CHAPTER III

THERMOCLINE CHARACTERISTICS OFF THE WEST COAST OF INDIA

3.1 INTRODUCTION

Seasonal variability in the temperature field is quite
?Jarge off the west coast of India where vertical motions are
]mignificant (Sharma,1968,1978; Banse,1968; Darbyshare,1967;
1Narayana Pillai et al.,1980; Shetye,1984). The annual cycle
:ﬁf temperature and density fields off the west coast of
i{ndia suggest the occurrence of upwelling during
;?arch-August and sinking during November to February
(Sharma,1966;1968;1978; Narayana Pillai et al.,1980;
Mathew,1981; Shetye,1984; Hareesh  Kumar,1994).  The
ifpwelling/sinking commences in the southern region and
,ﬁfogresses northward with time lags of the order of few
{@onths (Hareesh Kumar,1994). During the periods of upwelling
a@ northward flowing undercurrent develops at the shelf edge
'Which brings waters from the equatorial- Indian Ocean
1}Antony,1990). The major transformations due to wupwelling
Lkre the wupward displacement of thermocline with an
‘ﬁncrease/decrease in the gradient of the upper/lower
@hermocline while sinking causes downward displacement of

thermocline.

One of the notable features of the watermass structure
;ﬁn the eastern Arabian Sea is the presence of a high saline
f&atermass, the Arabian Sea High Salinity Watermass,
:%hroughout the year (Hareesh Kumar,1994). Another prominent

‘watermass found in this region is the low saline waters from
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ﬁDarbyshire,1967; Wyrtki,1971; Johannessen et al.,1981;
?ankajakshan and Ramaraju,1987). Several studies have been
carried out to wunderstand certain aspects of coastal
upwelling and watermass structure off the west coast of
India during summer monsoon season (Shetye et al.,1990;
@areesh Kumar,1994). However the available studies are
either limited in time or space and do not adequately
describe the thermocline features. In this chapter an
attempt is made to describe the thermocline characteristics
and to highlight the important watermasses on an annual

‘cycle.
3.2 DATA

Data sets used for this study consist of temperature
,@nd salinity profiles collected in coastal region (within
200 m depth zone) from 6° N to 24° N in the eastern Arabia
Sea. The details of the temperature data set are presented
in Chapter 2. The domain of the present study is limited to
off the west coast of India where vertical motions are
‘dominant. The~salinity profiles obtained from hydrocasts
corresponding to the temperature profiles are extracted from
‘the data set discussed in Chapter 2. To remove outliers in
the data, quality control is carried out following Levitus
(1982). After quality control the temperature and salinity

:profiles are sorted for each month.

Hydrographic observations made during a special
experimental programme of FAO/UNDP (1971-1978) Pelagic
Fisheries Project (Naréyana Pillai et al.,1980) are also
utilised for the present work to study the cross-shore
' variations. During this programme hydrographic measurements
" were carried out at selected stations normal to the west

coast of India (Fig.3.1). The same stations were occupied at
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least seven to eight times in a year. This provided a very
good data base to study the seasonal evolution of the

thermocline characteristics off the west coast of India.
3.3 CROSS-SHELF YARIATIONS OF TEMPERATURE FIELD

’ It is well known that large variations in the thermal
structure are mainly related to nearshore-offshore dynamic
- processes. In order to study these aspects, the monthly
cross shelf variation of temperature at selected locations
‘;normal to the coast (Ratnagiri, Kasargod, Cochin, and Cape

Comorin) are presented.

The monthly cross-shelf variation of temperature off
Ratnagiri shows deep thermocline (>60m) from January to
March. The temperature above the thermocline is about 27°C
‘.during this period (Fig.3.2). In this zone, isotherms slope
.upwards towards the coast from May to December indicating
| upwelling. During this period, temperature gradient is
‘strong (= 0.36%cm ! in October) in the upper thermocline (&
‘50m) close to the coast. The upward movement of the
isotherms is inhibited by the downward mechanical and
buoyant mixing processes (Hastenrath and Lamb,1979; Mohan
Kumar,1991) resulting in strong gradient. A mild downward
 slope of isotherms below 125m is seen in December. This is
'_an indirect evidence of the northward flowing undercurren;
. associated with coastal wupwelling which significantly
reduces the vertical temperature gradient (<0.04°C m-i) in
the lower part of the thermocline. The intensity of
upwelling is maximum during August to September resulting in
- the formation of cold upper layer temperatures (<27°C near
the coast). The isotherms descend in January indicating the
sinking process in the thermocline. During this period a

four fold reduction in the temperature gradient (0.3600111-1
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to 0.08°C m™ ') within the thermocline is observed. This

suggests that with the evolution of sinking process the

‘thermocline diffused considerably. The diffused thermocline

can be traced till upwelling gathers momentum.

The monthly cross-shelf variation of temperature of f
Kasargod shows deep thermocline (>60m) having a mixed layer
‘temperature of 28°C from December to February (Pig.3.3).

