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Various factors responsible in inducing upwelling are discussed. A distinction is made

between the process of upwelling and its effects on the environmental conditions.

Upwelling

off the southwest coast of India is discussed in relation to the time variation of density structure
(o), horizontal divergence of surface current vectors, wind stress components — parallel and

perpendicular to the coast, thermal structure and sea level.

Upwelling in this region com-

mences in the deeper layers of about 90 m in March and the upwelled water reaches the surface

by May. The process continues to occur vigorously till June.

From then, with the increase in

strength of southwest winds, intensity of upwelling reduces and finally ceases to be present by
July/August when the onshore winds of the southwest monsoon have maximum strength. The
reverse process, sinking, sets in by September. Vertical velocity, i.e. upwelling, calculated (i) from
the vertical shift of the isopycnal with time and (ii) from the average horizontal divergence, is

1-5x10-* and 1-8 10~ cm sec-! respectively.

ERTICAL motions are an integral part of

‘/ the oceanic circulation. Of these, ascending
motion known as upwelling is one of the
several oceanic processes which are considered to
have a significant effect on the distribution of
pelagic fishes. Upwelling not only affects the en-
vironmental condition in which the fishes live, but
also increases the nutrient content in the euphotic
zone, thereby increasing the productivity of the
region. Upwelling off the west coast of India and
its influence on the fishery is evident from wvarious
earlier reports!-®. However, some controversy exists
regarding the actual period of upwelling and its
duration. This is mainly because, the term up-
welling is commonly used to describe a wide variety
of conditions involving upward transport of water
in the sea and often is misused in describing the
effect of the process rather than the process itself.
Various explicit and implicit definitions have
been published. Smith™® surveyed the literature
on upwelling and suggested the following definition
the most acceptable, ““An ascending motion, of
some minimum duration and extent, by which water
from subsurface layers is brought into the surface
layer and is removed from the area of upwelling
by horizontal flow”. This use of the term upwelling
follows Sverdrup® and Wyrtki®. In this paper,
apart from hyvdrographic conditions that show the
sequence of water movements in a time series, various
factors responsible for such a vertical circulation and
also the effects of other processes that may lead to
misinterpretation of the observations, are discussed.

Upwelling

Upwelling occurs along some of the coasts where
surface water under the influence of the prevailing
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winds is directed away from the coast. According
to Hidakall, the most intense upwelling occurs when
the wind makes an angle of 21-5° with the coast
line in an offshore direction. Upwelling also occurs
in the regions of diverging currents!?.

In all cases, upwelling takes place under unstable
conditions, being dependent on the strength, direction
and consistency of the wind or current which ever
is the causative factor. A current induced upwell-
ing exists till the geostrophic balance is established.
In practice, however, true geostrophic balance is
never realized, because molecular and eddy viscosity
lead to cross-isobar flow with an upwelling com-
ponent. Ingham!® distinguished between the 2
processes of the wind driven and current induced
upwellings, and concludes: “In fact a cross-isobar
flow exists in geostrophic balance, but that flow
would be considerably weaker than the one involved
in wind-driven upwelling”’.

Upwelling, and the accompanying horizontal
advection, will markedly alter the distribution of
physical and chemical properties of waters involved.
The index of coastal upwelling is the presence of
cooler, more saline and denser water containing less
dissolved oxygen and more phosphates than usually
found at a given depth. The vertical sections of
temperature in an upwelling region show the
upward tilt of thermocline and isotherms towards
the coast. The salinity criterion, specified above,
becomes ambiguous if the water is transported from
a depth greater than that of the salinity maximum.
According to Smith® the usual effect of vertical circu-
lation is to reduce the surface salinity. Thus, the
increase of salinity as an indicator of upwelling is
subject to the presence of salinitf maximum within
the upwelled depth. Concentrations of oxygen
and phosphate cannot be reliable indices of upwelling
because their concentrations are liable to rapid
modifications by biochemical processes. Tempera-
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ture can be used to help to resolve such cases
because its vertical distribution is essentially mono-
tonic. Even in this case, it is to be noted that the
temperature in the surface layers is largely controlled
by other localized factors such as insolation,
presence of clouds and evaporation. The strati-
fication of the water is governed by the density and
so the isolines in the wvertical section indicate the
movement of water along the isopycnals. Hence,
the wvertical distribution of &, can be a better
indicator of upwelling than the rest of the variables.

