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PREFACE 

The heavy concentration of the monsoon rain in the 

four month period (June - September), the large variability 

in the behaviour of the monsoon from year to year and the 

non-availability of irrigation facilities over large areas 

of the country, makes the Indian economy critically 

dependent on the timely arrival and withdrawal of the 

monsoon and on a good space-time distribution of the monsoon 

rainfall. Monsoon dynamics and processes in the Indian Ocean 

appear to be related to the El Nino-Southern Oscillation 

events, which show that the Indian summer monsoon has to be 

viewed as a part of the planetary scale general circulation. 

In view of the vital linkage of the summer monsoon to the 

Indian economy and its influence on the global atmospheric 

circulation, the energetics of the Arabian Sea area of the 

Indian Ocean, which play a major role in the sequence of 

events leading to the Indian summer monsoon is subjected to 

a detailed study. 

On account of the interaction between the 

atmosphere and the ocean at the air sea interface, 

circulation systems of the atmosphere and the ocean are 

coupled. The latent and sensible heat fluxes from the ocean 

to the atmosphere constitute a significant energy source for 

atmospheric circulation. The evaporation over the sea is 

influenced by the sea surface temperature (S S T) and the 

( i ) 
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Arabian sea surface temperatures undergo a sustained cooling 

of several degrees between April and August every year. 

Since the. southwesterly monsoon flow carries the moisture 

from the Arabian Sea to the Indian sub-continent, the 

variations in the sea surface temperatures over the Arabian 

Sea are expected to lead to the variations in the available 

moisture over the sub-continent. Therefore, it is proposed 

to examine if there exists a link between the sea surface 

temperature variation over the Arabian Sea and the monsoon 

rainfall over the west coast of India. Detailed variations 

in the moisture and heat budgets over some parts of the 

Arabian Sea are also studied. 

For the sake of convenience, the thesis is divided 

into six chapters. The first chapter comprises of the 

introduction, the review of literature and the methodology. 

The second chapter deals with the circulation patterns over 

the area of study; the third chapter consists of moisture 

budget studies while the fourth chapter is concerned with 

the heat budget studies. The influence of Arabian sea 

surface temperature on rainfall along the west coast of 

India is presented in the fifth chapter. The overall summary 

and conclusions are briefly presented in the final chapter. 

Variations of certain derived parameters are discussed with 

minute details in view of their importance, while that of 

some other parameters are limited to the discussion of the 

important features only. 
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CHAPTER I 

1.1 INTRODUCTION 

The importance of the summer monsoon in influencing 

the Indian economy can hardly be over emphasised. This 

monsoon which prevails over India during June to September 

exhibits substantial inter-annual variations which lead to 

either drought conditions or flood situations. The origin of 

it can best be described as follows. 

During the Northern summer, the south east trades 

from Southern Hemisphere recurve while crossing the Equator 

and come into Southern Asia as south west monsoon with three 

main branches, one in the Arabian Sea, one in the Bay of 

Bengal and one in the South China Sea. Of these the air 

current over Arabian Sea is more intense and steady. Most 

parts of South Asia, particularly India, receives most of 

its annual rainfall during this monsoon period. 

Krishnamurthy et al (1981) consider onset vortex over 

Arabian Sea as a characteristic circulation feature heral

ding the onset of the Indian Summer Monsoon. Pearce and 

Mohanty (19&4) concluded that the onset consists of a 

moisture building up stage and a subsequent intensification 

of winds over the Arabian Sea and increased latent heat 

release. 
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The different ways in which the ocean could influ

ence the climate can be described as due to the physical and 

thermal properties of water. Because of the large volume, 

heat capacity and absorptivity of these water sources, they 

form an important source of heat and moisture to the atmos

phere. The oceans have a large thermal inertia which cause a 

time lag between the absorption, redistribution and release 

of the solar energy and hence effectively influence the 

variations in climate. 

The ocean and the atmosphere together act as a 

coupled system in a complex manner and controls one 

another. Various studies have indicated that tropical oceans 

have greater influence on the general circulation of the 

atmosphere than extra tropical oceans. Among the tropical 

oceans, 

ristics 

the Indian Ocean sector is unique in its characte

because of its spectacular seasonal changes. On 

account of its complexity, the studies of moisture and heat 

budget would become doubly important in the Arabian Sea. The 

monsoon experiments MONSOON-77 and MONEX-79 provided data 

and details necessary for a better understanding of the 

meteorology over the Indian Ocean. The Indian Summer 

Monsoon characterised by the seasonal reversal of wind is 

believed to be caused by the differential heating of land 

and sea which in turn is due to the assymetric continen

tality and seasonal march of the sun, and hence the Arabian 
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Sea with its complex S S T pattern might feedback the over

lying atmosphere. Hastenrath (1985) describes that pressure 

over land and wind speed over Arabian Sea act inversely, 

before the onset of the monsoon. It was also inferred that 

the region of warmest water and surface pressure moves 

northward in the Indian Ocean from February to July. 

The evaporation over the sea which is the principal 

moisture source of the atmosphere is influenced by the sea 

surface temperature. The dramatic cooling of the Arabian Sea 

by a few degrees from April to August every year poses some 

serious questions about the mutual role of the monsoon and 

the Arabian Sea surface temperature. It is logical to think 

that these changes of evaporation and the consequent sea 

surface temperature changes might be associated either 

directly or indirectly with the rainfall received over the 

country in general and along the westcoast of India in 

particular. It will not be out of context to state that 

probably Arabian Sea surface temperature may be one of the 

potential predictors of the rainfall over India, although 

most of the proposed indicators seem to be more controlled 

by the monsoon rather than controlling it. However this 

should not defer investigators from exploring the possible 

indicators that influence the behaviour of monsoon. The 

numerous ongoing studies towards this end are the best 

examples for a determined effort to arrive atleast at stati-
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stical indicators for predicting the monsoon. The results of 

these studies differ, mainly because of the difference in 

the data sets and approaches to the problem. Since this 

aspect is still open for further studies, an attempt is made 

to study the relation between Arabian Sea surface tempe

rature and the rainfall along the West coast of India. West 

coast is chosen for the study because, the influence of 

Arabian Sea surface temperature should be more in this 

region since the monsoon enters the country through this 

coast. 

The detailed objectives of the thesis are presented 

hereunder. 

1 . To study over the stationary ship polygon 

in Arabian Sea during 1977 and 1979, the 

and day to day variations of -

positions 

diurnal 

Ca) Specific humidity, precipitable water vapour, 

wind, vorticity, divergence, vertical velocity 

and kinetic energy. 

Cb) Moisture budget including the evaporation and 

the moisture flux divergence. 

Cc) Heat budget including sensible heat and heat 

flux divergence. 
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2. To study the relation between Arabian Sea surface 

temperature and the monsoon rainfall along the 

west coast of India for a six year period including 

the MONEX years. 

1.2 REVIEW OF LITERATURE 

This section constitutes the literature available on 

earlier studies in the field. However to give a very deta

iled literature survey on monsoons is not only a very diffi

cult task but also beyond the scope of the present study. 

For the sake of completeness a brief survey of the recent 

studies only are presented which may not be exhaustive but 

adequate enough to present the knowledge in this field. 

From the various studies in the recent years, the 

role of oceans in influencing the atmospheric processes have 

become quite evident. During the last few decades, there 

have been many attempts (Pisharoty, (1965, 1981), Bhumra1kar 

(1978), Shukla (1975, 1976, 1986) to find some oceanic 

parameters as predictors for the Indian Summer Monsoon. 

Although the relative importance of these parameters is 

still in dispute, studies made by Bunker* (1965), Pisharoty 

(1965, 1981), Ramage (1966, 1971), Ananthakrishnan (1968), 

Das (1968, 1985, 1986), Rao and Desai (1971), Rao (1970), 

Bhrumralkar (1978), Krishnamurthy (1978), Sharma et al 
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(1980), Cadet and Reverdin (1981), Joseph (1981), Ramanathan 

(1981), Keshavamurthy (1982), Kraus and Hauson (1983) and 

Joseph and Pillai (1984, 1986) have given a deeper insight 

into the processes involved. 

In general, any large water body acts as a signi

ficant source of water vapour to the atmosphere. However, 

only when the motion field develops low level convergence, 

this water vapour is transported aloft. For further moiste

ning of the air column, convergence in the middle level is 

equally important. Circulation parameters such as wind, 

divergence, vorticity, kinetic energy, vertical velocity, 

and amount of water vapour in the atmosphere above the area 

have therefore been studied. Ramage (1966), Findlater 

(1969(a) and 1969(b), Ali (1980), Bhide et al (1982) and 

Mooley and Parthasarathy (1983) have studied the different 

circulation parameters influencing the Indian monsoon. Das 

(1962), studied the east-west Walker cells in the Indian 

longitudes. Shuk1a and Sajnani (1971) pointed out that with 

all the limitations in the wind data accuracy and grid 

length used for finite difference technique, the computed 

divergence depicts reasonable values which are also synopti

cally consistent and exhibit systematic changes from day to 

day and from one level to another. 

Wyrtki (1971) produced an Oceanographic atlas using 

the IIOE data, which serves as a valuable reference to the 
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values of different meteorological parameters over the 

Arabian Sea area. Bhumralkar (1974) reported that air-sea 

exchanges over the sea do not control the fluctuations of 

the monsoon but are themselves influenced by the variations 

of the monsoon flow. Appa Rao and Murthy (1977) evaluated 

the values of the precipitable water, mean and eddy trans

port of moisture and the vergence patterns over the Indian 

sub-continent, during two contrasting summer monsoons. They 

noted that in a good monsoon year there were (a) increased 

zonal and meridional transports, (b) stronger divergence and 

convergence patterns and (c) marginally higher precipitable 

water compared to a bad monsoon year. 

Using MONEX-'79 dropsonde data, over the Arabian Sea 

and Indian West coast region, Ali (1980) analysed charts for 

a 48 hour period and found that a low level strong wind 

current with high shearing values is present in the south

west monsoon current. The speed of this current decreases 

steadily with height and finally around 500 mb level, the 

zonal direction was reversed from westerly to easterly. Rao 

and Webdell (1981) estimated the divergence, vorticity and 

humidity of air columns at various locations in the Arabian 

Sea. They pointed out that the areas of weak vertical velo

cities were characterised by low level convergence while 

that of divergence by gentle subsidence.Sinha and Sharma 

(1981) have presented a review on the different methods of 



8 

solving the omega equation to calculate the vertical 

ve10city.Studies by Cadet and Reverdin (1981) and Cadet 

(1983), showed that the establishment of the strong circu

lation associated with the onset of monsoon is followed with 

a 1ag of 2 to 3 days, by a temperature drop of 2°C. There 

is also a significant positive correlation between the 

intensity of the wind over the Arabian Sea and monsoon 

activity over Central India. Ramanathan (1981, 1982) have 

studied the onset of monsoon and the atmospheric boundary 

layer over the Arabian Sea using MONEX '79 data. He found 

that the day to day variations of the parameters showed two 

periods of convective activity - one at the beginning of the 

onset period and the other during the active monsoon period, 

both being in June. 

Bhide et a1 (1982) observed that during the onset 

phase of 1979 summer monsoon, organised convective synoptic 

scale systems such as (a) an easterly wave, (b) a cyclonic 

Vortex (on 8-9 June) and (c) a cyclonic circulation produced 

disturbed weather situation during June 1977. Chuchkalov 

(1982) have discussed the vertical structure of the Arabian 

Sea in different synoptic situations, taking into conside

ration the complex layer structure of the tropical and 

equatorial atmosphere. Howland and Sikdar (1983) studied 

the wind fields over the Arabian Sea for 1979 using a 

variety of data sources. They employed the kinematic method 
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to calculate divergence and O'Brien's technique to adjust 

the divergence of a column of atmosphere to calculate 

vertical ve~ocity. They found that, the kinematic profiles 

of wind, divergence and vertical velocity undergo almost a 

complete reversal during the monsoon season. 

There had been many attempts to relate the monsoon 

rainfall with the tropical circulation features. Moo1ey and 

Parthasarathy (1983) have found a wet and dry index for the 

Indian monsoon rainfall and correlated them with the 

tropical circulation features such as Southern Oscillation 

and EI-Nino. 

Bavadekar (1984) has explained the methods to com

pute the water vapour flux along a boundary wall and also 

has tabulated the moisture budget values for different 

years. 

Ray and Bedi (1985) investigated the thermodynamic 

and kinematic structure of the troposphere over the Arabian 

Sea and Bay of Bengal during the Southwest monsoon season, 

making use of the ship polygon data taken during MONEX '79. 

They found that during the pre-onset phase, the flow was 

rather weak with dominantly subsiding motion and low mois

ture" content while the onset phase was characterised by an 

increase in the kinetic energy as well as moisture content 

over the Arabian Sea. The height of the level of non-
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divergence over Arabian Sea during pre-onset period was 

around 700 mb. The above mentioned studies gave a suitable 

background knowledge on the circulation and synoptic 

features over the Arabian Sea during the southwest monsoon 

months. 

Moisture budget studies generally involve the compu

tation of evaporation and latent heat flux together with 

moisture divergence or convergence by wind. Pisharoty 

(1965) was among the first to compute the water vapour 

budget of the lower troposphere over the Arabian Sea. He 

considered a cuboidal volume with its bottom at the sea 

level, and top at 450 mb level, eastern boundary along 42°E, 

western boundary along 75°E, northern boundary along 26°N 

and southern boundary along the equator. He computed net 

f1 uxes of water vapour across the equator into the sea and 

from the Arabian Sea across the Westcoast of India. His 

estimates suggested that more than half of the moisture 

crossing the West coast of India, was supplied by evapo

ration from the Arabian Sea and the remainder originating in 

the Southern Hemisphere and crossing the equator, between 

42° and 75°E. 

Saha (1970), using additional data recomputed the 

moisture fluxes across the equatorial box of rectangular 

volume over the above mentioned area and contrary to 
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Pisharoty's results found that the flux of water vapour 

across the equator is about 30% larger than the evaporation 

over the Arabian Sea. Sa ha and Suryanarayana (1972) computed 

the mean monthly values of vertical fluxes of sensible and 

latent heat from the surface of Indian Ocean for a five year 

period and showed that in 1967, the area under negative 

sensible heat flux extended southward to almost equator and 

to 700E longitude. They found that the pattern is comparable 

to that during 1964 in areas extent as well as magnitude and 

both were good monsoon years. Their investigation on evapo-

ration flux over Arabian sea showed that the region of low 

flux values coincided with the regions of upwelling and cold 

sea surface. Saha and Bavadekar (1973) later on studied the 

budget of water vapour of the lower troposphere (below 450 

mb) by computing both mean and eddy motions. They used the 

following equation to compute fluxes 

L 
F = 1 J~ J -g- V (P, l) Q ( D I l) dl dp 

~ 0 

(The symbols have their usual meanings). The horizontal as 

well as vertical walls were divided into many segments and 

then integrated. Relative magnitudes of net cross-

equatorial flux of water vapour into the volume and evapo-

ration from the surface of the Arabian Sea appear to suggest 

that on an average the former may be about 30 percent larger 

than the latter. 
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Bhumralkar (1978) has shown that there was conside

rable increase in moisture content downstream of the monsoon 

air mass over the Eastern Arabian Sea before it strikes the 

West coast of India. Hastenrath and Lamb (1980) also found 

that a large portion of the moisture evaporating from 

Southern Tropical Indian Ocean during the northern summer is 

being carried northward across the equator in the lower 

layers of the monsoon flow. 

Studies by Peixoto and Oort (1983) indicated the 

importance of the Tropical South Indian Ocean and the subor

dinate role of the Arabian Sea as a water vapour source for 

the Indian summer monsoon. 

Cadet (1981) and Cadet and Reverdin (1981) examined 

the water 

reported 

coast of 

vapour transport over the Indian Ocean 

that 70% of the water vapour crossing the 

India come from the Southern Hemisphere and 

and 

West 

the 

remaining 

than 50% 

through 

could be from the Arabian Sea evaporation. More 

of the total cross equatorial moisture flow was 

the region between 45° and 60 0 E. Thus, it can be 

seen that, there are differences of opinion about the 

source region of moisture for the monsoon flow. 

It may be mentioned that most of the above studies 

had been based on sparse upper air observations and availa

bility of ISMEX-73 data helped many more to work on this 
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aspect. Jambunathan and Ramamurthy (1975) noticed no signi

ficant difference in temperature and moisture contents, 

between active and weak monsoons in the very lower atmos

phere during 1973. Using same data, Pant (1977) calculated 

the heat and moisture fluxes over the Arabian sea area and 

concluded that during disturbed weather conditions, sensible 

heat flux ~hows a decrease. He also found a well defined 

diurnal variation for the sensible heat with a maximum 

positive flux around midnight and minimum around mid-day. In 

a similar study but using climatological data, Rao et al 

(1977) reported that during monsoon break there is a net 

loss of heat over Northern Arabian Sea and a net heat gain 

over the Bay of Bengal. 

Saha and Bavadekar (1977) extended their earlier 

study (1973) using a nine year (1964-72) data set and got 

good correlations (0.87) between net moisture flux across 

the West coast of India south of Bombay and the monsoon 

rainfall. A later study by Bavadekar and Kha1adkar (1982) 

for contrasting monsoon seasons revealed that zonal trans

port of moisture during good monsoon period is more in the 

West coast sector, south of Bombay. 

Ghosh et al (1978) also using ISMEX-73 data calcu

lated the water vapour budget over the Arabian Sea and drew 

conclusions supporting Pisharoty (1965). They further 
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reported that evaporation exceeded precipitation in the East 

Arabian Sea near the West coast of India and also found that 

there are no significant changes in the f1uxes across the 

Equator at SOOE between active and weak monsoon periods. 

Rao et a1 (1981) found that greater evaporation 

occurred over the Arabian Sea area before the onset of 

monsoon and after complete onset, there is a decrease in 

evaporation by 30 to 40 percent. 

Ramanadham et a1 (1981) using MONSOON-77 data found 

that the latent heat flux associated with the onset vortex 

over Arabian sea is larger than that associated with a 

depression over north Bay of Bengal. 

Rao et a1 (1981) compared 

values over the Arabian Sea with 

estimated evaporation 

rainfall derived from 

satellites for the three summer seasons of 1973, 1974 and 

1977. They found that the total precipitation over Arabian 

Sea was only 40% of the evaporation during these seasons and 

they hypothesised that the remaining part might have been 

transported into the Indian sub-continent. 

In yet another study, Bavadekar (1982) has calcu

lated the monthly mean transfer of water vapour in the layer 

below 700 mb for India, for the years 1962-1972, and corre

lated them with summer monsoon rainfall. The correlations 

were negatiye or small positive values for different periods 
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Murakami et a1 (1983) evaluated the ·water vapour 

budget over the Arabian Sea and showed that the evaporation 

and precipitation over the Arabian Sea nearly balance each 

other. Hence the importance of cross-equatorial moisture 

transport in the south west monsoon rainfall of India is 

emphasized. 

By 1981, MONEX data sets were available and there 

was a spurt in the studies, on the energy budgets especially 

over the ~rabian Sea. Nitta (1980) estimated the energy 

budget over Bay of Bengal and found that the magnitude of 

latent heat flux is generally an order higher than the heat 

flux. Mohanty et al (1982b) and Mohanty and Singh (1983) 

studied the influence of heat, moisture and moist static 

energy over the Arabian Sea and adjoining area on the onset 

and activities of the Indian summer monsoon. Their studies 

indicated the significant increase in the net entha1py, 

latent heat energy, moist static energy and a number of 

other budget parameters well in advance of the onset of 

monsoon over Kerala coast. The vertical distribution of the 

budget parameters revealed that the secondary maxima of 

horizontal heat and moisture flux divergence observed during 

active monsoon period in the upper troposphere are replaced 

by a minimum during weak monsoon period. They also found 

that the cross-equatorial flow influences the intensity of 
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the monsoon and there was an excess of condensation over 

evaporation over the Arabian Sea. 

Chowdhury and Karmakar (1982) examined the mean 

vertical profiles of atmospheric energy using MONEX-79 data. 

The variations of enthalpy, dry static energy and latent 

heat with height showed that the influx of moisture remains 

mainly concentrated in the lower troposphere and becomes 

zero by 200 mb. 

Howland and Sikdar (1983), calculated the moisture 

budget for pre-monsoon and monsoon onset conditions in the 

North Eastern Arabian sea using a variety of aerological 

data taken during MONEX-79. They used the bulk aerodynamic 

method to calculate the evaporation and for moisture budget 

used the following equation; 

J~ 
P = E - 1/ S <v.q V d.p 

b 
where P is precipitation, E is evaporation and the last term 

is the horizontal transport of moisture. They noted that 

there was good increase in the specific humidity (S g/Kg), 

and evaporation with the onset of the monsoon. Their results 

also highlight the importance of cross equational moisture 

flux especially west of 60 o E. 

As in the above study, Sadhuram (1987) estimated the 

heat and moisture budgets of the atmosphere over the Central 
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Equatorial Indian Ocean. He used the flux of latent heat 

across the boundary walls of the area of study, evaporation 

and precipitation terms for moisture budget computations and 

sensible heat, heat due to precipitation, flux of dry static 

energy and radiational heating for heat budget. The time 

mean net flux divergence of latent heat was found to be 
13 

about -O.366x10 Cals/Sec. and that of the dry static 
13 

energy -O.47lxlO Cals/Sec. He also reported that the con-

tributions from the eddy terms are in general higher for 

heat budget than those for moisture budget. 

