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Pm:-; FACE

Of the several physical processes occurring
in the sea, vertical motions have special significance
because of their marked effects on the oceanic
environment. upwelling is the process in the sea
whereby subsurface layers move up towards the surface.
The reverse process of surface water sinking to
subsurface depths is called sinking» Upwelling is
a very conspicuous feature along the west coasts of
continents and equatorial regions, though upwelling
also occurs along certain east coasts of continents
and other regions,

Upwelling influences the physical, chemical,
biological and geological environment of the region.
Eince upwelled water is rich in nutrients high fishery
resources are common and variations in the intensity of
upwelling, both in space and time are known to cause
variations in the production of biomass at Various
trophic levels. Tho high productivity is reflected
in the deposition of sediments rich in organic matter,
which may lead to formation of valuable quantities of
petroleum or phosphorite. The effects of upwelling are
reflected in the meteorological conditions as well; the
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cool and uneventful weather on the coasts of Peru and
southern California is the result of upwelling. it
has been known that variations in the Somali Coast

upwelling affect the low level jet and hence the
monsoon over India (Wooster, 1978). The '51 Nine’ of
1972 not only affected the environental conditions off
Peru, but it had also a possible relationship with
drought in Brazil (Caviedes, 1973).

Upwelling in the Indian Gcean is unique in many
respects due to the periodic monsoon winds. Though
upwelling in the Indian Ocean is not exclusively a
phenomenon of the coast, regions of coastal upwelling
are highly productive and heavily fished. For the
better exploitation of various resources in the coastal
regions a thorough knowledge of upwelling and sinking
in these regions are necessary. In this Thesis it is
attempzed to find out the period and duration of
upwelling and sinking off the Indian coasts, its
causative factors and its major effects. and thereby
it is aimed to get a detailed account of the physical
process of upwelling and sinking. Particular importance
is given to upwelling off the west coast of India.

The Thesis has been divided into six chapters,
with further suodivieione and sectionelisations.
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Chapter one has two sections. Section one deals
with a general introduction, and in the other section
the material and methods for the present investigation
are presented.

The second chapter deals with the seasonal
variation of temperature and density fields off the
west and east coasts of India.

The surface vergence, windstrsss and sea level
off the east and west coasts of India are dealt in
chapter three.

Chapter four is concerned with the inferences
on upwelling and sinking drawn from the study of
temperature and density structure, vergence field,
windstress and sea level variation off the west coast
of India. Various other associated features are also
discussed.

The fifth chapter has uwo sections. Section one
deals with upwelling off the east coast of India, while
section two is a cemparison of upwelling off the east
and west coasts of India.

The sixth chapter summarises the results of the
present investigation and conclusion arrived at.
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The mean epeed of the vertical currents in the
ocean la much leee than that of the horizontal currente.
But it is the moat important proceee by which the sunlit
regione of the sea are refertilieed by the eaeentiel
plant nutrients. According to Smith (l964,l968)
upwelling meane an ‘ascending motion of eon minimum

duration and extent, by which water from subsurface
leyere ie brought to the surface layer and is removed
from the area of upwelling by horizontal flow’. This
use of the tenn upwelling follows Sverdrup (1938) and
WYrtk1 (1963). Upwelling may occur anywhere but it is
a very conspicuous phenomenon along the wet coaet of

continents (the eastern boundary current region) and
usually the upwelled water comes from a depth of few
hundred meterea

Upwellinq occurs along the coasts where the
prevailing winde carry the eurface water away from the
coast. For that the winds need not be offshore since
due to earth's rotation the wind driven transport will
be perpendicular to the coaat for a wind parallel to the
coaet. According to Hidaka (1954) the moat intenee
upwelling occurs when the wind makes an angle of 21.50
with the coastline such that the traneportation ia offshore.
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Upwelling also occurs in the regions of
diverging currents, i.e. regions where surface water
masses of the ocean move from each other or away from
the coast, so that water from the deep must rise, as s
feature of upwelling to replace them (Sverdrup, i938;
Svsrdrup st Ole; 1942),

I

An upwelling brings subsurface water to the
surface layers, it induces horizontal anomalies in
physical and chemical oropertiea that normally have
marked vertical gradients. Such effects can be produced
by wind induced mixing or by baroclinic adjustment of
density field associated with an increase in geostrophic
transport, but ;he persistence of such anomalies can be
possible indicators of upwelling.

The presence of subsurface water at the surface
is accompanied by a lowering of temperature in the regions
of upwellinq. The water becomes colder near the shore and
temperature increases offshore. Along the Somali Coast
during intense upwelling the surface temperature is <l4°C
(Swallow and Bruce, 1966; warren at al., 1966), while
during the period of sinking it is >28°c. In regions of
summer upwelling the annual range of surface temperature

is less (eg. California Coast), but in regions of winter
upwelling the annual range is increased (eg. Peru Coast)
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Generally, in the see salinity decreases with
depth. So the usual effect of upwelling is a decrease
in salinity in surface layers. But off the west coast
of America surface salinity increases due to upwelling
(Wooster and Reid, 1963).‘ However, the variation of
salinity in the region of upwelling depends on the
vertical structure of salinity in that region.

The density structure of the regions of upwelling
will be similar to the temperature structure with
isopycnals rising. Bring intense upwel1ing,the
pycnocline reaches the surface or may even outcrop into
the naviface. The vertical density gradient below 100
meters depth decreases in many regions of upwelling and
a descent of isopycnals towards the shore below th18
depth is observed. This is associated with a poleward
undercurrent off the wst coast of continents and it is a
conspicuous phenomenon associated with upwelling (Yoshida

and Tsuchiya, 1957; Reid at al., 1958; Hart and Currie, 1960;
Reid, 1962).

Generally, the oxygen value is minimum in the
thermocline layer. During upwelling, subsurface water
of relatively low oxyty ascends towards the surface and the
surface oxyty decreases. Hence low oxygen content is a
very common feature of major regions of upwelling.
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The nutrients generally increase with depth in
the oceans. So high values of phosphate and nitrate
are usually associated with upwlling.

Dring upwelling, warm, less denser surface
*water is replaced by cold, denser, sub-surface water.
In adjusting isostatically the mean sea surface is
lowered (Patullo et al., 1955; Patullo, i963).

The cold water near the coast in the regions of
upwelling creates a pressure gradient from offshore to
the coast and a geostrophic flow is resulted. Hence,
strong coastal currents can be expected in regions of
intense upwelling.

Upwelling has a marked effect on climate along
the western coasts of continents (where upwelling is
very conspicuous). The eastern boundary currents flow
from higher latitudes and the water temperature is
generally low, but upwelling makes it still cooler,
than it would have been otherwise. The cool upwelled
water along the coast cools the air and increases the
relative humidity. Low stratus clouds or fog are
common in such regions. Upwelling increases the
atmospheric pressure gradient from sea to land and the
resultant sea breeze is intensified. Upwelling in summer
slightly reduces the back radiation, and there is
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considerable reduction in the conduction from sea to the
atmosphere and heat lose due to evaporation (Lane, 1965b).
Despite these, there is an increase of relative humidity.

denerally, the regions of upwelling are of very
high productivity. Primary productivity can be measured
with C14 techniques: the quantitative measure is the mane
of inorganic carbon by photosynthesis per unit tim per
unit volume or surface area of ocean. The average
primary productivity of the wrld ocean is of the order
of 0.2 gCm'2 dey'1 (Steeman Jielson and Jensen, 1957).
The values of the order of l gm"2 day.‘ given by
Holmes at al. (1957) off Peu and by Anderson (1964)
off Oregon can be typical of coastal upwelling regions.
But there are a number of other factors that effect the
overall productivity of an upwelling region. Blackburn
(1965) points out that the production of phytoplankton
in an upwelling region can be temporarily limited by the
coldness of water, some time will elapse for zooplankton
bloom, and some more time will elapse for the fishery
resources to prosper, during which time the biota involved
may be transported away fro the upwelling region. But
it is obvious that the coastal upwelling regions and
equatorial regions 848 the most productive regions of
the oceans. Upwelling and the production of fish are
discussed in detail by Cushing (1971).
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The coastal upwellinj zone generally has a width
of 50 to 100 km and it depends on the latitude and
etracification of water (Yoshida, l955a,l955b,l958b).
The width of the upwelling zone normally decrease: with
increasing latitude. Off southern California the
upwelling zone has a width of l0O-200 kn (Lynn, 1967)
but off Oregon its width decreases to about 50 km
(Smith et alt, 1966), which is in agreement with Yoehida'e
theory. However, there are some exceptions like the
Arabian Coast where the upwelling zone has a width of
about 400 km (Smith and Bottero, 1977). The width of the
b1Ol0g1C81 productive zone often exceeds the coastal
upwelling zone and off California its width varies between
200~5O km (Thrailkill, l956,l957,l959,l96l,l96).

1.2. figgll work; 25 ggggllingl

The conspicuously cold water along the west coast
of Africa and America was observed and recorded by early
explorers and conquerors. Till the nineteenth century
it was generally believed that the cold water off the
coasts of Southwest Africa, Peru and California were the
result of cold water advected from higher latitudes. But
later it was found that the temperature was not increasing
with decreaeinn latitudes and in some regions coldest
water was observed near the equator. De 119"“ (1844)
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explains the cool water off Peru as a result of upwelling.
nitte (1880) in a theoretical discussion concludes that
upwelling can occur either by the effect of earth's
rotation on meridional currents or by offshore winds
driving the water away from the coast. Buchan (1895)
summarising the Challenger expedition also held the view
that offshore winds that drive surface waters offshore
were responsible for upwelling»

It is the work of Ekman (1905) that provided the
basis for understanding the effect of wind stress on
oceanic circulation. it shows thao due to earth's
rotation and frictional forces, the net transport due to
the wind stress is directed 90° to the right of the wind
in the northern hemisphere-and to the left in the southern
hemisphere. Using Ekman's theory, Thorads (1909) explains
upwelling off the west coast of America. It is shown that
upwelling is a direct effect of the prevailing northerly
winds blowing parallel to the coast. Mcfiwan (1912) proves
from temperature anomalies off California Coast that
uowelling in this r gion is in satisfactory agreemnt with
Ekman's theory.1-3- =

in applying Ekman's (1905) theory quantitaeively
to upwelling off southern California, Sverdrup (1938),



Sverdrup and Fleming (1941) arrived at s dynamical
interpretation of upwelling. Following Yoshida (1967)
it is known as the Ehman-Sverdrup model. Hidaka (1954)

put forward a steady-state model of coastal upwelling
and found that maximum upwelling occurs when the wind is

at an angle of 21.50 to the coastline such that the
transportation is offshore. Saito (1956) extended
Hidaka's theory to consider a transient state in which
upwlling and coastal currents develop in an ocean
initially at rest when a wind suddenly begins to blown
Yoshids (l955a) considers upwelling associated with winds
of a few days to a week duration as I transient boundary
phenomenon. His theoretical computations show good

agreement with actual observations off the California Coast.
Yoshida and Tsuchiya (1957) considers the poleward flowing
countercurrent in subsurface layers as an indicator of
upwelling. Yoshida (1967) in his quasi-steay state
model had carried out a comrehensive study on upwelling.
He also mentions the importance of internal Kelvin waves
that travel poleward along the eastern bundaies and if
resonance occurs between these waves and the forcing
disturbance, the poleward moving internal waves attain
appreciable amplitude and can produce localised upwelling
without any apparent wind. Using s form of vorticity
equation Arthur (1965) discusses upwelling in eastern
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boundary current regions.

Ryshkov (1959) devised s nomogrm for calculating
the vertical and horizontal scale of upwelling. Arthur
(1965), Hidaxa (l96O,l96lb,l965,l966,l968), Bclevisch (1966),
Ichiye (1966) and Yoshida (l958b,l959) derived theoretically
the magnitude of upwelling. But the value of vertical
velocity determined by several methods differ sometimes
ap>recisbly, possibly due to the differences in the various
assumptions involved.

Recentlm.a number of theoretical model studies on
upwelling have been carried out (darvine, 1971,1974; Hseuh
and Kinney, 1972; Allen, 1973; Hurlburt and Thompson, 1973;
Kindle and O'Brien, 1974; P€dUlO8ky, l974s,l974b,l978s,
1978b} Paffley and O'Brien, 1976; Hamilton and Rsttray, l978)
dill and Clarke (1974) discusses wind induced upwelling,
coastal currents and sea level variations. The role of
mixing in upwelling dynmice has been discussed by
Thompson (i978). Yoshida (1981) in his study of coastal
undercurrent, used e two layer, flat bottom and £~1ayer
approximations in discussing various aspects of upwelling,

The various theoretical works on coastal and

equatorial upwelling have significantly increased our
knowledge on the process of upwelling. However, neither
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of them is complete in all respects, mainly because the
total process is highly complicated and for a theoretical
model various 8lIUmJt1Ofl8 have to be made, some of them
will be too ideal which may not represent the actual
conditions.

1.4. Qegions of upwelling;

Upwelling is a conspicuous phenomenon of the eastern
bounaary current region. Qualitatively upwelling should
occur in regions of diverging currents usually induced by
wind. The most intense upwelling is in the coastal regions
off the west coasts of continents where a one-sided

divergence of the surface layer is induced by a windstress
parallel to the coastal bundary.

Since major coastal uowelling regions are
associated with eastern boundary currents, the current
system itself is referred as the upwelling region. But
seasonal upwelling does occur along the east coast of
continents such as the Somali and Arabian coasts and
east coast of India.

1.4.1. Peru Current System

The first scientific study of the Peru Current
upwelling system was done by dchott (1931). Later

investigations by dunther (1936) sug;ests that upwelling
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in this region is in general areement with Ekman's
theory and concludes that upwelling takes place from a
depth of l30 m. He observed a sub-surface poleward
undercurrent also. Wooster and silmartin (1961)
studied in detail about the Peru-Chile Undercurrent
associated with upwelling. wyrtki's (1963) calculations
indicate that upwelling is limited to depths less than
100 m, ad the vertical velocities at 100 m depth srs
of the order of ld'5 to l6'4 cm sec'1. At shallow depths
vertical velocities are higher. Among other works those
of Posner (1957), Meade and Kishhmoto (1970), Beers st sl.
(1971), Smith at al. (1971), Smith (l978b), Zuta at al.
(1978) are noteworthy. Johnson at al. (1980) discusses
upwelling in the Humboldt coastal current near Valpariso,
Ch11Qs

An unusual phenomenon in the Peru Current upwelling
region is the ‘El dine’. During aonormal southern hemisphere
summer, upwelling ceases ad the Peru coastal region is
characterised by high surface temperature, northerly winds,
and heavy rain, followed by mass mortality of living
organisms. ‘El Nine‘ has been known to have occurred in
1891,1925,1941,1953,l951~'58,l965,l972 and 1976. Various
theories have been put forward for explaining ‘El Nine’
Wooster (1960) attributes the cause of ‘El vino’ to a
general weakening of atmospheric circulation. Bjerknes (1961)
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suggests that ‘E1 Nine’ is due to the slightly
fluctuating strength of the trae winds. The disappearance
of southerly winds for any apreciable time results in the
overflow of warm water of tropical origin (from Equatorial
Countercurrent) over the cooler water of Peru Current
causing ‘El dine‘. Recent works by Wyrtki (1975) and
aarnett (1977) also generally, support this theory. The
characteristics of various ‘El Mine‘ events are also

studied in detail (djerknes, 1966; duillen, 1971; Wooster
and Guillen, 1974).

1.4.2. California Current System

Upwelling is seasonal in the California Current
system. {he northerly winds are strongest off Bsja California
in April and may, off southern California in May and June
and off Oregon and Washington in July and August (Smith,
1968). Upwelling in the California Current system has been
studied by Sverdrup (1938), Sverdrup'and Fleming (1941) and
Yoshida (1955a,1955b). The subsurface poleward flowing
narrow undercurrent is very well developed during the
period of upwelling (Reid et a1., 1958; Reid, 1962;
Wooster and Jones, 1970). Upwelling off the Oregon<coast
has been one of the most excensively studied (Smith, 1964,
1974; Smith et al., 1966; Steffanaon and Richardson, 1964;
Halpern, 1974,1976; Burt at al., 1974; Moors et al., 1976;
Huyer et al., 1975b; Huyer and Smith, 19743 Huyer, 1976,1977).
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1.4.3. Benguela Current System

The first major report on the Benguela Current
upwelling system was mac by Uefant (l936a). Upwelling
in this region is closely associated to the wind and it
is maximum during summer (Jones, 1971). From summer to
winter the upwelling shifts to the northern region with
the shift of the rind. Various aspects of uowelling in
this region are discussed by Hart and Currie (1960),
Shannon (1964), Schell (1970), Calvert and Price (1971),
Jones (1971) and Andrews and Hutchings (1980), and direct
measurement of current at the shelf edge of southern
Benguela were made by Bang and flndrews (1974).

1.4.4. Canary Current System

upwelling off the northwest co:et of Hfrica is
connected with the Canary Current $ystem. temperature
anomaly charts indicate maximum influence of upwelling
in spring and susmer (wooszer and Reid, 196). Wooster at al
(1916) indicates strong upwelling between 2o°4 and 25°»

during winter and spring. Recently, ootailed study has been
carried out by Jones (1972), Hughes and darton (1974),
Johnson et a1. (1975), Halpern et al. (1976), Huyer (1976),
Barton et a1. (1977) anu Tomczak (1977).