Upwelling can be expscted to have an effect on
sea level through steric variation; i.e. the change
in the height of sea surface arising from isostatic
adjustments due to changes in specific volume of
the water column'. Upwelling, by replacing warm
and less dense water, increases the mean density
of the water column, and in adjusting isostatically
the mean sea surface is lowered.

In addition to such indications of upwelling as
more or less localized surface features as described
above, increase in density at a constant depth within
the layer of upwelling from month to month can
be a better index of upwelling. One can make a
crude estimate of the vertical speed from the
upward shift of a particular isopycnal, representing
the density of the upwelled water, with time.

Description of Study Area

The west coast of peninsular India forms a narrow
belt of low land lying between the sea and the
Western Ghats which extend throughout the whole
length of the peninsula varying in width from 30
to 169 km inland and running in a direction north-
northwest and south-southeast. There are a number
of short rivers, many of which drain into the back-
waters of varying breadth parallel to the coast.

The outstanding feature of the wind system in
the Indian seas is a seasonal reversal of the direction
associated with the 2 monsoons. During winter
(December to February) the northeast winds of
the land origin prevail. The spring transition begins
by about March and lasts through April. By the
middle of May the southwest monsoon winds of

«the oceanic origin are established. The winds con-
tinue to increase gradually until June when there
is a ‘burst’ or sudden strengthening of the south-
west winds. During July and August, the winds
blow at their greatest strength and in September,
the wind force decreases in preparation for the fall
transition which lasts through October and
November. In the Arabian Sea, of the 2 monsoons,
the southwest monsoon endures over a longer period
of the year and is stronger and steadier than the
northeast one. The onset of the southwest monsoon
is associated with overcast skies, showers and
strong winds, as a result of which the solar insolation
is cut off to a large extent. The total incident solar
radiation off the southwest coast of India increases
from 425 ly day?! in January to 350 ly day™ in
April and reduces to a minimum of < 400 ly dqy‘l
in July'. In this region, the orographic precipita-
tion on the Western Ghats is more pronounced.
Despite the humid conditions, evaporation in the
Arabian Sea is the maximum during the southwest
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monsoon unlike the usual intense evaporation in
winter16:17,

During the southwest monsoon, the coastal,
current in the Arabian Sea sets in clockwise direction
owing to the coastal configuration, and in a counter
clockwise direction from November to January
during the height of northeast monsoon. From
February to April, when the northeast monsoon
is weakening, the circulation off the west coast of
India has a special character differing from the
other transition period. The peculiarity of the
current, during the spring transition, is that the
current reversal precedes the wind reversal. The
counter-clockwise circulation of the fall transition
is in phase with the wind reversal, and is less well
defined and weaker than the clockwise circulation
of the spring transition.

Methods

To illustrate the vertical distribution of density
off the west coast of India, profiles of &, have been
drawn for 7 months, beginning with March using
the hydrographic data collected on board RV
Varuna in 1964. In order to emphasize the principal
features of time variation, zonal sections along 10°
40'N have been presented for all the months other
than for March and August for which months the
sections are along 8°50'N and 10°00'N respectively
due to non-availability of data along 10°40'N.

Current data from Dutch Atlas!® have been used

to evaluate the horizontal divergence. Horizontal
divergence is given by
du  dv v tan ¢
A =i k8 asal(d
ki 3x  dy R ()

using finite differences in the place of partial diffe-
rentials

Au p tan ¢ @)
Ax R

where x and y are directed towards the east and
north respactively, and # and v are the components
of the current vector along east and north respec-
tively, ¢ is the latitude of the place and R, the radius
of the earth’. The term v fan ¢/R in equation (2)
represents a contribution to divergence due to con-
vergence of meridians, and this term will be of
importance only at higher latitudes and greater
meridional components. For the area under inves-
tigation, this term can be neglected. Hence, using
the formula

Au  Av
VH'V ~ +1§

: Av
VeV = —}—E—-

e~ ..(3)

the horizontal divergence of the surface current
vectors has been computed for alternate months
from March to September. .