Computation of the water vapour budget in a large 

monsoon area based on 15 years data by Oort (1985) showed 

that in the Indian monsoon region, the source of water 

vapour is Arabian Sea and the sink is North East India. It 

was also found that the difference between precipitation and 

evaporation is large and positive during April to October in 

a wide area over the Indian Ocean, comprising the South 

China Sea and Philippines. 

In a recent study Sadhuram and Rameshkumar (1988) 

remarked that the mean rates of evaporation and precipita-

tion over the Arabian Sea during different monsoon seasons 

do not vary much suggesting that the contribution of evapo-

ration from Arabian Sea towards the moisture flux across the 

West coast of India is less. They also suggested that only 



detailed 

fields 

18 

informations on evaporation and 

over the Arabian Sea under different 

shed more light on this problem. 

precipitation 

phases could 

Many of the above mentioned studies suggest that the 

cross equatorial moisture flux is an important source of 

moisture for the Indian Summer monsoon rainfall, although 

the role of evaporation from Arabian Sea is quite signi

ficant. The differences in the data, period, and techniques 

must be the reason for the contradictory results reported by 

them. Refined satellite data may prove to be a more reliable 

and extensive source of data. Simon and Desai (1986) using 

GOES and TIROS-N data successfully determined the evapora

tion and sensible heat values over the Indian Ocean and 

related them to the onset and progress of Indian Summer 

Monsoon. 

An immense and continuous flow of energy streams 

from the sun. Of this, some portions of the earth receive 

more energy than they return to space, while others return 

more than they receive, but the earth system as a whole is 

neither warming nor cooling. Consequently, there must be a 

transfer of energy between various parts of this system. The 

role of oceans in this, is of utmost importance, as 

evidenced by the studies of Rao et al (1978, 1981) Basu and 

Parel (1984), Mohanty et al (1982a) and many others more. 
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Hastenrath and Lamb (1979) suggested that the hydrosphere 

operates, as· an effective heat exporter in the northern 

hemisphere, equatorial belt of the Indian Ocean and the 

adjacent tropical seas, whereas it acts as a heat importer 

in the higher latitudes of the Southern Indian Ocean. 

A bimodal variation in temperature and heat storage 

in the surface layer in a large area in the Arabian sea was 

reported by Col born (1975). Hastenrath and Lamb (1980) in 

another study, presented the heat budget of the Indian 

Ocean. They found that during the Northern summer, the 

radiative heat input at the top of the atmosphere and the 

precipitational heating of the atmosphere are much larger 

for the Northern Indian Ocean and smaller to the south of 

the Equator and vice versa during Northern winter. They also 

saw that the Northern Indian Ocean water body (except the 

more northerly region), experiences a good heat gain, during 

Northern winter. 

Duing and Leetma (1980) computed the heat budget of 

the Arabian Sea during south west monsoon season and found 

that contrary to other geographically similar water bodies, 

Arabian Sea is characterised by a pronounced summer cooling. 

The quantum of lowering is as high as 10°C between May and 

July off;Soma1ia coast and about 2 to 3°C off Indian West 

coast. Their study indicated that radiation overbalances the 
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findings by 

cooling. This 

Colon (1962), 
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was contrary to the earlier 

that the evaporative heat loss 

would be greater than heat gain due to incoming radiation 

during the peak of the monsoon. Ramanadham et al (1981) 

studied the surface heat budget parameters using MONSOON-77 

data. They found that the accumulation of energy in the 

surface layers of the sea encourages evaporation leading to 

a fall in the pressure over the region. During MONSOON-77 

Rao et a1 (1981) found that greater evaporation has occurred 

along the West coast of India before the onset of the 

monsoon, and after the onset has set up, there is a decrease 

in evaporation by 30 to 40 percent. 

Studies by Nuzhdin (1982) on the energetics of the 

atmosphere and ocean during MONEX-79 revealed that condi

tions which promote the onset of monsoon such as evapo

ration, transfer of sensible heat into the atmosphere and 

updrafts of warm and moist air masses are characteristic of 

the Central Arabian Sea whereas it was the reverse in the 

Western Arabian Sea. It has also been observed that lower 

than normal enthalpy in the Central Arabian Sea, favours the 

south west monsoon to set in. 

Making use of the MONEX ship data for a continuous 

period Mohanty et al (1982a) computed the time variation of 

the surface energy parameters over the Arabian sea. 
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Murthy et al (1983) estimated the heat loss due to 

evaporation, back radiation and sensible heat transfer over 

the East Central Arabian Sea during two typical monsoon days 

and found that the surface heat loss accounted only about 

40% of the total heat loss in the surface layer. 

Rao et al (1985) using surface marine meteorological 

and solar radiation data collected during MONSOON-77 esti

mated the surface heat budget components at selected areas 

over North Indian Ocean. They found that energy input into 

the atmosphere from the ocean during disturbed weather is 

approximately double the corresponding value during fair

weather period. 

Using satellite data Ali et al (1987) showed that 

the net heat gain at the ocean surface follows mainly the 

resultant pattern of both the shortwave radiation absorbed 

at the surface and the latent heat flux. 

Studies by Singh and Singh (1988) on the vertical 

distribution of heat and momentum fluxes over the East coast 

of India during MONEX-79, revealed that these fluxes show 

remarkable changes with latitude in different layers of the 

atmosphere. 

The above investigations reveal that the ocean

atmosphere coupling is very strong in the monsoonal Indian 



22 

Ocean. As already mentioned by Golovastov et al (1982), it 

has become evident that the knowledge of the interannual 

variability of the thermodynamics of ocean waters in the 

Indian Ocean is very important for developing and improving 

the methods of long-range prediction of weather and ocean 

processes. 

The Indian monsoon is the most dominant feature of 

tropical circulations, set up and maintained by large-scale 

seasonal temperature differences between the ocean and the 

continent. Bjerknes (1966)* was the first to discuss about 

the temperature anomalies over the Equatorial oceans and 

their possible effect upon atmospheric circulation in this 

region. Recent evidences suggest that the variability in 

the intensity, frequency, inception and termination of 

Indian Summer Monsoon, might be associated with changes in 

the surface temperature of the Arabian Sea. 

Saha (1970, 1974) showed that there exists a well 

defined zonal anomaly of SST between the equatorial West and 

East Indian Ocean. It was suggested that this anomaly 

affects the ocean atmosphere exchange and hence the low 

level air circulation over the Arabian Sea and therefore 

change the distribution of rainfall along the West coast and 

peninsular India. 
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Sastry and D'Souza (1970) found that the large 

spatial variations in surface temperature exceeding lloe are 

due to processes such as radiation imbalance, intense 

upwel1ing off Somalia coast and complex intermingling of 

various water masses. Studies made by McPhaden (1975) also 

gave the importance of Somalia coast upwelling, offshore 

advection, advection of relatively cool water from the 

Southern Hemisphere, reduced insolation, enhanced evapo

ration and entrainment of thermocline water into surface 

mixed layer, in the evolution of SST over Arabian Sea during 

the South West Monsoon. 

Jambunathan and Ramamurthy (1975) showed that over 

the Arabian Sea, the sea surface temperatures were higher 

than the air temperatures during active monsoon and vice 

versa while during weak monsoon period. Keshavamurthy et al 

(1975), Anjaneyulu (1981) and Shukla (1983) from their 

studies came to the same conclusion, that the ocean surface 

was relatively warmer during the months of April, May and 

June for good monsoon years as compared to the deficient 

monsoon years and it was relatively colder in the months of 

September, October and November. The differences in the 

surface temperature anomalies between good monsoon years and 

the deficient monsoon years for August, September and 

October were larger than those for April, May and June which 

suggest that during good monsoon years, the sea is cooled 
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more. Rao et al (1976) also noticed that sea surface tempe

ratures are high during May-June while a lowering is 

observed in the month of July. 

Fieux and Stommel (1977) analysed historic ship 

reports from the Arabian Sea to determine the mean varia

tions in space and time of the SST during the onset of 

summer monsoon along looN for the period 1900-1967 and found 

that sea surface temperature anomalies are present but they 

are destroyed by the onset in May. 

Sensitivity of model-simulated rainfall over India 

during the south west monsoon to SST anomalies over the 

Arabian Sea 'has been studied by Shukla (1975, 1976) with the 

GFDL model, by Washington et al (1977) with NCAR model and 

again by Shukla (1981) with the GLAS model. Shukla, in his 

earlier study, demonstrated that co1der SST anomalies would 

increase rainfall over India. Sikka and Raghavan (1976) 

commented that the GFDL model does not estimate rainfall 

well. 

Rao et al (1976) studied the thermal structure of 

the North West Indian Ocean in relation to the monsoon, 

using ISMEX 1973 data and showed that SSTs were higher in 

May, over Arabian Sea and that there was a decrease of SST 

ranging from O.soC in the Northern Arabian Sea to 3°C or 

more in the Western Arabian Sea, and a general increase in 
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the thickness of the mixed layer, from May to June or even 

July. 

Saha and Bavadekar (1976) found that the correlation 

coefficient between the net moisture flux across the West 

coast of India, south of Bombay and the coastal monsoon 

rainfall was 0.87 and that for north of Bombay was 

only 0.14. 

Ramage (1977) reported that observations at Canton 

Island and elsewhere in the tropics fail to support the idea 

that high SSTs cause high local rainfall. Washington et al 

(1977) and Druyan (1982 a,b) in similar studies using 

models, found that the small anomalies of sea surface tempe

rature are able to generate only local effects. Their 

results showed increased (decreased) vertical velocity and 

precipitation over regions of warm (cold) anomalies. 

Shukla and Mishra (1977) calculated the- correlation 

coefficients between SST anomalies at about lOON between 60° 

and 700E and the seasonal mean rainfall over the Indian sub

divisions. They found that the correlations between SST 

during July and rainfall during August over the Central and 

Western India were positive and significant. 

Barnett (1978) tried to find the precursors of the 

variations in the global circulations like monsoons in sea 
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surface temperatures using a relatively large amount of data 

and concluded that they do influence each other. 

Raghavan et al (1978) examined the relation between 

July 1964 SST in the West Arabian Sea and Indian Summer 

Monsoon and found that during a weak monsoon over India the 

sea surface experienced a significant drop in temperature 

over a larger area compared to that for a strong monsoon 

period. Weare (1979) from his studies concluded that a 

warmer Arabian Sea or Indian Ocean was weakly associated 

with decreased rainfall and increased pressure over much of 

the Indian subcontinent. He explained that periods of higher 

SSTs which is expected to lead to deeper monsoon low 

pressure are usually accompanied by periods of higher than 

average pressure over the subcontinent which would tend to 

offset the effects of temperature variations. 

Anjaneyulu (1980) studied the monthly surface tempe

rature at 16 representative areas over Arabian Sea for the 

period from 1961 to 1967 in relation to Indian monsoon 

activity and found that the positive anomalies of SST during 

May over the West and the adjoining Central Arabian Sea, 

though small in value were associated with subsequent good 

monsoon and vice versa. He also found that in good monsoon 

years, the difference between the highest SST during the 

premonsoon and the lowest SST during the monsoon in areas 
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off Arabia and Somalia were large and also suggested that 

the negative anomalies of SST during August over the Western 

Arabian Sea and the adjoining Central Arabian Sea were 

associated with good monsoon and vice versa during weak 

monsoon year. Ranjit Singh (1980) repeated the above cal

culations for the years, 1961, 1964, 1965 and 1966 and found 

that there was a general fall in surface temperature values 

ranging from 1 to 3°C during monsoon months in most of the 

areas. 

Studies by Browen et al (1980), confirmed that the 

summer monsoon seasonal sea surface temperature changes are 

mainly influenced by mixing and heat loss at the surface. 

Rao et al (1980) determined the time variation of 

SST and moisture over the Arabian Sea during the period from 

25 May to 15 June 1973, covering the pre-onset phase of the 

southwest monsoon. They reported that its onset was associ

ated with a decrease in the SST, especially north of SON. 

They also noticed a significant change in the SST and mois

ture distribution between the 27th and 28th and a progre

ssive shift of the area of maximum moisture towards North 

East. 

Studies by Joseph (1981) indicated that monsoon 

failures during the decade 1964-73 were followed by above 

normal SST over large areas of the North Indian Ocean, which 
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persisted for one year. He described it aS,a bad monsoon 

warms up the North Indian Ocean, through decreased upwelling 

along the Somalia and Arabian Coasts and weaker surface 

winds over the Arabian Sea and Bay of Bengal causing reduced 

mixing, evaporative cooling, and cloud cover. The warm sea 

was found to cause the formation of a warm anticyclone in 

the upper troposphere over the Indian seas during the fol

lowing winter and the pre-monsoon seasons. This was followed 

by a good monsoon which lead to cooling of the North Indian 

Ocean. 

Pisharoty (1981) studied some aspects of the rela-

tion between 

medium range 

monsoon would 

Sea. 

SST and monsoon rainfall. He suggested that 

forecasting of some of the features of the 

be feasible using the SST over the Arabian 

Mishra (1981) used SST derived from the satellites 

NOAA-S and TIROS-N, for a period of 3 years and observed 

that during a good southwest monsoon season, the cold waters 

from the equatorial region of the Indian Ocean advected into 

the Arabian Sea by early May to form the South west monsoon 

current. 

Ramesh Babu et al (1981) got good autocorrelation 

values, for the upper part of the sea temperature values, 

over the North East Arabian Sea for the pre-monsoon and 
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monsoon period. This feature was more prominent during mon

soon period. 

Datta et a1 (1982) from their studies on SST and 

moisture distribution over Arabian Sea during pre-onset and 

onset phase found that there is a definite indication of 

increase of moisture, north eastwards at the time of onset 

of monsoon, which is contrary to earlier findings. The onset 

of monsoon was also found to be associated with decrease in 

the SST especially north of SON and upto 6S0E. Murthy et al 

(1983) also found this lowering of SST in the East Central 

Arabian Sea during onset period. 

Much work had been done by scientists - Kung and 

Sharif (1982) and Kraus and Hauson (1983) to find the possi

bility of using sea surface temperatures and SST anomalies 

in long range forecasting of the Indian summer monsoon. 

Later on Pathak (1982) compared the SST observations from 

ships and TIROS-N satellite. They found that the TIROS-N 

derived SST were lower than the in situ observations during 

MONEX period over the North Indian ocean. Barnett (1984) 

studied the long term trends in sea surface temperature over 

oceans during this century, and found that the values were 

contaminated by a systematic conversion from bucket to inje

ction measurements. 
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Khalsa (1983) found that the maximum in SST anomaly 

is not correlated spatially or temporaly in any consistent 

manner with the sum of latent and sensible heat fluxes or 

rainfall from high reflective clouds. 

The correlation between drought and wet indices over 

Indian sub-continent and SST anomaly over Eastern Equatorial 

Pacific for monsoon and post monsoon were found to be gene

rally significant. Studies made by Mooley and Parthasarathy 

(1983) show that a positive and direct correlation exists 

between Drought Index (IDI) and a negative or inverse corre

lation between wet index (IWI) for India and SST of Arabian 

Sea. A possible explanation given by them for this was that 

a warmer Equatorial Eastern Pacific would suggest upward air 

motion over this area and this upward moving air may ulti

mately compensate for decreased ascent over the Eastern 

Indian Ocean or the Western Pacific Ocean leading to reduced 

activity of the summer monsoon or a higher than average 

drought index for India. 

Cadet and Diehl (1984) saw that warmer (colder) SST 

due to weaker (stronger) circulation over the Arabian sea 

was related to below (above) normal rainfall over India. 

Gadgil et al (1984) investigated the interaction 

between the large scale convective system associated with 

the continental Inter Tropical Convergence Zone and the 



31 

ocean over which they are generated, concentrating on the 

relationship between organised convection over the Indian 

Ocean and SST. They reported that if SST, is above 28°C it 

is no more an important factor in determining the variabi

lity of cloudiness and also that the correlation between 

Western Arabian sea surface temperature and monsoon cloudi

ness are positive and significant. Similar studies by 

Rasmusson (1984), showed that the eastward movement of the 

SST pattern over Eastern Pacific, convective regions and 

subsequent monsoon rainfall in India are connected. He had 

brought out, that the area with SST 28°C and above migrates 

from north to south from August to January and that areas 

with SST above 28°C are associated with large scale convec

tive clouds which also migrate in the same fashion. 

According to Goswami (1984), the monsoon circulation 

is a result of competition between two heat sources, one 

located over the Indian sub-continent and the other located 

near the equator associated with the SST maximum there. It 

was also found that July SST over the Arabian sea and July 

rainfall are significantly negatively correlated, 

Central India. 

over 

Joseph et a1 (1984) found that along with the mon

soon rainfall over India, SST over the North Indian Ocean 

was found to have a 3 year oscillation. 
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Sastry and Ramesh Babu (1985) examined the annual 

variation of SST over most of the Arabian Sea and found out 

that it showed an anomalous bimodal pattern with higher 

temperatures during May and October and lower temperatures 

during January or February and July or August. They looked 

into the reasons for summer cooling of the Arabian Sea in 

relation to the dynamic and thermodynamic processes, and 

found that the surface cooling during summer in the Northern 

Arabian sea is due to upwelling and advection of dold water, 

whereas in the Eastern Arabian sea, the entrainment of cold 

water into the surface layer and the subsequent turbulent 

mixing play a dominant role. 

Shetye (1984) observed that SST along the zonal 

strip of 9-11°N goes through four phases (i) a warming phase 

from approx~mately February to May (ii) cooling from May to 

August (iii) Warming from September to Mid November and (iv) 

cooling from mid November to January. His results also 

suggested that during the two warming phases the mixed layer 

shallows are due to detrainment and the increase in SST is 

predominantly due to heat gained at the surface. Cooling 

occurs due to detrainment of the underlying waters. 

In another study, Gopinathan and Sastry (1986) indi

cated that significant positive correlation existed between 
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the extent of coverage of the warm pool in the Bay of Bengal 

during May and the rainfall over India during the following 

summer period. Kershaw (1985) reported that the use of more 

realistic and warmer surface temperatures especially for the 

East Arabian sea in models, enables a better prediction of 

the development of a monsoon depression, than the climato

logical SST. Ramesh Babu et al (1985) also studied the SST 

over Arabian Sea in relation to the rainfall during the 

monsoon period and found that they are correlated. 

Further studies by Joseph and Pillai (1986), have 

shown that poor monsoon is able to produce a warm SST 

anomaly over the North Indian Ocean due to factors such as 

(1) reduced wind mixing (2) evaporation over the area and 

(3) cloud cover. This spatially large warm SST anomaly 

created by the poor monsoon persisted during the following 

October to next May. 

A recent study by Ramesh Kumar et al (1986) envi

sages the role of Arabian Sea surface temperature on the 

monsoon rainfall on the West coast of India. The study 

showed that somewhat high and positive correlations exist 

between the West coast rainfall and the 27°-28°C SST range 

in the Eastern (Central) Arabian Sea during a good monsoon 

season. It should be noted here that, they used the rainfall 

at Goa as representing the west coast region. The main 
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feature of the composited SST anomaly for heavy/deficient 

monsoon rainfall years by Shukla (1986a) is that the diffe

rences in SST anomalies between heavy rainfall years and 

deficient rainfall years for August, September 'and October 

are larger than those for April, May and June. 

In similar investigations, Shukla (1986) and Goswami 

(1986) pointed out that the results of some of the above 

studies using SST anomalies should be viewed with caution 

because, SST anomalies during pre-monsoon months are within 

the range of observational errors. For the above study 

Shukla used 75 years data whereas Goswami used 100 years 

data and they also calculated the correlations of SST ano

maly in the North Indian Ocean. Shukla pointed out that warm 

(cool) SST anomaly during April, May and June was not nece

ssarily indicative of the above (below) average monsoon 

rainfall, though heavy rainfall is followed by negative SST 

anomalies, while Goswami reported that the July SST in the 

Arabian sea and the July rainfall were significantly nega

tively correlated. His studies showed that the composite SST 

anomalies in the Arabian Sea for heavy and deficient rain

fall years did not show any significant anomaly during the 

post-monsoon months. 

Most of the 

statistical methods. 

above studies were based on 

Suppiah (1988) in his study 

simple 

on the 
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relationships between Indian Ocean SST and the rainfall of 

Sri Lanka used the Empirical Orthoganal Function (EOF) ana

lysis for finding the spatial and temporal variation of the 

SST. The analyses revealed that low (high) SSTs in the 

previous winter months could lead to a strong (weak) summer 

monsoon circulation that in turn leads to a strong (weak) 

contrast in wind speed between the two currents of the 

Arabian sea. As a consequence, a strong (weak) southern 

current of the Arabian sea branch could bring below (above) 

normal rainfall over Sri Lanka and above (below) normal to 

the Malabar coast. 

1.3 PRESENT STUDY 

Many of the aforementioned studies could not adequa

tely provide, a diurnal and daily variation of the different 

energy budget parameters. They had either given monthly 

means or averages for a period. This situation had been 

partially overcome, with the successful documentation of the 

present study. Also, although many studies had been carried 

out to find the relation between Arabian sea surface tempe

rature and Indian summer monsoon rainfall, few were inte

rested in the Indian West coast rainfall in particular. It 

should also be noted that, Ramesh Babu et al (1981) in their 

similar study had taken the rainfall of a single station, 

Goa, as representing the whole of West coast. The present 
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study incorporates rainfall of six monsoon periods for 

thirteen Indian westcoast stations and satellite derived sea 

surface temperature data to find the same relation. 