Another interesting region of upwelling is the
zonally oriented duidea Current System (shana upwelling).
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The sudden onset of upwelling in this area without any
notable change in wind has attracted many scientists.
Houghton (1976) attributes this to coastally trapped
waves of equatorial origin. Houghton and Beer (1976)
carried out a detailed study of the wave propagation
durinq ihana upwelling. Inghm (1970) gives s very detailed
account of the hydrography of this area during the period
of upwelling. Recently, Bakun (1978), Philander (1979)
ad Clarke (1979) have discussed suinea Current upwelling
system. Upwelling starts in June and continues upto
October (Philander, 1979).

1.4.5. Equatorial Upwelling

Defsnt (l936b) recognised two I@qiOfl8 of divergence
in the equatorial regions, one at the equator due to winds
and the other at the northern ooundary of the Equatorial
Countercurrent. It is noted that the equatorial upwelling
regions are of very high productivity (Dietrich, 1957).
Aow it is generally accepted that upwelling at the equator
is closely associated with the Equatorial Undercurrent. In
the Pacific, Equatorial upwelling is discussed by Cromwell
(1953), Austin (1958), Wooster and Cromwell (1958) and
wyrtki (1981). Austin and Rinkel (1958) discusses the
variation of upwelling in the equatorial Pacific. wyrtki
(1981) indicates the velocities of upwelling to be of the
order of l m day'1 in the equatorial Pacific, which is much
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less than the value obtained by Helpern (1980) from
surface current divergence. The results of Austin end

L

Rlnkel (1958) suggest that the most intense upwelling
occurs in the eastern and central Pacific and there is no
evidence of upwelling in the western Pacific. According
to Cromwell (1958) thqkhallow thermocline at the equator
is due to upwelling as evidenced by the high phosphate
content, but the northern boundary of the Equatorial
Countercurrent does not indicate upwelling but only
'ridging'. ‘However, nyrtki (1)66) feels that upwelling
and 'r1dging' reflect only the intensity of divergence
rather than the associated currents.

Ln the At1ant1C Bleo strong equatorial Qfiwelling isJ \_
expected since the undercurrent is well developed
(fleuman, 1960; Knauss, 1963).

fhe wine system and circulation in the Indian ocean
differ markedly from those of the other major oceans. But
upwelling is evident when the Equatorial Undercurrent is
established {Taft and nnauss, 1967) and evident from the
works of Swallow (1964) and bhanna (moan). But to -note
no comprehensive work is done on equatorial upwelling in
the Indian ucean. Also there are lndicationw of a 'ridging'
of ehermocline at about 6° to 8°s, at the southern boundary
of the Equatorial Ununtercurrent or Monsoon Current, as is
evident from the worms of Shanna (1976) and Sharma at al.(l982
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There is also upwelling in the eastern tropical
Pacific which is not directly associated either with the
eastern boundary currents or the Equatorial Jndorcurrent
(Wrtki, 1966). Such regions include the eulf of Tehuantepec
(l5°M, 95°w), the duif of Panaa and the Costarica Dome.
In the iulf of Tehuantepec the effects of upwelling are
observed between November and march (Blackburn, 1962;

Roden, 1961), in the dulf of Panama upwelling occurs from
M vember to March (Schaefer et al., 1958; uoden, 1962;
Forcberg, 1963). Upwelling is evident in the Costarica Dome
from Jovember to may (Wyrtki, 1964b).

1.4.6. Antarctic

in the Antarctic waters between 4u°S and 6U°5, strono
westerly winds drive the west wind Drift. Uue to the effect
of the Coriolis force there is soe northward component to
the surface flow. Near the Antarctic continent, easterly
winds drive the East Wind Drift. The rrgion between the
west and East Wind drifts is a region of divergence and
hence upwelling (Deacon, 1963). There is another
significant divergence zone in the Atlantic Antarctic - the
Bouvet Divergence, between the Antarctic Divergence and
Antarctic convergence to the north (Dietrich, 1957).

104070 Indian O¢Qan

Theoretically upwelling was predicted along the
west coast of Australia (schott, 1933; eooster and Reid,
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1963), but actual observations failed to indicate any
significant effect of upwelling. Wyrtki (1962) reported
upwelling between Java and Australia during the southeast
monsoon with vertical velocities of the order of 0.5xl0'3
cm eec_1.

The importance of vertical motions in the Arabian
Sea and off the African Coast was mentioned by Puff (1890)
as early as 1890. Un the western side of the Indian Ocean,
seasonal upwelling is present off the Arabian Coast
(Bobzin, 1922; Smith and Bottero, 1977; Sastry and D'Souza,
l972; Currie at ‘leg l973). The intensity of upwelling is
maximum during southwest monsoon. During March and May

there was no indication of upwelling off the Arabian Coast
(Royal Society, l965)

Another region of intense upwelling is the Somali
Coast, which starts in late April or early may and continues
till October (Bruce, 1974), in a western boundary current.
uue to the influence of upwelling, surface temperature in
this region is lowered by about 15°C in 1964 (Swallow and
Bruce, 1966; warren at al.,-1966). The cold water area is
apparently related to baroclinic adjustment of the Somali
Current, but the winds in this region are strong giving
rise to an offshore Ekman transport. This unique western
boundary current was studied in detail by Stomel and
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wooster (1965), Swallow and druce (1966), warren et a1.
(1966), Bruce (1973,1979), Evans ane Brown (1981) and
murthy et a1. (1982). Surface divergenfie in the northern
Inaian ocean are discussed in detail by sharma (1971).

Intense upwellin; takes place off the west coast
of India (xamaaastry and Myrland, 1959; Ramamirtham and

Jayaraman, 196; dense, 195a,196U,1968,1972, Sharma, 1966,
1":68a,1978_; Hanmairtham and Rae, 1973). Various aspeczzs

of uwwelling and ies influence on fishery are evident 1n
earlier works (fihidambaram and Aenon, 1945; jeorge, 1953;

Carruthers et a1., 1959; Jeyaraman and Joqate, 1957;
subrahmanya, 1959,1973; Subrahnanyan and Sharma, 1965;

Sankaranarayanan and Qasim, 1967). Some other works
related to upwelling are carried out by Ramasastry (1959),
nammiztham and Jatil (1965), °at11 et a1. (1964),
Jayaraman et al. (1959,1961), Hamamurthy (1963),
Uarbyshire (1967), Heddy and Sankaranerayanan (1968), Joble
(1968), Rae et a1. (1974), Purushan and nae (1974) and
Lathifa and Muethy (1978).

Seasonal upwellin zakes place off the east coast of
inuia (bewell, 1929; LaFond, 1954,1957; Varadachari, 1956,
l958,1961,1963; Murthy and Varadachari, 1963). A few
other works relazed :0 uuwelling are done by LaPonu and
dorreswara ma (1955), eanapati et e1. (1956),
Balaramamurthy (1957), namesastry and Balaramaurthy (1957),
LaFond and uhavanarayana (1957), naghuerasad (1957),
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Ganapati and Sarma (1958), LaFond (l958a,l958b), Vanna and

Raddy (1959), Ramasastry (1963), Jayaraan (1965), LaFond
and LaFond (1968) and Anand et al. (1968). Panlkkar and
Jayaraman (1966) discusses in detail the biological and
oceanographical differences of the Arabian Sea and Bay of
Hengals On the eastern side of the nay of Bengal, off the
Burma Coast upwelling takes place during the pre-monsoon
period (LaFond and LaFond, 1968).

1.4.8. Other regions

Localised upwelling does occur in many coastal
regions. Upwelling off Nova Scotia is very much related
to the coastal winds (Hachey, 1937; Longard and Banks, 1952)
earner (1961) reports upwelling off the northeast coast of
South Island of dew Zealand. Upelling has been reported
off northeast coast of Florida (Green, 1944), lorth Carolina
(Wells and Gray, 1960) off Brazil (Emilsson, 1961), in the
sulf of Mexico (Roden, 1972), ad in the Carribean Coast
of Venezeula (Richards, 1960; Fuguoka et al., 1964;
Hulburt, 1966; Fukuoka, 1965,1966). There are also
evidences of upwelling off the coast of Yucatan in Mexico

and northkoast of Cuba (Bogadanov et al., 1968; Khromov,
1965b). Recently, upwelling has been reported off the
Cantebury Coast (Heath, 1972), off the eastern coast of
Taiwan (Aashahida, 1972), in the Beaufort Sea (Hufford,
1974) and in smaller bodies of water like Lake Superior
(Aeibauer at al., 1977).
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1;5. na§gg;g1;§e or Tag 55$;

The west coast of Peninsular India forms a narrow

belt of low land lying between the sea and the Western
fihats which extends throughout the whole length of the
Feninsula varying in width from 33 to 169 km inland and
running in a direction north-northwest to south-southeast.
There are a number of short rivers, many of which drain
into the backwaters of varying width parallel to the
coast. The continental shelf is about 50 to 60 km wide
off the southwest coast of India and increases northward,
and off Bombay it is about 220 km wide.

The east coast of India lies approximately in a
south-north direction btween 1o°ooN to 16°o0a. Between
l6°uON and 20°00 the coast lies in a south-southwest to
north-northeast direction. The numb: of rivers that
drain into the Bay of Bengal is less but the influence
of these rivers on the oceanography of the Bay of Bengal
is marked since they bring large volumes of freshwater
into the sea. The continental shelf is narrow off the
east coast compared to that off the eat coast of Lnuia
and it is lees than 45 km in most of the regians.

The northern Indian Ocean which includes the

Arabian Sea and Bay of Bengal is characterised by the
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periodic monsoons. A seasonal low pressure area
developing in Jacobabad during sumer causes the wind
systems to blow persistently from the southwest during
this period. During winter,the monsoons issuing from
a high pressure source forming over Tibetan Plateau,
come from the northeast. The northern Indian Ocean wind
system coupled with the Himalaya mountains, thus creates
the worlds heaviest rainfall. The heaviest rains that
occur in the Himalayan valleys during southwest monsoon
and the rains that occur on the east coast of India
during autumn when the wind system is unstable and
reversing, drain into the Bay of Bengal, while the
southwest monsoon rains that occur due to orographic
precipitation over the Western Abate drain into the
Arabian Sea.

up{he direction and strength of the monsoons vary
frem one locality to the other. The northeasterly winds
of the northeast monsoon begin to blow in the northern
part of the Bay of eengal from October but it is not
fully established in the southern part of the Bay until
the middle of dovember and these winds continue till the

end of January. In the Arabian Sea northeasterly winds
prevail from November to March but these winds are

generally weak. The winds in the Bay of Bengal changes
its direction from February and an anticyclonic circulation
develops in March (Anon., 1952). During March, April and
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may the coastal winds off the east coast are southerly,
or slightly south-westerly (Anon., 1952). The southwest
monsoon is established in the Arabian Sea by late May but
in the Bay of Bengal it is fully established only by the
middle of June. The winds are strongest in July-August.
Of the two monsoons, the southwest monsoon prevails over
a much longer period of the year and is stronger and
steedier than the northeast monsoon in the Arabian Sea.

The northeast monsoon predominates in the eastern part
of the Indian Ocean while the southwest monsoon plays a
major role in determining the oceanographical conditions
of the western Indian Ocean. The winds ere generally leek
and variable during the transition periods, March-April
and October-November.

The surface currents in the Arabian Sea and Bey of
Bengal undergo seasonal variations. The surface currents
off the west coast of India flow towards south from
February to October and are reversed during the remainder
of the year. The current is strongest during July-August.
The maximum speed for any 2° latitude - 1Oflg1tUdQ

quadrangle in the eastern Arabian $ea is less than
40 cm see'1 (Anon., 1952). out near the coast greater
velocities can b expected. {he northerly currents are
generally weak.
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Off the east coast of India the coastal current
is towards north from February to August and are
reversed during the remainder of the year. The northerly
currents are strongest during April-May. The maximum
speed for any 2° latitude - longitude quadrangle in the
Bay of Bengal is about 40 cm =¢¢'1 or slightly higher in
some places. dear the coast the velocities are much
greater and off the Andhra Coast speeds upto 200 cm soc
(4 knots) are observed (Ganapati and Murthy, 1954).
The southerly currents are generally weak.

1
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11,6. SECT II - MA'l't*.RIAL5 AND :111E§HUd§

In the present study inferences on upW6l1ing and
sinking are drawn from the seasonal variation of temperature

and at. Additional inferences are mes from the divergence
of surface currents, windcstress and sea level variations
off the west and east coasts of India.

l.6.1. Analysis of temperature and at

The data used for the analysis of temperature and at
have come from the cruises of various research vessels.

For a better understading of the process of upwelling

vertical sections of temperature and at are used.
Temperature and at are better indicators of upwelling than
the rest of the variables like salinity, oxygen and
phosphate. The oxygen and phosphate values are liable to
fluctuations due to biochemical process and salinity is
not at all a dependable indicator of upwelling especially
for the Indian coasts because its distribution is
controlled by heavy rainfall and coastal currents.
iemperature is selected because its distribution with
depth in the sea is monotonic. Stratification of the
water is governed by the density and so the isolines of
density in the vertical section indicate the movement of
water along the isooycnals. So vertical sections of

temperazure and at are prepared in the present study.
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For the west coast of India oceanographic date
collected during April 1964 to April 1965 by R.V-Varune
of CMFHI have been used for monthly vertical sections of

temperature and qt along 1o°oou and a°soa (Stn.No.200 to
3000;-Anon., 1967). Due to unavailability of date along
IOOOOH for Jovember and December of 1964 the previous years

data is used. The section along 8°50'A has data for only
8 months (from March to October) and for January and
February sections along 9on0 are used. For the sections
off Kasaregod and Karwar diagrams are reproduced from

FAD/PFP progress reports (Anon-¢ 1973; Anons, 1976). The

Kasaregod section is covered in 1974, while the Karwar
section is covered during 1971-'72. Two sections off
Ratnagiri and a time series section of temperature off
Cochin are also presented ad the figures are reproduced
from Anon (1973).

Off the east coast of £ndia,the data is not so
continuous except off Waltair where monthly variations

of temperature and qt are available except for June, July
and August (from Varadachari, 1963). For vertical
sections off Waltair and Madras, data collected during
I.I.0.E, by INS KISTNA and R.V.Anton Brunn are utilised.
Further a few figures are reproduced from LaFond and
LaFond (1968), Murthy and Varadachari (1968).
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1.6.2. Surface divergence

Current data from the Dutch Atlas (Anon., 1952)
for each 2° latitude- longitude quadrangle have been
used to evaluate the horizontal divergence.

Horizontal divergence is given by
"9 6%; 60- 4rin-@

Using finite differences in place of partial
differentials

v“.I7’ =5 1;: + 4; - “’.;;*.~_4’ (1.2)ox: ‘Q
where x and y are directed towards the east and
north respectively, and u and v are the components of
the current vector along east and north reapectively,4§
the latitude of the place and R the radius of the earth

(Sherman, 1952). The term xéiag in equation (l.2)
represents a contribution to divergence due to convergence
of meridians, and this term will b of importance only at
higher latitudes and greater meridional components. For
the area under consideration this term can be neglected.

Hence, using the formula

VH-V 5.‘: ‘érgl + 43;; (103)
the horizontal divergence of the surface current vectors
has been computed for all the l2 months off the east and
west coasts of India. The result obtained does not
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represent a synoptic picture, but an averse of a few
hundred kilometers, ano it can give only qualitative
inference about the process of upwelling. Furthermore,
its representation near the coasts is of a limited nature.

1.6.3. windetreee

Seasonal distribution of windstress components
normal and parallel to the average trend of the coastline
off Cochin, Karwar and Bombay on the west coast, and off
Madras and Vicakhapatnam on the east coast are computed.
The wind data are fro the Dutch Atlas (Anoni, 1952).

U

Windetreee T’ (dynes ¢m'2) is computed using the
formula

2T = F ¢»*J (1.4)
where f is the density of air (in g/cc), <5, is the drag
coefficient and M1 is the wind velocity (in cm sec 1),

The value of C; is different from that used by
Hidaka (1958). For the present computation the value of

CD used is l.3xlU'3 following Brocke and Krugermeyer
(1972).

106040 598 lavifil

Monthly eea level variations are studied for Cochin
and Mermugao along the west coast and for Viaekhapatnm and
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Madras along the east coast. The data used for the
present study are from Banse (1968), Kesava Dan (1979),
Raaanadhun and Varadarajulu (1964), and Varadarajulu and
Dhanalakahmi (1975).



CHAPT ER I. I
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.» = 1' AR  I  or 'fE£v1PE‘iAIU@aE Am) DEN‘ e F1-' I
w"" ~@EIEE§flIEEEEHEIEfiIlfiI[!

The analysis of temperature and density have immense

importance in the study of upwelling and sinkingflvariationc
in upwelling and sinking will be reflected in the temperature
and density fields. In this chapter the seasonal variation
of temperature and density at different localities off the
west and cast coasts of India are presented ad the surface
and subsurface currents are inferred from the slope of

isotherms and isopycnals. No conclusions are drawn regarding
upwelling and sinking since these are dealt in separate
Chflptltls

Temperature and density fields off the westcoast of India

Vertical sections of temperature and at are prepared
off Quilon (8°5O'N),off Cochin (lO°OO'A), off Kasaragod
(12°:mw) and off Karwar (14°41'u). Two sections off
natnagiri (l6°59'N) are also presented.