During pre-monsoon months (March to May) thermocline shoals

to depth less than 25m due to the accumulation of heat

in
‘the surface layers. The warm temperature zone (>30°C) is
‘thought to be a part of the Indian Ocean warm pool which is
formed prior to onset of summer monsoon (Seetharamayya and

Master,1984; Joseph, 1990). During this period a thick
‘thermocline (% 190m) with very weak gradients (0.075°C m-i)

are noticed. From March onwards the isotherms slope upward

towards the coast in the upper thermocline (<150 m) and
continues till October indicating southerly surface flow and
upwelling. During this period strong gradient is noticed in
Ethe upper thermocline with maximum values occurring in
September (0.2°C m™!). The lower thermocline (>150m) is
hharacterised by down sloping of isotherms suggesting the
presence of northward undercurrent. The intense shear mixing

With southerly surface current and northerly undercurrent

causes weak gradients in the lower thermocline (= 0.08°C
m-i). From December to February isotherms slope downward
towards the coast in the entire thermocline suggesting
intense sinking and northward surface current. During this

period uniform and weak gradient is noticed in the entire
thermocline.

A deep thermocline (>100m) with surface layer
temperatures of 28°C is observed in December off Cochin

Fig.(3.4). The influence of intense surface heating during
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- pre-monsoon period is reflected in the surface layer with
temperature exceeding 29°C between March and May. The
- surface layer temperature off Cochin is lower (by & 1°C)
than that of Kasargod during this period probably because
the Indian Ocean warm water pool is centered off
}Kasargod—Mangalore during most of the year (Joseph,1990). In
- the thermocline the effect of wupwelling is evident from
”March onwards, as inferred from the upsloping of isotherms
itowards the coast. The maximum effect of wupwelling is
;noticed during July-August as indicated by the shallow
ithermocline (<10m), low surface temperature (<25°C) and
|maximum gradient in the upper thermocline (0.2°C dq). The
’iupward movement of isotherms continue tild October.
- Moreover, the downward sloping of isotherms in the lower
~ thermocline (>60m) suggests the presence of northward
- flowing undercurrent. The temperature gradient in this zone
. is very weak (0.03°C o ! in August) compared to the upper
| thermocline (0.2°C). The reduction in gradient in this =zone
Ijis mainly due to the increased shear mixing between the

southerly surface current and northerly undercurrent.

The effect of sinking is evident during November to
December when the entire thermocline slopes downward towards
the coast. An interesting feature is the sharp thermocline
gradient (0.15°C m-i) during the periods of sinking which is
not observed at the other stations. Weak cross-shore
. temperature gradients in the thermocline from January tb

April suggest weak flow.

The monthly cross shelf variation of temperature off
Cape Comorin (Fig.3.5) is characterised by deep thermocline
(>70m) with near surface temperature more than 27°C during
December to January. It may be noted that depression of

B isotherms with sharp thermal gradient (0.3°C n~!) is
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ferved 150 km away from the coast occurring in January
Bllting in the shrinking of thermocliné, This indicates
€ presence a clockwise (warm core) eddy of about 100km
fmeter centred about this location. Comparison between
jelling and sinking érocesses suggests that the former
ocess lasts for the greater part of the year
frch-October) compared to the latter (November—February),
;s clearly establish dominance of the wupwelling process
fr sinking as far as the thermocline variabilities are
é;erned. Another aspect that has to be noted is the weak

;rmal gradients (¥ 0.07°C m-i) and deeper thermocline
70m) during the periods of sinking.

A comparison of the thermocline structure at different
cations off the west coast of India shows strong gradient
}fhe upper thermocline during the periods of wupwelling.
ﬂ?ver, the downsloping of isotherms in the lower
frmocline is prominent only off Cochin, Kasargod and
"iagiri during this period indicating a well developed
'ihward undercurrent. The thermocline surfaces near the
'it (25°C isotherm) at all locations except off Ratnagiri,
ggesting strong upwelling off the southwest coast of India
‘}ared to northern locations. The higher surface layer
}erature associated with the Indian Ocean warm pool is
'Fd more near Kasargod compared to other locations during
Bli<say, vhich is in confirmity with Joseph (1990).
THERMOCLINE STRUCTURE AT SELECTED LOCATIONS IN THE
SHELF WATERS ON AN ANNUAL CYCLE

In order to obtain the evolution of thermocline
itures in coastal regions (depths <200m) on an annual
%e, depth-time sections of monthly mean temperatures at

ected locations off the west coast of India (Fig.3.1) are
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resented in Fig.3.6.

The isotherms start ascending in the thermocline zone
it all locations from pre-monsoon period suggesting the
commencement of upwelling. However, this process is found to
ecur with certain time lag. It can be seen that isotherms
the thermocline zone off Cape Comorin ascend from
farch/April onwards and surface by June (Fig.3.6). However,
&e surfacing of thermocline occurs during July-August and
in September 6ff Cochin and Kasargod respectively. However,
;f Ratnagiri, upward motion of thermocline continues up to
%vember. The downward movement of thermocline starts by
ctober, October-November and November off Cape Comorin,
ochin and Kasargod respectively.These results indicate that
here is an approximate time lag of one month for the
urfacing of the thermocline between sucessive locations
rom south to north. The surfacing of thermocline lead to
jignificant cooling (& 6°C off Cape Comorin and Cochin, &
;C off Kasargod). The secondary warming in the surface
ayers during the post monsoon season (Colborn,1975;
astenrath and Lamb,1979; Mohan Kumar, 1991) prevents the

urfacing of thermocline off Ratnagiri.