1.4 DATA USED IN THE PRESENT STUDY 

The data used in the present study are aerological 

data taken during MONSOON-77 and MONEX-79 published by the 

India Meteorological Department and GOSST-Comp charts pub

lished by NOAA. The surface and upper air data used are 

those taken at intervals of 6 hours at 00, 06, 12 and 18 

GMTs by ships that were stationed in the form of polygons as 

shown in figure 1.1 over the Arabian Sea, during the period 

mentioned against each phase below. The parameters collected 

were dry bulb temperature, sea surface temperature, dew 

point temperature, geopotential height, wind speed and dire

ction from surface upto 200 mb, for every SO mb interval 

from 1000 mb. The details of the four phases are given 

below. 

Phase - I (07.06.1977 to 20.06.1977) 

(1) Priboy (12.soN, 63.9°E) 

( 2 ) Okean (14.soN, 66°E) 

(3) Shirshov (12.soN, 68°E) 

(4) Priliv (lO.soN, 66°E) 
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Phase - II (02.07.1977 to 15.07.1977) 

Ships and positions same as that of Phase-I 

Phase - III (17.05.1979 to 30.05.1979) 

(1) Shirshov (6.5°N, 54.6°E) 

(2) Vo1na (8.7°N, 57°E) 

(3) Koro1ev (6.3°N, 59.1°E) 

(4) Priliv (3.9°N, 57.3°E) 

Phase - IV (02.06.1979 to 12.06.1979) 

(1) Shirshov (7°N, 64.5°E) 

(2) Vo1na (9.2°N, 66.7°E) 

(3) Koro1ev (7°N, 69°E) 

(4) Priliv (4.7°N, 66.7°E) 

Hereafter in this thesis, whenever it is mentioned 

Phase-I it means the period 07.06.1977 to 20.06.1977; 

Phase-II means from 02.07.1977 to 15.07.1977; Phase-Ill 

means from 17.05.1979 to 30.05.1979 and Phase-IV is from 

02.06.1979 to 12.06.1979, and Polygon-I,ll, III and IV 

refer to the respective positions during the above four 

Phases in the Arabian Sea. Sea surface temperature values 

used are satellite-derived data for the months of June, 

July, August and September for the years 1977, 1979, 1981, 

1982, 1983 and 1984. These SSTs were computed by NOAA once 

per day using an automated procedure known as Global Opera

tional, SST computation (GOSST-Comp) as described by Brower 
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et al (1976). The procedure includes temperature retrievals 

from spectral radiance after applying statistical analysis 

and quality control checks to the data, correction for the 

effects of atmospheric attennuation by using time coincident 

measurements derived from Vertical Temperature Profile 

Radiometer (VTPR) and generation of contoured maps of the 

analysed SST field. They are the mean values computed for 

each block area of about 1° latitude and longitude. The 

global daily mean difference between satellite-derived SSTs 

and ship reports has been found to vary from 0.9°e to 0.4°e 

with RMS variation between 1.67°e and 2.23°e most of 

variance coming from ship observations. The daily rainfall 

for the monsoon months for the above mentioned six years 

were taken from the records of India Meteorological Depart

ment for the West coast stations of Trivandrum, Alleppey, 

Cochin, Kozhikode, Mangalore, Honavar, Panjim, Devagarh, 

Ratnagiri, Harnai, Bombay, Dahanu and Surat. 

1.5 METHODOLOGY 

The methods and the formulae used in the present 

study are given below. The atmospheric circulation para

meters along with the budget parameters were computed for 

every 50 mb interval, for all the synoptic hours for which 

data were available. 



1. 5.1 
-1 

Vorticity (Sec. ) 
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The kinematic method was used to compute the vorti-

city with the help of finite difference technique. 

Vorticity = AV 

= 

Where V and V were the meridional components of 
E W 

wind at east and west walls respectively and U and U the 
N S 

zonal components at the north and south walls. 

AX is the length of the zonal wall and ~y is the 

length of the meridional wall. 

1. 5.2 
-1 

Divergence (Sec. ) 

Divergence CD) also was computed using the kinematic 

method as follows. 

Divergence CD) = 

Here, 

+ ~v 

Ay 

Symbols have the meanings explained above. 
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-1 
Vertical Velocity (mb sec. ) 

The continuity equation in the isobaric co-ordinate 

system was used to compute the vertical velocity (UJ) at the 

different pressure levels from 1000 to 200 mb level with a 

50 mb interval. 

ou 
dX + 

dCAJ [ = -
d.p 

dV 
dY 

+ 

du 
+ 

dx 

dW 
dp 

dV J" 
dY 

o 

= -0 

The divergence of the whole column of atmosphere was 

suitably adjusted to make the vertically integrated diver-

gence vanish. The layer mean divergence was corrected fol-

lowing O'Brien's (1970) method. 

where, the correction factor, = 

c -

~ = D - Correction 

The assumed lower boundary condition w 
1000 

is achieved by upper boundary condition w 
200 

= 0, 

= 

the sum total of corrected divergence ( Dc ) between 

and 200 mb zero 

o and 

making 

1000 
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i. e. o 

The vertical velocity w , at any level ( Wl) is 

the sum of this velocity at the level just below it (w1 ) 

and the product of corrected layer mean divergence and the 

pressure interval ( ~p ). 

1. 5.4 
2 

Kinetic Energy (m 
-2 

sec. ) 

The mean kinetic energy (K.E.) was computed using 

the following equation. 

The mean values of u and v at all the levels were 

calculated for each polygon and used to compute mean kinetic 

energy. Although the mean K.E, was computed for all the 

levels, only those at 1000 mb, 700 mb, 500 mb and 200 mb 

levels are presented. 

1. 5.5 Precipitable Water Vapour (Kg) 

The amount of precipitable water vapour (PWV) at the 

four ships positions were computed as follows. 

PWV = l/g Ifb q dp 

~ 
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where, 

The specific humidity q (Kg/Kg) was obtained using 

the following formula. 

q e 
= 

D - ( 1 - €)e 

where € = 0.6222 

p Pressure in N/m 

and e, the vapour pressure 

is computed using Tetan's formula (Murray 1967) as given 

below. 

e = eo exp [a(T-273.l6)/(T-b)] 

where, 
e = 6.1078 

and T Dew point temperature in degree kelvin 

For T = 263°K, a = 21.87 and b = 7.66 

and 

For T = 263°K, a = 17.26 and b = 35.86 

Making use of the precipitable water vapour value 

(PWV) at each ship position, the average for the polygon per 

unit area was found as follows, 

APWV (PWV + PWV + PWV + PWV ) x 1 
E W N S 4 

Here the suffixes E,W,N and S stand for east, west, 

north and south. Although PWV at all the different ships 

were calculated, only the total value (TPWV) for the entire 
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polygon area is presented which is equal to APWV x area of 

the polygon. 

1. 5.6 Moisture Budget 

The moisture budget equation was taken as -

E - P - NMFD = 0 

where, 
-2 -1 

E = Rate of Evaporation (Kgm sec. ) 
-2 -1 

P = Rate of Precipitation (Kgm sec. ) 
-2 -1 

NMFD = Net Moisture Flux Divergence (Kgm sec. ) 

The budget parameters were calculated using the 

following methods. 

Evaporation (E) was estimated using the Bulk Aero

dynamic method following Rao et a1 (1981) as, 

where, 

and 

-3 
C the drag coefficient = 1.6x10 

-3 
= 1.4x10 

-3 
Fa the dens i ty of air, = 1.2 kgm 

-1 
for V> 13m Sec 

and 
-1 

for V<13m Sec 
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Specific humidity at the sea surface was computed 

with Tetan's formula using SST and that at ship deck level 

using dew point at ship level. 
-1 

is the wind speed at ship 

deck level in m.sec . Evaporation was computed for the four 

ship positions at every synoptic hour for which data was 

available. Total Mean Evaporation (TME) for the whole 

polygon area was computed by multipling the mean evaporation 

from the four ships with the area of the polygon 

i. e. 
:2 

TME = (E E + Ew + EN + Es) x O. 25 x l 

where, I is the length of the boundary wall, of the 

polygon. Net Moisture Flux Divergence (NMFD) was computed as 

follows. 

NMFD = MF - MF + MF - MF 
E W N S 

where MF, the Moisure flux across the boundary wall was 

calculated through stepwise integration using the following 

equation as, 

MF 
p 

= 1/ gIb Vn Cl dp 

~ average of the normal component of the wind in a is the 

layer and the other symbols have meanings same as explained 

before. Thus, the Moisture flux (MF) acquires the sign of 

the normal component of wind ( Vn ). By convention Vn is 

positive for westerlies and southerlies. Hence if MF is 

positive (negative) at west and south walls and negative 
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(positive) at east and north walls net inflow (outflow) of 

moisture occurs through these walls into (out of) the 

polygon area. If the net moisture flux is positive (nega

tive) it means divergence (convergence) of moisture flux 

from the polygon area. 

Making use of the mean rate of evaporation and the 

net moisture flux the rate of precipitation was computed as 

residual. The budget parameters were computed for all the 

different synoptic hours of the four phases. The values of 

constants are those widely used in similar computations. 

1.5.7 Heat Budget 

The following equation was used to compute the heat 

budget. 

SH + LP + NHFD + R = 0 

where, 

SH = Sensible heat flux from sea surface (watts) 

LP = Lxp = Latent heat flux due to precipitation (watts) 

NHFD = Net Heat Flux Divergence (watts) 

R = Radiative Heating/Cooling rate (watts) 

The method of calculations of the above parameters 

is discussed below in detail. 
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Sensible Heat (SH) = ~ ~ CD (Ts - Ta )V 

where, 

C the Drag Coefficient = 1.4 x 1()3 

C the specific heat at constant pressure = lOO4J/oK/kg 

T = SST in OK 

T = Dry bulb temperature in OK 

Mean sensible heat was computed for all the synoptic 

hours as an average of the value from the four ships. Using 

the mean value, the total for the whole polygon area was 

also computed by multiplying it with the area of the polygon. 

Net Heat Flux divergence (NHFD) was found from the 

Heat Flux at the four boundary walls as follows 

NHFD = HF - HF + HF - HF 
E W N S 

where, HF is calculated as, 

The above integral was evaluated stepwise for every 

50mb interval in the vertical. C T is the mean enthalpy of 
p 

the layer. 

Geopotential ~ = gz 

where, g is the acceleration due to gravity and 

average thickness of the layer. 

z is the 



47 

Similar to that discussed in Section 1.5.6, if HF is 

positive (negative) at west and south walls and negative 

(positive) at east and north walls, it is inflow (outflow) 

of heat to (from) the polygon area. Also if NHFD is positive 

(negative) it is heat flux divergence (convergence). Radia

tional heating is computed as the residual term. 

1.5.8 Relation between SST and rainfall 

As shown in the figure, the Arabian sea between 58°E 

to 78°E and 22°N to SON was divided into four quadrants viz. 

North West (NW), North East (NE), South West (SW) and South 

East (SE) and named as 1,2,3 and 4 respectively. Each qua

drant was further divided into four sections and the weekly 

SST values at each of them were interpolated from isobars on 

GOSST-COMP charts. SST over each quadrant was then taken as 

the average of these four values. The corresponding weekly 

total rainfalls for the following weaher st~tions were 

obtained from the records of India Meteorological Department: 

Trivandrum (TRV), Alleppey (ALP), Cochin (CHN), Kozhikode 

(KZK), Mangalore (MNG), Honavar (HNV), Panjim (PNJ), 

Devagarh (DVG), Ratnagiri (RTN), Harnai (HRN), Bombay (BMB), 

Dahanu (DHN) and Surat (SRT). 

The coefficients of correlation ( r ) between the SST 

ex) and rainfall (y) were then computed using the following 

equation. (Spiegel 1961). 
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r (x,y) = Covariance (x,y)/(x) (y) 

= 11n ~ (x-x) (y-y) 

J~,x-xt )( 2: ( y- y t 

r (x,y) = Coefficient of correlation between 

x = SST at the different quadrants 

x = mean x 

y = weekly total rainfall at the 
different stations. 

y = mean y 

n = number of weeks 

The correlations were computed between -

(a) SST and corresponding week's rainfall 

(b) SST and subsequent week's rainfall 

x and y 

(c) SST anomaly and corresponding week's rainfall 

SSTs at all the quadrants were related to the rain-

fall of all the selected stations separately. The SST 

anomalies was found by taking the difference between the 

actual and normal SST values. These normals were taken from 

the climatic atlas of Hastenrath and Lamb (1979). The regre-

ssion equations for the above cases were also developed. 

Analysis and discussion of the data has been carried 

out in relation to the synoptic situation existed during the 

periods under study, which is described in the next chapter. 
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CHAPTER - 11 

2.1 INTRODUCTION 

In this chapter the sypnotic situation along with 

the circulation parameters for the period and area under 

consideration over the Arabian Sea are presented. 

Earlier studies [Rao (1976), WMO (1975)] have repor

ted the importance of both cross equatorial flow and evapo

ration from Arabian Sea, as sources of moisture for the 

Indian monsoon. Both these moisture sources are undoubtedly 

related to the strength of the low level southwesterly flow 

but the available water vapour has to be lifted upward for 

further development of weather. Here comes the importance of 

low level convergence and upper level divergence. The pur

pose of the study included in this chapter is to find out 

the characteristics of circulation, amount of water vapour 

and kinetic energy which prevailed during the four Phases. 

The circulation parameters studied in detail are 

wind, vorticity, divergence and vertical velocity. The 

methods used for the computations of these parameters are 

given in the previous chapter, Section 1.5. 

2.2 SYNOPTIC SITUATIONS 

In this Section, the synoptic conditions prevailing 
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over the Arabian Sea and the West coast of India, during the 

period of study as revealed by the India Daily Weather 

Reports are broadly presented for each of the phases. 

PHASE-l 

The, general synoptic features for the period 7 to 20 

June 1977 can be summarised as follows: A well marked trough 

of low, off the West coast seen on the 7th developed into a 

marked low pressure area over East Central Arabian sea and 

by the 9th, it concentrated into a depression, with the 

upper air cyclonic circulation extending upto 7.6 Km above 

sea level. By tenth, it became a cyclonic storm centered at 

1S.S0N and 64.soE. It then rapidly moved westwards and 

intensified into a severe cyclonic storm, and on the 11th 

reached 19.5 0 N and 64.soE [Fig.2.l(a)]. The seasonal trough 

of low pressure lay over South East Bay and adjoining 

Andaman Sea. By 13th June the severe cyclonic storm moved 

westwards and the trough of low over East Central Arabian 

Sea off Goa coast persisted upto the 17th. On the 14th and 

15th, the main feature was a depression in the West Central 

Bay, off Andhra coast. The trough of low moved north and ran 

through Dehra Dun to Aijal. By 16th June the monsoon 

advanced into North interior Karnataka and adjoining 

Maharashtra. From 18th to 19th June a well marked low pre

ssure area over Gangetic West Bengal and a feeble trough of 
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low on sea level chart off West coast were the main fea

tures. This trough off West coast persisted upto 20th June. 

PHASE-II 

A well marked low pressure area seen over North 

Arabian sea and adjoining Mekran coast on 1st July moved 

westwards by the 2nd. A mid tropospheric circulation (MTC) 

over South Rajastan and a trough off West coast were the 

other features. By 5th July a low pressure area over North 

West Bay seen on the 3rd intensified into a deep depression 

and crossed the coast [Fig.2.1(b)]. The MTC persisted and 

the trough off West coast extending from South Gujarat to 

Lakshadweep persisted upto 7th July and was marked off 

Kera1a-Karnataka coast. On the 9th, a well marked low was 

seen over West Rajasthan and South Pakistan and the trough 

off west coast weakened. By 11th July, the low pressure area 

over North West Rajastan became an upper air cyclonic circu

lation extending upto 4.5 Kms above sea level. The trough 

off West coast still persisted from South Gujarath coast to 

Lakshadweep and on the 12th it was well marked off Goa

Maharashtra coast. The upper air cyclonic circulation over 

North West Rajasthan persisted upto the 13th and moved away 

by 14th July. The axis of seasonal trough during this period 

was almost always through Bikaner to North East Bay. Monsoon 

was weak in Konkan, Goa, Coastal Karnataka and Kerala. The 
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trough off West coast extending from South Gujarat coast 

into North Lakshadweep persisted upto the 15th and by then a 

well marked off-shore vortex was seen embedded in it off 

Goa-Karnataka coast. 

PHASE-Ill 

The general synoptic features over the Arabian Sea 

near to this polygon area, during the period were as fol

lows. A feeble trough persisted over East Central Arabian 

sea off Goa-Maharashtra coasts between 2.1 and 3.6 Kms above 

sea level from 17th to 19th May. On the 20th, a low pressure 

area extending upto mid troposphere entered Arabian sea and 

by 21st May, it became an upper air cyclonic circulation 

over North Rajastan and neighbourhood. The lower tropo

spheric westerlies strengthened to about 35 knots and as a 

result of these, there was rain in the coastal areas of 

Kerala and Karnataka. During the next two days, the condi

tions were favourable for onset of monsoon over South 

Andaman Sea. On 25th May, the south west monsoon advanced 

into the Andaman Sea [Fig.2.1.(c)]. A trough line at 3.1 Kms 

above sea level passed through 8°N, 55°E, 3°N, 85°E and 

thence to Port Blair and Rangoon from the 25th to the end of 

the phase with very small fluctuations in its position on 

the different days. On the 26th and 27th May, a cyclonic 

circulation was seen embedded in this trough. Another upper 
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air cyclonic circulation present over Comorin and Maldives 

area between 2.1 and 5.8 Kms above sea level on the 27th, 

moved to Kerala and adjoining Lakshadweep on the 28th and 

stayed there till 29th May. On the 30th, these systems moved 

eastwards and thereafter weakened. 

PHASE-IV 

The synoptic conditions that prevailed on 2nd and 

3rd June were favourable for the onset of South West Monsoon 

over Lakshadweep and Kerala. But a trough of low pressure 

over Lakshadweep and adjoining Arabian Sea which persisted 

from 2nd to 4th June, moved westwards and hence by 4th, 

conditions became unfavourable for the onset. By the 5th a 

trough line present 3.1 kms above 6°N, 55°E and 4°N, 85°E on 

2nd and 3rd moved northward and dry weather prevailed over 

Kerala. But on the 6th it came further down to 4°N, 55°E, 

Trivandrum and Port Blair and thereafter the lower tropo

spheric westerlies over Sri Lanka strengthened and another 

trough of low appeared over Lakshadweep. This trough which 

extended upto middle troposphere persisted upto the 14th. On 

7th June a cyclonic circulation developed over South Tamil 

Nadu and by next day it had shifted to extreme South 

Peninsula. The trough of low pressure over Lakshadweep moved 

east by the 7th to the Kerala, South Karnataka coast, stren

gthened and under its influence, conditions became favou-
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rable for the monsoon onset. On 10th and 11th the trough 

line at 3.1 Kms above sea level, ran roughly along looN over 

Arabian sea and gON, 85°E and onset of monsoon took place 

over Kerala [Fig.2.1(d)). On 12th June a mid-tropospheric 

cyclonic circulation moved westwards across extreme South 

peninsula and by 13th reached Lakshadweep and remained there 

while monsoon strengthened over South Arabian Sea. By 14th, 

the trough at 3.1 Kms above sea level ran through Manga1ore, 

(lION, 78°E), and Trivandrum. 

2.3 SPECIFIC HUMIDITY, WIND, PRECIPITABLE WATER VAPOUR, 

KINETIC ENERGY, VORTICITY, DIVERGENCE AND VERTICAL 

VELOCITY. 

In this Section, the diurnal, the day-to-day and 

vertical variation of the above parameters are discussed one 

by one. 

2.3.1 Specific Humidity 

The vertical profiles of specific humidity at 00 and 

12 GMTs are shown in Figs 2.2(a) to 2.2(h) respectively for 

Phases-I,ll, III and IV. 

PHASE-I 

The specific humidity decreased with height consis

tently on all the days and at both the timings and, values 
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reached zero by about 200 mb. The decrease was rather sharp 

upto middle troposphere and gradual thereafter. However, the 

variation beyond the mid-troposphere becomes less important 

in view of the very low humidities at these levels. Gene

rally, the values varied between 20 gms/Kg at the surface to 

3 gm/Kg at 500 mb. 

PHASE-II 

The specific humidity variations were almost similar 

to that of the previous phase with a consistent decrease 

with height. There were rare occasions of reversals at about 

550 mb level. The values were generally lower at 00 GMT, 

than that at 12 GMT and also than that during Phase-I. 

PHASE-Ill 

No significant differences were noticed in the 

values when compared to the previous phase. 

PHASE-IV 

Although specific humidity showed similar vertical 

variations to that of the other phases, the surface values 

were slightly higher especially so during the latter part of 

this phase. 
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2.3.2 Wind 

Here (Fig.2.3(a) to Fig.2.3(h)) the variation of 

zonal and meridional components of wind at 00 and 12 GMTs, 

in the vertical for the four Phases-I,ll, III and IV res

pectively are discussed. 

PHASE-I 

On all the days at 00 GMT, westerlies persisted 

almost upto 500 mbs and on some days penetrated upto 

400 mbs. The westerly intensity maximum was found around 

900 mb level, except on 17th June. 

The meridional component did not vary much in the 

vertical, upto 400 mb. In fact many a time, the maximum was 

found at the surface itself. The change of direction from 

southerly to northerly took place mostly around 700 mb. 

There were rare occasions of changing directions twice. 

pattern 

westerly 

At 12 GMT, the winds were slightly stronger. But the 

of variation was almost similar. The change from 

to easterly took place between 400 

region 

twice 

and the meridional winds very rarely 

in the vertical. The westerly maximum 

and 500 mb 

changed sign 

was noticed 

around 800 mb region. It was also seen that, as in the case 

of 00 GMT, the meridional winds were weak. 
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Since the westerlies persisted upto middle levels, 

it could be inferred that the southwest monsoon was quite 

strong during this period. It should also be noted that the 

zonal wind maximum was around 200 mb level where the 

Easterly jet is normally located, during the monsoon period. 