2.1a Vbgtiggl section; of temperature and at off Qgilgn
‘ILQDJ 8o§Q'N2I

Vbrtical sections of temperature and at off ilon
are presented in Figs.l-10. The section along 8°50'N were
covered during the period March 1964 to October 1964. Due
to lack of data for November and December it could not e
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presented. For January and February sections along
9°oo'1 are utilised

2e1e1e Mlr¢h

The isotherms and isopycnals slope up towards the
coast from about 90 km indicating a southerly current in
the upper 100 m (Fig.1). The downward tilt of isopycnals
towards the coast repre8ent$ a northerly current in the
layers below 100 m. The depth of mixed layer is about
90 m and the surface temperatures are fairly high over
29°c. \
2.1.2. April

The depth of the mixed layer decreases during
April compared to that present in the previous month,
though the surface temperature has increased to over
36°C (Fig.2). The upward tilting of isotherms and
iaopycnals towards the coast is marked suggesting a
strengthening of the southerly flew. fhe offshore-onshore
density gradient is positive above 80 m but it is very weak

2e1e3e MIY

The isotherms and isopycnala continue to slope
more and more towards the surface indicating a continued
increase in the strength of the southerly current in the
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upper 100 m (Fig.3). A weak northerly flow below 100 m
in the continental slope is also evident. fhe surface
temperature is above 29°C and the thermal structure shows
a negative gradient towards the coast between 20 and 85 m.
A decrease in temperature and an increase in density at
all depths above 200 m are noticed durinq the priod April
to may and this variation is conspicuous between 50 and
100 m. The depth of mixed layer is about 60 m in nearshore
regions and it increases offshore.

2.1.4. June

The surface temperature drops considerably from
May to June. It is slightly above 26°C near the coast and
gradually increases offshore (Fig.4). The orientation of
isotherms and isopycnals suggests a southerly current in
the surface layers and a weak countercurrent below 60 m.
The thermocline is observed very near the surface and the
depth of mixed layer increases offshore. A decrease in
temperature and an increase in densitv are found in the
upper 200 m between May and June, and the decrease of

temperature is conspicuous in the depth range of 20 to 75 m

201Q5O
The thermocline reaches the surface in nearshore

regions (Fig.5). Several of the isotherms do even outcroy
into the naviface. The surface temperature is less than
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O24 C near the coast and increases offshore. The upsloping
of isotherms and isopycnals towards the coast suggests e
strong southerly flow and a subsurface countercurrent is
indicated below 150 as Although there is a decrease of
temperature at all depths from June to July, the density
in the upper 10 m decreases due to heavy rains and river
discharge. The offshore-onshore temperature gradient is‘
neqetiye in the upper layers and strongest at about 30 m.

2e1e6e AUgU$t

During this month the upsloping of isotherms and
isopycnals towards the coast is less marked compared to
July indicating a weakening of the southerly current in
the outer shelf (Fig.6). In the inner shelf region the
flow is weak northerly. {he surface temperature in
neershore and offshore regions are below 26°C end the
thermocline is found very close to the surface. Between
July and August,there is a slight increase in temperature
at the surface and at subsurface depths

2e1I7l
fhere is an increase in temperature and a decrease

in density et all depths in the continental shelf and elope
region compared to the previous month (Fig.7). The density
distribution suggests a strong southerly current in offshore
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regions, but in nearshore regions the flow is weak
northerly in the upper 30 m. The surface temperatures
are above 26°C and the depth of the mixed layer is about
40pm in the continental shelf.

201081 OCtOber

The oceanographical conditions change considerably
frmm September to Qctober. Near the coast, the surface
temperature is below 25°C and increases offshore (Fig.8).
The surface flow is southerly, but below 50 m s counter—
current is indicated. The thermocline is observed at the
surface in the continental shelf. An increase in density
and a decrease in temperature at all depths occur from
September to October, and they are conspicuous in the
upper 50 m of the continental shelf.

2.1.9. January

In this month the isopycnals slope down towards
the coast indicating a northerly current in the nearshore
regions (Fig.9). The depth of mixed layer is more than
10; m in the nesrshore and slightly less in offshore regions.
The surface temperatures are uniform - over 27°¢,

2.1.10. February

The condition in the surface layers continues to
be the aae as in January (Fig.lU). However, below 75 m
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the isotherms and isopycnals slope up towards the coast
which suggest e southerly current in that region,though
the surface current is a weak northerly. An increase in
density and a decrease in temperature are evident below
75 m from January to February

2.2. Vertical segtigns of temgerature and at off Qgghin:

For the present study oceanographic data collected
during April 1964 to March 1965 are used (Figs.ll-22). Due
to insvailability of data for November and December of 1964
the previous years data are used. Except for lovember and
December the oats were collected along l0°Q@'w, whereas for

Jovember and December the stations were occupied in a
direction almost perpendicular to the coast

2e201q April

{he isotherms and isooycnsls slope up towards the
coast indicating a southerly current in the surface layers
and a weak northerly current is indicated between 75 m and
100 m (Fig.ll). The surface temperature is above 30°C and
is fairly uniform in flearshore and offshore regions. The
depth of mixed layer is about 90 m,in the continental
slope region and it increases offshore.

.1

2.2.2. May

The baroclinic field is well developed by
May (Fi;.l2). In the nearshore regions the isotherms
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and isopycnals show marked upsloping indicating a stronger
southerly current than in April. The surface temperature
continues to be above 30°C, but .he depth of mixed layer
has decreased considerably in the nearshore regions
compared to April to a value of about 60 m in nearohore
regions and increases offshore. aetween So and 150 m a
general decrease in temperature and an increase in density
is observed from April to may. The downward tilting of
isopycnals towards the coast below 120 m indicates a
northerly current in the; region.

292030 Jurlfi

By June the nearshore surface temperature decrease!
to less than 26°C (Fiq.l3). The surface temperature
increases to 28°C at aoout 45 km from the coast. The
thermocline is found almost at the surface in the
continental shelf. The marked upsloping of isotherms and
isopvcnals towards the coast indicates a strong southerly
current. Below 80 m,a countercurrent along the continental
slope is again indicated. Above 200 m considerable decrease
in temperature and increase in density are noticed from
may to June and they are more prominent in nearshore regions.
The offchorewonshore temperature gradient in negative from
about 198 km in the upper 75 ms
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2.2.4. July

By July the surface temperature is lowered further
both in nearshore and offshore regions (Fig.l4). dear
the coast the surface temperature is about 24°C and it
increases to about 21°c at 45 km. The marked upward

tilting of isotherms and isopycnals sugqests a strong
southerly current in the surface layers. The isotherms
and isopycnals slope down towards the coast indicating a

countercurrent below 110 m. The density structure suggests
strong stratification in the upper 10 m in the inner
continental shelf. The isotherms and isopycnals are
pushed up towards the surface from June to July and
several of the isotherms outcrop into the naviface. The
offshore-onshore temperatupe gradient is negative above
100 m but strong gradients are confined to the upper 30 m
of the continental shelf.

2.2.5. Auqust

For this month the observations are mainly
confined to the continental shelf only (Fig.l5). In
this region the susface temperature is further lowered
in the entlze continental shelf to values less than 26°C,
while near the coast it is even less than 24°C. The
upsloping of isotherms and isopycnals are less, compared
to that in July, but the surface flow continues to be
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southerly. Low density water is observed in the
surface layersein the entire continental shelf, below
which there is not much variation in the oceanographic
conditions from July to August.

2 s 2-e 60 SQ Pt&iilbQr

There is an increase in temperature and a decrease
in density at all depths above 300 m from the previous
month (Fiq.l6). The surface temperature is slightly
above 26°C and there is no significant onshore-offshore
variation. The mixed layer is about 20 m deep in
nearshore regions. The slight upsloping of isopycnals
indicates a weak southerly current in the surface layers,
but between 75 and 150 m the flow is northerly. The
presence of low density water is evident in the upper
10 mnof the nearshore regions.

202070 0CtOb.I‘

By October the temperature at all depths decreases
again, and a corresponding increase in density is also
observed (Fi;.l7). the nearshore sea surface temperature
is less than 26°C and it increases cowards offshore. In
the nearshore and offshore regions the thermocline is found
almost at the surface. The uward tilting of isotherms
and isopycnals towards the coast indicates s southerly
current in the surface layers. Below 50 m,a subsurface
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countercurront is evident though not so strong as in
Septembr. The isotherms and isopycnals are displaced
to upper levels considerably from September to October

2.2.8. Jovember

A drastic change occurs between October and
November (Fig.l8). The isotherms and isopycnals slope
downward from 70 m.down to 300 m which suggests a northerly

current in this region. fhe temperatures in the surface
layers are increased to 28°C and the mixed layer is more
than 100 ms At all the observed depths the density has
decreased considerably from October to Aovember while the

temperature is increased and the changes are more prominent
in the nearshore regions.

2-2.9. December

ihe conditions in the surface layers do not show
much variation from those of lovember except that there is
a slight decrease in the depth of mixed layer (Fi;.l9).
The downward sloping of isopycnals towards the coast is
less prominent possibly because the surface current becomes
considerably weak. Below 120 m the flow is weak southerly

2.2.1O. January

The isotherms and isopycnals tilt down towards
the coast indicating a northerly current (Fig.2u). Unlike
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the southerly current in June-July this current is
extended to a depth of about 300 m. The surface temperatures
are about 28°C and the depth of mixed layer is about 90 m in
nearshore regions. The low density of the surface layers
indicates the presence of low salinity water in this region.

2.2.11. February

A Slight decrease in surface temperature is observed
in this month compared to the previous month (Fiq.2l).
However, the depth of mixed layer increases to llu m.in the
continenoai slope. Ihe isopycnals show e downward sloping
towards the coast in the upper 100 m indicating a northerly
current, below which the current is weak southerly.

2.2.12. March

The surface temperature has increased to above 29°C
in nearshore regions by march, while in the offshore regions
the temperature is sliohtly less, but above 28°C (Fig.22).
The depth of mixed layer is more than 100 m and the
temperature gradient in the thermocline is sharp compared
to that in the previous month. The isopycnals in the
upper 103 m slope down towards the coast indicating a
northerly current, but below IOU m the current is southerly.
There is an increase in temperature between February and
march in the upper loo m. However, there is a decrease
of temperature by about 3°C at 150 m and an increase in
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density is also observed. The isotherms in the middle
and lower thermocline are pushed up from February to March.

2.3. Time series of temperature during l97l-i272:

The time series section off Cochin is presented
in Fig.23. {he figure is reproduced from Anon. (1973).
in subsurface layers,a lowering of temperature or upward
displacement of isotherms starts from February to March.
The temperature at all depths shows a minimum during July
in 1971, whereas in 1972 the minimum temperatures are
attained in August. {he surface temperature begins to
fall from June. In 1971 a sudden increase of temperature
at all depths occurs between October and Jovember while
the increase is gradual in 1972. There is not much variation
in the thermal field durinq the period December to February
and the temperature in the surface layers is uniformly high.

2.4. Vertigal gectiong of temperature and at gff Kasaregod:

The section off iasaragod was covered in 1974 as a
part of the Pelagic Fishery Survey. Oceanographic data were
collected in seven series - January, March, May, July,
August, Jovember and uecembr (Piqe.24-30). The stations
were occupied at intervals of about 10 miles in the
continental shelf region and about 25 miles beyond the
shelf. The figures are reproduced from Anon. (1976).
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2c4n1c January

The isotherms and isopycnals run almost parallel
to the surface from offshore to onshore, but near the
coast a slicht downward sloping is observed which indicates
a weak northerly current (F1g.24). The depth of thermocline
is about 80 m, and the surface temperatures are above 28°C.
The pycnocline is well developed in the depth range of‘
4U-100 m which suggests strong stratification. The low
density water in the surface layers indicates the presence
or low salinity water in this region.

2.4.2. March

A strong baroclinic field is observed during this
month (Fig.25). The isozherms and isopycnals show
upslooing towards the coast indicating a southerly flow
between stations I and IV, but further offshore the flow
is still northerly. The surface layers are warmer than in
January, but the depth of mixed layer is reduced
considerably, especially near the coast. The density
increases from January to march while temperature decreases
at all depths except in the upper layers. The isopycnals
show a Slight downward tilting towards the coast indicating
a weak northerly countercurrent below 150 m.
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2.4.3. May

The coastal current from the surface to about

90 m is southerly (Fig.26). fhe tilting of isopycnals
on the shelf area is approximately the sme as in March,
bu; a general upward displac ment of isopycnals above 150 m
is observed. The mixed layer is shallow in nearshore
regions, but the depth of mixed layer grodually increases
towards offshore. The surface temperature is still
relatively high, abou: 29-30°C. The downward slope of
isopycnals at the edge of the continental shelf indicates
a northerly current below 100 m.

204040
The temperature of the surface layer decreases

considerably to about 27°; both in the nearshore and offshore
regions (Fiq.27). near the coast,the thermoclins and
pycnocline are found close to the surface. The depth of
mixed layer goadually increases offshore. Yhe upward
tilting of isotherms and isopycnals towards the coast in
the upper layers suggests a southerly current. Further
upward displacement of isotherms and isopycnals are
evident aoove 200 m during the period May to July. A
narrow countercurrent below 80 m in the continental slope
region is again indicated.
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2.4.5. August

The surface tomperatu:e further decreases to
about 2o°c in the continental shelf (F1q.2s). Near the
coast the thermocline and pycnoclinc are observed at the
surface. Ehe surface flow is southerly. Further mwward
displacement of isotherms and isopvcnals are evident
betwcen July and August. A countercurront along the conti
nental slope is also indicated, but unlike in July it is
found as a deep reaching flow.

2.4.6. dovcmber

{he usloping of isotherms and isopycnals is more
marked than in August, indicating a stronger southerly
current between stations I and IV, but further offshore
the flow is weak northerly (F13.29). A slight increase
in temperature and a decrease in density are observed at all
levels above 150 m. In the nearshore regions the snrfae
temperature is about 26°C and increases with distance from
the coast. The countercurrent at the shelf edge is evident,
but it is not so strong as in Au§ust.

204;’): DOCIIRDQI‘

A drastic change occurs between Jovember and
DO¢embOt (Fiq.3u). The isotherms and isopycnals slope
down towards the coast indicating s northerly current.
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Unlike the southerly flow du ing the previous month, the
northerly current is wide and deep reaching. The surface
temperature is above 28°C and the mixed layer is deeper
than 100 m. There is a general decrease in density and
an increase in temperature at all deaths down to 30¢ m.

2.5. Vertical sections gf temperature off Kggparz

Oceanographic data collected from October 1971 to
Ucember 1972 during the Pelagic Fishery $urvey are used
for the present study (Figs.3l-33). The figures are
reproduced from Anon. (1973). most of the investigations
are confined to the continental shelf and the outermost
station is about 5; miles offshore. fhe distance between
two stations is about 10 miles. Only vertical sections
of temperature are presented.

205010
The thermocline is found almost at the surface in

the continental shelf region (Fig.3la). The surface
temperature is about 25°C near the coast and it increases

e

to 27°C at a distance of l0 miles offshore. The surface
current is weak soucheely between stations I and IV, but
turns to strong southerly further offshore. The isotherms
slope down towards the coast below 5o m, indicating a
northerly current.
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20'-50 20 NO‘/9mb3r

Ihe surface temperature increases to above 28°C
(Fig.3lb). There is a considerable increase in
temperature at all depths between qctober and 1ovember
the 22°C isotherm which is observed at about 20 m in

October is displaced to about 110 m in a span of 49 days
Excopt in the spear 30 m,the isotherms show a downward
tilt towards the coast.

205030 January

{he temperature in the surface layers ranges from
21-28°C (F1g.31C)- Between stations I and IV the isotherms
slope down towards the coast indicating a northerly flow,
but further offshore the flow is southerly.

205040
uqfi

xhe mixed layer deepens from January to March

to below 100 m (Fig.32a). The surface temperature is
above 30°C near the coast, but decreases to 29°C in the
offshore.

2.5.5. April

The isotherms slope up towards the coast
indicating a southerly current (Fig.32b). The surface
temperature continues to be above 29°c, but the depth of
mixed layer decreases to about 70 m. {here is a general
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decrease of temperature between 70 and 100 m from March

to April, though no slgnifican. changes are observed in
the surface layers.

205060
The thermocline is observed just below the surface

in the nearshore regions (Fig.32c). The surface
temperature is about 27°C near the coast and increase:
offshore. The isotherms slope up towards the coast
indicating a southerly current in the upper 100 m.
C nsiderable upward displacement of isothers are evident
from April to July.

2.5.7. August

By the end of August further decrease in
temperature above 100 m is noticed except at the surface
compared to July (Fig.33a). The surface flow continues
to be southerly and there is alight indications of a
subsurface countercurrent below 60 m.