The average thermocline temperature is found to be
inimum in September (= 17°C)- off Cochin and maximum (&
{QC) in March off Kasargod. Further, the annual range of
emperature is minimum off Ratnagiri (3°C) and is maximum
ff Cochin (5°C) where effect of upwelling is more
ronounced. The temperature gradients on an annual cycle
\ow large variations at all locations due to upwelling and
‘hking except off Ratnagiri. This is due to the fact that
. is weak compared to other
ations (where the thermocline does not surfaces). At all

cations the gradients are strong in the upper thermocline




}ﬁuring the upwelling periods. Reduction in the gradient in
3me lower thermocline is due to the presence of northward
éﬁlowing undercurrent. This can be inferred from the
.ﬁepth—time section of temperature (Fig.3.6) also where

fﬁpreading of isotherms are noticed in the depth range of
80-150m.

Another interesting feature noticed is the large
fw@rtical displacement of isotherms (Fig.3.6) in the wupper
Emermocline (% 110m for 23°¢c isotherm) compared to the lower
;@art of the thermocline (& 30 m for 16°C isotherm). The
‘?ombined effect of wupwelling and sinking causes large
gdisplacement in the wupper thermocline. The increased
‘%krtical mixing caused by the southerly surface currents
‘RKNMI, 1952; Cutler and Swallow, 1984) and northerly
V&ndercurrent (Antony,1990) reduces the vertical displacement
@f isotherms in the lower part of thermocline, thereby

‘reducing its amplitudes.
'?.5 VERTICAL MOVEMENTS IN THE THERMOCLINE

1 The analysis reveals that the upper and lower
L}hermoclines undergo upward and downward motions of varying
;Pagnitudes in an annual cycle. To compute the rate of
vertical motion (Table 3.1) in the upper and lower
‘thermoclines 23°ahd 18°C isotherms were chosen. The reason
for choosing these isotherms is that they persist throughout
‘the year at all locations and are seen in the upper and
lower thermoclines respectively. It is worth mentioning here
;hat there are no previous studies available describing the
?ertical motions in the upper and lower thermoclines for the

west coast of India.

The rate (per month) of upward movement of 23°C
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‘isotherm is 30m (110m in April to 20m in July) off Cape
Comorin. The corresponding values are 23m (130m in February
Vio 15m in July), 20m (125m in March to 10m in September) and
1lm (130m in March to 40m in November) off Cochin, Kasargod
and Ratnagiri respectively. Contrary to upward movement, the
downward movement of this isotherm is found to be rapid
(Table 3.1). For instance, the rate of downward movement - is
33m (65m in September to 130m in November) and 78m (15m in
@eptember to 170m in November) off Cape Comorin and Cochin
5espectively. The corresponding values are 30m (13m  in

September to 103 in December) off Kasargod and 23m (40m in

TABLE 3.1

Rates of Vertical movement 23°C and 18°C isotherms

Rate (m month-t)
Locations 23°¢C 18°C
Cape 30 (33) 170031
Cochin 23 (78) 21 (72)
Kasargod 20°(30) 15 (47)
Ratnagiri 11 (23) - 12 (60)

in paranthesis indicate the rate of downward

Similar analysis were carried out for 18°C isotherm,
hich represent the lower thermocline (Fig.3.6 and Table
| « During upwelling periods this isotherm is observed at
%@ deepest depth (146m) in April-May which shoals to 103m
f;July at a rate of 17m off Cape Comorin. The corresponding

alues are 21m (183m in Februay to to 66m during
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éﬁly—August), 15m (175m in March to 86m in September)
12m (198m in March to 100m in November) off C

and Ratnagiri respectively. The downward

isotherm is 3lm (113m in September to 190m during
ﬁovember-December), 72m (90m in September to 198m during
5ctober-November), 47m (106m during October-November to 176m
in December) and 60m (100m during October-November to 196m

in December) respectively off Cape Comorin,
and Ratnagiri.

and
ochin, Kasargod

movement of 18°C

Cochin, Kasargod

This suggests that rate of downward movements of

isotherms in the thermocline is about-2.ito" 5

times faster
than that

of upward movements. Moreover, the rate of
lovements are more in the upper thermocline (30m

for 23°C isotherm) compared to the lower
er month for 18°c

upward
per month
thermocline (17m

isotherm). The reasons for the 1low rate
- upward movement in the lower thermocline is discussed in
I r, during the pPeriods of sinking, except
ff Cochin and Cape,

ection 3}4. Howeve

the rate of downward movements are more

A the lower thermocline. Moreover, the rate of downward

ovement is appreciably higher off Cochin compared to any
ther locations along the west coast of India.

T-S CHARACTERISTICS WITHIN THE THERMOCLINE OFF THE WEST
COAST OF INDIA

The thermocline characteristics in the Arabian Sea is
uenced by the presence of various watermasses during

fferent times of the year (Wyrtki,1971;

Darbyshire,1967;
stry and D’Souza,1972). Individual

hydrographic data

ailable off the west coast of India are utilised to map

e T-S diagrams (Rig.93.7) 4% order to identify some of the

Jor watermasses in the thermocline and their monthly
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:évolution. The T-S plots show minimum scatter during
‘May-June and September-October while relatively larger
" scatter is noticed during the rest of the year suggesting
ythe presence of a number of watermasses having different T-S

characteristics.

