaieure de l'eau, ajoutee a la plus grande
penetration du rayonnement solaire, font que Jes oceans reagissent plus lentement au rayonnement solaire incident.
Les gradients thermiques dus a la difference des temps de reponse de la terre et des oceans provoquent un systeme de
vents qui soufflent de la mer vers la terre pendant l'ete boreal et de la terre vers la mer durant l'hiver boreal. II s'agit des
mousson d'ete et d'hiver. Les moussons d'ete soot le plus prononcees vers l'epoque du solstice d'ete, alors que les moussons
d'hiver atteignent leur intensite maximale au moment du solstice d'hiver.
Les circulations de mousson soot importantes pour bien des pays d'Asie et d'Afrique du fait qu'elles engendrent des
pluies saisonnieres. L'agriculture et le reapprovisionnement en eau reposent dans une large mesure sur Jes precipitations des
moussons. Dans beaucoup de pays, l'economie depend de l'arrivee opportune des pluies et de leur distribution ultfaieure.
L'intensite et l'etendue des moussons dependent d'autres facteurs. L'orographie, la convection humide et la chaleur
latente degagee par la conversion de vapeur d'eau en pluie soot quelques-uns des elements importants qui influencent la
trajectoire des vents de mousson.
Les moussons a l'echelle planetaire soot dominees par des renversements a grande echelle dans un plan zonal et un plan
meridien. L'energie potentielle disponible est ainsi convertie en energie cinetique. Le renversement a grande echelle dans un
plan meridien est appele cellule de Hadley, alors qu'un renversement analogue dans un plan zonal est appele cellule de
Walker. Les circulations de Hadley et de Walker soot entretenues par un phenomene de rechauffement diabatique qui est
organise selon une orientation caracteristique. En effet, Jes sources et puits diabatiques se deplacent du nord au sud avec le
Soleil.
Les branches ascendantes de ces circulations soot situees au-dessus de sources de chaleur. Pour la mousson d'ete, le
plateau du Tibet, au nord de l'Inde, fait office de source principale de chaleur, alors que la mousson d'hiver est dominee par la
chaleur latente degagee par la convection humide au-dessus des regions oceaniques entourant l'Indonesie et la Malaisie. Les
branches descendantes de la circulation de Hadley soot situees pres de vastes anticyclones, soit pres de !'anticyclone des
Mascareignes au sud de l'Equateur, pour la mousson d'ete, alors que le branche descendante de la mousson d'hiver surmonte
un anticyclone situe au-dessus de la Sibfaie. On trouve egalement des traces de circulation de Hadley et de Walker au-dessus
de l'Afrique occidentale. Labranche ascendante de la circulation de Harker se trouve au-dessus de la region du Sahe! alors
qu'a la descente elle prent la forme d'un courant de sud-ouest au large de I' Afrique occidentale. Labranche descendante constitue un element interessant de la circulation de Walker pour la mousson d'ete. On !'observe au-dessus des regions semiarides du nord-ouest de !'lode qui rec;oivent une quantite de rayonnement solaire superieure ala normale, mais constituent
neanmoins un puits radiatif du fait du pouvoir de reflexion eleve du sol. Afin de compenser la refroidissement produit par un
deficit radiatif, un mouvement de subsidence et un rechauffement adiabatique se produisent au-dessus de cette region. Des
observations effectuees au-dessus des deserts d' Arabie saoudite confirment !'existence d'un phenomene de subsidence dans
une grande partie de la troposphere.
La zone de convergence intertropicale (ZCIT) est une caracteristique de !'atmosphere qui reagit de maniere significative au mouvement saisonnier nord-sud du Soleil.11 s'agit de la region de convergence des alizes des hemispheres Nord et Sud.
Durant l'ete, la zone de convergence intertropicale se deplace vers le nord de l'equateur, mais ii n'a pas encore ete determine
clairement si elle finit par perdre son identite ou si elle fusionne avec un vaste thalweg de la troposhere inferieure.
Les moussons d'ete et d'hiver soot dominees par de vastes circulations anticycloniques de la troposphere superieure. On
observe des courants-jets au nord et au sud des anticyclones, le premier etant un courant-jet d'ouest alors que le second est un
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courant-jet d'est. Un declairage prononce du courant-jet d'ouest vers le nord constitue un phenomene caracteristique qui
precede le declenchement de la mousson d'ete.
Les caracteristiques regionales des moussons sont liees au renversement aplus grande echelle represente par les circulations de Hadley et de Walker, mais le mecanisme de couplage n'est pas encore bien compris al'heure actuelle. Des perturbations synoptiques, de faible dimension si on les compare aux circulations de Hadley et de Walker plus importantes, provoquent des variations de precipitations de courte duree au cours de la saison de mousson. La surprenante regularite de
!'apparition des moussons constitue une caracteristique regionale importante. Par exemple, l'ecart type de la date d'arrivee
des precipitations de la mous.son d'ete dans I'extreme sud de l'Inde n'est que de l'ordre d'une semaine. L'experience sur les mous.sons
(MONEX) qui vient de s'achever (1978-1979) a permis de mettre en evidence, un peu avant la date de declenchement, une augmentation soudaine de l'energie cinetique des vents de mousson que !'on observe en l'espace de quelques
jours. Les opinions divergent en ce qui concerne le mecanisme qui est al'origine de la conversion d'une importante quantite
d'energie potentielle en energie cinetique au moment du declenchement de la mousson. On a suggere comme mecanisme
possible une instabilite barotrope conduisant ala formation d' un tourbillon de declenchement, mais Jes a vis sont partages en
ce qui concerne !'existence de ce tourbillon.
Parmi les autres caracteristiques regionales, celles qui ont suscite le plus d'attention sont la formation d'un thalweg de la
mousson abasse altitude, la propagation vers l'ouest Jes depressions de mousson, Jes ondes equatoriales et Jes cyclones de la
moyenne troposphere. Ces systemes semblent imbriques dans Jes regions de cisaillement meridien et vertical. De ce fait, Jes
recherches ont recemment ete concentrees sur une combinaison d'instabilite barotrope et barocline. II existe neanmoins aussi
des indices d'apres lesquels certains de ces systemes sont des residus de perturbations eloignees des terres de mousson et se
depla<;ant vers l'ouest.
Les etudes sur l'instabilite ont principalement tendu adetecter Jes points d'inflexion des profits des tourbillons absolus et
potentiels. II s'agit tout au plus d'une condition necessaire de l'instabilite, qui est satisfaite au-dessus de nombreux secteurs
soumis au regime de mousson. Une deuxieme condition necessaire, qui suppose une correlation positive entre l'ecoulement
moyen et le gradient meridien du tourbillon moyen, n'a pas ete testee de maniere tres approfondie. De ce fait, ii est difficile
d'evaluer !'importance relative des instabilites barotrope et barocline pour les circulations de mousson. Les conversions
d'energie indiquent une dominance de l'instabilite barotrope dans certains cas.
Des tentatives ont ete faites pour determiner dans quelle mesure le mecanisme mixte d'instabilite barotrope-barocline
est module par la convection humide et par le frottement de la couche limite par l'intermectiaire de l'instabilite conditionelle
du deuxieme ordre. Les methodes de parametrisation pour tenir compte de ces effets dans !'analyse de la stabilite indiquent
qu'il y a un surcroit d'energie potentielle du un degagement de chaleur latente, mais, etonnamment, les resultats ne sont pas
tres differents. Les a vis sont partages en ce qui concerne la meilleure echelle de mouvement. Cette divergence est principalement due au fait que Ja plupart des etudes theoriques sont fondees Sur des versions Jineaires des equations qui regissent Jes
phenomenes. Or, le temps necessaire au developpement complet d'une caracteristique l'echelle synoptique ne justifie pas
absolument le recours a !'analyse lineaire.

a

a

Les modeles de la circulation generate utilises pour simuler la croissance des circulations de mousson ne rendent
malheureusement pas bien compte des nombreuses caracteristiques plus nuancees des moussons, notamment de la distribution de la pression et des precipitations, probablement parce que leur resolution horizontale et verticale est inadequate.
En depit des echecs concernant cet aspect de la question, les modeles de la circulation generale sont utiles pour les tests
de sensibilite. On a demontre que les fluctuations de la temperature ala surface de lamer, de !'albedo du sol, de l'hydrologie
du sol et du manteau neigeux ont probablement une influence sur l'intensite des moussons. Les anomalies de la temperature a
la surface de lamer au-dessus du centre du Pacifique indiquent des teleconnexions entre les precipitations de mousson d'une
part et Jes phenomenes qui se produisent au-dessus du Pacifique d'autre part. Neanmoins Jes avis sont partages en ce qui
concerne Jes tests statistiques appropries necessaires pour determiner !'importance d'une modification provoquee par Jes
fluctuations des conditions aux limites. Des integrations long terme avec les anomalies et la comparaison avec Jes resultats
obtenus au cours de passages en machine des fins de contr6le n'ont pas fourni d'informations suffisantes la maniere dont Jes
modeles engendrent des modifications. Malgre cela, Jes teleconnexions sont de plus en plus sur evidentes. II s'agit d'une
constatation interessante, car Sir Gilbert Walker avait avance ii y a de nombreuses annees qu'il existe une oscillation australe
dans !'atmosphere qui tend aher les phenomenes se produisant dans le Pacifique aux precipitation des moussons d'ete par un
renversement zonal agrande echelle.

a

a

a

Les tests de sensibilite effectues avec et sans la barriere l'echelle planetaire de l'Himalaya indiquent qu'en !'absence de
l'Himalaya, ii n'y aurait pas, en general, de brusque mouvement vers le nord du courant-jet d'ouest dans la troposphere
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superieure. II montre egalement qu'en l'absence de la source de chaleur elevee, que represente la plateau du Tibet, la
circulation de Hadley de la mousson d'ete serait beaucoup plus faible. Le flux vertical de chaleur sensible serait alors le seul
mecanisme moteur de la cellule de Hadley et, tres probablement, la mousson reussirait a grande peine a amener les
precipitations d'ete.
Les montagnes d'Afrique orientate accelerent vraiment le courant transequatorial de l'hemisphere Sud vers !'hemisphere
Nord au cours de la mousson d'ete. Le courant transequatorial se presente sous la forme d'un courant-jet a basse altitude au
large de la cote du Kenya. Ce courant-jet est renforce par des discontinuites de vitesse au-dessus du canal du Mozambique et
semble devier de la cote en direction de l'Inde vers 10 °N environ. Les experiences de modelisation pour simuler le courant-jet
sont fondees soit sur la conservation du tourbillon potentiel le long des lignes de courant, soit sur des equations primitives
barotropes correspondant a un seul niveau. Ces modeles ont permis de simuler la maniere dont le jet est devie de la cote apres
avoir parcouru une certain distance au nord de l'equateur. La localisation du courant-jet a egalement ete determinee avec
succes par une equipe de chercheurs franc;:ais au cours d'une experience effectuee aI' aide de ballons a niveau constant !aches
depuis Jes Seychelles et Diego Suarez. La surveillance attentive de la trajectoire des ballons a permis de deceler une association etroite entre la force de pression et la resistance due au frottement pres des configurations des courants equatoriaux, ce
qui indique !'existence d'une couche limite de type advectif tres pres de la cote africaine entre l'equateur et
5°N; au-dessus d'autres regions, eloignees de l'equateur, la trajectoire des ballons met en evidence une couche limite d'Ekman.
Dans Jes recherches consacrees aux effets des barrieres a l'echelle regionale, on a notamment etudie l'ecoulement
au-dessus des Ghats occidentales. On a suppose qu'il engendre des ondes de Rossby descendantes qui, en dernier lieu,
accelerent la cyclogenese a !'est de la barriere. Cependant, Jes a vis sont partages sur cette idee et Jes modeles numeriques n'ont
par permis de mettre en evidences des ondes de Rossby descendantes.
Les moussons produisent un systeme de courants oceaniques de surface unique en son genre, car elles constituent l'une
des rares circonstances dans lesquelles Jes oceans semblent reagir rapidement aux modifications de la circulation
atmospherique. Ce courant est connu sous le nom de courant de Somalie. II s'ecoule vers le nord !ors de la mousson d'ete, puis
inverse sa direction pour s'ecouler vers le sud pendant la mousson d'hiver. II s'installe environ un mois avant l'arrivee des
vents de mousson au-dessus de lamer d'Oman. Si !'on tient compte des modes baroclines, I' analyse theorique indique que ce
courant est le resultat d'un forc;:age a grande distance. Les experiences de modelisation ulterieures accordent plus d'importance au forc;:age dii aux vents locaux qu'a celui des perturbations eloignees. En theorie, dans les premier stades, c'est le
forc;:age local dii a la divergence de la tension du vent qui est plus important, mais ulterieurement, le forc;:age a distance, mesure
par le rotationnel de la tension du vent, prend de !'importance. Le courant de Somalie est associe a de fortes remontees d'eaux
profondes le long du littoral qui provoquent des gradients thermiques importants.
Avant l'arrivee de la mousson, on observe un abaissement general des temperatures a la surface de lamer d'Oman. Ce
phenomene n'a pas ete explique de maniere satisfaisante. On pensait que les remontees d'eaux profondes dues au courant de
Somalie se propagent vers !'est pour refroidir la mer d'Oman, mais les resultats des modeles ne corroborent pas cette idee.
Depuis de nombreuse decennies, les meteorologistes se preoccupent de la prevision a tongue echeance des
precipitations de mousson. Les essais portent sur trois types de previsions:
a) la prevision de la date du debut des precipitations;
b) la prevision de la quantite to tale de precipitations du debut jusqu'a la fin de la saison de mousson; et
c) la prevision de la quantite mensuelle de precipitations.
Les deux premiers types de previsions soot elaborees a !'aide d'equations de regression avec uncertain nombre de precticteurs.
Cette methode a donne d'assez bons resultats pour la prevision de la date du debut de la mousson, mais elle n'est guere
concluante pour la prevision des quantites de precipitations saisonnieres. L'association statistique entre les precipitations et
les phenomenes anterieurs montre de grandes fluctuations dans le temps. On conc;:oit actuellement des modeles autoregressifs
pour prevoir des precipitations saisonnieres et mensuelles. La mise au point de ces modeles en est a ses debuts, mais pour
anticiper Jes precipitations saisonnieres ils ont fourni de meilleurs resultats qu'une equation de regression et on explore leur
utilite en ce qui concerne la prevision des precipitations mensuelles.
La possibilite de prevoir Jes moussons a fait l'objet de recherches interessantes ces dernieres annees. Exprimee sous la
forme d'un rapport entre la variabilite interannuelle et la variabilite naturelle, cette possibilite s'est revelee meilleure au-dessus
des tropiques qu'aux latitudes moyennes. Cette constatation laisse presager un plus grand potentiel de prevision a longue
echeance du comportement de la mousson, mais la theorie indique que ceci est surtout vrai pour la prevision des moyennes
mensuelles. Si l'on reduit l'echelle temporelle, Jes phenomenes meteorologiques sont probablement moins previsibles dans Jes
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zones tropicales. Cette conclusion s'appuie sur des experiences numeriques effectuees avec des modeles de la circulation
generate. Si au depart on a des valeurs moyennes initiates tres differentes et des perturbations aleatoires imposees aux
conditions initiales, !'integration a longue echeance montre qu'il n'y a pour ainsi dire plus de difference apres un mois. II
semblerait qu'apres environ un mois !'atmosphere ne se "souvienne" pas des conditions initiates. A la difference des systemes
des latitudes moyennes, les circulations de Hadley et de Walker sont plus stables pour les moussons. Les fluctuations de ces
circulations decoulent en grande partie de modifications des conditions dans la couche limite inferieure. Si cette hypothese de
base est correcte, ii est possible que Jes futures ameliorations de la performance des modeles dependent de !'amelioration des
methodes de parametrisation.
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HaJaA

TOproBU,bl-MOpennaBaTeJUI

o6Hapy)!(HJ1H

CHCTeMy

llepe):lyIOI.ll,HXCSI
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HaA

I1HAHHCKHM OKeaHOM H npHMbIKaIOlll,HM K HeMy ApaBHHCKHM MOpeM . OKaJaJIOCb, lfTO 3TH BeTpbl AYIOT BOAHOM HanpaBJleHI111 B TelfeHHe rneCTH MecsiueB fOAa H B npOTHBOOOJlO)!(HOM HanpaBnemrn B TelfeHHe OCTaBllIHXCSI
rnecT11 Mernu,es. BeTphI, KOTOph1e MeH.SIIOT csoe HarrpaBneH11e nocTOSIHHhIM o6paJoM c YAHBHTeJlbHOH perynsipHOCThIO Ka)!():lblH fOA, Tenepb o6oemrneHbl nOA o6I.1J,HM Ha3BaHHeM MYCCOHbl. 3TO CJlOBO npOH30IJ1JlO OT apa6CKOfO CJlOBa, OJHalfaIOru,ero ,,Ce3oH".

B

1686 r.

aHrnHHCKHH acTpOHOM 3AMOHA

X3nntt

BhICKaJan HAeIO, Y:TO pa3J1Hl£Hoe HarpeBaH11e JeMn11 H

OKeaHOB MO)!(eT SIBJlS!TbOI OCHOBHOH npHlfHHOH MYCCOHHbIX BeTpOB. TioBepXHOCTb 3eMJlH pearttpyeT HaMHOfO
6bICTpee, lfeM OKeaHbl Ha COJlHelfHOe H3JlYlfeHHe BCJleACTBHe TOfO, lfTO OHa o6na):laeT MeHbilleH TennoeMKOCTblO.
bOJlbillaSI TennoeMKOCTb BOAbl

COBMeCTHO c

6onee rny6oKHM npoHHKHOBeHHeM COJlHelfHOfO H3J1YlfeHHSI

npHBOAHT K 6onee Me):(JleHHOH peaKU,HH OKeaHOB Ha nocTyna10ru,ee COJIHelfHOe H3JlylfeHHe.

TepMHlfeCKHe rpa):ltteHTbl, KOTOpbie B03HHKaIOT B pe3yJlbTaTe paJJlHlfHOfO BpeMeHH peaKU,HH 3eMJlH H
OKeaHOB, npHBOASIT K CHCTeMe BeTPOB, KOTOpbie AYIOT c MOPSI Ha cyrny B TelfeHHe JleTa B CesepHOM nonywapHH
H c CYWH Ha Mope B TeY:eHHe 3HMbl B CesepHOM rronyrnapHH. 0HH SIBJlS!lOTCSI JleTHHMH H 3HMHHMH MYCCOHaMH .
fleTHHe MYCCOHbl Hatt6onee SlpKO npOSIBJlSIIOTCSI BO BpeMSI JleTHero COJlHU,eCTOSIHHSI, B TO BpeMSI KaK 3HMHHe
MYCCOHbl o6na):laIOT HaH60JlhilleH HHTeHCHBHOCTblO BO BpeMSI JHMHero COJlHUeCTOSIHHSI .

MyccOHHaSI u,ttpKymru,ttSI ttMeeT 6onhrnoe 3HaY:eHtte AJlSI MHOr11x cTpaH AJHH H Act>pMKH scneACTBMe cnoco6 HOCTH MYCCOHOB Bbl3bIBaTh ceJOHHbie AO)!()lH . CeJlbCKOe X03SIHCTBO H nonOJrneHHe BOAHblX pecypcoB B 60JlbillOH
CTeneHH JaBHCHT OT MYCCOHHbIX AO)!():leH . 3KOHOMHKa MHOfHX CTpaH 3aBHCHT OT CBOespeMeHHOfO BbinaAeHHSI
11 nocneAy10mero pacnpeAeneHMSI ocaAKOB.

I1HTeHCHBHOCTb H npOAOJl)!(HTeJlhHOCTb MYCCOHOB JaBHCHT OT MHOfHX ct>aKTOPOB. OporpacPHSI, KOHBeKUHSI
BJlarH H CKpbITaSI TennoTa, BhIAeJlSleMaSI npH npespameHHH BOASIHOfO napa B )l0)!()lb, SIBJlSll-OTCSI Hatt6onee Ba)!(HbIMH xapaKTepHCTHKaMH, KOTOpble BOJAeHCTBYIOT Ha TpaeKTOPHl-0 MYCCOHHbIX BeTpOB.

Ha rno6anbHbie MYCCOHbl AOMHHHPYI011J,ee BJlHSIHHe OKa3bIBaeT KpynHOMaCIJ1Ta6HM 1J,HPKYJ1Slll,HSI B JOHaJlbHOH
H MepMAHOHaJlbHOH OJlOCKOCTSIX. B pe3yJlhTaTe AOCTynHaSI noTeHU,HaJlbHaSI 3HeprHSI nepeXO,UHT B KHHeTHlfeCKYIO
3Hepr111-0 ,UBH)!(eHHSI. KpynH0MacwTa6HaS1 U.HPKYJlSIU,HSI B Mep11,attoHanhHOM rrnocKOCTH HJBeCTHa KaK S1lfei1Ka
ra,aJleSI, B TO BpeMSI KaK aHanOfHY:HaSI U,HpKyJISIU,HSI B 30HaJlbHOH OJlOCKOCTH H3BeCTHa ITO,[( Ha3BaHHeM SllfeHKH
BonKepa . llMPKYJlSIU,HH ra,aneSI H BonKepa IIOA,Uep)!(HBalOTCSI Ja ClfeT Hea,a11a6aTHY:eCKOro HarpeBaHHSI, KOTOpoe
,aeMOHCTpttpyeT xapaKTepHoe Bb1paBHHBaHtte.

Cyru,ecTBYeT ceBepO-J-O)!(HOe ,UBH)!(eHMe Hea,a11a6aTttlfeCKHX

HCTOlfHHKOB H CTOKOB B OTBeT Ha ,UBH)!(eHHe COJlHUa.

BocXO,USII.ll,He BeTBH 3THX U,HPKYJlSIU,HM pacnOJlO)!(eHbl Ha,[( HCTOY:HHKaMH Terrna. ,LlJlSI JleTHero MYCCOHa
Ttt6eTCKOe IIJlaTO, pacnOJlO)!(eHHOe B ceBepHOH Y:aCTH I1H,UHH, SIBJlSleTCSI OCHOBHbIM HCTOY:HHKOM Terrna, B TO
BpeMSI KaK Ha 3HMHHH MYCCOH ,UOMHHHPYIOI.ll,ee BJlHSIHHe OKaJbJBaeT CKPhITOe Terrno, BbICB060)!(,UaIOru,eecSI Ja
CY:eT

KOHBeKU,HH

BJlarH

Ha,[(

paH:oHaMH

OKeaHa,

OKpy)!(aJ-OI.ll,HMH

l1H,UOHeJHIO

H

ManaH3HI-O.

TIOTOKH

onycKaIOru,eroCSI BOJ,Uyxa U,HpKyJlSIUHH ra,anesi pacnonaraIOTCSI no6JlH30CTH OT KpynHhIX aHTHU,HKJlOHOB. ,LlJlSI
neTHero MYCCOHa OHH pacnonaraIOTCSI no6JlHJOCTH OT MacKapeHCKOH o6naCTH BbICOKOfO ,aaBJleHHSI K 10ry OT
3KBaTopa,

B

TO

BpeMSI

KaK

onyCKaIOI.ll,aSICSI

BeTBb

3HMHero

MYCCOHa

pacnOJlO)!(eHa

Ha,[(

CH6HpCKHM

aHTHU,HKJlOHOM . ,LloKaJaTeJlbCTBO U,HPKYJlSIU,HH ra,aJleSI H BonKepa o6Hapy)!(eHO TaK)!(e H Ha,[( TeppMTOptteH
3ana,UHOH Act>pHKH. Bocxo,asiru,aSI BeTBb UHPKYJlSIUHH ra,aJleSI pacnOJlO)!(eHa Ha,U CaxeJlbCKHM perHOHOM, B TO
BpeMSI KaK HHCXO,USII.ll,aSI BeTBb 3TOH UHPKYJlSll(HH npOSIBJlSleTCSI B ct>opMe IOf0-3ana,UHOfO nOTOKa B6JUl3H
rro6epe)!(bSI 3ana,aHoi1: AcPPHKH . I1HTepecHoH oco6eHHOCThIO UHPKYilSlll,HH BonKepa B neptto,a JleTHero MyccoHa
SIBJlSleTCSI ee HHCXO,[(Sllll,HH noTOK. OH Ha6JlI-O,UaeTCSI Ha,[( nonyJacyllIJIHBblMH perHOHaMH cesepo-3ana,UHOH
I1H,UHH . 3TOT paMOH rronylfaeT COJlHeY:HOH pa,aMaU,HH 60Jlbille HOpMbl, HO SIBJlSleTCSI TeM He MeHee HCTO'lHHKOM
pa,a11aU,HOHHOro CTOKa B CBSl3H c Bbl CO KOH OTpa)!(aJ-OI.ll,eH cnoco6HOCTbl-O IIO'lBbl. KoMrreHCaU,HSI OXJla)!(,UeHHSI,
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Apas1111

nO)lTBep)!()laJOT Ha.Jil1'!11e Hl1CXO)l51llll1X )lBl1)!(eHl1H B 3Ha<rnTenbHOH '!aCTl1 Tporroccllepb!.

Oco6eHHOCThJO

aTMoccllepbI,

KOTopaH

cymecTBeHHO

pear11pyeT Ha ce30HHoe rrepeMemeH11e conHua

s

HarrpasneHl111 cesep-IOr, 51Bn51eTC51 BHYTPl1TPOI111l!ecKa51 30Ha KOHBepreHU1111 (B3K). 0Ha rrpe)lCTaBnHeT co6oi1:
30HY cn11HHHH rraccaTOB cesepHoro 11 JO)!(HOro rrorrywap11i1:. B Tel!eH11e neTa B3K )lB11raeTCH Ha cesep OT
3KBaTopa, O)lHaKO IlOKa ew.e He 51CHO, Tep51eT n11 OHa B KOHel!HOM C'leTe CBOH Bbipa)!(eHHbIH xapaKTep 11Jll1
cmrnaeTrn c pacw11peHHOH no)!(611HOH B Hl1)!(Hei1: Tporroccilepe.

Ha neTHl1H 11 3HMHl1H MYCCOH )l0Ml1Hl1PYJOlllee BJil151Hl1e OKa3bIBaJOT KpyrrHbJe U11KJIOHl1l!eCKHe Ul1PKYJI51U1111
s sepxHett Tporroccllepe. K cesepy 11 K JOry OT aHT11U11KnOHOB Ha6nJO.uaJOTC51 CTPYHHbie Tel!eH11H. Tiepsoe 113
Hl1X Ha3bIBaeTC51 3arra)lHbIM CTPYHHbIM Te'leHl1eM, a BTOpoe - BOCTO'!Hb!M CTPYHHbIM Tel!eHl1eM. Tiepe)l caMbIM
Hal!a.JIOM YCTaHOBneHl151 neTHero MYCCOHa xapaKTepHOH qepTOH 51Bn51eTC51 51pKO Bbipa)!(eHHOe rrepeMew.eH11e Ha
cesep 3arra)lHoro CTPYHHoro Tel!eH11H.

Per110Ha.JihHb1e oco6eHHOCTl1 MYCCOHOB CBH3aHbI

c KpyrrHOMacwTa6HbIMl1 113MeHeHl151Ml1 HarrpasneH11H

ITOTOKOB B03.UYIUHbIX Mace, rrpe)lCTaBJieHHbJM11 U11PKYJI51Ul151Ml1 ra.une51 11 BonKepa, HO MeXaHH3M 11X COI1p51)!(eHl151 B HacToHw.ee speMH eme He rroHHT .uocTaTO'lHO xopowo. KpaTKOrrep110.UHb1e Kone6aH11H B Bb1I1a)leH1111
oca)lKOB B Tel!eH11e MYCCOHHbIX Ce30HOB Bbl3bIBaJOTC51 Cl1HOI1Tl1l!eCKl1Ml1 B03Myw.eHl151Ml1, pa3Mepbi KOTOpbIX
51BTI51JOTC51 MeHbill11Ml1 ITO cpaBHeHl1lO

c

6onee KPYI1Hb!Ml1 U11PKYTI51U1151Ml1 ra)lneH 11 BonKepa.

Ba)!(HOH

per110Ha.JibHOH xapaKTepl1CTl1KOH 51Bn51eTC51 Y.U11Bl1TenbHa51 perynHpHOCTb Hal!a.Jia ycTaHOBneHl151 MYCCOHOB.
Harrp11Mep, CTaH)lapTHOe OTKnOHeH11e OT .uaTbl Hal!arra )l0)!()leJ.l:, CB513aHHbIX c neTHl1M MYCCOHOM, Ha)l caMOH
JO)!(HOH OKOHel!HOCTblO l1H)ll111 COCTaBnHeT scero rropH)lKa He)len11. Ba)!(Hb!M pe3ynbTaTOM, KOTOPbIH 6brn
rronyl!eH Ha OCHOBe He)laBHO 3asepweHHOro MYCCOHHOro 3KCrrep11MeHTa (MOH3KC), ocymecTBneHHOro B

1978-79 rr.,

6binO He0)!(11)laHHOe ysen11l!eH11e Kl1HeT11l!eCKOH 3Hepr1111 B MYCCOHHbIX BeTpax HeCKOTibKO paHbille

Hal!a.Jia YCTaHOBJieHl151 MYCCOHOB. TaKoe ysen11l!eH11e Ha6nJO)laJIOCb B Te'leH11e HeCKOTibKl1X )lHett. l1MeJOTC51
pa3nl1l!Hble MHeHl151 B OTHOWeHl111 MexaHl13Ma, 51Bn51JOlll,eroc51 rrpl1lll1HOH cyw.ecTBeHHOrO rrpeo6pa3oBaHl151
11MeJOlll,eHC51 IlOTeHU11aJibHOH 3Hepr1111 B Kl1HeT11l!eCKyJO 3Hepr11JO BO BpeM51 Hal!arra YCTaHOBneHH51 MYCCOHOB.
bbinO

rrpe)lnO)!(eHO

YCTaHOBneHHH

C'll1TaTb

MYCCOHa,

B03MO)!(Hb!M

6apoTpOI1HYJO

MexaHl13MOM,

HeCTa611nbHOCTb,

Be)lyllll1M
O)lHaKo

K

o6pa30BaHl1lO

MHeHl151

Bl1XP51

pa3)len11n11Cb

B

Hal!arre

OTHOCl1TenbHO

cyw.ecTBOBaHl151 TaKoro Bl1Xp51 .
113 )lpyrHX per110HarrbHbIX oco6eHHOCTett Ha116onbwee BHl1MaH11e 6bIJIO y)leneHO o6pa3oBaHl1lO MYCCOHHOH
no)!(611Hbl

Ha

Hl13KOM

YPOBHe,

pacrrpocTpaHeHl1lO

B

3arra)lHOM

HarrpasneHl111

MYCCOHHbIX

.uerrpecc11J.l:,

3KBaTOpl1arrbHbIM BOnHaM 11 cpe)lHeTporroccllepHbIM U11KnoHaM. 3Tl1 Cl1CTeMbl, KaK rrpe)lCTaBn51eTC51, )lOTI)!(Hbl
BKTIJO'laTbC51 B pattOHbl Mepl1)ll10HaJibHOro 11 sepTl1Ka.JlbHOro C)lBl1ra ITOTOKOB. B
11ccne.uosaHl15!

11MelOT

TeH)leHUHJO

KOHUeHTPl1POBaTb

BHl1MaH11e

Ha

pe3ynhTaTe rrocne.uHne

KOM611Hau1111

6apoTpOI111l!eCKOH

11

6apOKnl1HHOH HeCTa6HJibHOCTl1. 0)lHaKO HMeJOTC51 TaK)!(e )lOKa3aTenhCTBa Toro, 'ITO HeKOTOPhie 113 3THX Cl1CTeM
51Bn51JOTC51 OCTaTKaM11 B03Mylll,eHl1H, )lBl1raJOllll1XC51 B 3arra)lHOM HarrpasneHl111 OT Tex Tepp11Top11i1:, Ha)l
KOTOpb!Ml1 11MeeT MeCTO MYCCOHHa51 UHPKYTIHU1151.

11ccne.uosaHl151 6apoTpOITHOH HeyCTOH'll1BOCTl1 6bIJil1 cocpe)lOTO'leHbl Ha o6Hapy)!(eHl111 TO'leK rreper116a Ha
rrpocll11n5!X a6conJOTHOro 11 ITOTeHU11a.JlbHOro Bl1Xp51 CKOPOCTl1. B nyqweM crryqae 3TO TOTibKO Heo6XO)ll1MOe
ycnos11e cyw.ecTBOBaHl151 HeCTa611nhHOCTl1, 11 3TO Heo6XO)ll1MOe ycnos11e BbII10JIH51eTC51 Ha)l MHOrl1Ml1 'laCT51Ml1
pattOHOB c MYCCOHHbIM pe)!(l1MOM. BTopoe Heo6XO.U11MOe ycnos11e, KOTOpoe Tpe6yeT I10311Tl1BHOH KoppenHUl111
Me)!()ly cpe)lHl1M ITOTOKOM 11 Mepl1)ll10HaJibHbIM rpa)ll1eHTOM cpe.uHero Bl1Xp51 CKOPOCTl1, He 6bIJIO 11ccne)lOBaHO .
.UOCTaTO'lHO ITO)lpo6HO. COOTBeTCTBeHHO TPYJlHO oueHl1Tb OTHOCl1TenbHYJO Ba)!(HOCTb 6apoTpOI111'leCKOH H
6apoKnl1HHOH

HeCTa611nbHOCTl1

)ln51

MYCCOHHblX u11pKynHUl1H.

Tipeo6pa30BaH11e 3Hepr1111

rrpe)lnorraraeT

.UOMl1Hl1PYJOlllee Bnl151Hl1e 6apoKnl1HHOH HeCTa611nbHOCTl1 B HeKOTOpbIX cnyl!a51X.
bb!Jll1

c.uerraHbl

I10ITbITKl1 onpe)lenl1Tb,

HaCKOnbKO

Cl1TibHO

Bnl1HeT Ha KOM61rnnpoBaHHbIH MeXaHl13M

6apoTpOITH0-6apoKnl1HHOH HeyCTOH'll1BOCTl1 Bna)!(Ha51 KOHBeKU1151 11 TpeH11e B norpaHl1l!HOM

cnoe qepe3 ycnoB-

HYJO HeycTOH'lHBOCTb BToporo po)la. CxeMbI rrapaMeTp113au1111, rrpe)lHa3Hal!eHHbie )lJIH BKnJO'leH11H 3Tl1X
3cPcPeKTOB B aHarrl13 CTa611nbHOCTl1, yKa3bIBaJOT Ha HaJil1'!11e .uorronHl1TenbHOH IlOTeHU11aJibHOH 3Hepr1111 3a C'leT
BbICB060)!()leHl151 CKpb!TOH TerrnOTbl, O)lHaKO pe3ynbTaTbl, KaK 3TO Hl1 Y)ll1Bl1TenbHO, He Ol!eHb OTTil1'laJOTC51.
ECTb pa3n11l!HbJe MHeHl1H B OTHOWeHl111 npeo6na)laJOlllero MaCWTa6a )lBl1)!(eHl1H. 3TO, rnaBHbIM o6pa30M,
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CBH3alf0 c TeM, 'ITO 60Jibilll1HCTBO TeOpeTl1'leCKHX 11CCJie)loBaHl1H OCHOBb!BaJil1Cb Ha Jil1HeHttbIX BapMaHTaX OCHOBHb!X ypaBHeHMH. BpeMH, He06XOJll1MOe JlJIH nOJIHOrO pa3Bl1TMH HBJieHl1H Cl1HOfITl1'leCKOro MaCWTa6a, CTporo
rro)lTBep)K,llaeTrn mrnet'!HbIM aHanM30M .

Mo)leJIM o6mei1 U.MPKYIIHU.11M 6bIJil1 McrroJib30BaHbI JlIIH MM11Tau,1111 pa3B11Tl1H MYCCOHHbIX UMPKYJIHUMH . K
CO)KaJieHmo, OHM 6bIJil1 He O'leHb xopow11 c TO'lKl1 3peHl1H OXBaTa MHOr11x MeJIKMX )leTaJiet'! MYCCOHHOH
UMPKYJIHu,1111, B oco6eHHOCTl1 B OTHOWeH1111 pacrrpe,lleJieH11H naBJieH11H 11 ocanKoB . BepoHTHO, 3TO CBH3aHo c
Hey)lOBJieTBOPMTeJihHbIM ropl130HTaJibHbIM M BepTl1KaJlbHbIM pa3peweH11eM.

HecMOTPH Ha He,llOCTaTO'lHbIH ycnex B 3TOM OTHOWeHl1M, MO)leJI11 o6mei1 UMPKYJIHI.J,11M 6bIJIM none3Hb!MM
)lJIH 11CflbITaHMH peaKI.J,MM 11JIM 'lYBCTBMTeJibHOCTl1. bblJIO rrpo,lleMOHCTPl1POBaHO, 'ITO KOJie6aHMH TeMnepaTypbi
fIOBepXHOCTM MOpH, anb6eno nO'lBbl, r11)lpOJIOrM11 cyum 11 CHe)KHOrO fIOKpoBa, BepOHTHO, )lOJI)KHbl OKa3bIBaTh
BJIHHHMe Ha 11HTeHCHBHOCTb MYCCOHOB . AHoManMM B TeMnepaType fIOBepXHOCTl1 MOpH Ha)l u,eHTpaJibHOH '!aCTblO
TMx oro OKeaHa YKa3bIBaIOT Ha conpH)KeHHOCTb rrpou.eccoB Me)K)ly MYCCOHHbIMl1 ocanKaM11, c OJlHOH CTOPOHbl,
11 MeTeoponorM'leCKMMM HBJieH11HMM Ha)l TMXMM oKeaHoM -

c ,llpyrot'! . OnHaKo MMeIOTrn pa3Hbie MHeHMH B

OTHOWeHMl1 COOTBeTCTBYIOilll1X CTaTl1CTl1'leCKl1X TeCTOB,

He06XO)lMMbIX )lJIH YCTaHOBJieHMH 3Ha'lMMOCTM

113MeHeHMH, Bbl3bIBaeMbIX KOJie6aHl1HMM B norpaHl1'lHbIX YCJIOBl1HX . I1HTerp11poBaHMe Ha 60JibllJl1e cpOKl1 c
aHOMaJI11HMM 11 cpaBHeHl1H c KOHTPOJibHbIMl1 pac'!eTaMM c IlOMOillbKl MO)leJiet'! He npe,llOCTaBMJIM a,lleKBaTHOH
MHCpopMaI.J,11M B OTHOWeHHM Toro, KaKHM o6pa30M Bbl3b!BaIOTCH 113MeHeHHH, rronyqaeMbie H3 MO,lleJil1 . HecMOTPH
Ha 3TO orpaHl1'leHMe, HMeeTrn JlOCTaTO'lHO cepbe3HOe )lOKa3aTeJibCTBO B3al1MOCBH3aHHOCTM npoueccoB. 3TO
11HTepecHO nOTOMY' 'ITO MHOro JieT TOMY Ha3a)l C3pOM .D:)KMJib6epTOM BonKepoM 6brna Bbl)lBMHyTa M)leH 0
TOM, 'ITO HMeeTCH l{))KHOe KOJie6aHMe B aTMOccl>epe, KOTOpoe HMeeT TeH)leHll,11l{) CBH3bIBaTb MeTeoponorM'leCK11e
HBJieHl1H B TI1XOM OKeaHe c ocanKaMM, Bb!Ila)laKlIU11MM B Te'!eHMe JleTHero MYCCOHa 3a cqeT KPYfIHOMaCWTa6HOH
30HaJibHOH U.MPKYJIHI.J,1111 .
lfccJie)lOBaHMH 'lYBCTBl1TeJibHOCTM C y'leTOM 11 6e3 y'leTa rMMaJiaHCKOfO 6apbepa nJiaHeTapHOrO MaCWTa6a
)lal{)T OCHOBaHMe nonaraTh, 'ITO eCJil1 6bi r11ManaeB He 6bIJIO, TO pe3Kl1H noBOPOT Ha ceBep 3ana)lHOro
CTPYHHOro Te'leHl1H B BepxHei1 Tponocct>epe B OCHOBHOM 6bi OTCYTCTBOBan . OHM TaK)Ke yKa3bIBaKlT Ha TOT
<PaKT, 'ITO rrp11 OTCYTCTBMl1npMnO)lHHTOro11CTO'lHMKa Tenna, KaKl1M HBJIHeTCH T116eTCKOe nJiaTO, U11PKYJIHll,11H
ranneH B XO)le JieTHero MYCCOHa 6bIJia 6bI 3Ha'lMTeJibHO cna6ee . BepTl1KaJibHbIH nOTOK HBHOro Tenna 6bIJI
6bi TOr)la e)ll1HCTBeHHOH )lBM)Kymet'! CMJIOH JlJIH H'leHKM ranneH, 11, no Beet'! BepoHTHOCTl1, MYCCOH BPHJl JIM
CMOr 6bi OKa3bIBaTb 3cPcPeKTl1BHOe BJIMHHMe, npl1HOCH JieTHMe oca)lKM.

ropbl BOCTO'lHOH AcPpMKM O'leHh 3cPcPeKTMBHO YCKOPHKlT IlOTOK, nepeceKa!OW:MH 3KBaTop 11 )lBl1)KYilll1HCH
113 IO)KHOro B CeBepHoe nonywap11e B Te'leH11e neTHero MyccoHa. IloTOK, nepeceKaKlm11i1 3KBaTop, noHBJIHeTCH B Bl1)le CTpyHHOro Te'leHWH Ha Hl13KOM YPOBHe B6Jil1311 no6epe)KbH KeHl1M. 3TO CTpyHHOe Te'leH11e YCMJIHBaeTCH
nocTeneHHbIMM 113MeHeHl1HMl1 naBJieH11H B pai1oHe Mo3aM6MKCKOro npon11Ba 11, KaK npe,llcTaBJIHeTCH, )lOJI)KHO
OTKJIOHHTbCH B CTOPOHY OT no6epe)KbH B pat'!oHe l0 ° c . w. B HanpaBJieH11M K I1H)lMM . 3KcrrepMMeHTbl no
MO)leJI11poBaHMl{) CTPYHHOro Te'leHMH OCHOBb!BaJil1Cb Ha coxpaHeHl1M noTeHI.J,11aJibHOH CKOPOCTl1 B,llOJib JI11Hl1H
TOKa 11Jil1 Ha O)lHOYPOBeHHbIX np11MMTl1BHbIX 6apoTpOnHbIX ypaBHeHMHX . 3Tl1 MO)leJil1 ycneWHO npoHBl1JIM ce6H
npM 11MMTaI.J,1111 OTKJIOHeHMH CTpyt'!Horo Te'!eHl1H OT no6epe)KbH, nocne TOro KaK OHO npowno HeKOTOpoe pacCTOHHMe Ha

ceBep

OT

3KBaTopa .

Bb1paBH11BaHMe CTpyi1Horo

TeqeH11H TaK)Ke

ycnewHo

6brno

oXBa'leHo

3KcnepMMeHTOM c wapaMM nocTOHHHoro ypoBHH, 3anycKaeMbIMM c Cei1weJibCK11x ocTpOBOB 11 .Ll:Mero Cyapeca
rpynnot'! y'leHbIX M3 <l>paHll,MM . TmaTeJibHbIH MOHl1TOPl1Hr nyTH CJie)lOBaHl1H wapoB npe,llnonaraeT TeCHYIO
B3al1MOCBH3b Me)K)ly CMJIOH rpa,llMeHTa )laBJieHl1H 11 Cl1JIOH TpeHl1H OKOJIO xapaKTepHbIX 3KBaTOPl1aJibHbIX
nOTOKOB. 3TO npennonaraeT HaJI11q11e norpaHl1'lHOro CJIOH anBeKTl1BHOro T11na BeCbMa 6Jil13KO K no6epe)Kbl0
Acl>p11K11 Me)K)ly 3KBaTopoM 115°C. ill.; Ha)l ,llpyrl1Ml1 pailoHaMl1 B CTOPOHe OT 3KBaTopa Ha OCHOBaHl111 paC'leTOB
TpaeKTOPl1H wapoB 6brna noJiy'leHa 11HcPOPMaI.J,11H 0 HaJIMqM11 norpaHl1qHoro CJIOH 3KMaHa .
B OTHOWeHl111 npyr11x 6apbepoB per110HaJibHOrO MacwTa6a 6bIJIO y)leJieHO BHl1MaH11e nOTOKY Hall 3ananHb!Ml1 raTaMl1 . bbIJia BbICKa3aHa ,llOra)lKa 0 TOM, 'ITO 3TOT 6apbep reHepMpyeT BHH3 no nOTOKY BOJIH Pocc611,
KOTOpble B KOHe'lHOM 11TOre YCKOpHKlT I.1,11KJIOreHe3 c BOCTOqHOH CTOPOHbl 6aphepa. OnHaKO MHeHl1H B OT HOWeHl111 3TOH )lOra)lKl1 pa3,lleJil1Jil1Cb, a c noMOW:blO 'll1CJieHHbIX MO)leJiei1 o6Hapy)!(l1Tb Hl1CXOJlHIU11e BOJIHbl
Pocc611 He YLlaJIOCb.