2.5.8. October

The surface temperature is above 29°C near the
coast and a slight increase in temperature at all depths
is evident from August to Uctober (Fi3.33b). At the edge
of the continental shelf a strong thermocline is noted
between 30 and 50 m.
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2‘ 5090
The temperature increases considerably in the

upper 100 m from utober to December (Fig.33c). The
surface temperature is above 29°C. At the edge of the
continental shelf the depth of mixed layer is about 80 m

2.6. Virtiggi sections gf teqgeratgre off flgtngirix

The vertical temperature sections off uatnagiri
are reproduced from Anon. (1973). Ihe observations were
made in February and August (Fig.34).

2060 ls FQb1'UQ1'Y

During this month the surface temperatures are
above 27°C in the nearshore regions and the depth of
mixed layer is about 90 m (Fig.34s). The flow between
the the Angria bank and the coast is not clear but further
offshore the orientation of isotherms indicates a northerly
f1OWe

2.6.2. August

The conditions during this month show some

significant differences from those in the southern regions
(Fig.34b). The surface temperature is well above 28°C in
neershore and offshore regions. She depth of thermocline
is about 40 m in hearshore regions and it increases towards
offshore. The upsioping of isotherms towards the coast
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suggests s southerly current. Upward displacement of
isotherms are evident during the period February to
August. The 23°C isothenm which is observed below 100 m

in February is found at about 50 m in August in the
nearshore regions.

Temperature and density fields off the eastcoast of Indie

Oceanographic investigations are not continuous
and they are scarce off the east coast compared to those
off the west coast of India. The available data are
mainly confined to two places - off Waltair (17°44'N)
and off Madras (1s°oe'u) (Figs.35-43). Further, the
observations were conducted in different years, which is
a limitation for a detailed discussion and to draw
inferences.

2.7. Vertigo} gggtions gf tgggereture and at gff Waltair:

The sections off waltair were covered during
January, March, April, July and Octobr. For march and

Gctober only vertical sections of at are presented (from
Lafionu and LaFond, 1968).

2.7.1. January

The observations off haltair were taken in late
January (Fig.35). {he surface temperature is slightly
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above 25°C and the mixed layer is about 75 m deep. A
temperature inversion is observed near the coast between
20 and 60 m. The isotherms and isopycnals below 50 m,
run nearly parallel to the surface. Very near the coast,
the surface density is very low.

207021 MIICh

The figure is reproduced from Lafond and LaFond

(1968). The density field shows clear upsloping towards
the coast indicating s fairly strone northerly flow (Fig.36)
There is an increase in density at all depths above 100 m
from January to narch and this increase is more conspicuous
in nearshore regions. The 22.0 g/l isopycnsl outcrops into
the naviface. At about 30 miles from the coast the increase
in density from January to march is much less.

2q7g3o
The surface temperature near the coast has increased

to 28°C and still higher values are observed further
offshore (Fi3.37). The upsloping of isotherms and
isopycnals continues in April also. The depth of mixed
layer is about 50 m in nearshore regions and it increases
offshore. There is a slight decrease in density at all
depths between March and April.
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2.7.4. July

The figures are reproduced from murthy and
Varadechari (1968). In early July the surface temperature
is about 26°C near the coast and increases to about 28°C
at 10 miles offshore (Fig.38). The 22.0 g/l isopycnal
outcrops into the naviface. The isotherms and isopycnals
are pushed up from April to July. The upeloping of
isotherms and isopycnals towards the coast suggests:
northerly current.

297-050'
The figure is reproduced from LaFond and LaFond

(1968). The isopycnals slope down towards the coast
indicating a southerly current (Fi¢.39). The density
of the surface layers is low especially in the nearshore
regions.Gonsiderable downward movement of isopycnals is
evident during the period July to October.

2.8. Seasonal viiiation of temferatuie and qt_g§0  6;: .: u_ Aa_
The curves used here are reproduced from

Varadachari (1963) {Fig.4u). The surface temperature
is highest during September-Octobr and again in April
mey. The lowest surface temperatures are observed during

_December$January. at 125 m,the temperature begins to
decrease from Jecember and reaches a minimum in march.
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But at 75 and 50 m the variation of temperature is not
continuous till February. The temperature at these depths
decreases sharply from February to March. After March,the
temperature increases till May. For June, July and August
no data is available, but during Septeaber the temperature
shows a secondary minimum at all depths except at the
surface. This indicates that the temperature decreases at
subsurface depths sometime during June to August. From

September onwards,the temperature increases between 25 and
125 m and reaches a peak in Jovember. During October 
February the temperature in the upper 50 m exceeds that at
the surface, while ahe temperature at 75 m exceeds that at
the surface between Dctober and Jovembrs

Ihe density field also shows large seasonal
variation and it is maximum at the surface. {he surface
densiiy is the least in September-October and maximum
dueing January-August. {he density variation at subsurface
layers is less and it mainly depends on the temperature
structure unlike in the surface layer. The density at
80 m depth is nigh in march and again in $eptember, while
it is the least in iovember, and again in April-may.

2.9. Vertical gections of temperature and at gff gadrgs:

The sections off Madras were covered during January,
épril, may and June. Due to the unavailability of data for
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the northeast monsoon, it could not be presented

2¢9.l¢ January

The surface tempersturs is about 26°C which is
higher than that off waltair for this month (Fig.4l).
The depth of mixed layer is about 85 m in nearshore regions.
The isotherms and i JDYCHCIS show upsloping towards the

coast in the nearshore regions indicating a weak northerly
flow, but further offshore the flow is southerly»

209020 API11

The isotherms and isopycnals slope up towards the
coast indicating a northerly current, The surface
temperature is fairly high ~ about 28°C in nearshore and
increases offshore (Fig.42). Near the coast,the thermocline
is observed below 50 ms The density increases at all
depths from January to April and this increase is more
prominent in the nesrshore regions

2s903l
The surface temperature is above 280$ in nearghore

regions and increases to 29°C at about 25 km from the coast
(Fig.43). The isotherms and isopycnals slope up towards the
coast indicating a northerly current. The mixed layer is
about 50 m deep near the coast, but at about bokm from the
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coast the deoth of mixed layer increases to about 100 m.
A slight decrease of density is observed at all depths
except in the surface layers from April to May. There are
no indications of a subsurface tountercurrent down to a
depth of 250 m. It is interesting to note that the upaioping
of iaopycnaia is marked only upto a distance of about 40 km
from the coast

2.9.4. June

fhe upsioping of isotherms and isopycnaia continues
in this month also (big.44). The density field does not
chow much variation from that of may. The surface
temperature is about 28°C near the C2892 and slightly
increases offshore.
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Vertical motions in the ocean are closely
associated with divergence and convergence of surface
currents usually induced by wind, Regions of divergence
are defined as those where surface waters of the ocean

flow away from each other, so that waters from subsurface
depths rise as a feature of uowelling (Sverdrup et al.,
1942). Conversely regions of convergence are areas
where surface waters meet and sink. The areas of surface
divergence are generally productive of plankton, while
regions of convergence are relatively barren of plankton.

A9 already mentioned,the results obtained here do
not represent a synoptic picture, but )fi1Y an averse over

_,e few hundred kilometers and there are some limitations
to this method very near the coast. Further there are
some limitations in the basic data also. However, the
surface divergence gives a qualitazive unoaretanding of
the processes-upwelling and sinking.

The vergence field of the surface waaers off the
east and west coasts of India are presented for different
months of the year (;igs.45-50). Areas of divergence are
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dotted in the figures while the areas of convergence
are left blank. The isolines of convergence and
divergence are drawn at an interval of 5 units (l unit 
5 x 10's sec-1). Vergence field with values exceeding
20 units are termed as strong, 10-20 units as moderately
strong and less than 16 units as week.

3.1.1. January

During this month convergence prevails off the
west coast of India, except in the northern region where
weak divergence is noticed (Fig.45a). Strong convergence
is observed between l3°00'N and l5°0O'N and in the region
south of Quilon. In offshore regiongcells of both
convergence and divergence are noted alternately.

In general, the field of divergence is predominant
off the east coast of India.

3.1.2. February

By the month of February the convergence off the
west coast of India is replaced by divergence (Fig.45b)
However, in the region north of l7°OO'N divergence is
replaced by convergence. The divergence is strong
between lU°u0'N and l3°OO'A. February is the month of
reversal of surface currents off the west coast of India.
It should be noted that the surface currents are highly
variable in this month and the constancy of the current
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is less than 50%. In these circwmetancec the absolute
values of the vergence field obtained for this month
may not be very representative.

Divergence continues to prevail off the east
coast of India. The vergence field, in general, is weak.
In offshore regions moderately strong convergence is
nOticQdc

3.1-3. MlICh

Divergence continues to prevail off the central
and southern west coast of indie (Fig.46a). The vergence
field is moderately strong between Cochin and Karwar.
South of Cochin weak divergence is found. However,
moderately sarong convergence is observed north of
16°00 ' N.

weak divergence continues off the east coast of
India. In offshore regions moderately strong convergence
is observed.

3c1q4c April

By this month the entire west coast of India is
under the influence of divergence (Pi .46b). Moderately
strong divergence is indicated north of l6°¢G';.

Off the east coast,divergence is observed in the
region south of 18°Uo'A. A oak cell of convergence is
noticed off the urissa coast. r
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3. 1. 5. May

Divergence continues to prevail off the entire
west coast of India (Fig.47a). Between Karwar and Cochin
moderately strong divergence is observed. Howvergin the
northern and southern regions divergence is relatively weak.

COnVOrg8flC& dominates off the east coast except in

the region south of Madras. moderately strong convergence

H
P’
an
ca
DI

is noted off the Andhra and O coasts.

301061 June

Due to paucity of data the vergence field south
of 16oQO'N could not be drawn off the west coast of India
(Fi?.47b). North of l6°GO'¢ moderately strong divergence
prevails.

The convergence off the east coast has been again
replaced by divergence by June. The divergence lo
moderately strong off the Andhra and Oricsa coasts. In
other regions the vergence field is weak.

3a1070 Ju1Y

in the regions north of l5°DJ'N divergence
continues to prevail (Fig.48a). south of l5°OO'i no
conclusion can be drawn due to the unavailability of data.
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Off the asst coast of India the vergence field
shows alternate cells of divergence and convergence,
but off Mares, northern Andhra and Qrisss coasts
divergence continues to prevail.

301080
Moderately strong divergence is observed off the

Maharashtra coast (Fin.48b). South of Mangalore,moderately
strong convergence is noticed,

Off the east coast mainly convergence dominates
except off the Urisse coast where weak divergence is noted.

301q»90' 5-Qptember

Off the west coast the convergence field has
extended to further north upto l6°CO'A (Fig.49a). The
convergence is moderately strong between Cochin and Ksrwsr.
Hoever, north of 16°0O'N divergence continues to prevail.

Mainly convergence is observed off the east coast
of India, except in the region south of Msdrlss However,
compared to the west coast the vergence field is weak here

3.1.10.
By this month the entire west coast of India is

under the influence of convergence (Fig.49b). October
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is the month of reversal of surfae currents to northerly
The currents are generally weak and variable and so the
field of vergence also is weak.

Weak convergence continues to prevail off the
entire east coast of India.

3 s 1-Q  0. §'4OVBiflbQI.'

There is no significant change in the nature of
the vsrgence field off the west coast of India to that
in October (Pi .5Oa). The convergence is moderately
strong off the Maharashtra coast, while in other regions
weak divergence is observed

weak convergence continues in prevail off the
east coast. However, a cell of strong divergence is
found north of Madras, but its reliability is doubtful
as it may be the result of the limitation of the data
used.

3.1. 120 D'§QmuI'

Except in the northern regions off Maharashtra
convergence continues off the west coast (Fig.5Ob). The
convergence is week in the southern regions, but between
12°oo'n and 11°oo'4 it 18 moderately strong

off the 8niireAndhfli¢O88t weak convergence

continues to prevail in uecember also.



W3ofWw@W@w:£"F_2D _ WFZWQKDD wU<umDW Ed OJWru w@zw0KW> _om'o_MIv AmvJ__L___'_lL.._ _A_____Y\I mwmzwuwo M$w ‘HH_ mwmzw>O2 _ U mmmm 2 mg __ mm __ _ _ 12m\ _ Ow’“_w__ J I &Q M H___M     omIn __O  __'_ _ _}  M   __ 2_ X  m  _NW Km L_ _oH_ ( Obim‘ __ ,_ __i__iW  ‘ d‘ J ‘V Iii» ‘ ‘I ‘ ‘ l‘\‘WLH- Hull‘  V‘LW“"mI6AhVH¢hv$'q“":‘l4a“Mi_ %“ 1“_“‘ V ‘ ‘ ‘ I ‘ I ‘ I “ ‘ MI‘ ’ ‘ i‘ [ ‘ ‘ ‘ I I 1‘ \'



60

Summarizing the results it could be inferred that
generally divergence prevail off the west coast of India
from February to August and convergence during the rest
of the year. But a closer examination indicates that off
the Kerale coast convergence starts slightly earlier, in
August. The northwestern part also exhibits some
peculiarities. off northern naarashtra,divergence
starts in April and continues upto September. There are
some doubts regarding the presence of divergence in that
region in December-January. Both divergence and
convergence are strongest between Cochin and Karwar.
{he occurrence of divergence is mainly found during the
period of southerly currents, barring September, while
convergence is observed durin‘ the period of northerly
currents.

Off the east coast also the vergence field Chang68
seasonally. Divergence prevails from January to April
and again in June. {he vergonce field shows cells of
convergence and divergence in July. Convergence is
observed in May and again during Au ust to Uecember. In
general, the vergence field in this region is much weaker
than that off the west coast.
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3.2, WINDSTHESS

The resolved windetress comonents parallel
and normal to the average trend of the coastline off
Cochin, Karwsr and Bombay on the west coast and off
Madras and Waltalr on the east coast are presented for
different months (Flg.5l-53). Off the west coast
equstorwsrd and offshore components and off the east
coast the poleward and offshore components are favourable
for upwelling.

3.2.1. wlndstress off Cochin

Throughout the year, the wlndstress component
parallel to the coast in the equatorwerd direction is
present (Fig-51a). But the magnitude of this component
ls negligibly small from October to February. From March
onwards,the equatorward component of wlndstress increases
and by April it reaches a value of 0.67 dynes cm'2. A
slight decrease is observed in May. There ls a sudden
increase in June upzo values over 6.12 dynes cd'2 and
maximum values are reached in July. A slight decrease
is noted in August and by September this wlndstress
component decreases considerably.

The offshore component of wlndstress is present
from Aovember to March. But its magnitude is too small.
The onshore component of wind stress ls present from
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April to October. From May onwards,tho onshore component

increases to values over O.3‘dynes ¢m‘2 in June-July. _From
August, the onshore component decreases suddenly

3-QQQZQ w1I\dStr." Of Karwar

off Karwar also the equatorward component of
windstrcss is present throughout the year (Fig.5lb).
From November to February, the values are negligibly
small. From March, the windatress component increases
and reaches values about 0.1 dynes cm'2 in August-October.
After October the values decrease sharply. Compared to
that off Cochin, this component is slightly less off
Karwar.

[he offshore component of windstress is present
from October to January. Except for January the values
are negligibly small. The onshore components are present
fro March to September. This windstrecs component
increases suddenly in June and reaches a peak value over

n2
9-5 dY"*8 ¢m» 1n July, After July, it decreases sharply.
The onshore components are stronqir off Karwar than that
off Gochin.

3.2.3. Windstress off aombay

The wind distribution off Bombay shows some
considerable variation from that off Cochin and aarwar
(Fig.52). The equatorward component of windctreac is
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present from September to May, but it is insignificant
except during October and from December to March. Unlike

in the southern regions,during June-August there is a
poleward component of windstress which is favourable for
sinking and it reaches a peak in July-August with values
over .2 dynes cm'2.

The offshore component of windstress is present
from Uctober to January, but it is insignificant. The
onshore component is present from February to September.
It acquires appreciable values during July-August with
values over 0.7 dynes ¢m‘Q. From. Sepaemberq" the
value of the onshore component decreases.

3.2.4. Windstress off waltair

The poleward component of windstress parallel to
the coast is present from march to September (Fiq.53a).
out except for the period April to August the values are
small. High values over 0.7 dynes cm“? are observed
during the peak of the southwest monsoon (June, July,
Auguea). The equatorward component of windstress is
observed from October to February with maximum values in
Jovember-December.

The offshore component of winestrese is present
only from June to October with values over 0.2 dynes cm-2
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during July-August. The onshore component is observed
from Aovember to May, but values over.l dynes ¢m'2 are
observed only ln January and again in May

3.2.5. Wlndstress off Madras

the poleward component of windetress parallel to
the coast ls present from March to October (Fl3.53b).
From Aarch onwards the value of this component increases
to about 0.33 dynes cm—2 by May. During the period June
to Au3ust,the poleward Component does not show much

variation, After August, the polewer component of
wlndstress decreases rapidly. The equatorwsrd component
of wlndstress ls present from Jovember to February, bt
except for December the values are very small.

The onshore component of windstress is found from
—?Jovember to April and falely high values over 0.1 dynes cm

between December and march. From May onwards the offshore

component ls present with high values over 0.2 dynes cm'2
till August. weak offshore component is present during
September,
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3.3. “ 3 '1’ ' vibLA LcVEL VA LAJI VS

Monthly changes in sea level at Cochin and
Murmugao on the west coast and at Madras and vicakhapatnam
on the east coast are presented (Pigs.54-55).