PHASE-II 

In this phase too, westerlies existed well above 

500 mb level and the changing over to easterlies took place 

at comparatively higher levels from 1st upto 8th July than 

mb rest of the period. The zonal wind maximum was at 200 

while the westerly maximum was around 800 mb. 

In this phase also, the meridional wind velocity as 

well as variations were much less. On many days, they 

changed direction more than once in the vertical. The domi

nation of zonal to meridional winds could be easily seen. 

The variations were similar at both the synoptic hours. 

PHASE-Ill 

During this phase, the zonal winds were compara

tively of lower velocities and the westerlies prevailed in a 

much shallow lower layer. In other words, surface westerlies 

changed to easterlies at around or below 650 mb level. The 

change of direction took place more than once and hence one 

finds strong westerlies in the higher levels too. From 17th 
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to 24th May, there was a clear steep decrease in velocity of 

the easterlies in the upper levels and on some days it 

became westerlies by 300 mb level. After 24th this decrease 

was very gentle. On almost all the days the easterly maximum 

was noticed around 400 mb. Although the patterns were simi

lar at 00 and 12 GMTs, the zonal wind velocity was higher at 

12 GMT. 

The meridional component was clearly insignificant 

and southerlies were observed in the lowest layers but the 

direction changed more than twice in the vertical. 

PHASE-IV 

From 2nd to 7th June, the zonal wind velocities and 

their vertical variations were insignificant and from 8th 

onwards, the pattern was similar to that during Phase-I. The 

westerly maximum was around 850 mb and the winds decreased 

in intensity and almost vanished at about 500 mb level. The 

easterlies were strongest around 200 mb and the zonal winds 

changed direction only once in the vertical. 

An interesting feature is the dominance of norther

lies in the lower layers from 7th to 11th June at both the 

synoptic hours and on many days these northerlies became 

southerlies only in the upper levels. During the rest of the 

period southerlies were present in the near surface layer. 
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The above discussions have brought to light the 

following observations: There were no significant change in 

the specific humidity values, and the meridional components 

of wind also exhibited little variation. During the active 

phase of the monsoon, zonal winds changed direction only 

once in the vertical, and westerlies persisted to relatively 

higher levels and also there was an easterly wind maximum 

around 200 mb level. The diurnal variation of these para-

meters were insignificant. 

2.3.3 Precipitable Water Vapour 

Fig.2.4(a) to 2.4(d) give the day to day variations 

of precipitable water during the four phases. [One unit is 
12 2 

1xlO Kg, which is equal to 4.92 kg/m in phase I and 11 
2 

and 5.3 Kg/m in Phase-Ill and IV]. The daily and diurnal 

variations of moisture in terms of amount of precipitable 

water vapour integrated from surface to 200 mb for the 

entire polygon area is discussed in this section. 

PHASE-I 

The diurna~ variations were much less for this para-

meter and there was no regular pattern for the diurnal 

variation. From the 7th to 10th and on 19th and 20th of June 
12 

the values were comparatively higher and above 10xlO kg. 

The highest values were found to be on the 7th and lowest on 

14th June. 
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PHASE-II 

This phase was comparatively drier with the values 

being almost always less than 10 units. Higher values were 

observed between 10th and 15th July with a gradual increase 

in the water vapour content from the 9th to 11th. There were 

conspicuous or sudden variations on many days. 

PHASE-Ill 

During this period the values were almost always 

above ten units and there were significant day-to-day as 

well as diurnal variations too. For example, on 24th May 

between 00 and 06 GMT, the value decreased by 9 units. (From 

26th to 29th there is lack of data). The exceptionally high 

values on 24th and 25th is a noteworthy feature. The maximum 

during this phase was observed at 00 GMT on 24th. There was 

a gradual increase in value from 9th to 22nd and from 28th 

to 30th and a decrease from 24th to 27th May. 

PHASE-IV 

During this period, the amount of precipitable water 
12 

vapour is high almost always being above llxlO Kg. The 

value showed an increasing trend from the 2nd evening to the 

5th and on some days such as 7th and 11th June. A prominent 
12 

jump of about 3x10 Kg. was noticed at 00 GMT on 12th. 
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2.3.4 Kinetic Energy 

Time section of kinetic energy at four levels, for 

the four phases are now discussed below. Fig.2.S(a) to 

2.5(d) show the values for the Phases-I to IV respectively. 

PHASE-I 

It can be seen that kinetic energy showed a steady 

increase at all the levels from 7th to 10th June. This was 

followed by a slight decrease upto the 12th and thereafter 

remained almost unchanged till the end of the phase. Kinetic 

energy maximum was at 700 mb on a few days (7th, 8th and 

9th) in the earlier part of the phase and at 200 mb level 

afterwards. The value was minimum at 500 mb level where the 

low level westerlies changed over to easterlies. The highest 
2 2 -2 

value was around 2.5xlO m sec 

PHASE-II 

In general, the kinetic energy values were much 

higher than that in the previous phase, with the maximum 
2 

values around 4xlO units. The day to day variations were 

significant at the 200 mb level with alternate high and low 

values. The values were highest at 200 mb level and it was 

the lowest at 500 mb. At the surface, the values were that 

between 700 mb and SOO mb levels. 
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PHASE-Ill 

The values were much lower, almost one order lesser 

than that in the previous two phases. The maximum and 

minimum values differed considerably. Except during the 

period from 23rd-26th May, the lowest energy was observed at 

the 700 mb level. Kinetic energy was maximum at the 200 mb 

level from the 19th to 26th while on other days maximum was 

at 500 mb level. The variations at 200 mb and 500 mb levels 

were characterised by good fluctuations while it was less at 

the surface and 700 mb levels except on 25th May. 

PHASE-IV 

Except during the period from 4th to 7th June, the 

daily variations of kinetic energy at the levels other than 

200 mb, were very low. There was generally an increasing 

trend from the 2nd to 7th and the 9th to 11th and decreasing 

on other days. In the latter part of the phase, the values 

were rather very high at the 200 mb level. The level of 

minimum energy was 700 mb upto 7th June and thereupon 

500 mb. 

The variation pattern of kinetic energy did not show 

a consistent decrease or increase with height. It followed 

the prevailing wind pattern. 
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2.3.5 Vorticity, Divergence and Vertical Velocity 

This section deals with the vorticity, divergence 

and vertical velocity during the four phases. The gaps in 

the figures are due to lack of data and the shaded areas 

represent anticyclonic vorticity, divergence and downward 

motion. 

PHASE-I 

Fig.2.6(a) shows the vorticity, divergence and ver

tical velocity respectively during this phase. 

Vorticity 

On 7th and 8th June (except at 18 GMT) the atmos

phere had generally anticyclonic vorticity in the near 

surface layer and cyclonic vorticity from about 950 to 

250 mb. From 18 GMT on the 8th, to 00 GMT on the 10th, it 

was very high cyclonic vorticity althrough. The period from 

12th June onwards was characterised by anticyclonic vorti

city from surface to about 850 rob and in the higher levels 

from 400 to 200 robs. Anticyclonic vorticity was very strong 

at the higher levels throughout the period and in the lower 

layers froro 12 GMT of 13th to 12 GMT of 16th June. The 

middle layer had intermittent days of cyclonic and anti

cyclonic vorticity. 
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Divergence 

The period was characterised by divergence on almost 

all the days in the lower layers u~to about 900 mb level 

exce~t on 9th and 19th of June. The values were excep

tionally high in lower levels at 00 GMT on 7th and 06 GMT on 

9th. Above 900 mb it was mostly high convergence upto 500 mb 

on the 7th and 8th and only upto about 700 mb on the other 

days. Except on certain days like 8th, 17th and 18th June, 

where convergence prevailed even upto 250 mb, it was mostly 

upper level divergence on all the days with very high values 

like that on 7th, 16th and 19th June. From the 18th to the 

20th, low level convergence and upper level divergence were 

noticed with the latter being of higher magnitudes. 

Vertical Velocity 

Downward motion prevailed in the lower atmosphere 

upto about 750 mb on almost all the days except from the 9th 

to 13th and 19th June. One could notice strong upward motion 

from surface to 200 mb, from the 9th to 13th with the core 

on 9th. This could be mainly because of the cyclonic storm 

that was formed in the Arabian Sea during this period. In 

general, positive vorticity coupled with convergence was the 

dominant feature during this period. However from the 13th 

to 18th, it was downward motion throughout the atmosphere, 

except on the 16th and the reverse was true from 18th to 
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20th. If one recalls the divergence pattern during the 18th 

to 20th, it was low level convergence and upper level diver

gence which could also lead to upward motion. 

During this phase, the variation of the above three 

parameters was in conformity to the synoptic situations 

which prevailed during that period, specially the vorticity 

pattern. 

PHASE-II 

Fig.2.6(b) shows the variation of above three para

meters during the second phase. 

Vorticity 

Anticyclonic vorticity was predominant from surface 

to 450 mb from 1st to 8th July, while from the 8th to 15th, 

anticyclonic vorticity was confined to the layers from sur

face to 850 mb and that above 500 mb. The intermediate layer 

experienced cyclonic vorticity except during the latter half 

of this Phase (12th to 13th), where the middle layer 

cyclonic vorticity extended upto about 350 mb. 

Divergence 

It was mostly divergence in the lower levels almost 

upto 700 mb with exceptions on 1st, 9th and 13th July. 

Divergence dominated the whole atmosphere during this phase, 
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except in the middle levels from the 1st to 4th, 7th and 8th 

and in the upper levels on 4th, 7th, 13th and 14th July. 

Vertical Velocity 

Except for the downward motion in the lower layers 

from surface to 700 mb, from 1st to 3rd July at 12 GMT, it 

was upward motion elsewhere, on these three days. Very high 

values of downward motions were noticed throughout the whole 

atmosphere at 12 GMT on the 3rd and this suddenly changed to 

strong updrafts by 18 GMT. From the 3rd to 5th it was mostly 

upward motion and viceversa after that upto 9th. In general, 

from the 9th to 12th updrafts dominated the whole atmosphere 

and on the 10th it was updrafts allthrough with excep

tionally high velocities at 12 GMT. A noteworthy feature is 

the sudden transition from high downward velocities at 12 

GMT to very strong upward velocity at 18 GMT on 3rd and 

viceversa on 12th from 12 to 18 GMT, and again a reversal at 

06 GMT on 13th. On 14th and 15th July, upward motion domi

nated the lower layers while it was the downward motion in 

the upper levels. 

The circulation parameters especially vertical velo

city pattern, clearly revealed the period to be an inactive 

phase of monsoon. It should be recalled that the synoptic 

charts also gave the same idea. 
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PHASE-Ill 

Vertical time section of Vorticity, Divergence and 

Vertical Velocity for this phase are shown in Fig.2.6(c). 

Vortici ty 

On ·17th and 18th May it was almost all through 

cyclonic vorticity except from surface to 900 mb on 17th. 

From 19th to 21st May, cyclonic vorticity was observed from 

900 to 600 mb and anticyclonic vorticity in the surface 

layers as well as upper levels. The situation was almost 

reversed from 21st to 23rd and anticyclonic vorticity domi

nated the whole atmosphere. From the 23rd to 28th, it was 

lower level (upto 800 mb) anticyclonic vorticity with 

cyclonic vorticity above that. Very strong cyclonic vorti

city was found on 24th, above 300 mb and on the 25th and 

26th around 400 mb level. 

Divergence 

Although there was an overall dominance of diver

gence during this period, convergence was seen in the lowest 

layers from 1000 to 900 mb on almost all the days with 

exceptionally high values on 25th May where it was conver

gence all through. In the middle layers also, convergence 

was seen on a few days while, it was divergence on all the 

days in the upper levels except on the 21st, 23rd and 24th. 



~Anticyclone Vorticity , Divergence, Downward motion. 

i '00 , 
i JOO , 
• n. 

0 

,~ 

hao , 
i JOO 
• 
i 

n. 

, ... 

,~ 

.~ 

• ~ .: '00 • , , , ,~ 
• .. . 

.... 
" .. 

FlG.2.6(c) 

~a 
\. 

( 

Z 
.. " " " " » 

DATES 

b 

OATlS 

, 

~ 
I l .~ 

.~ 

• .~ 

) 
.. " " " " n " " " " .. 

OAIU 

VERTICAL TIME SECTION OF {a} VORTICITY , {b} DI VERGENCE 
and {cl VERT ICAL VELOCITY DURING PHASE-Ill 



68 

-5 
Upper level divergence were very high (more than 2xlO /sec) 

on all the days from 17th to 22nd and also on 24th May. The 

change from convergence to divergence took place within a 

span of 6 hours on many days like that on the 24th, at 18 

GMT. In general, divergence values were higher than conver-

gence. 

Vertical Velocity 

The figure 2.6(c) reveals alternate upward and down-

ward motions with both being very strong on many days. For 

example, from 900 to 250 mb at 00 GMT on 18th, the atmos-

phere was characterised by strong upward motions of the 
-3 

order of +2.5x10 mb/sec. and at 18 GMT on 25th it was even 
-3 

higher 3x10 mb/sec downward motions. Sudden transitions 

from downward to upward motions were also noticed as can be 

seen on 25th May. There were synoptic hours on which only 

upward or downward motions were noticed. From the 17th to 

25th in the lower layers and from the 25th to 29th 06 GMT, 

it was mostly upward motions, in the whole atmosphere. 

The presence of strong cyclonic vorticity, low level 

convergence and strong upward motions on 17th and 18th May, 

may be due to the presence of a low in the vicinity of the 

polygon area, during that period. An examination of the 

synoptic charts on these days clearly reveal the presence of 

high pressure vortex over the Arabian Sea, near to the 



69 

polygon area, under study. Although the vertical velocity 

picture does not fully reveal the characteristics of the 

persistent anticyclone, the pattern of vorticity and diver

gence does suggest the presence of anticyclonic circulation 

during the latter part of the period. 

PHASE-IV 

Fig.2.6(d) gives the vertical and time to time vari

ation of the three parameters for Phase-IV. 

Vorticity 

In general it was strong cyclonic vorticity in 

almost the whole layer of atmosphere on all the days except 

5th June. The values were very high on the 3rd, 4th, 7th, 

9th and 12th June. Anticyclonic vorticity prevailed in the 

higher levels from the 4th to 7th and early hours of the 

11th with highest, values on the 4th, while on the 5th, it 

extended down to 650 mb level. 

Divergence 

On 2nd and 3rd June, it was convergence from 1000 mb 

to 900 mb and divergence from 900 to 200 mbs. From the 4th 

to 9th, although convergence dominated the whole atmosphere, 

divergence were also seen in the middle levels. During the 

period from 9th to 12th June, mostly strong convergence were 
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noticed in the lower layers while it was divergence in the 

middle layer. It should be noted that, it was upper level 

convergence on all days except 2nd, 3rd and 4th June. Very 

high values of convergence were noticed at 00 GMT on the 9th 

from 650 to 300 mb level. In general one could not delineate 

the dominance of convergence or divergence during this 

phase. 

Vertical Velocity 

The whole phase was dominated by downward motion, 

except on 2nd, 3rd and 7th June and on these days upward 

motion was present almost all through the atmosphere. On 

certain days, like the 6th, 9th, 10th and 11th although not 

at all the synoptic hours, updrafts were present in the 

lower levels. On 3rd June at 18 GMT and on 4th at 00 and 06 

GMTs, it was very high upward motions, from about 850 mb to 

300 mb and within 12 hours, it suddenly changed to very high 

downward motions. 

The synoptic situations reveal that this period was 

still a pre-onset phase. Although the vorticity pattern 

revealed good cyclonic conditions, this was not seen in the 

divergence and vertical velocity patterns. 

A general comparison of the two years shows that 

1977 was a better monsoon year than 1979. In June, when the 
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polygon positions were almost same, the synoptic situations 

were different. In 1977 June, the conditions were that of 

cyclonic situations, while in June 1979, there was pre

dominance of downward motion, divergence, and low humidity. 

It should be remembered that, the period of study, during 

1977, was monsoon onset time and that of 1979 was the pre

onset period. These conditions were more or less corrobo

rated by the parameters discussed above. 
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CHAPTER - III 

Numerous investigators such as Sikka and Mathur 

(1965) Ananthakrishnan et al (1968), Findlater (1969a, 

1969b), Krishnamurti and Bhalme (1969), Sikka (1980), Cadet 

(1981, 1983), Cadet and Reverdin (1981), have looked into 

the role of low level jet in transporting moisture from the 

Southern Hemisphere into the Arabian Sea and subsequently 

into the Indian subcontinent. It has been found (Howland and 

Sikdar 1983) that moisture flow over the Arabian Sea has a 

direct relationship with the deep convection over the sea 

and the spread of convective activity into the Indian conti

nent during the south west monsoon. 

A detailed knowledge of the changes in the three 

dimensional moisture field would be of extreme importance to 

monsoon forecasters. One way to examine this, is through the 

use of energy budget studies, which include heat and mois

ture budgets. The study of atmospheric moisture budget, 

which .is dealt in this chapter, consist of sea surface 

evaporation and moisture divergence or convergence studies. 

Both these moisture mechanisms are related to the strength 

of the low level south-westerly flow over the west Indian 

Ocean area. Earlier studies [Pisharoty (1965), Saha (1970), 

Saha and Bavadekar (1973, 1977)] have been based on a 
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limited data sample and most of them excluded the flux of 

moisture above 400 mb level. Additionally many [Rao et al 

(1981), Sadhuram (1987) and other] have computed moisture 

budgets over a monthly or weekly time scale. As already 

mentioned before, the purpose of this study is to have a 

look at the moisture budget estimates on a daily basis. The 

diurnal variation of the different parameters too have been 

studied. 

3.2 EVAPORATION 

The water vapour content of the atmosphere is main

tained by evaporation from the oceans. Rao et al (1981), 

Ananthakrishnan et al (1984) and Sadhuram and Rameshkumar 

(1988) are some of the many who have worked to find the role 

of evaporation from Indian Ocean on the Indian summer mon~ 

soon. As already described in the methodology section, the 

rate of evaporation from a water source exposed to the free 

air depends on the difference between the vapour pressures 

of the air and water. When cold dry air moves over a warmer 

water surface, evaporation becomes very large. The warm 

temperature of the water favours evaporation, while the air 

motions rapidly carry the water vapour aloft. 

Distribution of evaporation diurnal and daily were 

studied and are presented in the next two sections. Evapo

ration values were positive indicating that the average sea 
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surface temperatures were always higher than the air tempe-
7 

ratures and the rates were of the order of 10 Kg/Sec. 

3.2.1 Day-to-day variations 

Figs. 3.l(a) to 3.1(d) show the daily variations of 

rate of evaporation over the polygon areas at the four 

different synoptic hours during the Phases-I to IV respec-

tively. 

PHASE- I 

The evaporation rates were highest in the first few 

days of this phase. This could have been due to the high 

wind associated with the low pressure system during this 

time. It was a minimum around the middle of the phase and a 

secondary maxima in the last part. The rates were highest on 

9th June and lowest on 14th June at 06 GMT, and there was 

generally a decrease from the 9th to 14th and increase 

thereafter upto the 17th at all the timings. At 00 and 18 

GMTs, it decreased from 17th to 18th and thereafter incre-

ased upto 19th. It was the reverse pattern at the other two 

timings. The variations were comparatively less at 12 GMT. 

The values in this phase ranged 
7 

4.Sx10 Kg/sec. 

between 1.S and 
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PHASE-II 

The day-to-day variations were insignificant and the 
7 

values remained around 2xlO kg/sec during the whole phase. 

The values were slightly higher between 3rd and 10th July at 

00,06 and 12 GMTs, whereas at 18 GMT higher values were 

observed from 2nd to 8th. At all the timings evaporation was 

highest on 7th and lowest on 12th of July at 00 and 12 GMTs 

respectively. 

PHASE-Ill 

Evaporation values were lower than the previous two 

phases on almost all the days. At 00, 06 and 18 GMTs 

although the values did not differ significantly, it was an 

increase from 17th to 26th May and thereafter decrease upto 

the 29th at 00 GMT, while, at 18 GMT the increase was only 

upto 24th and at 06 GMT there were both decrease and inc-

rease during this period. At 12 GMT, evaporation rates 

decreased from 17th to 20th and 25th to 27th May. After the 

27th, there was an increasing trend. 

PHASE-IV 

At 00 GMT, the evaporation increased from the 2nd to 

9th and 10th to 12th of June and in between it decreased. At 

06 and 12 GMTs, the variations were similar, with increase 

from the 2nd to 5th, and the 6th to 7th, while there was 
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decrease from the 5th to 6th and from the 7th to the end of 

the phase. At 18 GMT, the variations were quite insigni

ficant. The values were comparatively higher at 00 GMT on 

9th, 06 GMT on 5th, and 12 GMT on 12th of June. At all the 

timings, except 18 GMT, the minimum value was on 2nd, and at 

18 GMT when it was on 4th. 

3 • 2 • 2 Diurnal Variation 

Fig.3.2 gives some typical patterns of diurnal vari-

ations of evaporation over the four phases. Evaporation did 

not show a marked diurnal variation, although on certian 

days 13th June 77, 30th May 79 and 9th June 79, there were 
7 

changes of around lxlO Kg/Sec in a time period of six 

hours. 

On a few days (nine out of thirty) the values showed 

alternate decrease and increase and on others it was a 

steady increase or decrease throughout. In Phase-I, except 

on 13th June, the variations were insignificant, but the 

values were generally higher than that in the other Phases. 