3a C'leT B03)leHCTBl1H MYCCOHOB C03)laeTCH Cl1CTeMa TeqeH11H B OKeaHe, KOTOPaH HBJIHeTCH YHHKaJibHOH B CBH311
c TeM, 'ITO OHa npencTaBJIHeT co6oi1 0Jll1H 113 He60JibWOro KOJIM'leCTBa np11MepoB Toro, KOr)la OKeaHbl, KaK
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rrpe)lCTaBrnieTCH, 6bICTPO pearnpylOT Ha H3MeHeHJrn UHPKYnHI.(HH aTMocct>epbi. 3TO HBneHHe H3BeCTHO KaK
CoManHHCKOe Tel!ett11e. Otto Te'leT Ha ceBep B Tel!eHHe rrep11ona neTHero Myccotta, HO MeHHeT cBoe ttarrpaBnett11e
Ha o6paTHOe 11 Te'leT K I-Ory B Tel!ett11e rrep11ona 3HMHero Myccotta. Otto ycTaHaBnHBaeTCH rrp116n113HTenhHO
3a Mee.HU no tta'laJia MYCCOHHhIX BeTpOB Han ApaBHHCKHM MopeM. TeopeT11l!ecK11H: attanH3 rrpenrronaraeT, 'lTO
'.3TO HBn.HeTCH pe3ynhTaTOM B03)leHCTBHH co CTOPOHhl rrpouecCOB, rrpoTeKalOIUHX Ha 3Ha'll1TenhHOM ynaneHHl1,
B TOM

cnyqae,

ecnH

paccMaTpHBalOTCH

6apoKnHHH'leCKHe pe)!(HMhl.

nocnenyJ-OIUHe 3KCrrep11MeHThl

ITO

MO)len11poBaHHlO IlO)ll!epKHBalOT Ba)!(HOCTh B03)leHCTBHH CKOpee noKanhHhIX BeTpOB, 'leM B03)leHCTBHH co
CTOPOHhl OT)laneHHhIX B03MYIUeHHH. CornaCHO TeOpHH rrpenrronaraeTCH, 'lTO B rrepBoHa'lanhHhIX CTa)lHHX
MeCTHOe B03)leHCTBHe, Bbl3bIBaeMoe )lHBepreHu11eH: TpeHHH,
OT)laneHHOe

B03)leHCTBl1e,

orrpenernreMoe

113MeHeHHeM

HBn.HeTCH 6onee Ba)!(HbIM,

)lHBepreHU1111

TpeHHH,

O)lHaKO Il03)lHee

CTaHOBHTCH

Ba)!(Hb!M.

CoManHHCKOe Te'leHHe CB.H3aHO c CHnhHbIM 6eperOBbIM arrnenmnrroM, KOTOPbIH Be)leT K Cl1nhHbIM TepManbHblM
rpan11 eHTaM.
)lo ycTaHOBneHIDI MYCCOHa Ha6nJ-O)laeTCH o6mee IlOHH)l{eHHe TeMrrepaTypbi IlOBepXHOCTH MOPH B ApaBHHCKOM
Mope. CTpenrronaranoch, 'lTO rronttHMaJ-Om11ecH BOJlhI 113 CoMan11H:cKoro Te'leHHH pacrrpocTpaHHJ-OTCH Ha BOCTOK
11 oxna)!(naJ-OT ApaBHHCKoe Mope . OnttaKo pe3ynhTaThI, rroKa3brnaeMbie MonenhJ-O, He rronnep)!(HBaJ-OT 3TOH
H)leH.

)lonrocpO'lHhIH rrporH03 MYCCOHHbIX oca)lKOB rrp1rnneKan BHl1MaH11e MeTeoponorOB B Te'leHHe MHOrHX
neC.HTHneTHH. )lenanHCb IIOIIbITKH rOTOBHTb rrporH03 Tpex THIIOB:
oca)lKOB,

(ii)

(i)

rrporH03 B OTHOilleHHH Hal!ana )laTbl

o6mee KOnH'leCTBO oca)lKOB B Te'leHHe Bcero ce30Ha MYCCOHOB H

(iii)

MeCH'lHbIH rrpOrH03 oca)lKOB.

CTepBbie )lBa THIIa rrporH030B OCHOBaHbl Ha ypaBHeHHHX perpecCHH c p.H)lOM rrpe)lHKTOpOB.
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B OTHOilleHHH

3THX rrporH030B 6brn )lOCTHrHyT pa3yMHhIH ycrrex B OTHOilleHHH rrporH03HpOBaHHH naTbl ycTaHOBneHHH, HO
OHl1 6hrnl1 He Ol!eHh ycrrellIHbIMH B OTHOilleHHH rrporH03HpOBaHHH ce30HHhIX CYMM oca)lKOB. CTaTHCTH'leCKaH
B3aHMOCBH3b Me)!()ly ocanKaMH H rrpe)lllleCTBYlOIUHMH co6b!THHMH IIOKa3bIBaeT 6onhll1He KOne6aHHH BO
BpeMeHH . B ttacTOHIUee BpeMH pa3pa6aThIBaJ-OTCH aBToperpeccHBHbie Monen11 nnH pacl!eTa ce30HHhIX 11 MeCH'lHhIX ocanKoB. Bee 3TO HaXODHTCH eme Ha patttteH: cTan1111, onttaKo pa6oTano ny'lllle, l!eM ypaBHeHHe
perpecc1111 nnH O)l{H)laeMbIX ce30HHhIX ocanKoB. OrrpeneneHHhie ycrreXH B OTHOI1Iett1111 MeCH'lHbIX ce30HHhIX rrpo rH030B HOCHT IIOKa l!TO 3KcrrepHMeHTMbHbIH xapaKTep.

CTporH03HpyeMOCTb MYCCOHOB HBHnacb BOilpOCOM HHTepeCHhIX HCCne)lOBaHHH B rrocne)lHHe rO)lhl. CTporH03HpyeMOCTb, H3MepHeMaH B BH)le COOTHOilleHHH Me)l{rO)lOBOH H ecTeCTBeHHOH H3MeH'lHBOCTH, cornaCHO
Ha6nJ-O)leHHHM HBnHeTCH 6onbllleH B TPOilHKax, l!eM B cpe)lHl1X IlIHPOTax. B TO BpeMH KaK 3TO yKa3bJBaeT Ha
6onblllHH IIOTeHUHan nonrocpO'lHOro rrporHo3a MYCCOHHOH UHPKYnHUHH, TeOpHH rrpenrronaraeT, 'lTO 3TO, rnaBHhIM o6pa30M, crrpaBenn11Bo nnH rrporH03a cpentteMeCH'lHhIX BenH'lHH . B MeHbllll1X BpeMeHHbIX MaCillTa6ax
TPOIIHKl1, BepOHTHO, Mettee rrpencKa3yeMbl. 3TOT Bh!BO)l OCHOBaH Ha 'lHCneHHbIX 3KCrrepHMeHTax c MO)lenHMH
o6meH: u11pKynHUHH. Ha'lHHaH c pa3nH'lHhIX rrepBOHal!anbHhIX cpentt11x BenHl!HH 11 co cnyqaftHhIX B03MyrueHHH,
HanO)!(eHHbIX Ha Ha'lanbHbie COCTOHHHH, HHTerp11poBaH11e Ha 6onbllIHe cpOKH IlOKa3bIBaeT, 'lTO BPHJl nH eCTh
KaKoe-n1160 pa3nwme rrocne pacl!eTa Ha MecHu. CTpencTaBnHeTCH, 'lTO aTMocct>epa He coxpaHHeT CB.!1311 c rrep BOHal!anbHhIM COCTOHHHeM no HCTe'leHHH Mee.Hua. B OTnHl!He OT cpenHelll11pOTHb!X CHCTeM, UHPKYnHUHH ranne.H
11 BonKepa HBnHJ-OTCH 6onee cTa611nhHhIMH nnH MyccoHoB. Kone6aHHH B 3THX u11pKynHUHHX HBnHJ-OTCH, rnaB HhIM o6pa30M, pe3ynhTaTOM H3MeHeHHH B HH)!(HerpaHH'lHhIX ycnOBHHX. EcnH 3Ta OCHOBHaH rrpenrrochrnKa
HBn.HeTCH rrpaB11nbHOH, Torna B03MO)l{H0, l!TO 6ynymee ynyl!IlleHHe B cPYHKUHOHHPOBaHHH MO)leneH: 6yneT
3aBHCeTb OT ny'llllHX cxeM rrapaMeTPH3aUHH .

RESUMEN
Race muchos siglos los navegantes descubrieron un sistema de vientos alternativos sabre el oceano Indico y el vecino
mar Anibigo. Estos vientos parecian fluir en un sentido durante seis meses del afio yen sentido contrario durante el resto del
afio. Los vientos que invierten su direccion de manera persistente y sorprendente regularidad cada afio reciben el nombre
colectivo de monzones. El nombre proviene de una palabra arabe que significa 'estacion'.
En 1686, un astronomo ingles, Edmund Halley, sugirio que el diferente calentamiento de la tierra y de los oceanos
constituia la causa primordial de los vientos monzonicos. Indico que la superficie terrestre posee una capacidad de reaccion a
la radiacion solar mucho mas rapida que los oceanos debido a su menor capacidad calorifica. El efecto combinado de la
mayor capacidad termica del agua y la mayor penetracion de la radiacion solar en esta aminoran la capacidad de reaccion de
los oceanos con respecto a la radiacion solar entrante.
Los gradientes termicos causados por los diferentes tiempos de respuesta de la tierra y de los oceanos dan lugar a un
sistema de vientos que fluye desde el mar hacia tierra durante el verano del hemisferio norte y desde tierra al mar durante el
invierno de este hemisferio. Se trata de los monzones de verano e invierno. Los monzones de verano alcanzan su maxima
intensidad alrededor del solsticio de verano en tanto que los monzones de invierno la alcanzan alrededor del solsticio de
invierno.
La circulacion monzonica es importante para un gran numero de paises de Asia y Africa si se tiene en cuenta su
capacidad para generar lluvias estacionales. La agricultura y la reposicion de los recursos hidricos dependen en alto grado de
las lluvias monzonicas. La economia de los referidos paises esta supeditada a la llegada oportuna y subsiguiente distribucion
de las lluvias.
La intensidad y la amplitud de los monzones estan reguladas por otros factores. El impacto de la orografia, la
conveccion de la humedad y el calor latente que se desprende coma consecuencia de la conversion de vapor en agua en lluvia
constituyen algunos de los factores mas importantes que influyen en la trayectoria de los vientos monzonicos.
A escala mundial, en los monzones interviene como factor dominante la inversion de gran escala que se produce en los
pianos zonal y meridional. A resultas de este proceso, la energia potencial se transforma en energia cinetica de movimiento.
La inversion de gran escala que tiene lugar en el piano meridional recibe el nombre de 'celula de Hadley', y la inversion
similar que se presenta en el piano zonal se conoce con el nombre de 'celula de Walker'. Las circulaciones de Hadley y
Walker se mantienen gracias a una distribucion de! calentamiento diabatico que muestra un alineamiento caracteristico.
Como consecuencia del movimiento del sol se produce un movimiento norte-sur de las fuentes y sumideros diabaticos.
Las ramas ascendentes de estas circulaciones se hallan situadas sobre las fuentes de calor. En el monzon de verano, la
meseta de! Tibet que se encuentra al norte de la India actua coma fuente principal de calor, en tanto que en el monzon de
invierno actua coma factor predominante por el calor latente que se desprende como consecuencia de la conveccion de
humedad que se produce en las regiones oceanicas que rodean Indonesia y Malasia. Las ramas descendentes de la circulacion
de Hadley se localizan en las proximidades de los anticiclones importantes. En el monzon de verano estas ramas se
encuentran en !as inmediaciones del anticiclon de Mascarene situado al sur del ecuador, y la rama descendente de! monzon
de invierno se halla localizada en un anticiclon situado en Siberia. Hay pruebas de que las circulaciones de Hadley y Walker
se presentan tambien en el oeste de Africa. La rama ascendente de la circulacion de Hadley se halla localizada en la region del
Sahe! y la rama descendente se produce en forma de corriente de procedencia suroeste en !as cercanias del oeste de Africa.
Una peculiaridad interesante de la circulacion de Walker por lo que se refiere al monzon de verano la ofrece su rama descendente. Puede observarse esta rama sabre las regiones semiaridas de! noroeste de la India. Esta region recibe una radiacion solar
superior a la cantidad normal, no obstante lo cual se produce un sumidero radiativo debido a la alta potencia reflectiva de!
suelo. Para contrarrestar el enfriamiento causado por el deficit de radiacion, se produce un movimiento de subsidiencia y un
recalentamiento diabatico en esta region. Las observaciones que se han realizado sobre los desiertos de Arabia Saudita
confirman esta subsidiencia sabre une parte considerable de la troposfera.
La zona intertropical de convergencia (ITCZ) representa un fenomeno atmosferico que obedece en buena parte al
movimiento estacional norte-sur. Esta region, de convergencia se forma entre los alisios de los hemisferios norte y sur.
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Durante el verano, la zona intertropical de convergencia se mueve hacia el norte de! ecuador, aunque todavia no esta claro si
dicha convergencia puede perder su identidad o fundirse con una vaguada de grandes dimensiones en la troposfera inferior.
Los monzones de verano e invierno estan influidos de manera considerable por grandes circulaciones anticiclonicas de
la troposfera superior. Se pueden observar corrientes de chorro al norte y sur de los anticiclones. El primero es un chorro que
proviene de! oeste y el segundo de! este. Antes de dar comienzo al monzon de verano, se produce de manera caracteristica un
intenso movimiento en direccion norte de la corriente en chorro que proviene de! oeste.
A escala regional, los monzones se caracterizan por estar vinculados a la inversion de gran escala representada por !as
circulaciones de Hadley y Walker, aunque todavia nose conoce bien el mecanismo de acoplamiento. Las variaciones de
lluvia en periodos cortos que se producen en !as estaciones monzonicas estan causadas por !as perturbaciones sinopticas cuyas
dimensiones son pequefias si se !as compara con !as circulaciones de Hadley y Walker. Un fenomeno caracteristico desde el
punto de vista regional es la sorprendente regularidad con la que se presenta el inicio de los monzones. Por ejemplo, la
desviacion media de la fecha de llegada de !as lluvias monzonicas de verano en el extremo sur de la India es unicamente de!
orden de unasemana. El Experimento sobre los Monzones (MONEX) quese ha llevado a cabo ultimamente (1978-1979) ha
revelado el aumento repentino de la energia cinetica de los vientos monzonicos un poco antes de que se produzca el inicio de
estos. Este aumento se ha observado en el espacio de unos cuantos dias. Hay divergencia de opiniones respecto a los
mecanismos a los que hay que atribuir el alto grado a conversion de la energia potencial subsistente en energia cinetica en el
momento de producirse el monzon . Se ha sugerido como posible mecanismo de esta conversion la inestabilidad barotropica
que produce la vorticidad necesaria para que se inicie el monzon pero !as opiniones estan divididas sobre la presencia de esta
vorticidad.
Desde el punto de vista regional, los fenomenos que han sido objeto de mayor atencion son la formacion de vaguadas
monzonicas de nivel bajo, la propagacion en direccion oeste de !as depresiones monzonicas, la formacion de ondas
ecuatoriales y los ciclones de la troposfera media. Estos sistemas parecen incrustarse en !as regiones de cizalladura meridional
y vertical. Por consiguiente, !as investigaciones que se vienen realizando ultimamente tienden a centrarse sobre todo en la
inestabilidad combinada barotropica y baroclinica. Ahora bien, hay indicios de que algunos de estos sistemas no son sino
restos de !as perturbaciones que se mueven en direccion este y que estan alejadas de !as tierras monzonicas.
Los estudios sobre la inestabilidad han girado en torno a la deteccion de los puntos de inflexion sobre los perfiles de
vorticidad absoluta y potencial. Como mucho, esto constituye unicamente una condicion necesaria de la inestabilidad,
cumpliendose esta condicion en muchas de !as regiones que experimentan el regimen monzonico. No se ha comprobado
con demasiado detalle una segunda condicion necesaria consistente en la necesidad de que se produzca una correlacion
positiva entre el flujo medio y el gradiente meridional de la vorticidad media. Asi pues, resulta dificil evaluar la importancia
relativa de la inestabilidad barotropica y baroclinica de !as circulaciones monzonicas. En ocasiones, de !as conversiones
energeticas se induce la predominancia de la inestabilidad barotropica.
Se ha tratado de determinar la medida en que el mecanismo combinado de inestabilidad barotropica-baroclinica queda
modulado por la conveccion de la humedad y por la friccion de la capa limite a traves de la inestabilidad condicional de!
segundo tipo. Los sistemas de parametrizacion destinados a incluir estos efectos en los analisis de estabilidad indican la
existencia de una energia potencial adicional a traves de! desprendimiento de calor latente, pero los resultados no son muy
diferentes. Hay divergencia de opiniones sobre la escala de movimiento mas conveniente. En buena parte, esto obedece a que
la mayoria de los estudios teoricos se han basado en versiones lineales de !as ecuaciones dominantes. El tiempo necesario para
que se produzca un fenomeno sinopticoescalar no justifica totalmente el analisis lineal.
Los modelos de circulacion general utilizados para simular el crecimiento de !as circulaciones monzonicas, desgraciadamente no han conseguido indicar con precision !as caracteristicas de los monzones, en especial la distribucion de la presion
y de la lluvia. Esto se debe probablemente a que la resolucion horizontal y vertical de estos modelos es inadecuada.
Pese a no haberse logrado resultados positivos a este respecto, los modelos de circulacion general han sido utiles para !as
pruebas de sensibilidad. Ha quedado demostrado que !as fluctuaciones de temperatura de la superficie de! mar, de! albedo de!
suelo, de la hidrologia terrestre y de la capa de nieve influyen probablemente en la intensidad de los monzones. Las anomalias
que presenta la temperatura de la superficie de! mar en la zona central de! Pacifico indican la existencia de interacciones a
distancia entre la lluvia monzonica, por una parte, y los fenomenos que se producen en el Pacifico, por otra. Sin embargo,
difieren !as opiniones en cuanto a !as pruebas estadisticas que deben utilizarse para establecer la significancia de un cambio que
se produzca como consecuencia de !as fluctuaciones que experimentan !as condiciones de la capa limite. Las integraciones
para periodos largos de !as anomalias y la comparacion con los resultados de !as operaciones de control no han dado
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suficiente informaci6n sabre la forma en que se producen los cambios calculados a partir de los modelos. A pesar de ello, hay
pruebas cada vez mas abundantes de la existencia de esta interacci6n a distancia. Este aspecto reviste interes, habida cuenta de
que hace muchos afios Sir Gilbert Walker defendi6 la tesis de queen la atm6sfera se produce una oscilaci6n en el hemisferio
sur, por la que los fen6menos que se producen en el Pacifico estan conectados con !as lluvias del monz6n de verano debido a una
inversion zonal de gran escala.
De las pruebas de sensibilidad que se han realizado teniendo presente la barrera de escala planetaria formada por el
Himalaya y de las efectuadas sin tener en consideraci6n esta barrera se desprende que si el Himalaya no existiera casino se
produciria en la troposfera superior el abrupto movimiento en direcci6n norte de! chorro que proviene de! oeste. Esias
pruebas a pun tan tembien al hecho de que si no existiera una fuente de calor elevado coma la meseta del Tibet, la circulaci6n
Hadley del monz6n de verano seria mucho mas debit. En este caso el flujo vertical de calor sensible seria la unica fuerza de
impulsion de la celula de Hadley y, es totalmente probable, que el monz6n apenas podria producir lluvias de verano.
Las montafias que se extienden a lo largo de Africa occidental ejercen una gran influencia para acelerar la corriente que
se produce a traves del ecuador desde el hemisferio sur al hemisferio norte durante el monz6n de verano. Esta corriente se
presenta en forma de corriente en chorro de bajo nivel frente alas costas de Kenya. El chorro se refuerza por el oleaje que se
produce a lo largo dal canal de Mozambique apartandose de la costa alrededor de los 10°N en direcci6n a la India. Los
experimentos de modelaci6n que se han realizado para simular el chorro se han basado o bien en la conservaci6n de
vorticidad potencial a lo largo de las lineas de corriente o bien en las ecuaciones primitivas barotr6picas de nivel unico. Con
estos modelos se ha conseguido simular el alejamiento del chorro de la costa despues de haber atravesado una cierta distancia
al norte del ecuador. Se ha conseguido tambien simular con exito el alineamiento de! chorro mediante un experimento con
globos de nivel constante lanzados desde !as Seychelles y Diego Suarez por un grupo de cientificos franceses. El control
minucioso de la trayectoria de estos globos ha puesto de manifiesto que existe un intimo acoplamiento entre la fuerza de!
gradiente de presi6n y la tracci6n friccional que se produce en !as cercanias de la corriente ecuatorial. De este control se
induce tambien la existencia de un tipo advectivo de capa limite que se encuentra muy pr6xima a la costa de Africa entre el
ecuador y los 5 °N; en otras regiones alejadas de! ecuador, las trayectorias de los globos han puesto de manifiesto la existencia
de una capa limite 'Ekman'.
En la investigaci6n realizada sabre los efectos de !as barreras regionales, se ha examinado especialmente la corriente
que se produce sabre los Ghats occidentales. Se ha supuesto que esta genera ondas 'Rossby' en la misma direcci6n de la
corriente que, en ultimo termino, aceleran la ciclogenesis al este de la barrera. Ahora bien, hay diversidad de opiniones sobre
esta suposici6n y los modelos numericos no han sido capaces de detectar estas ondas.
Los monzones dan lugar a un sistema de corrientes oceanicas de superficie que reviste un caracter excepcional, habida
cuenta de que estas corrientes constituyen uno de los pocos casos en los que los oceanos parecen responder rapidamento a los
cambios de la circulaci6n atmosferica. Este fen6meno se conoce con el nombre de corriente de Somalia. La corriente flu ye en
direcci6n norte en el monz6n de verano e invierte su sentido y fluye en direcci6n sur en el monz6n de invierno. La corriente se
produce aproximadamente un mes antes de que se inicien los vientos monz6nicos sabre el mar Arabigo. De los analisis
te6ricos se desprende que este fen6meno es el resultado de la influencia que ejercen zonas muy distantes, sabre la base de
modos baroclinicos. Los experimentos de simulaci6n con modelos que se llevaron seguidamente a cabo han revelado la
influencia importante de los vientos locales quedando excluidas las perturbaciones que se producen en zonas distantes. La
teoria pone de manifiesto, que en las fases iniciales, es mas importante la influencia local ejercida por la divergencia de la
intensidad de los vientos pero que seguidamente gana importancia la influencia distante expresada mediante la rotacional del
vector de la acci6n de! viento. La corriente de Somalia esta relacionada con la fuerte corriente ascendente de la costa, lo cual
produce intensos gradientes termicos.
Antes de que se inicie el monz6n se observa en el mar Arabigo un enfriamiento general de las temperaturas de la
superficie del mar. Este enfriamiento no ha sido objeto de una explicaci6n satisfactoria. Se ha creido que las aguas
ascendentes procedentes de la corriente de Somalia se propagan en direcci6n este y enfrian el mar Arabigo, aunque hay que
decir que los resultados que se han obtenido con los modelos no apoyan esta idea.
Desde hace muchos decenios la predicci6n a largo plaza de !as lluvias monz6nicas ha atraido la atenci6n de los
meteor6logos. Se ha intentado obtener tres tipos de predicci6n: a) predicci6n de la fecha en que se inician las lluvias,
b) cantidad total de lluvia que cae durante la estaci6n monz6nica, y c) predicciones relativas a lluvias mensuales. Las dos
primeras predicciones se basan en ecuaciones regresivas en !as que intervienen una serie de predictores. Con estas ecuaciones
se ha conseguido predecir con razonable exactitud la fecha en que se inicia el monz6n, siendo menor su eficacia para la
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predicci6n de la cantidad de lluvia que se produce durante la estaci6n de los monzanes. La relaci6n estadistica entre la lluvia y
los factores antecedentes muestra grandes fluctuaciones en funci6n del tiempo. Se estan elaborando actualmente modelos
autoregresivos para predecir las lluvias estacionales y mensuales. Este procedimiento se halla todavia en fase inicial pero ha
dado mejores resultados que !as ecuaciones regresivas para prever !as lluvias estacionales. Su utilidad para la predicci6n de
lluvias mensuales se encuentra todavia en fase de investigaci6n.
La predictibilidad de los monzanes ha sido objeto de interesantes investigaciones en los ultimos afios. Se ha observado
que la predictibilidad, medida en funci6n de la relaci6n de su variabilidad interanual y natural es mayor respecto a !as
regiones tropicales que a las regiones situadas en latitudes medias. Si, par una parte, esto indica que son mayores !as
posibilidades de realizar predicciones a largo plaza respecto a los monzanes, par otra parte, desde el punto de vista te6rico
esto es en buena parte cierto para la predicci6n de las medias mensuales. Par lo que respecta a escalas temporales mas
reducidas, la predictibilidad sera inferior en las regiones tropicales. Esta conclusion viene confirmada par los experimentos
numfaicos que se han realizado con modelos de circulaci6n general. A partir de valores medios iniciales muy diferentes y
sabre la base de !as perturbaciones aleatorias que experimentan !as condiciones iniciales, la integraci6n a largo plaza muestra
que apenas se presentan diferencias despues de un mes. La atm6sfera parece no conservar trazas de los rasgos que la
caracterizaban despues de transcurrido un mes. A diferencia de los sistemas de !as latitudes medias, !as circulaci6n de Hadley
y Walker son mas estables respecto a los monzones. En buena parte las fluctuaciones que se producen en estas circulaci6nes
son el resultado de los cambios que sobrevienen en las condiciones del limite inferior. Si esta premisa basica es correcta, tal
vez el mejor rendimiento futuro de los modelos dependa de! perfeccionamiento de los sistemas de parametrizaci6n.

CHAPTER 1

MONSOONS
1.1 Historical background
Historians have traced the origin of the word 'monsoon' to the Arabic mausim, which means a season. The word was
used by seamen for many centuries to describe a system of alternating winds over the Arabian Sea. The winds blew from the
north-east for six months of the year and from the reverse direction, south-west, for the remaining six months.
Several historical references have been made to the seasonal reversal of winds over India and other parts of Asia.
Monsoons have been described as harbingers of rain; they led to a way of life which was fashioned after seasonal changes in
weather. The early Aryans, who settled throughout northern India around 4 000-1 OOO B.C., had known of a rainy season
which occurred over northern India with surprising regularity every year.
Monsoon winds were described in the Periplus of the Erythraean Sea, written by an unknown Greek sailor around
60 A.O. A periplus is the Greek name for a navigator's guide book, and the Erythraean Sea was the name given by the ancient
Greeks to the Red Sea, the Persian Gulf and the adjoining parts of the Arabian Sea. The book was written on information
gathered from sailors and travellers. Plate 1.1 reproduces a map composed in 1597 on the basis of information gathered from
the Periplus of the Erythraean Sea and the Geography ofPtolemy, prepared around the first and second centuries A.O. For an
unknown reason, the map has an inset depicting the Mediterranean Sea, but it is interesting to see that it gives a fair
representation of the Equator.
A beautiful description of monsoons appears in a Sanskrit classic - the Meghdoot - which means the messenger of
clouds. This was written around the sixth century A .O. by Kalidas, a lyrical poet at the court of the Indian emperor
Vikramaditya. In this book, the author describes the onset of the monsoon over central India on the first day of Asadha, a
month in the Indian calendar which corresponds to the middle of June.
Around 400 A.O., Fa Hsien, a Buddhist scholar, went to visit India from China. In the course of his visit he wrote a

Record of the Buddhist kingdoms, in which he refers to monsoon winds which he observed when sailing along the east coast
of India. Warren (1966) records an amusing anecdote on the early history of monsoons. Around the tenth century,
Al Masudi, a geographer from Baghdad, wrote Meadows of gold and mines of gems, wherein he described the reversal of
ocean currents over the north Indian Ocean. The book, unfortunately, had nothing to do with meadows of gold or mines of
gems; the author had coined the title to 'exite a desire and a curiosity after its contents, and to make the mind eager to become
acquainted with history'.
Much of the medieval history of monsoons over India has been gathered from chronicles left by the East India Company
during the seventeenth and eighteenth centuries. Plate 1.2 is a reproduction of a painting by Daniell (1797) depicting the
coming of rains over Rameswaram in southern India. Meteorology in India received substantial help from the Asiatic Society
of Bengal, which was formed in 1784 by Sir William Jones for the development of science in India.

1.2 Differential heating
Opinions differ on the principal facets of the monsoon, but the word is used widely to connote a seasonal wind which
flows with consistency and regularity for one part of the year and is absent or blows from another direction for the remaining
part of the year. The change is brought about by differential heating of the land and the ocean.
Continents and oceans respond differently to seasonal changes in solar energy. As a consequence of the chemical
composition and structure of the soil, the conduction of heat into the Earth is a slow process. In the northern summer, only a
shallow layer of soil, a few centimetres in depth, is heated by the Sun's energy. Most of the Sun's energy is used up in heating
the air rather than the Earth's surface. On the other hand, solar energy is able to penetrate to a much greater depth in the
oceans because of the stirring action of the over! ying wind; incoming solar radiation is able to penetrate to a depth of at least
200 m by this process. This leads to a much larger rise in air temperature over the land than over the oceans. Mean
temperatures over land often exceed those over oceans by as much as 5° to 10°C in the northern summer. In the northern
winter the situation is reversed and the larger heat storage of water leads to higher temperatures over oceans than over
continents.
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Plate 1.1 -

Map prepared in 1597 from information contained in the Periplus of the Erythrean Sea, and the Geography of Ptolemy,
around the first and second centuries A.O. (Reproduced from the Invincible Traveller, R. Thapar (Ed), 1980)
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Onset of monsoon over Rameswaram reproduced from a painting by Daniell in 1797 (courtesy of the Curator, Victoria and
Albert Museum, Calcutta, India)
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The heat capacity of soil or water is a convenient measure of thermal storage. The product of specific heat and density
measures the heat needed to alter the temperature of a unit volume of the given substance by 1°C. Table 1.1 provides a few
representative values of the heat capacity of air, soil and water.
TABLE I.I

Heat capacity
(Sellers, 1965)

Unit : Cal cm-3 °C
Air : 0.0003
Soil : 0.5 to 0.8
Water: 1.0

A striking feature is the large difference between the heat capacities of air, soil and water. Little heat is needed to raise the
temperature of air, but a thousand times greater the quantity of heat would be needed to warm an equivalent volume of water
through the same temperature range.
This is relevant for the evolution of monsoon winds. Let us consider a piece of land surrounded by oceans as in
Figure 1.1. During the day, both the land and the sea are warmed by radiation from the Sun. As solar radiation is unable to
penetrate the soil, and as air has a low heat capacity, the atmosphere gets heated up rapidly. On the other hand, the sea is
warmed up ~lowly because of its larger heat capacity and the greater penetration of solar energy through convection. As a
consequence of differential heating, the warmer air over land begins to rise and spread out towards the sea. To compensate for
the ascending air, winds begin to blow from the cooler sea towards the land. This is the day-time cycle of a sea breeze - a
well-known feature of coastal regions.
The situation is reversed at night, when solar radiation is cut off. The air over land cools rapidly, while the sea remains
comparatively warm . This leads to a land breeze towards the warmer sea. Its direction is opposite to that of the day-time sea
breeze. The night cycle of the sea breeze is illustrated in Figure 1.2.
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Sea breezes occur on small scales of space and time. Despite the fact that sea breezes are unaffected by the Earth's
rotation, there is much similarity between them and monsoon winds. In the northern summer, when the Sun is over the
Tropic of Cancer, monsoon winds blow from the sea to the land as in the day-time cycle of the sea breeze; but, in the northern
winter, when the Sun recedes to the southern hemisphere and lies over the Tropic of Capricorn, the winds blow from the land
to the sea, as in the night cycle of the sea breeze.
The importance of differential heating was recognized by Edmund Halley. He suggested this to be the main drive for
monsoon winds in a celebrated paper entitled: 'An historical account of the trade winds and monsoons observable in the seas
between and near the tropics, with an attempt to assign the physical cause of the winds'. The paper was published in the
Philosophical Transactions of the Royal Society of London in 1686.
Halley posed the question: 'Why in the north part of the Indian Ocean the winds, which for one half year agree with
those of the other two oceans, should change in the other half year, and blow from the opposite points, while the southern part
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of the ocean follows the general rule and has perpetual winds about south-east?' By the other two oceans, Halley was referring
to the Atlantic and the Pacific. What perplexed him was that, while winds changed direction every six months over the
northern Indian Ocean, this reversal was not observed either over the southern Indian Ocean or over the Atlantic and the
Pacific.
Halley sought to explain this by emphasizing the proximity of the northern Indian Ocean to land which received an
excess of solar radiation. He wrote: 'If a country lying near the Sun prove to be flat, sandy, low land, such as the deserts of
Libya are reported to be, the heat occasioned by the reflection of the sunbeams and its retention in the sand is incredible to
those that have not felt it, by which the air being exceedingly rarefied, it is necessary that cooler and more dense air should run
thither to restore equilibrium'. Halley was correct in describing how the air over land gets heated rapidly and the ascending air
is compensated by winds blowing from a cooler sea; but Halley was not aware of the difference in heat capacities of air
and water.
Describing the similarity between countries adjoining the north Indian Ocean and the arid zones of northern Africa,
Halley went on to write: 'It is to be considered that to the northwards of the Indian Ocean there is everywhere land within the
limits of the latitude of 30°, viz. Arabia, Persia, India etc., which for the same reason as the midland parts of Africa are subject
to excessive heats when the Sun is to the north, passing nearly vertical, but yet are temperate enough when the Sun is removed
towards the other tropics'.
These observations were made nearly three hundred years ago. The emphasis on regions receiving an excess of solar
energy and their association with the seasonal movement of the Sun was indeed perceptive, but Halley did confess that the
argument was not strong when it came to lands adjoining the South Atlantic Ocean. He went on to acknowledge: 'I must
confess that in this latter occurs a difficulty, not to be well accounted for, which is, why this change of the monsoon should be
any more in this ocean than in the same latitudes in the Ethiopic, where there is nothing more than a south-east wind all the
year'.
Ancient geographers referred to the southern Atlantic Ocean, between the eastern coast of southern America and the
west coast of Africa, as the Ethiopic Sea. Later observations show that Halley's observation was not entirely correct, because,
if we consider the region north of the Equator on the continent of South America, there is a perceptible strengthening of
north-easterly trade winds as we proceed from winter to summer, with a corresponding strengthening of south-easterly trades
in the southern summer. But Halley was correct to note that there was no striking reversal of winds, as observed over the
northern part of the Indian Ocean. Consequently, he concluded that the monsoons were a large perturbation on the general
trade winds of the tropics. The nature and extent of the perturbation was determined, Halley emphasized, by the nature of the
land, its topography and by the excess of solar insolation. It is worthwhile to note that the arid zones of north-western India,
Pakistan and adjoining parts of the Middle East differ widely in their structure and reflectivity from the dense forests of the
north-eastern parts of southern America. It is therefore not entirely surprising to find no reversal of winds over the Ethiopic
Sea or the South Atlantic Ocean.
On the subject of trade winds, Halley felt that as the tropics received the largest amount of solar energy the surrounding
air would tend to converge towards the equatorial zones; but, as the Earth's eastward angular velocity was largest at the
Equator, the converging air would tend to fall behind. As a consequence, air approaching the Equator from the southern
hemisphere would appear as a south-east trade, while air from the northern hemisphere would be seen as a north-east trade.
This simple concept was extended by Hadley in 1735. The thermally direct circulation over the tropics is now named a
'Hadley cell' in his honour. Arguments which prompted Hadley to postulate that air moving towards the Equator would tend
to conserve its absolute velocity have been described by Lorenz in the first IMO Lecture (Lorenz, 1967). They will not be
repeated here, apart from stating that it was absolute angular momentum, not absolute velocity, which was conserved by air
moving Equatorwards.
Hadley's concern was with trade winds. For this reason he ignored seasonal changes in solar heating or even diurnal
variations which, as Halley had pointed out, were important for the genesis of the monsoon. He was not even concerned with
the presence of oceans or continents with widely different thermal capacities, nor with mountains or other obstacles which
distort the flow of air.
Two important considerations were ignored by Halley and fifty years later by Hadley. First, the presence of water
vapour and its thermodynamic properties were not considered. In any event, the thermodynamic properties of water vapour
were not known in those days. The second feature was disregard of the Earth's rotation and the Coriolis force. This too
was not known in those days.
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Subsequent to the work of Halley and Hadley in the seventeenth and eighteenth centuries, little work was carried out on
differential heating as a driving mechanism for atmospheric circulations until the end of the nineteenth century and the
beginning of the present century. Around 1888 Oberbeck devised a mathematical model of the atmosphere by which he
considered the atmospheric response to a specified distribution of heat sources and sinks. Although this was not specifically
directed towards monsoons, the work was important because it illustrated, for the first time, that it was possible to infer the
atmosphere's response to different driving mechanisms, if the mathematics were simplified by assumptions.
A work by Jeffreys which appeared around the early quarter of the present century was specifically addressed to the
development of monsoon winds. The paper described an idealized situation wherein the atmosphere was expected to respond
instantaneously to the imposition of a pattern of diabatic heat sources. For many years subsequent to this work, it was
erroneously assumed that the circulation of the atmosphere could be determined by external forces that remained invariant in
space and time. A real atmosphere would tend to change and modify the external force, in this case non-adiabatic heating,
that was disturbing it. But a feature of this work was that it suggested monsoon winds would reverse their direction of flow in
the upper atmosphere. A westerly wind in the lower troposphere, for example, would become an easterly wind at higher
levels. It was an interesting result because if the monsoon was a perturbation on a given basic state the natural atmospheric
response would be to set up a train of waves, both in the horizontal and vertical directions. The change in phase as one
proceeded from the lower to the upper troposphere would be an expected result. Despite the fact that a reversal in wind
direction was observed between 5-6 km over India, the work of Jeffreys attracted little attention because of the unrealistic
nature of his assumptions.
Around this time much interest was generated in the structure of the upper atmosphere, especially over monsoon lands.
Observations with meteorographs were compiled by Ramanathan (1929, 1930) which revealed a higher altitude for the
tropopause in the tropics (16 km). Considering the fact that this was discovered over fifty years ago, it must be regarded as a
significant observation. For its historical interest, Ramanathan's diagram is reproduced in Figure 1.3.
Along with Ramanathan's observations of the tropopause, two important contributions came from Banerji (1929,
1930) on the impact of mountains on the summer monsoon of India. Banerji derived an analytical solution to show how
monsoon winds could be deflected by mountains. However, more recent work leads one to conclude that Banerji's
pioneering work was not complete, because the thermal properties of the atmosphere play an equally important role.
The importance of monsoon winds arises from their capacity to generate rainfall. The earliest systematic study of
rainfall over India appeared in 1889. This was produced by Blanford in a series of memoirs (1886-1888) on the rainfall of
India and neighbouring countries. In spite of few observations, this publication was a valuable treatise on the distribution of
monsoon rainfall. An even earlier publication by the same author in 1884 associated heavy pre-monsoon snow over the
Himalayas with sparse monsoon rains.
Blanford's work was extended by Sir Gilbert Walker, who gave up a fellowship at Trinity College, Cambridge, to
become head of the Meteorological Department of India from 1904 to 1921. Sir Gilbert was one of the earliest to see the
importance of forecasting monsoon rainfall for agriculture. Consequently, he launched a search for statistical associations
between monsoon rain and antecedent meteorological events. He discovered, for example, an apparently significant relation
between monsoon rain over the Indian peninsula and south American pressure in April and May. Similar associations
between rainfall and other meteorological variables led him to devise a regression equation for the season's rainfall.
Sir Gilbert was an able mathematician who performed a prodigious volume of computations in his search for correlations.
His patience and perseverance, at a time when mechanical aids and computers were rare, are to be admired.
Although Sir Gilbert's regression equations were used for the long-range prediction of rainfall, it gradually became
apparent that there were limitations. Correlation coefficients, which appeared promising in the beginning, soon lost their early
promise when data over a long period became available.
Despite these limitations, Sir Gilbert must be given the credit for discovering an association between the eastern and
western hemispheres. This was the 'southern oscillation', an event which is now the subject of renewed interest and research.
The oscillation was described by Walker and Bliss (1928, 1932) as: 'When pressure is high in the Pacific Ocean, it tends to be
low in the Indian Ocean from Africa to Australia; these conditions are associated with low temperatures in both these areas
and rainfall varies in the opposite direction to pressure'. On this basis, a predictor, namely pressure over South America
(represented by the mean pressure over Cordoba, Santiago and Buenos Aires in April and May), was found to be well
correlated with monsoon rainfall over the southern and north-western parts of India.
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1.3 Monsoon winds
Although monsoons are identified by the reversal of winds, their importance largely arises on account of rainfall. This
leads to a dichotomy in several possible definitions of the monsoon . Following, with a slight variation, an earlier work by
Khromov (1957), Ramage (1971) suggested four principal monsoon features:
(a) A change in the prevailing wind direction by 120° between January and July;
(b) The average frequency of prevailing wind directions in January and July should exceed 40 per cent;
( c) The mean resultant winds in at least one of the months should exeed 3 m s_,;
(d) There should be fewer than one cyclone-anticyclone alteration every two years in either month in a five-degree
latitude-longitude grid.
Such characteristics emphasize the seasonal nature of changes in wind direction and the persistence of the wind regime
in each season. The last feature, for example, ensures that the change is one of replacement of a fairly constant circulation by
one which is equally persistent but in the reverse direction. The change is not brought about by variations in the track of
moving pressure systems, such as tropical cyclones. The monsoon lands according to this definition are shown in Figure 1.4.
This definition, as noted earlier, is not related to rainfall. Thus, as shown in this figure, some parts of central Africa which
receive little by way of rain would be put on the same pedestal as parts of north-east India, where monsoon rain often exceeds
1 OOO cm per year.
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Monsoon winds are most pronounced in the summer season of either hemisphere, that is during the period June to
mid-September in the northern hemisphere and in January and February in the southern hemisphere. During the time of the
summer solstice, the trade winds from the southern hemisphere penetrate deep into the northern hemisphere towards India
and the wide stretches of south-east Asia, and to a lesser extent towards Africa. On the other hand, in the northern winter the
north-east trades move southwards into south America, east Africa and north-east Australia. During this period, a branch of
the north-east trades moving around an anticyclone over Siberia sweeps across Indonesia, Malaysia and the southern half of
the Indian peninsula. This is the winter monsoon.

1.4 Historical monsoons
Interesting evidence has been adduced to indicate striking fluctuations in the past behaviour of the monsoon. For
example, Gurdip Singh ( 1971) was able to draw up a sequence of summer monsoon rainfall up to 8 OOO B.C. from pollen
data on the beds of salt lakes in the state of Rajasthan in western India. Singh's computations suggest that the rainfall 9 OOO
years ago over Rajasthan was larger by a factor of three to four than at present. Bryson and Murray ( 1977) pointed out that
high levels of lakes prevailed over many parts of Africa, Arabia and India between 5 OOO and 10 OOO years before present
(B.P.). Geophysicists interpret this as a revival of monsoon rains after a period of weak monsoons during a glacial maximum
18 OOO years ago. The revival is associated with the Holocene period 9 OOO years B.P.
An experiment with a low-resolution numerical model by Kutzbach ( 1981) attributes the revival to an increase in solar
radiation brought about by changes in the Earth's orbital parameters 9 OOO years B.P. A comparison of orbital features 9 OOO
years ago with modern values is provided in Table 1.2.
These changes combined to produce an excess of incoming solar radiation by seven per cent or by 25 to 35 Wm - 2 over
most parts of the globe. The model was run with constant ocean surface temperatures with modern values, because
conditions were largely interglacial 9 OOO years ago, similar to modern times, and the larger heat capacity of water coupled
with greater stirring within the oceans would ensure little impact on ocean surface temperatures.
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TABLE 1.2

Orbital parameters
(after Kutzbach, 1981)

Obliquity
Perihelion
Eccentricity

9 OOO years ago

Modern value

24.23°
30 July
0.0193

23.45°
3 January
0.0167

As one might expect, an increase in solar radiation led to an increase in land-ocean temperature contrast and a stronger
monsoon. Thus, in the region between 23° and 35°N over Arabia, India and south-east Asia, the model-computed
1
precipitation was about 0.75 cm d- for June to August 9 OOO B.P., an increase of 50 per cent over the present value of
1
0.5 cm d- as a consequence of the stronger land-ocean temperature contrast.
Model experiments will be discussed later, but the evidence that we now have indicates the sensitivity of the monsoon to
differential heating which, in turn, depends on the leading components of the atmosphere's radiation balance in addition to
orbital changes. This balance is determined by such diverse features as the albedo of the land, the moisture content of the
ground, snow cover over the Himalayas, sea-surface temperature, clouds and aerosols. The complex forces which modify and
make the monsoon perform in the way it does are discussed in the next chapter.

1.5 Recent observations
Recent studies on monsoons have been greatly encouraged by a series of international expeditions.
The Global Atmospheric Research Programme (GARP) was organized by the World Meteorological Organization
(WMO) and the International Council of Scientific Unions (ICSU) in 1967 with two main objectives:
(a) To study the large-scale fluctuations in the atmosphere that control changes in weather;

(b) To examine the physical basis of climate.