Sea level undergoes seasonal as well as annual
variations. In the present study the latter is ignored,
and the picture presented are monthly EVQIBJBS of a few

years.

A number of factors affect mean sea level such as

atmospheric pressure, vertical motions, evaporation,
rainfall, surface heating and cooling etc. Of these, the
effects of atmospheric pressure, vertical motions and
freshwater discharge are the most important, though, other
factors also have significant effects in certain localities.
If the effects of atmospheric oressure and rainfall on mean

Kl

sea level are known, vertical motions can be inferred
qualitatively from the sea level variations. fhe effect of
upwelling is that the sea level is lowered with upwelling,
whereas sea level increases with sinking. In order to
infer upwelling from sea level variations one should consider
the increase or decrease instead of the maximum or minimum
values.

3.3.1. Sea level variations off Cochin

The sea level off Cochin starts decreasing from



66

January-February till May. In June a slight increase
is observed. rhe sea level again decreases and a minimum
is observed in August. The sea level increases from
September.

The slight decrease in sea level during January
February can be due to winter cooling. However, from
February to May, sea level decreases gradually, despite

intense solar heating. This is possibly due to upwelling.
The increase in sea level in June is the result of sudden
increase in freshwater discharge due to southwesc monsoon
reins. However, the sea level again lowers though there
is large values of freshwazer discharge during July
August. The lowest sea level in August possibly represent
the period of maximum effect of upwelling. The increase
in sea level from September may be due to sinking

3.3.2. Sea level variaeions of Murmugao

Off murmugao,the sea level bgins to decrees from
March till mas. A slight increase occurs in June, but it
again decreases frum July to September. The sea level
incr»ases from Gctober.

The meteorolonical conditions in Cochin and Mnrmugao
do not show much variations. The sea level variation suggests
s possible later commencement of Uflwelling off mermugso.

The annual minimum in see level occurs in September, one
month later than that off Cochin.
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3.3.3. Sea level variations off Visakhapatnam

Off Visakhapatna,the sea level decreases from
November-December and a minimum is reached in March-April

(Fiq.55a). In may the sea level increases and from June
another decrease is observed. A secondary minimum occurs
in July. From September, the sea level increases sharply.
The annual range in observed sea level is about 51 cm.

The decrease in sea level in December-January can
be the result of a number of factors, such as winter
cooling, reduction in river run off or upwelling. However,
from February onwards the incoming solar radiation
increases and the minimum in April cn be mainly due to
upwelling. fhe intense solar heating can be the reason
for slight increase in sea level during May. The secondary
minimum in July also may be the result of unwelling. From
September, the sea level increases possibly due to sinking
and increased freshwater influx.

3.3.4. Sea level variations off Madras

The sea level off Madras begins to decrease from
December till April (Fi3.55b). flfter April,the sea level
slightly increases till may and another decrease is
observed from June and a secondary minimum occurs in July
August. The sea level increases from September and the
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highest sea level is reached by 4ovember. ihe annual
range of sea level off Madras is abdut 34 cm.

The factars affecting sea level off Visakhapatnam
and off madras are almosu similar. uff V1sakhapatnam,the
primary minimu and secondary minimum in sea level occur
slighcly earlier than that off Madras.



CHAPT ER IV
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UPWELLINJ OFF THE WEST CUAST OF INDIA

since the physical characteristics of the waters
change markedly due to upwelling, the time variation of
these paraeters can be used to infer upwlling. Many
factors associated with thermal and density structure
such as the time variation of a particular isotherm or
isopycnal, the inclination of the thermocline or
pycnocline towards the coast, the offshore-onshore
gradient of temperature or density at a constant depth
6tCo can be used to study upwelling. Further, the surface
vergenca and sea level variations give qualitative
inferences on the vertical motions.

The temperature and density fields off the west
coast of India show large seasonal variations, at the
surface as well as in subsurface layers. A lowering of
temperature and an increase in density below 75 m starts
during January~Februery off Quilon, whereas no noticeable

change is observed in the surface layers (Figs¢9 and 10).
The decrease in temperature and increase in density at
subsurface levels continue even after February and its
influence gradually extends to the surface layers. The
depth of mixed layer ;radually decreases and the decrease
is more prominent in nearshoro regions. The temperature
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at 150 m begins to decrease from February to March off
Cochin (Figs.21 and 22). The observations off Karwar
are confined to the upper 100 m where the temeraturs
begins to decrease from March to April (Figs.32a and
32b).

Several factors such as the variation in the
amount of solar radiation that is directly absorbed at
different depths, the effect of heat conduction, internal
waves and vertical motions affect the temperature structure
at subsurface depths. The incoming solar radiation off the
west coast of India increases from February till May and
so the continued decrease of temperature at subsurface
depths during Lhis period does not seem to be the result
of decrease in the amount of incoming solar radiation.
Further, the variations in density and temperature due to
the effect of heat conduction or internal waves may not
continue for a_very long period as observed off the west
coast of India. So the continued decrease of temperazure
and increase of density from February are due to upwelling.
Hence, upwelling in deeper layers commences from February
off Cochin. The sea level variations and the presence of
divergence off the west coast of India from February also
support this view.

The upward movement of isotherms and isopycnals in

deeper layers seems to start slightly earlier in the south
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and gradually extends to north as evidenced fro the
sections off Quilon, Cochin and Karwar (Figs.9 and 10;
21 and 22; 32a and 32b). The sea level off Cochin
begins to decrease during January-February, while that
off murmugao begins to decrease during March-April (Fig.54)
which also give an indication that upwelling starts earlier
in the southern regions.

The upward movement of isotherms and isopvcnals

continues to take place from February off Cochin. A
sudden decrease of surface temperature is noticed in early
June off Quilon and Cochin. In fact,the surface temperature
decreases from 30-31°C in early may to 25-26°C in early June
in the nearshors regions (Figs.3 and 4; 12 and 13). The
decrease of surface temperature is maximum near the coast
and less in offshore regions. This sudden lowering of
surface temperature marks the arrival of cold, upwlled

water from thermocline region. The 23.0 g/l isopycnsl is
observed very near the surface in early June (Figs.4 and 13)
The decrease of temperature at all depths continues till
July off Quilon and till August off Cochin. A corresponding
increase in density is also observed in the same period
except in the upper lo m in the nearehore regions, where a
decrease is noticed (Figs.5,l4 and 15). The surface waters
off the west coast of India are considerably diluted during
this period due to southwest monsoon rains and river
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discharge, ad this low salinity water is the reason
for the decrease in density in the surface layers.

The thsrmocline is observed at the surface in

the nearshore regions off Qilon, Cochin and Kasaragod
during Ju1y—August (Figssfi and 65 14 and 15; 27 and 28).
Off Cochin and Quilon, several of the isotherms outcrop
into the navifacs. the temperature and density fields
suggest that in 1964 the maximum effects of upwelling are

felt in July off Quilon and in August off Cochin. {he
time series section of temperature off Cochin shows the
lowest temperature at all depths during July in 1971 and
during Au;ust in l972 (Fig.23). The maximu effects of
upwelling occur only after the deepest possible water
reaches the surface. Continuous upward movement of

isopycnals stops by the end of July or early August (except
in the upper 10 m) off Cochin and a steady state is reached
for a while. The annual minimum in sea level off Cochin
during August gives an indication that on a climatological
basis the maximum effects of upwelling occur during
August in this region (Fig.54a). Combining thermal and
density structure, and sea level variation, it can be
inferred that upwelling off Cochin continues till late
July or early August. The vertical sections of temperature
off Kasarsgod in August and off narwar in early October
(Figs.28 and 31) suggest that upelling continues for a
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longer time in the northern regions compared to that
off Cochin. This is further supported by the sea level
off Marmugao which shows an annual minimum during

September. In these regions upwelling continues till
the end of August or early September»

the vertical temperature section off Ratnagiri
during early August differs very much from that of the
southern regions during this month (F1Qe34b)e The
isotherms show upsloping towards the coast indicating a
southerly current. But even in nearshore regions the
thermocline is about 40 m deep and the surface temperatures
are above 28°C. Observations during the Pelagic Fisheries
Survey also indicate less upwelling off fiatnagiri
compaed to that in the regions south of Karwar (Anon-,
1980). Further inferences on the vertical motions in the
region north of Ratnagiri can be obtained from early works.

Observations of temperature and salinity wre made
in late March and April 1962 between uatnagiri and Veravel
(Patil et alt, 1964). These sections showed marked
temperature gradients at the surface but water of 25°C
was found only at 75-l00.m. There was s slight upsloptng
of isotherms and isopycnals noticeable off Bombay and
further north, and it marks the beginning of upwelling of
deep water (Banse, 1968). Rising of isotherms and isopycnals
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off e starts earlier to June, however it seems that
upsloping off Bombay starts only by June (Banse, 1972).



ln September 1962, the 25°C isotherm was observed
on the outer shelf off flombay at about 20 m, below the
shallow thermocline and the 23°C isotherm at abut 50 m

(Edelmen, 1965). Upsloping of isotherms during the post
monsoon period, before the onset of northeast monsoon
was reported from uhe northern region (Banse, 1968). Mar
Bmmbay,water of 24°C occurred under much warmer surface

water at 22am depth in late October to early Aovembr 1958
(Carruthers et al., 1969). The vertical uplift of the
23°C isotherm in the eastern Arabian See indicates an
uplift of 75-m.betwen summer monsoon and poet monsoon

seasons, although as a rule it is more likely to be 50 m
(Banse, 1968). Jayaranan and eogate (1957), Carruthers
et el. (1959), eyman (1964) and aallagher (1966) suggested
upwelling in the northeastern Arabian bee during northeast
nonsoon. However, Eanse (1968) concludes that there is
neither regular upwelling reaching the surface in november
and December nor there is evidence of cool deep water
reaching the surface in January or February.

It seems that upwelling in the region north of
Ratnaqiri is less intense during southwest monsoon compared
to the southern regions. However, unlike in the southern
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regions, upwelling continues even after the southwest
monsoon and the maximum effects of upwelling occur during
post monsoon season and it continues till the northeast
monsoon is well established, or sometimes even for a
longer time.

The wind system off the west coast of India
changes seasonally. During southwest monsoon, the winds
on coastal stations south of Karwar are predominantly
northerly or northwestsrly, due to the influence of the
western Ghats. The winds averaged for each 2° latitude
longitude quadrangle adjacent to land from Trivandrum to
Karwar are westerly or slightly northwestorly during
southwest monsoon (fiflflflop l952). The coast is oriented
in a north-northwest to south-southeast direction; So
there is always a wind component parallel to the coast in
an equstorward direction which is favourable for upwelling
during southwest monsoon. Apart from local wind,the
prevailing current system also has considerable influence
on upwelling off the west coast of Indiao

The equatorward component of windstress parallel
to the coast is present throughout the year off Cochin
(F1Qa51B)o But the windstress is too weak to produce any
significant vertical motion from uctober to February. Prom
February, the coastal current 8160; the west coast of India
begins to flow towards south (Anon., 1952). Upward movement

in deeper layers starts just before the reversal of surface
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current to southerly as is evident from Figs 21 and 22.
The mass readjustment for the southerly flow starts before
the current reversal and it is the reason for upward
displacement in deeper layers before current reversal. A
southerly current with vertical shear along the wast coasts
of continents is favourable for upwelling (Varadachari. 1961)
The offshore Ekmsn transport due to the wind and the reversal
of the current to southerly are responsible for the
commencement of upwelling from February. The coastal current

gathers speed in May (Anon.. 1952), while the wind speed
increases suddenly by June. the onshore and equatorward
component of windstreas increase and there is a considerable
strsngtheninq of the southerly current which is not exactly
wind driven, but the coastal configuration forces the
current to flow towards south. The onshore component of
windstress act against upwelling, but theoretical works
by Yoehida (19589 indicate that the effect of windstress
perpendicular to the coast on upwelling is usually very
less compared to the windatreas parallel to the coast.
The accelerated coastal current which requires more denser
water near the coast and the equatorward component of

windstress favour upwelling from June and by July the
wind and current attain maximum soesd, and upward movement

of isotherms and isopycnals continue till then. There is
a slight decrease in wind and current speed in August, but
more or less a steady state is maintained. By September
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both the wind and current speeds decrease considerably,
and a general decrease in surface layer density is observed
in nearshore regions which is mainly due to the mass re
adjustment in the density field for a weaker southerly
flow, The effect of windstress is negligible from October,

The equatorward component of windetress off Karwar

is significantly high till October (é1q.a1b). That may be
the reason for the longer duration and later cessation of
upwelling in this region, The onshore component of
windstress is very strong during July which can have an
adverse effect on upwelling,

The winds during iouthwest monsoon are essentially
southwesterly in the region off Ratnagiri and further north
These winds are favourable for sinking. off Bombay, the
equstomusrd component of windstress parallel to the coast
is absent during southwest monsoon and instead a poleward
component is present (Fig.52). Howver,owing to the
coastal configuration the currents are southerly, which
require denser water near the coast, The upsloping of
isotherms and isopycnals are evident but there is no
evidence of cold water reaching the surface during southwest
monsoon. Upwelling near the coast continues till geostrophic
balance of the current is established though the winds are
unfavourable, The unfavourable winds during southwest
monsoon seem to be the main reason for lesser upwelling
of netnaqiri and further north during this period. However,
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by September-October the winds become favourable for

upwelling. The maximum effects of upwelling in this
region occur during post monsoon or early northeast
monsoon periods

So it can be concluded that the commencement of

upwelling off the southwest coast of India is caused mainly
by the prevailing wind system, but only with the reversal of
coastal current to southerly, The current begins to flow
towards south slightly earlier in the southern regions
as evident from the Dutch Atlas (Anon., 1952) and this is
mainly the reason for the earlier commencement of upwelling
in the southern regions. During the early part of
southwest monsoon, the accelerated southerly current and
the equatorward component of windstress favour upwelling
in the region south of Karwar, with the decreasing
speed of wind and current, further upward movement of
isotherms and isopycnols ceases by the end of July or
early August off Cochin. However with favourable

winds, upwelling continues for a longer time off Karwar.
Upwslling during southwest monsoon is dependent on the

velocity of wind and coastal current. The effects of
upwelliny need not depend on the velocity of wind at that
locality alone, oeceuse the velocity of the coastal current
is dependent on wind strength over large areas, The lesser
upelling off Ratnagiri and further north is due to
unfavourable winds, though the current is favourable for
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upwelling. The ineividuel effects of windstress and
coastal current on upwelling are difficult to estimate
with the available data. However, the lesser upwlling
off Ratnagiri and further north during southwest monsoon,
where the winds are totally unfavourable for upwelling
suggests that the equatoreard component of windstress
parallel to the coast has a significant effect on upwelling
in the region south of Karwar during southwest monsoon.

Towards the end of the southwest monsoon the

0Ceanograph1C31 conditions off Cochin and Quilon change.

In September, the isopycnals show slight upsloping towards
the coast indicating a weak southerly flow and the denth
of the mixed layer increases fro that of the previous
month (Figs.7,l6). However, substantial decrease in
temperature and increase in density at all depths are
observed off Cchin and Quilon from September to October
wlch suggests upward movement during this period
(Figs.7 and 8; l6 and l7). The time series section of
temperature in l97l gave a slight indication of a
lowering of surface layer temperature from September to
October, but there were no such indications in 1972.
In 1971 and 1972 the observations were made in the last

week of October, and probably by that time the conditions
might have been Changed. The observations in Cochin harbour
during 1962 by Ramanirtham and Jayaraman (1963) indicate
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the lowest temperature in early August and again in
October. The time series sections of temperature and
density based on a decade‘: sate by Sharma (1968) show
a decrease in temperature and increase in density at all
depths from $eptember to October. The occurrence of this
phenomenon every year is not clear, mainly because of its
short duration and lack of observations at that time
However, the present study and those by Sharma (1968),
Raamirtham and Jayaranan (1963), suggest that this
phenomenon has been observed in many years. The windstress
component parallel to the coast in the equatorward
direction shows a decreasing trend after August and this
decrease is very rapid during $eptember-Qctober (Fig.5lc).
The wind observations at Cochin for 1964 did not indicate

any deviation from that of the average conditions for
September and October, These factors suggest that the
upward movement observed from September to October is not

due to wind, but due to a probable cause of oceanic origin.
Theoretical studies by Yoshida (1967) indicate ‘that the
free baroclinic motion contains an internal Kelvin wave

and the wave has significant aplituoes if its speed is
close to that of wind variations, otherwise it decays
due to intense bounoary mixing. Whenever there is a
resonance between the baroclinic waves and the existing
wind speed, the poleward propagating baroclinic waves
produce localised upwelling even in the absence of strong
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wind field (Yoshida, 1967). Perhaps, the poleward
propagating baroclinic waves are responsible for an induced
upwelling from fieptember to October. it has been observed
that the sudden onset of upwelling in the Julf of iuinea is
caused by coastally propagating baroclinic waves (Houghton,
1976; Houghton and Beer, 1976; Clarke, 1979).