Seasonal distribution of the windstress components,
normal and parallel to the average trend of the
coastline, covering the area 8°N-12°N and 72°E-76°E,
is shown in Fig. 9. The wind data ere from Datch
Atlasi®. The method of converting these winds to
stresses though differs somewhat from that
used by Hidaka® is the same as that followed by
Swallow?L.
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Air temperature is an average of the mean
temperature of air at 0830 and 1730 hrs for the period
1931-1960 at Calicut. These data are from the
climatological tables of observatories in India
(1931-1960) published by the India Meteorological
Department.

Results

Vertical Distribution of Density

Vertical distribution of density (g;), for different
months, is presented in Figs. 1 to 7. The density
structure in March (Fig. 1) shows that the isopyc-
nals near the coast in the upper 100 m tilt upwards
while they are inclined down in the lower layers.
Such a density distribution suggests, the water in
the upper layers flows south, below which the flow
is northerly. Although, this feature is not con-
spicuous along 10° 40'N in April (Fig. 2), probably
because upwelling sets in earlier in the south and
gradually extends to the north5:®, it is prominent
in May and June (Figs. 3 and 4). According to

B°SON 8°50N 8°50'N
o 7

Yoshida and Tsuchiya??, this is a condition asso-
ciated with upwelling along any coast.

The isopycnal 22-5 gflitre in March runs at a
greater depth away from the shelf and tilts upward
approaching the shelf indicating an upward motion
of subsurface water (Fig. 1). Upwelling along the
bottom continues and the upwelled water gradually
comes towards the coast reaching the surface by
May. The ascending motion continues to be
vigorous till June and also the zone of- upwelling
extends offshore. Upwelled water reaching the
surface in May is apparent from the isopycnal 22
g/litre (Fig. 3), and its offshore extension. Still
deeper waters appear in the surface in June as
revealed by the isopycnal 23 g/litre in the surface
layers (Fig. 4). The depth of this isopycnal, in
March, is about 90 m. If we assume that upwelling
starts at this depth in March, it can be inferred that
the waters from a depth of only 90 m rise to the
surface, although, there mav be overturning of
deeper waters into the upper layers.
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Fig. 1 — Vertical distribution of density (o) along 8°50'N, March 7, 1964
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Fig. 2 — Vertical distribution of density (o) along 10°40'N, April 9, 1964
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Fig. 3 — Vertical distribution of density (st) along 10°40'N, May 3-4, 1964
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Fig. 4 — Vertical distribution of density (s+) along 10°40’N, June 11, 1964

By July, the isopycnal 23 g/litre is pushed down
to a lower depth by incursion of rain and land
drainage, resulting in steep vertical and horizontal
gradients of density close to the coast. The isopyc-
nals are Imaintained almost in the same position
during July and August revealing a condition of
mass readjustment and cessation of upwelling. Such
a condition may, perhaps, be partly due to the
pilling up of water transported by the strong
onshore monsoon winds, apart from the land
runoff.

The instability, shown in May (Fig. 3), in the
upper 10 m may not be a permanent feature but
only a transitory phase developed, giving rise to
a favourable condition for upwelling to take place
vigorously. This is a clear evidence of the incursion
of upwelled water into the surface layers and also
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the offshore transport of coastal water. In fact,
the effect of upwelling in the upper layers might
have been masked to a certain extent in May
because these layers are subjected to heating by
the intense insolation in April and early May by
which the cold upwelled water can not be well
delineated. In contrast, after the onset of the
southwest monsoon the effect of upwelling is vir-
tually exaggerated due to the overcast skies and
evaporation.