Under the aegis of this programme, the Monsoon Experiment (MONEX) was launched to study monsoon systems for one
full year beginning on 1 December 1978.
MONEX was not the first international study of monsoons. There were three earlier experiments, namely the
International Indian Ocean Expedition (HOE) of 1963-65 and the Inda-Soviet Experiments (ISMEX) of 1973 and 1977
(Monsoon-1977). The 1979 Monsoon Experiment was on a much larger scale with three regional components: (a) the
summer monsoon; (b) the winter monsoon; and (c) the West-African Monsoon (WAMEX).
Two phases of intensive observations - or Special Observation Periods - were implemented, each of roughly two
months duration. The first began on 5 January 1979 and ended on 7 March 1979 to coincide with the winter monsoon in the
northern hemisphere. The second began on 1 May and ended on 30 June 1979 to cover the summer monsoon. As the second
Special Observation Period did not cover the second half of the monsoon, a few countries agreed to extend their
observational programme to 31 August 1979.
Apart from intensifying the observational programme for collecting conventional meteorological data, a large number
of additional platforms - both land or ocean-based and based in space - were utilized. Five research vessels from the
U.S.S.R., four from India and one from France took part in this experiment. The research vessels of the U.S.S.R. carried out
their observations by a combination of fixed and moving polygons over the monsoon regime. The Indian ships were based
over the Arabian Sea and the Bay of Bengal, while the French vessel Marion Dufresne recorded observations from Reunion
to the east coast of Africa from 6 May to 19 June 1979.
Three research aircraft from the U.S.A. operated over both the summer and winter monsoon regions. Special radar
observations were undertaken to study convection over the winter monsoon region. The aircraft were equipped with
dropwindsondes. They provided much valuable data on the thermal structure of the monsoon atmosphere.
Of the space-based platforms, the reception of cloud images from a US geostationary satellite (GOES - Indian Ocean)
was arranged on real-time. Cloud images from the satellite were relayed to India through METEOSAT, a geostationary

10

MONSOONS

satellite launched by the European Space Agency. In addition to these reception facilities, data on clouds and winds were
provided by another geostationary satellite (GMS) launched by Japan.
MONEX data have now been archived and are available at different international archiving centres. Maps and atlases
have been prepared, of which mention may be made of an atlas of satellite-derived winds prepared by the University of
Wisconsin and the Florida State University, U.S.A. These data sets reveal a few areas where differences arise. Lorenc and
Swinbank (1984) suggest that winds derived by tracking clouds underestimate wind speeds over the Arabian Sea. This is
reflected in the computation of fluxes and in budget calculations. Further study is needed on this aspect.
There were three more special features of MONEX:
- A series of constant-level balloons were launched by France to provide a Lagrangian description of monsoon winds
during the summer of 1979 - the balloons were launched from the Seychelles and from Diego-Suarez;
- A boundary layer programme over the eastern coastal region of India;
- A programme to measure different components of the Earth-atmosphere radiation balance with radiometersondes.
The observations that were recorded during these international expeditions will be discussed in various parts of this
monograph, but it must be noted that, although the scale of the 1979 experiment was unique, it was a one-time exercise in
data collection. While it provided valuable quantitative information on different facets of the monsoon, its principal value lay
in pointing out those features of the monsoon which needed to be monitored on a year-to-year basis. Only by such means
would it be possible to glean an insight into the important question of the interannual variability of monsoons.

CHAPTER 2
PLANETARY ASPECTS OF MONSOONS
Monsoon rains are generated over different parts of the world by thermal contrasts between the land and the ocean.
This is a consequence of the difference in the response ofland and water to solar insolation. We will refer to this as differential
heating because, as we have seen, land and water respond on different time-scales to solar insolation.
The influence of differential heating is governed by diverse features. The declination of the Sun and the distribution of
land and ocean are the prime compelling forces that drive monsoon winds. The path of the wind is modulated by the Earth's
rotation and the thermodynamic changes that take place with the evaporation of water from the sea and its transformation
into clouds and, eventually, into rain.
Monsoons represent prominent changes which occur with surprising regularity in atmospheric circulation every year.
Periodic movements in the location of jet streams and the zone of separation between winds of the northern and southern
hemispheres are examples of such changes. In this chapter we will be concerned with prominent diabatic heat sources and
sinks within the monsoon regime, and the energetics of the circulation on scales defined by wave numbers. Reference will be
made to movements of the Inter-tropical Convergence Zone (ITCZ) and other planetary scale features.

2.1 Differential heating
Differential heating between the land and the ocean creates a situation where pressure and potential temperature (8)
surfaces do not coincide. Available potential energy thus becomes available for conversion into kinetic energy
(Figure 2.la, b). The intensity of monsoonal circulation is determined by the efficiency of conversion, because available
potential energy is proportional to the deviation of 8-surfaces from their equilibrium horizontal configuration.

Po

ea)
COOL
Figure 2.1 -

Po

(b)
WARM

An idealized distribution of isobaric and isentropic surfaces: (a) summer and (b) winter

The conversion is influenced by the pressure-gradient force set up by differential heating between the land and the
ocean. As the Sun begins to move northwards from the vernal equinox to the summer solstice, the deviation from an
equilibrium configuration begins to increase until a state is reached when available potential energy generated by differential
heating is balanced by conversion to kinetic energy of monsoon winds. Around the time of the autumnal equinox, the Sun
begins to move southwards again, leading to a fall in ocean-land temperature contrast in the northern hemisphere.
During the northern winter, the oceans are warmer than the adjacent land because of the greater thermal capacity of
water and a faster rate of radiative cooling over land. Clouds modulate the radiative balance over the land and the ocean.
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Although our knowledge about the distribution of clouds is still not statisfactory, clouds are generally found to be more
extensive over oceans. This helps to increase land-sea temperature contrast, but in a direction which is opposite to that which
prevailed in summer.
As the land is now cooler than the ocean, available potential energy is generated once more. This is converted into
kinetic energy by a broad anticyclonic sweep of cold surface air from Siberia and adjoining areas of central Asia towards the
Equator. The southward movement of the cold air mass is balanced by northward-moving warmer air in the upper
troposphere. This is deflected to the right by the Earth's rotation, and it moves towards the east in the form of a westerly jet
stream over Asia and Japan. This is the broad structure of the north-east monsoon of the northern winter. As the Sun again
begins to move northward from its position at the winter solstice, the temperature of the land begins to overtake the surface
temperature of the ocean. The cycle of differential heating begins again with the summer monsoon.
As shown by Lorenz (1955), the generation of mean available potential energy (A) is governed by

G- C

where

G

C = -

(2.1)

Q'T' dp
'Yct
~
('Yct - y)
T

(2.2)

f-

(2.3)

R Po 1 wT dp
g 0 p

Overbars denote average values on an isobaric surface, while primes are used for departures from an isobaric mean.
'Y ct• 'Y represent the dry adiabatic and prevailing lapse rates, T stands for temperature and Q' is a departure of the rate of
diabatic heating from its mean value. p is pressure whose mean value at sea-level is po, and w is the vertical component of
motion in isobaric co-ordinates. R and g represent the gas constant and gravitational acceleration.
As we can see from expressions 2.2 and 2.3, the generation of available potential energy is determined by covariances of
(a) differential heating (Q') and fluctuations in temperature (T'), and (b) vertical velocity (w) and temperature (T). It is often

convenient to partition C and G into zonal and eddy components.
Dutton and Johnson (1967) derived another expression for the generation of available potential energy in isentropic
co-ordinates. In isentropic co-ordinates, Equation 2.2 - which is for an isobaric surface - has the analogue

G~

z[I - (;)']

QI

:~I dO

(2.4)

where Q is the rate of heat added per unit mass and k stands for R/Cp, where Cp is specific heat at constant pressures.
The integral represents generation between two isentropes eT and ea.
In view of the small slope of isobaric surfaces, Equation 2.3 compares differential warming at nearly the same altitude
above the Earth's surface, but Equation 2.4 compares heating ore cooling on 8-surfaces which have a considerable slope with
altitude. We also note that Equation 2.4 uses the total rate of heating (Q ), while Equation 2.3 is concerned with a deviation
(Q') from an isobaric average.
Equations 2.3 and 2.4 have been used to infer diabatic warming or cooling within the monsoon regime. This enables us
to identify regions where available potential energy is being generated. By this means, one is also able to infer the type of
overturnings, either on the x-p plane or the y-p plane, that dominate monsoon circulations.
Two lines of approach have been followed: either observational data have been used to compute Q or diabatic effects
have been inferred from model experiments.

2.2

Diabatic sources and sinks

An attempt was made in the early sixties to infer diabatic heating rates from the mean vertical motion over the Indian
region (Das, 1962). Vertical motion (w) was computed by a ten-layer quasi-geostrophic model for which the governing
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equations represent the conservation of vorticity and entropy. Following well-known approximations based on scale
considerations (Charney, 1948), we put

V 2cf> ,=JV· VTJ=faw
ap

(2.5)

cf>p, + V · Vcf>p = - aw - kQ
p

(2.6)

where Q represents diabatic heating, TJ stands for the absolute vorticity and a is the stability parameter ( -

R

k = - . Partial derivatives are denoted by subscripts.
Cp
On eliminating w we find

L(cf> ,)= - JV· VTJ- -a ( l- V· Vc/>p) - -a
ap a
ap
where

L=[V

2

(kl
- Q)
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+}_(j2
}___)]
ap a ap
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}___ In

P ap

e),

(2.7)
(2.8)

The boundary conditions are
(w)1 = 0

(cf> ,)o

= (gw)o -

(2.9a)

-1- [kQ
(ap)o p

+ (V ·

Vcf>p)o]

(2.9b)

Subscripts 1 and 0 represent conditions at the top and bottom of the atmosphere. The vertical velocity at the top of the
friction layer was determined by orographic uplift and frictional convergence.

If we consider a mean monsoon in a steady state, then 0 I, must be made to vanish troughout the range of integration.
This is achieved by making the forcing terms of Equations 2.7 and 2.9 vanish. On imposing this constraint, we find

kQo

(V · Vcf>p)o

+

g(apw)o

(2.10)

Po

}ap___ (/Qk)
+ v. VTJ + }___ ([_ V · Vcf> p) =0
ap
ap a

(2.11)

Integrating Equation 2.11 between the limits p and p0 , and using Equation 2.10 for Q0 , we obtain the following
expression for Q

kQ
p

V · Vc/> p + a (gpw)o -

~

f

(2.12)

Po

Diabatic heating determined by the expression 2.12 will represent what is needed to maintain a steady monsoon
because it makes cf>, vanish.
The different terms of Equation 2.12 were determined by solving an adiabatic version of Equation 2.7. This makes no
different to estimates of Q because the terms on the right of 2.12 represent advection of temperature and absolute vorticity,
in addition to frictional convergence and orographic efefcts, which are incorporated in the vertical velocity at the Earth's
surface. Proceeding in this manner, an interesting fact emerged; it was found that to maintain a steady monsoon over India we
needed : (a) warming at the rate of 3.2°C per day over north-east India; and (b) diabatic cooling at the rate of 2.4°C per day
over north-west India.
Table 2.1 provides diabatic heating rates for a unit mass for different isobaric surfaces.
The diabatic heating rates in Table 2.1 indicate the ascent of air over north-eastern India and a compensating zone of
descent over the north-west. It was reasoned that the warming over north-east India could be provided by the ascent of moist
air and the release of latent heat on a macroscopic scale, but cooling over the north-west was too large to be accounted for by
radiative divergence. Indeed, computations by Gupta ( 1965) suggest that radiative cooling, with water vapour and carbon
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dioxide as radiators, could only account for a cooling rate of l .8°C a day. Around this time a series of field observations were
organized by Bryson and Barreis ( 1967) over the arid north-western regions oflndia. Radiometersonde observations indeed
suggested that this region was a radiative sink with a cooling rate of l.6°C a day . This was further substantiated by the
observations of Mani et al. ( 1982) during the Monsoon Experiment of 1979. They found good agreement between infra-red
cooling rates measured by radiometersondes and satellite observations of the radiation budget. Thus, the cooling required
over north-west India (2.4°C d- 1) was larger by nearly 50 per cent than what could be accounted for by radiative flux
divergence.
TABLE 2.1

Diabatic heating rates (°C 12h- 1) over India
1

2

3

Mean pressure

North-east

North-west

(hPa)

(Warming)

(Cooling)

900
800
700
600

3.7
2.4
1.4
1.2
1.2
0.8
0.6
0.4
2.4
1.6

3.7
2.7
1.4
1.2
0.5
0.8
0.3
0.2
0.1

SOO
400
300
200
100
Mean

1.2

These observations were substantiated in later years by data from space-based platforms. Satellite observations
compiled by Gupta (1971) and by Winston and Krueger (1977) suggest a radiative sink over north-west India of around
2
30 W m- • This provides a cooling rate of approximately 2.6°C a day. Great accuracy cannot be accredited to these figures
because the observed radiation deficit is the difference between two large components, namely net incoming and outgoing
radiation. Nevertheless, broad agreement on cooling by observations with radiometersondes and satellites is an important
feature.
More recently, Wei et al. (1981) and Wei and Johnson (1982) utilized FGGE Level III data to compute planetary scale
diabatic heating. They integrated the insentropic mass continuity equation

feT [aat (pJ) + V · (pJU) J

de

(2.13)

e
In this equation, p is density,

e is potential temperature and J stands for J;~I · It was assumed that there was no mass

flux through the top of the atmosphere. A three-dimensional distribution of Q was then obtained through a mass-weighted
average
/,\

"

Q = pJO

p]

(2.14)

Diabatic warming and cooling rates were computed for the winter and summer monsoons of 1979. On planetary scales,
Wei et al. ( 1981) found evidence of an east-west oriented zonal circulation in the x-p plane extending from the eastern Pacific
to Papua New Guinea during the northern winter (December-February 1979). Net warming over Papua New Guinea
exceeded l.5°C d- 1, while net cooling over the eastern Pacific was around 1°C d- 1• With the approach of summer (JuneAugust 1979), they observed a north-westward shift in the zone of maximum heating, that is maximum heating rates of
around l .5°C d- 1 located over the Philippines, accompanied by slight cooling over Arabia and the semi-arid regions of the
Middle East. Somewhat suprisingly, a radiative sink over north-west India and the deserts of Arabia, observed by Winston
and Krueger ( 1977) from satellite radiances, was not prominent on their charts. The important point that does emerge is that
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the winter and summer monsoons were associated with diabatic heat sources and sinks oriented from an east-south-east to a
west-north-west direction. The source-sink pattern tended to move north-westwards with the progression from the winter to
the summer monsoon . This movement was related to the Sun's declination.
Wei and Johnson (1982) continued their computations to cover different phases of the summer monsoon of 1979.
Their computations were relevant to the larger-scale features of the monsoon with a cut-off scale of 4 OOO km. Their main
features are summarized in Table 2.2.

TABLE 2.2

Diabatic heating patterns for summer 1979
(Wei and Johnson, 1982)
1
Phase

2
Warmin g

3

4
Cooling

T.
(°C d- 1)

l. Pre-onset
(June 1-4)

2. Active monsoon
(June 26-30
and
August 5-10)

3. Weak (break)
monsoon
(July 12-15
and
August 22-27)

5
T,
(°C d- 1)

Malaysia

0.8

India

0.5

East Arabian Sea

0.5

Arabian Sea

1.6

South Indian Ocean

1.0

Indonesia

0.8

Tibet

3.2

New Guinea
(north of the
Equator)

3.2

Inda-China

3.2

North-east
India

1.6

North-east
India

1.6

Indonesia

l.6

These features again suggest an orientation from the south-east to the north-west in diabatic heating (Figure 2.2), with
variations in intensity during different phases of the monsoon. It is indicative of an overturning in the x-p plane during the
summer monsoon. The ascending limb of this type of overturning is towards the south-eastern part of Asia, while the
descending motion is over north-west India and the Middle East.
Interesting evidence of subsiding motion over the Middle East was collected at the time of the Monsoon Experiment
(MONEX) of 1979. Quantitative observations of the surface heat budget were made over the south-eastern quadrant of the
deserts of Saudi Arabia. This was the Rub Al Kahli desert, often referred to as the 'Empty Quarter' because it represented a
large data gap in the years before MONEX. Smith et al ( 1981 , 1982) reported that the atmosphere over the desert could be
divided into three broad layers: (a) an upper region of descending motion between 100 and 550 hPa; (b) a middle region
between 550 and 850 hPa which was dominated by radiative warming and where dry convection maintained a heavy dust
load in the atmosphere; and (c) a lower boundary layer between the desert surface and 850 hPa in which the vertical flux of
sensible heat slightly exceeded radiative cooling (Figure 2.3).
These observations substantiate the earlier inference (Das, 1962) oflarge-scale subsidence over the desert. Earlier it was
felt that the radiation deficit over the desert was entirely compensated by diabatic warming through subsidence. The more
recent observations by Smith et al. (1981 , 1982) suggest that there is a lower boundary layer where the vertical flux of
sensible heat overcomes radiative cooling and, as a consequence, generates slight warming near the surface. Another
important observation was that a high surface albedo enhanced reflection by the desert in the near infra-red region, and the
heat storage of the desert sand was small.
Daily averaged heating rates are shown in Figure 2.4. A comparison of this figure with the model inferences in Table 2.1
reveals that above 500 hPa there was good agreement between model computed cooling rates and observations by
Smith et al. ( 1981, 1982), but between 550 and 850 hPa a net warming of around 0.5 to l .0°C d- 1 was observed, which the
model did not predict. At lower layers there was again radiative cooling, which was compensated by sensible heating.
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Figure 2.2 -

Mass weighted and vertically averaged diabatic heating rates (10- ' K d- 1) : (a) pre-onset; (b) active, 1979 (Wei and Johnson,
1982); and (c) winter monsoon (Wei et al. , 1981) (Dotted line indicates south-east to north-west orientation of major heat
sources/sinks)
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Although sensible heat was not considered by the model, it was not clear for several years how a cooling rate of
1
2.4°C d- was produced over the arid parts of north-west India. Bryson and Barreis (1967) suggested that, in addition to
radiative cooling, the high dust load of the atmosphere might add to infra-red radiative cooling. This argument was based on
the comparatively large residence time of dust particles.
Harshavardhan and Cess ( 1977) examined this question with a radiative model. The presence of dust in the atmosphere
leads to a scattering as well as an absorbing component for the extinction of radiation, and measurements of the dust load over
the Rajasthan desert were used in their model. The computed changes in radiative flux indicated an enhanced greenhouse
effect, as the net upward flux leaving the atmosphere was reduced by nearly three per cent. This was more pronounced at the
surface, where the net upward flux was reduced by ten per cent because of strongly enhanced downward emission. The
overall effect was to increase the cooling rate near the surface and to generally smoothen out regions of cooling in the
troposphere. Although the model predicted a sharp increase in the cooling rate near the surface, the average increase in the
cooling throughout the lower troposphere was only ten per cent. In localized regions of the troposphere this could even
amount to 25 per cent but, by and large, the presence of dust was not able to increase tropospheric cooling to the extent
necessary. However, comparison with the diabatic heating rates of Smith et al. supports the existence of appreciable cooling
near the Earth's surface.
MONEX data were used recently by Krishnamurti and Ramanathan (1982) to derive diabatic warming. Diabatic
heating can be separated into three components:
(a) Condensation;
(b) Radiative flux divergence; and
(c) Sensible heating due to small-scale turbulent transfers of heat from the surface to the atmosphere.
Condensation was estimated by calibrating satellite brightness temperatures against observed rainfall data. A wide
scatter in raingauge data was observed for slight changes in brightness temperature, which puts the accuracy of the estimation
1
in some doubt. However, net vertically integrated heating rates of the order of 6°C d- were computed, which appears to be
a high estimate. During the first week of July 1979, for instance, they found warming of the order of 2°C d- 1 over the semiarid regions of Pakistan and north-west India, which is a little surprising because this is a region of sparse rainfall. In any
event, the main source of condensation warming appears over the Bay of Bengal and the region to the north-east of India
during active phases of the monsoon. Combining the other two components, the heating pattern for the summer monsoon of
1979 is summarized in Table 2.3.

TABLE 2.3

Diabatic heating pattern
(Krishnamurti and Ramanathan, 1982)
I
Phase
I. Pre-onset
(June 1-5, 1979)

2. Onset
(June 12-16, 1979)

3. Post-onset
(June 18-22, 1979)

2
Warming

3
T1
coc d - 1)

4
Cooling

5
T1
(°C d- 1)

South Indian Ocean

4.0

North-west India

1.0

Tibet

3.0

New Guinea

2.0

Burma

4.0

North-west India

0.5

South Arabian Sea

4.0

North-west India

0.5

South Indian Ocean

3.0

New Guinea

3.0

North Bay of Bengal
and North-east India

5.0

New Guinea

4.0

The comparson of Tables 2.2 and 2.3 suggests higher warming by Krishnamurti and Ramanathan (1982), but their
charts of total warming seem to substantiate the south-east to north-west pattern of diabatic sources and sinks, with variations
during different phases of the summer monsoon.
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At this point we might ask: What have we learnt about diabatic sources and sinks as a consequence ofMONEX? The
main features on which a consensus seems to be emerging are:
(a) Large-scale heating rates display a south-east to north-west orientation with warming over Papua New Guinea and

its vicinity and cooling over north-west India, Pakistan and the middle-eastern countries;
(b) A gradual north-westward shift in the warming/ cooling pattern as the summer monsoon moves from its pre-onset

to onset and mature stages;
(c) Radiative sinks which occur over north-west India and the Middle East are dominated by subsiding motion .
Warming by subsidence is generally not sufficient to compensate the radiation deficit, except in regions close to the
Earth's surface; an additional cooling mechanism is needed, which cannot as yet be determined with any certainty;
(d) The plateau of Tibet acts as a heat source for most of the summer monsoon.

These conclusions lead us to infer that differential heating on a planetary scale generates and erodes available potential
energy in both x-p and y-p planes. The east-west (x-p) circulation seems to dominate in the pre-onset phase, but this gives way
to a Hadley type of circulation in the y-p plane, as the summer monsoon establishes itself. The ascending limb of the Hadley
circulation is located over Tibet (Koteswaram, 1958).

2.3 Wave energetics
Several computations on energetics have appeared in recent years. A wide variety of details have been reported, but
attention will be focused here on what appear to be the promiment characteristics. Summer monsoon energetics have been
studied largely by Krishnamurti and his collaborators at the Florida State University in the U.S.A. Their main results have
recently been summarized in a review by Krishnamurti and Kanamitsu (1981).
Computations by Murakami (1981) reveal that the main flow of energy is from ultra-long waves (wave numbers 1 and
2) to zonal motion in the upper troposphere (200 hPa). In general, the smaller waves (wave numbers 4 to 15) draw upon the
energy from zonal motion and the larger quasi-stationary waves. A peak occurs in the transfer process around wave number 8.
These transfers occur mainly in the upper troposphere (200 hPa).
A substantial part of the conversion of available potential energy to kinetic energy is achieved through east-west
overturnings. It may be recalled that diabatic heat sources and sinks also display a south-east to north-west orientation.
Cellular motion of this type with ascending motion over Indonesia and the adjoining Pacific and descent over north-west
India and the adjoining Middle East is now referred to as a Walker cell in honour of Sir Gilbert Walker. In addition to an
east-west overturning, observational evidence also points to Hadley circulations, that is an overturning on any-p plane. The
relative importance of one over the other has been difficult to establish; their intensities vary widely from one year to the next.
Computations suggest that nearly a seventh of the available potential energy is converted to kinetic energy through a Walker
cell.
The mean winds for July are depicted in Figure 2.5 for the upper (200 hPa) and lower (850 hPa) troposphere. They
represent means for the decade 1965-74 (Krishnamurti et al., 1982). The upper troposphere is dominated by a large
anticyclone anchored over the monsoon regime. Evidently this anticyclone - representative of wave numbers 1and2 - is
an area where major conversion of available potential energy to kinetic energy takes place. This is accomplished by an
easterly jet over India along the southern periphery of the anticyclone. The core of the easterly jet over India is located around
150 hPa. Its location varies with different phases of the summer monsoon.
Prior to the arrival of the monsoon and the easterly jet in the upper troposphere, there is a rapid northward movement of
ajet in the opposite direction - a westerly jet. The westerly jet, which is a commonly observed feature of the winter months
in the northern hemisphere, suddenly moves to a new location to the north of the Himalayas (Yin, 1949).
There are, of course, year-to-year variations. In some years, the northward shift of the westerly jet is delayed, or the
easterly jet is weaker than usual. Krishnamurti and Kanamitsu (1981) compared upper-tropospheric flow patterns during a
year of deficient rainfall ( 1972) with one of normal rain ( 1967). They observed several differences. The prominent features of
the year of deficient rainfall over central India and Africa were: (a) warm sea-surface temperatures over the equatorial Pacific;
(b) a weaker easterly jet accompanied by a weaker-than-normal anticyclone over Tibet; and (c) a general south-eastward
movement of major circulation patterns.
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In 1972, the ultra-long waves (wave numbers 1 and 2) derived their energy from zonal motion, but in 1967 they fed
energy to zonal motion. The transients, represented by wave number 3, also extracted energy from zonal flow in 1972, but fed
energy to the zonal flow in 1967. Figure 2.6 presents the different energy exchanges for 1967 and 1972 according to
Krishnamurti and Kanamitsu ( 1981 ). While this is an important investigation in view of its bearing on years of rainfall
deficiency, a note of caution is in order. Only two contrasting years have been studied and firm inferences are hardly possible
from a small sample. Clearly, there is a need to extend this work to cover several contrasting years.
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Computations of wave energetics with MONEX data have recently been reported by Mohanty et al. ( 1982). For the
months of May and July 1979, they computed adiabatic conversion from available potential energy to kinetic energy by
-

WO' =

V·

-

Vq, + V·(c/JV)

+ j_
ap

(cpw)

(2.15)

where a is the specific density, Vis a vector and q, represents the geopotential. The vertical component of motion is w. The
term wa appears in the Lorenz's expression cited earlier (Equation 2.3). Computations were made for the closed region
between 20°S and 40°N, and 0°E to 150°E, and upper-air data for standard isobaric surfaces 1 OOO, 850, 700 . .. 100 hPa
were considered for the MONEX period 16 May to 15 July 1979.
Mohanty's computations indicate positive conversion from potential to kinetic energy throughout the pre-onset and
mature monsoon of 1979, but there was a striking increase by a factor exceeding two between 3 June and 6 July. This
corresponds to the onset and the early part of the monsoon season. The vertical profile of the conversion term ( wa) displays a
maxima in the middle troposphere during a fortnight preceding the monsoon onset (16-31 May) and a period preceding a
temporary cessation of rains (1-15 July); but during the onset and mature stages of the monsoon, 1-15 June and 16-30 June,
the maxima were located in the upper troposphere (200-400 hPa), which validates the earlier surmise by Krishnamurti on the
dominance of the upper troposphere for conversion of available potential energy to kinetic energy.
A number of numerical models split the wind vector ( V) into non-divergent and irrotational parts. These two
components are expressed in terms of a stream function ( !/1) and a velocity potential (X) whence

V = K X Vl/1

+ Vx

For a limited region, the solution of these equations for l/J and X requires specification of boundary conditions. Many
experiments have been performed with homogeneous and inhomogeneous boundary conditions. A review has been
provided by Shukla and Saha (1974) and by Mohanty and Madan (1983). The details will not be discussed here, apart from
stating that the usual procedure is to start with a simple boundary condition (X = 0) and to improve upon this by successive
approximations until a reasonable fit is obtained with the observed wind field.
Krishnamurti and Ramanathan (1982) used this technique to compute conversion of available potential energy to
kinetic energy. The conversion term wa for divergent motion was measured by X V2 q, where q, represents the geopotential. In
general, expressions for the change in kinetic energy over a closed domain depend on the scalar product of Vl/J and Vx or their
higher derivatives. Thus, if in the northern hemisphere Vl/J . Vx > 0, then energy is transferred from the non-divergent to the
irrotational part. Proceeding on these lines, Krishnamurti and Ramanathan also observed a rapid increase in the kinetic
energy (K"') of the non-divergent component of the wind around the time of the monsoon's onset.

2.4 Upper-tropospheric vorticity budget
Krishnamurti (197la, b) computed the mean velocity potential and stream function for the upper troposphere
(Figures 2. 7 and 2.8). The mean vorticity and divergence fields were found to be out of phase by half a cycle. This meant that
the seasonal mean vorticity was at a miniumum (over Tibet, for example) when the divergence reached its maximum value.
Holton and Colton ( 1972) observe that the vorticity and divergence fields could not be brought into phase unless strong
damping was added to the vorticity field. This is because the main balance in the vorticity equation is between advection of
mean vorticity and divergence. As divergence is generated more rapidly, the two soon get out of phase unless strong damping
is added. Modelling experiments with a specified heating pattern (Abbott, 1973) have not been very successful in resolving
this question. Discrepancies occur between computed and observed divergence, if no damping is added. Chang and
Pentimonti (1978) used a three-level primitive equation model with a four-degree finite-difference resolution .
The purpose of the experiment was to test a conjecture by Holton and Colton ( 1972) on fluctuations of the monsoon
system. If large-scale divergence had strong fluctuations with time, then a correlation between divergence and vorticity
fluctuations could possibly provide a damping mechanism. We put

({ + f)D

= ({

+ f)D +

{'D'

where {and D stand for the relative vorticity and divergence. A bar denotes a mean value, and primes are used to denote
departures from the mean.
Chang and Pentimonti's heating function was

H

=

Hs

+

HAs
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where the subscript 'S' denotes zonally symmetric heating and 'AS' stands for an asymmetric component.

Figure2.7 - 200 hPa mean stream function for summer 1967; contour interval 50 x 10 5 m 2 s- 1 (Krishnamurti, 1971)

Figure2.8 - 200 hPa mean velocity potential for summer 1967; contour interval 10 x 10 5 m 2 s- 1 (Krishnamurti, 1971)

To maintain the zonal north-south temperature gradient, the temperature field generated by the model was adjusted
every two days so that a proper balance was maintained to keep the mean zonal field unchanged. The asymmetric component
H As was

Q( 1

+

A Sin 2 rr

.!__ )

T

where Q was related to the divergence field by

Q (°C d- 1)

= D (s-

1
)

X 10 6

The rationale behind the above expression was to introduce a sinusoidal fluctuation in divergence (D) .

23

PLANETARY ASPECTS OF MONSOONS

Two control experiments were performed. The first experiment had no sin usoidal fluct uation (D = 0), while in the
second experiment A = 0.5 was used. A periodicity of ten days was introduced by putting T = 10.
No significant difference could be detected in the output from these two experiments. On the whole, a fl uctuating
divergence field could not explain the imbalance between vorticity and divergence. The view has been expressed that
cumulus transport of momentum and vorticity could provide the required damping because cumulus convection is
predominant in the upper troposphere.
The work of Riehl and Malkus ( 1958) demonstrated that cumulonimbus clouds were an important source of vertical
heat transport in the tropics. Arakawa and Schubert's ( 1974) model is now often used to parameterize cumulonimbus clouds.
Schneider and Lindzen (1976) have parameterized cumulus convection in terms of a cumulus 'friction'. This is expressed as
the vertical divergence of a stress

Fe =

_!_

P

~ [Mc(V - Ve)]
az

where Feis the frictional force per unit mass, Mcis the cloud mass fl ux, Vis the large-scale horizontal velocity vector and Ve is
a velocity vector to represent the horizontal motion of a cloud ensemble. Ve may be taken to be the large-scale wind at the
cloud base as a first approximation. The time-scale for Fe was 10- 6 s-i, which implied substantial damping to balance the
fields of vorticity and divergence. It is appropriate to exercise some caution here, because it is tacitly assumed that an ensemble
of cumulus clouds remains an organized system. This need not necessarily be the case.

2.5 The winter monsoon
Hadley and Walker circulations also feature in the winter monsoon. These circulations were analysed by Chang et al.
(1979, 1980) and Sumi and Murakami (198 1, 1982). The mean winds for January are depicted in Figure 2.9. They are based
on means computed for the decade 1965-1974 (Krishnamurti et al., 1982).
The velocity potential at 200 and 850 hPa is shown in Figure 2.10 from Sumi and Murakami ( 1981 ). A strong outflow
at 200 hPa dominates the entire equatorial Pacific region from the Equator up to l0°S. The outflow is directed northwards
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and is associated with a major heat source for the winter monsoon. This is located over Malaysia, Indonesia and Papua New
Guinea. It is generated by latent heat released through convective precipitation. The outflow at 200 hPa is accompanied by
descending motion over China and adjointing Siberia. In the lower troposphere (850 hPa) convergent winds replace the
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Velocity potential for the winter monsoon : (a) 200 hPa and (b) 850 hPa; contour intervals at l 0 x 10 5 m s- ; arrows
indicate mean divergent winds (Suomi and Murakami, 1981)

region of outflow in the upper troposphere. The lower tropospheric flow patterns reveal southward-moving air from the
Siberian anticyclone which extends southwards up to 10°S.
These patterns reflect the position of a prominent Hadley circulation with ascending air over the equatorial regions
around Malaysia and Indonesia, accompanied by descending flow over Siberia and adjoining China. For the summer
monsoon, the ascending branch of the Hadley cell is over Tibet, which acts as a heat source because of its high elevation and
upward flux of sensible heat. In the winter monsoon, the intensity of the Hadley cell is determined by the frequency and
magnitude of convective precipitation.
A secondary winter Hadley cell even appears over the Indian Ocean because, as we can see, the divergent outflow at
200 hPa is accompanied by convergent inflow at 850 hPa around 90°E and 10°S. East-west overturnings do not appear to be
as prominent as in the summer monsoon . At 850 hPa, for example, outflow near 5°S, l l 8°W is accompanied by inflow to the
east near 5°S, 165°E. Sumi and Murakami have reported considerable year-to-year variations, along with variations within
the winter monsoon season, in the location and strength of Hadley and Walker circulations.
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Sumi and Murakami (1981) analysed the distribution of mean eddy kinetic energy for 200 and 850 hPa. Their analysis
for the MONEX year (1978-79) revealed wide differences in energetics. A distinction was made by partitioning the
generation of mean eddy kinetic energy into:
(a) Advection by mean motion;
(b) Advection by transients;
(c) Non-linear interactions between the mean flow and between the transients themselves;
(d) Work done by the pressure gradient force; and
(e) Frictional dissipation.

The analysis seemed to emphasize the importance of transfer of kinetic energy from mean flow through non-linear interactions. This was especially predominant over the western South Pacific region. This feature was emphasized earlier by Lau
(1979) . Sumi and Murakami computed standard deviations of outgoing long-wave radiation measured by weather satellites.
2
They found a standard deviation of outgoing long-wave radiation of the order of 10 W m- • There appears to be some
agreement between regions of large variance in the outgoing long-wave radiation and the field of divergence in the upper
troposphere.
Analysis of the zonal mean vorticity does indicate an imbalance brought about by divergence. This is similar to that
observed in the summer monsoon. Sumi and Murakami ( 1982) were not able to provide a clear answer to the forces that lead
to this imbalance. They suggested Rayleigh friction might provide the required damping. This would provide a damping
mechanism proportional to the velocity ( V). However, a Rayleigh drag coefficient of 7 x 10- 6 s- 1 was needed to restore a
balance. The entire question is still open. What has been established so far is the need for a damping mechanism to bring the
vorticity and divergence fields into phase. Whether this should be achieved by introducing a Rayleigh type of frictional drag
or cumulus friction of the type discussed earlier is a topic on which further research is necessary.
The winter monsoon is dominated by a strong surface anticyclone over Siberia and northern China. The air flow round
the anticyclone is distorted by the presence of the Tibetan plateau to the south-west. This leads to a strong baroclinic zone
between cold continental air to the north and a warm tropical air mass to the south. It has been recognized over the years that
the passage of mid-latitude troughs often leads to cyclogenesis over the eastern part of the China Sea (Danielson and Ho,
1969). The steepening of the pressure gradient across the East China Sea leads to outbursts of cold air out of the continent
towards the South China Sea. This is referred to as a cold surge (Chang et al , 1979). The dynamics of cold surges has
attracted much attention in recent years because they provide an example of interaction between mid-latitude systems and
tropical monsoons. Several types of interaction have been studied. Chang et al. (1979) and Chang and Lau (1980, 1981)
suggest an interaction between cold surges from the north and warm equatorial air from the south leads to a quasi-stationary
cyclonic circulation near the northern coast ofBorneo. The cyclonic circulation is associated with intense convective activity.
Several analytical and numerical models have been developed in recent years to study the response of the atmosphere
near the Equator. Webster (1972, 1973) and Gill (1980) suggest that the main features of the equatorial response are:
(a) An equatorial Kelvin wave, representing zonal overturning (x-p plane), which propagates eastward relative to the

mean flow, with ascending motion over the heat source;
(b) A little distance away from the Equator, under the influence of the Coriolis force, planetary Rossby waves are
generated which move westwards relative to the mean flow, but may transfer energy either to the east or the west
depending on the wavelength;
(c) Cross-equatorial flow northwards into the region of the heat source.
These results point to the fact that planetary scale monsoons are really driven by local heat sources and sinks, modulated
by land-sea distribution. Lau and Lim ( 1982) further demonstrate that Walker circulations are characterized by heating
which is symmetric about the Equator. By contrast, a Hadley cell is excited by asymmetric heating. This has an important
bearing on the relative importance of Walker and Hadley circulations.
Chang (1977) has drawn attention to the fact that while thezonal wavelength of the Kelvin wave agrees fairly well with
equatorial stationary circulations, the vertical wavelength of the Kelvin wave is one order of magnitude shorter than what is
observed. The phase speed (c) of a Kelvin wave is related to the equivalent depth scale (h), which provides for fast speed and a
short wavelength. Model experiments try to get round this difficulty by introducing hypothetical frictional damping. Chang
( 1977), for example, introduced linear damping in the equations governing Kelvi.n waves and found two types of waves. The
first wave resembled an internal gravity wave whose time-scale was faster than the time-scale of damping. The second wave
had an inertial time-scale much smaller than the damping time-scale and its vertical wavelength was larger. The latter tended
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excitation. This theory is built on the idea of organized cumulus clouds which depend on the supply of moisture through
frictionally induced convergence in the planetary boundary layer of the atmosphere. The vertical pumping of moisture into
the boundary layer is proportional to the vorticity of the surface geostrophic wind. The development of the flow depends on
the ratio of the heat supplied to an air column by condensation of moisture inserted by the boundary layer to the cooling by
adiabatic expansion of the rising air. The ratio is

Lq,

where Lis the latent heat of condensation per unit mass, q, is the specific humidity of air at the top of the boundary layer, Cp is
the specific heat of air at constant pressure, Tmis the mean temperature of the air column, and 6. (In 8) is the difference in
potential temperature between the top and bottom of the column of air. When 7J is below a critical value, which is between 1
and 4, there is no development, but when the critical value is exceeded, warming by condensation overcomes cooling by
adiabatic expansion. This represents a type of instability which is similar to conditional instability, but which is different from
the conventional concept because 7J is measured by the ascent of air forced by frictional convergence and cyclonic vorticity of
the near-equatorial trough. This instability was, therefore, named Conditional Instability of the Second Kind (CISK) by
Charney and Eliassen (1964).
Much of the subsequent work on CISK has been concerned with the question of parameterizing the profile of condensational heating in terms of pumping of moisture out of the planetary boundary layer. An early two-layer model by Bates
( 1970) predicted a concentration of ascending motion near 14°. The position of the ITCZ was very sensitive to the different
input parameters of the model, especially the strength of condensation al heating. Wallace ( 1971 ), for example, found that in
tropical wave disturbances the adiabatic cooling of air almost exactly compensated the warming realized through the release
of latent heat of condensation, but several models predict that this is not so. Discrepancies arise on the phase of the vertical
velocity and the heating pattern. Stevens, Lindzen and Shapiro (1977) find better agreement between observed vertical
temperature profiles over the Pacific if a heating profile is chosen which minimizes the available potential energy of a
transient disturbance, and if cumulus friction is included. This emphasizes the importance of including the vertical transport
of horizontal momentum by cumulus clouds. Differential heating is guided by the Sun's declination and the distribution of
land and ocean. On the other hand, the distribution of rainfall - an important feature of monsoons - is a regional characteristic. It is determined by the frequency and the path of depressions and other rain-bearing systems which display considerable year-to-year variation. Although monsoons are more seasonal than mid-latitude systems, yet the prediction problems
are no less complex because these are variations within the monsoon and from one monsoon to another.

In summing up the main features we note that the planetary monsoons are maintained by Walker and Hadley circulations, by which available potential energy is converted to kinetic energy. These circulations are maintained by diabatic heat
sources which show a distinct alignment and there is northward movement of the diabatic warming patterns with the
declination of the Sun. The energetics suggest different types of transfer mechanisms between the ultra-long waves and the
mean flow in the upper troposphere, with significant variations in the flow of energy between one year and another. An
imbalance is noted between the vorticity and divergence patterns for the upper troposphere for both the winter and summer
monsoons. A strong damping mechanism is needed to restore balance and cumulus friction appears to be a possible
mechanism for providing the required damping. The dynamics of the ITCZ have drawn our attention to cumulus friction
allied to CISK. Satellite observations indicate a northward movement of the ITCZ and the near-equatorial trough. It appears
that the Inter-tropical Convergence Zone and the near-equatorial trough are two distinct systems rather than one being
embedded in the other.
These planetary features of the monsoon are coupled with regional features. The precise coupling mechanisms are not
fully understood, but in the next chapter we will try to see how regional features tend to supplement the planetary aspects.

CHAPTER 3
REGIONAL ASPECTS OF MONSOONS
The regional aspects of monsoons occur on a smaller scale. Opinions differ on what the dividing line should be between
the planetary and regional scales of motion. Notwithstanding divergence of opinion, it is often convenient to consider a broad
classification in terms of the scales described in Table 3.1 .
TABLE 3.1
Scales of motion

Systems

Approx imate dimensions
Horizontal scale (km )

Vertical scale (km)

Time (hours)

5 OOO
SOO to 2 OOO

10
10

200 to 400
100

2. Mesoscale

1to100

I to 10

I to 10

3. Microscale

Less than II 10

Less than I I 100

1110 to 1/100

I. Macroscale
(a) Planetary Waves
(b) Synoptic perturbation

It is important to recognize that the scales shown in Table 3.1. are coupled strongly, one often contributing to the other
through complex interactions which are not yet fully understood. One of the difficulties is that regional features are often
obscured by a proliferation of synoptic details whose relevance to the coupling mechanism is not always clear. This chapter
will be concerned with the more prominent features on which some agreement is apparent in the literature. In this process,
some details will be left out either, as we see it, because they are based on insufficient data or because their relevance to the
larger aspects of the monsoon is not clear. The reader more interested in the synoptic details of the summer monsoon, for
example, is referred to several monographs (Ramage, 1971 ; Rao, 1976) which have appeared on the subject over the last few
years.

3.1 Summer monsoon
Regional features of the summer monsoon are associated with short-period rainfall fluctuations . The hundred-day
monsoon over India from 1 June to mid-September is replete with spells of heavy rain followed by lean periods. A period of
lean rainfall is known as a 'break' monsoon . The duration of an active phase or a break phase is about a week, but on some
occasions prolonged breaks also occur. The duration and frequency of breaks increase towards the second half of the
monsoon (Ramamurty, 1969). Evidence has been adduced by some to suggest the existence of 15- and 40-day periodicities
in summer monsoon rain over India. Opinion is divided on the cause of such atmospheric signals. These periodicities have
not found much application in weather prediction so far.
The influence of the summer monsoon is spread over many countries of east and south-east Asia. In China, the summer
rains are known as Mai-Yu and over the southern parts of Korea as Mae-Ue, while in Japan they are known as the Baiu rains.
Rainfall over monsoon lands exhibits extreme contrasts. Figures 3.1 and 3.2 depict monsoon rainfall over India and Sri
Lanka. It will be observed that the south-western zone of Sri Lanka records over 190 cm of mean rainfall, but there are also
areas to the north-east where the rainfall is only 51 cm. There are similar contrasts over India. The average rainfall over the
north-eastern parts of India is 165 cm, but it is less than 30 cm over the extreme north-west or the south-eastern part of the
peninsula. Similarly, the isohyets over Pakistan for the months of June, July, August and September indicate a rainfall amount
exceeding 25 cm over the extreme north-eastern sectors of the country, but less than a fraction of a centimetre over
Baluchistan. As we shall see presently, wide variations in rainfall are generated either by the alignment of mountain barriers
or by the normal track of rain-bearing systems.
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Figure 3.1 - Monsoon rainfall over India (lsohyets represent rainfall amount in cm)
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Figure 3.2 - Annual rainfall over Sri Lanka (lsohyets represent rainfall amount in cm)
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3.2 Dates of onset and retreat
Table 3.2 provides approximate dates for the beginning of the summer monsoon season, covering a region extending
from 75°-140°E and from 20°-45°N. The rainy season begins earliest in south China towards the beginning of May; subsequently, it extends its influence over the south-eastern parts of Japan and Burma. Monsoon rains do not begin over India until
the very end of May. The areas under the dotted lines in Table 3.2 are regions where the monsoon begins in May or the first
week of June. It may be emphasized that the beginning of rains does not of necessity coincide with the onset of monsoon
winds.
Opinions differ on what really constitutes an onset of the monsoon. Many prefer to define it as the date on which the
prevailing winds reverse their direction. On the other hand, for the purpose of agriculture it is more convenient to fix the dates
of onset by the commencement of rains.