Particularly high values were obtained on 7th and 8th June 

1977. Thi~ might have been due to the high winds prevailing 

during that period due to the low pressure system. During 

Phase-II generally it was decreasing from 00 to 18 GMT 

except on 3rd and 14th July. It was almost a reverse pattern 
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in Phase-Ill with exceptions on 26th and 30th. Phase-IV was 

period of good diurnal variation with alternate decrease 

3.2.3 

duct 

the 

Average Surface evaporation 

Average surface evaporation is obtained as the pro

of mean evaporation from the four synoptic hours and 

area of the polygon. Fig. 3.3 shows the day-to-day 

variations of the same. During Phase-I, the values increased 

from 7th to 9th and decreased from 9th to 14th of June. From 

the 14th onwards it increased upto the 20th. Maximum evapo

ration was noted on 9th and minimum on 14th. In Phase-II 

also, there was alternate decrease and increase, but the 

values did not vary much in magnitude. The values were 

comparatively higher on 7th and 15th July. During Phase-Ill, 

there was a decrease from the 17th to 20th and 25th to 28th 

May. Evaporation was high on the 22nd, 25th and 29th with 

maximum on the 25th. Phase -IV was a period of good day to 

day variations. There was a remarkable increase in values 

from 2nd to 5th and 10th to 12th of June 1979. During the 

intermediate period, the values did not vary much. 
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3.3 MOI~TURE FLUX 

As already explained in section 1.5, moisture flux 

for the entire column of atmosphere from surface to 200 mb 

above the ship positions were obtained by step wise inte

gration of the product of the specific humiditiy and the 

normal component of wind at that point. This was then multi

plied with the length of the wall (1) to get this value for 

the whole length of the wall and is discussed below. 

3.3.1 Day-to-day variations 

Figs. 3.4 (a) to 3.4 (d) show the daily variations 

of the sum of flux of moisture from surface to 200mb, for 

the four different timings at the four boundaries and at the 

polygon positions 1 to 4 respectively. 

PHASE-I 

During the first few days, (7th to 10th June) at 00, 

06 and 18 GMTs the flux gradually increased, but from 10th 

June onwards, decreased upto the 14th at the west and east 

walls. It subsequently increased upto the 19th June. The 

Moisture flux variations at the west and east walls were 

almost opposite to that at the other two walls. Data was not 

available for 12 GMT upto 12th of June. 
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PHASE-II 

In general, the daily variations were low at all the 

four walls but comparatively higher at the east and north 

walls. For all the synoptic hours, the moisture fluxes were 

higher at the zonal walls than that at the meridional walls. 

There were practically no negative values during the whole 

period. At the east and west walls at all the four synoptic 

hours, the values were high on 7th July. 

PHASE-Ill 

During this phase, the values as well as variations 

were significant only from 21st to 27th May at all the 

walls. The values were almost always negative at the north 

and south walls and positive at the other two. This would 

mean that the net moisture flux converged into the area is 

very less or would have been divergence. There were compara

tively higher values at the south and west walls and the 

variations were opposite at the opposite walls. 

PHASE-IV 

This phase showed more variations at all the syno

ptic hours than the previous two periods and was characte

rised by alternate high and low values, with the largest 

variations at the southern wall. There were high negative as 

well as positive values during this Phase. 
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In all the periods discussed above, the variations 

were opposite at the meriodinal walls and zonal walls. It 

was almost always positive flux at the meridional 

while it fluctuated from positive to negative at the 

two. It should be remembered here that the signs of 

walls, 

other 

these 

fluxes are determined by the direction of the wind prevai

ling during that time. To have a better insight into the 

vertical variation of these fluxes, the daily means of 

moisture fluxes were computed from surface to 700 mb (3.1 

Kms) and from 700 to 200 mb separately. 

Figs.3.S(a) to 3.S(d) exhibit the pattern of varia

tion of sum of Moisture flux from surface to 700mb for the 

four periods. The values although lower in magnitude, were 

of the same order as that above. 

PHASE-I 

It can be seen that the variations were more in the 

first part of this phase. The variations were similar to the 

vertical variations computed from surface to 200 mb at the 

opposite walls. But the daily values were rather high at the 

eastern wall, which means that, there was net moisture 

influx through the zonal walls. Moisture flux increased from 

the 7th to 11th and from 14th to 17th June at the zonal 

walls. It decreased from 11th to 14th June and from 17th to 

the end of the period at the east wall while it was the 
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reverse at the west. The values were always positive at the 

zonal walls and both positive and negative at the meri

dionals. 

PHASE-II 

During this period, moisture flux variations were 

less and the values always positive at all the four walls. 

This would mean that the winds were southwesterlies. Most of 

the time, the values at the meridional walls were higher 

than that at the zonal walls. 

PHASE-Ill 

Except at the southern wall, (with always positive 

values) moisture flux variations were significant at all the 

other three walls with the values swinging from positive to 

negative and viceversa. Flux decreased from 17th to 20th May 

at the zonal and southern walls, while it remained almost 

constant at the north wall. At the zonal walls, it then 

increased upto the 25th and thereafter showed a decreasing 

trend. At the north wall, it decreased from the 22nd to 25th 

and thereafter increased upto 30th May. 

PHASE-IV 

At the west and east walls, there was an initial 

decrease followed by a slow increase almost upto the end of 
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the period and the values were always positive after 3rd 

June. Unlike the zonal walls, meridional walls showed a wavy 

pattern with the flux values fluctuating from positive to 

negative values. 

The Figs. 3.6(a) to 3.6(d) show the daily variation 

of the sum of moisture flux from 700 to 200 mb. at the 

different walls for the Phases-I to IV respectively. It 

should be noted that the values are almost always one order 

less than that of sum from surface to 200 mb except in 

Phase-I. Hence, it is inferred that the maximum moisture 

transport was confined to the first three kilometers of the 

atmosphere. The variations also were very insignificant. 

PHASE-I 

Variations of the fluxes during this period were 

almost similar to that observed in the lower layer but with 

less magnitudes. At the zonal walls, the flux values were 

positive as well as negative. The moisture flux was higher 

at the beginning and end of the phase, especially at the 

zonal walls. This could be due to the high winds and lot of 

mixing because of the low pressure system present during 

that period. 

PHASE-II 

At all the four walls, the moisture fluxes were very 
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low. There were more negative values than positive at all 

the four walls and at the west wall, it was always negative. 

PHASE-Ill 

In this phase also the values were very low and 

there were more negative values at all the four walls and at 

the west wall, it was always negative. 

PHASE-IV 

The flux was almost always negative at the four 

walls, during the first part of this phase. From the 2nd 

upto about 8th June and thereafter it was positive at the 

western wall. At the eastern wall, except on 10th, it was 

inflow (negative) all through and at the north and south 

walls, both outflow and inflow of moisture flux were 

observed. 

To get an actual picture of the accumulation (con

vergence) or depletion (divergence) of moisture into or from 

the area of study, the net moisture flux was studied and is 

presented in the section 3.4. 

3.3.2 Diurnal Variation 

Diurnal variation of moisture flux at all the four 

walls on all the days had been studied but figures for 

typical variations are only presented. It did not exhibit 
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any specific pattern. Figures 3.7(a) to 3.7(d) give the same 

for the Phases-I,ll, III and IV respectively. 

PHASE-I 

In this phase, similar to the day to day variations, 

the diurnal variations were also alike at opposite walls. 

From 7th to 15th June, when it was positive and increasing 

from 00 to 18 GMT, at the zonal walls, it was both positive 

and negative, and also decreasing at the meridional walls. 

The rest of the period showed no significant variation 

except at the northern wall on the 16th and eastern wall on 

the 17th. The values were higher and positive at the zonal 

walls while both positive and negative at the other two. 

This brings out that mostly divergence or convergence of net 

moisture was due to meridional winds rather than the zonal 

winds. 

PHASE-II 

In the second phase, the diurnal variations were 

less significant and almost alike at all the four walls and 

the values were always positive but comparatively lower at 

the meridionals. There were practically no variation at all 

the walls on 2nd, 5th, 9th and 11th July. On the 3rd, it 

decreased from 00 to 06 GMT and then, after an increase upto 

12 GMT remained the same upto 18 GMT. On 10th, the above 
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pattern repeated itself at all the walls except the eastern 

wall. The variation pattern was opposite at the west and 

east walls on the 13th. It could also be inferred that, the 

net influx or outflow of moisture would be much less because, 

the values were always positive, at all the four walls. 

PHASE-Ill 

As seen from Fig.3.7(c) the values were much lower 

when compared with that in the first and second phases. On 

some days like that on 18th May, the values were steadily 

decreasing and on some others like that on 21st it was 

increasing. On all the other days, it was alternate hours of 

high and low positive and negative values with the flux 

decreasing from 00 to 12 GMT and increasing thereafter on 

many days. Except for a few days like 25th, with negative 

values at all the walls, one finds both positive and nega

tive values on a given day. 

PHASE- IV 

During this phase, variations were similar to that 

of the IIIrd phase and they were more conspicuous at the 

north and south walls. The values were higher than that of 

the previous phase and comparable with that of the other 

two. In the earlier part of this phase, on days like 2nd 

June gave negative values of flux showing that the winds 
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were north easterlies. Certain days like the 9th and 10th, 

showed good diurnal variations and especially so at the west 

and north walls, where the values increased from around zero 
8 8 

to 1.8x10 kg/sec at the west boundary and 8.6x10 kg/sec at 

the north boundary on the 9th. But on some days like 11th 

June, the variations were negligible. 

In general, on most of the days, the moisture flux 

values were positive at the western wall during all the 

phases. This would mean that, moisture was being brought 

into the polygon area through this wall. All the other walls 

gave both positive and negative values. 

3.4 NET MOISTURE FLUX DIVERGENCE 

The method of calculating the net moisture flux had 

already been described in the section 1.5. It is the sum of 

the differences of the fluxes at the west wall from east 

wall and that of the southern wall from northern wall 

(E-W+N-S). It is convergence of moisture if the value is 

negative and divergence if positive. 

3.4.1 Day-to-day variations 

Figs. 3.8(a) to 3.8(d) show the variations at the 

four synoptic hours for the four phases respectively. The 

highest values were obtained during the first phase. 
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PHASE-I 

Moisture convergence was noticed during most of the 

days at all the timings. The variations were highly signi

ficant at 00 GMT where the change in values were as high as 
8 

2x10 Kg/Sec and it was much less at other hours. The mois-

ture convergence during most of the days could have been due 

to the presence of low pressure system prevailed in the 

Arabian Sea during that period. 

PHASE-II 

In this Phase, it was net moisture divergence all 

through at 00 GMT. At the other timings, both convergence 

and divergence were noticed on different days. 

PHASE-Ill 

There were good daily variations in the amount of 

moisture flux converged and diverged into the area, espe-

cially so from 21st to 25th May, when it was high conver-

gence. This is a noticeable feature of this phase. 

PHASE-IV 

The variations were not much considerable and the 

values were also low, with an excemption on 12th June. On 

the 12th, it was high convergence in the early hours of the 
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day. Incidentally, on this day the monsoon onset took place 

over Kerala Coast. 

3.4.2 Diurnal Variation 

Figs. 3.9(a) to 3.9(h) give the diurnal variation of 

the net moisture flux divergence during the four Phases-I, 

11, III and IV respectively. It showed no regular pattern of 

variation. 

PHASE-I 

It was moisture convergence on the 8th and 12th June 

during the whole day. Convergence were high at 00 and 18 

GMTs and low in between. On 12th, convergence increased with 

time while on 13th at decreased upto 12 GMT and became 

divergence. The other days, experienced both convergence and 

divergence on the same day, with convergence at 00 GMT 

becoming divergence by about 18 GMT, on most of them. Rare 

occasions of convergence of moisture flux increasing from 12 

to 18 GMTs as on 19th June were also found. 

PHASE-II 

During this phase, it was divergence on more number 

of days and especially so at 00 GMT, with exceptions on the 

4th, 13th and 14th July. On the 3rd, 6th, 8th, 9th, 10th, 

12th and 13th of July, the variation pattern was zigzag, 
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with alternate hours of divergence and convergence or the 

same increasing and decreasing. On the 14th it was conver

gence through out while on the 15th, it was only divergence 

and the remaining days experienced both divergence and con

vergence at different synoptic hours. 

PHASE-Ill 

In this phase also, both convergence and divergence 

of moisture fluxes were obtained on the same day, with the 

changes taking place even within six hours. The diurnal 

variation was negligibly small on the 17th, 20th, and after 

27th of May. On many days it was convergence at 00 GMT, 

which increased to high values as on 25th or decreased and 

became divergence as on 22nd May. But on 26th May divergence 

at 00 GMT became convergence by 18 GMT. 

PHASE-IV 

The fourth phase also showed good diurnal variation. 

On 2nd, 4th, 5th, 7th and 10th of June there was moisture 

convergence and divergence alternately, from 00 to 18 GMT, 

with remarkably high variations on the 4th. On the 3rd it 

was convergence decreasing from 00 to 12 GMT and thereafter 

increasing. On 9th, it was always divergence, with the value 

initially increasing and decreasing thereafter. 
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Although the above patterns differed for the diffe

rent timings it is worthwhile to look at the mean daily 

variations also. 

3.5 MEAN NET MOISTURE FLUX 

This was obtained as an average for a day the net 

moisture flux from that at the four synoptic hour. 

3.5.1 Day-to-day Variations 

The Fig.3.l0 exhibits the day-to-day variations of 

the same for the four phases. 

There was significant variation in the Phases-I and 

III with convergence on more number of days. It was very low 

divergence during Phase-II and in the Phase-IV, but the 

values often changed sign which may due to the sudden 

changes in the weather. Convergence maximum was noticed on 

25th May 1979. 

So far, the moisture contribution through evapo

ration from the sea surface and the moisture diverged/con

verged by the winds had been discussed. The difference 

between these two, which gives the amount of moisture avai

lable for c.ondensation is discussed in the following section 

and is referred to as precipitation. 
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3.6 PRECIPITATION 

Although the daily values of precipitation of the 

four synoptic hours were computed, only the daily means are 

presented. This being a residual term it is felt that this 

would suffice. 

Fig.3.11 shows the daily variation of average rate 

of precipitation for the four phases. When compared with the 

previous figures, it could be seen that, most of the time, 

the net moisture convergence coincided with high precipi

tation rates. In Polygon-I except on 10th and 11th, there 

was considerably high precipitation on most of the days. 

During Phase-II, the rate of precipitation was very low with 

exceptions on 4th and 14th July. During Phase-Ill, a promi

nent peak was observed on 25th. In Phase-IV, alternating 

positive and negative values of precipitation were also 

found. 

The high precipitation rates most of the time coin

cided with high moisture convergence and presence of low 

pressure systems. The negative precipitation rates, observed 

on quite few occasions could be interpreted as due to the 

predominance of divergence of moisture flux over evaporation. 

The energy budget studies would be incomplete if the 

sources and sinks of heat energy are not studied. The mois-
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ture budget studies gave an insight into the amount of heat 

liberated due to condensation. The forthcoming chapter gives 

the details of the heat budget studies. 



4.1 INTRODUCTION 

93 

CHAPTER - IV 

This Chapter deals with the heat budget of the 

Arabian Sea area under study. Over the oceans as a whole, 

interaction at the air-water interface importantly affect 

both the atmosphere and the oceans. The amount of heat 

abstracted from the sea in terms of sensible heat, latent 

heat due to condensation and heat diverged away or converged 

into the area by wind, was studied to determine the heat 

budget of the column of the atmosphere with the sea surface 

over the polygon area as the lower boundary and 200 mb level 

as the upper boundary. The sensible heat is directly related 

to the wind speed and the air-sea temperature difference 

while the latent heat is determined by the wind speed and 

the vertical gradient of vapour pressure. Understanding the 

heat content variations in the Indian Ocean is an integral 

component of monsoon studies. Michael (1975), Rao et al 

(1977), Hastenrath (1980) had studied the heat budget of the 

tropical oceans. 

4.2 SENSIBLE HEAT 

As already discussed in section 1.S, the sensible 

heat 

the 

flux at the four ship positions were estimated 

Bulk Aerodynamic formula and the average of these 

using 

four 
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values has been used to calculate the rate of total sensible 

heat exchanged at the air-sea interface over the whole 

polygon area. 

The diurnal and day to day variation of this para

meter has been studied and is discussed here. 

4.2.1 Day-to-day Variations 

Figure 4.l(a) to 4.l(d) exhibit the same variations 

for the four Phases-I,ll, III and IV respectively. Phases-I 

and IV showed good day-to-day variations, indirectly 

ning that, they were periods of active weather. 

PHASE-I 

mea-

Although data is not available at all synoptic hours 

on the 8th, 9th and 10th June one could see that, there is a 

decrease in the values from the 7th to 11th. Except at 

00 GMT, the f1uxes were very low, from the 12th to 17th, and 

the daily variations were very insignificant. After 18th 

June, to the end of the phase, there was an increase in the 

sensible heat values at all the four timings. 

PHASE-II 

The day-to-day variations were most of the time 

insignificant at all the timings other than 12 GMT. Except 

at 00 GMT, the values were mostly negative in this phase, 
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showing that there was net heat loss. At 00 and 18 GMTs, the 

sensible heat flux increased from 1st to 4th July, while it 

was the reverse at the other two hours. From the 5th to 

10th, there was an increasing trend, and after that a mild 

decrease upto the end of the phase. At 12 GMT, the value, 

was low on 4th and 7th July. 

PHASE-Ill 

The values were always positive and above 
15 

2x10 J/Sec at all the timings during this phase, except at 

06 GMT. From 17th to 22nd May, it was more or less invariant 

at 00, 12 and 18 GMTs, while at 06 GMT, it increased and 

decreased twice in between, with two peaks one on 20th and 

the other on 22nd May. From the 22nd, an increase was obser-

ved upto 26th at all the timings. 26th May showed the 

highest value of this phase. From 26th May, except at 18 GMT 

it decreased till the 29th and thereafter remained constant 

till the 30th at 06 and 12 GMTs. But at 00 GMT, it was 

higher on 30th it was the reverse at 18 GMT. 

PHASE-IV 

High positive values with considerable day-to-day 

variations was the feature of this phase. Sensible heat flux 

increased from the 2nd to 3rd and 7th to 9th of June at all 

the four synoptic hours. The variations were exactly similar 



u 
4» 

Vl 
.......... 

N-' 
'-$2 

>< 
x 
::> 
..J 
lJ.. 

!« 
w 
I 

w 
..J 
CD 
if) 
z 
w 
Vl 

10 

8 

6 

4 

2 

0 

-2 

10 

8 

6 

4 

2 

0 

~ 

10 

8 

6 

4 

2 

0 

-2 

10 

8 

6 

4 

2 

o 

18GMT 

12GMT 

~----- ------~ -------------....---

06GMT 

----------. ---

00 GMT 

.......... -- .................... -............ / 
----

~t_-,---.--.---.--,,--.--,,--.---,-~--~--~~ 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 

DATES 

FIG.4.1(c) DAY TO DAY VARIATIONS OF THE RATE OF 
SENSIBLE HEAT DURING PHASE-Ill 



10 18GMT 

8 

6 

4 

2 _---e ----~ 
0 

-2 

10 12 GMT 

8 

u 6 
t>I 

(/) 
4 -N-' --~o 2 --

>< 0 
>< 
:J -2 
-1 
lJ... 

r 
~ 10 06GMT 
I 

8 
w 
-1 6 CD 
li) 

4 z 
w ,,-
(/) 2 ----------_ .......... --

0 

-2 

10 OOGMT 

8 

6 

4 .......... 
............ 

2 
............ 

............ -....... 
0 

-2 
2 3 4 5 6 7 8 9 10 11 12 

DATES 

FIG.4.1(d) DAY TO DAY VARIATIONS OF RATE OF 
SENSIBLE HEAT DURING PHASE-Ill 



96 

at 00 GMT, with a primary peak on the 9th and a secondary on 

the 3rd. There was a decrease from the 3rd to 7th and 9th to 

11th June at the 00 and 18 GMTs and almost a reverse at the 

other two timings. 

4.2.2 Diurnal Variation 

Figures 4.2(a) to 4.2(d) represent the diurnal vari

ation of the sensible heat flux. It was noticed that there 

was not much diurnal variation although on many days the 

values were higher at 00 and 18 GMTs. 

PHASE-I 

On 7th and 8th June, it was very high positive 

values increasing with time. From the 13th to 17th, it 

showed an initial decrease from 00 to 06 GMT and thereafter 

remained almost the same although the value changed from 

positive to negative and viceversa twice on that day. On the 

18th, it remained almost constant while on 19th, it dec

reased from 00 to 06 GMT, and 12 to 18 GMT while at inc

reased in between. 

PHASE-II 

In this phase, the diurnal variations were most 

insignificant and the values were very low. But on most of 

the days, ~specially from 1st to 12th July, the heat gain 
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observed at 00 GMT turned to a heat loss by 06 GMT and its 

magnitude increased by 12 GMT. The values were lowest at 

18 GMT or in other words, the heat loss decreased from 12 to 

18 GMT. 

PHASE-Ill 

During this phase, although there was not much 

diurnal variation, from 17th to 24th and on 26th May, the 

values were comparatively higher at the 00 and 18 GMTs while 

the lowest was at 12 GMT. This would mean that the sensible 

heat flux decreased from 00 to 12 GMT and thereafter inc-

rea sed 

pattern 

highest 

to 18 GMT. On the 25th, 

with highest at 12 GMT. 

values were at 18 GMT. 

decrease from 00 to 18 GMT. 