The temperacure and density fields change dramatically
from October to Nvember off Cochin (Figs.l7 and 18). The
thermocline which is observed almost at the surface in
bctober has receded to below 100 m by Aovember. The

coastal current Ch8fl398 its direction to northerly during
this period. The downward displacement of isotherms ad
isopycnals from October is due to sinking. However, slieht
upward movement of isotherms and isopycnals are evident
from November to December in 1963 (Figs.l8 and 19), while
the sections for January and February show downward

movement of isotherms and isopycnals (Figs.2l and 22).
The time series section of temperature shows no variation
from Jovember 1971 to February 1972, whereas a slight
upward movement of isotherms are evident from Aovember to

December in 1972 (Fig.23). Meither the vertical sections
nor the time series sections give any evidence of continuous
downward displacements of isotherms after November. The

slight upward and downward displemment of isotherms and

isopycnals within the deep mixed layer seem to be associated
with fluctuations in current speed.
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The effect of windstress on vertical circulation
is negligible along the west coast of India from October
to February. The surface current along the west coast of
Indie is northerly from November to January (Anon., 1952;
Varadachari and Sharma, 1967). The wind during this
period is northerly or northeasterly but it is too week.
The surfae current flows towards north because of the
boundary effects, though the wind system off the west coast
of India is not favourable for a northerly current from
November to January. The reversal of the coastal current
from southerly to northerly takes place in October-November
A northerly current along the west coast is favourable for
sinking (Varadachari, l96l), and it is the northerly
current that induces sinking off the nest coast of India.
The current reverses its direction slightly earlier in
the south (Anons, 1952) thereby inducing sinking earlier
in the southern regions‘

Approximate velocity of vertical motions can be

obtained from the time variation of isotherms on isopycnals.
Assuming alongshore invariance of density field and no
mixing across isopycnals en estimate of vertical velocities
are made from the vertical movement of the 23.5 g/l
isopycnal. From February to April the upward displacement
of the 23.5 g/l isopycnal gives a velocity of upwelling of
about 2 x lO'4 cm sec'1 off Cochin. The velocity of
upwelling increases to 7 x l0'4 cm sec'1 from April to May.
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Msximu velocities of upwelling are observed between
May and June with values over l.6xlO'3 cm sec'1. This
value is comparable to the velocity of upwelling reported
for the Qulf of Juinea (lngha, 1970). However, compared

to major upwelling regions, the velocity of upwelling off
the southwest coast of India is less, since very high
vertical velocities are observed in many upwelling regions 
5:10”: c sec'1 off San Juan in the Peru Current upwelling
(Zuta et ale, 1978), 7x10'3 cm sec'1 off Oregon (dmith et a1.,
1966) and even upto ld'1 cm sec'1 in the Canary Current
upwelling region (Barton st al., 1977). But in these
regions these high velocities persist for only a few
days. Off the west coast of India the process of upwelling
is gradual and the upward movement continues for a longer
duration, and it takes about three to four months for the
water of the thermocline region to reach the surface. The
velocity of upwelling eff Kasaragod and Karwar also seems
to be similar to that off Cochin, though the upward
displacement of 23.5 g/l isopycnal give lesser values due
to lack of continuous observations. As in other upwelling
regions,the velocity of uowelling decreases offshore
in the region of study. Off Quilon and Cochin, the 23.5 g/l
isopycnal does not show any upward movement in the nearshore
regions after June, obviously due to the presence of low
salinity water in the surface layers. However, upward
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movement continues even after June as evidenced by the
relative positions of the 24.o g/l and 25.0 q/1
isopycnals (Figa.4 and 5; 13 and l4).

The velocity of upwelling from September to
October is high off Cochin and Quilon. The 23.5 g/1
isopycnal off Quilon shows a velocity of 2.3xlO°3 cm sec'1
which is much greater than the velocity of upwelling from
May to June. High velocity of upwelling is also observed
off Cochin during this period where the 25.0 g/l isopycnal
indicate velocities upto 2.5xlO'3 cm sec'1.

Compared to upwelling sinking is»a very quick
process in the region of study. The 23.5 g/1 isopycnal
indicates a velocity of sinking of 3.7x1O'3 cm sec'1 from
October to iovember off Cochin, which is about twice the
velocity of upwelling during may-June. Values over
3xl0'3 cm sec'1 are observed off Kasaragod from Jovember

to December. Ihe high velocity of sinking is associated
with the sudden reversal of coastal currents in this
region. The reversal of the surface current is abrupt
in this region, perhaps within a period of one month
(Anon., 1976). The sudden reversal of the surface current
from sousherly to northerly in this area causes sudden
downward displacement of isotherms and isopycnals.

The sea surface temperatures off Cochin are
omaximum during April-May, with values over 30 C (Figs.ll and
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12). Sea surface temperatures above 30°C are observed
off Kasaragod and Karwar also during March-April (Figs.
25,26 and 32). The incident solar radiation along the
wst coast of India is maximum from February to may
and the high sea surface temperatures during this period
are the result of intense solar heating. The lowest sea
surface temperatures are observed during July-August,
off Cochin and Quilon with values less than 24°C in the
nearshore regions. This gives an annual variation of
surface temperature of about 6-7°C, but this variation
decreases with increasing distance from the coast. The
annual surface temperature off narwar ranges from 25° to
31°C. However, the annual variation is more pronounced
at subsurface depths. At 100 m,the annual variation is
about 9°C off Cochin, which is much greater than the
annual variation at the surface

The incoming solar radiation along the southwest
coast of India shows an annual minimum during southwest
monsoon. The southwest monsoon period characterised by
overcast skies considerably reduces the incoming solar
radiation. The mean monthly air temperatures in the
coastal stations between Trivandrum ans Mangalore show
an annual minimum during Jul;-August (Anon., 1966). The
monthly mean air temperatures at Fort Cochin are presented
in TIDIB 10
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The sea surface temperature in the continental
shelf off the south west coast of India is lowest during
July-August, Sea surface temperature less than 23°C were
recorded off the Kerala coast in many years. The data
presented by Ramasastry and myrland (1959) show temperature
less then 23°C during September between Quilon and Alleppey.
Observations of the sea surface temperature at Thumba
(B°32'J) by.Pi1lai and Jarayanan (1974) show'ses surface
temperature in the range 22-24°C during July-August.
See surface temperature in the range 22-24°C were recorded
during southwest monsoon in the nearahore regions off
Cape Comorin, off Quilon and off Cochin in many years

and this is evident from the reports of Pelagic Fisheries
Sllrvéy (Anon. '4  ) O

During Jul -August, 7/8 parts of the sky is
covered by clouds off Cochin (Anon., 1966). The inner
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shelf region also is characterised by almost overcast
skies during this period. There are some limitations
in comparing a climatological air temperature data
with a synoptic sea surfac temperature data for the
period July-August. A comparison of air temperature
at coastal stations and sea surface temperature in the
nearshore regions indicate that the sea surface is at
least 2°C colder than the atmosphere during July-August.
Other factors such as evaporation also reduces the sea
surface temperature. The evaporation in the Arabian Sea
also shows a maximum during southwest monsoon (Venkiteswaran,

1956; Jagannathan nd Ramasastry, 1964), but the most
inense evaoration takes place in the central Arabian Sea.
There are only a few observations of sea surface
temperature and air temperature taken simultaneously. The
observations in the coastal waters at Thumba (8°32'N)
during 1967~l97O show that the sea surface temperature is
about 3°-4°C lower than air temperature during July
August (Pillai and aarayanan, 1974). The observations
in the South Kanara region also indicate that sea surface
temperature is elow air temperature during August, whereas
no observations are available for June-July (Benakappa at alt,
l9 O). Earlier works by Ramaurthy (1963) in the North

Kaiara region also suggest that the sea surface
temperature is less than air temperature during July
August, whereas sea surface temperature exceeds air
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temperature during the remainder of the year. Further,
it is interesting to note that off Cape Comorin, see
surface temperatures ea low as that of Quilon and Cochin
were observed in many years and it is evident from the
Pelagic Fishery survey report (Anone, 1980), and the
effects of clouds are lees in the Cape region. The sea
surface temnerature is above 28°C off Ratnagiri during
August,where cloudy conditions prevail but the effectl
of upwelling are less. 4ormally;the see surface
temperature is greater ahen air temperature (Svordrup et ¢1..
1942). The above mentioned factors give indication: that
the low sea surface temperature off the west coast of
indie during July-August may be due to the effect of
upwelling and not the result of overcast skies or
evaporation as pointed by Sharma (1978).

The 23.0 g/l isopycnal is observed very near the
surface in the inshore regiona off Quilon and Cochin
during early June (Figs.4 and 13). By July, the 23.Q g/1
isopycnel is slightly pushed down due to rains and
freshwater influx, though the 24.0 g/1 and 25.0 g/1
isopwcnals show unwerd movement from June to July. The

time variation of the 23¢O g/l ieopycnel indicate that
water from about 90 m depth reaches the surface due to
upwelling (Fiqa.2l and 13). The 23°C isotherm indicates
an upward displacement of about 125 m durinu February to
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August, but for the same period the 23.0 g/1 isopycnll
shows an uplift of only A90 m (Fi;s.2l and 15). After
early June, further upward movement of the 23.& g/l
isopycnal is checked by the intense precipitation and
river discharge. But uowelling continues even after
June and the cold upwelled water undergoes mixing with

the surface water which is considerably diluted by the
rains and river discharge thereby the temperature is
lowered, though there is a decrease in density in the
upper l0 ms The effect of low salinity water is evident
even at a distance of 40-50 km from the coast (Anon., 1976)
This water checks any further increase in density in
surface layers, but the temperature continues to decrease
till July/August off Cochin. However, it is very
difficult to make a quantitative account of the mixing of
upwelled water and the low salinity water of the surface
layers as pointed out by dense (1968).

Year to year variations in the onset, duration ad
intensity of upwellinq and sinking are evident. For
studying such variations continuous observations are

necessary. A general picture of year to year variations
are well demonstrated in the time series section off Cochin
during 1971-1972. Upwellinq was stronger in 1971 and the
effects persisted for a longer duration compared to that in
1972. In 1971 the lowest temperature at all depths
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occurred in July. Whereas in 1972 it is attained
during August.Sharma (1966) reports similar variations
in upwelling off Cochin during 1964 and 1965‘ It has
been reported that the intensity of upwelling was
exceptionally high in the region south of Kasaragod in
1977 compared to the preceding pears (Anon., 1980). These
year to year variations are caused by the variations in
the causative factors. Fluctuations in the intensity of
southwest monsoon cause changes in the affects, duration
and cessation of upwelling

The density structure at subsurface depths off
Cochin, Quilon and aasaragod clearly reveals the presence
of a subsurface northerly current beneath the surface
southerly flow during tho period of upwelling. The flow
is narrow and mainly confined to the continental slope
region. in all regions,the density field suggests a weak
northerly flow and i;s vertical extent is usually less
than 50 m. This poleward flowing countercurrent is one of
the indicators of upwelling (Yoshida and Isuchiya, 1957).
During the early stages of upwelling this countercurrent
is obaerved at depths below lU0»125 m, but in July—Au;ust
it is observed below 70-80 m. A subsurface poleward

flowing countorcurrent is ob erved in all major unwelling
regions such as the Peru current upwelling (iunther, 1936;
nooster and uilmartin, 1961), off California (Reid et 310'
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1958; Reid, l962).and in the Benguela Current upwelling
(Hart and Currie, 1960). Off California and Peru this
poleward flowing countercurrent is narrow and wok. In
the-Peru Current upwelling region the poleward

countereurrent has maximum velocity in the northern regions
o£f.Peru where speeds of 4~l0 cm sec'1 are observed
(Wooster and Gilmartin, 1961). Unfortunetely,no direct
current measurements are available at subsurface depths
in the region of study and the limitations of the
geostrophic approximation in shallow regions and the wide

station sp8¢ing prevent any reasonable estimate of the
velocity of the subsurface countercurrent.

The effects of upwelling are evident even beyond
100 km off the Aerala doast during July-August (Figs.5,6,
l4 and 28). Off Aarwar also the effects of upwelling are
evident upto 80 km from the coast upto which the
observations are made (Figs.32c and 33a). This suggests
that the width of the upwelling zone is fairly high off
the west coast of India.

fhe oxygen content of the surface layers are near
saturation during the period Aovember to May in the region
between Karwar and Cape Comorin (Anon-; 1976,1980).

Howevar, oxygen depleted water of subsurface layers reaches

the surface layers by the end of May or early June
(A3030; l973,l976,l98o)¢ Like the isotherms and isopycnals,
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the isolines of oxyty also show an upsloping towards the
coast during the southwest monsoon period (Ramasastry
and Myrland, 1959; Anon., 1973,1976; Hamairtham and Rae,
1973). the oxygen content of sea water is not a
conservative property and the oxygen content of the
waters depend on many factors such as photosynthesis,
decaying organisms, mixing and residence time of water
Qtfiop and certainly varies in epae and time. Concentrations
of oxygen below 0.25 ml/1 are common on the shelf during
southwest monsoon (Banse, 1968). In the nearshore regions
off Kerwar oxygen values less than 1.0 ml/l are observed
just below the surface during July-August (Anons, 1976,1980).
Off Quilon and Cape Comorin, the oxygen content of surface
layers is not as low as in the regions north of Quilon and
based on that it is concluded that upwelling is less
intense in the region off Quilon ans further south compared
to that off Cochin and further north (Anon., 1976). But
the present study does not 8Ug§08t any significant
difference in the intensity and effects of upwelling off
Quilon and Cochin. Further in many years the velocity of
upwelling calculated from the movement of the 23°C isotherm
off Cape Ccmorin and Quilon are ofrthe same magnitude to
that off Cochin and nesaragod, and in some years like
1977 very strong upwellinv is indicated between Cochin and
Cape Cbmorin (Anon., 1980). The higher oxygen content
off Quilon and further south during southwest monsoon
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suggests that apart from uowelling other factors also
might influence the oxygen distribution north of QU11OH0
Sharma (1978) points out that the strong stratification
in the surface layers, greater flux of decaying organic
matter and the frequent formation of mud banks are the
reasons for the low oxygen content of the waters off
the southwest coast of India during southwest monsoon.
It is interesting to note that the mudbanks are mainly
formed in the region north of Quilon (Damouaran and
Hridayanathan, 1966). Furtherythe stratification caused
by the freshwater influx is less in the region south of
Quilon. So apart from upwelling, the influence of other
deoxygenating factors are less of Quilon and further south
and that may be the reason for comparatively higher
oxygen content of the waters in that region during the
southwest monsoon.

The salinity in the surface layer off the west Coast
of Ineia undergoes large scale seasonal fluctuations. The
salinity distribution in this region is mainly controlled
by two factors, the coastal current and freshwater influx.
From dovember to January the coaszal currents are towards
north which bring water from the equatorial region. During
this period the salinity at the surface is very low, and
surface salinity as low as 30%. is observed off the Kerala
Coast (Darbyshire, 1967). The surfce salinity was
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less thn 32.6%. off Kesaragod during January 1974
(Anon., 1976). Salinities below 33%. were observed
in January 1959 even beyond the continental slope
(Banss, 1968). During this period the effect of river
run off is very limited in this region. The low salinities
are the result of the northerly coastal current which
brings low salinity water from the Bay of Bengal which
is considerably diluted by the northeast monsoon rains
and also river discharge (Uarbyshire, 1967). However,
higher salinities are observed at subsurface depths during
thii PCr£Ode

Prom February onwards the coastal current flows
towards south off the west coast of India (Anon., 1952;
Varadachari and Sharms, 1967). This current brings high

salinity water from the northern Arabian Sea. The
salinity in the surfae layer increases from February
till late May. Values over 34.5%.- 35%. are evident
from the charts of Uarbyshire (1967) and Anon. £1976)‘
From June, the salinity in the surface layers decreases
to values below 30n.in nearshore regions because of the
freshwater influx of southwest monsoon rains (Darbyshire,
1967; Anon‘, 1976). Therefore, during the period when
upwelled water is at the surface the surface salinities
are low, which would have been higher in the absence of
heavy rains and river discharge.
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(from 31-az<°¢ to 22-25%), slight lowering of salinity
from 35-36%. to 30-32%.) and plentiful supply of

nutrients (Subrahmanyan, 19590). Various other factors
also affect the primary productivity, such as insoletion
and turbidity of the water etc.

During southwest monsoon she waters off the west
coast of Indie are cold, turbid, of iow oxygen content
and rich in nutrients. Further the incoming solar
radiation is less due to cloudy conditions. But it has
been pointed out by Steeman deiison and Jonson (1957)
that even if the solar radiation is reduced by 50%, the
production per unit area would be about 80% to that of
clear day. The primary productivity is considerably
reduced only on dark cloudy days with intermittent rains
and such days are few (Ramachandren iair et a1., 1973).
In the nearshoro regions of the west coast of India,
(inside the 50 m zone) during southwest monsoon, the
average primary productivity is estimated to be about
1.37 gOm'? dey_1 (Hamachendran flair et a1.. 1973). The
rate of primary productivity decreases offshore. However,
in the nearshore regions values over 1.0 qCm'2 dey'1 is
Commonly met with the production rates of lesser
magnitudes is a rarity (Rmachandran Nair et e1.. 1973).
This suggests that during this period the primary
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productivity rates are as high as that reported off
Peru (Holmes et al., 1957) and off Oregon (Anderson,
1964). In all these regions productivity rates are
generally higher than 1.0 gQn"2 day"1 during upwelling»
Observations of Qasim et al. (1978) indicate that inside
the 50 m zone of she continental shelf off the west coast
of India primary productivity averaged 0.33 gCm'2 day'1
during March-April. This suggests a four times increase
in primary productivity during southwest monsoon, despite
a-reduction in the incmming solar radiation. Off the west
coast of India, the phytoplankton bloom occurs during
July-August (Subrahmanyan, 1973). Observations in
different years show remarkable consistency in the period
of the phytoplankton bloom. (he zooplankton bloom,
generally, occurs by the end of the southwest monsoon
mainly in August-September (Anon., 1976).