TABLE 3.2
Beginning of the rainy season in monsoon regions of Asia
(Compiled from the results of Yoshino, 1971)
75°

80°

85°

90°

95°

100°

105°

110°

115°

45°N
40°
35°

r----------- - ----,
June
5-9

July
20-24

120°

125°

130°

Aug.
9-13

July
15-19

July
15-19

July
20-24

July
20-24

July
20-24

July
15-19

July
20-24

July
15-19

July
10-14

July
10-14

June
20-24

June
20-24

June
15-19

June
15-19

May
26-30

May
21-25

r------ - -- - ------

June 30 June
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The arrival of the monsoon is a gradual process starting with a transition period when atmospheric characteristics
change from a state of extreme dryness to one of high humidity and light rain. Thunderstorms are a feature of the premonsoon months of April and May over north-east India. In many areas, frequent pre-monsoon thunderstorms lead to
genuine monsoon rain without a period of transition.
A survey of nearly 70 years of rainfall data reveals that the monsoon usually sets in over the southern tip of the Indian
peninsula between 11 May and 15 June. Consequently, any rainfall prior to 11 May is not regarded as genuine monsoon rain.
A few working rules have been developed for an objective determination of the date of onset of the monsoon. They are based
on a specified number of stations receiving a 24-hour rainfall of 1 mm or more for several consecutive days. Using these
working rules, normal dates for the onset of summer monsoon rains over India are shown in Figure 3.3. The standard
deviation for the onset over the extreme south of the Indian peninsula is approximately 7.7 days.
Figures 3.4 and 3.5 indicate standard deviations of rainfall for summer and winter over different parts of the world.
These computations have been made by Shukla (1982) for a 16-year sample from 1961-76. They indicate variances of
rainfall over: (a) the plains of India; ( b) the western coast of India; ( c) lndo-China; and (d) west Africa. The coefficient of
variation, which expresses the ratio of standard devition to the mean as a percentage, for India is shown in Figure 3.6. These
figures bring out two interesting facts. Firstly, regions with a high standard deviation are usually regions which receive large
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amounts of rainfall. Secondly, the variability of rainfall, at all events over India, is largest where the rainfall is the least. The
latter has an important bearing on long-range prediction. Long-range forecasts are most useful over areas oflarge variability;
there would not be much point in preparing long-range forecasts for a region where the rainfall differs little from one year to
another.

Figure 3.3 -
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Normal dates for the onset of monsoon over India

IOW

IOE

ltOE

110E

0

aoa

IOI

'--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~..._~~~~~~~'--~~~~~~~

110W

120W

IOW

IOE

Figure 3.4 - Standard deviation of rainfall for the summer

UOE

33

REGIONAL ASPECTS OF MONSOONS

tow

120W

IOE

120E

-

ION

0

0

-

IOI

IOI

-

'--~~~~~~_._~~~~~~~"""-~~~~~~--'~~~~~~~...i...~~~~~~~'--~~~~~~-'

llOW

0

llOW

Figure 3.5 - Standard deviation of rainfall for the winter

20

zo
BAY

16

OF

I6

BENGAL

i

12

..f-1

12

"

72

76

80

••

••

92.'t

Figure 3.6 - Coefficient of variation of rainfall for India

·.•

..

36

MONSOONS

70

75

80

90
.. . .. . .. .1!5
·.· ... .. . .. ·.· ... . .
'Cl.

· o

.

'

.. ·: ....... . . ·:.. ....... ·: . ...... . .. :..~ . .•. . . . ·'.· .. . ..... :.. .. . . .

zo

. .. . ·:· ...... ..

·'.·.

15

10

5 z.v

:.

.
.
~·:

·~ · ·P._o. -· ·· ·:<··
,. :
~o~

EQ

~0-;;.,

no
12: 39/ OJ-J Utl- 12
150

CONTOUR

AT

l~SAT -

01

2;ZO

INFRARED

UO, ZOO, 1H K

Figure 3.7 - Brightness temperature contours (220, 200 and 185K) from the INSAT-lA infra-red picture of 3 June 1982

3.3.2

THE MONSOON TROUGH

During the summer monsoon, an elongated low-pressure area is established over India, Pakistan and the adjoining
countries of the Middle East. Indian meteorologists refer to it as the monsoon trough (Figure 3.8). The trough axis is oriented
in an east-west direction, roughly parallel to the southern periphery of the Himalayan mountains.
The monsoon trough is a quasi-permanent feature of the summer monsoon, but its axis displays wide variations. An
active phase of the monsoon is observed when the axis lies to the south of its normal position and its eastern end extends into
the northern part of the Bay of Bengal. On the other hand, when the axis moves north and is located close to the Himalayan
foothills, the rainfall pattern is akin to a break in the monsoon. The northern shift of the axis leads to a concentration of
rainfall over the north-eastern parts of India. As several major rivers oflndia have their origin over the eastern Himalayas, a
break in the monsoon leads to heavy discharges and resultant floods in the eastern states. The situation is aggravated by
deforestation along the Himalayan foothills which accelerates erosion of the top soil from the mountains and an increase in
the rate of sedimentation in the rivers. The holding capacity of many rivers has decreased over the years, which has made the
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land more vulnerable to floods. The normal duration of a break is about five to seven days, but prolonged breaks of up to
three weeks duration have been observed on a few occasions. There is a tendency for longer breaks during the second half of
the monsoon in the months of August and September. For many years it was believed that the monsoon trough was a
mechanical effect brought about by the alignment of the Himalayan mountains and the mountains ofBurma. This view was
expressed by Simpson (1921) nearly 60 years ago, but recent model experiments suggest that the mountains by themselves
are not sufficient to generate a quasi-permanent trough. Fluctuations in the radiation balance of the atmosphere are believed
to have an important bearing on the movement of the trough axis.

Figure 3.8 - The monsoon trough over India: the thick line indicates the normal position of the trough, and the dotted line shows the
trough position under 'break conditions'

3.3.3

MID-TROPOSPHERIC DISTURBANCES

During the International Indian Ocean Expedition (IIOE) of the late sixties, it was observed that heavy rainfall over
the north-eastern parts of the Arabian Sea and the adjoining areas of the Indian coastline was associated with cyclonic
vortices confined to the middle troposphere. These vortices were observed to be between 3 and 6 km and their largest
amplitude was near 600 hPa. They were not visible on surface weather charts. Unlike the Bay depressions, mid-tropospheric
disturbances have a core of warm air above 4 km with slightly colder air below. These systems exhibit little movement and
appear to remain quasi-stationary for several days.
On many occasions, the rainfall associated with a mid-tropospheric system can amount to as much as 20 cm in 24 hours.
Figure 3.9 illustrates a mid-tropospheric cyclone. Such systems are also observed over south China, but their frequency is
much smaller.
As these disturbances are located between a westerly regime at the surface and easterly winds in the upper atmosphere, it
is believed that large vertical shears are responsible for their formation.

3.3.4

OFF-SHORE VORTICES

Apart from mid-troposheric cyclones, spells of heavy rain along the western coast of India are generated by off-shore
vortices. The western coast oflndia is dominated by an orographic barrier by way of the Western Ghats. These mountains
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run in a north-south direction and are approximately of 1 OOO km in length and 250 km in breadth, with an average altitude
of between 1 and 1.5 km above mean sea-level.
On many occasions, when westerly monsoon winds strike the mountains they do not have enough energy to climb over
the Ghats. Consequently, they tend to be deflected round the mountains and the return current forms an off-shore vortex .
Such vortices have linear dimensions of the order of 100 km and their presence is detected by weak easterly winds at coastal
stations. Notwithstanding their small dimension, they are effective in bringing about a spell of very heavy rain in their
vicinity.

Figure 3.9 -

3.3.5

Mid-tropospheric cyclone

LOW-LEVEL CROSS-EQUATORIAL JET AND THE SOMALI CURRENT

In the late sixties and early seventies, Findlater (1966, 1969, 1971, 1972) observed strong winds in the form of a narrow
current of air off the coast of east Africa. The low-level jet stream was most pronounced between 1 and 1.5 km. The structure
of a low-level jet is shown in Figure 3.10. The jet appears to flow from Mauritius and the northern part of Madagascar before
reaching the coast of Kenya at about 3°S. Subsequently, it covers the plains of Kenya, Ethiopia and Somalia before reaching
the coast again around 9°N. It appears to be fed by a stream of air which moves northwards from the Mozambique Channel.
The major part of the low-level jet moves further into eastern Africa during May and subsequently traverses the
northern parts of the Arabian Sea before reaching India in June. The strongest cross-equatorial flow during the summer
monsoon takes place in the proximity of the low-level jet. It is still not clear why this region is a preferred zone for crossequatorial mass transport.
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An experiment during MONEX with constant-level balloons designed by scientists from France brought out the
characteristic features of the cross-equatorial flow. This experiment, which will be discussed in a subsequent part of the
monograph, revealed the fact that the genesis of the monsoon lay to the south of the Equator. In earlier years the view was
often expressed that the bulk of the monsoon was deflected air from the northern hemisphere. MONEX-79 did not support
the earlier view. In fact, an analysis by Okoola and Asnani (1982) found a significant association between fluctuations in the
intensity of an anticyclonic circulation to the south of the Equator and the summer monsoon over India. This anticyclone is
named the Mascarene High. Its intensity is reflected by surges in pressure over a period of four to six days.
The location of the low-level jet coincides with a zone of coastal upwelling. This is responsible for creating a cold surface
temperature off Somalia by upwelling. On many occasions the temperature is as low as l 8°C, but the temperature over the
eastern part of the Arabian Sea is of the order of 25°-30°C. This leads to a strong temperature gradient over the Arabian Sea
during the summer monsoon.

3.4 Rainfall distribution
The rainfall distribution over India is influenced by the rain-bearing systems enumerated above. In many national
Meteorological Services the rainfall distribution is often delineated by principal components. This follows Lorenz (1956).
Bedi and Bindra (1980) and Gadgil and Joshi (1983) have analysed the principal components of monsoon rainfall. A
summary of the work of Bedi and Bindra is presented here because it is based on a larger data set.
They represent monsoon rainfall over m stations for a period of n years by an m x n matrix P. The elements (P,,) of P
represent departures of rainfall from their mean values for the s'h station and r'h year. Data relevant to 70 evenly distributed
stations for a period of 60 years ( 1911-1970) were used.
As P represents the time and space variability of rainfall, it is convenient to put

P=Q X F
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where the matrices Q and Frepresent the time and space components of P. Qand Fare determined by defining a new matrix
S which is related to P by

P'P=S
where a prime denotes the transpose of P. This leads to

F 'SF=QQ '=D
where D is a diagonal matrix. The columns of Fare the eigenvectors of S, while the eigenvalues of Sare represented by the
elements of D. The amplitude of each eigenvector is represented by the elements of D.
Bedi and Bindra computed 15 principal components of P and found that they accounted for 72 per cent of the total
variance of monsoon rain. The first four principal components were sufficient to explain 4 7 per cent of the total variance.
Their analysis suggests an opposition between the north-eastern and western sectors of India (Figure 3.11 ). This was the
dominant feature which accounted for 26.9 per cent of the variance. Contributions by the other three components were
relatively small.

1911

Figure 3.11 -
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Figure 3.12 -

Principal component II of monsoon rainfall

Positive and negative amplitudes were evenly distributed over the last sixty years, but there was a tendency for rapid
oscillations between positive and negative amplitudes between 1950 and 1970. No significant trend could be discerned in the
data.
The second principal component suggests a certain amount of similarity between the eastern coastline of India near the
head of the Bay of Bengal and the northern sector of the Arabian Sea (Figure 3.12). This suggests a tendency for
mid-tropospheric troughs to be activated in consonance with monsoon depressions in the north of the Bay.

3.5 Regional energetics
Energy conversions within the summer monsoon regime over India have been computed by Keshavamurty and Awade
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(1970, 1974, 1976) and by Anjaneyulu (1971). Keshavamurty and Awade found that the monsoon trough was largely
maintained by the generation of kinetic energy through work done by the horizontal pressure gradient. The contribution of
transient eddies was relatively small. They found that the region of the monsoon trough was one of ascending air and
subsiding cold air resulting in x-p overturning. Somewhat similar results were obtained by Anjaneyulu ( 1969, 1971 ).
2
Anjaneyulu found that the dissipation of energy was 2.4 W m- • This equals Brunt's often quoted dissipation rate of
2
3.0 W m - • From these computations one is led to infer that the establishment of the monsoon trough is related to quasistationary forcing mechanisms because the transients play a comparatively small role.
An important result of Keshavamurty and A wade arises from the relative importance of x-p and y-p overturnings. The
distribution of diabatic heating and the release oflatent heat drives the Hadley cell. A comparison between a weak and strong
monsoon situation for the conversion of zonal available potential energy to zonal kinetic energy is given in Table 3.3.
TABLE 3.3

Conversion from zonal available potential energy to zonal kinetic energy (W m- 2 )

Conversion

Mean July

19 July 1963
(Weak monsoon)

7 July 1963
(Strong monsoon)

C(A,, Kz)

0.19

0.06

0.57

The conversions shown in the above table are accomplished through Hadley circulations. These overturnings are direct
in the sense that they are energy producing. The rate of energy production in a strong monsoon situation is approximately an
order of magnitude larger than on a weak monsoon day. The conversion from zonal available potential energy to zonal
kinetic energy is almost an order of magnitude smaller than that achieved by a meridional circulation. Keshavamurty and
A wade express the view that a substantial part is used up not in the conversion to kinetic energy but in the export of potential
energy to the southern hemisphere and Africa in the upper troposphere.
Conversion from eddy available potential energy to eddy kinetic energy through x-p overturning for strong and weak
monsoon days is shown in Table 3.4.
TABLE 3.4

Conversion from eddy available potential energy to eddy kinetic energy (W m_,)

Conversion

7 July 1963
(Strong monsoon)

19 July 1963
(Weak monsoon)

C(AE, KE)

- 0.08

0.12

Comparison with Table 3.3 indicates that the Hadley cell conversions are a little stronger than Walker cell conversions,
but it is interesting to note that on a weak monsoon day the Walker cell was stronger than the Hadley cell. It has been
conjectured that weak monsoons are characterized by stronger Walker cells than Hadley cells. The latter dominate on
occasions when there is a strong monsoon, while the former are more intense during weak monsoons. Some support for this is
provided by Krishnamurti and Kanamitsu ( 1981 ), to which reference was made earlier. They found a transfer of energy from
zonal to ultra-long waves (wave numbers 1 and 2) in 1972, a drought year.

3.6 Heat and moisture budgets
A large number of investigations have been reported on the heat and moisture budgets of the summer monsoon,
especially over the Arabian Sea and the adjoining land. For earlier budget computations reference should be made to
Pisharoty (1965), Keshavamurty (1968), Anjaneyulu (1969), Rao and Rajamani (1972), Saha and Bavadekar (1973) and
Choudhury and Karmakar ( 1981 ). The data set in earlier investigations was not sufficient on many occasions.
Mohanty et al. ( 1982) conducted a recent investigation with MONEX and FGGE data; consequently, its broad features are
described here in some detail.
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If it is assumed that the vertical velocity vanishes at the Earth's surface and the top of the atmosphere, then the budgets
for enthalpy, latent heat and moist static energy may be expressed by

aE
-at + v. (EV)

!!_ (Lq)
at
ah
at

-

QE

WO'

+ V · (LqV)

+ v.(hV) =

QL
QM

(3.1)

(3.2)

(3 .3)

In the above equations £stands for enthalpy ( CpT), q is specific humidity and his the moist static energy, and Vis the vector
wind. We put
h = CpT

+

gZ

+

Lq

It is to be noted that the conservation equation for h includes Equations 3.1and3.2. In a sense Equation 3.3 expresses the sum
of the sources and sinks of enthalpy and moisture.
The above equations express basic transfer mechanisms. There is a term to denote time dependency, which is the first
term on the left. The second term on the left is a measure of the horizontal flux divergence. For a closed region, it indicates
how much of the variable concerned is being transported in or out of the region. The third term on the left of Equation 3.1
represents adiabatic conversation of available potential energy (APE) to kinetic energy (KE).
The terms on the right of the conservation equations represent sources and sinks. Thus QErepresents a source or sink of
enthalpy ( CpI). The term includes radiative effects and diabatic warming by turbulent eddies. The moisture source/ sink is

QL = L(C -

E)

where L is the latent heat associated with a phase change from vapour to liquid, E and C denote the rate of evaporation and
condensation. To this we could add a flux due to turbulent transfer at the Earth's surface, but for the present we consider QL to
represent a moisture source or sink. If condensation exceeds evaporation the region will be considered as a moisture source.
In a view of these considerations, the conservation equations may be simplified further to read

S
S
S

+
+
+

DIV

+

ACON

(3.4)

DIV

(3.5)

DIV

(3.6)

where S represents time variation, DIV measures horizontal flux divergence, ACON is for conversion of APE to KE and the
source terms remain as before.
The computations by Mohanty et al. (1982) used twice daily FGGE observations of temperature, relative humidity,
geopotential and winds over the tropics. Computations were made for ten pressure levels from 1 OOO to 100 hPa for the
period 16 May to 15 July 1979. An assimilation technique developed by the European Centre for Medium Range Weather
Forecasts was used.
The two-month period was divided into four phases of the summer monsoon of 1979:
-

Pre-onset (16-31 May);
Onset (1-15 June);
Mature monsoon (16-30 June);
Weak monsoon (1-15 July).

Reservations have been expressed on the computation of vertical motion by Kanamitsu (1981). Mohanty et al.
computed vertical motion by small adjustments which led to no net divergence after vertical integration (O'Brien, 1970;
Falkovich, 1980).
Space derivatives were computed by centred finite differences, and a leap-frog scheme was used for time derivatives.
The source and sink terms were evaluated as residuals in the budget equations. Although this provides no direct information
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on how the source/ sinks were created, it does reveal their broad features. Twice daily values were averaged over five-day
periods to obtain a mean value for a pentad. This smooths random errors and short-period fluctuations, but retains the broad
features of the budget.
Separate computations were made for the Arabian Sea and the adjoining land. They are shown as A and M in
Figure 3.13.The area demarcated as A includes a portion of land covering Arabia and parts of eastern Africa, but Mis confined to monsoon lands to the east of A. A is taken to represent the broad features of the Arabian Sea, while M represents the
larger monsoon land area.
The main conclusions of the analysis are summarized in the following sub-sections.
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Map showing geographical regions considered for computation by Mohanty et al.

3.6.l HEAT BUDGET
Time variations of the different terms of Equation 3.1 an( shown for A and Min Figure 3.14 (a, b).The patterns are
broadly similar over the Arabian Sea and the land. A peak in enthalpy was noted over A as well as M around 25 June, when
the monsoon had reached maturity. This was preceded by a peak conversion from APE to KE about ten days earlier
(15 June). It was also reflected in the magnitude of the source term (QE). A time lag often days between a peak conversion of
APE to KE and the maximum value of enthalpy is an interesting result, as it indicates a very rapid conversion to kinetic
energy of motion within a short span of ten days. It would be interesting to know whether this happens in other years as well.
There was little by way of heat storage over A and M, although one would have expected larger storage over the
Arabian Sea.
Quantitative estimates for the Arabian Sea (A) (Figure 3.15) revealed a sudden increase in the inward flux through the
southern boundary between onset and the mature monsoon stage. Surprisingly, this continued into the weak monsoon stage
as well. An increase in the conversion of APE to KE was also noticed during these phases (second and third phase).
Computations of the time-averaged vertical distribution (Figure 3.16) again indicate a large conversion from APE to
KE at the mid-troposphere (600 hPa). This was largely on account of mid-troposphere disturbances over the Arabian Sea.
The horizontal flux divergence also reached a maximum value at the middle troposhere (600 hPa). Diabatic warming was
observed throughout the troposphere during the onset and mature monsoon stages, but in the pre-onset weak monsoon
phases diabatic cooling was observed above 800 hPa.
While it would clearly be premature to draw firm inferences from a small data sample for one year, the computations
reveal: (a) large conversions of APE to KE ten days prior to onset; (b) peak conversion in the middle troposphere; and (c)
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replacement of diabatic warming by cooling during the pre-onset and weak monsoon phases. It is difficult at this stage to
determine the forcing mechanism for these changes, but they are indicative of atmospheric characteristics during the
monsoon.

3.6.2

M OISTURE BUDGET

Computation of the moisture budget indicated a sharp increase in the flux of latent heat over the Arabian Sea (A)
during the pre-onset and onset phases. It subsequently attained a steady value. The variations over land were much less
pronounced, as one might expect. An excess of condensation over evaporation was observed over the Arabian Sea, but over
land there was an excess of evaporation over condensation from the end of May to the beginning of June. The vertical distribution is not reproduced here, but the analysis again suggests a peak negative flux of moisture out of the region in the midtroposphere at 600 hPa.
Similar details for the moist static energy (h) have not been reproduced here, because they exhibit essentially the same
feature. For moist adiabatic processes
dh = 0
dt

This is not fulfilled exactly, but the variations are small for different phases of the monsoon.
While the results of this analysis are preliminary in nature, they do reveal large amounts of inflow I outflow along the
side boundaries of A in all phases of the monsoon . The inflow from the southern boundary seems to influence the intensity of
the monsoon. The analysis has not yet been extended to compute the terms h' w', which will measure the vertical eddy
transport of total heat and could be used to measure the activity of cumulus convection. Pearce and Mohanty (1984) find
some similarity between the observed moisture transport and Gill's (1980) theoretical pattern of equatorial motion forced by
2
asymmetrical heating. This assumes a steady release of latent heat of 300 W m- in the region 10°-20°N, 60°-120°E. Gill's
result was based on a linear model with beta plane geometry. This was not adequate to bring out the role of transient motion
during the monsoon's onset, and the subsequent build up of moisture. But Pearce and Mohanty obtain the interesting result
that convection occurs only after the moisture build up exceeds a threshold value of 40 mm of precipitable water over the
Arabian Sea. This was also substantiated by Howland and Sikdar's (1983) satellite observations.

3.7 The winter monsoon
Many have drawn attention to the similarity between regional features of the summer and winter monsoons.
Krishnamurti (1979) pointed out the following similarities:
(a) The Siberian anticyclone of winter corresponds to the Mascarene High of the summer monsoon;
(b) The monsoon trough of the summer monsoon corresponds to a winter monsoon trough over Indonesia;
(c) A cross-equatorial low-level jet off the east African coast during the northern summer has its counterpart in cold
surges in the lower troposphere from the Siberian anticyclone;
(d) The northern summer monsoon rainfall and cloud cover over northern India has its counterpart in heavy
precipitation over southern Malaysia and Indonesia during the northern winter;
(e) The Tibetan anticyclone of the northern summer corresponds to the western Pacific high of the northern winter;
(f) The tropical easterly jet stream of the northern summer corresponds to the subtropical jet stream of winter.
There are, of course, major differences. Hadley and Walker circulations are both active during the summer monsoon,
but the winter monsoon appears to be dominated by a Hadley circulation, which is stronger. In summer the ascending branch
of the Hadley circulation is over land and its descending branch is over the Indian Ocean. In winter it is the opposite, for the
ascending branch is over the sea adjoining Malaysia and Indonesia, and the descending branch is over Siberia. There are, in
addition, differences owing to topography - there is no counterpart to the Himalayas for the winter monsoon. Westwardpropagating depressions from the Bay of Bengal and mid-tropospheric low-pressure systems over western India generate
substantial amounts of rainfall over India in summer. Winter monsoon rainfall appears largely as a consequence of cold
surges and convection in an atmosphere that is conditionally unstable.
Much of the difficulty in forming a coherent picture of the principal facets of the winter monsoon arises from lack of
quantitative data. This difficulty was partly removed by the observations ofMONEX-1979. We will now focus attention on
those features which, as we see them, are unique to the winter monsoon.
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3.7.l

SHORT-PERIOD RAINFALL FLUCTUATIONS

As with the summer monsoon, the winter monsoon is not one of continuous rain. There are short-period rainfall
fluctuations . Cheang et al. (1982) made a spectral analysis of Malaysian rainfall and observed three prominent cycles of:
(a) 3.3 days; (b) 4.0-5.3 days; and (c) 15 days. Murakami (1979) had earlier observed a dominant peak of 4.3 to 4.6 days in
meridional winds over the East China Sea which he associated with cold surges from the Siberian anticyclone. A
cross-spectrum analysis with a time series of pressure suggests that the observed periodicity of 3-5 days of rainfall could be
associated with the westward-moving monsoon lows in the near equatorial trough. Cheang et al. have tried to associate a
larger cycle of 10-20 days in Malaysian rainfall with systems having their origin over the western Pacific and with a large
amplitude trough to the lee of the plateau of Tibet. The association of peaks in rainfall with cold surges has also been noticed
over Indonesia by Wirjohamidjojo (1982). Although he did not make a power spectrum analysis, short-period fluctuations
of the type noticed over Malaysia were also evident in the data presented by him. At present, the forcing mechanism for such
rainfall fluctuations appears to be closely linked with cold surges, but the factors that lead to 15-day fluctuations are not well
understood.

3.7.2

THE STRUCTURE OF MONSOONAL VORTICES

As mentioned earlier, outbreaks of cold air from the Siberian anticyclone are most intense during the northern winter
from December to February. As the cold air moves southwards, its propagation over the South China Sea is accelerated by
vortices of small dimensions in the near-equatorial trough. A vortex of this type was studied with the help of observations
from aircraft and a triangular formation of research vessels from the U .S.S.R., satellite winds and data from surrounding land
stations. This vortex was formed during 16-17 December 1978. Its structure has been reported on briefly by Simpson et al.
( 1981 ). They note that the relative vorticity associated was of the order of 5 X 10- 5 s- i with a maximum in the lowest layers,
between 900 and 800 hPa. The relative vorticity vanished at about 300 hPa in the upper troposphere. Temperature
anomalies did not display much evidence of convective warming in the cloudy areas. The most prominent anomaly was
associated with subsidence in the clearer area to the east and west of the circulation centre. Unlike depressions in the Bay of
Bengal, a maximum of convergence was noticed in the north-west quadrant of the low. These vortices represent transient
phenomena in which convergence in the lower troposphere is replaced by outflow in the upper troposphere. They occur in
the vicinity of Borneo. Observations by Chang et al. (1982) suggest that a cold surge probably strengthens and deepens a
vortex (Figure 3.17).The sequence of events leading to a typical cold surge has been described by Chang and Lau ( 1980,

Figure 3.17 -

1

Schematic diagram of surface winds during the active winter monsoon surge (lsotachs in m s- ; shaded area indicates wind
speed> I Omps; thick broken line represents normal position of the quasi-permanent equatorial shear line)

48

MONSOONS

1981 ). It consists of a large influx of cold surface air from Siberia followed by strengthening of a local Hadley circulation and,
at a later stage, by a more intense Walker circulation. This is illustrated in Figure 3.18.

Figure 3.18 -

3.7.3

Schematic diagram showing sequence of cold surge cycle (Chang and Lau, 1980)

CONVECTION

The area around the South China Sea separating South Vietnam from Borneo was studied extensively during December 1978, as a part of the winter monsoon experiment. Three Russian ships were placed in a triangular formation over this
region. The purpose of the experiment was to ascertain how far monsoon cold surges and short-period diurnal effects were
influenced by convection. The analysis of the data has been reported on by Houze et al. ( 1981) and by Johnson and Priegnitz
(1981).
The triangular formation of the ships enabled the computation to be made of horizontal divergence at 25 hPa intervals
by kinematic methods. Vertical patterns were subsequently computed with appropriate corrections with height, so that the
vertical velocity vanished at the sea surface and at the height of the tropopause. This technique has limitations, especially
when the ships are nearly 450 km apart. It assumes a linear variation of wind between two ships. To achieve mass balance, a
correction with height was added to the diagram at all levels.
The analysis revealed that the cold surges near the South China Sea could be identified by the propagation of a wind
maxima over a definite interval of time. The surges were not associated with a simultaneous intensification of winds over the
entire area from China to the Equator. This suggests a front associated with an advancing surge.
Johnson and Priegnitz (1981) and Houze et al. (1981) placed considerable emphasis on diurnal variations which
modulate convective activity over this region. The diurnal changes are largely the consequence of day and night cycles of the
sea breeze. When synoptic-scale forcing is imposed on a diurnal oscillation by way of cold surges, it leads to extensive deep
convective activity (Warner, 1982). Convective overturnings appeared to be dominated by mesoscale features. Mesoscale
systems were also observed along the north Borneo coast in the morning, subsequently propagating to the north-west.
Attempts are now being made to associate the formation of clouds, especially in the form of bands, with conditional
instability. They do appear to be associated with large vertical gradients of equivalent potential temperature.
A feature which could be important for future studies concerns the topography of the Indonesian maritime region. This
consists of a series of islands; the early concept of a population of 'hot towers' by Riehl and Malkus (1958) may not be
appropriate. It is also significant to note that the South China Sea/north Borneo convective system is very near the position of
a maxima in the velocity potential at 200 hPa for the northern winter (Chang and Lau, 1980). Deep convection in this region
would be important for either Hadley or Walker circulations. Further budget studies for this region are required.
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3.8 Energetics of the winter monsoon
Murakami ( 1977) analysed the regional energetics over five regions of the winter monsoon (Figure 3.19). The enthalpy
budget was computed for two periods of 15 to 20 days. A strong Hadley circulation was the feature of one of the periods,
while the second period was one of weak Hadley circulation. The net warming (QE) was determined as a residual as for the
summer, and vertical motion was derived from computations of divergence over 5° latitude-longitude grid points.
Confidence in the accuracy of these computations of vertical motion was not high.

N
40°
30°
20°

w 100

0

:::> 00

......

~ 10·
_J

~

20°
30°

s 00

Figure 3.19 -

90°E

180°
LONGITUDE

90°W

00

Energetics over the five regions of winter monsoon (Murakami, 1977)

Murakami observed high warming and cooling over Regions I, 2 and 4. His computations are summarized in Table 3.5,
in which a period of strong Hadley circulation is denoted by M and a weak Hadley circulation by m.
TABLE 3.5
Net warming (W m- 2 ) during the winter monsoon

(Murakami, 1977)
Region
Monsoon
I

Strong (M)
Weak (m)
Season

-

69.4
19.9
22.5

2
- 67.4
- 58.7
-65.4

3

-

6.7
4.4
1.8

4
23.9
36.6
36.8

Table 3.5 indicates wide fluctuations between one region and another, and between periods of strong and weak Hadley
circulation. Region 2, the central Pacific, records cooling - accompanied by descending motion - throughout the season. The
net cooling is more pronounced during a period of strong Hadley circulation. This is attributed to less cloudiness during Min
comparison with m. On the other hand, Region 1, off the west coast of Japan, is one of substantial warming during M, and
cooling during m. Somewhat surprisingly, Region 3 is one of small positive warming during both M and m, and, by
comparison, Region 4 is marked by warming with little difference between strong and weak Hadley circulations. These
results appear to be a little ambiguous as they do not bring out the descending limb of the Hadley cell very well, but it must be
noted that the computations were made largely over the sea where cloudiness must have affected the estimates of warming
and cooling. Ascending motion over Region 4 is brought out, but one would have expected higher warming rates during M
over Region 4.
Unlike the summer monsoon budget computations by Mohanty et al. ( 1982), Murakami found the contributions in the
lower troposphere (700 hPa) to be the largest for net warming. For the summer monsoon, the maximum contribution was
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Mean winds over Africa in January and July (Dashed lines indicate air-mass boundaries)
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Mean isobars (hPa) for January, Africa
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Along the low lands of western Africa, air from the northern anticyclone over the Sahara brings in the north-eastern
trades which are usually dry and have a high dust load. This is known as the 'Harmattan'. In July, on the other hand,
counter-clockwise circulation associated with an anticyclone to the south of the Equator generates a maritime south-easterly
wind which, on crossing the Equator, approaches the western part of Africa as a broad south-westerly current. This is the
summer monsoon. As most of the precipitation over Africa depends on the performance of the summer monsoon, it is by far
the more important of the two. A characteristic feature of the Harmattan is the high frequency of dust haze with low
precipitation. The dust haze is associated with subsidence from the Saharan anticyclone. Many refer to the Saharan
anticyclone as a subtropical anticyclone (STA). The position of the highest temperatures in the northern summer coincide
with a centre oflow pressure between 15° and 25°N in July. This is the thermal low associated with the west African summer
monsoon.
Oceanographic effects, to which more detailed reference will be made later, modify the south-westerly summer
monsoon winds over west Africa because of coastal up welling off the coast of Nigeria. The temperature gradient between the
centre of the heat low and a comparatively cooler region to its immediate south is steep and could be as high as 1°C 100 km- 1•
The upwelling is most intense in August when the sea-surface temperature is around 24°C.
Although we have emphasized the west African monsoon, it would not be entirely correct to presume that monsoon
winds are only confined to the western parts of Africa. Monsoons are also observed over east Africa. The latter are closely
associated with seasonal movements of the Inter-tropical Convergence Zone (ITCZ). Reference to Figure 3.20 will show that
the ITCZ moves from 15°N at the peak of the northern summer (July) to a location slightly south of the Equator during the
northern winter (January) over Kenya and other parts of eastern Africa. A reversal of winds follows the movement of the
ITCZ. The passage of the ITCZ across the eastern parts of Africa coincides, approximately, with two rainy seasons. Their
duration is from March to May and late October to early December. The former is a period of'long rains' while the latter is a
season of'short rains'. The two intervening dry seasons, (a) between mid-December and early March, and (b) from June to
early October, coincide with the winter and summer monsoon over India. The reason for this apparent contradiction lies in
the direction of prevailing winds. In the period between June and early October, the prevailing winds over east Africa are
southerlies which are diverted towards India by the mountains of Ethiopia. Consequently, it is a dry period for east Africa,
but one of monsoon rains for India. Here is an interesting example of wide differences in the timing and distribution over
different lands of rainfall incurred by the same physical phenomenon, namely monsoon winds brought about by differential
warming. Such differences are the outcome of topography and the duration of travel over an oceanic surface.

3.10.l SYNOPTIC FEATURES
A summary of the main synoptic features has been provided by Okulaja (1970). The main synoptic features are:
-

Tropospheric jet streams;
Cyclonic vortices in the vicinity of the ITCZ;
Easterly waves and squall lines; and
Convection and cloud clusters.

There are two jet streams which are closely linked with monsoon circulations. The first is an African Easterly Jet
(AEJ) located in the mid-troposphere between 700 and 600 hPa during the period of June to September. Adefolalu (1982)
1
has pointed out that there is a tendency for maximum winds of 10 m s- to occur persistently from west of 5°E. This is an
important characteristic of the summer monsoon.
On the other hand, the Tropical Easterly Jet (TEJ) is located in the upper troposphere between 200 and 100 hPa. It
reaches its strongest intensity during the peak of the summer monsoon (July and August). Maximum speeds exceeding
20 m s- 1 are observed east of the Greenwich meridian. The TEJ over Africa is an extension of the Asiatic Easterly Jet, which
predominates over the Indian peninsula around 150 hPa during the summer. Figure 3.22 provides a structure of the mean
east-west component of the wind for July and August over the Sahelian Zone (Dhonneur, 1981).
Cyclonic vortices appear to be embedded within the ITCZ on many occasions over Nigeria and the Cameroon
mountains during the summer monsoon. Adefolalu ( 1982) makes a distinction between several types of vortices based on
their duration and moisture content. The heaviest rainfall appears to be generated by vortices that are associated with strong
southerly winds laden with moisture. The duration of such vortices appear to be of the order of two days. Computations of
the vorticity and vertical motion display peak values of vorticity around 700 hPa with a slight eastward tilt and a large zone of
ascending motion ahead of the vortex centre. Dhonneur ( 1974) observed squalls at the leading edge of the vortex centre at
850 hPa.
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Figure 3.22 - Mean east-west component of winds for July and August over the Sahel (Dhonneur, 1981)

Many synoptic studies have appeared in recent literature on the passage of travelling wave disturbances over west Africa
and the adjacent oceans between June and October (Carlson, 1969a, b; Burpee, 1972, 1974; Reed et al., 1977; and
Norquist et al., 1977). They indicate that these disturbances have a wavelength of2 000-2 500 km, with a period of 3-4 days
and a westward propagation speed of 7-9 m s-i ( 6° to 7° longitude per day). It is believed that they form over central Africa in
a region of cyclonic wind shear to the south of the mid-troposphere easterly jet stream - the AEJ - and achieve their largest
amplitude near the level of the jet core (650 hPa). The thermal structure of these disturbances reveals a cold core
below the level of the jet maximum and a warm core above. Convective activity and precipitation are predominant ahead of
the wave trough, especially to the south of their track. This feature shows some similarity with the rainfall ahead of the Bay of
Bengal depressions of the summer monsoon over India.
Another well-documented feature of the west African summer monsoon is a westward propagation of squall lines from
the Sudan to the west coast of Africa. Six or seven such disturbances usually move westward during each month. Obasi
(1974) presented west to east cross-sections of squall lines as they move across Nigeria. They appear to be triggered by
conditional instability in a highly humid atmosphere. A pressure jump accompanied by a sharp temperature drop are the
other prominent features of a squall line.
Reed et al. ( 1977) suggest that although a squall line moves faster than a westward-moving African wave, the squall line
is most active just ahead of the wave trough. The highest frequency of cloud clusters and squalls is located around 300 km to
the west of the wave trough. The interaction between a squall line and a westward-propagating wave is not yet clearly
understood. Albignat and Reed (1980) suggest that an intensification of the mid-tropospheric AEJ may be caused by
condensational heating by convection.
During the West African Monsoon Experiment (W AMEX), radar observations were intensified to determine the nature
of convective cells. Olory-Togbe (1981) suggests a sequence leading to the merging of several convective cells. Each cell
corresponds roughly to a single cumulonimbus cloud. After the merging of several cells, a steady state was reached before the
entire system began to move westwards. The elements of a squall line attain their maximum horizontal extent in roughly two
hours. There is thus a sequence of convective cells breaking up and coalescing again on small time-scales of a few hours. As
they are associated with substantial precipitation, it is evident that they must generate available potential energy by the release

55

REGIONAL ASPECTS OF MONSOONS

oflatent heat. The mechanism by which this is converted into the kinetic energy of squall lines and, eventually, into the energy
that drives African waves is not yet clear. Bolton (1984) recently examined squall lines over Nigeria for a two-year period
( 197 4-197 6). The squall lines were observed to move with an average speed that was slight! y greater than the speed of the
mid-tropospheric AEJ. Theory suggests that this can only happen ifthere is ajet in the middle troposphere, as is the case over
central and western Africa.
Evidence of Hadley and Walker circulations over the African monsoon regime has been presented by Dhonneur
( 1981 ). The ascending branch of the Hadley circulation is evidently over the Sahe! region . Its southern branch (Figure 3.23)
descends and finally merges with the south-westerly monsoon current off the coast of west Africa. Its interaction with the
upper-tropospheric TEJ is, however, not well understood at present. A Walker circulation has been postulated, but its
ascending and descending limbs have not yet been well documented.
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Figure 3.23 -

Vertical circulation over the African monsoon regime during the summer (Dhonneur, 1981) (CHN: Hadley cell (north);
CHS: Hadley cell (south); CW: Walker cell; TEJ: Tropical Easterly Jet; H: N.E. trades (dry); A: N.W . trades (moist); M:
monsoon flux; FIT: Intertropical Front; EM: surface track of meteorological Equator)

3.10.2 ENERGETICS
Norquist et al. (1977) computed the energetics of the region from 10°E to 30°W , and for the land and ocean regions
separated by the 15°W meridian. Their computations are shown schematically in Figure 3.24 for the three regions. For this
region as a whole, the conversions are mainly from zonal to eddy available potential energy and from zonal to eddy kinetic
energy. The two conversions are of the same order of magnitude. Conversion from eddy available potential energy to eddy
kinetic energy (A E to KE) is most pronounced overland. Division of (A E +KE) by (CA + CK) provides a measure of the
doubling time for total eddy energy and this is about four days for the whole region. Overland it is nearly seven days.
Large values of CE over land and CK over the oceans are attributed to baroclinic and barotropic instability, but this
requires validation not only from a larger data base but also from theory. The conversion from zonal to edd~netic energy
(CK) is proportional to: (a) the products of deviations from zonal averages measured by u' v', u' u', u' w' and v' w', and ( b) the
meridional and vertical gradients of the zonal and meridional wind components (u, v). It is not yet clear whether the large
values of CK over the ocean are because of large zonal velocities, or the meridional gradient of u' v', but Reed et al. (1977)
point out that this conversion is prominent in the vicinity of the mid-tropospheric easterly jet.
In this chapter the main regional features of different monsoons for the northern summer and winter have been
summarized. Many features of similarity appear in regional monsoons. They are closely linked, for example, with Hadley and
Walker circulations on regional scales. A low-level monsoon trough and an upper tropospheric anticyclone is another
common feature, and cross-equatorial flow yet another common charactertistic. Regional energetics have stressed the
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Figure 3.24 - Energy computations for ocean, land and combined regions (Norquist et al., 1977) (Units: partitioned energies 104 J m- 2, and energy conversion rate - W m- 2 )

importance of fluxes across the boundary, as evidenced by cross-equatorial flow. On many occasions the boundary fluxes
appear to be more prominent than conversion mechanisms within the region. Upper tropospheric jet streams appear to be the
preferred location for the more important transfer mechanisms. Despite the wealth of new data compiled over the last few
years, our understanding of the physics is still deficient. Barotropic and baroclinic instability has been suggested, but this has
not always been examined with the detail necessary for firm inferences to be made. This topic will be examined in the next
chapter.

CHAPTER4
BAROTROPIC AND BAROCLINIC INSTABILITY
Over the years many attempts have been made to explain different facets of monsoons in terms of instability. This
provides a mechanism for the conversion of available potential energy to the kinetic energy of motion, or the redistribution of
kinetic energy from zonal motion to eddies. Barotropic instability is concerned with systems having meridional shear, while
baroclinic instability concerns systems with vertical shear. Monsoonal circulations are embedded in a thermally stratified
atmosphere with both horizontal and vertical shear; consequently, it is not always possible to decide what the predominant
nature of instability is.
The instability of sheared flow leads to the transfer of energy and momentum from a state of equilibrium to one which is
made up of a spectrum of fluctuations on different scales of space and time. The former is a mean state in which different
forces set up by gradients of pressure, the Earth's rotation, frictional dissipation and other body forces are in balance. By
imposing perturbations on the mean state we seek to identify those which grow with time and draw upon the energy of the
mean state. Perturbations with the fastest rate of growth are inferred to represent a preferred scale of motion. If the
dimensions of a monsoonal system agree with the preferred mode, the inference is then made that the conversion of available
potential energy to kinetic energy is accomplished by baroclinic instability. This is not strictly correct when non-linear terms
are ignored in the governing equations. A linear analysis in only valid for perturbations of small amplitude. It is often
assumed that the basic flow is a straight zonal current. This is not strictly true for many monsoonal circulations.
Unstable perturbations on a current with only vertical shear transfer heat from warmer to colder regions down the
gradient of temperature. Similarly, if the mean state has only horizontal shear the unstable perturbations transfer momentum
down the momentum gradient. When both meridional and vertical shear are present, the loss of energy from the mean state is
measured by the gradients of potential temperature and momentum.
A problem occurs when a perturbation, being baroclinically unstable, draws upon the available potential energy of the
mean state but at the same time generates Reynolds stresses which feed energy into the mean state. To be unstable, the
extraction of energy must exceed the return of energy. The ability of transfer mechanisms to move either way- from the mean
state to perturbations, or in the opposite direction - depends on the inclination of the perturbation with altitude and latitude.
This will be discussed in the context of monsoon circulations.

4.1 Barotropic instability
The barotropic vorticity equation for a beta plane is

a, + v.

at

where

v (' + f3y) = o

(4.1)

V · V= 0

To consider barotropic instability, we consider a zonal current which varies only with latitude, that is U= U(Y). The
vorticity equation is linearized by writing ' =I+ C U = U + u', v = v' whence

a,,at + U ar
+ v' (/3 ax

Uy) = 0

(4.2)

A perturbation stream function ljJ may be introduced by writing
u'

= - t/ly, v' = t/lx

so that

0

(4.3)
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Inserting perturbations

I/I (y) exp i k

(x -

(4.4)

et)

we have

l/Jyy

+

[{3 - Uyy -

U- C

e]l/! =0

(4.5)

The subscripts denote partial derivatives and (/3 - U;J,) represents the meridional gradient of absolute vorticity. The
velocity (c) and amplitude ( 1/1) of the perturbation could assume complex values, that is c = c, + ici represents a complex
velocity. For instability the imaginary part of c must be positive (ci > 0). Meteorologists are concerned with eigenvalues of
Equation 4.5 for atmospheric systems, that is, we wish to determine the values of c for a given profile U (Y) and different wave
numbers (k) . This is foµnd by numerical methods (Yanai and Nitta, 1968). The region of interest is divided into several
sub-divisions and Equation 4.5 is solved by finite differences. The accuracy of the numerical solution depends not only on the
number of subdivisions but also on the position of the critical point ( U = c) (Wiin-Nielsen, 1961).
Singularities of Equation 4.1 occur at points where c equals the zonal velocity ( U). These are critical points which tend
to reflect perturbations (Lindzen and Tung, 1978). As we are concerned with the geophysical aspects, the mathematical
nature of the flow near a critical level will be omitted here.
Three necessary conditions for barotropic instability are used widely:
-

Rayleigh's inflection point theorem (1880) modified by Kuo (1949);
Fjortoft's theorem (1950);
Semicircle theorems by Howard (1961) and Pedlosky (1964).

The first necessary condition asserts the need for an inflection point in the absolute vorticity profile within the domain.
For a continuous profile U(Y), this may be demonstrated by multiplying Equation 4.1 by if;* , the conjugate of I/I and
intregrating over the breadth of a channel bounded by y, < y < y2. Assuming that I/I vanishes at y = y, , y2, we have

(4.6)

The imaginary part of Equation 4.6 is

f

C Y2 (/3 - Uyy) I U _"' C 12dy

=0

(4.7)

y,
As C

> 0 for an unstable wave, (/3 -

Uyy) must vanish and change sign at some point in the domain. This is an inflection point

(y =yo) and, for convenience, the zonal current is denoted at Yo by Uo.