Among the other effects of upwelling, associated
with the density structure, the inclination of the
pycnocline towards the coast, the decrease in its
depth with time, the onshore-6ffshore gradient of
density at a constant depth and the weak vertical
gradients of density in the pycnocline may be
mentioned. The depth of pycnocline is 80 m in
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Fig. 5 — Vertical distribution of density (ot) along 10°40’N, July 13-14, 1964
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Fig. 6 — Vertical distribution of density (ot) along 10°N,

August 13, 1964

March while it is <10 m in June. As the pycno-
cline tilts up towards the coast from March to June,
the vertical density gradient decreases (Figs. 1 to
4). In July, there is no decrease in the wvertical
density gradient, and on the other hand, because
of the influx of run off from land, a slight increase
is noticed. The conditions in August and September
reveal absolutely the absence of upward motion.
In Figs. 1 to 7, depicting the distribution of density,
the onshore-offshore gradient is observed at any
depth, although, it is weak in the initial stages of
upwelling. But its sign is changed in July, parti-
cularly, in the surface layers, indicating the strati-
fication of waters to act as a barrier for further
incursion of upwelled water into the surface layers.

The density, at a given depth, increases when
upwelling starts at that depth and the increase in
density either stops or changes sign when upwelling

ceases to continue at that depth. The increase
in density begins from March at a depth of about
100 m (see Fig. 8 of Sharma®). As the upwelling
gradually ceases by August, a sharp decrease in
density is noticed at all depths.

Summing up the results on vertical density
structure, it can be inferred that the process of
upwelling off the west coast of India in the deeper
layer of about 90 m sets in by March and the up-
welled water reaches the surface by May. The
cessation of upwelling takes place in August and
the reverse process of sinking begins by September.

An approximate value of the speed of upwelling
current can be deduced from the movement of the
isopycnal 23 gflitre from April to June. This
isopycnal moves from a depth of 90 m on April 9,
1964 to about 10 m depth on June 11, 1964. In
2 months, the vertical movement is 80 m, giving
rise to an average intensity of upwelling of 40 m/
month (1-5x 103 cm sec). This value is of the
sime order- of magnitude of upwelling in the
Northwest Guinea®. But it is almost half of the.
value found off California®s.

Divergence of the Surface Current Vectors

One of the causative factors to induce upwelling
is the horizontal divergence. While interpreting
the divergence, calculated from the surface current
charts giving the mean current vector as roses for
each 2 degree latitude-longitude quadrangle, for
upwelling, it is to be borne in mind that this distri-
bution does not represent a synoptic picture, but
an average over a few hundred square kilometres
and the values cannot be quite representative very
near the coast. Hence, no comprehensive estimate
of the importance of the seasonal restrictions will
be made here; however, a few qualitative remarks
are in order. ‘

The general character of the horizontal divergence
distribution at the surface in the area off the west
coast of India is presented for the months of March,
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Fig. 7 — Vertical distribution of density (ot) along 10°40’N, September 13, 1964

"May, July and September in Fig. 8, using the

. current data from KNMI Atlas®®, In March, the
divergence prevails in the southern region and
convergence in the north. By May, the whole area
~ 1s under the influence of divergence and its intensity
. also increased. The divergence in the southern
\ Tegion is replaced by convergence in July and the
- convergence zone spreads gradually to the north.
' By September, convergence predominates the whole
* area under investigation. It is apparent from
the divergence distribution that upwelling sets
earlier in the south by March and gradually ex-
tends to the north. The cessation of upwelling also
takes place earlier in the south. The predominance
of convergence in September confirms the presence
of sinking off the west coast of India.

The magnitude of divergence in this region varies
from 5x10% to 10-® secl. Considering a homo-
geneous layer of 90 m thickness from which “depth
the water upwelled reaches the surface, we can take
the mean magnitude of the horizontal divergence
. to be 2x107 sec’’. The vertical component of the
' current vector can be obtained by integrating the

equation of continuity for a homogeneous water with

respect to z from the surface to the depth, z = &.

b /B | v L
=_j (5i+83) dz=—-j div V, dz ()

o o

where z is taken positive vertically downward and
V, denotes the current vector at the surface. When
we know the average value of divergence, within
a top layer of thickness %, div ¥, we can obtain the
mean vertical velocity w; between the levels z =4
and z = o0, putting w, = 0 as the vertical velocity
at the surface, from

wh = —h div V ...(5)

For the mean divergence of 2x1077 sec? and
thickness of 90 m, wy =2x107x9x10% = 1-8%
103 cm secl.
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This value of wvertical velocity agrees well with
the intensity of upwelling evalnated from the
uplift of isopycnals.