Earlier investigations by different workers differs
in their views regarding the onset, duration and cessation
of upwelling along the west coast of India. Raasastry and
Myrland (1959) concludes that upwelling off the southwest
coast of indie occurs durin; postmonsoon. From the analysis
of temperature and oxygen in the nearshore regions off the
southwest coast of India,Raamirtha and Jayaraman (1960)
inferred upwelling from late August to October. From the
upsloping of isotherms towards the coast Banse (l959)
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indicates that upwelling off he southwest coast of India
seems to last through the southwest monsoon. From
observations in the nearshore regions off Karwar,
Ramamurthy (1963) concludes that upwelling in 1956-1957

started in June-July. Off Karwar in July 1959 the surface
temperature fell to 24.4°c indicating upwelling (Banse,
1968). Banse (1968) in a general way states that upwelling
off the southwest coast of Indie starts with the onset
of southwest monsoon. However, Ramamirtham and Jayaraman

(1963) observed water colder than 27°C below 5 m in Cochin

harbour in May 1962 and based on that Banse (1968) inferred
that upwelling in 1962 must have commenced at that time
Based on similar observations of decrease in temperature
in the surface layers from 3u-31°C in April-May to
25-26°C towaros the end of June in 1958 and first week of

July in the harbour of aarwar, sense (1968) points out
that in some years upwelling starts much earlier to June
unlike the earlier concepts that it starts in June-July.

From the analysis of a decades data Sharma (1968)
concludes that upwelling off the southwest coast of India
starts in February and continues upto July-Au;ust
upwelling starts earlier in the south and gradually extends
to north (Sharma, 1971,1978). The present study also gives
almost similar results for the southwest coast of India.
3ut upwelling continues for a longer period in the northern
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regions» During September—0ctober a secondary period
in upwelling is evident, though it continues only for
a short duration. The difference in conclusions
obtained by earlier workers are mainly due to inadequate
data while some authors inferred upwelling only when
there is a lowering of surface temperature. But the
process of upwelling starts much earlier to the
occurrence of low temperature at the surface.

Absence of wind induced upwelling during southwest
monsoon has been indicated by several auzhors (Darbyshire,
l967; Bense, 1968; Sharma, 1968,1978). However, the
winds have significant effect on upwelling in the region
south of Karwar. The winds in the oceanic area adjacent
to the coast are westerly or slightly northwesterly in
the region south of earwar during south-west monsoon.
Due to the orientation of the coast, there is always a
wind component parallel to the coast in the equatorward

direction which is favourable for upwelling. However,
the winds are southwesterly off Ratnagiri and further
north, though the current is favourable for upwelling.
The lesser Upwfllling in this region during southwest
monsoon is due to unfavourable winds.

Raamirtham and Jayaraan (1960) infers sinking
off the southwest coast of India from Jovember to January.
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Sharma (1978) indicates sinking from September. The
present study suggests that sinking off Cochin starts
from October, but there are no indications of further
continuous downward movement of isotherms or iaopycnala

after November.

From the time variation of the 23.d g/l icopycnal
Shanna (i978) infers that water from about 90 m depth
reaches the surface due to upwelling. The vertical
uplift of the 23.5 g/1 isopycnal shows an uplift of
about 90 m off Cochin in 1964. However, the 2a°c
isotherm indicates an upward movement of about 125 m

during 1964, and this descrepancy is mainly due to the
presence of low salinity water in the surface layers
during southwest monsoon.

According to Sharma (l968,l978) the low sea
surface temperature durinj July-August is the result of
decrease in solar radiation because of overcast skies
during active southwest monsoon. But the present study
suggests that the sea surface temperature is lower than
air temperature during southwest monsoon and the low sea
surface temperatures are the result of upwelling



CHAPTER V
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the temperature end density fields off Waltair
and Madras show significant seasonal variationl. The
data available are not adequate to describe all features
associated with upwelling since the observations are
neither continuous nor made in the same year. However,
e comparison of temperature and density sections, sea
level variation and surface vergence give e genral
picture regarding upwelling off the east coast of India

Off Waltair, the sea surface temperature shows a
minimum of about 25°C in January but in deeper layers a
conspicuous minimum occurs during March (Fio.40). The
low surface temperature in January is essentially due to
winter cooling and the thermocline is about 75 m deep
(Fiq.35). During March-April, the isotherms and icopycnele
slope up towards the coast and the surface and lubeurfece
temperature is minimum closest to the coast and increases
offshore (Fige.36 and 37)» The time variation of
temperature shows that the temperature at 125 m begins
to decrease from December and continues upto March whereas

at 75 m and 50 m the lowering of temperature occurs only
during February to March (Fiq»40). The sea level shows
an annual minimum in March-April (Pig.55a). So it could
be inferred that the lowering of temperature
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and increasing of density at all depths in March are
due to the effect of upwelling.

Off Madras also considerable unward displacement
of isotherms and isonycnels takes piece from January to
April (Figs.4l and 42). {he sea level shows an annual
minimum during April. This gives an indication that on
an average the maximum effects of upwelling occur in
April off Madras.

The wind averaged for each 2° latitude-longitude
quadrangle off fialtair becomes favourable for upwelling
from March (Fig.53a). {he wind data presented by LaFond
(1954) indicate that the winds of Waltair begin to blow
from south or soutmwest from February. lhe surface
current in this area turns towards north from January

(Anon.. 1952). However, off Madras the current reverses
to northerly only by February. A northerly current along
the east coast is favoirable for upwelling (Varadachari,
1961). éeither the wind nor the current are favourable
for upwelling during December, but at 125 m depth the
temperature lowers and density increases from December
and it can be due to winter cooling which results in
convective motion in deeper layers. Significant upward
movement takes place from February to March when the wind

also becomes favourable for upwelling. {he vergence field
off the east coast shows divergence from January. 50 it
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can be inferred that upwelling off Waltair comencee
from January with the reversal of the surface current
which occurs ahead of the wind reversal. Upuelling
off Madras seems to set-in only by February since the
current in this region turns to ards north only from
February.

The annual minimu in sea level during March-April
off Visakhapatnam indicates that on a climatological point
of view the maximum effectsof upwelling occur during this_
period. Off Madras, the maximm effects of upwelling
occur during April as is evident from the sea level.

The wind stress parallel to the coast that favours
uowelling increases from earch off Waltair and aadras.
Aowever,~further uoward movement of isotherms and

isopycnals are not observed during April~day.In fact, a
downward movement is observed after march (Fi3.44).

Durine Hpril-may the zhermocline is more than 40 m deep
even in nearshore regions (Fi;s.37,42 and 43). {he sea
level also shows an increase from April to may (Fig.55a)
Though the winds off the eass coast are favourable for great
upwelling, the factors which act against upwelling dominate
during April-May. During this period, the unwelled water
is constantly heated in the surface layers. A decrease in
current saeed after march-April can be another factor that
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produces a decrease in density in nearshore regions
The deep mixed layer durin¢ this period can be the result
of intense wind induced mixing. Off Madras also the sea
level shows an increase from April to may (Fig.55b),
suggesting similar changes as those off flaltaire

The time variation of temperature and density at
different depths off aaltair indicate that the temperature
at all depths decreases sometime after may, but before
September (?iq.40). ihe vertical sections of temperature

and at indicate upward movement from April to July (Fins
37 and 38); {he sea level off Visakhapatnam shows a
decrease from June and a secondary minimum is observed
during July (F1g.ssa). The vergence field shows
divergence during June-July. The wind stress component
parallel to the coast which induces uowelling shows a
maximum during southwest monsoon (Fig.53a). fhe thermal

and density variations, vergence field, sea level decrease
and wlndstress conclusively suggest the occurrence of a
secondary phase of upwelling during June-July. The sea
level shows a slight increase from JUIY to August. Ihe
secondary minimum in sea level off Visakhepatnam indicates
that on a climatological basis the effects of this
secondary upwelling is in July. Off nadras, the sea level
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shows a secondary minimum in July-August which suggest

that the effects of the secondary upwelling occur in
U118 *lBOflthq

The density st all depths decreases considerably
from July to October off Waltair (Figs.38 and 39). The
time variation of temperature at different depths shows
an increase from September whereas no data are available
for August. The sea level increases sharply after August.
Further the vergence field shews convergence from August.
Combining all these factors it could be understood that
sinking off Waltair starts in August. The northerly
surface current off waltair ceases sometime in August
(Vsradschsri, l96l). The current reverses its direction
by the end of August. A southerly current along the east
coast is favourable for sinking (Varadschari, l96l)¢ The
maximum sea level in November suggests that the effects
of sinking are conspicuous during this month. The
sinking process off the east coast starts before the
reversal of the wind as the winds become favourable for

sinking only from Octobers The effects of sinking are
further magnified by the heavy freshwater influx due to
rains during September-October.

Off Madras, oceanographic data for subsurface
depths could not be presented for August or northeast
monsoon season due to paucity of data. However, from
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the ssa levsl some inferences can be drawn. Ths ssa

level shows a sacondary minimum during July-August and
it increases after August (Fig.55b). This suggests that
sinking off madras starts sftsr August, slinhtly later
than that off Wlltflifs

The upward displacement of the 22.0 g/l isopycnsl
from late January to march off Waltsir shows a velocity
of upwolling of about lxl0_3 cm sscnl for the noarshors
regions. However, tho velocity of upwelling rapidly
decreases offshore. Off Madras, the velocity of upwelling
is about 7xl0'4 om soc“1 from January to April. This
indicatss that the velocity of upwelling off tho ssst coast
is slightly lass than that off the wsst coast and also
continuous upward displacement lasts for a lesssr period.

rho relative positions of 22.9 g/l isopycnal during
Octobsr, March and July off Waltair suggsst that water from
about 85 m roaches the surface duo to upwelling (Figs.35,36
and 38). Off Madras, the 22,0 g/1 isopvcnal shows an
uplift less than 70 m from January to Aprils Upwalling
off Waltair seams to be more intanss than that off Madras

during spring and summer. The factors that csuss upwelling
are more favourable off aaltair compared to those off Madras.
Tho windstress favourable for upwslling is much strongar off

v
Waltair than that off Madras (Figs.53s,53b)3 The current off
waltsir is stronger and stsadisr durin» southwest monsoon
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whereas off Madras it is highly variable and even southerly
flow is indicated (Murthy and Vsradachari, 1968). Further,
off Waltair the winds blow at such an angle to the coast
that it is favourable for intense upwelling (LaFond and
LlFond, 1968).

The sections off Waltair and Madras for January,
March, April and June-July (Figs.35,36,37,38,42,43 and 44)
suggest that the effects of upwelling are confined to a
distance less than about 25 km from the coast. There is
a considerable increase in density in the nearshore
regions off Waltair from January to March, but at s
distance of 25 km from the coast 23.0 g/l isopycnal shows
no significant upward movement during this period (Figs.35
and 36)» Theoretically the width of the upwelling zone is
much less for the east coast of continents ,compared to
that for the west coast at that latitude (Yoshida, 1967).
Practically the effects of upwelling off the east coast of
India are mainly confined to the inner continental shelf
region.

The orientation of isopycnals in the sections off
Waltair in April clearly indicate that the current is
northerly down to 300 m (Fig.37). The dynaical
computations by Poornachandra nso (1956) also indicate
northerly flow down to 300 m off Visakhapatnlm in March. The
available data for the east coast do not suggest the
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possibility of a subsurface countercurrent down to
300 m. This means that the subsurface countercurrent
associated with upwelling is possibly below 300 m or
absent during upwelling. However, no conclusion can be
drawn without a detailed investigation.

During April-may and June-July, the thermocline is
observed at depths below 40~50 m even in the nearshore

regions off waltair and Madras (Figs.37,38,42 and 43).
The depth of the mixed layer increases with distance from
the coast. Off Waltair at about 30 miles from the coast
the thermoclins is about 100 m deep in July (Fiq¢38). The
thmperature at the surface and subsurface depths show
offshore~onshore gradients, but the position of the
thermocline when the effects of upwelling are expected,
indicates some difference from that off the west C08lte
Due to upwelling, water from the thermocline is not
reaching the surface though the surface temperature is the
least near the coast and increases offshore. A.mixed layer
of more than 40 m deep makes the effects of upwelling less
significant compared to many other regions of upwelling.

The surface waters off Waltair are warm in summer

and early fall, and colder in winter (LaFond, 1958b). The
annual surface temperature ranges from 25°C to 29°C. Data
presented by LaFond (1958b) indicate an annual variation of
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about 3°C off Madras with higher values in summer and

fall and lower values duilflg winter. off haltair, the
zurface temperature drops slightly in the nearshore regions
due to upwelling during March-April and June-July, which
would have been still higher in the absence of upwelling
because of intense solar heating during spring and summer.

The oxygen content off the east coast of India
changes seasonally. Off naltair,the oxygen content at the
surface ranges between 2.37 and 4.95 ml/l with higher values
in October and lower values during February-May (ianapati
and Sarma, l958). when the unwelled water is at the
surface layers during march-Aril the oxygen content of the
surface layers also shows higher values which are quite
unusual for an upwelling region. It can be partly due to
photosynthetic activity, but another reason is that water
from oxygen minimum layer may not be reaching the surface

layers. It is observed that during April-May the oxywen
minimum layer is well below 50 m even in nearshore regions

and in all stations near the coast the oxygen is higher
down to the bottom (Jayaraman, 1965).

The salinice in the surface layer off naltair
undergoes large anual variation with maximu values during
March-may and minimum in October~November (LaFond, l958b).

{he annual range is about 10%. for the inshore region which
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is very high compared to other regions at similar latitudes.
The surface salinity falls below 25%. during Gotebor
Jovember due to heavy run off and southerly currents which
bring low salinity water from the northern regions. Off
the east coast of India surface salinity increases due to
upwelling and it is very evident from the upsloping of

isohalines during February-March from the sections of
LaFond (1957).

Qff flaltair, significant increase in the nutrient
content occurs during February~March (LaFond, 1957).
Observations of aanapati at oi. (1956) indicate no
significant variations in the phosphate content at the
surface throughout ahe year. However, at subsurface depths
during Aarch-April values over 1.52 pg at/l wre observed
ans the silicates also show a peak in march (oanapati et sl
1956). aandpflti anu barma (1958) reports maximum phosphate

content in the surface layers during January-February.
Though there are evidences of an increase in nutrient
content durinq February-March in the nearshore regions,
the period of occurrence of maximm phosphate vary from
year to year, as evidenced from the works of LaFond (1957),
janapati at H10 (1956), aanapati and Sarma (1958),
aaojumdar (1967 ) .

Primary productivity measurements in the Bay of
Bengal were less until recently. The average primary
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production in the Bay of Bengal during April-May 1957,
April-May 1963 and march-April 1975 were 0.60, 0.82, and

0.18 gQn"'2 day_1 for the inshore regions which indicate
fairly high values except during 1975, while in August
September 1978 primary productivity was 1.28 gCm'2 daY'1

for the inshore regions (Bhattathiri et a1., 1980).
During this period the production for 1978 was much hieher
compared to 1976 and 1977 (Bhattathiri at al. 1980). ihe
greater productivity during this period can be due to the
effect of upwelling. off waltair twe phytoplankton bloom
is observed in Hersh/April (aanapati and aao, 1958).
dowever, data for different years off the east coast show
different periods of plankton bloom as is evident from
Subrahmanyan (1973). fhe magnitude of the standing crop
off the east coast is much less compared to that off the
west coast for almost all the months. Similarly, the
fishery resources off the east coast of India are less
compared to those off the west coast of India {Panikksr and
Javaraman, 1966; Ramachandran Mair at al., 1973).

Upwelling has been indicated by LaFond (1954) along
the east coast of India during march-April. The lowering
of sea surface temperature in August along the east coast
prompted LaFond (1958b) to infer the possibility of a
secondary period in upwelling. Theoretical study by
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Varadschari (1961) indicates the occurrence of uwelling
from January to July and sinking from August to December

along the east coast of India. Murthy and Varadechari
(1968) indicates upwelling durinn premonsoon and monsoon

periods along the east coast with intense upwelling off
Waltair than that off Madras and aaraiksl. The present
study does not indicate the occurrence of continuous
upward movement of isotherms and isopycnals from January
to July off weltair. Upward displacement of isotherms and
isopycnals are evident from Jnuary to march and again
during June-July off waltair. urin; April-may the
isotherms and isopycnals are pushed down mainly due to
intense sole heating and a possible decrease in current
speed, though the wind and current are favourable for
further upwelling during April-may

Jayaraman (1965) doubts the large scale upwelling
off the east coast of India and claims there is no evidence
of marked Upfifilliflg along the east coasts of continents in
the Jorthern Hemisphere - with the exception of the Somali
Arabian coasts. The arguments are mainly based on the
oxygen content and position of thermocline from the
available data off the east coast. The present study also
suggests that the process and effects of upwelling off the
east coast differ considerably from those off the west
coast, and these are briefly dealt in Section II.