In 1950, Fjortoft proved a second necessary condition for instability

(/3- Uyy) (U- Uo) ? 0

(4.8)

The proof of the theorem comes from taking the real part of Equation 4.6

(4.9)

To this, if we add the identity

f

( C - U0 ) Y2 (/3 - Uyy) IU _"' C 12dy = 0
y,
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we gel

f

y,

I I/I

(f3-Un,)(U- Uo) U -

C

I2 dy ~ 0

(4.10)

Y1

This gives Fjortoft's necessary condition. If U ( Y) is a monotone function and there is only one inflection point in the domain,
the necessary condition for instability is that ((3 - Uyy) ( U - Uo) ~ 0 throughout the flow, with equality only at the
inflection pointy = Yo· Fjortoft's theorem thus implies a positive correlation between 'Z"Y and U(Y). The two necessary
conditions are not identical. In Figure 4.1, the mean velocity profile in (i) may become unstable, whereas (ii) is stable,
although both have zeros in their vorticity profiles, because Fjortoft's condition is not satisfied by (i).
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Figure 4.1-Mean velocity profile: (i) possibly unstable and (ii) stable (Critical points denoted by Y,)

The last necessary condition places bounds on U( Y). Howard's theorem modified by Pedlosky states
(Umin- -

(3

2k 2

)

< Cr < Umax

( 4.11)

Further information on barotropic instability may be gained by deriving an energy equation for the perturbations. It can
be shown, for example, that a disturbance will grow if it tilts in a direction opposite to that of the wind shear, but it will be
damped if it tilts in the same direction as that of the wind shear (Pedlosky, 1979). This is expressed by
d Y2

dt

J
Y1

1
/2

(u'

2

+ v' 2)

dy = -

J

Yi dU
u' v' dy
dy
Yi

(4.12)

where the momentum flux (u', v') is determined by the phase tilt of the perturbation.
Two idealized mean velocity profiles are often used for analysing instability. They are: (a) a Bickley jet
2

U = Uo sech ylyo

( 4.13)

U = Uo tanh (yl yo)

(4.14)

or (b) a hyperbolic tangent profile

As we have seen in the preceding chapter, easterly jets ( U< 0) occur during the monsoon, and shear zones similar to
Equation 4.14 occur near the Inter-tropical Convergence Zone. These profiles are shown in Figures 4.2 and 4.3.
It may be noted that while the presence ofj3 tends to stabilize mid-latitude westerly jets, easterly jets may be destabilized
under certain conditions by the presence of (3.
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Figure 4.2 -

Idealized mean velocity profile -

Bickley jet

y

Figure 4.3 -

Idealized mean velocity profile -

hyperbolic tangent profile

4.2 Baroclinic instability
Baroclinic instability in concerned with vertical shear. This is relevant for monsoons because the mean monsoonal
circulation is not always zonal. Over India, for example, there is a small southerly component to the lower-tropospheric
westerlies and a similar northerly component to the upper-tropospheric easterlies.
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A necessary condition for instability in a quasi-geostrophic system having both horizontal and vertical shear was
derived by Charney and Stern (1962). This is similar to the inflection point theorem for barotropic instability, but the relevant
feature of the mean flow is not the gradient of absolute vorticity, but the gradient of potential vorticity (Ii). We have

aq = J_ (~ +J) + J_
ay

ay

ap

(P/0
au)
Ra ap
2

(4.15)

where f a is the Coriolis parameter at the centre of the region, a stands for the static stability of the atmosphere defined by

a=~

(~;)

As before, a bar indicates an average value. In a subsequent analysis Charney (1973) observed that:
(a) If

ey<

0, that is the potential temperature decreases to the north, then
region and instability is possible;

(b) If

aq

must vanish somewhere m the flow

ay

ey= 0, then again aq
must change sign at some point in a channel bounded by Y = y
ay

P

y 2 ; in other words, the

mean gradient of potential vorticity on an isentropic surface must vanish somewhere in the fluid;
(c) If

ey> 0, and potential temperature increases polewards with aq > 0, there will be neutral stability (C; = 0) and

perturbations will neither grow nor decay; instability could aristf

aq < 0, but such occasions would be rare.
ay

If the possibility of baroclinic instability is established, the dominant modes are computed by perturbing a linearized
equation for the conservation of potential vorticity. This formed the basis of celebrated models by Charney ( 1947) and Eady
(1949). Eady's model contained assumptions, of which the important ones were: (a) an upper lid at the top of the
atmosphere; (b) no beta effect; and (c) omission of a meridional gradient of mean potential vorticity. To circumvent the
difficulties of an analytical treatment, numerical models are used increasingly. The earliest two-layer model of Phillips ( 1951)
divided the atmosphere into four layers. The wind was specified at two intermediate levels and the vertical motion was
derived for the middle level.
Multi-level models are now used to analyse combined barotropic-baroclinic instability. These models utilize a mean
wind which has both vertical and meridional shear. As the governing equations are no longer separable, an initial value
approach is made (Rennick, 1976; Shukla, 1977). This assumes an arbitrary initial value of the perturbation. The model is
integrated with time until the phase speeds and growth rates converge to constant values. A rigid upper lid is assumed, which
Rennick found led to reflection of waves from the top of the atmosphere. To prevent contamination oflower perturbations,
she used a Rayleigh friction, which is a drag force proportional to the perturbed velocity, but Shukla did not use frictional
damping. Both experiments tended to emphasize the need for high vertical resolution in the model, otherwise fictitious modes
were likely to be generated.
These considerations have been used in a number of research papers seeking to establish baroclinic instability in
monsoonal circulations, especially on African waves, mid-tropospheric cyclones and monsoon depressions in the Bay of
Bengal. A brief review of recent investigations is given here.

4.3 Onset vortex off southern India
Krishnamurti and Ramanathan ( 1982) observed the formation of an onset vortex off the south-western sector of the
Indian coastline during the summer monsoon of 1979. It has been suggested by Krishnamurti et al. (1981) that barotropic
instability was a possible mechanism for the formation of this vortex.
They were led to infer barotropic instability because: (a) the meridional profile of the zonal wind revealed inflection
points; (b) a linear stability analysis indicated the largest growth rate for a perturbation of wavelength 3 OOO km; (c)
barotropic energy exchanges suggested low-level zonal flow transferred kinetic energy to eddy motion; and (d) a barotropic
prediction experiment led to the formation of an onset vortex.
These inferences have led to divergence of opinion. Although synoptic evidence has been produced by Krishnamurti
and Ramanathan ( 1982) on the existence of a vortex prior to the onset of the summer monsoon in India, it seems that much of
the evidence is based on subjective analysis. Subsequent to the monsoon experiment of 1979, in the years 1980, 1981 and
1982, an onset vortex was not observed.
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If we examine the zonally averaged meridional gradient of absolute vorticity ('y) as presented_by Krishamurti and his
collaborators, we find numerous points of inflection (Figure 4.4 ), but a positive correlation between and U (Figure 4.5), as
required by Fjortoft's necessary condition, can hardly be discerned. One could possibly defend this by stating that Fjortoft's
condition was only valid for a profile with one inflection point, because the analysis does not extend so several inflection
points.

'Y

Krishnamurti et al (1981) found the fastest growing mode to have a wavelength of 3 500 km and a growth rate of
0.3 d- 1• A similar analysis by Park and Sikdar (1982) with the MONEX data of 1979 suggests that the inflection point
theorem was only satisfied between 11 ° and l 5°N in the lower troposhere. In their analysis, the dominant mode had a
wavelength of2 OOO km and an eastward propagation speed of 5.6 m s- 1, with a growh rate of0.02 d- 1• Thus, there appear to
be differences in the analysis by Krishnamurti et al. and by Park and Sikdar. Despite these differences, Krishnamurti's
analysis indicates a large conversion from zonal to eddy motion at the time of onset. As noted earlier, this was also apparent in
the budget computations by Mohanty et al.' (1982).
It appears that barotropic instability is often too rapidly inferred, and further research is needed on the regional aspects of
the onset The impact of clouds and boundary layer pumping of moisture and momentum could be combined with an
analysis of instability.
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Monsoon depressions in the Bay of Bengal

A question that has perplexed many meteorologists is: Why is the northern part of the Bay of Bengal so cyclogenetic?
Many have tried to explain this by combined barotropic-baroclinic instability. Krishnamurti and his collaborators
(Krishnamurti et al., 1975) observe that around 22°N the meridional gradients of (a) absolute vorticity and (b) potential
vorticity changed sign during the passage of a monsoon depression. This led them to infer that the necessary conditions for
barotropic and baroclinic instability were satisfied, but it was difficult to find any correlation between the meridional gradient
of absolute vorticity and the mean current, as required by Fjortoft's condition. Nevertheless, it led Shukla to make a
combined barotropic-baroclinic analysis for the northern part of the Bay ofBengal (Shukla, 1977). His analysis followed an
initial-value approach and he found that barotropic instability dominated the upper troposphere. The wavelength of the
dominant mode was around 3 OOO km. Computations of energy conversions substantiated the predominance of barotropic
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instability in the upper troposphere ( 150 hPa). There was a larger conversion from zonal kinetic energy to eddy kinetic
energy and this exceeded, by an order of magnitude, the conversion of zonal available potential energy to eddy availab_le
potential energy. The view was put forward that a monsoon depression began as a result of instability in the upper
troposphere which gradually propagated downwards. Subsequent to Shukla's analysis, there have been several similar
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studies, notably by Keshavamurty et al., (1978), Goswami et al. (1980), Satyan et al. (1981) and Dash (1982). Although
there are divergences, most of these reports tend to suggest the predominant role of barotropic instability. The dominant
mode appears to have a wavelength of between 2 500 and 3 OOO km with a growth rate of 0.2 to 0.3 d- 1• But there are
divergences of opinion on other features. Some find the dominant modes to be in the lower troposphere, while others observe
two dominant modes, one in the lower troposphere and another in the upper troposphere. Goswami et al. ( 1980) find very
1
fast-moving waves whose speed of propagation was 25 m s- in the upper troposphere and 14 m s- 1 in the lower troposphere.
In some studies, the direction of propagation was observed to be towards the east. Nitta and Masooda (1981) analysed the
different stages of the formation of a Bay depression in the north Bay of Bengal during the Monsoon Experiment in 1979.
They observed the existence of unstable barotropic waves with the maximum growth rate at 3 500 km. The unstable wave
showed an inclination from the south-west to north-east which transports momentum northwards. In agreement with the
theory of barotropic instability, the wave grew with time; but the disturbing feature was that the unstable wave propagated
eastwards, while most monsoon depressions move towards the west.
An exception to the general view on the dominance of barotropic instability is a study by Mishra and Salvekar ( 1980),
in which they suggest baroclinic instability to be the predominant feature. Unfortunately, Mishra and Salvekar assume a
mean velocity profile U(p) which has large curvature in the lower troposphere between 850 and 1 OOO hPa. It is doubtful
whether their profile was, in fact, compatible with the thermal wind.
The question of curvature of the mean profile, especially near the lower boundary, was examined by Sardeshmukh
(1982). Sardeshmukh again sought eigenvalues of a perturbed potential vorticity equation, but with much greater vertical
resolution. Experimenting with five mean profiles of potential vorticity by avoiding sharp curvatures near the upper and
lower boundaries of his model, he found two dominant unstable modes with wavelengths of 1 250 and 3 750 km. The shorter
mode was located in the lower troposphere while the longer one was in the upper troposphere. The lower-tropospheric mode
propagated eastwards at 8 ms - i while the upper-tropospheric mode moved westwards at 20-25 m s- 1• An interesting feature
of this work was that the lower-tropospheric mode could be eliminated entirely, ifneed be, by suitably altering the curvature
of the mean flow in the lower troposphere. Clearly, an eastward propagation of the lower-tropospheric unstable mode cannot
be identified with a monsoon depression - even in a formative stage - because these systems move westward.
Unfortunately, upper-air data over this region are still inadequate, which makes it difficult to derive a realistic picture of the
mean potential vorticity profile. The meridional temperature does decrease northwards which, as we have seen, makes it
necessary for the potential vorticity gradient to change sign for baroclinic instability.
Some instability studies do not include a beta term for simplicity (Satyan et al., 1981 ). This enhances instability because,
as we have noted earlier, the inclusion of beta has a stabilizing effect. This was one of the important differences between the
analytical models of Charney (1947) and Eady (1949).
Shukla's earlier analysis (Shukla, 1976, 1977) postulated maximum amplitude of perturbations in the upper troposphere ( 150 hPa). Observed monsoon depressions have their amplitude at a much lower level; consequently, the concept of a
downward propagation of energy released by barotropic instability in the upper troposphere is not altogether convincing. To
overcome this difficulty, idealized heating patterns were introduced. It was conjectured that, as a consequence of conditional
instability of the second kind (CISK), there would be Ekman pumping and warming by latent heat release. Experiments were
conducted with several heating functions. The interesting result was that diabatic warming through the CISK mechanism
increased the horizontal scale of the most unstable mode. This happens because the horizontal and vertical scales of perturbations are related by the static stability of the atmosphere through the Rossby radius of deformation.
To improve upon CISK-generated diabatic warming, Shukla (1978) introduced moist convection. This was parameterized in terms of the larger-scale motion by a scheme designed by Arakawa and Schubert (1974). It defines a cloud work
function which relates the kinetic energy generated within a cloud to the buoyancy force which, in turn, is related to the
thermal profile of the environment surrounding a cloud ensemble. It assumes that clouds entrain throughout their entire
depth but detrain only at the level where the buoyancy force vanishes. Shukla's analysis assumed a cloud ensemble with its
base at 450 m and a lifting condensation level at 950 hPa. The depth of clouds was taken to be about 10 km, and it was
assumed that they were all precipitating deep clouds.
Shukla's CISK-barotropic-baroclinic analysis suggests that, contrary to his earlier inference based on a combined
barotropic-baroclinic analysis, the perturbations acquired considerably larger amplitude in the lower troposphere. This
gives better agreement with observed monsoon depressions. However, the computed perturbations were observed to have a
warm core, while the observed monsoon depressions have a cold core in the lower layers and a warm core in the upper layers.
As cooling by evaporation of falling rain was not included, it was difficult to ascertain whether a cold core could be generated
by this process.
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This energetics of the peturbations becomes different if moist convection is included. The dominant energy transformation is now from eddy available potential energy to eddy kinetic energy, becuase the source of available potential energy is
condensational heating. In the combined barotropic-baroclinic analysis for monsoon depressions, the main conversion was
from zonal to eddy kinetic energy.
Stability studies seek to reveal a preferred scale of motion which, hopefully, will agree with the linear dimensions of a
Bay depression. But there was much ambiguity in what Shukla (1978) defined as a preferred scale. The wave with the fastest
growth rate provides greater opportunity for an exchange of energy between regions with different amounts of kinetic energy
and available potential energy. Shukla ( 1978) was consequently led to suggest a coefficient of dominance (p) which, in some
sense, is the ratio of the growth rate to the period of a wave. This coefficient (p) may be expressed as the ratio of the imaginary
and real parts of the phase velocity (p = c;/ c,). Shukla noted that if frictional convergence, represented by Ekman pumping
and moist convection, was included, then the maximum value of p - the coefficient of dominance - was for a wavelength of
3 500 km. However, this high value of p was not because of a large growth rate (c;) but because of a small value of c,;
consequently, there are grounds for scepticism concerning the validity of this result. If the conventional growth rate (c;) was
considered, the dominant perturbation would have been 1 OOO km, which is small for a monsoon depression.
Most earlier studies have been concerned with mean profiles containing meridional and vertical shear. The impact of a
zonally varying lower-tropospheric flow was recently reported by Sardeshmukh (1982). His model had a prognostic
equation for the relative vorticity({) and a diagnostic equation for the stream function ( 1/1). A forcing function was specified
for the vorticity equation which balanced and maintained the basic flow in the absence of any perturbation. If { 0 and l/J 0
represent the vorticity and the stream function of the basic flow,
F(x,y) = 1(1/!o, {o + f)

is put in to represent the forcing function for the prognostic equation
d{

at

+ J ( 1/1, { + j) =

F (x, y)

The basic flow was adjusted to represent the monsoon trough over the Bay of Bengal. A perturbation was then
introduced by writing I/I = I/lo + I/I' (x, y), { = {o + {' (x, y), where !/I' and {' represent initial perturbations. The initial
perturbations were generated by a sequence of random numbers. As far as is known, this innovation was not applied to earlier
initial-value studies. Integrating over a rectangular channel with cyclic boundary conditions, Sardeshmukh observed rapid
initial growth in the trough region of the basic flow. It made no difference whether the zonal mean flow was itself
barotropically stable or unstable. An unstable profile led to a faster appearance of the most unstable mode. Although this was
an interesting experiment, it was not clear whether there were vacillations of the unstable mode with time. It does not provide
an insight into the physical processes that are responsible for maintaining a zonally varying flow, because this has been
circumvented by an idealized forcing function . All that the experiment demonstrates is the fact that the basic flow pattern
over the Bay of Bengal during the summer monsoon will respond to any random perturbation within a period of a few days, if
the basic flow is maintained in a steady state by a suitably adjusted forcing function. It is difficult to interpret the results of
such experiments, because the basic flow itself is hardly ever steady. As observed earlier, the monsoon trough exhibits
periodic movements to the north and to the south of its normal position. This experiment would have been interesting if
the basic flow had been adjusted to represent the extreme positions of the monsoon trough, because this might have provided
indirect confirmation for the southern position of the monsoon trough being more cyclogenetic.

4.5 Mid-tropospheric cyclones of the summer monsoon
In the previous chapter, reference was made to the mid-tropospheric cyclones of western India. During the International
Indian Ocean Expedition (HOE), the synoptic features of these disturbances were documented by Miller and Keshavamurty
(1968). Subsequently, Mak (1975) examined the possibility of baroclinic instability to explain the formation of these
disturbances. Using idealized profiles for the mean state, he found unstable modes that resembled mid-tropospheric cyclones,
4
2
2
but his meridional wind was strong and the static stability had a low value (40 X 10- m s- hPa- 2). This tended to
overemphasize unstable modes. In addition, he omitted beta which has a stabilizing effect. Doubts have been expressed on
the compatibility of his lower-tropospheric profile with the temperature gradient. The large vertical shears that were assumed
to be in geostrophic balance right up to the ground would imply sharp temperature gradients of 10°C 1 OOO km_,; this is not
realistic.
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A numerical experiment by Carr (1977) suggests a large conversion from zonal available potential energy to eddy
available potential energy. There was also a large energy conversion from zonally averaged available potential energy to
zonally averaged kinetic energy. The energy conversions suggest significant baroclinic effects, because available potential
energy could be generated by condensational heating and CISK.
These features led Brode and Mak ( 1978, 1981 ) to use more realistic profiles and to examine the propagation of waves
in all directions. A set of unstable modes with a large growth rate was observed, but their wavelength was small. A second set
of unstable modes extended right up to the ground, which could not be associated with mid-tropospheric cyclones. Contrary to
the work of Brode and Mak, Goswami et al. ( 1980) claimed that barotropic instability was important for mid-tropospheric
cyclogenesis, but this was not supported by the energy conversions cited by Carr ( 1977).
Sardeshmukh (1982) tried a combined barotropic-baroclinic analysis with a two-layer model, essentially similar to one
developed by Phillips ( 1954). His results were on the whole unsatisfactory, because even with small values of zonal and
meridional shear, the most unstable mode had a wavelength of 14 200 km and a growth rate of 0.2 d- 1• The unstable wave
moved in a north-south direction with a phase speed of - 1.03 m s- 1• The growth rate appeared to be low for mid-tropospheric
cyclogenesis. Moreover, a wavelength of 14 200 km was clearly unrealistic for a mid-tropospheric cyclone. This occurred
because the most unstable modes were constrained to lie around the Rossby radius of deformation. For low latitudes this is of
the order of 10 OOO km . Shukla ( 1976) encountered a similar difficulty, which he surmounted by including CISK warming. It
seems that diabatic warming would hardly be able to reduce the wavelength to more realistic proportions. A model with a
larger resolution could help because the deformation scale is measured by

which becomes large because f o, the Coriolis parameter, is small at low latitudes.

4.6 African waves
During the last decade, wave disturbances, which occur in the vicinity of the mid-troposphere African Easterly Jet, have
been documented in considerable detail. These disturbances are presumed to derive their energy through barotropic and
baroclinic instability. The physical characteristics of these waves have been described by Carlson (1971) and by Burpee
(1972, 1974, 1975). Burpee observed that the disturbances transport easterly momentum away from thejet near 12°N, but
nearer the Equator at 5°N the transport of easterly momentum was directed towards the mid-tropospheric jet.The
disturbances are most prominent between July and September, that is during the African summer monsoon.
Rennick considered both barotropic and baroclinic instability associated with the mid-tropospheric jet. She approximated the mid-tropospheric flow over Africa by a mean profile
U(Y) = -

This has a single inflection pointy0 = a, where Uo=

Usin 2 (;~)

2 2
a (and (3 is the meridional gradient of the Coriolis parameter). It is

!

rr-

similar to a Bickley jet, but for minor details. This profile also satisfied Fjortoft's necessary condition, if the width of the
channel (a) was not small. For the African jet, Fjortoft's necessary condition was satisfied. Carrying out an eigenvalue
1
analysis, Rennick ( 1976) observed that the most unstable mode had a wavelenght of 3 OOO km and a growth rate of 0.4 d- •
The tilt of the wave was from south-west to north-east, which enabled it to transfer momentum away from the jet.
To examine the baroclinic feature, Rennick (1976, 1981) also experimented with a profile which had both meridional
and vertical shears. This was expressed by an ellipse in the y-p plane by

(4.16)
E1, E2 represent the eccentricity of the ellipse, and U represent the intensity of the jet core. The temperature field was made
compatible with the mean profile by the thermal wind relation . If L is the width of the channel, a.nd po is the depth of the
flow, the relative importance ofbarotropic and baroclinic instability may be estimated by dividing the entire region into areas
where the flow is mainly barotropic (L E1 > po b) and zones where it is baroclonic. (L Ei < po E2). The maximum growth
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rates of Rennick's analysis showed a wide range of between 0.04 and 0.44 d- 1; similarly, the wavelength of the
fastest growing wave varied from 2 800 to 5 300 km depending on the values of E1 and Ei. The most stable part of the jet
appeared on the western end, above which lay a region ofbaroclinic instability. On the other hand , the eastern end of thejet
was dominated by barotropic instability. These features were also supported by computations on the energetics of waves. The
eastern end of the jet, which was barotropically unstable, was dominated by the conversion of zonal to eddy kinetic energy,
while the mid-troposphere at the western end saw the conversion of zonal available potential energy to eddy available
potential energy by the transport of heat down the mean-temperature gradient. Barotropic conversions appeared to assume
greater importance as the disturbance moved westwards over the ocean. This resulted in stronger meridional shear over the
ocean, a feature that was observed by Norquist et al. ( 1977).
Rennick (1976) also attempted to include the latent heat released through precipitation in her barotropic model. Her
parameterization scheme was simpler than the Arakawa and Schubert (1974) model, which was used by Shukla (1976). An
empirical warming pattern was used which reached a maximum around 400 hPa and fell off rapidly aloft. The moisture field
was taken from Newell et al. (1972), but, surprisingly, Rennick observed no significant difference in energy conversions
between a dry and a moist model. One would have expected an increase in baroclinic conversions in view of the generation of
available potential energy by condensational heating.
A few other differences occur. Simmons (1977), for example, points out that the most unstable disturbance was
confined to north of 10°N with a pronounced south-east to north-west tilt at 700 hPa. The observations of Reed et al. ( 1977),
however, suggest a south-west to north-east tilt. Similar variations between theory and observations were brought out by
Mass ( 1979). The main conclusions of Rennick, Simmons and Mass are summarized in Table 4.1.
TABLE 4.1

African waves - Instability of fastest growing disturbances

Rennick ( 1976, 1981)
Simmons (1977)
Mass (1979)

Wavelength

GroWlh rate

Speed

(km)

(d- ')

(m s- 1)

2 800-5 300
3900
2 500

0.04 to 0.44
0.27
0.52

15.8
8-9
7.5

The three studies do agree, however, on the dominance of barotropic energy transfers. Mass, in agreement with
Rennick, observed that the inclusion of moist convection and cumulus friction did not substantially alter the characteristics of
the fastest unstable wave, but there was a small increase in baroclinic conversion ofzonal to eddy available potential energy.
At present, it is not clear whether this is the outcome of parameterization deficiencies or insufficient data to define a realistic
basic state. The view that does seem to emerge suggests that, in the formative stage of these disturbances over central Africa,
barotropic instability is dominant, but, as they move towards western Africa, baroclinic effects gain prominence on account
of moist convection and an increase in cloudiness.
To sum up the contents of this chapter, it is clear that, while studies of instability have on some occasions provided an
insight into different conversion mechanisms, there is much that still remains to be learnt. Barotropic conversions appear to
dominate most systems, but many of the earli~ studies were dominated by a search for inflection points in the absolute
and the mean velocity U( Y), as required by Fjortoft's necessary condition,
vorticity profile. A positive correlation between 'Y
was not given the same prominence. Baroclinic instability was sensitive to the curvature of the vertical profile of mean
velocity. The latter was not always compatible with the temperature gradient. An important area that is beginning to emerge
is concerned with the modulation of the most unstable mode by moist convection and cumulus friction . Different schemes of
parameterization are being tried and the relative merits of one over the other are not yet fully understood, because of
insufficient data on clouds. This has created some confusion regarding the concept of a preferred scale. A linear analysis,
which forms the basis of most instability research, is not really adequate to define a preferred scale because, at best, a linear
analysis of normal modes is only valid for the formative stage of a meteorological system. In view of these difficulties, more
and more emphasis is being placed on primitive equation models of the monsoon, which form the subject of the next chapter.

CHAPTER 5
THE NUMERICAL SIMULATION OF MONSOONS
The numerical simulation of a monsoon has advantages over conventional analysis of data. It enables control
experiments to be performed, through which we can learn about the aggregate of physical processes that make up a monsoon.
A mathematical model has three main aspects: (a) the physics which the model can reasonably handle; (b) its computational
design; and (c) the comparison of model output with reality. In this review these facets are discussed.
It is customary to regard the monsoon as an atmospheric response to external body forces. The principal forces are: (a)
solar and terrestrial radiation; (b) the impact of mountains; (c) clouds and precipitation; (d) the influence of oceans; and
(e) frictional effects over the land and the sea. An ideal numerical model should seek to incorporate all body forces. This is
difficult because our understanding of the physics, especially in relation to the monsoon, is incomplete. There are limitations
in the data over oceanic regions and over the mountains, which place further constraints on modelling experiments.
Simulation models have another feature. This concerns the numerical integration of a non-linear system for
considerable periods of time. A model can at best represent the atmosphere, a continuous medium, with a specified degree of
resolution. Certain physical phenomena, such as clouds, small vortices or gravity waves, whose dimensions are smaller than
the resolution of the model, cannot be represented adequately. Motion on such a small scale is referred to as a sub-grid-scale
process.
The aim of current simulation experiments is to try to express the effect of small-scale motion in terms of motion on a
large scale, using a model which gives a faithful reproduction . This is to parameterize sub-grid-scale phenomena. Despite
several attempts based on good theoretical principles, our understanding of the physics of parameterization remains
incomplete. Under certain circumstances, sub-grid-scale phenomena contribute energy to motion on a larger scale, while
under other conditions they extract energy from the larger scale of motion. The precise form of the cascade of energy has not
been resolved satisfactorily.
Meteorological Services which have access to large computers are currently experimenting with models on a global
scale. These seek to contain the entire atmosphere and are known as general circulation models (GCMs). The thermal
stratification of the atmosphere is simulated by dividing it into a finite number of layers, with each layer representing the
thermal properties of a horizontal slice of the atmosphere. The governing equations of the model are then solved for each
atmospheric slice, and the relevant solutions for each layer are matched at the interface between two layers. For certain types
of motion, which have a regional interest, it is convenient - in terms of computer memory and ease of computation - to
design models which cover a limited area of the Earth's surface. Questions then arise on boundary conditions along the sides
of the domain of integration because, to make the problem determinate, the boundary conditions have to be compatible with
the process of numerical integration. The interesting possibility exists, however, of altering boundary conditions in a limitedarea model to see what their effect would be on the final result, or of using the outputs from a GCM to serve as the boundary
conditions for a regional model. Experiments with radiation boundary conditions have not yet been tried for monsoon
simulation. This would be interesting because a fine-mesh model with the Himalayas could influence the performance of a
coarser mesh model.
One of the major difficulties with monsoon modelling is concerned with the Himalayas. This is a large barrier which,
according to geologists, had its origin about several million years ago. When we try to include the Himalayas in a numerical
model, it is not clear what boundary conditions should be applied at the Earth's surface, because the Earth's surface is at
500 hPa, which is roughly one-half the depth of the atmosphere. A technique often employed is to regard the Earth's surface
as a material or co-ordinate surface. This provides certain advantages for numerical integration but, as we shall see, it also
creates difficultes in the vicinity of sharp mountains.
There are similar problems with the upper boundary. A number of models now include the stratosphere. The coupling
between certain types of motion between the upper and lower stratosphere, or between the mesosphere and the upper
stratosphere, may be important, but we have to know more about the coupling process before it becomes possible to include
it in a monsoon model.
Recent years have witnessed a resurgence of interest in ocean-atmosphere coupled models. This is important for
monsoon studies because, as Kraus ( 1977) points out, 'the dynamics of the whole terrestrial climate cannot be separated from
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the heat storage effects of the upper ocean'. For monsoon studies, the Indian Ocean is the only ocean which experiences a
bi-annual reversal of the wind circulation. The generation of the Somali current, the phase relationship between the onset of
this current and the monsoon and the region of marked upwelling off east Africa are problems on which modelling
experiments could shed light.

5.1 The governing equations
Most numerical models use Eulerian co-ordinates. They are fixed in space, in contrast to moving co-ordinates, which
are Lagrangian. Starr {1945) was the earliest to propose a quasi-Lagrangian system in which Eulerian co-ordinates were
employed for the horizontal axes, but a Lagrangian co-ordinate was used for the vertical axis. Lagrangian co-ordinates have
been used by Gordon and Taylor ( 1975) for computing the trajectories of an air mass. This was also used by Kuettner and
Uni Nayer ( 1982) to compute the trajectories of air over the Indian Ocean. It was interesting to note that they found marked
cross-equatorial flow by this means, but the technique was not suitable for deriving the three-dimensional structure of the
monsoon. Cadet and Olory Togbe (1978) released a series of constant-level balloons, which were designed to fly at 900 m,
during the recently concluded Monsoon Experiment (MONEX). The balloons were released from the Seychelles and Diego
Suarez during June 1979, and their tracks, which were Lagrangian in two dimensions, were similar to those computed by
Gordon and Taylor (1975).
The basic equations of a numerical model are: (a) the equations of motion; (b) the equation of continuity; (c) an
equation of state; and (d") the first law of thermodynamics. The equations of motion represent Newton's second law of motion
for an atmosphere rotating with the Earth, while the equation of continuity represents the conservation of mass. The
acceleration of a moving parcel of air is related to body forces by the equations of motion. The main body forces are generated
by gradients of pressure and friction . The equation of state provides a relation between the three scalar variables of the
atmosphere, namely the pressure (p), density (p) and the temperature (1), while the first law of thermodynamics relates
changes in the entropy of air with non-adiabatic (known as 'diabatic' in meteorology) sources of heat.
The principal diabatic sources of heat are related to the heat balance of the Earth-atmosphere system and the physics of
condensation in the atmosphere. The latent heat released during a change in phase from vapour to liquid water is an
important source of diabatic heat in the atmosphere.
The derivation of the basic equations will not be described in more detail because this is available in several texts. A
review article by Phillips (1963) provides a complete account of the derivation and the simplifications which are normally
made in deriving the governing equations. These simplifications are based on a scale analysis of the motion which we wish the
model to reproduce. A more recent review of numerical models is available in a publication by the World Meteorological
Organization (WMO, 1979).
Several general circulation .models are currently in use. The prominent ones are developed by:
-

Goddard Laboratory for Atmospheric Sciences (GLAS) (Shukla et al, 1981);

-

Goddard Institute of Space Studies (GISS) (Stone et al, 1977);

-

U.K. Meteorological Office (Saker, 1975; Corby et al, 1977; Gilchrist, 1981);

-

National Centre for Atmospheric Research (NCAR) (Washington and Dagupatty, 1975);
Geophysical Fluid Dynamics Laboratory (GFDL) (Manabe et al., 1974);
University of California in Los Angeles (UCLA) (Mintz et al, 1972);
Laboratoire de meteorologie dynamique, Paris, France (Sadourny, 1983).

In addition, an advanced operational model is now used by the European Centre for Medium Range Weather Forecasts. The
development of multi-level general circulation models in the U.S.S.R. has been summarized by Marchuk (1974).
These models employ the primitive equations of motion. For diagnostic studies it is often convenient to use the simpler
set of shallow-water equations (Haltiner and Williams, 1980), but it is not possible to reproduce the thermal stratification of
the atmosphere by this system because the dependent variables are depth-averaged profiles of the wind vector. Shallow-water
equations have been used to study the propagation of atmospheric waves at high altitudes near the Equator. A limited area
model for the tropics has been developed by Krishnamurty et al. (1973).
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Some of the problems encountered in the numerical modelling of monsoons are summarized below, before model
performances are dealt with.

5.2

Problems of computational design

5.2.1

SPACE AND TIME DIFFERENCING

The dependent variables are located at the corners of a cube for determining their space differences. In some models, all
the dependent variables are placed at thr, same location, while in others they are inserted at different locations. The former is
an example of an 'unstaggered' grid, while the latter represents a 'staggered' grid . Different types of truncation errors arise
(Sadourny, 1977) depending on whether a staggered or a non-staggered grid is used. For integration over periods exceeding
a week in model time, a staggered grid is preferred for space differencing.
For time-differences it is usual to employ semi-implicit schemes. A summary of the merits of each scheme has been
provided by Kasahara (1977). In general, it can be shown that most difference equations in atmospheric modelling have the
solution
Un=

C"

Uo

where t = nt.t and Ua is the initial value of the dependent variable and C is an amplification factor. To be effective, I C" I
must be bounded during the period of integration. It is necessary to devise a scheme for which I C I ~ 1. When we replace a
partial derivative by finite differences, the order of the difference equation is raised. The equation then has two solutions,
one of which is a physical mode while the other is a computational mode. The computational mode usually oscillates with a
phase lag of approximately 180° relative to the physical mode. This may be controlled by using three time-step schemes and
by using time-filters (Matsuno, 1966).
An important consideration for all time and space difference schemes is to know whether they conserve kinetic energy
within the domain of integration. Some integration schemes, particularly for non-linear systems, are not stable, because the
numerical solutions generate fictitious energy, even though the governing equations contain no input of energy. The
linearized form of the governing equations has a well-known instability, which can be controlled by the Courant, FriedrichsLevy criterion (Richtmyer and Morton, 1967). This puts a limit on the time and space increments. But this criterion is not
sufficient for the integration of non-linear equations, because of aliasing errors (Phillips, 1959). When waves which are too
short to be resolved by a given set of grid points are generated, they lead to an unrealistic growth of energy. This happens
when non-linear interactions produce high frequencies which lie outside the limit of resolution of the grid. Arakawa ( 1966)
has shown that it is possible to control these errors by expressing the non-linear terms in flux form.
When GCMs are employed, the boundary conditions do not present much difficulty, because cyclic boundary
conditions are convenient. For regional models, cyclic boundary conditions sometimes present a problem. Most regional
models are used to cover a rectangular channel with lateral boundaries. Cyclic boundary conditions imply that the output
from one end becomes the input from the other. On the other hand, reflective boundary conditions do not permit integration
for periods beyond eight or ten days, because of the rapid growth of gravity waves. Attempts have been made using a
sponge type of boundary conditions to absorb spurious waves, but the problem has not yet been solved satisfactorily.
Experiments are current! y in progress with nested grids, which provide greater resolution in specified regions of the area
under consideration. This creates problems at the interface between the coarse and finer grid. Mass and energy conservation
principles are difficult to maintain at the interface unless the solution is smoothed by time and space filters. This device is not
applicable for long periods of integration, because it overspecifies the boundary conditions (Jones, 1977; Miyakoda and
Rosati, 1977).

5.2.2

THE VERTICAL CO-ORDINATE AND MOUNTAINS

Orographic effects are usually incorporated in the boundary conditions at the Earth's surface. If we use geometrical
height (Z) as the vertical co-ordinate, then the wind component normal to the Earth is

(5.1)
·where His the height of the mountain and u, v, w are the velocity components in the Z-system. If the altitude (Z) or
pressure (p) is used as the vertical co-ordinate, then Equation 5.1 should logically be used at sea-level (Z = 0 or p = p,), but
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as u, v are only known at H, which is approximately 500 hPa for the Himalayas, they have to be extrapolated to sea-level.
This leads to serious errors. To get over this difficulty, Phillips ( 1957) introduced a transformation of the basic co-ordinate
(height or pressure) so that the Earth's surface becomes a co-ordinate surface. In this system the wind component normal to
the co-ordinate surfaces vanishes at the ground ( aH = 0). The different co-ordinate surfaces that have been used for
numerical models are given in reviews by Kasahara (1974) and Sundqvist (1979).
The sigma co-ordinate system has one serious difficulty. The pressure gradient force now consists of two terms instead of
one. These two terms are individually large in the vicinity of a steep barrier, but are of different sign. The net pressure gradient
is thus a small residual of two large but opposite terms and, as a consequence, horizontal truncation errors in measuring either
term generate fictitious pressure gradients. Both terms depend on the thermal structure of the atmosphere. Corby et al. ( 1977)
demonstrate that the temperature dependence of both terms is identical if a mean potential temperature (8) between two
adjacent grid points is chosen to compute the second term, but this is true only if the temperature of the atmosphere varies
linearI y with the logarithm of pressure. If this is not the case, there is a spurious pressure gradient in the presence of mountains.
Phillips (1974) suggested that horizontal truncation errors could be minimized if the hydrostatic component of the
geopotential field is removed and if the residual geopotential is used as a dependent variable.
The conversion of the geopotential field from a sigma surface to a surface of constant pressure presents difficulties.
Unless high vertical resolution is used, that is, the number of levels is ten or more, interpolation between two successive sigma
surfaces - assuming the hydrostatic relation - is not satisfactory. Higher-order interpolation schemes are necessary. For a
limited-area primitive-equation monsoon model, Lagrange's interpolation scheme gives satisfactory results. This provides
weightage to all the constant-pressure surfaces instead of only two.
A question which is currently engaging much interest is whether it is more profitable to regard the Himalayas as a
vertical wall in the numerical model. The Himalayas represent a barrier with steep outer borders, and the area covered by the
barrier contains several grid points. Egger (1974) conducted a few experiments with smaller obstacles, and his results
suggest that a vertical wall yields more realistic flow patterns. A similar experiment by Sundqvist ( 1981) with a barrier the
size of Greenland suggests that vertical walls would introduce greater reflection of shorter waves, which are more dispersive
than Rossby waves. This may require larger suppression by diffusive terms. Numerical experiments by Nakamura (1978)
and by Kondo and Nitta (1979) suggest that the intensity of the lee trough is weaker when a mountain with steep sides is
considered. This is because vortex tubes are stretched when the air approaches a mountain, and there is a corresponding
shrinking to the lee of the mountain. The stretching and shrinking of vortex tubes is less pronounced with a steep mountain;
but it is to be noted that this is important only in winter, when a westerly jet strikes the Tibetan plateau.
Experiments with isentropic co-ordinates have not so far been made in connexion with monsoon studies, except in
relation to the work of Wei and Johnson (1982) referred to earlier. The use of these co-ordinates for a regional model would
be interesting because they need a small amount of smoothing. Wallace et al. ( 1983) have suggested the use of 'envelope
orography' in numerical models. This considers the variable height of mountains within a grid square. This has not been
exploited in monsoon models.

5.2.3

MINIMIZING THE TRUNCATION ERROR WITH DIFFERENT THERMAL STRATIFICATIONS

A problem which appears to be of interest for monsoon models is concerned with the thermal stratification that will
minimize vertical truncation errors. It was mentioned earlier that in the vicinity of steep barriers it is often of advantage to
remove an average geopotential from the total geopotential field, and to use the residual as a dependent variable. There are
several choices for the definition of an average. The geopotentials corresponding to an isothermal or an isentropic atmosphere
are examples of different options that could be used. Such an experiment could indicate what type of stratification is best
suited for a numerical experiment. The best choice will be the one which is most effective in suppressing the highly dispersive
shorter waves in the numerical experiment.
A comparative test with FGGE data was made by Sadourny et al. (1983) with two different schemes which conserve
(a) energy and lower-order moments of potential enthalpy, and (b) total energy and perturbation energy in an eleven-layer

model. The schemes generally revealed little difference in model output for a three-day forecast, except for a tendency for
the latter to suppress vertical velocities generated by large mountains.

5.2.4

NORMAL-MODE INITIALIZATION

As mentioned earlier, when a primitive equation model is used, there are three groups of waves corresponding to the
slow Rossby modes propagating westwards and the relatively fast and more dispersive gravity modes propagating either
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eastwards or westwards. The fast modes impose a limitation on numerical models because they restrict the integration time
step required for numerical stability. In limited-area models, this difficulty becomes more acute because the gravity modes
tend to get reflected from the boundaries of the region of interest. For long periods of integration, the energy content of the
slower rotational (Rossby) modes tends to be eroded by interaction with gravity modes.
To obviate these difficulties, filtering procedures are designed to remove the gravity modes, as far as possible, before the
start of integration. In earlier models this was achieved by invoking geostrophic balance in the initial state, or by removing the
time dependence of the small divergent component in the velocity field. This leads to the 'balance equation', a relation in
which the Coriolis and pressure gradient accelerations are balanced.
Although these methods, which were essentially linear filters, removed a good part of the gravity modes, there still
remained a residue - because of non-linear terms - at the start of integration. Machenhauer (1976) proposed that this
residue could be counterbalanced by introducing an initial field in the non-linear component of the initial condition. This is
normal-mode initialization. The governing equations for numerical models may be expressed in the compact form

X=

iLX + EN(X)

where X stands for any of the dependent variables, such as wind velocity or entropy, L represents the linear terms and N(X)
are non-linear interactions. E represents a small parameter which is the Rossby number for mid-latitude dynamics. X may be
considered to be

X=Rx+ Gx
where Rand G stand for the Rossby and gravitational modes. Non-linear normal-mode initialization imposes the condition

GX = O
where Gx = i E (LGf 1 GN(X)
Baer (1977) introduced an even higher-order constraint, namely

GX =

0.

Imposing such conditions provides an initial state from which gravity waves have largely been eliminated.
It is difficult to determine the normal modes when primitive equations are integrated over a limited region; consequently, normal-mode initialization has not been possible for regional models. An alternative, through the use of bounded
derivatives, is beginning to be used. The governing equations contain not only the slower Rossby modes, but also the faster
gravity modes. The principle behind bounded derivatives is to control the faster modes by constraining their time derivatives.
Kasahara (1982) demonstrated the equivalence of bounded derivatives with non-linear normal-mode initialization - under
special circumstances. There are two advantages to be gained by this process: firstly, bounded derivatives may be applied to
limited-area models where normal-mode initialization is difficult; secondly, bounded derivatives provide conditions which
external forces, such as diabatic heat sources, should satisfy for the internal consistency of the model. Earlier models had not
considered this aspect. Up to the present time, few experiments have been reported with bounded derivatives for initializing a
regional model, but Semazzi (1980) did observe the rapid elimination of gravity modes by this technique, when it was used in
a regional model to study the impact of mountains.
A further difficulty with monsoon models arises on account of diabatic heating. An adiabatic initialization scheme tends
to suppress the Hadley cell. This difficulty has not yet been satisfactorily solved.

5.2.5

FINITE ELEMENTS

A different method of discretizing the governing equations, by finite elements instead of finite differences, is being
attempted in current research. For three-dimensional models, the domain of interest is divided into a series of small elements,
or prismoids. Weighting functions are chosen to minimize a functional - relevant to the problem - for each prismoid. The
weighting functions acquire a value of unity at each nodal point of the element and vanish at all other points.
Specifically, let us consider the equation

with appropriate boundary conditions over the domain. Introducing the approximate solution
U(x, t) = i ~ I ai (t)

</Ji

(x)

THE NUMERICAL SIMULATION OF MONSOONS

73

. (au - -a22u) vams. h over an area s by we1g. htmg
. functJons
.
.
cp;, 1.e.

we make the residue -

at

ax

2

cp;(au - ~___.!!_)
dx= 0
2

1
s

at

ax

The weighting functions are piecewise continuous polynomials in the finite-element method.
The details have been described by Martin and Carey (1975). Preliminary work on the computation of vertical velocities by finite elements has been reported by Sinha and Sharma (1981) for a flat terrain without friction. Finite elements
provide some advantages for a domain with irregular boundaries, but it is difficult to include diabatic effects, mountains or
more complicated upper-boundary conditions by this technique.