Windstress

The resolved windstress components normal and
parallel to the average direction of the coastline
are presented in Fig. 9. Note that strong com-
ponents of windstress of the order of 1 dyne cm™?
and above prevail off the west coast of India only
during the southwest monsoon and their strength
is obviously very weak in the northeast monsoon
indicating that the windstress components during
the northeast monsoon may not play any major
role in inducing the vertical circulation except to
supplement when the current vector is favourable.
Contrary to such a condition, during the southwest
monsoon the windstress components, being very
strong, control the vertical motions in this region.

As discussed earlier while the equatorward and
offshore components of the windstress are favourable
to induce upwelling, the poleward and onshore com-
ponents act against upwelling. The equatorward
component parallel to the coast is almost nonexistent
except in November and December when the
magnitude " of the windstress component in this
direction is so insignificant to produce any effect
on the vertical circulation. The offshore component
is present from October to May. It is, thus, obvious
that the winds are favourable for upwelling only
during the northeast monsoon period. But their
strength is trivial to have any consequence on the
vertical motion except when the current also
supports the motion in the same direction. During
the latter part of the northeast monsoon, the
windstress off the southwest coast of India is weak.
The coastal region also gefs heated up during
February-May due to intensive insolation. These
factors, probably, are responsible for producing a
gradient current that flows in a southerly direction
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Fig. 9 — Monthly changes in mean windstress components
off the west coast of India [ , windstress component
to average coastline, (+) value onshore, (—) value offshore;
and - - - -, windstress component parallel to the average
coastline, (+) value poleward, (—) value equatorward]

and occurs much ahead of the wind reversal. Thus,
the current and windstress components are favour-
able to cause upwelling from March to May. As
the southwest monsoon sets in, there is a sharp
increase in the magnitude of both the components
of windstress; neither of them being favourable
for upwelling. Qn the other hand, they check any
further upward movement, existing earlier, from
subsurface layers. Nevertheless, upwelling continues
to take place till the geostrophic balance of the
current is established, as the current is favourable
for upwelling. From the density structure, it could
be inferred that the geostrophic balance is installed
by August.

Thermal Structure

Some of the evidences of upwelling can be had
from the thermal structure. The 20°C isotherm
is usually situated in the middle of the strong upper
thermocline in the tropical and most subtropical
regions except in its southern parts where it reaches

the sea surface. Since, this upper thermocline
separates the warm surface water from the cooler
water of the main oceanic thermocline, the structure
approaches a 2-layer system, and consequently the
topography of the 20°C isotherm has a strong
relation to circulation®®. Hence, the topography
of the 20°C isotherm can in turn be related to the
vertical circulation of the waters. Another feature
in the thermal structure that is related to the
vertical circulation is the depth of the mixed layer.
Its depth, in the absence of intense heating and
cooling, and wind stirring, is reduced with upwelling
and increased with sinking.

Bimonthly maps of the depth of the mixed layer
and the 20°C isotherm have been presented in the
Oceanographic Atlas of the International Indian
Ocean Expedition?*. Since the maps are only ~
bimonthly the general time variation of the verti-
cal circulation can only be studied using these,
maps.

The depth of the mixed layer in the area of the
present study changes from >60 m in January-
February to <60 m by March-April. By May-]June
the mixed layer still moves to upper layers and the
least depth of <20 m is observed in July-August.
From then, it starts deepening to a depth of about
40 m by September-October. The depth of 20°C
isotherm off the west coast of India lies around 140 m
during January to April. Its depth reduces to
120 m in May-June and to <80 m by July-August.
In September-October the topography of the 20°C
isotherm tilts down to deeper layers. From the
variation in the depth of mixed layer and 20°C
isotherm with time, it is apparent that the upward
movement of the waters off the west coast of India
must have commenced by March-April as evidenced
from the decrease in depth of the mixed layer from
January-February to March-April, and sinking
should have started by September.
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Sea Level Variation off Cochin

Seasonal change in the sea level off Cochin is given
in Fig. 10 (ref. 2). The effect of upwelling on the
sea level is that it is lowered with upwelling. In
order to infer upwelling from the sea level variation,
one should consider the increase or decrease in sea
level instead of the maximum or minimum values.
The sea level off Cochin starts decreasing by about
January-February till May. But the rate of de-
crease up to March is not so significant and a sharp
decrease is noticed from March to May when up-
welling starts at deeper level and reaches the surface.
In fact, during this period, but for upwelling there
should have been an increase in sea level because
of solar heating. From May, no significant change
in sea level is visualized till September other than
a slight increase followed by a decrease, owing to
rain, land drainage and overcast skies. One of
the minima occurring in May coincides with the time
of upwelled water reaching the surface. The steep
increase in sea level in September corresponds to
the onset of sinking.