Prior to the onset of monsoon (May), salinity within
Lthe thermocline is between 35-36.25 PSU. The minimum scatter
‘noticed during this period suggests the presence of a
' prominent watermass with its core centred around 400 cl t7hy
This is the Arabian Sea High Sslinity Watermass (ASHSW) as
Iﬂescribed by Rochford (1964). During the monsoon season
large variations are noticed in the salinity field (34.25-37
PSU). Increase of salinity in the thermocline is mainly due
to the influx of high saline waters of northern Arabian Sea
origin, viz., the ASHSW. This watermass brought into the
‘eastern Arabian Sea by the prevailing southerly flow, which
is a part of the clockwise gyre (Culter and Swallow, 1984).
‘The ASHSW with temperature (22-26°C) centered around 400 cl
t-lis obvious in all months with maximum salinity (>36 PSU)

‘during summer monsoon season.

The reduction in salinity in the thermocline during the
summer monsoon season (values less than 34.5 PSU) is
possible only when there is an influx of low saline waters
into the continental shelf. One of the characteristic
features along the west coast of India during summer monsoon
;eason is the presence of a northward flowing undercurrent
%n the depth range of 80-150m which are typically low saline
(Mathew,1981 ; Antony,1990; Shetye et al.,1990; Hareesh Kumar
and Mohan Kumar;1995). The recent studies of Hareesh Kumar
and Mohan Kumar (1995) revealed that this undercurrent is of
fquatorial origin. The equatorial watermass brought by this

poleward undercurrent is responsible for the reduction in
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salinity in the thermocline during summer monsoon season.
The existance of high saline ASHSW over the 1low saline
equatorial Indian Ocean watermass produce large scatter in

the T-S-diagram during summer monsoon.

Several studies have reported the influx of Bay of
Bengal/Equatorial Indian Ocean water (above 500 cl t-i) into
the shelf regions of the west coast of India during winter
:(Darbyshire,1967; Wyrtki,1971; Pankajakshan and
- Ramaraju,1987; Hareesh Kumar,1994). The T-S characteristics
 above 500 cl t ' indicate uniform temperature (28°C) and
rapidly decreasing salinity (35-33.5 PSU in March). However,
" this reduction in salinity is less compared to the values
- (35-32 PSU) reported by Hareesh Kumar (1994) for the entire
‘water column. This suggests that the influence of Bay of
Bengal/Equatorial Indian Ocean water is limited to the upper

- thermocline (with temperature above 27°C).
- 3.7 THERMOCLINE CHARACTERISTICS IN THE COASTAL REGIONS

The available temperature data in the coastal region
(depth <200m) along the west coast of India (6° to 24°N)
!averaged in 0.25 x 0.25 degree square are utilised for this
investigation. The thermocline characteristics, viz top of
the thermocline, 1its average temperature and average
gradient are presented in Figs.(3.(8-10)) to highlight its

spatio-temporal variations.

Topography of the thermocline (Fig.3.8) exhibits large
variations from December to March. Top of the thermocline
ascends from February onwards (100m in February to 50m in
lMarch) in the lower latitudes (at 9°N) suggesting the
beginning of upwelling. The thermocline is quite shallow

(<50m) along the entire west coast of 1India during the
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pre-monsoon (April-May) and monsoon (June-September)
seasons. The shallow thermocline during the pre-monsoon
season is mainly caused by the accumulation of heat in the
surface layers (Hastenrath and Lamb,1979) which stabilises
the water column. However, during thé summer monsoon season
upwelling is the prime factor controlling its variability.
The effect of upwelling is more pronounced off the southwest
- coast of India, where the thermocline shoals from = 100m ‘in
February to less than 10m in September. One of the notable
features is that the shoaling of the thermocline is not

significant between 16°N to 20°N suggesting weak upwelling.

When the process of sinking commences along the west
coast of India (October-November onwards) large variations
are noticed in the top of the thermocline especially in the
lower latitudes (<12°N) which continues till March. Another

important result to be noticed is that the onshore-offshore
lvariations in the top of the thermocline is more during the
_feriods of sinking compared to upwelling. The large
- variations in the thermocline topography from November to
March is mainly caused by variations in the
nearshore/offshore dynamics and the latitudinal variations
in the sinking process. During this period, thermocline is
noticed at deepest level (over 100m in January) off the

southwest coast of India and north of 20°N.

The thermocline temperature (Fig.3.9) also exhibit
similar variations as that of top of thermocline. Moreover,
large onshore-offshore and 1latitudinal variations are
‘noticed during the periods of upwelling and sinking. This is
mainly due to the wvariations in the onshore-offshore
dynamics and the commencement of upwelling/sinking along the
west coast of India (Fig.3.6). During winter (December to

February), thermocline temperature is greater than 27°C  off

44



(wp02Z>

[®3188¥00 JOJ JUATPBIZ SUTTOOWIIY3 JO UOTINQTIJSTP [BUOZ (OT'E

(No) 3anuiv
w.— N_—

yjdap) sasiem

9vZ 81 Z izl

] o e
- : - L4 . -
o\t ® e s oL =
» ] ~ . sy
3 ". - e % s - A ~
- 'v :
= . =
.
[ DFq | L_. LAON o s
i | L 1 L X
€5 - 5.
i (% > % : 3
”~ 4 = . % 3 e : . e
., . - ks 1.
e . 2 g % .
-, - - . . " » - .
e . * e -
- . froi .3 3
o - .t *
-~ i A ? e - =
- ¢ .
B b
(gzs] . - _. [0 .. b
L 1 L 1 1 1
g S
.e® ky £ i -
_—— b U e ” m«-. = =N g —
" i a3 g #
e . . ..
x L & -
: s 48" 14 . L. =
(xar] _. xm] N ETA L
i i i i i i i i
b 7 o & &% g .
B . * >
T . . v
i el v e 3 b= - -
P 3 “ .= = .
e s e