PHASE-IV 

it was almost the reverse 

While on the 29th, the 

30th May showed a steady 

From the 2nd to 4th June, the diurnal variation was 

very low and on 4th, it decreased from 00 to 06 GMT and 12 

to 18 GMT with an increase in between. On the 5th, the value 

decreased from a high positive value from 06 GMT to 18 GMT. 

During the period from the 6th to 11th, sensible heat flux 

remained almost unchanged although on the 11th it did show a 

decreasing trend from 06 to 18 GMT. On 12th June, the values 

at 12 GMT were higher than that at 00 GMT and hence the 

pattern was wavy. 



1 7 1 9 21 
4 

2 

0 

-2 

-4 

-6 

10 
III 
(Jl 

-., 22 23 24 
N -0 r.. 

x 
~ 2 
4: 
w 
~ 

0 
--- --

W 
..-J 
CD 

-2 
!J'l 
z 
W 
(Jl -4 
u.. 
0 

-6 
w 
~ 
4: 
Cl: 

25 26 !l0 

6 \ 
\ 

\ \ 
\ \ 

4 
, \ 

\ \ , \ 
\ \ 

2 
, \ 

\ 

~ ,----
0 

-2 

-4 ~ 

t;)t;) t;)~ \'2. \~ t;)t;) t;)~ "- \~ t;)~ \'2. \ 

ilME 

FIG.4.2(c) DIURNAL VARIATION OF RATE OF 
SENSIBLE HEAT DURING PHASE-Ill 



02 03 04 
8 

6 

4 ........ 
.... ----

2 

0 

-2 
lu 

III 
(/'l 

"'") 

N 05 07 09 -0 

10 
x 
I-
<{ 8 w 
::r: 

w 
....J 
(IJ 

(/'l 

z 
w 
(/'l 

2 
Ll-
0 

0 
W 
I-
<{ 
0::: 

10 11 12 

S / 
/ 

/ 
/ 

/ 

6 / 
/ 

/ 
/ 

4 

2 

0 

-2 
00 06 12 18 00 06 12 18 00 06 12 18 

TIME 

FIG.4.2(d) DIURNAL VARIATION OF RATE OF 
SENSIBLE HEAT DURING PHASE-IV 



98 

4.3 HEAT FLUX 

This section discusses the variations of heat flux 

in terms of- dry static energy. As already discussed in the 

methodology section, the total flux at individual locations 

(ships) were computed by integrating at SO mb interval from 

1000 mb upwards to the 200 mb level. In the lowest layer, 

the actual difference between the surface pressure and 

1000 mb was considered. The lateral flux across each boun-

dary is then obtained by multiplying individual station flux 

with the length of the wall. The diurnal and day to day 

variations of this parameter are discussed in detail below. 
15 

The values were of the order of 10 J/sec. 

4.3.1 Day-to-day Variations 

Figures 4.3(a) to 4.3(d) give the same for the heat 

flux at the four boundaries for the four synoptic hours, 

during the Phases-I to IV respectively. 

PHASE-I 

The day-to-day variations of heat flux showed a 

sinusoidal wave pattern with the crests around 10th and 17th 

June and troughs on 12th and 13th June through the zonal 

walls. The meridional walls showed a reversal in the posi

tion of the peaks. In other words, there was a decrease in 

value during the initial period of the phase and an increase 
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from 17th to 19th at the north and south walls. The 16th, 

17th, 18th and 19th June were characterised by very high 

positive values at the zonal walls, low negative values at 

the north wall and low positive values at the south. The 

occasions of increase in the distance between the curves of 

fluxes of meridional and zonal walls coincided with the 

presence of either a cyclonic storm as on 10th or a trough 

of low pressure as on 18th, while the narrowing down coin-

cided with high pressure belts. The pattern of variations 

were similar at opposite walls. In this phase, fluxes were 

positive at the zonal walls and almost always negative at 

the meridional walls excepting at 00 GMT. 

PHASE-II 

As it can be seen from Figure 4.3(b) values were 

very low all through the phase and especially so at the 

meridional walls. The pattern of variations were almost the 

same at all the synoptic hours. The values were relatively 

higher from the 3rd to 9th and the 12th to 14th at the zonal 

walls and decreasing from 1st to 3rd and 9th to 11th of 

July. At all the synoptic hours, lowest values of the phase 

were observed on 5th at the meridional walls. The flux 
15 

values remained without much variation around lxlO J/sec at 

the north and south walls. 
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PHASE- I II 

Unlike the other two phases, in this phase, there 

were alternate spells of negative and positive values at all 

the four walls and the variations were very conspicuous. An 

interesting feature of this period was that, except on 22nd, 

23rd and 24th of May the fluxes at the zonal boundaries, 

were negative and relatively lesser than that at meridional 

walls where it was mostly positive which is contrary to that 

of the previous phases. At the meridional walls, except at 

18 GMT, there was an increase in values from the 17th to 

19th followed by a decrease upto the 24th and again an 

increase from 24th to 26th May. From the 26th, after a 

decrease upto the 28th, it increased upto the end of the 

phase. At 18 GMT, the pattern at the north and south walls 

was observed as a continuous decrease from the 18th to 24th. 

This pattern was almost reversed at the zonal walls upto the 

26th and thereafter increased at both. 

PHASE-IV 

Except during the period from 2nd to 5th June, the 

day-to-day variations of heat flux was low. The values were 

mostly negative at the zonal walls at all the four timings 

and both positive and negative at the other two. In general, 

there was a peak in the positive value (divergence) on the 

4th and 10th and a negative peak on the 7th at the meri-
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dional walls while the negative lowest value was on the 4th 

at the zonal walls. There was an increase in the heat flux 

divergence from 11th to 12th June at all the walls. 

4.3.2 Diurnal Variation 

The diurnal variation of heat flux was studied for 

all the days on which data was available for at least 3 

synoptic hours. Figures 4.4(a) to 4.4(d) give the same for 

the four periods. 

PHASE-I 

The heat flux on the 7th, 8th and 12th of this 

phase, showed an increasing trend at the east and west walls 

and a decrease at the other two. Comparatively very high 

values were noted from 7th to 11th June at the zonal walls. 

On the 13th and 14th at 00 and 06 GMTs, it decreased at all 

the walls and after that increased to 12 GMT at the zonal 

walls and decreased at the meridionals. On both the days, 

except at the west wall, it decreased from 12 to 18 GMT, 

while on the 15th, the flux showed an increasing trend from 

00 to 18 GMT at the south and zonal walls. On the 16th June, 

the variations were striking at all the walls and at the 

western wall, it increased from 00 to 18 GMT and at the 

other three, after increasing from 00 to 12 GMT decreased 

upto 18 GMT. From the 17th onwards the values more or less 
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15 
remained near 

15 
5xl0 J/Secs at the zonal walls and below 

2xl0 J/secs at the meridional walls with the variation 

pattern resembling sinusoidal waves. In general, the heat 

flux was always positive at the zonal walls and mostly 

negative at the meridional walls. 

PHASE-II 

During this Phase, the variations were much less 

from 1st to 8th May except on 3rd and the values were mostly 

positive at all the boundaries with higher values at the 

zonal walls. It was noted that on almost all the days, heat 

flux value showed an increase at the meridional walls, and 

it was especially so from 12 to 18 GMT, with a reverse at 

the zonal walls. On 3rd May the variations were more stri-

king with a decrease from 00 to 06 and 12 to 18 GMTs and an 

increase in between at the zonal and southern walls while 

the pattern was reversed at the northern wall. On the 4th 

and 5th May although the variations were not prominent, the 

values showed an increasing trend at the meridional walls. 

The values were higher at the eastern wall than the western 

and only negative at the northern wall. This could lead us 

to the conclusion that, there was heat flux convergence into 

the area through the walls. The time of occurrance of peak 

values differed on all the days. On 6th July the values 

showed an increasing tendency while on the 8th, 9th and 10th 
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they decreased. On the 11th the variations were exactly 

similar at the west and south walls with the values decrea-

sing from 00 to 12 GMT and increasing thereafter while at 

the east and north walls it increased more than once during 

the day. The pattern of variations on the 12th at the meri

dional walls were exactly similar to that on 9th July and 

that at the zonal walls, it was reverse or in other word s, 

values at 18 GMT were higher than that at 00 GMT. From the 

13th to 15th, there were significant variations and the 
15 

values remained near 2 units, ( 1 unit = 10 J/Sec) at the 

zonal walls and were mostly around I unit at the meridional 

walls. On these days, there were sharp changes of around 
15 

lxlO J/sec within 6 hours as can be seen at the west wall 

on the 13th, west, east and south walls on 14th and also at 

the north wall on 15th July. 

In general, during this phase too, the values were 

only positive at the zonal walls, while at the meridional 

walls, there were a few days with negative values. This 

indicates that, while there was mostly inflow of energy at 

the west wall, it was outflow at the east wall and there 

were both inflow and outflow of energy at the other two 

walls. 

PHASE-Ill 

During this phase, considerable diurnal variations 
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were noticed on many days. On the 17th May, the values at 00 

GMT were lesser than that at 12 GMT. It was the opposite 

pattern on the 19th, while on 21st May, except at the wes-

tern wall, 

tendency. 

the fluxes were low, and there was an increasing 

On the 22nd and 30th of May, there were good 

variations, and it showed increasing tendency almost throu

ghout at the zonal walls and decreasing tendency at the 

other two. On the 24th at all the four walls, the heat flux 

decreased from 00 to 18 GMT while on the 26th, except at 

the eastern wall, it increased throughout. The days 25th and 

29th May were characterised by negative values at all the 

walls from 00 to 12 GMT, with highest at the northern wall. 

On the 25th it decreased from 00 to 06 and then increased to 

12 GMT at the west and north walls while it increased throu

ghout at a constant rate at the eastern boundary. 

PHASE-IV 

In Phase-IV, heat flux was mostly negative at all 

the walls with some exceptions at the meridional walls. 

Although the values showed good diurnal variation, the 

pattern was rather simple with either an decreasing trend 

like that at the zonal walls or an increasing tendency as 

that at the meridional walls on the 2nd, 3rd, 4th and 12th 

June. On the 7th and 9th at the western wall, it decreased 

from 00 to 06 GMT and 12 to 18 GMT and increased in between. 
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At the eastern wall on 7th June heat flux initially inc

reased upto 06 GMT and thereafter decreased, while it kept 

on increasing from 00 to 18 GMT at the southern wall and 

there was not much variation at the west and north walls. 

Heat flux, decreased from 00 to 18 GMT through the eastern 

wall and changed from negative to positive value at the 

northern wall on 9th. At the respective southern wall it was 

an increase from 00 to 06 and 12 to 18 GMT while it was the 

reverse at the western wall. Heat flux decreased all through 

at all the walls on the 10th. On 11th June, it increased at 

the meridional walls and decreased at the zonal walls from 

00 to 06 GMT and 12 to 18 GMT, while on 12th, it increased 

at the zonal and south walls. 

4.4 HEAT FLUX DIVERGENCE 

The parameter discussed in this section gives the 

actual rate of dry static energy being brought into or out 

of the polygon area. As explained in the section 3.3, for 

net moisture flux, this too was obtained as the sum of the 

differences between the heat flux at the opposite walls. 

Hence if it is of the same sign at the opposite walls, the 

value comes down or in other words, if there is influx at 

the west and south walls and outflow at the other two, the 

amount of heat converged or diverged into the area would be 

much less and vice versa. 
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4.4.1 Day-to-day Variations 

Figure 4.5(a) to 4.5(d) show the daily variations of 

the divergence of net heat flux at the four polygon posi-

tions for individual synoptic hours. 

PHASE-I 

At 00 GMT, it was heat divergence from 7th to 11th 

June and convergence after the 15th upto the 20th. At the 

other three synoptic hours, it was the reverse of the above 

condition upto the 13th and thereafter peaks of convergence 

as well as divergence were noticed. It was convergence on 

the 7th, 8th and 9th at 06 GMT and from 7th to 13th at 18 

GMT. In general, convergence of heat flux predominated this 

phase. The presence of a cyclonic circulation in the vici-

nity of the polygon area could have been the reason for 

this. 

PHASE-II 

In this phase, the heat flux values were almost 
15 

always less than lxlO J/sec. In general, neither conver-

gence nor divergence dominated except at 12 GMT when it was 

mostly divergence. The values were lower at all the synoptic 

hours especially in the period from the 6th to 10th July. 
15 

The highest amount (-1.3xlO J/Sec) of heat converged at 
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18 GMT on the 2nd and 7th July and diverged (1.6x10J/Sec) at 

06 GMT on 12th July. 

PHASE-Ill 

It was seen that, during this phase heat flux diver-

gence dominated at all the synoptic hours except 18 GMT. At 

00 GMT, heat flux diverged from the polygon area on all the 

days other than 19th and 25th May, when it was marginal 

convergence. There were steep rises in the total net heat 

flux divergence on many days, like that on 25th, when the 
15 15 

value increased from -0.15x10 J/Sec to 2.6x10 J/Sec and on 

26th at 00 GMT. From 17th to 21st May it was heat flux 

divergence from the polygon area, with varying magnitudes, 

at .all the synoptic hours except 18 GMT. At 06 and 12 GMTs 

the net flux convergence increased from the 21st to 23rd. On 

24th May it was divergence while on the 25th it was charac

terised by good convergence of heat at 06 and 12 GMTs. From 

23rd to 26th May, there were large day-to-day variations 

with the values changing from positive to negative more than 

once in this period. After the 26th, the values increased 

upto the 30th at the 06, 12 and 18 GMTs. 

PHASE-IV 

The day-to-day variations in the amount of heat flux 

diverged from the polygon area was well marked in this 
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phase. Almost always, the values changed from positive at 

00 GMT to negative at 18 GMT. At 06 GMT, it was convergence 

on more number of days with exception on the 2nd, 11th and 

7th June and at 12 GMT, it was spells of divergence and 

convergence. At 18 GMT, however, it was good convergence and 

marginal divergence on alternate days starting with conver

gence on the 2nd. 

4.4.2 Diurnal Variation 

Figures 4.6(a) to 4.6(d) exhibit the diurnal vari

ation of net heat flux divergence at the four polygon posi

tions during the respective phases. 

PHASE-I 

The diurnal variation of total heat flux was quite 

marked during this phase. On 7th and 14th of June it dec

reased from 00 to 18 GMT while on the 19th it was the 

reverse. The variations were similar on the 13th, 15th and 

16th June showing an increasing trend from 00 to 12 GMT and 

decreasing thereafter. On the 18th this pattern was reversed 

while on the 17th the decrease was only upto 06 GMT and it 

increased after that. On most of the days, convergence of 

heat in varying magnitudes were observed, with exceptions on 

13th and 16th. There are only single peaks in the values on 

many of the days. 
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PHASE-II 

During this phase, although the values were lower 

than that of the previous period, the variations were well 

marked. Most of the days showed variations with two peaks, 

but there were few days with steady decrease, as on 12th 

July. Sudden transitions from convergence to divergence and 

viceversa in between two synoptic hours were also noticed on 

many days like the 2nd, 7th, 9th, 10th, 13th, 14th and 15th 

of July. Both heat convergence as well as divergence were 

present on all the days,except the 5th, on which the values 

were always positive and the 6th on which the values were 

only negative. The highest value observed in this phase was 
15 15 

1.4x10 

PHASE-Ill 

and -1.4x10 J/Sec. 

In this phase, heat flux values exhibited good 

diurnal variations and the values were much higher, above 
15 

10 J/Sec on many occasions. From 17th to 22nd May, it was 

mostly heat flux divergence during the four synoptic hours. 
15 

The extremely high value of 2.6x10 J/Sec observed at 00 GMT 

on 26th is noticeable. The sudden transitions from positive 

to negative were also noticed on certain days such as the 

22nd, 23rd, 24th and 30th of May. On quite a few days, the 

heat flux changed from convergence to divergence or vice 

versa more than once during a day. 
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PHASE-IV 

The variations were similar to that in the IInd 

phase. On almost all the days in this phase, one could find 

the transition from divergence to convergence or vice versa, 

between 06 and 12 GMT hours. The divergence values were of 

lesser magnitudes than the convergence values. On the 2nd 

and 9th June there was an increasing trend in the magnitude 

of divergence from 00 GMT upto 12 GMT and thereafter a 

decrease. While on the 7th and 11th, the increase was only 

upto 06 GMT. Some days like the 4th and 10th June, showed 

two peaks of divergence at 00 and 12 GMTs. The above discus

sions are pertained to the diurnal variation of the total 

heat flux as a combined effect of the four walls. 

4.5 AVERAGE NET HEAT FLUX DIVERGENCE 

Figure 4.7 shows the daily variation of average 

total heat flux diverging from the Polygon areas I to IV. 

This was obtained as an average of the total net heat flux 

at the four synoptic hours. It was found that, the signs of 

this flux is exclusively determined by the wind directions. 

As such, these heat fluxes do not strictly follow the tempe

rature pattern. It should be noted here, that this para

meter refers to the average rate of accumulation or deple

tion of dry static energy into the polygon area. 
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PHASE-I 

An average picture showed that, it was net conver-

gence of total heat flux at the first polygon area except on 

the 10th and 11th June. It could be seen that the values are 

much higher. in this period with the highest positive values, 
15 15 

of 2.4x10 J/Sec on 11th and negative of 2.3x10 J/Sec, on 

8th June. The divergence increased from the 8th to 11th June 

and after that fell steeply to good convergence to the 12th. 

After the 12th, it was a wavy pattern with convergence 

decreasing and increasing alternately. 

PHASE-II 

The average heat flux divergence and convergence 
15 

values were much lower and less than 10 J/Sec. The highest 

value of heat divergence was observed on 12th July with 
15 

0.8x10 J/Sec and that of convergence was on 5th with 
15 

0.4x10 J/Sec. In this phase, divergence was present on 

more number of days. 

PHASE-Ill 

From the initial part of this period, it was diver-

gence upto 23rd May. The net heat flux divergence after an 

increase from the 17th to 18th, decreased upto 23rd May. 

From the 23rd upto 30th it was alternately, convergence and 

divergence respectively. 
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PHASE-IV 

Unlike Phase-Ill, it was convergence in the former 

part of this phase and later on, convergence and divergence 

alternated. 

4.5 RADIATIVE HEATING 

This term is obtained as a residue of the heat 

budget computations. As described in section 1.5, it is the 

difference between the sum of the sensible heat, heat flux 

divergence, and the heat of condensation. Radiative heating 

at all the four timings are combined to give the mean values 

for a given day. Negative values indicate cooling. 

4.5.1 Day to day Variations 

Figure 4.8 project the day-to-day variations of 

above parameter for all the phases. During the Phase-I it 

was seen that the pattern was almost the reverse of that of 

the average total heat flux divergence discussed in the 

previous section. On most of the days, it was radiative 

heating. The variation was most prominent between the 8th 

when it changed from maximum cooling and 12th June, 
15 

C-2.2x10 J/Sec) on the 11th secondary heating maximum on 

12th. After 12th, it decreased upto the 14th and then inc

reased to 17th June. From the 17th, it decreased to the 19th 

and again increased. 
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In the second phase, except on the 5th and 11th July 

the values were much lower than that of the previous phase 
15 

and on many days less than O.5x10 J/Sec. Except from the 

4th to 8th, it was mostly radiative cooling during this 
15 

phase. The highest value (O.7x10 J/Sec) was observed on the 
15 

5th and the lowest of -O.8x10 J/Sec on 11th July. 

Cooling was observed on more number of days during 

the third period. From 17th to 22nd of May, it was radiative 

cooling with not much difference in magnitudes. From 23rd 

onwards, it was alternately days of heating and cooling. The 

highest rate of heating was obtained on the 27th and the 

lowest on 26th May. 

Unlike in the IIIrd phase, in this phase it was 

heating on all the days except 8th and 10th June although on 

the 2nd, 

almost 

3rd and 12th it was only marginal. The values were 
15 

always around O.25x10 J/Sec with exceptions on the 
15 

6th with O.8xlO J/Sec and on the 8th where it was 
15 

-1.15x10 J/Sec. The highest values of heating or cooling 

were observed during the first phase when compared to those 

at the others. On an average also, values were higher during 

this period (June 1977). 

Hitherto studies were confined to find out the 

circulation, moisture and heat budgets at selected parts 

over Arabian Sea. These studies were useful in understanding 
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to a certain extent, the origin and maintenance of the 

monsoon activity over the Arabian Sea. Logically, these 

studies on monsoons would be incomplete if no attempt is 

made to study the monsoon rainfall. The potential indicators 

for the rainfall estimation are being looked into by many. 

The most important indicator for the Indian monsoon rainfall 

has been identified as the SST over the Arabian Sea. Despite 

a number of attempts, no concrete results could be estab

lished, keeping the scope open for further investigations. 

These aspec~s in relation to some selected Indian West coast 

stations are presented in the next chapter. 
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CHAPTER - V 

5.1 INTRODUCTION 

Several studies [Bunker (1965), Ali (1980), Angell 

(1981), Joseph and Pillai (1954, 1986) and many others] have 

been carried out in recent years to find out the linkage of 

the oceanic parameters like sea surface temperature and 

their variations with the amount, and variability of Indian 

summer monsoon rainfall. Although these have enhanced the 

awareness on the influence of oceans on tropical weather, 

the contradicting results, still keep this field open for 

further investigations. 

5.2 CORRELATION BETWEEN SEA SURFACE TEMPERATURE AND 

RAINFALL AT THE STATIONS ALONG WEST COAST OF INDIA. 