5.3 The inclusion of physical processes

5.3.1

EARTH-ATMOSPHERE RADIATION BALANCE

The energy source for the Earth-atmosphere system is the incoming radiation from the Sun. This is balanced to some
extent by a heat sink in the form of outgoing long-wave radiation, but large imbalances do occur in some regions. This requires
transport of energy in both the zonal and meridional directions from regions of energy excess to areas of deficit. The three
regions which appear to be important for such transport in the monsoon regime are: Saudi Arabia, the Arabian Sea and the
Bay of Bengal. These three regions show different amounts of atmospheric moisture, cloudiness and aerosol content. The
region over Saudi Arabia has low moisture and cloudiness, but a high dust load. On the other hand, both the Arabian Sea and
the Bay of Bengal have high moisture with varying degrees of cloudiness, but a low dust content.
In view of the sensitivity of the radiative balance to cloudiness, it is necessary to parameterize the development of
clouds on the time-scales of a numerical model. Some general circulation models assume that an arbitrary amount of
cloudiness will exist if the vertical velocity is less than a specified amount.
Clearly, if models are to be designed for simulating different facets of the monsoon, entailing an integration of the
governing equations for periods exceeding a month, the time-derivatives of radiative forcing must also consider changes in
cloudiness (Webster 1978). This was also illustrated by Abbott ( 1978), who made the important distinction between steady
planetary scale forcing and transient motion.
Current global circulation models have a detailed programme for including different components of the Earthatmosphere radiation balance. The earliest attempt in India to include radiative effects in a simple two-dimensional model
was by God bole et al. ( 1970). Global satellite observations now provide the net radiation balance over the monsoon area, but
what is required for modelling is the net radiative heating in each of the atmosphere. Observations collected during the
monsoon studies of 1977 and 1979 suggest that this is highly dependent on the distribution of clouds.
The importance of clouds in models is now well established, but progress towards the simultation of monsoon clouds has
been slow because of sparse data. Mathematical details of different radiation schemes will not be repeated, but attention
will be drawn to those facets our understanding of which is not yet clear.
Earlier models were concerned with clouds that did not change with time or longitude. An equivalent single-layer cloud
was often used to expres the cumulative effect of all clouds. This was hardly adequate to explain how an observed
configuration of clouds contributed to the growth and movement of transient systems, such as monsoon depressions.
Cloud-radiation interactions are more important for monsoons than for mid-latitude systems. As we saw earlier, the
observations over Saudi Arabia during MONEX stressed the separate roles of convective warming and radiative cooling
over a region of high albedo. Convection was largely confined to the lower troposphere, bur radiative cooling extended over
the entire troposphere. Walker (1977) correctly emphasized the sensivity of forced motion to the difference in phase
between radiative and convective heat transfer. Unfortunately, very few field observations, apart from the brief MONEX
sample, exist on this aspect.
The subsequent generation of models classified clouds as belonging to the low, medium and high category. Results from
GA TE suggest that an additional category - convective clouds - should probably be included. It is also useful to have model
clouds of variable height and thickness. Experience gained with an earlier five-layer model in the United Kingdom indicated
that an unrealistic increase in cloudiness was generated over the Sahara, if fixed-level clouds were used. This happened
because clouds set up radiative exchanges with the atmosphere below the cloud base. In turn, more moisture was transferred
above the cloud thereby leading to an increase cloud cover.
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A survey of monsoon clouds through radar echoes was conducted recently by Raghavan et al. ( 1983) off the east coast
oflndia. It revealed a preponderance of small clouds (up to 100 km 2) which were distributed randomly . The larger cells ( 100
to 1 OOO km 2) did not follow a random distribution , which suggests a growth process from small to large cells that is not
random. It is not yet clear how this is related to changes in horizontal and vertical gradients of temperature and moisture
within the synoptic time-scale of a few days.
The important role of aerosols has been stressed earlier. Absorption by aerosols is often comparable to that by water
vapour. The relative importance of absorption and scattering will be determined by the vertical profile of dust concentration.
Consequently, a comparison of model-generated radiative cooling with radiometersonde observations over the monsoons
regime would be a worthwhile experiment.
Multiple reflections between low clouds and the ground are difficult to simulate with models. An increase in absorption
at the ground, as a consequence of multiple reflections, reduces the effective albedo of the ground. Further complications arise
if we consider multiple reflections between two or more clouds.
The radiation characteristics of different clouds have been provided by Rogers ( 1967). They are now in common use in
models, but the use of an average absorption coefficient for water vapour has been questioned, because it over-estimates the
energy available for absorption by water vapour below the cloud base. The dependence of the absorption coefficient on the
partial pressure of water vapour also needs to be considered for computing radiational cooling in a monsoon atmosphere.
Walker and Rowntree (1977) observe that a surface with vegetation reflects very little radiation below 0,7 µm, but for
larger wavelengths there is an increase in the albedo. The spectral dependence of cloud albedos is not known with much
confidence, but high clouds are known to have a smaller emissivity than medium or low clouds.

5.3.2

MOIST CONVECTION

If the lapse rate becomes unstable during a numerical forecast, large unrealistic vertical velocities are created. They are
eliminated in general circulation models by moist convective adjustment. The principle is to adjust the lapse rate in a
conditionally unstabe region at each time step so that the moist static energy remains invariant. The temperature profile
adjusted by this procedure differs from the original profile by a few degrees Celcius, and a similar difference is created for the
humidity profile. The influence of moist convective adjustment in systems which have a small temperature amplitude is not
very realistic.
Recent satellite observations have revealed the organization of clouds into groups whose scales are comparable with
that of synoptic systems. Parameterization schemes are consequently needed to include the net vertical flux of heat, water
vapour and momentum by cumulus ensembles.
Of the simpler schemes parameterization, the scheme due to Kuo (1965, 1974) is used widely. This seeks to express
the statistical characteristics of deep cumulus convection. The convergence of moisture is first computed for an atmospheric
column over a unit area. This is the sum of evaporation from the underlying surface and the accumulation of water vapour
brought about by the larger-scale winds.

It is then assumed that water vapour accumulated in this manner is partly used up by: (a) condensation and rainfall after
the air became saturated; and (b) by making the air more moist through an increase in its specific humidity. The base of the
cloud is taken to be the lifting condensation level of surface air, and the top of the cloud occurs where the moist adiabat from
the condensation level crosses the environmental sounding. It is also assumed that the cumulus clouds dissolve immediately
by mixing with the environment after imparting heat and moisture. The summing up of (a) and ( b) provides an estimate of the
water vapour needed to create clouds. Consequently, the rate of cloud production may be expressed simply as the ratio of the
total accumulation of water vapour by the larger-scale winds and the amount needed to generate clouds. Once the rate of
cloud production is determined, the heat imparted to the environment by the release oflatent heat is readily computed. This is
done for each time step of integration.
Kuo ( 1974) states that warming by compression in the descending region of cumulus clouds is also accounted for in his
scheme. A division of the convergence of moisture into a fraction which merely increases the humidity of the air and a
fraction which is condensed was also made. The evaluation of this fraction from empirical data is a little ambiguous.
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Arakawa and Schubert (1974) devised another parameterization scheme which partitions a cumulus ensemble into
cloud types, each with a different rate of entrainment. The vertical mass flux within the cloud, normalized by its value at the
cloud base, is determined by the vertical structure of the environment. This is referred to as static control.
The scheme relates cumulus-scale motion with synoptic scales by a cloud work function. This represents the rate of
increase in the energy of a rising parcel of air on account of its buoyancy. This is expressed as an integral of the buoyancy force
that controls the rate at which kinetic energy is generated in a cloud. The rate of change of the work function is made up of
processes within a cumulus cloud and changes in the environment.
Changes in the work function within the cloud and the environment act in an oppposite manner. Thus, the vertical
transport of heat and moisture by a cumulus ensemble tends to reduce the conditional instability of the environment; in other
words, the effect of the cumulus ensemble is to stabilize the environment. But to maintain a cumulus ensemble, the large-scale
processes must destabilize the environment. If we add these two effects, the net result is that the cumulus ensemble will follow
a sequence of near-equilibrium states with little or no change in the cloud work function. This determines, in turn, the mass
flux at the bottom of a cloud. For a fuller account of the model, reference should be made to the original article by Arakawa
and Schubert (1974) and the recent contributions by Lord et al. (1982). The model includes an interesting method by which
the cloud work function is modified by different clouds acting on the larger-scale environment. The adjustment time needed
for the environment to return from an unstable state to one of neutral equilibrium is of the order of a few hours. This is much
smaller than the time-scale of synoptic-scale processes; consequently, the model provides a technique for measuring,
quantitatively, how a collection of clouds modulate the synoptic scale of events.
Arakawa and Schubert's parameterization of cumulus clouds was used by Shikla for analysing baroclinic instability. A
reference to this was made in an earlier chapter. Ramanathan (1981) used Arakawa and Schubert's parameterization to
analyse cloud characteristics during the onset of the summer monsoon over India in 1977. During the Monsoon-77
Indo-U.S.S.R. experiment, four U .S.S.R. research ships were located in a stationary polygon formation off the south-western
part of the Indian coastline. The ships made four radiosonde/radiowind observations per day. Ramanathan finds a maximum
1
heating of the environment of around l 7°C d- at 500 hPa on account of cumulus convection. Similarly, an excess mixing
1
ration of 5.0 g kg- was generated by cumulus convection. In general, his computed values of heating were larger than those
reported by Yanai et al (1976) by a factor of three to four.
A recent study by Houze ( 1982) suggested that cumulus cloud clusters in the tropics were made up of three zones,
namely: (a) mesoscale shields of cirrus (100-1 OOO km); (b) a lighter precipitation zone of a horizontal scale of 100-200 km;
and (c) convective towers accompanied by heavy showers of rain. He observed that the total heating by the convective towers
1
had a maximum value of about 16° d- around 500 hPa, which was similar to Ramanathan's observation for monsoon
clouds during 1977. But if the cirrus shield and light precipitation from strati form clouds were considered, then the total
heating rate had a maximum of about 28°C d- 1 at about 10 km. We are thus led to infer that deep convection within the
monsoon region is not entirely made up of cumulus-scale 'hot towers'. The upper-level cirrus shields, within which the
convective towers are embedded, are also important for cumulus parameterization. The addition oflarge amounts of diabatic
heating, even on cumulus time-scales, could sufficiently alter the larger-scale vertical motion field . As a part of the warming is
balanced by evaporative cooling from falling rain, it would appear that a cloud cluster would probably excite a larger
response in the middle and upper tropospheres, but a comparatively smaller response at lower levels.
Several variants of Arakawa and Schubert's model are now used. A model by Lyne and Rowntree (1976) provides
interesting results for the tropics. Instead of identifying a range of clouds as required by Arakawa and Schubert's model, Lyne
and Rowntree consider an ensemble of rising buoyant plumes. An ensemble is identified by a deviation of thermodynamic
properties (virual temperature) from mean values attributed to the environment. As the ensemble ascends, the model
prescribes entrainment with the environment, as well as detrainment and environmental subsidence, at each level of ascent. It
differs from Arakawa and Schubert's model in having no work function or dissipation for estimating when convection will
occur or what the intensity of convection will be. This is determined purely by the instability of the parcel. Clearly, this
represents a simplification, but it is more economical in terms of computer time. Using the data sets for the GARP (Global
Atmospheric Research Programme) and Global Atlantic Tropical Experiment (GATE), Lyne and Rowntree find good
agreement in a three-day forecast between predicted and observed rainfall over western Africa. They used a limited-area
11-layer model for this purpose. It was interesting to observe that the model successfully predicted the passage of an easterly
wave and its intensification into a tropical cyclone. The predicted rainfall agreed well with satellite data. The main difficulty,
as noted earlier, lay in determining when convection would occur and the intensity of convection. This involved the use of a
number of empirical constants, but it was much simpler to design. Similar tests with GATE data have been reported by Lord
( 1982) and Lord et al. ( 1982). They note good agreement between predicted and observed rainfall. This is an encouraging
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result for future monsoon studies. Mohanty et al (1984) have made an interesting comparison between the schemes of Kuo
and of Arakawa and Schubert (A-S). Using the model of the European Centre for Medium Range Weather Forecasts
(ECMWF), they find that the A-S model generates larger heating rates over the Indian Ocean. In turn, this intensifies
convergent flow but the full extent of the cross-equatorial jet off the east African coast is not well captured by either the Kuo
or the A-S model. At present it is not clear which model performs better but, clearly, the sensitivity of a forecast to Cu parameterization has been established.

5.3.3

FRICTIONAL EFFECTS

The depth of the atmospheric boundary layer is approximately 1 km. The Reynolds number (R), which represents the
ratio between the inertia forces and viscosity in the equations of motion, increases from 0 to a value of the order of 10 9 in the
middle of the atmospheric boundary layer. If the critical value of R is taken to be about 3 OOO, then this value is reached within
a few millimetres above the ground; above this height, turbulent motion is predominant. The first few millimetres form the
viscous sub-layer; above it, the wind velocity increases rapidly without changing direction. The turbulent fluxes remain
relatively constant up to roughly 50 m above the surface, which is referred to as the constant flux layer. The remaining part of
the boundary layer is marked by a turning of the wind with height due to the Coriolis force and turbulent fluxes which
gradually decrease in magnitude with height. This is the 'Ekman' or 'mixed' layer. The top of the mixed layer usually has a
capping cloud above it.
A great deal of effort has gone into attempts to parameterize the surface fluxes in terms of large-scale dependent
variables. The fluxes are related to variables representing the mean flow at a standard height, normally 10 m. Unfortunately,
this involves the use of exchange coefficients, which are sensitive to: (a) the roughness of the Earth's surface; and (b) the
thermal structure of the atmosphere. A wide variety of exchange coefficients have been used, but data on these coefficients
under monsoon conditions are difficult to come by.
Research is currently in progress on turbulence closure schemes for mixed-layer model~Assumin~onditions of
horizontal homogeneity, it is possible to derive tw~uations: (a) for the turbulent kinetic energy (u' 2 11'2 w' 2); and (b) for
the vertical transport of horizontal momentum w'v' . These two equations contain second- and third-order moments of
velocity fluctuations. In first-order closure models, only the first moments are considered and they are expressed in
terms of exchange coefficients. Extending this process, Mellor and Yamada ( 197 4) designed second- and third-order models,
in which the exchange coefficients contain triple correlations of turbulent fluctuations. Varma (1981) reported preliminary
work with a one-dimensional model using first-order closure. She found partial agreement between her model output and an
experiment conducted over Puerto Rico, a typical station in the tropics. However, comparison with a three-dimensional
model by Sommeria (1976) indicated only partial agreement. There is a need to repeat these experiments for the monsoon
regime. For this purpose, data on radiation cooling over the oceanic regions acquired with the help of radiometersondes
would be useful.

+ +

5.4 General circulation models (GCMs)

5.4.1 SEA-LEVEL PRESSURE
Early attempts to simulate the monsoon were not very successful, and wide divergences were observed between
different model outputs, but more recent models have successfully captured many important features of the summer
monsoon.
The first four diagrams of Figure 5.1 (a, b, c and d) depict the sea-level pressure for July by four different models designed
by:
(a) Stone et al. (1977);
(b) Hahn and Manabe (1975);

(c) Druyan (1981, 1982);
(d) Sadourny (1983).
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Figure 5.1 (e) and (f) - Sea-level pressure for July by different models
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Figure 5.2 shows the mean sea-level pressure for July for comparison. The three prominent features of the summer monsoon
are:
(a) A thermal low extending from the Sahe! to the Middle East and thence to north-west India;

(b) A monsoon trough over north India, with its axis running parrallel to the southern periphery of the Himalayas; this

generates a counter-clockwise rotation of winds from westerlies to southerlies and, finally, to easterlies over
north-eastern India;
(c) A clockwise change in wind direction as monsoon winds strike the mountain ranges of the Indian west coast.

Figure 5.2 - Observed mean sea-level pressure (hPa) for July

The distribution of summer monsoon rain over India is sensitive to these features. To be successful, a model should be
able to reproduce them, if the basic inputs are correct. Let us examine then the performance of the four models shown in
Figures 5.1 (a) to (d).
Hahn and Manabe ( 1975) generate a thermal low that is too far to the east of its normal position. A similarly unrealistic
displacement occurs with the model by Stone et al. (1977), but the recent model by Sadourny (1983) provides a more
realistic output.
Figures 5.1 (e) and (j) bring out an improvement in more recent models. They represent the output from an 11-layer
model described by Gilchrist (1981 , 1983), which used the parameterization scheme by Lyne and Rowntree ( 1976) for moist
convection, and a cloud-radiation interactive scheme developed by Walker ( 1977) for zonally averaged cloud amounts. The
radiation scheme included the daily and annual solar cycles, and some of the inputs, namely sea-surface temperature and
ozone, were updated during integration with climatological values.
Figure 5.1 (e) is the result of integration for 105 days beginning with 12 GMT on 2 May 1979 with data from the First
GARP Global Experiment (FGGE). The second output (Figure 5.1 (/))is an integration for 16 months beginning with FGGE
data for 00 GMT on 25 July 1979. The two figures thus represent the model-simulated monsoons of 1979 and 1980.
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Again a displacement of the thermal trough north of its normal position is observed in both years. The deflection of
winds from westerlies to easterlies over eastern India is not well reproduced by the model, but a simulation exercise for two
different years does reveal interesting features of natural variability. The trough over north India was displaced much further
to the north-east in 1980 than in 1979. Cyclonic circulation was also more pronounced over the Bay of Bengal in 1980. How
far do these changes represent the relative importance of Hadley and Walker circulations between one year and another? The
modelling experiments carried out over the next few years could provide an answer.
Some of the model deficiencies that have been noted, namely unnatural displacement of the thermal trough and lack of
precision in depicting the change in wind direction over east India, could be the result of difficulty in reducing surface pressure
over high ground to sea-level. The horizontal resolution in some of the earlier models was not adequate to reproduce some of
the finer details of the monsoon trough. These deficiencies will probably be eliminated over the next few years.

5.4.2 PRECIPITATION
Model outputs differ on the July distribution of monsoon rain. Smagorinsky (1982) illustrated this by comparing the
output from six models. Two of the models referred to by him are reproduced in Figure 5.3 (a) and (b) because they bring out
an interesting result. Figure 5.3(a) represents the mean July rainfall from a I I-layer finite-difference model by Hahn and
Manabe (1975), while Figure 5.3(b) is the output from a nine-layer spectral model by the same authors. Although the same
physics and equivalent horizontal resolution were used, the outputs show considerable differences. The reasons for this
divergence are not clear.
Figure 5.3(c) and (d) depict the output from the I I-layer U.K. model (Gilchrist, 1981, 1983) for July 1979 and 1980.
There was more precipitation over the Bay of Bengal in July 1980 because, as we saw earlier, there was more cyclogenesis
there than in the summer of 1979.
The four models in Figure 5.3(a) to (d) generate maxima in precipitation over the south-western coast oflndia and over
north-east India; but the observed rainfall maxima occur along the entire west coast and the Himalayan foothills of north
India.
Despite these differences, monsoon models have succeeded in portraying the increasing trend of rainfall as one moves
from the northern winter to summer. Stone et al. ( 1977) find rainfall rates of less than l mm d- 1 over India in January, but
this increases to 10 mm d- 1 in July. The seasonal change was not as pronounced in an earlier experiment by Manabe et al.
(1974). Experiments by Washington (1976) and by Washington and Dagupatty (1975) reveal an increase in rainfall in
summer but, generally, their increase is less than that of Stone et al. (1977).
1

A peculiar feature of these experiments is a predicted maximum of 20 mm d- over the south-eastern parts of the Bay
of Bengal. It is not yet clear how this is generated, because there are few observations to support it.
The anticyclonic curvature of isobars as monsoon winds strike the west coast of India is now reproduced by the more
recent models, but the precipitation appears to be confined to the southern parts of the west coast. The observed precipitation
extends all along the west coast, but it would hardly be fair to expect models to reproduce the finer details, because of their
inadequate horizontal resolution.

5.5 Sensitivity tests
Notwithstanding lack of success in simulating the principal features of monsoons, a number of interesting results
have emerged from sensitivity tests on general circulation models. These tests have enabled us to identify a number of
monsoon characteristics that seem to respond sharply to fluctuations in lower boundary conditions. An important aspect to
be borne in mind is the statistical significance of a sensitivity test. As we shall see presently, this depends on the model's own
variability.
The succeeding sections review the major results of recent research.
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SOIL MOISTURE AND EVAPOTRANSPIRATION

Over many monsoon lands soil moisture and vegetation provide valuable inputs to the water and heat balance of the
atmosphere. Consequently, it is interesting to see how large-scale systems are influenced in their passage over dry and wet
terrain.
Walker and Rowntree ( 1977) used a limited-area 11-layer model to test the influence of variable soil moisture over west
Africa. Large variations between a dry and wet surface were predicted by the model. The dry land over the Sahe! region was
predicted to be 20°C warmer than a wet surface. If the underlying surface was wet, westward-moving low-pressure systems
were found to acquire a warm core through latent heat released by enhanced moist convection. These migratory systems were
consequently able to produce widespread rain over the Sahe! and southern Sahara, but ifthe land was dry only shallow heat
lows were generated. The view was expressed that rainfall over the Sahe! was a self-generating process because rain provides a
wet surface which induces larger precipitation from westward-moving baroclinic disturbances. Unfortunately, Walker and
Rowntree did not evaluate the statistical significance of their experiment and their period of integration (five to ten days) was
small. Further extension of their integration to 20 days was not sufficient to indicate whether a steady state was reached, but
baroclinic energy conversions seemed to dominate the duration of the experiment.
A more recent analysis by Shukla and Mintz ( 1982) makes the relevant point that, even if evapotranspiration exceeded
precipitation, it did not follow that reducing evapotranspiration would increase precipitation. Using the model developed by
the Goddard Laboratory for Atmospheric Sciences (GLAS), they performed two experiments; the first was concerned with
evapotranspiration when the soil was moist and completely covered by vegetation, while the second visualized a situation
where the soil was dry and no evapotranspiration was permitted.
Starting with an observed atmospheric state corresponding to 15 June in the northern hemisphere, integrations were
performed for 60 days with both dry and wet soil. An extension of the integration period by another 15 days showed that
equilibrious conditions were reached in both experiments by the end of July.
1

For wet soil, precipitation over Europe and over most of Asia was around 4 mm d- , but for dry soil there was much
less precipitation. A peculiar feature of this experiment was high precipitation over eastern India (8 mm d- 1) despite dry soil
with no evapotranspiration. The precipitation over this region is apparently not dependent on surface conditions alone. The
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wide divergence in precipitation is borne out by computations of simulated July surface pressure and temperature or wet and
dry soil. Incidentally, it was observed that the simulated July pressures did not agree with observed sea-level pressures. This
was also noticed with other general circulation models. But it is relevant to note that even if changes in surface conditions are
only introduced over land, large changes are brought about over the eastern and western Pacific. These changes exceed the
natural variability of July surface pressures when the surface conditions are invariant. Over the Atlantic and the Indian
Ocean, there was hardly any change in sea-level pressure.
An interesting feature of simulated precipitation was observed over Africa around 10°N. Precipitation for wet soil was
around 4 mm d- 1, which was greater than the local evapotranspiration, but to the north and south of the rain band there was
hardly any significant amount of rainfall, only about 2-3 mm d- 1, much less than the evapotranspiration. This suggests
convergence of water-vapour transport along the rain band and divergence of water vapour to the north and south of the
region.
Of the simulated temperature profiles, substantially higher temperatures for dry soil were observed. This is clearly the
consequence of lack of cooling by evaporation and an increase in surface heating by solar radiation. The additional power
2
input to the atmosphere by these two causes was (a) 125 W m- and (b) 172-258 W m- 2 when averaged between 20°S and
60°N. For dry soil, net radiational heating of the land was largely balanced by the transfer of heat to the atmospheric
boundary layer. During MONEX, observations indicated very little heat storage over the semi-arid zones of Saudi Arabia,
but this need not be true for wet soil. Averaging over 20°S to 60°N, the vertical transfer of heat to the atmosphere was about
2
169 W m- for dry soil compared with only 21 W m - 2 for wet soil, an increase by a factor of eight for dry soil.
Evapotranspiration is modulated by the storage of water within the Earth and by incoming solar radiation. The latter is
influenced by the distribution of clouds and by the reflective power of the soil. The principal factors are consequently:
Soil storage;
Albedo;
Incoming solar radiation;
Clouds.
At present is not clear how far these features are independent of one another. Is it possible, for example, to keep the soil
moisture constant and to change the albedo? In our view this is not possible, but experiments which will be described shortly
appear to support the contrary view.

5.5.2 ALBEDO
Charney et al. ( 1977) suggested that changes in surface albedo could bring about significant changes in local rainfall and
atmospheric circulation. An increase in the albedo makes the radiative balance more negative, especially over deserts and
semi-arid regions, because it leads to an increase in outgoing radiation. The radiation deficit is further increased if there are
no clouds. To maintain thermal equilibrium the air must descend and be compressed adiabatically. Adiabatic warming and
subsidence must be sufficiently extensive to balance cooling by an excess of outgoing radiation, but to some extent the
balance could be upset if there was large-scale advection of air. During the Monsoon Experiment, observations over Saudi
Arabia did reveal substantial subsidence in the troposphere and, but for minor deviations, the balance was nearly maintained.
Using an earlier version of the GLAS model, Charney et al. ( 1977) conducted a sensitivity test by increasing the surface
albedo by 30 per cent over the Sahe!, the Thar desert of north-west India and the western Great Plains of the U.S.A. The
model predicted a decrease in precipitation by 10-25 per cent within the first 30 days of integration.
It has been contended that an increase in albedo reduces the solar radiation reaching the ground, which reduces
evaporation. A reduction in evaporation and cloudiness increases the solar radiation coming to the ground, which partly
compensates for the reduction in solar radiation caused by an increased albedo. Charney et al. made the point that the net
effect on atmospheric circulation due to fluctuations in surface albedo depends upon the time-scale for advecting moist static
energy away from the region and its relative magnitude compared with the time-scale for the generation of moist static energy
by evaporation and convergence. If a change in surface albedo reduces the upward flux of sensible and latent heat, it will
either decrease low-level convergence and ascending air, or increase subsidence on account of increasing low-level
divergence.
More recently, another experiment by Sud and Fennessy (1981) with an improved version of the GLAS model
supported the inferences drawn by Charney et al. (1977). Increasing the albedo produced a reduction in rainfall over the
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Sahe! and Thar desert (north-west India), but this was not as prominent over the Great Plains of the U.S.A. where large
day-to-day variations exist. Sud and Fennessy extended their experiment further to cover changes in surface reflectivity over
north-east Brazil. The albedo was increased over a limited region from 9 to 30 per cent, but the results were not conclusive. A
comparison between the control (no albedo change) and anomaly (increased albedo) run revealed a decrease in rainfall for
the first 20 days. Subsequently, there was an increase in rainfall between days 20-25 followed by less rainfall than the
control run between days 25-45. A statistical evaluation of the significance of this result has not been reported.
Two aspects appear to be of relevance here. The first is related to the time-scale for changes in moist static energy; where
advection is small, as over the Thar desert or the Sahe!, an increase in albedo appears to affect rainfall adversely. The second
aspect is the relation between albedo and soil moisture, our understanding of which is, unfortunately, still unclear.

5.5.3 SEA-SURFACE TEMPERATURE
A wide variety of reports have appeared in recent literature on the impact of sea-surface temperature anomalies on
atmospheric circulation. Bjerknes (1966, 1969) and Namias (1974) appear to be the earliest to draw the attention of
meteorologists to the impact of sea-surface temperature on atmospheric circulation.
Shukla ( 1975) was one of the earliest to test a possible correlation between sea-surface temperature anomalies over the
Arabian Sea and monsoon rainfall. A comparison between a control and cold anomaly run led him to infer that a substantial
reduction in rainfall could be the outcome of a cold anomaly. Washington et al. ( 1977) carried out a similar experiment with
the model developed by the National Centre for Atmospheric Research (NCAR), U.S.A., but their results were somewhat
contrary to those of Shukla (1975). Shukla's experiment was conducted for a period of 35 days. Although a reduction in
rainfall was observed in his model output between days 15 and 30, towards the end of his experiment (day 35) there was
little difference between the control and anomaly run. Consequently, doubts were expressed (Laurmann and Gates, 1977)
which suggested that the observed reduction might have been a transient response of the model. To overcome this difficulty,
Washington et al. (1977) ran their model for 120 days. Starting with an atmosphere at rest, their experiment held the Sun's
declination invariant for the duration of the experiment. The model's variability was measured by the standard deviation of
the control run for a 30-day period (day 91to120). Anomalies were introduced on the 60th day of the experiment and the
statistical significance of differences between the control and anomaly was assessed by Student's 't' test. This defines a
parameter (t)

x

where 1 and :X2 are average values of the anomaly and control output, and Sis an unbiased estimate of the standard deviation
which, in this case, is the model's own variability. N is the number of independent events. At-value of2.68 is needed for the
difference to be significant at the one per cent level, while a value of 5.8 is needed for significance at the five per cent level.
This manner of statistical evaluation has been a matter of debate. It does not provide any information on how differences
between the anomaly and control runs build up. The coherency or time-dependency of the difference is not revealed. An
analysis of the time series, for a period of 120 days of simulated time, for example, could reveal how far the differences are
random or autoregressive. The use of autoregressive models could also indicate to what extent the differences represent a
stationary time series. As far as we are aware, this aspect of statistical tests has not yet been examined in any detail.
Washington et al. ( 1977) introduced anomalies over the eastern and western sectors of the Arabian Sea and the central
Indian Ocean. There was considerable divergence in model predictions. Anomalies over the Arabian Sea, for example,
produced effects that were either confined to a region very close to the anomaly, or were not statistically significant. But the
third experiment - a warm anomaly over the central Indian Ocean - revealed an association with decreasing precipitation over
Malaysia and the western Pacific. The result appeared to be statistically significant.
The apparent discrepancy between the results of Shukla (1975) and Washington et al. (1977) could be an outcome of
how the models represent low-level monsoonal winds. The GFDL and NCAR model representations have in-built
differences, as we have noted earlier, when it comes to representing the mean pressure distribution for July. A subsequent
experiment by Shukla (1981) with the GLAS model seemed to confirm his earlier result.
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However, an analysis of principal components by Weare (1979) leads one to infer an apparent association between
Arabian Sea temperatures and Indian sea-level pressures. Weare did not find clear evidence of an association between
Arabian Sea surface temperature and monsoon rainfall. On the other hand, Shukla and Misra (1977) find evidence of a
positive correlation between sea-surface temperature and rainfall. The present ambiguous state of affairs points to the need
for more experiments.
A large number of model experiments do seem to indicate an atmospheric response to sea-surface temperature
anomalies in different parts of the world. Moura and Shukla (1981) examined monthly mean anomalies in sea-surface
temperature over the tropical Atlantic in March and rainfall anomalies over north-east Brazil in March, April and May. They
observed an association between severe droughts and the simultaneous occurrence of warm sea-surface temperature
anomalies over the northern parts of the tropical Atlantic and cold sea-surface temperature anomalies over the southern
tropical Atlantic.
A sensitivity test with the GLAS model seemed to support such an association. The model predicted a thermally direct
local circulation with its ascending branch at 10°N and its descending branch over north-east Brazil.
To sum up, it is clear that general circulation models have pointed to a large atmospheric response to sea-surface
temperature anomalies, but the response should not immediately be inferred as indicative of a teleconnection. A brief
reference has been made to the proper evaluation of the difference between an anomaly and control run. A time series could be
generated and examined.
The intensity and temporal nature of the anomaly is another aspect to which greater attention should be paid. A large
and persistent anomaly would generate a larger atmospheric response. Computations of the autocorrelation function for
sea,~surface temperature anomalies (Moura and Shukla, 1981) would be another desirable step. This is necessary because
there must be reasonable evidence to assume that an anomaly, once imposed, will remain sufficiently steady for integration
over a season.
There appears to be some agreement on the larger impact of sea-surface temperature anomalies in the tropics than at
mid-latitudes. There are several reasons for this. Firstly, normal ocean temperatures at the mid-latitudes are colder, which is
not conducive for deep moist convection. Secondly, the natural variability of mid-latitude atmospheric systems is large
enough to make boundary forcings - by way of sea-surface temperature anomalies - comparatively ineffective. Lastly, the lack
of geostrophic balance in the tropics creates a stronger thermal wind for even moderate or small temperature gradients.

5.5.4

SNOW COVER

Shukla (1981) has drawn our attention to an observation by Blanford (1884) concerning an inverse relationship
between excessive winter snow over the Himalayas and the subsequent performance of the summer monsoon over India.
Sensitivity tests on snow cover and monsoon rain have not yet been performed in much detail because of absence of data on
snow hydrology.
Hahn and Shukla (1976) observe an apparent relationship between Eurasian snow-cover anomalies and the summer
monsoon rainfall over India. A large snow cover anomaly over Eurasia apparently produces colder tropospheric temperatures
the following spring. This leads to a delay in the onset of the monsoon and, in general, a rainfall deficiency. There are also
reports suggesting that snow anomalies influence interannual variability of the atmospheric circulation over China.
The impact of a larger snow cover will undoubtedly be similar to an increase in albedo. This will reduce the incoming
solar radiation, but the impact on clouds and evaporation are difficult to assess in quantitative terms. The variability of snow
cover is another complex problem. Over the Himalayas, permanent snow cover is observed only over small areas at very high
altitudes because of strong winds in winter. The variability of snow cover is large at lower altitudes. Consequently, if we wish
to correlate snow cover with monsoon rain, we need to delineate an area and an altitude above which snow cover is fairly
persistent. This is difficult to achieve without more field data.

5.6 The Southern Oscillation and El Niiio
The possibility of discovering links between meteorological events widely separated in space and time has attracted
meteorologists over many years. Rasmussen and Carpenter ( 1982) report that nearly a century ago Hildebrandsson ( 1897)
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suggested an out-of-phase relationship between surface-pressure anomalies at Sydney and Buenos Aires. A little later Lockyer
and Lockyer (1902) observed a see-saw pattern of pressure that was much more global in extent. In fact, Lockyer ( 1906)
claimed a 'barometric see-saw of short duration (about 3.8 years) occurring between two large regions, nearly antipodal to
each other, the centres of which were approximately India and Cordoba (South America). A continuation of research
indicated that this barometric see-saw was of greater extent than at first supposed ..... '.
In a series of celebrated papers around the first quarter of the present century, Sir Gilbert Walker (1923, 1924, 1928)
postulated three oscillations in pressure, temperature and rainfall over the north Atlantic, the Pacific and the Indian Ocean.
His most important discovery was a Southern Oscillation (Walker and Bliss, 1930, 1932, 1937) which related fluctuations
over the Pacific with the Indian Ocean. Walker and Bliss (1932) wrote: 'When pressure is high over the Pacific Ocean it tends
to be low in the Indian Ocean from Africa to Australia; these conditions are associated with low temperatures in both these
areas, and rainfall varies in the opposite direction to pressure. Conditions are related differently in winter and summer, and it
is, therefore, necessary to examine separately the seasons December to February and June to August'.

Recent years have witnessed a resurgence of interest in the Southern Oscillation because of its association with a
phenomenon named El Nifio. El Nifio represents a warm coastal current which runs southward along the coast of Equador
around Christmas. Extremely warm sea-surface temperature anomalies occur once every few years (Wyrtki, 1975, 1979)
with catastrophic repercussions on the fishing industry. Abnormally high sea-surface temperatures were recorded in 1957,
1965 and 1972, and it is of interest to note that 1972 was a year of large deficiency in summer monsoon rains over India.
These events have led many to postulate a possible link between El Nifio events and the performance of summer monsoon
rainfall.
Hore! and Wallace ( 1981) observe that warm sea-surface temperature anomalies of the equatorial Pacific were
associated with the negative phase of the Southern Oscillation. This implies, among other features, an increase in precipitation
at equatorial stations east of 160°E and an intensification of Hadley circulation in the Pacific sector.
The analysis by Rasmussen and Carpenter ( 1982) showed that during the month of December a weak, warm sea-surface
temperature anomaly appears along the coast of Peru which increases to its peak value in March and April of the following
year. Subsequently, the warm anomaly begins to decrease off the coast of Peru, but the warmest anomalies appear over the
equatorial central Pacific in February of the following year. The latter favour the formation of a deep tropical heat source
because they are located over a climatologically warm sea surface and a region of large converging air streams. Thus, it was
contended that the signal for warm anomalies over the equatorial central Pacific in February could be traced back to the
appearance of a warm anomaly off Peru, nearly fourteen months earlier. The warm February anomaly has been observed to
produce significant changes in the winter circulation at mid-latitudes.
One of the early modelling experiments was by Rowntree ( 1972) with the GFDL model. Starting with initial conditions
for January, he noted an increase in rainfall over the eastern and central Pacific, but there was a decrease in rainfall over the
western Pacific. The period of integration was 30 days and no statistical tests were reported.
Julian and Chervin (1978), using the NCAR model, introduced warm anomalies over the eastern Pacific. Comparing
the anomaly and control runs they find an increase in the upper-level easterlies over the region of the disturbance between the
30th and 60th days of simulated time. The result was statistically significant.
Hoskins and Karoly (1981) used a multi-level primitive-equation model to indicate that adiabatic heat source in the
tropics could generate a response at the middle latitudes if the zonal flow was favourable for the propagation of Ross by waves.
Shukla and Wallace (1983) have performed sensitivity experiments with the GLAS model to find the response of
sea-surface temperature anomalies over the equatorial Pacific. The anomaly pattern for this experiment is shown in
Figure 5.5. It was based on the average anomalies for the months of November, December and January of 1957-58,
1965-66, 1969-70 and 1972-73. Integration of the model with and without an anomaly revealed an increase in the 300 hPa
geopotential field by 300 metres over north America, and a decrease by 90 to 150 metres over the Pacific and the Atlantic.
These changes represent averages for days 11 to 25 (Figure 5.6). What is interesting is the formation of perturbations
resembling Rossby waves from the heat source. The model-simulated Hadley and Walker circulations are shown in
Figures 5.7 and 5.8 averaged for days 6 to 25. The width of these circulations, at least their dominant part, appears to be
confined to regions close to the disturbance.
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Further tests with the GFDL model have been reported by Keshavamurty (1982). The model was recently run for 15
years of simulated time. This was used as a control run. The initial state was defined by the model output averaged for
16 March and integration was completed on 31 August, that is for nearly 150 days. Warm anomalies of the order of3°C were
introduced over the (a) eastern, (b) central and (c) western sectors of the equatorial Pacific (Figure 5.9). The subsequent
changes in precipitation and sea-level pressure for the summer monsoon were largely confined to the region immediately in
the vicinity of the anomaly. Changes brought about in other parts of the world did not exhibit a high degree of significance in
terms of the 't' test. On a few occasions some evidence was found to suggest propagation of the anomaly. A warm central
Pacific anomaly, for example, was found to cause an increase in precipitation as far south as the southern half of South
America. The level of significance was five per cent (Figure 5.10).
Warm anomalies over the western Pacific brought about a reduction in summer rainfall over the Indian sub-continent,
but this was only significant at the 20 per cent level. Keshavamurty's experiment with central Pacific warm anomalies suggests
an association with weaker monsoons. The central Pacific warm anomaly also tended to weaken the intensity of the Walker
cell by generating easterlies in the lower troposphere and westerlies in the upper troposphere.
Keshavamurty's experiment with the central Pacific anomaly did not show much by way of propagation of Rossby
waves, unlike the result obtained by Shukla and Wallace (1983), although his anomaly was more intense.
The propagation of equatorial disturbances has been the subject of considerable theoretical research over the last two
decades. Theoretical work by Stern (1963), Bretherton (1964) and Charney (1969) suggests that waves whose phase speed
nearly equals the speed of the mean flow will be absorbed in a narrow equatorial belt between 6°N and 6°S. The equatorial
'walls' at 6°N and 6°S are often referred to as critical latitudes. Only large-scale waves which propagate eastwards faster than
the westward basic flow are able to propagate across the Equator. As these waves possess a small amount of energy, it was
argued that quasi-stationary modes of either hemisphere would exhibit little by way of an interaction. Each hemisphere
would be largely independent of the other.
Notwithstanding these considerations, observational evidence indicates that events near the Equator could find a
response at higher latitudes, if the characteristics of the higher-latitude zonal flow are favourable. Holton and Webster ( 1982)
suggest that the strongest interhemispheric coupling will occur when westerlies in the equatorial region of the eastern Pacific
are strongest. This occurs between October and May. Consequently, one finds an explanation of why Shukla and Wallace
found propagation of Rossby modes while Keshavamurty did not. The experiment by the former started with average
anomalies for the period November, December and January, while that of the latter was relevant for March to August.
Webster and Holton were concerned with equatorial forcing functions which had the dimensions of the longitudinal
variations of the basic state. Their analysis was confined to waves that were zonally stationary with no phase speed. They state
that it could be extended to the critical line (U - C = 0), but the nature of the perturbation along the critical line has not been
specified, that is it was not clear whether the perturbation would be reflected or absorbed at the critical line. The analysis was
based on shallow-water equations with Rayleigh friction and idealized forcing functions. It would be interesting to see what
the vertical structure of the wave disturbances would be, if a primitive equation model was developed. We also wish to draw
attention to the fact that it is still not clear on what scale the atmosphere would respond to a sea-surface temperature anomaly.
Zebiak ( 1982), for example, found that persistent wind anomalies associated with El Nino were directly related to sea-surface
temperature anomalies through evaporation, which was approximately linearly related to the heating anomaly. But this was
true only if the scale of the forcing was large compared with the radius of deformation. One must also consider warming
anomalies created by rainfall, in addition to sea-surface temperature. It is not yet known if there is a relationship between the
El Nino and rainfall anomalies over South America.

5.7 Regional models
5.7.l

THE SUMM ER MONSOON

The scope of regional models is limited by computer capability. Despite this limitation, the models have provided an
insight into different facets of the monsoon. Integration with such models is limited to eight to ten days of simulated time
because of gravity waves generated at the lateral walls of the model. These waves have a fast speed of propagation and tend to
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feed on the Ross by modes, which are the relevant modes we wish to study. No entirely satisfactory method of filtering out the
gravity modes has been developed so far.
Early experiments in India were conducted with a quasi-geostrophic model. The mathematical details have been
described by Mukherji and Datta (1973) and by Ramanathan and Bansal (1976). The model is used to predict upper winds
over India and its neighbourhood on real-time for commercial aviation. As the governing equations are valid for small Rossby
numbers, the predictions are less satisfactory south of l0°N. It is a multi-level model, in which the relevant equations are
solved at five atmospheric levels.
The region covered by the model extends from the Equator to 60°N and from 0° to 140°E. It is assumed that time
derivatives of the geopotential field ( <jJ) vanish along the lateral boundaries. To improve upon this boundary condition, the
tendencies are first computed over a coarse grid with a grid spacing of five degrees. Tendencies are computed at each point of
the coarse grid which are subsequently used as boundary conditions for an inner region. The limited region is a fine mesh
embedded within the coarse grid. This inner region extends from the Equator to 42.5°N and from 40° to 120°E. The spacing
for the finer mesh is 2.5°.
Upper-wind forecasts by the simple model have been compared with those provided by the European Centre for
Medium Range Weather Forecasts (ECMWF). Table 5.1 illustrates this comparison for a six-month period from the second
half of 1982 to early 1983.

TABLE 5.1

Upper wind forecasts (24 hours) Average root-mean-square vector wind errors (m s- 1)
850 hPa

August 1982
September 1982
October 1982
November 1982
December 1982
January 1983

200 hPa

ECMWF

India

ECMWF

India

4.2
3.5
3.0
3.5
3.8
3.6

8.0
7.2
5.9
6.9
6.9
6.8

7.0
5.7
5.8
7.7
7.8
8.2

10.2
10.4
10.9
12.5
13.7
18.2

The above statistics for ECMWF forecasts were for a region extending from 6°N to 33°N and from 72°E to l02°E.
Figures for the Indian model cover a wider region. The differences are partly due to differences in the areas being verified and,
possibly, to different standards of comparison. The ECMWF figures are based on their analysis. Nevertheless, the ECMWF
forecasts are better because they are based on a much more sophisticated model. The Indian model does not perform very
well near the Equator, and the mountainous regions to the east and west of India are not well represented. According to the
Indian analysis, persistence errors are a little higher both at the lower troposphere (850 hPa) and the upper troposphere
(200 hPa). We claim no more than to illustrate that even with limited computer facilities it is possible to produce upper-wind
forecasts that perform better than persistence. After January 1983, the ECMWF model has been further improved with
better representation of orography and the introduction of diabatic initialization. The r.m.s. vector errors are now within
1
3.0 m s- for the lower troposphere and 6.0 m s- 1 for the upper troposphere, but these errors tend to increase during the winter
months.
A primitive-equation model for diagnostic studies has been developed more recently (Das and Bedi, 1979). The
governing equations are:

+ (UUx + VUy + OUa) - fv = - cf>x - Cp 8rrx + µ f/2µ
2
V1 + (UVx + VVy + OUa) +ju= - c/>y - Cp 8rry + µ V v
c/>a + Cp 8rra = 0
81 + (u8x + v8y) + a8a = Q
Pat+ (upa)x + (vpa)y + (apa)a = 0

U1

(5.2)
(5.3)
(5.4)
(5.5)
(5.6)

THE NUMERICAL SIMULATION OF MONSOONS

93

The symbols have been defined in the appendix . The suffix notation has been used to denote partial derivations, and µis a
diffusion coefficient (10 5 m s- 1). We also define
7r

=

(_L)R/

Cp

(5.7)

1000

(p - 200)
- -CPs- 200)

(5.8)

a= -

On differentiating Equation 5.6 we have
Pa Uaa +Pa (Uax

+ Vay) + (UaPax + VaPay) =

0

(5.9)

which provides the vertical motion at different atmospheric levels.
Along the lateral walls of the model, the time derivatives of all dependent variables vanish. We put
U1= V1= 0
Pai= 81= 0

(5.10)

at (x, y) = (0, L).
The computational scheme uses centred time differences on a staggered grid. The output products were transferred from
sigma to isobaric surfaces by Lagrange interpolation. Dynamic initialization was used for stabilizing the system.
The vertical structure of the model is shown in Figure 5.11 . The vertical co-ordinates are surfaces of constant sigma. The
upper and lower boundaries are

a= O; a = 0, as = 1 · 0
The subscript B refers to values of sigma within the boundary layer.
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Three diagnostic experiments were performed with this model starting with an idealized initial condition. The
experiments examined (a) the forma tion of a monsoon trough, (b) the down-stream amplification, and (c) the movement of
monsoon depressions over the Bay of Bengal. The initial flow pattern is shown in Figure 5.12. The model was first run for ten
days with the initial flow and no disturbances were introduced. It was found that the initial flow remained unaltered, thereby
indicating that the initial condition was stable for at least ten days. This represents a small control run for the experiment.
The initial state contained both meridional and vertical shear; it had westerlies at the surface but, at 500 hPa, the
westerlies weakened south of 30°N. At 300 hPa the tropospheric westerlies were replaced by easterlies to the south of 30°N.
This corresponds, approximately, to an idealized summer monsoon over India, because it has a transition from lowertropospheric westerlies to upper-tropospheric easterlies at 500 hPa. The meridional shear was carefully adjusted to make it
compatible with the thermal wind equation. The results are described below.
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5.7.2 THE MONSOON TROUGH
After a control run to establish the stability of the initial flow, topographic barriers as shown in Figure 5.13 were
introduced and the model was run again. The Himalayas were represented by an elliptical barrier
H(x,y)

=Ho[l - (:: + ~: ) J
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The maximum altitude (H) was put at 5 km, while the major and minor axes (a, b) of the ellipse were l 750 and l 000 km
along the zonal and meridional directions. The other topographical features included in the experiment were: (a) the Western
Ghats along the west coast of India; (b) the mountains of Burma; and (c) the east African mountains.
The gradients of geopotential were transformed to a sigma surface by

Vp</> --

va<I>- -a

Ps

Vp, -aefJ

au

The pressure gradients thus consist of two terms which are nearly of the same magnitude but of opposite signs. The surface
pressure gradients are large near-steep mountains and small truncation errors are magnified. This source of error was reduced
by removing the hydrostatic component of the geopotential and the residual part was taken as the new dependent variable.
Sea-level isobars after eight days of simulated time are shown in Figure 5.14. The prominent features are: (a) the absence
of a monsoon trough; (b) an anticyclonic rotation of isobars to the lee of the Western Ghats; and ( c) a deep lee trough near the
Burma mountains. For many years it was thought that the monsoon trough was formed by the alignment of the Himalayas
and the Burma mountains. The present experiment suggests that this is not likely, because when we introduce diabatic heating
quite different results are obtained.
Let

Q represent diabatic heating per unit mass.