00

L0

¢0

e
oo

N
QO o
) IN3IQVE9

S
o
w9




the southwest coast of India and decreases towards north =

°C north of 20° N). In association with large heat input
nto the ocean during the pre-monsoon period (Hastenrath and
amb,1979), temperature in the thermocline increases. If we

tlosely examine the temperature pattern, occurrence of

large heat gain. South of 14°N the maximum temperature
“ ) is found to occur in April. In the 1latitudinal band
4°N to 20° N the maxima occurs in May (28° C) while north of
20°N it occurs in June (30 C). With the onset of summer
onsoon drastic cooling is noticed in the thermocline mainly
jue to upwelling. The cooling rate is found to be maximum
outh of 14° N (30 C in May to 20°c in September) and north
of 20°N (30°C in June to 22°C in September). Such a cooling
ate is not observed in the 14°-20°N latitudinal band. This
uggests that cooling is more intense off the southwest
oast of India and north of 20°N compared to any other
}glons along the west coast of India. The large variability

lorth of 20°N is mainly due to the effect of winter cooling
ind pre-monsoon heating.

The thermocline gradient (Fig.3.10) also exhibits large
ariability in the continental shelf during greater part of
he year. Minimum gradients (<0.1°C m-i) are observed in
}ril when shallow thermocline (Fig.3.6) and maximum heat
I into the ocean is observed. Comparatively large
radients (>0.2°C m-i) are observed during the summer
onsoon season. Comparatively weak gradients (¥ 0.15°C m-i)
id minimum onshore-offshore variations are noticed north of
'N. Another feature to be noticed is that the gradient in
T'thermocline decreased with the commencement of sinking,

ith minimum values (<0.05°C m-i) occurring north of 20°N.
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CHAPTER IV

SHORT-TERM VARIABILITY OF THERMOCLINE CHARACTERISTICS

GA;i.INTRODUCTION

; It is well known that the onset and progress of summer
;monSOOn produces large scale spatio-temporal modifications
iin the thermal structure of the Arabian Sea (Wyrtki,1971;
" Robinson et al.,1979; Molinari, 1983; Shetye 1986; Rao et
;al.,1989; Rao et al.,1990; Hareesh Kumar,1994). Generally,
hthe pre-monsoon season is characterised by fair weather
fconditions resulting in accumulation of heat with varying
@magnitudes across the basin. However, due to occasional
%thunder squall activities, marked variations are noticed in
the meteorological (Sikka and Grossman, 1980) and
thermohaline fields (Rao,1987; Rao et al.,1993; Hareesh
iKumar, 1994) on a synoptic scale. Active monsoonal spells
iand associated meteorological disturbances can cause
?short-term variability in the thermal structure (Rao,1986;
ﬁRao and Mathew,1990; Joseph et al.,1990; Murthy and Hareesh
1Kumar,1991). With the onset and progress of the summer
fmonsoon, intense air-sea exchange processes (Hastenrath and
?Lamb,1979) and convergence induced by the negative wind
- stress curl (Hastenrath and Lamb, 1979;Bauer et al.,1991)
;deepens (~ 100m) the thermocline in the central Arabian Sea
k(Sastry and D’Souza,1970; Hastenrath and Greischar,1989).
- However, significant warming occurs in the upper portion
. ofthermocline mainly due to the deepening of the mixed layer
ji'and mixing of the subsurface waters with surface waters. 1In
 the coastal regions, the process of upwelling results in the

fshoaling of isotherms towards the coast and cooling of the
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water column (Warren et al.,1966; Swallow and Bruce,1966;

Schott,1983; Mathew,1981; Shetye et al.,1991).

Prior to the conduct of summer monsoon experiments no
systematic time series measurements were made to study the
}hort term variability of thermal structure in the Arabian
During these experimental programmes a systematic
attempt was made to <collect vertical temperature and
salinity data at selected locations in the Arabian Sea.
Although these data sets were collected at different
locations over short duration, they provide important

insight into the problem of thermocline variability.

In the Arabian Sea, several studies have been carried
out to understand the time variation of the mixed layer and
its causative factors (Rao,1986; Mc Creary and Kundu,1989;
Joseph et al.,1990; Rao and Mathew,1990; Rao et al.,1991;
Mohan Kumar et al.,1995; Hareesh Kumar,1994; Hareesh Kumar
éhd Mohankumar,1995). However, the evolution of thermocline
%haracteristics viz, top of the thermocline, thickness,
radient, mixing processes, oscillations is not adequately
discribed or understood. In this chapter, the short term
}ariability in the thermocline characteristics is studied
utilising the time series data sets collected from selected
locations in the Arabian Sea during the pre-monsoon and

onset phases of the summer monsoon {Fig.d.1).