Discussion

Many authors have dealt with upwelling along
the west coast of India"®. Among them Banse?
and Sharma?® considered the time variation of the
properties and the latter stressed its importance
in order to gain a complete understanding of this
process. Furthermore, none lof the earlier studies
discussed qualitatively the various factors responsible
for producing upwelling.

The surface temperature off the west coast of
India is the lowest during July-August mainly due
to the prevailing weather conditions, but not merely
due to the after effect of upwelling. This is well
demonstrated in the mean monthly air temperature
at Calicut (Table 1), where the temperature recorded
in July is much less than that of any of the winter
months. It is evident that the lowest temperature
in July is the result of decrease in solar insolation

* because of the overcast skies during the active south-

west monsoon?®. Besides, the intense evaporation,
<taking place during this period!®1?, lowers the sea
surface temperature. Therefore, it would be improper
to infer upwelling based on the sea surface tempe-
rature alone. However, Banse? observed the water
colder than 27°C below 5 m in Cochin Harbour in
May 1962 and inferred that the upwelling of 1962
must have already begun at that time. Based on
similar observations of decrease in temperature
in the surface layers from 30-31°C in April-May
to 25-26°C towards the end of June 1958 and the
first week of July 1959 in the harbour of Karwar,
Banse? pointed out that in some years upwelling
begins much earlier to May-June, unlike the earlier
concept that it starts only in June-July.
Ramamirtham and Jayaraman* discussed the
hydrographical features of the continental sheli
waters off Cochin during 1958 and 1939 and con-
cluded that upwelling occurs in this region during
August-October. For this study, they used the
temperature, salinity and oxygen data at 27 stations
occupied in  August, September, November,
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Fig. 10 — Mean sea level at Cochin [- - - -, actual observa-

tions and , former corrected for the effect of air
pressure. From Banse, 1968]

TABLE 1 — AVERAGE AIR TEMPERATURE AT
CaLicuT For THE PERIOD 1931-1960

Temperature Temperature

(°C) (°C)
Jan. 27-4 July 25-9
Feb. 281 Aug. 262
March 29-5 Sept. 268
April 30-2 Oct. 274
May 29-6 Nov. 278
June 26-8 Dec. 274

December and April. Of these, 2 stations occupied
in August and 5 stations in September were confined
to 20 and 50 m respectively. It is thus, evident
that this conclusion is based on inadequate data
for the period of upwelling referred to. On the
contrary, Fig. 4 of the same authors, showing the
distribution of temperature off Cochin on 1-2 April
1959, exhibits the upward slope of the isotherms
towards the coast, prominently in the depth range
of 20-100 m, indicating the movement of the sub-
surface water along the shelf.

Patil ¢f al.?% and Ramamirtham and Patil* studied
the hydrography off the west coast of India during
the premonsoon period of 1962. Distributions
presented by these authors for the month of May®®
(Figs. 2 to 6 and 8) and for the months of February
to May?® (Figs. 2, 3, 5, 16 and 17) clearly demons-
trate the upslope of the isotherms and isopycnals
along the continental shelf towards the surface.
Though this has not been associated with upwelling
by these authors, the data given by them clearly
indicate the presence of upwelling at different
depths.