· J[Qo(l -

Q=

Integration over the boundary layer of the model gives

J

/
4
a) + EaoTa4 (a+bve)
- EaoTE+
4EaoTa3 (TE- Ta) ada+k

2

(az
ae)
2

(5 .11)

_
On -

0.5

The different expressions in Equation 5.11 are: (a) net incoming solar radiation; (b) an empirical expression for
long-wave counter radiation; (c) the effective outgoing radiation ; and (d) a correction for the effect of air-ground temperature
differences on outgoing radiation (Sellers, 1965). The numerical values of the constants were taken as a= 0.605, b = 0.048.
4
2
The. last term of Equation 5.11 represents the flux of sensible heat. A constant value of k ( l 0 cm s- i) was assumed. The
2
average value of Qa over India was 260 Wm - . The model utilized representative values of the albedo over different parts of
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Sea-level isobars after 8 days with mountains only

India and its neighbourhood. High albedos (30-40 per cent) were used over deserts and the snow-covered regions of the
Himalayas, but low values prevailed elsewhere.
The output after eight days of integration with mountains and diabatic heating is shown in Figure 5.15. The monsoon
trough now appears as a prominent feature, even though it was not present earlier. The inference drawn from this experiment
was that the monsoon trough was closely linked with the radiation balance of the lower troposphere; it was not a mechanical
effect generated by mountains.
Of the net radiation absorbed by soil and plant surfaces, one part is dissipated as sensible heat and another part as latent
heat for the evaporation of soil moisture. The ratio of the exchange of sensible heat (H) and latent heat (LE) between the
Earth's surface and the atmosphere is termed the Bowen ratio (b).
When the surface is dry, bis high, but for a wet surface bis small and may even become negative. Simulating a period of
heavy rain in the north-east, a value of b=0.5 was assigned to north-east India, a wet region, and b= 10.0 was assigned to
north-west India, a dry area. This increased the flux of sensible heat by a factor of two in Equation 5.11 for north-east India,
but only a marginal increase of ten per cent was made over the north-western part of the country. The result of eight days
integration is shown in Figure 5.16. The main feature is an extension of the monsoon trough into the Bay of Bengal. This is
conducive for the formation of monsoon depressions.

5.7.3

DOWNSTREAM AMPLIFICATION

Krishnamurti et al. (1977) have suggested downstream amplification of westward-propagating waves from the Pacific
as a possible mechanism for the formation of monsoon depressions in the Bay of Bengal. A time-scale of nearly two weeks was
indicated for the appearance of a cyclone in the western Pacific and the formation of a monsoon depression . On the other
hand, Pearce (1981) suggested a shorter time-scale of four to five days because of baroclinic development in addition to
Rossby wave dispersion. He indicates prior intensification in the upper troposphere because of negative shears of the zonal
current ( U).
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The phase speed of Rossby waves is

C-

U= -

/3 I (K 2 + /2)

where K, l represent wave numbers in zonal and meridional directions. The group velocity is

CG -

u=

(3(K 2 -

/2) I (K 2 + /2)2

It thus follows that waves which have a larger zonal wavelength (K) than meridional wavelength propagate westwards.
The phase speed (8 to 9 m s- 1) is nearly three times the group velocity (3 .3 ms - 1) . Consequently, for a shorter time-scale one
would have to modulate the larger waves.
Baroclinic effects may be inferred by expressing the conservation of potential vorticity (q)

a
a)
ai/J
( -at + U(Z) -ax q + rry -ax
where

q

= V ijJ +J2 I N
2

1
(

i/Jzz + ~

i/J z)

= 0

(5 .12)

(5.13)

1

rry = /3 - Uyy - Uz - Uzz

(5.14)

H

and ijJ represents a perturbation stream function on the basic state U(Z). N stands for the Brunt-Vaisala frequency and His the
scale height.
Pearce (1981) obtained numerical solutions of Equation 5.12 but did not include mountains. Analytical solutions have
been obtained in classical papers by Charney (1947), Eady (1949) and Eady and Sawyer (1951) . Eady's model had no
potential vorticity gradient of the basic state, and Charney's model was concerned with a wind profile that increased linearly
with height. It is difficult to simulate the reversal of the wind field by an analytical approach. Amplifying baroclinic waves
appear in Eady's model if the zonal wavelength is around 7 OOO km, but Pearce (1981) found unstable modes with shorter
wavelengths (4 OOO km) were possible ifthe beta effect was included in Eady's model. Moreover, their growth rates were
increased if the vertical gradient of density was taken into consideration. It is consequently possible for unstable modes
to exist in the upper troposphere in an easterly shear regime, as is indeed the case for the summer monsoon over India.
During the Monsoon Experiment (MONEX) of 1979, a tropical cyclone was located on 2 July over the China Sea
around 130°E, 15°N. This was followed by the formation of a monsoon depression a few days later over the Bay of Bengal.
The regional model was used to study downstream amplification of this tropical cyclone.
The observed Hovmoller diagrams for the lower (850 hPa) and upper (300 hPa) troposphere at 20°N are shown in
Figures 5.17 and 5.18. The tropical cyclone does not appear in these diagrams because it was located south of 20°N. Slight
amplification of a trough around 80°E was observed both at 300 as well as at 850 hPa.
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Figure 5.18- Hovmoller diagram on MONEX observations at 20°N for 300 hPa (Unit: geopotential decametre)
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The model output without mountains in shown in Figures 5.19 and 5.20 for the lower (850 hPa) and upper (300 hPa)
troposphere around 20° N. An upper trough was observed two days later (4 July) at 300 hPa, which was subsequently seen in
the lower troposphere on 9 July. This suggested that the disturbance over the China Sea on 2 July was able to generate an
upper trough two days later and a depression in the lower troposphere within seven days. When the mountains of Burma and
the Himalayas were included, the outputs for 850 and 300 hPa were as shown in Figures 5.21 and 5.22. The agreement with
the observed propagating modes was now better in the lower and upper troposphere.
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Time sections for 850 hPa with and without mountains are shown in Figures 5.23 and 5.24. The speed of propagation is
about four degrees longitude per day (5 m s- 1) . When the mountains were included, there was a reduction in the propagation
speed. What appeared was an overall system which was generated by mountain waves.
Three interactions are involved in the formation of depressions:
(a) The interaction between mountains and the basic state;
(b) The interaction between waves generated by the eastward-located tropical cyclone and the basic state; and
(c) The interaction between mountains and cyclone-generated waves.
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Experiments with a limited-area model suggest that mountain waves predominate. A deficiency in the present
experiment was the absence of moist convection and cumulus parameterization, but the dry model suggests that tropical
cyclones over the China Sea were capable of setting up propagating waves which first appeared in the upper troposphere over
the Bay of Bengal. If this is further aided by latent heat released through moist convection, the upper-tropospheric system
seems capable of triggering cyclogenesis in the lower troposphere.

5.7.4 THE MOVEMENT OF MONSOON DEPRESSIONS
During August 1977, four research vessels from the U.S.S. R. were stationed over the Bay of Bengal. This was part of a
joint programme between India and the U.S.S.R. on monsoon research. The initial position of the depression is shown in
Figure 5.25. Additional wind data from the U.S.S.R. research ships helped to locate the centre of the depression with greater
precision.
In Figure 5.26 the observed and predicted tracks of the depression are indicated. It was observed that the predicted
track would have been far to the north-west if the Himalayan mountains were excluded, but the inclusion of the mountains
generated a track which was in reasonable agreement with the observed track. The experiment suggests that the impact of
mountains to the north of India is to force travelling depressions into a more westward track.
Saha and Chang ( 1982) analysed two contrasting monsoon depressions during the August 1975 and July 1979. One of
them moved westwards from the east coast of China ( 1975), while the other was a development near the monsoon trough
over coastal Burma (1979).
Their study emphasized the strong baroclinic structure of Bay depressions, with well-defined warm and cold sectors.
During the development phase, strong convergence was noted to the west and divergence to the east of the depression centre
in the lower troposphere. In the upper troposphere the situation was reversed, with strong divergence to the west and
convergence to the east. The development was accelerated by net warm advection from the north to the west and cold
advection from the south to the east of the centre. It seems that warm advection from the north would not have been possible if
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there had been no mountains. This was also revealed by the regional model. An idealized model depression based on this
study is shown in Figure 5.27.

A similar conclusion was drawn by Sanders (1981), who fo und that forcings due to advection of vorticity and
temperature were nearly equal, which generated ascending motion to the west of the depression centre; but, as the computed
vertical velocity was small, the suggestion was again made abo ut the possible role of cumulus convection for triggering
cyclogenesis.
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THE NUMERICAL SIMULATION OF MONSOONS

103

5.7.5 SPECTRAL MODELS
Spectral models represent dependent variables by a truncated series of spherical harmonics. The details of spectral
models have been provided by Daley et al. (1976). Krishnamurti et al. ( 1982) have used this type of spectral model for
simulating monsoon depressions. Their model is an extension of the earlier work of Daley et al. (1976).
As a test case, they made two three-day prediction experiments beginning on 3 July 1979. The experiments were based
on a non-divergent barotropic model and on the conservation of absolute vorticity and pseudo-potential vorticity. They were
single-level models. Both prediction experiments did not generate a monsoon depression over the northern Bay of Bengal.
Subsequently, an I I-level global spectral model was used, with sigma as a vertical co-ordinate and a series of spherical
harmonics truncated at wave number 29. Air-sea interactions with a bulk aerodynamic formulation for the transfer of
momentum, moisture and sensible heat were utilized. Radiative processes were also included with the horizontal distribution
of clouds. Moist convection was parameterized following Kuo's scheme.
The model was successful in predicting the formation and landfall of a monsoon depression which was observed on
5 July, six hours after the initial time. The details of this storm appeared after eight days of prediction. An examination of the
stream-function field indicated that the rotational part of the wind formed a closed circulation around 5 July, but after the
depression had formed there was a sudden weakening. Substantial errors in the divergent component of the wind appeared
after six days of integration.
As indicated earlier by Nitta and Masuda (1981) and by Das and Bedi (1982), the relative vorticity maxima first
appeared at the upper troposphere around 5 July and subsequently descended to sea-level around 7-8 July. Krishnamurti
et al. suggested that the downward propagation of relative vorticity was related to strong horizontal and vertical shears. The
exact mechanism by which this takes place is not very clear, but the model produced good agreement with the observed
rainfall pattern associated with this MONEX depression. It also indicated a sharp increase in conversion from zonal to eddy
kinetic energy.
To summarize, it appears that the modelling experiments emphasize the importance of moist convection in the
formation of monsoon depressions. Although Das and Bedi used a dry model, it did suggest the possibility of a triggering
mechanism being set up by a tropical cyclone over the South China Sea.

5.7.6 WINTER MONEX
McA vaney ( 1978, 1982) used a nine-level global spectral model (Bourke et al. 1977) for short-range prediction
during the onset of the monsoon over Australia. The initial data were taken from the FGGE (Illb) data set for December
1978. The model was used to perform sensitivity tests on a scheme for dynamic initialization as well as non-linear
normal-mode initialization proposed by Machenhauer (1977). McAvaney reports better success with non-linear normalmode initialization.
Kuo's (1974) parameterization scheme was used, but it was found that this confined diabatic heating to levels below
400 hPa, while diagnostic studies placed greater emphasis on heating at higher levels in the winter monsoon region.
Some success was observed in 24-hour forecasts of the stream function , with greater skill at 200 hPa. An interesting result
that emerged from root-mean-square vector errors in 24-hour forecasts was that persistence forecasts were often better than
forecasts made by the model. In general, only the root-mean-square errors for the stream function at 200 hPa performed
better than persistence forecasts. In the lower troposphere, improvement over persistence was marginal. Errors in the velocity
potential field exceeded persistence.
As the development of the model is still in its early stages, further details will not be reproduced here.

5.7.7 THE WEST AFRICAN MONSOON EXPERIMENT (W AMEX)
A few experiments with the primitive-equation model developed by the French Meteorological Office have been
reported by Lepas et al. (1981 ). The model uses sigma co-ordinates with 15 layers in the vertical. Most of the physics currently
used in general circulation models are incorporated in this model, and Kuo's scheme for moist convection is used.
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Encouraging results have been reported for a five-day period (7-12 September I 980). In Figure 5.28 the predicted and
analysed trough position at 850 hPa along 13°N are shown.
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Figure 5.28 - Analysed (solid lines) and predicted (dotted lines) trough positions at 850 hPa, 13°N.

In concluding this chapter, we note that the main achievements of general circulation models have been in sensitivity
tests. Despite divergence of opinion on the statistical significance of the results, long-term integration indicates that monsoon
circulation is sensitive to sea-surface temperature anomalies and fluctuations of albedo. Sensitivity tests with changes in
snow cover have not yet been reported, but indications show that they too may be important.
Regional models are still in the early stages of development. Clearly, there are problems with boundary conditions,
initialization schemes and parameterization of moist convection and clouds, on which further work is needed.
An important topic on which sensitivity tests have generated interest is related to mountain barriers. This will be the
subject of the next chapter.

CHAPTER 6
MONSOONS AND OROGRAPHIC BARRIERS
Sensitivity tests on the impact of barriers have been conducted on planetary and regional scales. The planetary scales are
considered first.

6.1 Planetary scales
An early experiment on the Himalayas with a three-dimensional general circulation model was conducted by Hahn and
Manabe ( 1975). Using an eleven-layer model, they concluded that the Himalayas influence the summer monsoon in three
ways:
(a) There is an abrupt northward shift of the mid-tropospheric westerly jet about the time of the monsoon's onset over

India - an experiment without the Himalayas results in a gradual northward movement of the westerly jet and a
slower northward progress of the moist monsoon air;
(b) As the deflected monsoon currents strike the southern periphery of the Himalayas, substantial rainfall and latent
heat are generated during the monsoon months -without an orographic barrier, the only source of thermal energy
would be the vertical flux of sensible heat;
( c) The plateau of Tibet acts as a heat source from March to September because of its high altitude; it transfers heat to

the atmosphere and a well-marked temperature gradient exists between the plateau and its surrounding
environment. At the height of summer (June) the heat source is about 106 W m- 2• This is the sum of the effective
long-wave radiation and the flux of sensible heat from the ground, the absorption of short-wave radiation, the latent
heat of precipitation and outgoing long-wave radiation. In winter the heat balance becomes negative.
Hahn and Manabe (1975) implied that the monsoon trough was linked to the presence of the Himalayan massif.
Modelling experiments which were described in an earlier chapter suggest that the trough was not a mechanical effect of the
alignment of the Himalayas and the Burma mountains; it would seem that thermal effects are more effective in generating the
trough rather than the mountains.
The Tibetan plateau has been the subject of considerable research by scientists in China with experimental models. The
experimental set-up was a rotating annulus with an ellipsoidal block to represent the plateau of Tibet. The path of the fluid
was monitored with tracers.
Yeh Tu-Cheng and Chang Chieh-Chien ( 197 4 ), and Chang et al. ( 1977) studied the flow past Tibet with three different
flow patterns whose main characteristics were: (a) a slow zonal speed and a mild meridional temperature gradient; ( b) zonal
flow with a stronger north-south temperature gradient; and (c) a flow with three waves superposed on it. Their experiments
were able to simulate:
(a) A reverse Hadley cell with ascending motion above the plateau and descending motion to the south of the Indian
sub-continent;
(b) Northward movement of the westerly jet over the plateau at the time of the summer monsoon onset, and the onset
of upper-level easterlies to the south of the plateau;
(c) Formation of a heat low in the lower layers above the plateau and an anticyclonic circulation in the upper
troposphere (300 hPa).

These synoptic features had also been observed by meteorologists in India (Koteswaram, 1958), and it was interesting
to see a verification with laboratory experiments. A primitive equation model by Kuo and Qian (1981) was able to
reproduce a heat low over the plateau with an anticyclone aloft.
It is clear that the anticyclone over Tibet is part of a large anticyclonic circulation over the summer monsoon westerlies
in the lower troposphere. The circulation is made up of several cells, one of which is located over Tibet. Data on its temporal
movements are difficult to come by, but its influence on rainfall to its east and to its south is likely. At present data are too
sparse to support this assumption, although Yasunari ( 1976) did find some evidence of a ten-day oscillation in monsoon rain
over the Himalayas.
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Most numerical models have treated the Himalayas as a homogeneous block, where the sea-level is roughly at half the
depth of the troposphere. This is an idealization which, it is expected, will be improved in the near future when finer details of
the mountains are incorporated. There are important differences between the eastern and western Himalayas. The mountain
slopes on the east are extremely steep at lower levels because of canyons that furrow the range of mountains . Each of these
canyons generates its own environment, and the ultimate result of interactions between the airflow distorted by several
canyons and sharp peaks is not clearly understood. The drag force exerted by the Himalayas is consequently difficult to
estimate.
The major river systems of India have their origin over the Himalayas. The discharge coming down a river is made up of
snowmelt, rainfall and melting glaciers. Each of these three components is difficult to measure with confidence. As snow
falls on glaciers and covers the ice, it has to melt before the upper ice starts melting. It is not very clear at present how far snow
and ice melt are independent of each other, because their response to incoming solar radiation is not known. Generally,
snow-covered regions that face the north receive little direct solar radiation. The snow-line in such cases is at a lower altitude
than in areas facing the south, west or east. The angle of the slope in relation to other surrounding features and the altitude of
the Sun usually determine the amount of insolation. Steep gorges and valleys only receive solar insolation for a short
duration, while gentle slopes receive much greater insolation. Forest cover delays melting by protecting the snow surface
from direct radiation. Unfortunately, our knowledge of the radiation balance over the Himalayas is not detailed.
Comparative figures for 1979-80 (Rao, 1981) indicate small annual differences of the order of 10 W m- 2 between the
summer of 1979 and 1980. Differences in albedo also appeared to be small between one year and another.

6.2 Regional barriers
6.2.l THE EAST AFRICAN MOUNTAINS AND THE LOW-LEVEL JET
The last few years have witnessed much interest in the characteristics of the low-level jet at 1.5 km off the east African
coast (Anderson, 1976; Krishnamurti et al. 1976; Rubenstein 1981; Bannon, 1979, 1982). This important observational
discovery by Findlater (1974) was the subject of a detailed study during MONEX 1979.
Rao and Haney (1982) summarized the MONEX observations. They observed that the low-level jet was often
reinforced by surges through the Mozambique channel (Figure 6.1). The jet had two main shear lines where the streamlines
change curvature.
Earlier models visualized the low-level jet as an inertial western boundary current. They were based on an early work by
Stammel ( 1948), who demonstrated that the westward intensification of wind-driven circulations was a consequence of beta,
the meridional variation of the Coriolis parameter. In considering a column offluid which conserved its absolute vorticity,
it was found that a column which moves poleward acquires relative clockwise spin, while a column moving towards the
Equator will have a counter-clockwise spin. This leads to intensification of ocean circulations to the west of the basin and a
reduction in intensity to the east. A weakness in Stommel's work was its dependence on sea-bed friction, which is small. Munk
( 1950) introduced lateral friction rather than bottom stress, but the assumption of a constant exchange coefficient for lateral
mixing was questionable.
Charney ( 1955) approached this problem by the conservation of potential vorticity along a streamline. In view of its
subsequent application for simulation studies, the broad outlines are described in some detail. Hart ( 1977) adopted Charney's
model to simulate the low-level jet on a beta plane. The conservation of potential vorticity on a streamline was expressed by
(6.1)
where his the depth of the fluid,
port stream function ( !/J)

~is the vertical component of relative vorticity and f3 =

df. Introducing a volume transdy

hu

=-

l/ly , hv

= !/Ix

(6.2)

Equation 6.1 may be written as

(6.3)
where the function F( !/J) is to be determined.
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Figure 6.1 - Axis of Somali jet for June (thick line) and its reinforcement through Mozambique channel (Rao and Haney, 1982)
(Topography of 0.91 km is shown by hatched lines)

Another relation between

if! and h is through Bernouilli's equation. For a steady state this provides
(6.4)

where g' stands for a reduced gravity and G (if!) is another function to be determined. F(l/l) and G(ifl) are determined by
upstream boundary conditions. A reduced gravity was introduced to account for a capping inversion above the jet. An
inversion or stable stratification above the jet reduces the effect of gravity.

If the assumption is made that, within the jet,

~ >> au, Equations 6.1
ax
ay
.!_
h

(~ +
ax

!)

~ + g'h =
2

and 6.3 may be replaced by

= F(l/l)

(6.5)

G(if!)

(6.6)

These assumptions were justified by Charney ( 1955) for the Gulf stream, but they were also used by Hart ( 1977) for the
Somali jet. MONEX observations summarized by Rao and Haney ( 1982) throw some doubt on this assumption because
there were shear zones within the jet where the meridional gradient of zonal wind was substantial.
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The empirical functions F( I/I) and G( I/I) are determined by boundary conditions and the fact that v = 0 at the outer
boundary (x = oo). For the low-level jet problem, a southern boundary may be placed at y = Ys, whence from Equation 6.2

-

U= -

1 di/I
g' dh
- =- - h dy
h dy

-

From Equations 6.3 and 6.4

[_ = F(l/I)
h
g'h = G(l/I)
Hart (1977) used a Bickley jet to represent the flow at the outer boundary by

J

-l/f = - ~
uh [tanh a (y - y o)

(6.7)

where an overbar denotes mean values. Equation 6.7 locates the peak velocity at yo, and a is the width of the incoming flow .
Using representative values of 7i and a for a peak velocity of 21 ms - i and a width of 165 km, he simulated a northward
flowing current from a region located to the south of the Equator. After travelling some distance northward, the flow turned
away from the coast. The point at which the deflection occurs was determined by a non-dimensional number

u,

'Y = -

2f3u
g'a27i

(6.8)

For high values of y (0.65) the deflection from the coast was south of the Equator, but for low y (0.25) the separation took place
north of the Equator. Computations by Hart suggest that if the peak inflow is at l 5°S, and y = 0.35, then the separation will
be at 10°N. Subsequently, Hart discussed the inclusion oflateral friction in the manner of Munk (1950) and Anderson (1976),
but with a constant eddy viscosity coefficient (A). The validity of this assumption remains a matter of debate. The inclusion of
friction shows a concentration of shear within the jet, which was not present in a purely inertial solution. Best agreements were
4
2
1
claimed with a value of 6 X 10 m s- for A. Inclusion of bottom friction and variable bottom topography-represented by
east African mountains - tended to broaden the width of the jet, but the inner core of the jet was not much affected. The
analysis points to the sensitivity of the model to conditions prevailing over the north Arabian Sea, but it does not explain the
existence of multiple cores embedded within the jet.
Subsequent experiments with a one-level barotropic primitive-equation model by Bannon (1979, 1982) have tended to
emphasize the importance of bottom friction rather than lateral diffusion. Bannon also included the mountains of Madagascar
in his model, a feature that was ignored by Hart ( 1977). Models of this nature - a non-linear version of the shallow-water
equations - seek to determine the atmospheric response to an idealized distribution of sources and sinks. As depth-averaged
velocity profiles are used, it does not provide information on the vertical structure of cross-equatorial flow .
The distribution of a source and a sink in Bannon's model was guided by a reverse Hadley cell over the monsoon regime.
It prescribed ascending motion at 25°N, 90°E and subsidence at 25°S, 90°E, which was an approximate representation of the
monsoon Hadley cell. The descending branch of the Hadley cell coincided with subsidence over the Mascarene High around
25°S, 55°E. The model's descending branch was a little further to the east. The x-dependence of the source/ sink was a
Gaussian profile with a half width of 2 400 km. The results were observed to be insensitive to the zonal structure of the dipole
source/ sink pattern; the only requirement was that the zonal extent of the forcing must be large enough to generate
Rossby modes. The forced motion was damped by Rayleigh friction.
Bannon's numerical experiments emphasized the importance of Mozambique and east Africa. The model improved
Hart's earlier experiment by considering the finite height and width of the east African mountains. The presence of these
mountains was found to be essential for a strong cross-equatorial jet off the Kenya coast. Sensitivity tests with and without
mountains led to large variations in cross-equatorial mass transport. The separation of the low-level jet from the coast (around
10°N) was noted to be independent of the length of the coastline, but a shorter coastline led to weaker cross-equatorial flow .
As the model's response was forced by the monsoon Hadley cell, it was not surprising to find that the intensity of the
summer monsoon westerlies was directly related to the strength of the Hadley cell, but Bannon observed no relation between
the strength of the forcing and the monsoon's onset. In fact, in some of the experiments the onset was not an abrupt process. As
noted by us, the model's monsoon was forced by subsidence far to the east of the Arabian Sea. Consequently, the time of onset
was determined by the time taken by Rossby modes to propagate into the Arabian Sea.
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Short-period fluctuations in the intensity of cross-equatorial flow were simulated by a sinusoidal, instead of a Gaussian,
distribution of mass sources and sinks in the southern hemisphere, with a period of six days and a wavelength of 6 OOO km.
The disturbances had an eastward phase propagation. The presence of mountains again generated a stronger equatorial
response to the east of the mountains. The maximum response was also observed 1.5 days after the maximum surge in the
Mozambique channel.
Kanti Prasad et al. ( 1983) have recently made a power spectrum analysis of observations recorded during the summer
monsoon component of MONEX (1979). They observe spectral peaks for eight to ten day fluctuations near the location of
the jet maxima along with peaks of smaller amplitude for four to six day fluctuations (Figure 6.2). Further south, near the
Equator, the fluctuations have longer periods of 12 to 13 days. Very near the coast at Gardo (9.5°N, 49.1 °E), the fluctuations
were masked by diurnal variations. There is thus evidence to suggest the propagation of disturbances both over the equatorial
regions to the south of the jet and near thejet core which lead to temporal variations in the intensity of the low-level jet. The
physical forcing needed to generate these disturbances is still uncertain; it could be northward propagation of surges up the
Mozambique channel, or it could be a reflection of fluctuations in the strength of the monsoon Hadley cell.
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6.2.2 CROSS-EQUATORIAL FLOW
During the summer monsoon of 1979, a series of constant-level balloons were launched by France from the Seychelles
islands and Diego Suarez (Madagascar) to fly in the tropical boundary layer. The objective was to obtain Lagrangian
trajectories of the mixed layer over the ocean by tracking the balloons with the TIROS-N satellite. Along with their position,
interesting data were obtained on pressure, temperature and moisture at the flight level. A few tracks are shown in Figure 6.3.
The fact that some balloons reached the coast of Burma was of considerable interest. The balloon tracks provide further
evidence of a southern hemisphere origin for the summer monsoon .
The different terms in the horizontal equation of motion
(6.9)
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Figure 6.3 - Tracks of constant-level balloons launched from the Seychelles and Diego Suarez during summer MONEX (Broken lines
represent tracks of balloons released before onset of the monsoon and continuous lines are for the tracks after monsoon
onset)

provide a measure of the frictional force (F), if it is treated as a residual of the terms on the left. Reverdin and Sommeria
(1981) computed the acceleration term from three-hourly positions of constant-level balloons, and the Coriolis force was
determined from estimates of the three-hourly mean horizontal wind. Finally, the pressure gradient force was evaluated from
FGGE Level Illb data analysed by the European Centre for Medium Range Weather Forecasts. Vertical advection was
neglected as it was found to be too small to merit consideration.
The frictional term (F) showed a marked increase, as one might expect, as the balloon flew from the ocean to land. The
relative magnitudes of different terms are shown in Table 6.1 for the pre-monsoon period 15-30 May 1979 for different
latitudes. The sixth column of this table provides a drag coefficient for F, that is, we put F = KV.
The magnitude of different terms for one of the cross-equatorial balloon flights launched from the Seychelles is provided
in Figure 6.4. The sharp increase in curvature of the balloon track as it approaches the Equator is a consequence of the Kenya
mountains. The interesting features are:

(a) A rapid decrease in Fas the balloon approaches the Equator from the south; the balance at the Equator is largely between
inertial acceleration and the pressure-gradient force;

(b) As Fis a residual of different forces, the arrows for the Coriolis and pressure-gradient forces are opposite to the usual
convention; the pressure-gradient force, it will be noted, is fairly constant .and indicates higher pressure on the
south-western side of the Indian Ocean;
(c) An increase in acceleration as the balloon crosses the Equator.
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TABLE 6.l
Terms of the equation of motion for data obtained during 15-30 May 1979
(Reverdin and Sommeria, 1981)

Relative magnitudes
Latitude
range

Lagrangian
acceleration
(term 1)

Coriolis
force
(term 2)

Pressure
acceleration
(term 3)

Drag
acceleration
(term 5)

Drag
coefficient
X I0- 5 s- '

Mean
veering
(deg)

V balloon
V ground

1*

2

3

4

5

6

7

8

-5
(3)

0.56

0.95

1.00

0.81

- 3.50

-32.6

1.79

0
(21)

0.35

0.38

1.00

0.77

- 0.87

-

5.0

1.04

0.98

0.39

0.92

1.00

-0.76

-

8.6

1.36

+s to +10
(4)

0.39

0.98

0.57

1.00

-0.90

-

12.5

1.89

+ IO
(3)

0.39

1.00

0.96

0.30

0.32

17.0

0.88

-5 to

0 to + s
(IS)

* Figures in

parentheses in the first column indicate the number of observations.

dV

di"
INDIAN
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Longitude
Seate:
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Magnitude of different terms in the horizontal equation of motion for a cross-equatoriaal balloon flight launched from
Mahe, Seychelles (Sommeria et al., 1982). ( V, - surface wind velocity; Vb - balloon wind)

Three time-scales are considered for the tropical boundary layer (Mahrt and Young, 1972) in terms of a characteristic
frequency (w), namely

(6.10)
where

f3 represents

df, U is the mean zonal flow and y stands for distance from the Equator.

dy
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The zonal equation of motion may be expressed in the form
U1

+ (uux + vuy) -

<Px +F.,

=-

fv

or

T+A -

C= P+ F

Scaling the equations by putting

U = Uu' _!_ = ( U)'/, j_
' ax

1=

f3

a
at =

f3y '

w

ax

a
at'

we find
wT + (f3U)'f, A

+ {3yC= p + F

u u

The predominance of each term on the left is thus determined by the relative importance of the time-scales defined by
Equation 6.10. The symbols T, A and C denote time dependency, horizontal advection and the Coriolis term, respectively. P
and F stand for forces due to pressure gradient and friction .
From Table 6.1 it is difficult to draw meaningful inferences on the balance of forces because the first column makes no
distinction between the advective acceleration associated with the horizontal wind and the mean local acceleration; but if it is
assumed that the local acceleration is small, then an advective type of boundary layer is suggested between the Equator and
5°N. Over other regions, the balance suggests an Ekman type of boundary layer.
Stout and Young ( 1982) treat the pressure gradient force as a residual rather than frictional drag, because it is irrotational
on a constant pressure surface.

In putting
A -C= R=P+F

we have

P= -

Vpc/J

F= k X V1/;F -

VxF

whence

The above relations are obtained by splitting the frictional force (F) into an irrotational (F,,) and a non-divergent (Fl/f)
component. Furthermore, on splitting R into non-divergent and irrotational parts we observe
(6.11)

R"' = F"'

Rx =P+

(6.12)

F.~

These two equations enable one to determine l/J Fand XF because on taking the curl and divergence of equations 6.11 and 6.12
we have
2

V l/fF=K·(V X R)

v c<1> + xF) =
2

-

v·R

Stout and Young ( 1982) obtained solutions to the above boundary-value problems from observed values of the
residual, whose characteristics now represent the forcing terms for l/fFand XF
The boundary conditions needed to solve these equations require prior knowledge of l/fFand XFalong the boundaries.
Stout and Young ( 1982) achieve this from climatological data on the wind field (JI) to calculate the frictional force F.
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ll3

Lets, n, k represent natural co-ordinates where the unit vectors along and normal to the boundary are s, n, and k , as
before, represents the unit vector along the vertical axis of reference. The normal component of F on the boundary is
provided by the expression
(6.1 3)
Stout and Young ( 1982) obtain boundary conditions on ifiFby starting with an arbitrary value of 1f1Fat any given point on the
boundary and integrating Equation 6.13 numerically so that the closed line integral on the left side vanishes. Information on
F was obtained from climatological data on V and by using a bulk aerodynamic formulation . This technique has the
advantage of not making a tacit assumption regarding Fx being small in comparison with F", because, as we can see, the
second term on the right must balance, albeit approximately, with the first term to make the line integral on the left side vanish.
Similarly, boundary conditions for ( </>

+ XF)

were obtained by considering the tangential component of R. We have

As the closed line integral on the left side vanishes, boundary conditions are obtained by numerical integration.
The field of F"' for the monsoon is shown in Figure 6.5. It represents the non-divergent frictional force . Comparison
with the 900 hPa estimated geopotential field (Figure 6.6) shows how F l/J opposes the velocity field. An extension of the
method in numerical models has not yet been made, but it provides a possible coupling mechanism between the pressure
gradient and frictional drag of which our understanding so far has not been clear.
Krishnamurti et al. ( 1982) have recently reported results with a fine-mesh three-dimensional model designed to simulate
the low-level east African jet. The vertical resolution was 200 m and a horizontal resolution of 55 km was used. The model
begins with Ekman balance near the Equator, with linear extrapolation to determine the pressure gradient on both sides of
the Equator. In agreement with Table 6.1 , the model predicts backing of the wind between 0.2 and 1.0 km , except to the
north of l 0°N where it begins to veer. While the model does capture broad features of the jet, it does not predict a sharp
deflection away from the coast around 10°N. The split in the jet's structure eastwards of l 0°N was also not well brought out.
In the light of recent work on the coupling between friction and pressure gradient, future models could well be more realistic
if this was included.

6.2.3

THE WESTERN GHATS OF INDIA

The Western Ghats represent a range of mountains running roughly in a north-south direction along the west coast of
India. At its highest point its elevation is 1.5 km. This mountain range influences the summer monsoon over India because of
its location across the path of moisture-laden lower tropospheric westerlies (Figure 6.7). To the west of the Ghats there is
copious rainfall, but the rainfall is small to the lee. This is best reflected by the monsoon rainfall of Bombay and Pun e. These
two stations are separated by a distance of 120 km, yet there is a wide difference in summer rainfall. Bombay receives 249 cm
of rainfall , while the corresponding amount for Pune is 50 cm.
Several attempts have been made in the past to evaluate the rainfall generated by the Western Ghats (Sarker, 1966,
1967; Sarker et al. 1978). These models compute the vertical motion directly forced by the terrain below. This leads to
condensation and precipitation through lifting instability.
On many occasions the westerly monsoon air is unable to climb the barrier and is deflected northwards in a
counter-clockwise manner to form an off-shore vortex. Coastal vortices have been discussed by Mukherjee et al. (1978).
Smith and Lin ( 1982) drew attention to the destabilization of the airstream by precipitation and the release oflatent heat.
Unfortunately, the interaction between cumulus clouds and mesoscale perturbations as the air climbs over the Ghats is not yet
well understood because they act on different scales of time.
Clearly, the rainfall over the west coast is not a continuous process. There are dry spells in between spells of heavy rain.
Data are difficult to come by on the duration of mesoscale systems, but cumulus clouds along the west coast of India have a
typical lifetime of about half an hour. If the duration of mesoscale systems is taken to be a few hours, then a distinction could
be made between two time-scales, but Smith and Lin were concerned with a two-dimensional steady state, which implied that
the mesoscale system was more "steady" than the cumulus clouds embedded within.
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Figure 6.7 - Topography of the Western Ghats, India

Their governing equation for the vertical velocity (w) was
W zz

+ f2w = Q

2

where / represents Scorer's parameter defined by

I', y represent the dry adiabatic and the environment lapse rate, respectively . Q was a measure of the vertically integrated
diabatic heating per unit mass. It was made up of: (a) the latent heat released by condensation; and (b) vertical transport of
sensible heat. The sensible heat transport was neglected and latent-heat release was estimated by ground observations of
2
rainfall. For a maximum rainfall rate of 1.7 mm h- 1, Q was estimated to be 1 200 W m- •
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A comparison between a dry atmosphere and one with precipitation is shown in Figures 6.8 and 6.9. The formation of
an upstream trough for the wet case is an interesting feature. These computations are still at an experimental stage, and greater
attention clearly needs to be paid to cloud dynamics. We need to know more about the fall-out of rain drops which, in turn,
depends on the growth rate of cloud droplets, their collision/coalescence efficiency and their rate of descent in comparison
with the wind speed. It is not clear whether there is sufficient time for raindrops to grow in the airstream across the Western
1
Ghats. Heavy rainfall at stations to the west of the Ghats is of the order of 10 mm d- • A substantial amount of the liquid water
within a cloud is thus removed by the time a cloud is displaced from its original position. Considering our lack of information
2
on these aspects, a diabatic heating rate of 1 200 W m- could be an over-estimate, but the formation of an upstream trough
through latent-heat release merits consideration because of its possible influence on rainfall.
The conservation of potential vorticity along a streamline (Charney, 1955) was used by Gadgil (1977, 1981) to develop
a model for the Western Ghats. It predicted a southward curvature of the streamlines downstream of an idealized obstacle - a
ridge with north-south orientation. The formation of a Ross by wave was indicated downstream of the ridge which, it was
contended, led to the formation of the monsoon trough; but the regional numerical model described in the last chapter did not
generate a monsoon trough even when the Western Ghats were included. An anticyclonic deflection of isobars was noticed to
the east of the Ghats, but the wave motion was damped rapidly. We are inclined to believe that while stationary Rossby
waves could be generated downstream of a physical obstacle, such waves would be damped rapidly. A subsequent analysis by
Gadgil (1981) does, in fact, suggest a decay of waves proportional to R- 'I', where R is the distance downstream. On Indian
weather charts, no direct correspondence is observed between the strength of westerlies hitting the west coast of India and the
behaviour of the monsoon trough. It is interesting to note that Bannon (1982) too found no stationary Rossby waves in the
wake of the Ghats with his model. The model Ghats only generated a weak beta effect. Notwithstanding divergence of
opinion, the conservation of potential vorticity along streamlines presents an interesting analysis of the Western Ghats
problem.
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CHAPTER 7
THE OCEANIC RESPONSE TO MONSOON WINDS
7.1 The Somali current
Large-scale oceanic circulations are driven by atmospheric winds and by an exchange of heat with the atmosphere.
A striking example of the oceanic response to monsoon winds lies with the Somali current. It represents a narrow current
of water which flows northward during the northern summer along the coasts of Kenya and Somalia from Mombasa ( 4°S) to
Socotra near 12°N. During the northern winter the current reverses its direction and flows southward (Figure 7.1).
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Figure 7.1 - Somali current during the northern summer and winter

Many features of the Somali current are not yet clearly understood. They concern its dates of onset and reversal, strong
surface currents and an observed cooling over the Arabian Sea prior to the onset of the summer monsoon.
There is a difference in the dates of onset of the Somali current and the summer monsoon. Opinions differ, but
observations suggest that the onset of the Somali current occurs about a month before the onset of the summer monsoon
winds over the interior of the Indian Ocean (Diiing and Schott, 1978; Leetma, 1972).
Surface speeds of the Somali current exceed 2 m s- i near the coast at the height of the monsoon and at times reach
3.5 m s- 1• Swallow and Bruce (1966) found a maximum volume transport of71x10 6 m 3 s- 1 for a cross-section around 8°N.
In winter the southward transport was 15 x 10 6 m 3 s- 1. The vertical shear has been estimated to be around 15 X 10- 3 s- 1, while
the Gulf Stream has a typical shear of 7 x 10- 3 s- i .
From late May to early August sea-surface temperatures over the western half of the Arabian Sea decrease from 28°C to
25°C on an average. This implies a negative monthly flux of heat across the Equator from late May to early August. The flux is
about two and a half times larger than the global average northward heat flux in April and August. The observed cooling of
around 3°C extends from the surface to a depth of around 75 m.
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It is not yet clear if cooling over the Arabian Sea is brought about by the advection of colder waters from the Indian
Ocean. Evaporation and upwelling have been suggested as possible mechanisms for cooling. A numerical experiment to
examine this question has not yet been made.
The Somali current is associated with upwelling which generates very low sea-surface temperatures near the coast.
Temperatures as low as l 8°C have been reported. Near the western coastline oflndia sea-surface temperatures are generally
between 25° - 30°C. A sharp temperature gradient is thus set up over the Arabian Sea during the summer monsoon. It is not
yet known how much of the colder water generated by upwelling reaches the interior of the Arabian Sea, because a part of it
is recirculated by gyres near the coast.
The evolution of sea-surface temperatures from April to August 1979 has been reported by Brown et al. ( 1980). Their
observations were made during the Indian Ocean Experiment (INDEX), which was an oceanographic survey of the Somali
current and the western Indian Ocean during the summer monsoon of 1979. Observations suggest that the cooling begins in
early June with the development of a large thermal front 50 to 100 km off-shore. Eventually, two wedge-shaped zones of cold
water protrude from the coast which are associated with large northern and southern Somali eddy systems. By late August,
that is towards the end of the summer monsoon, the southern cold wedge at 5°N begins to move north-eastwards as far as
1
10°N at an approximate speed of between 15 and 30 cm s- • The two wedges finally appear to coalesce and eventually decay
as the monsoon comes to an end. The length of the region of cold water is approximately 300 km, and it extends to a distance
of more than 400 km off-shore (Luther and O'Brien, 1985).
Eddies associated with the Somali current form an interesting pattern. The region where the main current separates and
turns away from the coast is located between 8° and 11°N. This, it will be recalled, is close to the region where the low-level
atmospheric jet is deflected away from the coast. It suggests that the two systems are closely coupled. The current turns
eastwards and later southwards to form a clockwise eddy; but in some years the current also turns off-shore at about 4° to 5°N
thereby forming a southern eddy. The link between forcing mechanisms that bring about different zones of separation and a
two-wedge system of cold water is not understood at present, although evidence suggests that the northern and southern
separation regions are linked in some way with the northern and southern eddy systems of the Somali basin. Modelling
experiments, which will be described presently, suggest that as the wind stress begins to decrease during late August and early
September the southern eddy begins to propagate northwards.
During the north-east monsoon of the northern winter, observations by Diiing et al. (1980) indicate that the Somali
current, which now flows southward, is separated from the main oceanic flow at around 2°S. The transition from a southward
to a northward flow is apparently not a continuous process but takes place in distinct steps. Salinity measurements suggest that
during the summer monsoon more saline waters move from the south and the east to feed the northward-moving Somali
current.
Another interesting feature of these observations is a possible link between a wind speed maxima around 5°N, associated
with the low-level jet of Findlater, and the northern eddy of the Somali current. It is possible that the northern gyre is
generated by the local wind.
Velocity measurements at intermediate depths below the Somali current suggest strong time-dependent flows in the
upper 1 OOO m between 4°S and 3°N. Vertical profiles were reported by Leetma et al. (1980) at two sites near 3°N and 2°S
during the Indian Ocean Expedition of 1979. They found a pronounced westward jet at about 700 m. Similar observations
have been reported by Schott and Quadfasel (1982).
It is interesting to speculate whether the southern eddy, located initially near the southern boundary of the Somali
current and later moving northwards, is an edge wave. In a classical paper on edge waves Reid ( 1958) demonstrated that the
excitation of fundamental edge waves was determined by the convergence and the curl of the wind stress.
Unfortunately, estimates of divergence of the wind stress over Somalia are difficult to come by, but values of the
wind-stress curl have been reported by Hastenrath and Lamb (1979). The patterns for July and January are shown in Figures
7.2 and 7.3. A pronounced reversal in the sign of the wind-stress curl off the east coast of Africa both to the south and north of
the Equator is the main feature of these maps. Hastenrath and Lamb (1979) computed the surface stress by the relation
T

=Pair Co IV) V

3

(7.1)

A value of Co= 2.8 X 10- was chosen, but it is not clear how much reliance can be placed on these computations at present
because the vertical (upward) motion is
1
w= - V X r
(7.2)

f?J
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This generates very large upwelling/ downwelling near the Equator in view of small f, the Coriolis parameter; £! w is the
density of water. A positive curl, as in July, would favour upwelling north of the Equator and downwelling to the south.
While observations indicate upwelling north of the Equator, as evidenced by cold sea-surface temperatures, evidence for
downwelling south of the Equator in July is doubtful; consequently, it is uncertain whether the patterns computed by
Hastenrath and Lamb ( 1979) are able to capture the finer details of the Somali current.
In any event, Reid's formulation was based on linearized shallow-water equations with depth-averaged dependent
variables and a forcing function F. The forcing function in our region of interest is measured by the divergence and curl of the
wind stress. In view of positive values of the stress curl it may be assumed that w will be positive. If the divergence of the wind
stress is also positive then, according to Reid's analysis, the transport of water to the north is possible.