4.2. DATA

Most of the data sets wutilised for this study
correspond to open ocean conditions of the Arabian Sea were
ﬁllected during MONSOON-77 and MONEX-79 field experimental
ixogrammes. In addition, data sets collected in the coastal

‘bnés off Bombay, Karwar and Cochin are utilised. The
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Table 4.1
Station location, Symbol and observation period

Station location Station Observation
Latitude Longitude |Symbol Period
18°15° 71°35° BM . |28Jun.- 01Jul.’88
14°45° 73°35° KW 28May - 01Jul.’89
18Sep.- 25Sep.’89
290ct.- 10Nov.’86
09°44° 75%42° CH 10Apr.- 17Apr.’91
23May - 3Jun.’92
13°00° 72°00° BS 26May - 7Jun.’77
26Juno- 14Ju10’77
17°00° 71°00° BW 26May - 7Jun.’77
26Juno- 13Julo’77
14°30° 66°00° N 7Jun.- 19Jun.’'77
30Jun.- 15Jul.’77
12°30? 68°00° E 7Jun.- 19Jun.'77
30Juna- 15301.’77
10°30° 66°00°’ S 7Jun.- 19Jun.’77
30Jun.- 15Jul.’ 77
12°30° 64°00° W 7Jun.- 19Jun.’77
30Jun.- 15Jul.’77

riod, April-May represents pre-onset and June to September

ﬁresents active phases of the summer monsoon. The station
JAtions (Fig.4.1) are designated as N, E, S and W
rrespond to the four corners of the USSR polygon occupied

fthe central Arabian Sea during 1977 and BW and BS
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- represents two Indian ship locations in the eastern Arabian
- Sea during MONSOON-77. BM, KW and CH are the three coastal
- sations off Bombay, Karwar and Cochin respectively. Station
~ locations, symbols and obervational periods are pfesented in
Table 4.1. From these locations time series of the vertical
- profiles of temperature were collected at one/three/six
‘hourly sampling interval. To study the role of miiing
process in the thermocline region the subsurface currents
' obtained from selected depth levels by deploying Aanderaa
]RCM4 and RCM7 current meters at CH, KW, BM are also
‘utilised.

' 4.3.RESULTS AND DISCUSSION
4.3.1 DEPTH-TIME SECTIONS OF THERMAL STRUCTURE

The depth-time sections of temperature presented in
"Fig.4.2 reveal the complex nature o1 spatio-temporal
‘variability in the thermocline. One of the features that has
'to be noted is the occurrence of variable gradients and
'oscillatory nature in the thermocline. In the discussion,
‘the depth-time sections of temperature for the coastal and

Jdeep stations are treated separately.
4.3.1.1 AT COASTAL STATIONS

The thermal sructure off Bombay (Fig.4.2a) is
. charactrised by a tri-layer structure with a sharp
' thermocline (2.5%C drop in 10m) sandwiched between upper
- (40m) and bottom (25m) isothermal layers. Formation of this
‘feature_can be explained in terms of air-sea interaction
process. During winter, the thermal structure in the
~continental shelf off Bombay is characterised by deep

isothermal layers (~ 80m) with temperature =~ 26.5°C (Joseph
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and Hareesh Kumar,1990). During the pre-monsoon period,
ﬁimatological studies of Rao et al.(1990) reported a
}rming of 4°C in the surface layers. Intense vertical
3xing (Hastenrath and Lamb,1979) of the surface warmer
Cgters with subsurface cooler waters during the summer
monsoon caused the re-distribution of heat, thereby

deepening the surface mixed layer down to 40m with

temperature 29.5°C. Below 50m, the water column i8
isothermal (26.5°C) having the characteristics reported by
Joseph and Hareesh Kumar (1990). This indicated that the
1%fluence of surface forcings penetrate up to 50m depth. The
{:alysis reveal that the pre-monsoonal heating in the
fyrface layer and intense vertical mixing in the upper 50m

over the remnants of the winter water with the onset of

bnsoon caused the formation of the tri-layer structure.

In the coastal waters off Karwar (Fig.4.2b), mixed
layers of = 25m are noticed during the onset phase of summer
}nsoon (June) which shoal to 5m by the withdrawal phase
3September) due to upwelling . The 25°¢C isotherm which lies
'h the middle of the thermocline shoaled from 40m during the
fnset phase to 20m by the end of monsoon season. The
;rtical displacements are more at the bottom layers as
indicated by the displacement of 23°C isotherm which shoaled
more than 30m. Due to upwelling there is a drastic reduction
In temperature at subsurface levels (3 to 5°C). It is
interesting to note that there is a two fold increase in the
hermocline gradient (0.15 to 0.3 m '), which will be
iscussed later in this chapter. During October-November,
ﬁder the influence of a deep depression (Murthy and Hareesh
umar,1991), top of the thermocline deepened by 25m (15m to
l0m) due to drastic heat loss and convergence induced by the
;fface wind stress curl (Murthy and Hareesh Kumar,1991).

last Fourier Transform (FFT) analysis of isotherm
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;isplacement (October-November) in the thermocline revealed
oscillations with semi-diurnal (12 hrs), diurnal (24 hrs)
and inertial (46 hrs) periodicities. The oscillation with
énertial periodicity is caused by the distant storm centred
360km southwest of observational station and caused vertical
displacement of 15-20m in the isotherms. Pollard (1970) also
observed similar conditions during the passage of storm gnd
fftributed the wind field as the main source of inertial
?Scillation in the thermocline. As the station is located at
ihe periphery of the storm, continuous deepening of the
isotherms are observed mainly due to downwelling as

suggested by Leipper (1967).