113

ggggggs 3; -. gaiasigggsgai g gg rd  ;;& 1' gg.-»§r gr 1.1% .

5 convm  ;§g ~53 ego {:1 Id 5; w§§1 Q; Q *1

The analysis of temperature and density structure,
surface vsrgsnce, windstress and sea level conclusively
prove the occurrence of upwelling and sinking along the
asst and west coasts of indie. However, the process and
effects of upwelling and sinking in these regions show
some significant differences, and some of the most striking
features are mentioned here.

Off the west coast of India, the commencement of
upwelling is due to the northerly winds, but it starts
only with the reversal of the current towards south,
whereas off the east coast, upwelling starts when the
current begins to flow towards north, though the winds are
unfavourable at that time.

when the effects of upwelling are maximum the

thermocline reaches the surface and even outcrops into
the nsviface in the nearshore regions off the west coast
of India. fhere is considerable fall in surface temperature
near the coast. fhe surface temperature off the east coast
shows offshore-onshore gradients but there are no evidences
of water from thermocline region reaching the surface in
any season. The thermocline is below 40 m in all seasons
off the east coast of India and there are no indications of
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water from thermocline reaching the surface, This makes
the effects of upwelling less significant in this region,

Off the west coast, a secondary upwelling occurs
during September-October which does not seem to be associated

with wind or current, but may be due to poleward propagating
baroclinic waves. off the east coast, a secondary period
in upwelling occurs which is related to southwest monsoon
winds.

Sinking off the west coast of India is due to the
northerly coastal current and not due to the wind in these
regions. Off the east coast, sinking starts when the
current reverses its direction to southerly, but afterwards
winds also favour sinking,

The effects of upwelling are evident off the west
coast even beyond 100 km offshore, But off the east coast
the effects of upwelling are limited to a very narrow
region, possibly, less than 25 km from the coast,

Durin, the period of upwelling, a subsurface
poleward flowing countercurrent is evident below 80-lU0;@
off the west coast of India. But off the east coast, such
a coun ercurrent could not be traced even uoto 300 m from
the available data.

The sea surface temperature along the west coast \/
shows an annual variation of 6-7°C, in the nearshore regions,
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and the lowest temperature occurs when the effects of
upwelling are maximum. However, off Waltair, the annual
variations of sea surface temperature is only 4°C and the
lowest temperature occurs during winter and not due to the
effect of upwelling.

Uff the west coast of India, considerable fall
in oxygen content in the layers just below the surface
is observed when the upwelled water is in the surface layers,
However, off the east coast, the surface layers are near
saturation, when the effects of upwelling are expected to
be maximu and the nearshore stations show oxygen
saturation down to the bottom. Absence of oxygen depletion
is also not common in upwelling regions, though low oxygen
content need not be an essential feature associated with
upwelling.

The salinity of the surface layers off the west
coast is low when the upwelled water is in the surface
layers. The salinity would have been much higher in the
absence of %OUthWB8t monsoon rains and river discharge.

Howevcr, off the east coast salinity increases due to
upwelling.

Considerable aounts of nutrients are brought to
the surface layers due to upwelling and plankton bloom
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occurs during late southwest monsoon off the west coast
of India, However, the high b1010§iC81 productivity off
the east coast is confined to a narrow region close to the
coast

flegardinq the extent (width of the upwelling zono),
and associated physicc-chemical and biological characteristics,
upwelling off the west coast of India resembles some of the
major upwelling regions along tho west coasts of continents,
though ohe intensity of upwelling is less. Howver,
upwelling off the east coast of India differs much from that
off the west coast regarding the extent, and associated
physico-chemical and biological characteristics.



CHAPTER VI
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SUMMARY ANU CUNCLJSIUNS

The Thesis is an outcome of some investigations
carried out by the author on upwelling and sinking off
the west and east coasts of India. The aim of the
study is to find out the actual period and duration of
upwelling and sinking, their driving mechanism, various
associated features and the factors that affect these
processes. It is achieved by analysing the temperature
and density fields off the west and east coasts of India,
and further conclusions are drawn from the vergence field
of surface currents, windstress and sea level variations.

Vertical sections of temperature and at are drawn
off Quilon (e°so'n), off Cochin (10°oo'a), off Kasaragod

(12§a1'n), off darwar (14°47*n) and off Ratnagiri (1o°59'a
along the west coast of India, and off Waltair (l7°44'd)
and off Madras (l3°O8'N) along the east coast of India.
Further,a time series section of temperature off Cochin
and time variation of temperature and density at different
depths off Waltair are also utilised, The verqence field
is evaluated by direct calculation from the surface current
vectors available at a two-degree latitude-longitude
quadrangle. Monthly mean windstress components parallel
and perpendicular to the coast are computed off Cochin,
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Karwar and fiombay along the west coast and off Madras and
naltair along the east coast. The influence of windstress
on vertical circulations are discussed. The monthly mean
sea level at Cochin and murmugao on the west coast and at
Madras and Visakhapatnam on the east coast are presented
and upwelling and sinking are inferred from the sea level
variation.

The temperature and density structure off the Indian
coasts undergo considerable seasonal variations at the
surface and subsurface depths, with maximum changes in the
nearshore regions, and these changes are mainly associated
with upwelling and sineing although other factors are also
resnonsible to a certain extent. The monthly mean sea
level in the region of study also changes seasonally, which
decreases with upwelling and increases with sinking. The
vergence field, in general, shows divergence during
unwellin; and convergence during $iflkifl;; though some

differences are there mainly due to the limitations in
the method and the data used.

Upwelling off the west coast of India commences

in deeoer layers by February in the southern regions and
slizhtly liter, by March in the northern regions. The
upwelled water from the thermocline region reaches the
surface in zho nea shore regions by early June.
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Off the southwest coast of Indie, upwelling
continues till Ju1y~August, but in the norzhern regions
upwelling continues upto August-September. The maximum

effects of upwelling are generally observed in August
off Cochin, whereas in the northern regions and mamimum
effects of upwelling occur slightly later.

The commencement of upwelling from February off the

southwest coast of India is due to the offshore transport

of the wind, but it starts only with she reversal of current
to southerly. Along the south west coastfsgfielling
continues even during southwest monsoon. During this
period there is a windstress component parallel to the
coast in the equstorward direction in the region south of
Karwar, which is favourable for upwelling. Upward
displacement of isotherms and isopycnels continues till
the wind and current acquire maximum speed i.e. till
July~Au;ust off Cochin. However, upwelling continues and
the effects persist for e slightly longer time off Karwsr
mainly due to more favourable winds towards the end of
southwest monsoon.

iupwelling off Ratnagiri and further north differs
from that in the southern regions. During southwest
monsoon the effects of upwelling are less in this region
compared to those in the region south of nsrwar, and chore
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is no significant lowering of surface temperature. The
maximum effects of upwelling in this region occur during
post monsoon season. The lesser intensity of upwelling

in this region during southwest monsoon is due to
unfavourable southwesterly winds. However, uuwelling
occurs due no the southerly coastal current during this
eriod.

The isotherms and isopycnals in the continental
shelf off Cochin and Quilon are displaced to deeper layers
from august to $QQcQMbeE mainly due to a decrease in wind

and current speed. But durin; September—0ctober a sudden
upward mlvement of isotherms and isopycnals are observed.
fhis does not seem to be associated with wind er current,
but seems to be associated with poleward propagating
barotlinic waves which can produce localised upwelling
without any significant wind at that locality if resonance
occurs between these waves and the existing wind field.

Off Cochin, sinking starts during October-Aovember.
Off rarwar sinking seems to start sliqhtly later. There are
no evidences of continuous downward displacements of
isotherms and isopycnals after lovember off Cochin.
Sinking off the west coast of India is essentially due to
the northerly coastal current and no: due to the wind in
this region. The slight upward and downward displacements
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of isotherms and isopycnals after November ere associated
with fluctuations in the velocity of the northerly current.
In the northern regions sinking starts slightly later»

The velocity of upwelling off the west coast of
India is much less especially in the initial stages»
However, off Cochin, from May to June values upto 1e6X1O‘3

cm sec'1 ere observed which is fairly high. From September
to October the velocity of upwelling upto 2.5xl0'3 cm sec'1
is observed. The velocity of upwelling off Kaseregod and
Karwer also seems to be of similar magnitude as that off
Cochin

The intensity of sinking is very high compared to
that of upwelling along the west coast of India. Off Cochin,
from Cctober to November the velocity of sinking is about
3-7xl0'3 cm sec-I which is twice the maximum observed

velocity of upwelling in this region. High velocity of
sinking is observed off Aasaragod also during November to

December. The high velocity of sinking is the result of
sudden reversal of the coastal current from southerly to
northerly, which occurs within a period of about one month.

Uff Cochin, the density variation suggests that
water from about 90 m depth is t88¢h1n3 the surface due
to upwelling. However the temperature variation indicates
that water from about 125 m depth reaches the surface.
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This discrepancy is due to the influence of heavy rains
‘and river discharge. After June there is no further
increase in density in the upper 10 m, though upwelling
continues till July~August. fhe cold upwelled water
mixes with the low salinity water in the surface layers
and the temperature is lowered, though there is a decrease
in density in the upper lo-m of the nearshore reaions
durin< this period.

The effects of upwelling are evident even at

distances more than 100 km off the west coast of India.
This indicates that the width of the upwelling zone in
this region is fairly high, typical of unveiling in low
1at1tUdQ5o

Off the west coast of India, during the period of
upwelling a subsurface countercurrent is evident below the
surface southerly flow, usually at depths below 100 m but
in the later stages of upwelling it is observed below
60-80 m. This northerly current is narrow and confined to
the shelf-edge or continental slope region.

Year to year variations in the period and intensity
of upwelling are evident off the west coast of India. Such
variations are associated with J8Ii8l1Ofl$ in the causative
factQr'0
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The sea surface temperature off the west coast of
India in the region south of Karwar shows an annual
variation of 6-7°C in the no rshore regions. The maximum
values over 30°C occur during March-April and early May,
owing to intense solar heating. The minimum occurs in
July-August off Quilon anu Cochin and slightly later in
the northern regions. During this period, surface

,temperature between 22°-24°C is observed in the nearshore

regions in many years. The air temperature in the coastal
stations also shows an annual minimum during this period
due to cloudy conditions, but the sea surface temperatures
are less than air temperature at least in the nearshore
regions. The low sea surface temperature during this
period is due to the effect of upwelling and not the
result of a reduction in solar radiation.

In the region north of Cochin when the upwelled water
is at the surface layers very low oxygen contents are
observed just below the surface. Apart from upwelling,
the stratification caused by run off, greater number of
decaying organisms and the frequent formation of mud banks
also reduce the oxygen content in the region north of Quilon.
However, off Quilon and further south, the effects of run
off and mud banks are less and comparatively higher oxygen
contents are observed in this region.
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Off the west coast of India, the salinity in the
surface layer falls below 30%. in the nearshore regions
during southwest mnsoon due to heavy rains and river
discharge. Therefore, during the period when uowellsd water
is at thgtsgignity is low which would have been high in
the absence of southwest monsoon rains. mwdng “v sinking
also salinity in the surface layer is low since the
northerly current brings low salinity water from Bay of
I1 0

Along the west coast of India substantial Iounts of
nutrients are brought to the surface layers due to upwelling
and high productivity is observed. data for different years
show remarkable consistency in the period of plankton bloom,
which reaches a peas in July-August off the Kerala coast.

_ Seasonal upwelling occurs off the east coast of India
also. Off Haltair, upwelling starts in January while off
Madras upwelling starts by February. The maximum effects
of upwelling occur in March off Waltair and in April off
Madras. However, there are no indications of water from
thermocline region reaching the surface during this period.

Gff the east coast, upwelling starts when the coastal
current begins to flow towards north, though the winds are
unfavourable for uowelling during this period, However, the
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velocity of upwelling increases when the winds also
become favourable for upwelling by February-March off

Waltair and slightly later off Madras.

the windstress favourable for upwlling increases
after March off fialtair. Hwever, no further upward
displacement of isotherms and isopycnals are observed,
instead a downward displacement is evident during April
May. This may be mainly the result of intense solar
heating and a decrease in current speed. Off Aadrss also
this feature is observed between April and may and it is
amply reflected in the sea level which shows an increase
in May.

A secondary period of uewelling occur during
southwest monsoon of the east coast of India. Upwslling
off Waltair occur in June-July, while off Madras it seems
to last until August. This is characterised by another
decrease in sea level.

Off the east coast of India, sinking sems to
start earlier in the north and later in the south. Off
waltair sinking starts in August whereas off Madras sinking
starts slightly later. The maximum effects of sinking
occur in Jovember, during this month the sea level shows
an annual maximum. Sinking off the east coast of India
starts when the current reverses its direction to southerly,
but from October the wind also favours sinking.
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From late January to Aarch the velocity of
upwelling is about lxlO'3 cm sec_1 for the nearshore
regions off Waltaire The velocity of upwelling off
Madras is about 7xl0'4 cm sec'1 from late January to
April. In both the places the velocity of upwelling
rapidly decreases offshore.

Off Waltair, the time variation of uensity
suggests that water from about 80 m reaches the surface
due to upwelling, whereas off madras water from only
about 70 m reaches the surface. The greater upwelling
off Waltair is mainly due to stronger winds favourable
for upwelling and stronger coastal currents. Further,
the orientation of the coast also favours greater
upwelling off Waltair compared to that off Madras.

Along the east coast during march-April and
June-July period, the effects of upwelling are evident
only in the nearshore regions, possibly upto a distance
of 20-25 :1 from the coast. Further, the thermocline is
more than 40am deep in nearshore regions

The availaole data for the east coast do not
indicate the presence of a subsurface countorcurrent
down to a depth of 300 m during upwelling. There are
indicazions that the subsurface countercurrent which is
a conspicuous feature of eastern boundary current upwelling
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is absent or below 300 m off the east coast of India.
However, no conclusion can be drawn in this regard till
detailed observations are made available.

Off Waltair, the annual range of sea surface
temperature is about 4°C while off Madras the annual
range is about 3°C. The minimum values occur during
winter and maximum values during summer and fall in both
these places.

The oxygen contents in the surface layers off
wsltair are maximum in spring and minimum during fall.
fhe surface waters are near saturation when ahe effects

I

of upwelling are maximum.

Salinity increases due to upwelling off the east
coast of India. The salinity in the surface layers
decreases considerably during the period of sinking mainly
due to the southerly current and river discharge of
northeast monsoon rains.

Due to upwelling, only the nearshore regions of the
east coast are enriched by nutrients. The plankton bloom

also is limited compared to that off the west coast.
Observations in different years indicate different periods
of nutrient enrichment and plankton bloom.

The present study suggests twat regarding the extent
and effects, upwelling off the west coast of India is
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comparable to that of some major upwelling regions,
though not in the see class of Peru or Benguela Current
upwelling. Upwelling off the east coast of Indie differs
considerably in regard to extent and effects from that off
the west coast and other upwelling regions. The influence
of upwelling on fishery resources are very high off the
west coast of India. Off the east coast also upwelling
influences the fishery resources at least in the nearshore
regions, though not as much as that off the west coast of
Ifldiis

The author feels that the present study hes
greatly enhanced our knowledge on upwelling and sinking
off the west and east coasts of Indie. Off the southwest
cosst of India two periods of upwelling are evident. The
effect of winds on upwelling during southwest monsoon has
been subjected to some controversy. {he present study
suggests that the winds are significantly favourable for
upelling in the region south of Knrwsr during this period.
Upwelling during September-October does not seem to be due
to wind or current, but can be the result of poleward
propagating beroclinic waves. fhe present study also
indicates that the intensity of sinking is very high,
compared to the intensity of upwelling off the southwest
coast of India. There are also indications that the
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low sea surface temperature during July-August is the
result of upwelling and not the result of decrease in
solar radiation or evaporation» The width of the
upwelling zone also is high off the west coast of India.
Consioering various effects, upwelling off the west
coast of India resembles some major upwelling regions,
though the intensity of upwelling is less» Off the
east coast also two periods of upwelling are evident,
but the effects of upwelling in this region are much
less compared to the west coast and many other upwelling
regions;

A clear picture of the process and effects of
upwelling during southwest monsoon off the west coast of
India can be made only if there is simultaneous observations
of wind, air temperature, oceanographic properties and
direct current measurements at surface and subsurface levels
at least for a few years. We have a few years oceanographic
data but simultaneous meteorological observations and
current measurements are too sparse to get a clear picture
of the individual effects of wind and current on vertical
circulations. The conditions that exists in September
and October need special attention. Similar detailed studies
are necessary for the east coast also where the available
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data indicate a lot of difference from major upwelling
regions. Further, there can be some localised factors
which need detailed investigation. Finally it is
worthwhile to quote Defant (1961), there is no doubt
that upwelling and sinking of oceanic waters is prhmsrily
connected with convergence and divergence regions,
occurring at the see surface. The cause of these
divergences and convergences in most cases lies in the
distribution of windstreee exerted by the prevailing wind
on the sea surface. A totally satisfying explanation of
upwelling at continental coasts has not yet been given,
and is probably not possible at all since the total process
is composed of a number of substagss each of which is
always controlled by other factors.
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