An attempt is made in this chapter to obtain a 

relationship between SST of Arabian Sea and the summer 

monsoon rainfall along the West coast of India. The detailed 

methodology was presented in section 1.5.9. The results and 

discussions are presented here. As was already mentioned 

before, the Arabian Sea area between 8° and 25°N and 60 0 E 

and 77°E was divided into four quadrants (Fig.5.1) and the 

correlations between the weekly average sea surface tempe

rature of these areas and the weekly total rainfall for 

thirteen West coast stations were studied in three different 
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ways ie., without any time lag between the SST data and 

rainfall data, with a lag of one week and with SST anomalies 

with a 1ag of one week. 

5.2.1 Correlations without time 1ag 

Table 5.1 gives the values of the correlation co

efficients for all the stations for the four quadrants 

separately. It can be seen that, although the correlation 

values are not high, they are highly significant. The levels 

of significance had been obtained from the statistical 

Tables by Fisher and Yates (1936). For Trivandrum, Alleppey, 

Cochin and Kozhikode, the correlations are significant at 

0.1% level (equivalent to a confidence level of 99.9%) at 

all the quadrants. Mangalore rainfall is significantly cor

related with the SST's at 10% level. Rainfall of the other 

stations showed low correlation. 

Examining in greater detail the above mentioned 

results, it was found that the coefficients are highest with 

the fourth quadrant followed by third, second and first 

quadrants respectively. It is natural, that the moisture 

supply for the west coast come from the western half of the 

Tropical Indian Ocean. Of the four stations selected along 

the Kerala Coast, Trivandrum showed the highest degree of 

correlation followed by Cochin, Kozhikode and Alleppey. One 

could also notice that the correlations are highly signi-
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ficant for the stations south of 13°N and very poor for the 

stations north of 13°N. Moreover the south east CA) and 
4 

south west CA) quadrants show highly significant corre-
3 

1ations with the stations south of 13°N. It may be explained 

as due to the southwesterlies prevalent during the period of 

study. The influence being felt more in the southern sta

tions because the impact would be felt immediately where the 

winds strike the coast first. Since the southwesterlies from 

the South Arabian Sea take some time to reach further nor-

thern latitudes, one has to look into this with a time lag 

between the oceanic temperature and rainfall. It is equally 

interesting to see that even quadrants A 
1 

and A 
2 

have 

influence on the Kerala coast rainfall. A close examination 

of the wind pattern over this region suggests that the winds 

are not always southwesterlies in the North Arabian Sea. 

Hence, the entire Arabian Sea area under consideration in 

the present study exhibits influence on the rainfall along 

the westcoast of India and especially the Kerala Coast. 

5.2.2 Correlations with a lag of one week 

Table 5.2 gives the correlation coefficients and 

levels of significance for the parameters with a lag of one 

week lag. As logically expected, the correlations have inc

reased considerably for stations north of 13°N latitude 

along the west coast, while for the stations, south of 13°N, 



118 

the correlation values have come down than that without lag. 

One third of the cases (33%) were significant at 0.1% level, 

39% between 1 and 5% level and the rest (27%) of them were 

significant at 10% level. There was a considerable improve

ment for the correlation values over those computed without 

lag for the northern stations. Three stations gave negative 
• 

correlations too. For the northern stations, the first qua-

drant has more influence followed by second, third and 

fourth respectively. Since it is natural to expect that the 

North Arabian Sea, which is closer to these stations would 

have more influence, the above results were not at all 

surprising. 

It would be relevant to mention here, that the 

correlations might have been much better with a lag of 2 or 

4 days also. But the non-availability of daily data pre-

vented such a study. 

5.2.3 Correlations with SST Anomalies 

Table 5.3 gives the correlation between rainfall and 

sea surface temperature anomalies. The correlation values 

were not statistically significant for almost all the sta

tions except Trivandrum. This may be probably because of 

their very small values and their difference in signs not 

being considered. 
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An intercomparison now reveals that the correlations 

are good between sea surface temperatures and rainfall of 

the subsequent week especially for stations north of 13°N 

latitude. This result indicates that one can estimate the 

expected rainfall a week before with sufficient accuracy 

using SST data. Tables 5.4, 5.5 and 5.6 give the constants 

(m and c) of the regression equations relating the rainfall 
~ 

and SST, for the three different cases described above. 

These values could be used with sufficient confidence for 

calculating the rainfall at the coastal stations. 

The present study has revealed to some extent that 

the sea surface temperatures in the Arabian Sea have pro-

found influence on the West coast rainfall. However, further 

studies should be carried out incorporating dynamics of the 

lower troposphere along with the Hadley and Walker circula-

tions. Availability of daily SST values with sufficient 

accuracy would help us to understand the stress of these 

physical parameters on the Indian monsoon in greater detail. 
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CHAPTER - VI 

In view of the utmost importance the summer monsoon 

has, not only in shaping the economy of our country but also 

in influencing the general circulation of the atmosphere as 

a whole, numerous studies on this have been and are still 

being carried out. Because of certain inherent complexities 

in the behaviour of monsoon, it has not been possible to 

arrive at a thorough understanding of its characteristics. 

Lack of adequate data over the oceans has been one of the 

reasons for the insufficient understanding of the monsoon 

phenomena. The IIOE first provided relatively extensive 

coverage of data although not exhaustive and resulted in the 

emergence of a number of new findings, some of them conflic

ting too. The seventies saw the dawning of the new era in 

obtaining data over oceans from 

such as ISMEX, MONSOON-1977, 

International Experiments 

MONEX-1979 of which the last 

was the most important since, never before was such a huge 

experiment conducted with almost all the active groups all 

over the world participating in it. The number of scientific 

papers on the subject that appeared after 1979, perhaps 

outnumber those that appeared before it. Hence, the years 

1977 and 1979 assume special importance and as such a compo

site study of these two monsoons in respect of some para

meters is worth making. 
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The budget studies play a vital role in determining 

the actual heat snd moisture sources and sinks for the 

maintenance of the monsoon circulation. The excellent data 

coverage in the years 1977 and 1979 over certain regions 

over Arabian Sea made it possible to undertake extensive 

studies on a sufficiently larger time scale varying from 12 

to 15 days. Although many studies were carried out over 

these Arabian Sea regions, the diurnal and daily variations 

were not studied extensively. Since 1977 can be taken as a 

good monsoon year and 1979 a bad monsoon year, the compa

risons between these two years represent contrasting mon

soonal characteristics. 

For a long time, people have been concerned with 

finding the potential predictors for monsoon rainfall on 

regional as well as large scale. The boundary forcings in 

the form of sea surface temperature play a dominant role in 

influencing the monsoon rainfall. Although several attempts 

have been made, the results have been very contrasting. This 

might probably be because of the differences in the areas of 

study and ~he techniques used. 

The detailed review of literature (Chapter I) re

veals that the scope is still wide open for further studies 

of these moisture and heat budgets of the marine atmosphere 

in view of the conflicting results most of which were men-
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tioned in the review. Even though sea surface temperature 

studies in relation to rainfall have invited world wide 

attention, many gaps are yet to be filled in our understan

ding of the phenomena. 

The methods to compute the various circulation para-

meters such as vorticity, 

precipitab1e water vapour, 

divergence, vertical velocity, 

moisture budget parameters such 

as evaporation, moisture fux, precipitation and heat budget 

parameters such as sensible heat, dry static energy were 

described in the Section 1.5. In addition, the method to 

find the correlations between sea surface temperature and 

rainfall for individual stations along the West coast of 

India is also described. The diurnal and daily variations of 

the above parameters are studied for the four phases indi

cated in the first chapter, during 1977 and 1979. The 

results and discussions of these studies are presented in 

the respective chapters. The conclusions and main results 

are summarised below. 

The vertical variation of specific humidity and the 

zonal and meridional components Section-2 of wind reveal the 

following salient features: Irrespective of the phase and 

the day, the vertical variation of specific humidity 

remained the same with a consistent and rapid decrease 

the mid-troposphere and a gentle decrease thereafter. 

upto 

The 
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phase to phase variations of the specific humidity did not 

show any significant differences, the maximum variation at 

the surface being only 2gm/kg. 

The studies of the zonal components of wind show 

that the westerly maximum was around 800 mb level and that 

the westerlies persisted upto very high altitudes when the 

monsoon was active as in Phase-I and in the later part of 

Phase-IV. During the above period, the easterly maximum was 

found around 200 mb level. The change of sign from wester

lies to easterlies occurred at only one level when the 

monsoon was active. During the pre-monsoon period (For eg: 

Phase-Ill) or when the monsoon was weak (Phase-II) the 

westerlies were relatively weak and alternated with easter

lies at two levels in the vertical. The maximum strength of 

easterlies was noticed around 400 mb, the magnitude being 

less than the maximum values (200 mb), in the active phase 

(Phase-I). The best indicator of the activity of the monsoon 

seems to be the vertical extent of westerlies and the number 

of times it changed sign in the vertical. The meridional 

component of wind were always of lower values than their 

zonal counterpart and irrespective of the activity of the 

monsoon and the phase, the meridional component of wind 

changed its sign twice in the vertical. 
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The amount of precipitable water vapour did not show 

any significant day-to-day or diurnal variations (Sec

tion 2.2). The amount of water vapour was relatively more in 

Phase-I when compared to that in Phase-II while, Phase-IV 

showed higher values than Phase-Ill. 

Analysis of the kinetic energy values (Section 2.2) 

at the four levels, surface, 700, 500 and 200 mbs, indicated 

that there was no consistent variation of this parameter 

with the phases. In Phase-I the kinetic energy minimum was 

around 500 mb and maximum around 700 mb while the maximum 

was at 200 mb and minimum at 500 mb during Phase-II. During 

the IIIrd phase the maximum kinetic energy was observed at 

500 mb and minimum around 600 mb especially so after 25th 

May. Kinetic energy was observed at 200 mb and the minimum 

at 700 upt~ 7th June 1979 and at 500 mb thereafter. 

As detailed in Chapter 11, the study of vertical 

time sections of vorticity, divergence and vertical velocity 

reveal the following features: During Phase-I, most of the 

period was dominated by cyclonic vorticity while anti

cyclonic vorticity dominated in the IInd Phase. The IIIrd 

and IVth phases experienced both cyclonic and anticyclonic 

vorticities. Divergence dominated all the phases except the 

first one where convergence and divergence are evenly dis

tributed throughout this period. Upward as well as downward 
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motions were noticed in Phase-I with former dominating 

latter. Phase-II and Phase-Ill were mostly dominated 

downward motion. Both upward and downward motions 

equally strong in Phase-Ill. 

the 

by 

were 

The moisture budget studies (Chapter Ill) for the 

four Phases revealed that the evaporation was relatively low 

in Phase-II and III than that in the other two. As far as 

moisture flux is concerned, considerable diurnal variations 

were noticed at all the boundaries of the polygon. In addi

tion it was found that opposite walls of the polygon exhi

bited similar variabilities. The flux values were mostly 

positive at the west wall. The daily variation of this flux 

showed both positive and negative values alternately. Almost 

always, the values were higher through the zonal walls than 

that through the meridional walls. The convergence of net 

moisture flux was dominating the Phase-I and Phase-Ill while 

Phase-II showed divergence. In Phase-IV there were both 

divergence and convergence of moisture flux. Precipitation 

which was computed as a residual parameter from moisture 

budget computations, showed that the precipitation was posi

tive almost always in Phase-I and Phase-II but it showed low 

values in the latter. May 25th in Phase-Ill and June 12th in 

Phase-IV showed prominent peaks of precipitation, and during 

these two ~hases, there were rarely negative values too. 
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Heat budget studies revealed that the sensible heat 

flux showed more positive values during Phase-I and in 

Phase-II it showed both positive and negative values. Phase

III and IV showed positive values. The heat flux did not 

differ significantly at the east and west walls, but at the 

north and south walls there was significant variations. Thus 

the convergence or divergence of heat flux into the polygon 

must be mostly contributed by the meridional transport 

although the meridional winds are much weaker than their 

zonal counterparts. The increases in the differences between 

the heat flux values of the meridional and the zonal walls 

always coincided with the presence of either a cyclonic 

storm or trough of low pressure while decreases coincided 

with the presence of a high pressure cell. The net heat flux 

showed convergence in Phase-I except on the 9th May and 

during Phase-II, heat divergence was predominant. During 

Phase III and IV divergence and convergence of net heat flux 

were noticed alternately. Radiative heating was observed 

almost all through in Phase-I except between the 9th and 

11th June 1977. Phase-II showed both heating as well as 

cooling. Radiative cooling was dominating during Phase-Ill 

while heating was predominant in Phase-IV. 

The relation between Arabian Sea surface temperature 

and rainfall along the west coast of India revealed the 

following: The correlations were good and highly significant 
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for the stations south of 13°N with the corresponding week's 

SST in all the four quadrants. For stations north of 13°N 

there was no relation at all, to the corresponding week's 

SST in any of the quadrants. The southern quadrants showed 

better cor,relations for the stations south of 13°N. The 

correlations with the weekly composites of SST and the 

subsequent week's rainfall (which means 1 week lag) were 

good and highly significant for almost all the stations 

along the West coast, although the levels of significance 

differed from one station to the other. An attempt at corre

lating SST anomalies and rainfall indicated that these two 

parameters have practically no relation at all. Although the 

conclusions drawn are good enough to indicate that monsoon 

rainfall predictors could be identified in some parameters 

over the Arabian Sea region, more extensive studies would 

have to be carried out over a much larger area in the 

Arabian Sea with extensive data for longer periods, in order 

to identify the best predictors. 
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ANNEXURE 