Another interesting feature is the presence of a
prominent bottom isothermal layer (Fig.4.2b). By the end of
‘ﬁmmer monsoon season, temperature of this layer decreased
BSC (23°C to 20°C) mainly due to upwelling and its
thickness increased by 15 m (10 m to 25m) due to increased
shear mixing (Fig.4.6b). The presence of bottom isothermal
Layer during October-November though with an increase in its
temperature compared to withdrawl phase suggest sinking.
fohan Kumar et al.(1995) attributed the increase in
;emperature near the bottom to the northwérd flowing under

currents, which are typical during the periods of upwelling.

The thermal structure off Cochin (Fig.4.2c) during
ipril is characterised by a shallow isothermal layer (=20m),-
8 layer of weak stratification (1.5°c fall in 20m i.e.
0.075°C m-i), a quasi-homogeneous layer (5 to 20m thickness
and gradient <0.025°C m-i) and a layer of strong
tratification (5°C fall in 30m i.e. 0.17°C m%). In the
‘egions of strong stratification, oscillations of inertial
FQ hrs), diurnal (24 hrs) and semi-diurnal (12 hrs)

)eriodicities are noticed, due to which the isotherms are
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ﬁisplaced by ~ 5-15m in the vertical. The layer of weak
stratification is thought to be the result of deep mixed
layer during winter followed by surface heating (Hareesh
Kumar and Mohan Kumar,1995) during the pre-monsoon season.
Thickness of the quasi-homogeneous layer decrease from 30m
to 5m between 10 and 14 April and increase thereafter. By
May, this quasi-homogeneous layer disappear and the

1
). Moreover

thermocline becomes more stratified (0.15°C.m-
there is an upward displacement of isotherms in the
thermccline during this period. For instance, in the
thermocline the 25°C isotherm, which was at 85m on 17 April,
shoaled to 35m by 3 June, with an average upward movement of
1.1 m.day-i. This upward movement of isotherms are mainly
~

due to the process of upwelling, results in cooling of =
0.8°C at the surface and 4.5°C at the bottom, with maximum

;boling in the of 6°C at 60m.
4.3.1.2 AT DEEP STATIONS

In the eastern Arabian Sea (BS and BW), intense solar
geating during the pre-monsoon phase (Rao et al.,1990)
;;sulting in the formation - of near surface (<20m)
thermocline (Fig.4.2(d,e)). The enhanced vertical mixing
during the summer monsoon season deepens the thermocline to
;wlow 50m. However, the effect of wupwelling 1is noticed
within the thermocline at both locations as evident from the
gpward displacement of 24°C isotherm which shoaled by 25m at
BS (90m to 65m) and 20m at BW (80m to 60m). Several short
period oscillations are also noticed in the thermocline in

both the phases.
The observed thermal structure at the polygon stations

KFigs.4.2(f-i)) in the central Arabian Sea is significantly

different from the stations in the coastal regions in many
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respects. A noteworthy feature is the deepening of
‘thermocline in the central Arabian Sea, though with a
varying magnitude in contrast to an ascend in the coastal
regions (Figs.4.2(a-c)). Deepening of the thermocline is
‘mainly due to enhanced vertical mixing (buoyant and
mechanical) and sinking due to negative wind stress curl
(Hastenrath and Lamb,1979; Rao et al.,1993). However,
‘deepening is more rapid during the onset phase (7 to 19
June) than the active phase (30 June to 16 July). The onset
phase over Arabian Sea is marked by a spurt in the turbulent
kKinetic energy in the lower atmospheric boundary layer
(Mohanty et al.,1983). This results in the sudden increase
of mechanical mixing on an otherwise calm ocean conditions.
By the active phase, an equilibrium condition is attained
Qnd any further increase in the mechanical forcing will not
penetrate much due to the deep mixed layers (= 75m). All the
available mechanical energy is distributed over the deep
nixed layer without affecting top of the thermocline. The
thermocline deepened by 45m (30m to 75m), 50m (40m to 90m),
45m (40m to 85)and 30m ( 50 to 80m) over a period of 12 days
during the onset phase at N, E, S and W respectively while
;he corresponding values during the active phase are 40m
(75m to 115m), 30m (80m to 110m), 20m (100m to 120m) and 40m
(80m to 120m). Moreover, with the progress of summer monsoon
the thermocline becomes more stratified (<0.1°C m ! to
?0.15°C m %). A more diffused thermocline is noticed at N
i&0.07°C m-i) during the onset phase compared to other
focations. Temporal variability in the isotherm depths in
the thermocline shows oscillatory pattern caused by
propagating internal waves and eddy fields etc. (Duing,1972;
Swallow et al.,1983).
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3.2 SHORT-TERM VARIATIONS OF THERMOCLINE CHARACTERISTICS

: From the analysis of time series of thermal structure
at selected locations it is found that there is significant
variations in the thermocline characteristics. 1In the
following sections the thermocline characteristics viz., top
of thermocline, thickness, gradient, mixing in the
thermocline and oscillations in the thermocline are

discussed.
.3.2.1 TOP OF THE THERMOCLINE

The time series of the top of thermocline at different
iocations are presented in Figs.4.3(a-i). Top of the
thermocline exhibits large spatio-temporal variations. It is
‘around 40m at BM in July, 25m/50m at KW in June/November and
20m at CH in April. With the progress of summer monsoon, top
of the thermocline undergoes significant upward movement
Cspecially in the coastal regions due to wupwelling. For
instance, at CH thermocline top shoal from 25m on 10 April
o 10m on 3 June, whereas at KW it moved up (25 to 5m) by
the end of summer monsoon season (September). During
.October-November, it deepens to 70m due to convergence
(sinking) induced by a deep depression. However, at BM top
of the thermocline does not exhibit much variation (40m)

during the short observational period (4days).