7.2 Dynamics of the Somali current
In a celebrated paper, Lighthill ( 1969) asked the question: Why does the Somali current set in over the western
Arabian Sea a month ahead of the onset of summer monsoon winds? This question is of relevance for studying the
monsoon because other oceans respond on much larger time-scales. Over the north Atlantic, for example, the
response time is of the order of decades . Lighthill explained the faster response of the Indian Ocean as being due to the
propagation of baroclinic modes generated by a disturbance far to the east of the coastline.
He considered the Somali current to be driven by westerly winds just north of the Equator, but at a considerable
distance away from the coast. The western boundary of his model ocean was a wall in the north-south direction and
the governing equations were linear.
The mathematical procedures that complement the physical concepts will not be discussed here. Reference may be
made to Lighthill's original paper and subsequent reviews by Cane and Sarachik (1976, 1977).
Lighthill's main result was that a wind stress of four dynes located 500 km away from the coast could generate a western
boundary flux within a month, ifbaroclinic modes were taken into account. This reached a maximum at 2°N and became
negative north of 6°N, the point where the current separated from the coast. Subsequent research on the Somali current
(Anderson, 1978) has tended to question: (a) Lighthill's neglect of non-linear effects; (b) the impact of an equatorial Kelvin
wave that was neglected; and (c) coastal effects generated by local winds. A Kelvin wave is a non-dispersive equatorial wave
which, in the ocean, propagates along coast lines as a shallow-water wave.
Around the time ofLighthill's analytical approach a numerical model was developed by Cox (1970, 1976). Cox used
the observed seasonally varying wind stress computed by Hellerman (1967) and integrated his model for 200 years of
simulated time, until a quasi-equilibrium seasonal cycle was reached. Figures 7.4 and 7.5 represent the summer and winter
currents along a section near the coast. The simulated currents in winter are weaker. Simulated surface temperatures
reproduced the main characteristics of up welling near the coast, but the scale of the temperature field was narrow, suggesting
local upwelling. No upwelling was observed in winter.
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Anderson and Rowlands ( 1976) were concerned with the relative importance oflocal and remote forcing for an ocean
with a straight north-south coast. They used an inviscid linear model. It was observed that for steady forcing in the north-south
direction, the meridional component of velocity (v) increased linearly with time while the pressure perturbation soon
assumed a constant value. The time-scale for the perturbation velocity to reach an asymptotic value was about the time
needed for a Kelvin wave to travel from the forcing region to the Equator. This distance of approximately 12° was covered by
the first baroclinic mode in about five days. An important result was that it was only remote forcing which brought about a
separation of the current from the coast. When both local and remote forcings were active, the separation of the current from
the coast took 75 simulated days.
Reservations have been expressed about the wind stress in numerical models. Lighthill used a zonal stress of four dynes,
while observations suggest a smaller value of 0.5 to 1 dyne. Leetma ( 1972) also observed that the interior winds over the
Indian Ocean may start much later than the coastal winds off Somalia.
Further insight into the time-scales for remote and local forcing is obtained by scaling the shallow-water equations
U1

+ (uux + vuy) -

V1

+ (uvx + vvy)

a g'+P•) +- 1
ax (
p
h

(M'p )

~

(

'+

fv = - -

+Ju = -

(

g' + ~) + , ~ h

'1 + [c' + h)uJ +[c' + h)v]
x

=
y

LiPG)

(7.3)

o

In these equations,' represents the sea-level elevation, u and v are depth averaged velocities in rectangular co-ordinates
(0, x, y, z) and p. is the atmospheric pressure. The depth of the sea is h, while H represents a mean depth. The difference
between the wind stress at the surface and sea-bed friction is represented by Mand LiG (Figure 7.6).

h

Z•-h
Figure 7.6 -

Wind stress at the surface and sea-bed friction (h - depth of water; H - mean depth of water; Z - mean surge amplitude and
of the surge)

~amplitude

For scaling these equations, we use a characteristic length (L), a characteristic time (I), and a velocity ( C) to represent
the response of the sea. The sea-level elevation is scaled by a mean value (Z).
The vertical velocity at the free surface ( W) is of the order (Z/ I). From the equation of continuity

W!H- C/L
where C - (LIH) (Z/T).
Let Vbe the propagation speed of a disturbance. This may be used to define a Froude Number (F)
F= Vl (gH)'f,
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The equations may be made non-dimensional. Put

J* =

'* == '...;- z

fF

= (u, v) -7- C
x* , y* = (x, y) -7- L
u*' v*

h*

t*

P* = Pa+ gPH
6.F* = 6.F-7- Pu~

h+ H

= t ...;- T

(7.4)

t:.G* = !::.G--7- Pu~

The frictional terms are scaled by a friction velocity u*. The non-dimensional terms are now of the order of unity.
On dropping the asterisks the non-dimensional equations are

l[{ + -CVJP

Ur+ €1 (uux + vuy)-Jv= - F

+ Ei -6.Fx

h +E 1{
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z
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0
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where €1 = - , €2 = H
CH

We derive zero-order equations by expanding each variable in powers of €1 and collecting terms which do not contain
€1. The zero-order equations are

Ur - Jv = Vr

+ Ju
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F2

{r

c

c

y

(7.6)

h

+ (hu)x + (hv)y = 0

By elimination, a single equation may be derived for the sea-level elevation

m. This is
(7.7)

where !::.r = i6.F + j!::.G.
Equation 7.7 is similar to Lighthill's equation for which he found an analytical solution, but Lighthill was concerned
with the baroclinic modes, while we will use it to find the barotropic response of the sea. As we can see, the sea is forced by:
(a) atmospheric pressure tendency; (b) time variations of the divergence of the wind stress; and (c) the wind-stress curl.
The Laplace transform of {is
00

J {exp(-

st)dt

0
where for small time (t) s - oo, and for large times - 0. Consequently, for small time

V2{• where </> = F (s{o)

h

(F2s2
h ){ = A

<f>(x, y, s)

(7.8)

F2 €2 v · (t:.7)
+ ( Cv) v2p· + h
p

A subscript 0 denotes the initial value of { at the beginning of forcing (t = 0).
For longer times

(7.9)
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where
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A comparison between Equations 7 .8 and 7 .9 suggests that for small t, that is at the beginning, the sea is influenced by the
divergence of the wind stress, the atmospheric pressure gradient and the initial sea-level elevation. Subsequently, the
divergence becomes unimportant and the sea is forced by the wind-stress curl. These inferences are reasonable because the
initial response of the sea would be to drive the water away from the source of the disturbance.
A solution of Equation 7.8 may be expressed in terms of a Green's function (G(x, y; xo, yo)). If
R

= [(x -

Xo)2

+ (y -

yo)2]'11

is the distance between the points xo, Yo and x, y , then, for small R, we have
(7.10)

where the Green's function is represented by a modified Bessel function K o ( F~~ ) · As this is the transform of a wellknown function, we have
h'
G(x,y; Xo, yo) =

0

'

2
[t2 - R2V2]'1i'

t<

RV
(gh)'f,

t>

RV
(gh)'f,

gh
(Morse and Feshbach, 1953). This suggests that the response of the sea W is proprotional to [t2 - R 2 V2 / gh]- 'I'. A large
response is consequently generated by large V and small h, that is a fast-moving disturbance and a shallow sea.
Non-linear models of the Somali current have been designed by Hurlburt and Thompson (1976) and by Lin and
Hurlburt (1981). These models were extensions of an earlier work by Cox (1976). The basic equations were similar to
Equation 7.5, but for the addition of non-linear advection terms and lateral friction. The reasons for the inclusion of
non-linear terms in the two horizontal momentum equations, but not in the continuity equations, were not very clear.
Boundary conditions along the solid boundaries imposed a non-slip condition, and open boundary conditions were
applied along the northern and southern boundaries. The latter represent a variation of the radiation boundary condition,
which permits the flow of energy out of the region but not inflow of energy.
The models responded rapidly to long shore winds. The current speed reached a maximum value of2 ms - i in about two
weeks. An interesting feature lay in eddies along the Equator. These eddies were excited by the onset of long shore winds.
Some evidence was also found of equatorially trapped inertial oscillations north of the Equator. Cold water was brought
about by upwelling along the western boundary, but south of the Equator there was downwelling.
Integration for a longer period revealed the development of multiple eddies, a feature which was also found in the earlier
model by Cox (1976). Lin and Hurlburt (1981) have provided results with different boundary conditions. The main result of
their experiments was to emphasize the inertial character of the Somali current with northward movement of the current
maximum. This led to the development of sharp tongues of cold water protruding off-shore - a feature that was supported by
observational data. An experiment was also conducted with a model driven by a simple representation of the low-level jet off
the Kenya coast. Integration for 90 days led to the formation and northward movement of eddies, but multi-layer models
were found to be needed for more realistic simulations.
Cox ( 1981) extended his earlier work to try to explain surface cooling of the Arabian Sea prior to the monsoon's onset.
A three-dimensional model was used, with lateral friction and a flat bottom. It was driven by an imposed wind stress taken to
be parallel to the western boundary. The first experiment dealt with a meridional western boundary and a no-slip condition,
while the second experiment employed a sloping western boundary. Vigorous western upwelling was predicted, resulting in a
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series of cold surges similar to those observed at the surface along the Somali coast during summer. In the second experiment,
the boundary current broke up into a series of gyres. These gyres had relatively slow movement compared with those
generated by a meridional western boundary. The model did not predict much eastward movement of cold waters.
Consequently, it was not successful in explaining Arabian Sea cooling by eastward propagation of upwelled water. Current
research tends to visualize four possible mechanisms for cooling the Arabian Sea:
(a) Southward flux by ocean currents and clockwise oceanic eddies over the western Arabian Sea; estimates of

evaporation by Saha and Ba vadekar ( 1977) and by Rao et al. ( 1981) suggest that cooling by this process would be
small;
(b) Coastal upwelling and northward propagation of cold eddies; modelling experiments do not suggest much by way
of eastward advection;

(c) Evaporation associated with strong winds; quantitative experiments with this process have not yet been made;

(d'j Strong wind stress leading to upwelling over the mid-ocean.
Data needed for a quantitative evaluation of this process are lacking. Modelling experiments by way of sensitivity tests would
be interesting.

7.3 Studies on the heat budget
Observations on the heat budget of the Arabian Sea have been reported by Rao et al. (1981) and by Ramanadham et al.
(1981). These observations were taken during the Monsoon Experiment of 1979.
Yonder Haar and Oort ( 1973) had shown earlier that the northward transport of heat by the oceans, when averaged
over latitudes, was comparable to the atmospheric transport, in spite of minor differences.
The computations by Rao et al. (1981) were based on data collected by two Indian ships from the end of May to the
middle of August 1977, as a part of MONSOON-77. The three periods covered by them represent: (a) the onset phase
(26 May to 7 June); (b) mature monsoon (26 June to 15 July); and (c) weak monsoon (4 to 19 August). A summary of the
computations is provided in Table 7.1.
TABLE 7.1

Ocean heat components (W m-2)
(Rao et al, 1981)

'Beas'

Phase

'Betwa'

I

11

III

I

Il

III

253.3
182.6
(72)

222.6
104.4
(47)

220.2
110.3
(49)

310.6
171.6
(55)

224.2
118.2
(50)

238.7
238.7
(48)

3.0
(1)

7.1
(3)

- 6.8

4.5
(1)

-10.3

-13.9

67.5
(27)

111.2
(50)

116.6
(51)

134.4
(43)

116.3
(50)

132.5
(52)

Mean temperature of the mixed layer (0 C)

29.9

28.3

Mixed layer depth (m)

38.7

55.8

Net Radiation
Latent heat flux
Sensible heat flux
Net heat gain

Note: Figures in parentheses indicate percentage of total radiation.

The ship Beas was located over the Arabian Sea during the first and second phases, but moved over to the Bay of Bengal
during the third phase. The other ship, Betwa, remained near the western Indian coast throughout the period.
The values shown in Table 7.1 indicate the dominance of the flux oflatent heat over sensible heat. There is a positive net
heatgain over the eastern part of the Arabian Sea of about 100 W m- 2• This is a little higher than the mean values given in an
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atlas compiled by Hastenrath and Lamb (1979), which were between 40 and 80 W m - for the south-eastern part of the
Arabian Sea. The latent heat fluxes computed by Rao et al. ( 1981 ) are also a little higher than the values of Hastenrath and
Lamb ( 1979) who find mean values of between 80 and 120 Wm - 2 in August. The largest flux oflatent heat occurs at the time
of the onset (Phase 1), but there is little change in the subsequent phases. Unfortunately, these values do not provide much
indication of the changes in the heat balance that might lead to cooling of the Arabian Sea, but the high fluxes of latent heat
suggest cooling by evaporation to be substantial.

7 .4

Trapped equatorial waves

Observational evidence of waves trapped in the equatorial ocean have attracted the attention of scientists during the
Monsoon Experiment of 1979. An array of moored buoys was deployed over the western Indian Ocean along the Equator
from 4 7°E near the Somali coast to 62°E in the interior. The buoys were deployed in April 1979 and recovered after 400 days
in June 1980. The observational data have been discussed by Luyten (1982). The data suggest the existence of a Kelvin wave
which propagates towards the east with no dispersion and with a wavelength of 6 OOO km. A meridional Rossby wave was
also observed propagating to the west with a wavelength of 8 OOO km. The combination of these two modes was the
predominant feature . The Kelvin wave carried energy from the surface of the sea towards the east, while the Rossby wave
propagated to the west. The evidence was not conclusive about these waves being reflected from the ocean leading to the
formation of standing waves, but there was evidence to indicate that the meridional Ross by mode, a 180-da y oscillation, did
not penetrate beyond 3 500 metres.
The meridional component of velocity was dominated by an oscillation of approximately 25 days. This could be
identified as a mixed Rossby-gravity wave. The wave carries energy downwards. The vertical wavelength was found to be
about 5 OOO metres with propagation towards the west with a wavelength of approximately 1 500 km. This was typical of a
mixed Rossby-gravity wave. Evidence of this type of wave motion is interesting because it provides a mechanism for
propagating energy into the deep ocean from the sea surface.
As Luyten pointed out, a curious feature was the concentration of a 180-day Kelvin / Rossby mode towards the western
side of the Arabian Sea basin. The mechanism for generation of the mixed Rossby-gravity wave is not yet known.
To sum up the contents of this chapter, it is clear that the mechanism of the Somali current is now better understood.
It appears as a western boundary current that is strongly modulated by remote, as well as local, changes in wind stress.
In the early stages, it is felt that divergence is more effective than the curl of the wind stress. Unfortunately, information on the
magnitude of the former is difficult to come by, although the latter has been well documented. It is difficult to explain the
cooling of the Arabian Sea prior to the summer monsoon's onset as being due to the eastward propagation of upwelled water
- at least the numerical models of Cox ( 1981) do not provide strong evidence for such a theory. Large fluxes of latent heat,
especially during the early onset phase of the monsoon, suggest cooling could be brought about by evaporation. One of the
important discoveries during the Monsoon Experiment of 1979 lay in observations suggesting trapped equatorial modes.
Evidence from moored buoys indicate the possible existence of Kelvin, Rossby and Rossby-gravity waves near the Equator.

CHAPTER 8
LONG-RANGE PREDICTION AND PREDICTABILITY
8.1 Introduction
Monsoon rains influence agriculture in many ways. The quantity of rain, as well as its distribution in space and time,
often determines the strategy for increasing food production.
In India, for example, there are two principal seasons for food production. They are named the Kharif and the Rabi.
The Kharif crop depends on the summer monsoon, while the Rabi relies heavily on winter rains. Of the total annual
production of cereals of around 150 million tonnes, 90 million tonnes are generated during the Kharif season. Summer
monsoon rains thus account for nearly three-fifths of the annual food output.
Rice, one of the principal cereals, is in heavy demand in certain parts of the country, especially the eastern and southern
regions. A good rice crop requires, on an average, an assured rainfall of 30 cm per month over a three-month period. Summer
rainfall can be relied upon to provide this amount for only 25 per cent of the total arable land available for cultivation, and
irrigation facilities can provide another 25 per cent of the available land with the required amount; but nearly 50 per cent of
the land depends exclusively on the timing and quantity of summer rains.
Long-range forecasts help in the choice of the correct variety of crops that are likely to thrive in an anticipated pattern of
rainfall. If, for example, monsoon rains are expected to arrive late, it is often profitable to delay sowing operations and to use
the intervening period for growing crops which have a small gestation period. An example of such crops is millet. Long-range
forecasts are also used to assess how much of the existing storage of crops should be released to meet the estimated market
demand. The quantum of support that might be needed for areas likely to be in distress because of inadequate rains is
determined by long-range rainfall forecasts.

It has been suggested (Winstanley, 197 5) that long-range forecasts could be misused to achieve short-term economic
gains by traders. Somewhat similar views have been expressed by Glantz (1977). Notwithstanding such fears, it is generally
agreed that substantial benefits are likely from improvements in long-range prediction.
Virmani and Sivakumar ( 1981) have presented a map (Figure 8.1) of the semi-arid tropics. It was estimated that there
were forty countries in this region which were either in the developing or in the less-developed stage. About three hectares of
land per person are available in these countries for food, clothing, shelter and other basic amenities. But there are also
congested regions where the available land is only a fraction of a hectare. Other difficulties arise because fertilizers, chemicals
and improved seeds can sometimes be used only on land that is irrigated. The potential for large-scale irrigation is limited and a
substantial amount of the available land must still depend on rain-fed conditions.

8.2 Famines and droughts
In view of these considerations, the need to devise an insurance against poor monsoon years has been apparent for
many decades. Droughts and famines have traditionally been associated with periods of decline in food production. McAlpin
(1979) observed that the frequency of famines was highest over western India in the last quarter of the nineteenth century.
This was also a period of rainfall deficit; but subsequent analysis indicates the absence of any clear link between rainfall deficit
and famines. Sarker (1979), for example, mentions three facets of droughts:
(a) Meteorology
(b) Hydrology

(c) Agriculture

A situation where the rainfall is substantially below its climatological expectation;
The rapid depletion of surface water and a fall in the level of reservoirs, lakes and rivers;
Inadequate soil moisture to support the growth of plants and crops to maturity.

These aspects are closely linked, but one need not necessarily lead to another. A meteorological drought, for example,
need not generate a hydrological drought, if the level of reservoirs was sufficiently high, before the drought set in. The duration
of a lean spell of rain and conditions preceding a lean spell need consideration.
There are few authentic rainfall records from prehistoric times. Variations in rainfall have been inferred from pollen data

LONG- RANGE PREDICTION AND PREDICTABILITY

127

by Singh (1971) . He suggests that the climate ofRajasthan, which is now semi-arid, was not always so. Bryson and Murray
(1977) suggest that the change from a hospitable to a hostile climate was brought about by human activity.
Historical records suggest that between the eleventh and seventeenth centuries India experienced at least 14 famines.
Another 12 famines and periods of scarcity were observed in the 90-year period between 1769 and 1858. In 20 of the
subsequent 49 years between 1860 and 1908 there was a famine or scarcity in some parts of the country (Bhatia, 1967).
However, as pointed out by Sarker ( 1979), the years of scarcity did not always coincide with years of inadequate rain. Sark er
tabulated areas which received less than 75 per cent of the normal rain during the monsoon season. The area of inadequate
rainfall (less than 75 per cent of the normal) was expressed as a percentage of the total area of the country. The years when the
affected area exceeded 25 per cent of the arable land were termed drought years. The worst drought years, in terms of
rainfall, were in 1877 and 1899, 1904 and 1918. In these years more than 50 per cent of India had less than 75 per cent of
the normal rainfall; 1918, in which 70 per cent of the country was affected, was the worst year. But between 1877 and 1901
Bombay and the west coast of India had only two spells of inadequate rains, in 1877 and 1899. It is difficult to assert that the
rainfall over western India was unusually deficient in all years between 1898 and 1906.
It is not merely a lack of rainfall which has caused famines in the past. Lack of adequate communications has also
prevented the rapid movement of food grains from one part of the country to another. This is indicated in Table 8. 1,
reproduced from McAlpin (1979). A progressive increase in communications was significant between 1881and1920.

TABLE 8.1

Indices of rail shipments of grain and pulses and exports of wheat
and rice (McAlpin, 1979)
Year

188 1-1 885
1886-1 890
1891-1 890
1896-I900
1901-1905
1906-1910
1911-1915
1916-1920

R ail shipmen/
of grain and
pulses
100"
112
I55
I96
220
260
337
365

Exporr of
Whear

Rice and
paddy

IOOb

IOOb

127
IOO
56
110
100
158
110

98
114
118
152
139
173
132

Nore: a. Index base: 1883-85 average equals I00.
Absolute value: 3 550 thousand tons.
b. Index base: 188 1-85 average equals I 00.
Absolute values: Wheat, 783.9 thousa nd tons; rice and paddy,
I 365 thousand to ns.

Historical records indicate that the response of the people to a famine or drought was generally to take positive
measures. McAlpin (1979) has drawn our attention to the fact that attempts to select weather-resistant crops began as early as
1840. A cotton plant was found that had a long taproot and was commonly grown on deep black soil. The soil would tend to
retain its moisture for some time during a break in rains; this provided sustenance to any crop whose roots were long enough
to reach the moisture. The tendency of farmers in western India to mix crops was also prevalent around 1884. This reduced
dependence on a single crop.
Migration from drought-affected parts was practised widely. It appears that this was inversely proportional to the size of
the area affected by drought; when large areas were affected, migration was less because of meagre communications.
Large-scale relief by way of alternative jobs and financial assistance appear to have been started after the famine of 1877.
Such steps were increased progressively until, by the end of the first quarter of this century, deaths from famine had
diminished considerably. To-day, this type of assistance is widely accepted as a relief measure for drought-affected people.
We have considered droughts and famines of the nineteenth century. Coming to recent times, the difficulty in finding an
acceptable definition of drought has been recognized in most research publications.
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140°

160°E

Figure8.l - Semi-arid tropics (Virmani and Sivakumar, 1981) ( 1==-:-::-,,--:01 Wet (2.0 - 4.5 months) and arid (7.5 - 10.0 months);
~ Wet (4.5 - 7.0 months) and arid (5.0 - 7.5 months)

The earlier method of identifying a drought and its areal extent by Sark er ( 1979) did not consider variability of rainfall.
To overcome this difficulty, Bhalme and Mooley (1980) compute drought indices from the equation

IK = 0.5

I K- 1

+ M K/48.55

where IK, IK-l are drought indices for the Kand K-1 month, and MK is a standardized measure of the rainfall deficiency.
If R is the mean rainfall, with mean Rand standard deviation aR, then

To begin the computations for the monsoon months of June to September, Bhalme and Mooley start by assuming lo= 0 for
May.
By computing the mean monthly monsoon index T, which is a weighted average of all indices from June to September, a
Drought Area Index was defined as the percentage of area having T::; - 2.0.
Although the reasons for setting lo= 0 are not very clear, the procedure has the advantage of taking into consideration the
variance of rainfall. With this index of drought, Mooley and Bhalme ( 1981) find five years with large droughts in the fifty-year
period between 1920 and 1975. They were: 1951, 1965-66, 1972 and 1974. A sequence of two consecutive droughts
occurred in 1965 and 1966. This is a rare event in the history of droughts.
A power spectrum analysis by Bhalme and Mooley of their drought area indices suggests a periodicity of 2.7 to 2.9 years
at a 90 per cent level of significance. This gives some indication of the frequency of droughts, but we cannot specify which
parts of the country are likely to be affected.

8.3 Long-range prediction
Recurrent droughts of the late nineteenth century led to the formation of a Famine Commission in India around 1880.
There appears to have been considerable awareness of the need to anticipate the behaviour of the monsoon. But there was
little by way of a scientific rationale until Blanford postulated an inverse relationship between heavy snowfall over the
north-western Himalayas in late May and the subsequent monsoon over India and Burma. Eliot, who succeeded Blanford,
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searched for predictors outside India, but the real basis for a forecast on statistical associations was laid by Sir Gilbert Walker,
who succeeded Eliot in 1904. Interesting accounts of the history of long-range prediction in India have been provided by Rao
(1964) and Rao et al. (1972) .
Walker was concerned with computing correlation coefficients between monsoon rainfall and antecedent features in
different parts of the world. In this process he computed several thousands of correlation coefficients. One marvels at his
patience and perseverence at a time when computing aids were unheard of. It was to his credit that he realized the importance
of prediction for certain selected parts of the country, where the variability of rainfall was large. Consequently, predictions
were only made for the Indian peninsula and north-west India, that is for regions of large variability. The six predictors
eventually selected by Walker are shown in Table 8.2 for their historical interest.

TABLE 8.2

Walker's predictors for monsoon rain

Predic1or

Period

I - The Indian peninsula

I.
2.
3.
4.
S.
6.

South America pressure
Southern Rhodesia rain
Dutch Harbor temperature
Indonesia (Java) rain
Zanzibar rain
Cape Town pressure

April-May
October-April
December-April
October-February
May
September-November

II - North-west India

I.
2.
3.
4.
S.
6.

South America pressure
Southern Rhodesia rain
Dutch Harbor temperature
Equatorial pressure
Snow accumulation
Cape Town pressure

April-M ay
O ctober-April
March-April
January-May
May
September-November

Over the years it was realized that the original correlation coefficients of Sir Gilbert changed with time. Statistical
associations which appeared promising at one stage were not as promising later. Many correlations even changed sign. Table
8.3 shows the fluctuations vividly.

TABLE 8.3

Changes in correlation coefficients (x JOO)
(Rao, 1964)

The Indian peninsula
Period

1881-90
1891-00
1901-10
1911-20
1921-30
1931-40
1941-50
1951-60
Entire period

South
America
pressure

Java
rain

58
- 73

II
68
48
19
24
7
4
- II

34

-2 1

48
78
42
27
2

so

-

NW India
Southern
Rhodesia
rain

- 72
39
- 19
31

- 31

South
America
pressure

EqualOrial
pressure

Soulhern
Rhodesia
rain

13
63
35
52
39
16
32
- 78

- 74
- 57
II
4
- 64
- 16

-

37

- 12

- 30

64
13
61
14
46

As a consequence of wide fluctuations, regression equations were updated periodically and many old predictors were
either abandoned or replaced by new ones.
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8.4 Multiple regressions
Longe-range predictions are needed to provide three basic pieces of information:
(a) The likely date of onset of monsoon rains;

(b) The total quantum of rainfall for the monsoon season; for the summer monsoon over India this represents a onehundred-day period from the beginning of June to mid-September;
(c) The likely duration of precipitation extremes (floods or breaks in monsoon rains) within the monsoon season.
Regression equations with different predictors are now used for predicting the date of onset of the monsoon over the
southern tip of India and also the total quantum of rainfall during the period between the first of June and end-September.
The predictors that are now used are summarized in Table 8.4. They are selected by screening of a large number of potential
predictors.
TABLE 8.4
Predictors for the date of monsoon onset
I. Direction of mean January wind at 300 hPa over New Delhi (India).

2. Direction of mean January wi nd at 200 hPa over Darwin (Australia).
3. Mean February wind direction at 200 hPa over Trivandrum and Madras (Indi a).
4. Mean meridional December wind direction of the previous year at 200 hPa over Calcutta (India).

Statistical tests indicate that there is an 80 per cent chance of success with this regression equation.
The predictors for predicting the total quantum of rainfall from June to September are shown in Table 8.5.
TABLE 8.5
Predictors for June to September rainfall
(a) The Indian Peninsula

I. South American pressure departures for Buenos Aires, Co rdoba and Santiago in April and May meas ured in mm of pressure departures from
normal (X1).
2. Mean position of the ax is of an upper-air ridge at 500 hPa in April along 75QE meas ured in degrees of latitude. The ridge is generally located
around I 2QN (X 2).
3. Mean minimum temperature in March (QC) for three Indian stations (Jaisalm er, Jaipur and Calcutta) (X 3 ).
(b) North-wesl India
I. South American pressure departures (mm) in April for Buenos Aires and Cordoba (Y ,).

2. Equatorial pressure departures during January to May for Seychelles, Jakarta and Darwin in inches (Y 2).
3. Mean position of ridge at 500 hPa along 75QE in April (Y3 ) measured in degrees latitude.
4. Mean temperatu re departure from normal (QC) at a north Indian station (Ludhiana) (Y ,).

The regression equations currently in use are:
(a) The Indian peninsula
R = - 0.296 (X1) + 1.127 (X2)
(b) North-west India
R = - 1.433 (Y1)

+

+ 2.242 (X3) -

25.863 (Y2)

+ 0.759

(Yi) -

58.1595
0.129 (Y4) -

11.6821

where R is the predicted rainfall departure in inches from its normal value.
The above regression equations explain between 55-60 per cent of the observed variance of rainfall. Success is measured
in terms of an 80 per cent probability of success, which implies that the forecast is· not likely to be correct on at least one
occasion out of five. The success achieved by these predictors has been limited because there is no means of knowing when
the statistical associationbetween the predictors and the predictand will change.
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A similar search for statistical associations between rainfall and tropospheric predictors was conducted by Kung and
Sharif ( 1980, 1982). Their predictors were:
(a) 1200 GMT geopotential and temperature at 100 and 700 hPa over the Indian region during April;
(b) Daily geopotential, temperature and winds at 200 and 700 hPa at six Australian stations from 1 January to

30 April;
(c) Mean sea-surface temperature over the Indian region (divided into grids of 10° x 10° in area);
(d) Monthly precipitation (snow) from December to March for 21 stations over the European region .

Kung and Sharif found encouraging results for prediction of the date of onset. For the limited data set used by them ,
they find an accuracy of 3.2 days - approximately one-third of the variance - in forecasting the date of onset for the period
I 958- I 977. This is comparable to that achieved by the Indian regression equation. For the period 1901-1980, the mean date
of onset over the southern tip of India is 32.5 days from 1 May, with a standard deviation of 7.7 days. Considering a limited
sample of 15 years from 1966 to 1980, the root-mean-square error in forecasting the date ofonset was 1.7 days, which is a
little more than one-fourth the standard deviation. Figure 8.2 shows a comparison between the recorded and predicted date of
onset of the monsoon over India. Unfortunately, a large deviation in 1979, when the arrival of the monsoon was delayed by
nearly ten days, was not seen in the results of Kung and Sharif, because their predictions did not extend beyond 1977. It is
reasonable to conclude that regression equations that are currently used in India are successful to some extent in predicting the
date of onset, except on a few occasions, such as in 1979, when the monsoon was unusually late.

-'

DAY
80

iX
~

et

C>

z 70 .

ic.:>

.....
co

I-

......

60

I/')

z

0

~

0

so

I/')

.....

I-

<

0

40

1958

60

62

64

66

68

70

72

74

76 77

YEAR
Figure 8.2 - Observed and forecast dates of monsoon onset over Kerala coast, India from 1958-1977 (Kung and Sharif, 1982)
(e e e observed; 0-0-0 forecast)

Regression equations are less successful in predicting the total quantum of monsoon rainfall. Kung and Sharif again
claim an accuracy of approximately one-third the standard deviation of recorded rainfall in terms of an average absolute
deviation. This is also comparable to the accuracy achieved by the Indian regression equations. Kung and Sharifs
computations are based on data for 15 selected stations, which is not a homogeneous area for rainfall. While it is difficult to
make an objective appraisal of the performance of different regression equations, Kung and Sharif make the interesting point
that it is hardly worthwhile attempting a regression technique for a data sample of less than 17 years, because the predictors
themselves exhibit considerable interannual fluctuations.
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Trends and periodicities

Many have searched for trends and periodicities in monsoon rainfall (Koteswaram and Alvi, 1970), but the results have
been largely negative. By analysing the power spectrum of monsoon rainfall, Ragha vendra ( 1973) found some reliance on the
well-documented quasi-biennial oscillation, in addition to a periodicity of 3.3 years for north-west India. The quasi-biennial
oscillation (QBO) is a feature of the equatorial stratosphere. At pressure altitudes of between 60 and 10 hPa, alternate spells of
easterly and westerly winds are observed with periods of two years or slightly longer. Theoretical studies suggest that the cause
of this oscillation is an interaction between stationary waves and the mean flow of the equatorial stratosphere (Lindzen and
Holton, 1968).
The coupling between fluctuations of the stratosphere and the troposphere are not well understood, but Parthasarathy
and Dhar ( 1976) and Reddy ( 1977) find that the date of onset of the monsoon is apparently related to the phase of the QBO
prior to the onset. A similar result has been reported by Chuchkalov ( 1981 ).
Krishnamurti and Bhalme ( 1976) and Krishnamurti and Subrahmanyam ( 1982) find evidence of 15- and 50-day cycles
of monsoon rainfall in the lower troposphere. But the forcing mechanisms that are responsible for such cycles are not well
defined. Hitherto, they have not been employed for operational use. Bryson and Starr (1977, 1978) suggest the small
fluctuations of the Earth's axis of rotation could influence monsoon rain and may eventually lead to forecasts of rainfall a year
in advance. Fluctuations in the Earth's axis of rotation are referred to as the Chandler wobble. But Wilson (1978) puts
forward the view that the atmospheric response to the Chandler wobble is small. It could be obscured by fluctuations caused
by other means.
In a subsequent publication, Bryson and Campbell (1982) provide evidence of cold periods in the history of climate
being associated with weak monsoons, while warm periods were marked by strong monsoons. This leads one to believe that
hemispheric temperature changes could be linked with monsoon rainfall. Consequently, if the Chandler wobble could be
used to anticipate temperature changes over the northern hemisphere, it could also have an association with rainfall. Using
this line of argument, Bryson and Campbell produce two spectral peaks in the rainfall data from 1895 to 197 4 over northern
India at 0.05 cycles per year and at 0.2625 cycles per year. The latter is close to 0.2635 cycles per year, the frequency of
periodic forces that cause the Chandler wobble.
Rainfall forecasts have been prepared on this basis by Bryson and Campbell with an incomplete data set. It is difficult at
this stage to assess the success achieved by them; the impact of the Chandler wobble on rainfall needs further research.

8.6

Autoregressive models

Of late, autoregressive models are being developed for the long-range prediction of rainfall (Ogallo, 1980, Thapliyal,
1982). The details of this technique have been described by Box and Jenkins ( 1976). Kash yap and Rao ( 1976) and Chatfield
(1975) have discussed its application to several problems of geophysical interest. Briefly stated, it seeks to express a time series
in two parts: (a) a part which is determined by its past history; and (b) a purely random sequence of shocks imposed on the
series.
We can relate the input {Xr} and the output {Yr} of a physical system by
00

Yr = ~
0

hk Xr - k + Nr

(8.1)

The coefficients {hK} represent the response at each time index k, and Nr is a system of random shocks imposed on the time
series. Values of hk could be estimated by multiplying each term of Equation 8.1 by Xr _ 111 , where m is another time index, and
by taking estimates. Thus,
Y xy (m) = ho Y xx (m)

+ h,

Y xx (m -

1)

+----

(8.2)

where Y xy (m), Y xx (m) represent covariances. But this is difficult to achieve in reality because we do not know where the
series in Equation 8.2 should be terminated.
Box and Jenkins demonstrate that this difficulty may be removed if {xr}, lYr} are made stationary. This is achieved by
differencing the series a finite number of times. By this process, we generate a new ·series
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which is assumed to be stationary. B stands for a backward shift operator in time and dis some positive integer. We have

Bx, = x,_
2

B

Xr

=

Xr -

1
2

and so on. Once the input and output are made stationary, Equation 8.1 may be expressed as
</> (p)

Yr =

8( q)

x, -

b

(8 .3)

where <f>(p), 8(q) represent the polynomials

=1-

</>1B -

</>2F . . . . . </>µIf'

8(q) = 80 -

81B -

82F .... . 8ql3'1

<f>(p)

and b represents a lag or delay in response. Equation 8.3 is an ARIMA model of order (p, d, q). As Box and Jenkins show, it is
possible to fit models of this form by an iterative process of identification, estimation and diagnostic checks. The process starts
with a preliminary guess value for p, d and q. This enables one to obtain least square estimates of the coefficients </>1, <f> 2.. . </>p
and 80, 81 . .. 8q.

It may be observed that the coefficients </>1, </>2 .. . </>pare autoregressive coefficients, while 80, 81 . . . 8q moving average
parameters. As we are using a combination of autoregressive and moving average parameters, the method is referred to by its
acronym ARIMA.
There are several techniques for determining the values of p, d and q. Box and Jenkins ( 1976) derive appropriate initial
values from the auto-correlation and partial auto-correlations. Akaike ( 1973, 1974) has developed further guidelines for the
selection of the order of the model. These guidelines are based on maximizing the goodness of fit between the model and the
sequence of data. It is measured by the mean square forecasting error. Another measure could be the reduction in variance
achieved by the model. For a discussion of these aspects, reference may be made to Katz (1980).
Ogallo ( 1980) developed an ARIMA model for a few selected regions in East Africa, and found that encouraging results
could be obtained for forecasting climatological fluctuations.
Thapliyal (1982) fitted ARIMA models to forecast: (a) the total quantum of summer monsoon rainfall (June to
September) over India; and (b) monthly rainfall forecasts for different states in India. He considered the total quantum of
monsoon rainfall (June to September) over the Indian peninsula as the output {y1} and the mean position of a ridge at 500 hPa
along 75°E in April as input {x1}. This choice was made because in the last forty years the mean April ridge position had
shown the most stable correlation with rainfall over the peninsula.
Figure 8.3 indicates the performance of this model for the period 1973-80. Thapliyal found that the root-mean-square
prediction error for rainfall over the Indian peninsula was 4.4 cm with an ARIMA model, but if multiple regression equations
were used the error was 8.0 cm for same period. There is thus some evidence to indicate a higher skill for ARIMA models over
multiple regression equations. An advantage gained by using an ARIMA model is that it provides a mix between
deterministic and stochastic models. The output from a general circulation model (GCM) could be used, for example, as
input for an ARIMA model. Sea-surface temperature provides a good example.

It is too early to state the degree of success that ARIMA models will ultimately achieve. Thapliyal (1981, 1982), for
example, determined the order of his model by an examination of autocorrelations and partial autocorrelations. The noise
function N(t) in Equation 8.1 was also assumed to represent a white noise sequence with zero mean. It was assumed that the
noise was autoregressive. It is not very clear whether this assumption is legitimate because one is inclined to believe that the
noise may well be independent of its past history. Notwithstanding these assumptions, Thapliyal's ARIMA model does
improve upon a multiple regression equation when a suitable leading indicator is used, as for forecasts of seasonal rainfall. For
monthly rainfall forecasts, where no satisfactory leading indicator has been discovered, experience shows that the method is
not as successful. A somewhat liberal interpretation of skill has provided a 60-65 per cent success rate for three monsoon
seasons.
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General circulation models and predictability

Sensitivity tests with general circulation models have been described in the previous chapter. They provide some
indication of possible teleconnections, but there is ambiguity in the interpretation of model outputs. As indicated earlier, it is
not yet clear whether the departures from the control experiment are autoregressive in nature. We have no clear
understanding at present of how significant the model-generated teleconnections are in reality. But the full potential of general
circulation models has not yet been realized. They have indicated the sensitivity of models to fluctuations in boundary
conditions, but long-term predictions with realistic initial conditions have not yet been made.
The question of predictability of monsoon rainfall has revealed interesting features. Lorenz ( 1969, 1982) demonstrated
that meteorological predictions had two types of uncertainty. The first uncertainty was related to observations of the very
small-scale components of the flow. This gradually extends to larger and larger scales by non linear interaction and eventually
to the main weather fluctuations making them ultimately random and unpredictable. This is the natural variability of
meteorological elements. Madden (1976) and Madden and Shea (1978) defined natural variability as the variance and
autocorrelation associated with daily weather fluctuations. Compiling the statistics of monthly means of sea-level pressure
and temperature in the United States, they argued that wherever the interannual variability exceeded the natural variability
there was potential for long-range prediction. Madden ( 1976) observed that between 40° and 60 °N there was no possibility
of long-range prediction because the natural variability of sea-level pressure was of the same order as the observed interannual variability. The cut-off point in Madden's work was a frequency of less than l / 96 cycles per day. All motion with
frequencies less than this critical value was essentially non-predictable.
An analysis by Charney and Shukla ( 1981) suggests that the situation is more predictable south of 30°N because the
anomalies are oflonger duration. Synoptic-scale fluctuations which limit predictability at mid-latitudes are less prominent at
low latitudes. This leads to an inference of higher predictability for monsoon rainfall. In fact, the ratio of the average observed
standard deviation to the average value of standard deviation for the GISS model used by Charney and Shukla was 3.06 for
Indian monsoon rainfall, while it was 0.93 for European mid-latitude regions. Consequently, there is a stronger signal-tonoise ratio at low latitudes, which makes the future outlook more optimistic.
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It is interesting to speculate that the greater predictability of monsoons is a consequence of internal dynamics. Monsoon
circulations are largely determined by the intensity of Walker and Hadley cells. The latter, in turn, are largely governed by
fluctuations in boundary conditions, such as sea-surface temperatures, albedo and ground hydrology. Barotropic and
baroclinic instabilities are largely modulated by the latent heat released through moist convection. If these basic tenets are
correct, as recent observations suggest, then monsoons are not influenced by synoptic-scale disturbances to the same extent as
mid-latitude systems. This is contradicted to some extent by the observed impact of depressions and mid-tropospheric
cyclones on monsoon rain . The apparent contradiction arises because we have not considered how far predictability is
influenced by an averaging process over different scales of space and time.
This aspect was examined recently by Shukla ( 1981 ). He made sixty-day integrations with the GLAS Climate Model for
nine different initial conditions. Three of the initial conditions were taken from observations made on 1 January 1975, 1976
and 1977. Random perturbations, resembling errors of observation, were added to three of the observed initial conditions. In
this experiment, the boundary conditions of sea-surface temperature, sea ice, snow and soil moisture were kept the same as
their climatological values, with seasonal variations. The purpose of the experiment was to examine whether the monthly
mean predicted from different initial conditions became comparable to the variability of randomly perturbed initial
conditions. The experiment indicated that the observed initial conditions in different years have larger interannual differences
compared with errors of observation. The planetary waves (wave numbers 0-4) retained their identity up to a month, but the
synoptic-scale waves (wave numbers 5-12) lost their identity in only two weeks. This suggests that while the monsoon
circulations in the tropics may be less predictable on the synoptic scale, there is a better possibility of predicting monthly
means at least up to one month ahead. Beyond one month, the monthly means predicted from largely different initial
conditions become just as random as the monthly means predicted from random perturbations. There is, in addition, the
important question of the time-scale of external forcing and the average for defining a mean value. If, as it appears for
monsoonal circulations, the time-scale of external forcing is comparable to the time-scale of a month, then it is reasonable to
infer that there is a greater chance of success in predicting monthly mean values compared with predictions for shorter
periods of time.
Some evidence of the greater interannual variability of the tropical atmosphere was provided by a similar experiment by
Manabe and Hahn ( 1981 ), who integrated a spectral model for 15 years with prescribed but seasonally varying boundary
conditions on sea-surface temperature. They observed that the ratio of observed variances ao to model-generated variances
(am) for 1 OOO hPa geopotentials for the northern winter (December, January and February) was large between the Equator
and 30°N (Figure 8.4). Much larger variances of the observed monthly mean geopotential height compared with model
variances in the upper troposphere (Figure 8.5) were clearly evident.
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In conclusion, we observe that real-time prediction with models, which is our ultimate aim, will depend on the extent to
which future models are able to simulate diabatic sources over land and sea, because they appear to exercise the main control
for monsoon circulations. This emphasizes the need to improve our knowledge on parameterization of the boundary layer,
moist convection and cloud radiation interaction, so that more realistic vertical profiles of diabatic heating are used in future
models for long-range prediction. At present, model variances are small compared with observed variances in the tropical
atmosphere, but we are not yet certain whether the model variances are realistic.
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APPENDIX

SYMBOLS USED IN THE TEXT
Most symbols have been defined in the text.
Generali y, cartesian co-ordinates ( 0 x y z) have been used, with the x axis pointing to the east and they axis pointing to
the north. On most occasions, sigma co-ordinates have been used for the vertical axis. For example, this has been defined by
Equation 5.8 in Chapter 5.
Most of the other symbols are in common use in current meteorological literature, and should not present any difficulty
to the reader.
Subscripts have been used throughout to denote partical derivatives. Total derivatives have occasionally been denoted by
a dot, as for example Q, the rate of diabatic heating per unit mass in Equation 5.5. When a derivative is defined on a surface of
constant pressure, or on a sigma surface, this has been indicated by a suitable subscript.
Metric units have been used in the monograph. In agreement with current usage the flux of radiation is expressed in
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