? R 0 G R A ~ 
~~~~~A~. EW)G~T 
=U~~ET C~Y~UTATIv~S USI~~ DATA FRO~ 4 SHIPS 

P4~A~ETe~ 'IMs5;,J~·.,~-·17,~~P1.K~+1) 
I~ -> MOU~ , J~ .s> S~IP , ~~ c=>LEVEL 

****.***.*.******** •• *** 

_ ••••• _ •• _._ •• _._ DIMENSION ***--_ •• _**-_ .. _._. __ . __ ._ .. _--
DI~f~SICN DDCIM,KM,J~),FF(I~,~~,JM),T~CIM,KM,JM),T(I",K~,J~), 

1 SST(Ir,JM),SDD(IM,J~),TDACI~,JM),TA(IM,JM),U(KM,J~), 
V(KM,J~)'WCK~,J~),G12C~M,2),~34CK~,i),Q~(JM),QW1(2), 

! ~.2(2),QA(JM),QSS(JM),P(KM),P~(I~,JM),T12(I",KM,2), 

4 T34CIM,KM,2),Z(IM,KM,J~),Z12(IM,KM,Z),Z34(IM,K",2), 

5 fH(JM),FH1C2),FH2(2),EL(JM),Sf(JM),U12(KM,2),V34(K~,2), 
e US(J~),VS(J~),SfF(IM,J~),~(KM,J"),ESSCJM),EA(JM), 

7 ~~CKr,J~),CAA(JM),QSSS(JM),~fLUX(KM,JM),Qf12CKM,2),QF34(KM,2) 

,nF~UXC~~,JM),HF12(KM,2),HF34(KM'L),OM~uA(I",KM),DIV(IM,KMP1), 
• VORT(I~,KMP1),AVORT(KMP1),ADIV(KMP1),AOME~A(KM) 
Q,St~CK~P',JM),SEM(KMP1,J~),PWCJM),EK(IM,KMP1),U3AR(IM,KMP1), 
• V~A~(I~,KMP1),QaAR(IM,KMP1),AVSED(IM,~~P1),AVS:M(IM,K~P1), 

* UAVER«(~p1),VAVERCKMP1),SEOM(K~P1),SEMM(KMP1),QAVER(KMP1), 
* :(AVc~(K~P1),QF700(JM),HF700(JM),Yf712(,),QF734(2),Hf712(2), 
* ~F~34(2),~F2CO(JM),Hf200(JM) 

C *********** ••• **.. EQUIVALFNCE •• **.** ••••••••• *** ••••• ** •••••• ** •• 
:QUIVALcNCE (Q(1,1),Q12C1,1»,CQ(1,3),Q34(1,1»,(QW(1),QW1C1», 

1 (~J(3),'.Z('»,(T(1,','),T12(',1,1»,(T(i,1,3),T34C1,1,1», 
~ (fn(1),FH1(1»,(FH(3),FH2(1»,(Z(1,1,1),Z12(1,1,1», 
3 (4(1,1,3),Z34(1,1,1»,(U(1,1),U1Z(1,1»,(V(1,3),V34(1,1», 
L (~~LUXC1,1),Qf12(",»,(QfLUX(1,3),Qf34(1,'», 
5 (HfL~XC1,1),Hf12C1,1»,(HFLUX(1,3),HF34(1,1», 

o (QF70Q(1),QF712(1»,CQF700(3),QF734(1», 
7 CHf70v(1),HF71,(1»,(HF7vO(3),H~734C1» 

c ••••••• **.**** •• * •• ******* •• **** •••••• **** •••• ********_._**,t*t._*._*_.***_* 
Ch4R~CTtR *~C TITLECIM,JM) 

O~TA p 1100C.,950.,900.,l50.,SOO.,75C.,700.,6S0.,600.,S50., 
1 5CO.,450.,~JO.,350.,300.,25C.,2CC.1 
OPE~ (05,FIl~.'SHIPDATA',STATUSc'UNKhO~h') 
JPE~ (06,FILEc'OUTPUT',STATUSc'UNKNOWN') 

,--------------- CONSTANTS ----------------------------------------------
C JL=4.0S.110.E3 

~=~.5 ; WL z4.0S.'10.:3 ; HLc2.5E6 ; CH=1.4E-3 ; PAI=22./7. 
CP=100~. ; PMC=1.2 ; DpzSO.EZ ; CO~&PAI/180. ; ~PG=DP/G 
F~cr=~L*'~~ ;~L2=WL.~L ; O.V=24.*60.*60. 

C -------- DATA L~PUT ---------------------------------------------
~O 'vG J-1,JM ; DO 10 1=1,1- ; REAO(OS,y) TITLECI,J) 
RElOCOS,11> 5DDCI,J),SFFCI,J),(OOCI,K,J),FF(I,K,J),K=1,KM) 
~~APCC5,22) SSTCl,J), T4C!,J),(TCI,K,J),K=1,KM) 
~~AtC05,22) TC.CI,J),CTOCI,K,J),K=1,KM) 
,~~~(Q~,3~) ?~(I,J), (Z(I,(,J),K=1,(~) 

1J C)~TI~UE 
1~J C~\T!~U~ 

Z3=0. 
; F:~~.TCa) 

11 'OP~A'(1~CF3.G,f2.0» 
11 F~~~.T(1~(F3.0,f2.(» 

Z~ F~,v.T('OF~.1) 

3; F~~~~:C1~F;.O) 

~j r~;~tT('~~~.~) 



c ----------- T!~'!O~T~~~ CONVERSIOh TO OEG~EE KELVIN 
00 111 J=1,JM ; DO 111 I=1,I~ ; 00 111 K=1,KM 
T(1,(,J)tT(I,K,J)+273.16 ; TO(I,K,J)=TO(I,K,J)+273.1o 

111 t~NTINU~ 
vC 112 J=1,JM ; 00 112 I=1,I~ ; TACI,J)=TACI,J)+273.16 
TO~(I,J)=TD~(I,J)+273.10 SST(I,J)=SST(I,J)+273.16 

112 CONTI~uE 
C ******* CO~PUTATI~N OF U & V CO~POhENTS FROM DOff * •••••••• ***.**** 

DC ZO~ I=1,I~; ~o 30 J=1,4 
USCJ}=-3Ff(I,J)*SIN(SOO(I,J)*CON) 
VS(J)=-SfF(I,J)*COS(S~D(I,J)*C'N) 

00 30 ~=1,K~ 
J«(,J)= -~F(I,K,J)*SIN(OO(I,K,J)*CON) 

50 V(K,J)· -Ff(I,~,J)*COS(OO(I,K,J)*CON) 
c ••• **** •• ***w***********.* •• ******.***.*********.*******-_ •• -.-*-_ ••• -.. -
C OlVt~~~NCE ,VOQT!CITY AND OMEGA COMPUTATION --------------------

C~LL VV<qT(U,V,US,VS,WL,J~,K~,O~EGA,OIV,VORT,!M,I) 

C ------------------- PART-1 NET FLUX ----------------------------
CALL SP~U~(TO,E,Q,QQ,?,IM,JM,KM,I) 

CALL FLUX(QW1,f~CT,Q12,U12,KM,Qf1Z) 
CALL FLUX('W2,FACT,Q34,V34,KM,Qf34) 

C ~RITEC06,1(~E1~.6)I)Qw(1),QWC2),QW(3),Q~(4) 

C------------------ ~f 1000 - 700 r.s --------------------------------------
CALL fLUX1CQF712,FACT,Q12,U1l,K~) 
CALL FLUX1(wf734,FACT,Q34,V]4,KM) 
T~F.UXaQW(2)-QW(1)+QW(])-QWC4) 

C ---------------------------------------------------------------------------
C ------------------ PART-? ------- SURFAC~ EVAPORATION -------------

CALL SPHU~1(TOa,EA,~A,CAA,PS,IM,JM,I) 

CALL SPhUM1(S~T,ESS,QSS,QSSS,PS,IM,JM,I) 
CALL ~T.TIC(S~D,SEM,Z,T,Q,TA,ZS,QA,CP,HL,G,IM,J~,KM,I) 

CALL TRAN~ 

1 (PW,WVZT,Wv~T,!K,UaA~,va.R,~3AR,Q,U,V,US,VS,QA,OPG,JM,K~,IM,I) 

~VZT~wvZT.~~ ; ~V~T •• VMT*.L . 
TOTPW·0.Z5·(P~(1)+~W(Z)+pW(l)+P.(4»*WL2 

C CALL ~A~(U~AR,VP.?,U,V,J~,K~) 

(ALL ~~Aq(~VSEO,SEO,IM,JM,(~P1,I) 
C-LL X~.Q(AVSE~,SE~,I~,J~,~MP1,I) 
DC SO J·1,J~ 
IF(SFF(I,J).G:.13.} TMEN 
C:=1.c[-3 

ELSE 
C;=1.4~-3 

E~OIF 

5J ~L(J):~MO.CE*SFF(I,J)*(QSS(J)-Q.(J» 
iL~;A~~C.ZS*(EL(1)+EL(2)+EL(3)+EL(4» ; EAVER=ELMEAN*WL2 
PL=EAVf~-T~FLUX ; :DAY=EkV€~.~AY 

c--- CONV~~SI~~ ~DAY(~G/OAY) g PL(KG/S£C) TO (CM/DAY) -----------------
~VD"=~D.Y·10C./(WL?*10rO.) ; PDAy=PL*D~Y*100./(~L2*1000.) 

----------------- p~~T-3 ~EAT 3uDGET ----------------------
C4~L f~:AT(F"1,F~CT,T1"Z12,U1~,IM,~~,CF,G,I,~F12) 
CALL F~~~T(F~2,F'CT,T34,Z3',v34,I~,K~,CP,G,I,Hf34) 
T~EATaFH(2)-Fh(1)+FH(3)-FH(4) 

---------------- HF 1JOO - 7C8 MS CO~PUTATION ---------------------
CALL ;":AT1("F712,FACT,T12,Z12,~12,!M,Kr,CP,G,I) 
,ALL F""AT1("F734,FACT,T34,:34,V34,IM,K~,CP,G,I) 



----------------- ~F 70) - 2~~ ~~ HF 70G - 200 
)C ,,~ J~1,J~ ; ~F20~(J)=~W(J)-QF7CC(J) 

11; riFZCJ(J)=F~(J)-~F7)O(J) 

------- ~4~T-4 SU~FACE 

J: ~J J=1,J' 
._ 5F(J)·~~C·Cw·CP·SFF(I,J)-(SST(I,J)-T#(I,J» 

.F~£A~aC.i5·(SF(1).SF(Z).SF(3).SF(4» ; SfAVER=Sf~EA~.WLZ 
~AD= -TwEAT-Sf4V:R-PL-nL ; $FD~Y:SFAVEP..O~Y 

~ ------------------- ouTPUT P~INT!~G ---------------------------------C ~~!T£(C6,'(1~,A)')TITLe(I,1) 

00 70 J.1,J~ 
~<IT"(Oe"(/1x,A)')TITL~(I,J) 

W~IT,(Oo,'(1X,"Qf700,;f'Ov,HF700,HF200 ==>",4£16.6)') 
: i GF?~~(J),~F2J:(J),~F70J(J),~F200CJi 
C ~~!T!COo,'C1X,"DRY STATIC E~EA~Y C~.~/S.S) ==>",(7E14.4»') 
C 1 ($:D(K,J), K:1,K~~1) 

~~IT~(Co,'(1X,··0:ST ~TATIC ~\~A;Y ==>.,(7~1'.4»')(SE~(K,J), 
C 1 (=1,K~P1) 

C ~~ITf.(~e"C1x,"P~ECIPIT.;LE .AT~" (KG/M*~)=",E14.4)')PWCJ) 
~~Il~(~6,17) SST(I,J),~S~(J),~SSSCJ),EL(J),=W(J),FH(J),SF(J) 

17 FJ~'AT(1X,'S5T :',FP.1,5X,'ESS(~~) s',F~.2,5x,'QSS(G/KG) =', 
1 ~t.2,~X,'EV~DC~Glw..*2/SEC) ·',E16.o,/1x,'QwcrG/SEC) .',:16.6, 
2 4X,'fH(J/SEC) z',E10.o,4X,'SHfLUX(J/M**2/SEC) :', E16.6) 
~PI·t(O~,13) 

~~IT~(~e,14) PS(I,J),ZS,SDDCI,J),SFFCI,J),TA(I,J),TDA(I,J) 
1 'J~(J),VS(J),~A(J),QA4(J) 
.~!T:(J~,1~) (P(~)'Z(I,(,J),DD(I,K,J),FF(I,K,J),T(I,(,J), 

1 T~(!'K,J)'L(~,J)'V(K,J),~(K,J',QQCK,J),QFLU~«(,J)'HFLUX(K,J), 
2 Kz1,K~) 

13 FORM.T(/1X,·PPESSU~:',3X"H~IGHT',3X,' DD ',' FF ',4x,'T',7X, 
1'TC',oX"U"~X"V',7X"~',7X"~',7X,'QFLU~(KG/SEC)" 
2 7~"HFLuX(J/~EC)') 

1~ FOR~~T(1x,2f~.O,3x,2F5.Q,2F8.1,4F!.2,2E1~.6) 
7u CCNTI~u: 

C w~ITE(06"(1X,A)')TITLE(I,1) 
~DITE(Oo,44) T~FLUX,E.VER,EDAY,~L'THEAT,SFAVER,SFDAY'KAD 

44 FO~~~T(/1X,'TQFLUX(KG/SEC) S',E16.6,4X,'EAVER(K~/SEC) z',E16.6,~X, 
1 'EOAY(Ku/D~Y) a', E16.6,~X,·PL(KG/SEC) .',:16.6,111X, 
£ 'T~~AT(J/SEC) :',E16.6,4X,'SFAVEQ(J/SEC) =',E16.~,4X, 
3 'Sf~.)(J/~~Y) z~,£1c.o,4X,'RAD(J/SEC) .',E16.6) 
.~ITt(U6,~5) £VDAY,P~~Y 

55 FOK~~T(1X"tCAY:'i~12.4,3X,'PDAY=',£12.4) 
JRIT~(06,66) 

O~ fO~~~T(1X"=R:S$',5X"DIV(/SEC)',5X"O~EGA(~B/SEC)') 
~~lT~CJe,'(1X'F6.0,2:14.4)')(P(K),CIV(K),O"EG.CK)'K:1,K~) 
.~:TE(So'·(1X,~:14.4)·)(VCRT(I'(),Ka1,~MP1) 

.~lT~(~~,'(1X,·~E.~ U .z>.,(17F7.2»')CUBAR(K),(z1,KM) 
~QIT£(0~,·(1x,·~E'N V :=>*,(17F7.2»')(VoAK(K),K=1,~~) 
.~ITi(U6,·(1X,·'~~AN K.l.(M*M/S*S) s:>",(7E14.4»') 

1 CE(~),K:1,~~~1) 

C w~IT:(~o"(1X,.TOT.L ?~ECIPIT42LE WATEq (KG) =*,£14.4)')TOTPW 
C WRITE(CO,'(1X,*ZONAL T~ANSPOPT OF WV CKG/S)a*,E14.4,5X, 

1·~~RI~IOh4L TRANSPORT CF wV «G/S)a*,E14.4)')WVZT,wVMT 
~~ 233 (=1,K~P1 

,3; ~~AR(!,~):Q3A~(I,()*10Q0 • 
• ~:!E(~~,'(1~,"=~A~ ==>",(17F7.2»')(.3A'(I,K),(:1,(~P1) 
~~IT·(Qe,I(1X,"J~~~ ==>",(17F7.Z»)')(U3A~(I'K),(=1'K~P1) 
~~IT~(:~,'(11,"Vi:~ .=>",(17F7.2»)')(V3A;(I,~),(=1,(YP1) 

2:~ CQ~T!hUo 



-------- CC~~UT~TI~k OF MEAN p~OFILES FOR THE ?H~SE --------------
:ALL AVEP(SfD·,AVSe~,I~,~~P1) CALL AVER(SE~M,AVSE~,I~,(MP1) 
C-LL ~Vi'(UAVf~,U3AR,I~,K~~1) C~LL AVtR(VAVER,V6AR,:M,(~P1) 
C'~L IVE~('~V(~,~~AR,:~,'~P1) C~LL AV~R(EKAVER,E(,IM,KMP1) 
C~LL 'Ve~(AVOKT,VOKT,I~,K~P1) CALL AVER(ADIV,DIV,IM,(~P1) 
CALL 'V~;(AOMEGA,O~!GA,I~,K~) 

C DO 11~ K·1,~~P1 

C 11~ CAVi?(K).QAV~~«()*10na. 
c ~RIT~(Oc,'(1x,"~cA~ U c=>··,(17F7.2»·)(U~V:P.(K),K=1,KMP1) 
C ~~IT:(~~,1(1x,"~cA~ V ·~>··,(17F7.2»I)(V~V:~(K),K=1,KMP1) 

~~IT£(O~,·(1X,"SP.HU~ ==>·',(17F7.2»·)(QIVE~(K),K=1,KMP1) 
c ~~ITE(:~,'(1X,"~EAN (.E.(~.~/S*S) ==>",(7E14.4»') 
C 1 (E(AV~~(~),K=1,KM~1) 

~)lTE(06,·(1X,'·AV. V~~TICITY =:>··,(~E14.4»·) 
1 (IVOkT(,),K·1,K~P1) 

4-1T:(:c,'(1X,"AV. DIVEPG~NC: :=>",(~~14.4»') 
1 (A~IV(K),K·1,KM~1) 

C WQIT:(C6,'(1X,"AV. O~:GA ==>'·,(fE14.4»·)(AC~:GA(K),K=1,KM) 

C ~~ITE(~~,'(1X,"DRY STATIC ENERGY (~*~/S*S) ==>",(7E14.4»') 
C 1 (S~D~(K), K~1,K~~1) 

C ~~ITf(:o,'(1X,"MOIST STATIC ENERGY ==>··,(7E14.4»·)(SE~M(K), 

C 1 K=1,~MP1) 

STCP 
E~O 

c ••••••• _ •••••• - ••• **- s U & R 0 UTI N E S 
SUSQOUTI~E SPHU~(TD,E,~,QQ,P,I~,JM,K~,I) 

-**-**.* ••• _. __ •••••• *-_._. 
DI~~~S!CN TD(IM,'M,JM),~(~M,J~),P(K~),f(KM,JM),QQ(KM,JM) 
JO 10 J.1,J~ ; Da 10 K=1,(~ ; TT=TD(I,K,J) 
IF(TT.L!.2~!.) THEN 
~.2'.~7 ~.7.6~ 
~LSE 
4=17.2t ~=35.~e 

:'~IF 
e(K,J)·~.11*fXP(A.(TT-273.16)/(TT-a» 
~(K,J)cO.~22*E(~,J)/(P(K)-O.37~*E(K,J» 

10 ~Q(~,J)·~«(,J)*10~J. 
~~TU~t 

:~~ 
c -*.*_. __ •.• _---_.*--** .... -. __ ... -_._---_._---.-_ .. -_.*--*;*-**_.**-*;-_ .. _ .. 

SU3~U~TI~E fLUX(Q~,~ACT,~,J,,",DgOD) 

~1~!NSIO~ ~~(2),.«(M,2),~(~r,2),PR~C(~~,2) 

O~ 1e J=1,2 ; ~~~.~. ; Du 2: K=1,K~-1 
~c:D(~,J)=(~'K,J)+~«(+1,J»*(~<K,J)+Q(K+1,J»*O.25*FACT 

i( SU~·SU~.pDJC«(,J) 

10 ~~(J)=SU~ 
~~TU~~ 

~~o 

iU~C~UTl~c F"~AT(FH,F.CT,T,Z,v,IM,K~,CP,G,I,P~~D) 

~:~!~!lnN T(I~,~~,2),U«(M,2),Z(IM,(~,2),FH(2),?~OD(K~,2) 

,~ 1~ J=1,? ; jUM=U. ; DU 20 ~.1,~N-1 

>"J=C~·(T(I,(,J)+T(I,(+1,J»+G*(Z(I,K,J)+:(I,K+1,J» 

~'~~(~,J)·(~(~,J)+J(K+1,J»*~~C·G.125*F~CT 
,~ 5~~:S~~·~~~C(~,J) 

,~ F~(J):~~-

~~TUR' 

...... _ .................. *-_ .... *._-* .. _ .. _--* ... --*--._.**---_ .. __ . __ ._*- •• * 



§J=q)UTIH~ FLUX1(;F,FAtT,',U,~~) 
~l~[~SI~~ ~F(2),~(~~,Z),U(K',Z) 

D0 1~ J=1,2 ; su~=a. ; DO 2~ K=1,e 
>=~~=(~(',J).~(K+1,J)'·(J«(,J)+=(K.1,J»·J.Z5*FaCT 

,j $\J,';"$\,;,',+;'o<;') 

1u ~F(J)=St.:·· 

,~£TU"'; ; L;~ 

* •• *~** ••• *** •• *.**.*** •• ***.**.~******.**** •• ***.*********.**.***~*******~** 
SU~~vuTI~E FHeAT1(~f,F~CT,T,Z,~,I~,K~,CP,G,I) 

OI~ENSIC~ T(!~,(M,2),u(~",2),Z(I~,KM,2),HF(2) 
00 1: J-1,2 ; SU~=0. ; DO 20 Ka1,~ 
?~J=CP*(T(I,K,J).T(!,~·1,J»·~*(Z(I,~,J)·Z(I,K·1,J» 

?;O~=(U(~,J)+U(·+',J»·?RC*O.125*FACT 
2J ~UM"SU~~.P'OO 

,' .. rH (J) =S'J " 
~ETURN ; ,r,f) 

.-*-*-*---------_ .. _ ... _-------------_.-.*-------------*--**-*--------.-.*-*
SU~ROVTI~! ~PHU~'(T,e,Q,Q~,P,!~,J",I) 
OI~!NSION T(1v,JM),E(J~),3(JM),P(IM,JM),QQ(J") 

DO 10 J=1,J~ ; TT=T(I,J) 
IF(TT.LE.2b!.) T~E~ 
;'=21.~7 3"7.5~ 
EL SE 
~a17.:6 ~.35.5~ 
::~o IF 
E(J)=t.11*oXO(A.(TT-273.1b)/(TT-~» 

;(J)=O.~22*t(J)/(?(I,J)-u.37a·E(J» 

1J ~~(J)=;(J)*100J. 
ETU"~ 
£ ,', 

C __ *_* ••• _.awa._ .• _____ *_* __ ****. __ **_*_ •• *_*_*.***_**_**.******************** 
SU,~OUTI~~ ~~~RT(U,V,US,VS,WL,J~,(",W,OIV,VORT,I",I) 

OI~EHSIOH U«(~,J~),V(K~,JM),OIV(I~,(~+1>,AOIV(17),W(I~,~M), 

* US(J~),V~(J~),VORT(I",K~+1) 
(~1.~~-1 ; OPcSC. ; OX:1./WL ; _(1,1)-0. ; .(1,KM)zr,. 

C ------------ C:VEqGe~C~ CO~PCTATION ---------------------------------
~!V(I,1)=Ox*(lS(2)-US(')+VS(3)-VS(4» 

;,<:; 1..: ..:=1,'" 
1J )!V(I,~.1)=Df.(l(~,2)-~(',1)+V(~,3)-v(~,4» 

C --------------- vURrlCITY CO~PUTATIO~ --------------------------
yO~T(1,1)=DX·(VS(~)-VS(1)-US(3)+~~(4» 
0: 15 k:1,,<" 

1~ V:~T(!,(.1)=~x.(V«,Z)-V«(,1)-U(K,3).U«(,4» '!J :J,f(:2,~:-' 

:~ ~~lV(~-1)=(~:V(1,K)+v!V(I,~·1»·O.5 

v; '!-'J .. :1 'h~1 
)..,) 3J:'=.,;'..!····~~!v(l() 

CO,,=~U'l·J~/:)C. 

Of ... ~'J 1<.=1 ,-:~1 
.) ~~!V(~)c(A0Iu«()-CO~)·~o 

C Sir=';. 
C ~~ ~, (z1,~~ 

~: :Jh=SJ··~~=V«) ; ~~TT~ (~~,·(~1t.~).) )vv 

J')~"" , .. :4::,(·~1 
)J .(I,~)=.(I,~-1).~~IV«-1) 

-i.~Tu",~ 



•••••••••••••• * ••••••••••••••• **.***** •••••• *** •• **.**--*** •• -_ •• *.** ••• ** •• _-
iU~~0UTI~~ 5T:TIC(S~D,S~~,Z,T,~,TA,ZS,QA,CP,HL,G,IM,JM,KM,I) 

t0~PUTAT!J~ JF '~Y STiTI' t~~RGY (:5£D) , MOIST STAT:C ENERSY (:SE~) 
bI~f\~IC~ 5~C(~··',J~),~~~'(~·',J~),Z(I~,(~,JV),T(I~,K",J~), 

1 ~(~~'J~),lA(J~),T~(I~,JM) 

;: ,~ J:1,J~ ; SED(',J)=G*lS+CP*T~(I,J) 

S~"(1,Jl=SE~(1,Jl+Qa(J)*ML 
DC 1C K:',(~ ; 5fD'K.1,J):G*Z(I,~,Jl+CP*T(i,K,Jl 

11 :;:·I(J(+1,Jl=~~t·( ... ·1,J)· .. (J(,Jl*t'L 
R:'TU,,': ; ~\C 

c * •••••••••••••• -_ ••• * ••• _ •• * ••••• -*--**-*-* •• _--** •• *.***_. __ •• *--*.****.****. 

f 5 :.L ... ; CUT 1 :, ~ T 1\ A 'I S 
1 (~~,JV!T,_V~T,~(,L~A~,Vq40,~~A~,w,U,V,J~,VS,CS,D?S,J~,~~,I~,l) 

:y~~~T~3 P;:C:PI1A~L~ wAT c- (rw)'LC~AL TPAX~POQT OF .V (WVZTl, 
'~;!JI~~AL T~A~soJRT OF ~V (~V~T) ,~EAN K.~.(~() 

) i .. ., '. ; r ~:. li (K ., J ,,) , V ( K >:,.; .~) , ~ (,,'; , J v,) , ~ .. (J "') , :: K ( 1/0\, J( ~.1 ) , U S (J If.) , 

1 VS(JV) ,U'A~(I¥,K~·1),V3A~(I~,J(M+1),~5A~(I~,K/O\+1),~~(J~) 

PkECl?IT~:L; wATE~ -------------------
DC 1J J=',J~ ; 5U~=O. ; 00 10 ~=1,(M-' 

1. ,,~tJ) =~J'Y"~~I: 

lO~~L , M!~I~lJN~L T~ANSPORT Of WV ,ME~~ KE ---------------
~V!T=:. ; WV~T·G.; DO 20 K:1,(~ 
;"A~(!,K+1)=O.,S·(Q(K,')+Q(K,?)+~«(,3)+Q(K,4» 

u?'~(I,(·')=n.2~*(0«")+U(K,2)+U(K,3)+U(K,4» 
V;~~(:,~+1)=U.25*'V«(,1)+V(~,2)·V«(,3)·V«(,4» 

2) ~~(!,~.1)=0.~.(U~A~(I,(+1l*U3~c<l,(·1)+VaA~(I,(+')*VSAR(I,K+1» 
Cote ~J K=~,J(1t 

.~LT=.V:T·(:·~~(I,()+~=l~(I,(·1»*(ueA~(I,()+U3AR(I,K.1»*0.25 

JV'-=~VVT.(~ ~~(I,().J~A~(I,~.1»*(va4~(I,K)+V~AR(i,(+'»*0.25 

.. ViT:.v:T*D=~ ; _vvTEWV~T*DPG 

U~~~(I,1)=J.25·(US<1)·US(2)+uS(!)·US(4» 

V~4R(I,')=U.25*(VS(1)+VS(2)+VS(!)+VS(4l) 

~=~R(I,1)=C.25*(CS(1)+~S(2l+~~(3)+QS(4» 

EK(I,1)=J.5·(U~.~(I,1)*U~AR(I,1)+V3'R(I,1)*V3A'(I,1» 
UTI..',!', ; ~·.c , . 

••••••••••••••••••• *****_.**.*****.***** •• ********.***.*.*****.********* •• _*** 
~u;NOUTlh! ~A~(U3,V~,U,V,J~,KM) 
Jr~E~:r~~ U~«(Y),V5(J(~),U«M,J~),V(K~,J~l 

'J\=J~ ; ~~ 1e (=1,(N ; usu~=Q. ; vsu¥=C. DJ 20 J=1,J~ 
~5u~:USuv.U(K,J) ; VSJ~=VSUM+V«,J) 

2~ CO~Tl~U: ; ~~«():USUM/XJM ; V?(K)=VSUM/XJM 
1 0 cor, TI N v E ; ": T U ~ ~ ; ; ~ c· 

- •••• * •• ** ••• *~.**** •• ******.***********.********.* •••• _ ••• **----**_._--** ••••• 
~U3-JUTIN: ~~~~(x~,X,!~,J~,(M,!) 

J:"~~I~~ X~(I~,(V),~(K~,J~) 

)~ 1) .. "1,00 
,~ XO(!,<)=0.~5"(A("/1)·~«,2)·A(J(,3)·X(K,4» 

;:qUi;t\ i ,,~~ 

••• * ••• * •• ** ••••• **.******.** ••••• * •• *** •• ********* ••• **.-.-._**** •• _._-_ •• -** 
3U30~0TI~f ~V~~(X~VE~,X,I~,(~) 

:> ! ~ ~ i, ) : .'.\ X ~ v i. ~ (I(~, ) , ( ( I ~, ;( ~) 
A!~=I~ ; :~ 1" '%1,(~ ; ~U~=J. 

i..; ~ J'. = ~ l! ., • x ( I , ( ) 
,~ (~v~·(~)~S~~/·I· 

D; 20 1=',1'" 
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