The maximum effect of upwelling, in the surface
layers, can be observed only when the deepest
possible water enters the surface layers and also
after a prolonged period of its presence. The vertical
velocity of the current off the west coast of India,
being about 40 m/month, it takes about 2-3 months
for the deepest water to reach the surface in order
to produce the effect of vertical circulation in the
surface layers. It is obvious from the present ob-
servation that the effects of upwelling are noticed
in the surface water in May. Hence, it is reason-
able to infer that upwelling should have commenced
at about 100 m in March, particularly in the
southernmost region and gradually extended to the
north. But some of the earlier authors** attri-
buted the upwelling to be present only when the
lowest surface temperature and oxygen content
are recorded.
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Bansel:?2, Ramamirtham and Jayaraman! gave
undue importance to the oxygen content as an
indicator of upwelling. But it cannot be taken
as an index of the vertical circulation because the
oxygen content is controlled to some extent by the
stagnation of water. The stratification of the coastal
waters during July and August in the depth range
of 10 to 30 m results in the depletion of oxygen
content below the depth of stratification. Bioche-
mical activities, such as photosynthesis and organic
production also influence the oxity of the waters.
But during the active southwest monsoon period
overcast sky, turbidity of the surface layers caused
by the phytoplankton production, wave stirring
and the land drainage due to orographic precipita-
tion, reduce the availability of light essential for
photosynthesis. The increase in oxygen content
due to photosynthesis is confined only to the uppz
layers of the compensation depth at which the
oxygen production due to photosynthesis and the
utilization due to respiration balance®. This depth
varies with the scason of the year, the time of the
day, the cloudiness and the character of water. It
lies between 27 and 44 m for a day observation'®.
During the southwest monsoon this depth is
expected to be only 10 to 20 m. In addition to
this, the increased utilization of oxygen by the
decaying organic matter and the formation of mud
banks which frequently occur in this region during
this period bring in the oxygen depletion of water.
Generally, the oxygen is too low in the central and
the eastern Arabian Sea?”. These points lend sup-
port to the view that the low oxygen content below
the depth of stratification is not due to wvertical
circulation, but possibly caused by the factors men-
tioned above.

Absence of wind induced upwelling during the
southwest monsoon when the winds are onshore
has been indicated .22, Some of the earlier workers
fail to recognise the effect of such winds on the
vertical circulation. They are misled by the nor-
therly winds which prevail on the land between
the Western Ghats and the coast because of the
location of the Western Ghats. The circulation
off the coast is mot controlled by these northerly
winds but by the southerly winds of the oceanic
origin. Besides, the land and sea breezes affect
the wind observations on the land, particularly,
post monsoon period. Any interpretation on vertical
circulation based on such data should be given with
caution. Perhaps, the above confusion prompted
Subrahmanyam?® to conclude that during the dry
hot months, there is double diurnal upwelling of
water from some depth below towards or actually
on to the surface. It may be noted that such an
interpretation is not in accordance with the definition
of upwelling.

As the process of upwelling is closely related with
the biological factors, it would be appropriate to
examine this aspect from the biological point of
view. Upwelling acts as a first link of the food
chain and enriches the euphotic zone leading to a
bloom of phytoplankters. This will not happen
all of a sudden, as the algae in the water have to
grow and multiply, and usually the bloom occurs

- in by September.

after lapse of some time. Off the west coast of
India the phytoplankton bloom occurs in July/
August®. This would indicate the commencement
of upwelling much earlier than the onset of the
southwest monsoon. From September onwards the
phytoplankton bloom wanes and this would indicate
the cessation of upwelling by that time. Based
on a similar argument Subrahmanyam?' concluded
that upwelling must have been taking place off the
west coast of India during February to July/August
and sinking from September to January.

From the foregoing discussion, it can be concluded
that upwelling commences at deeper layers off the
west coast of India in March and the upwelled water
reaches the surface by May. The intensity of up-
welling reduces with strengthening of the southwest
monsoon. Upwelling in this area ceases to be
present after August. The process of sinking sets
The magnitude of the vertical
velocity of the current is of the order 1-5x10™® cm
sect, The ascending motion of the subsurface
water starts earlier in the south, and gradually
extends to the north. Similarly, sinking also begins
earlier in the south. The low oxity during the
southwest monsocon is not due to vertical circulation
but due to some other factors, such as decomposition
of organic matter, increased respiration by phyto-
plankton blooms and lack of sufficient photosyn-
thesis because of the poor transparency. Further-
more, the stratification in the upper layers due to
the river run-off and rainfall is also partly responsible
for the low oxity.
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