On the other hand, top of the thermocline is found
below 35m at deep stations (Figs.4.3(d-i)) during the
entire observational period. In the central (Figs.4.3(f-1i))
and at the two stations in the eastern Arabian Sea
(Figs.4.3(d&e)), it continuously deepened from 40-75m and
35-120m respectively due to intense vertical mixing

KHastenrath and Lamb,1979) and sinking with the onset and
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iprogress of monsoon. During this period, top of the
thermocline is observed at the deepest depth (>100m) in the

central Arabian Sea compared to any other locations.
4.3.2.2 THICKNESS OF THE THERMOCLINE

Thickness of thermocline (Figs.4.4(a-i)) is minimum~ in
the coastal zones. Even in the coastal regions marked
variations are noticed between the southern (CH) and
northern (BM) stations. The thermocline which was quite
thick (> 70m) at CH in April (Fig.4.4c), gradually reduced
to 235m with the onset of monsoon (by June). The influence
of upwelling is inhibited (the thermocline from surfacing)
by the stabilising forces of buoyancy at both locations.
‘While at KW it was around 30m during summer monsoon season.
' The increased current shears (Fig.4.6b) induced by the
southerly surface currents (Hastenrath and Lamb,1979) and
northerly undercurrent (Antony,1990; Hareesh Kumar and Mohan
Kumar,1995) during the monsoon season erodes the thermocline

(forming a bottom iso-thermal layer. The combined effect of

' these two processes limits the thickness of the thermocline.
‘At BM (Fig.4.4a) the thickness of the thermocline is 10m

which is the minimum observed during this period.

On the contrary, thickness of the thermocline is
;greater than 100m at deep stations (Figs.4.4(d-i)) with
‘maximum values noticed at N (x 220m). One of the noteworthy
features is that the thermocline thickness gradually
‘decreased with the progress of monsoon. The deepening of
thermocline at these locations is caused by a variety of
?factors such as increased wind mixing, net heat loss at the
surface, convergence due to negative wind stress curl
«Hatenrath and Lamb, 1979) and entrainment at the bottom of

;mixed layer(Ramesh Babu and Sastry,1984). The convergence at
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the upper layers is balanced by divergence at deeper layers
(to maintain continuity) which erodes the bottom of the
thermocline thereby reducing its thickness with the progress

of monsoon. In the central Arabian Sea, maximum decrease in

thickness is observed at N (220-120m) and minimum at W
- (200-150m). The corresponding values at E and S are 200-;25m
and 190-100m respectively.

:4.3.2.3 THERMOCLINE GRADIENT

In general, the gradient is greater than 0.2°C m ! at
the coastal stations (Fig.4.5(a-c)) except at KW in June and
‘at CH in April and less than 0.1°C m™ ! at the deep stations
(Figs.4.5(d-i)). The increased gradient in the coastal
‘regions is due to the combined effect of upwelling which
pushes the sub-surface waters towards the surface and net
‘air-sea heat flux and wind mixing which inhibit its upward
‘movement. The low gradients at the deep station is caused
by the increased entrainment due to mixing of waters from
upper thermocline and mixed layer (Philips,1977). The
thermocline gradient more than doubled from pre-monsoon to
active monsoon periods both at CH and KW. The thermocline
gradient showed an increase from 0.1 to 0.15°C m ! in the
Eentral Arabian Sea. The thermocline gradient (30.1°C) did
not show much variation during both pre-monsoon and monsoon

periods at BS and BW.
+3.2.4 MIXING IN THE THERMOCLINE

Studies on mixing processes indicate that shear and
static instabilities are the prime mechanisms governing the
gradient in the thermocline (Miles,1961). As Richardson
umber (Ri) is the ratio of buoyancy to shear term, the

thermocline stratification is studied in terms of Ri.
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Ri= N?/ s?

there, N is Brunt-Vaisala frequency ( N2 =-(g/p)(6p/6z)) and
5 is the shear term ( s? = (6u/6z)2 + (6v/éz)2)).

laboratory and theoretical studies (Miles,1961) have
‘evealed that high 1levels of turbulence and mixing are

issociated with low Ri (<0.25) and vice versa.

The Brunt-Vaisala frequency, which 1is a measure of
itatic stability of the water column is maximum in the
hermocline (15 cph between 65 and 85m in April and 18 cph
etween 30 and 50m in May-June at CH, 4.2 cph between 20 and
om at BM during June/July and 17.6 between 15 and 60m and
?38 cph between 15 and 40m at KW during June and September
;épectively) while, weak stratification is observed in the
%xed layer and in the lower thermocline, i.e, in the region
f undercurrent (< 6 cph). The depth ranges are chosen
ithin the thermocline where current measurements are also
vailable. The Shear and Ri in the thermocline at selected

ocation are given in the table 4.2.

In order to obtain the nature of current at different
evels, the current sticks off Cochin for April and May-June
are presented in Fig.4.6a. In general, the currents were
seak in the top 45m (10-20cm s_i). The currents were
j“ii'.ronger and opposing between 65 and 85m indicating a shear
of 0.005 54. However, the currents were stronger (=50 cm
wﬂ) at all 1levels about 70m in June eXxcept between
23-28June at 30 and 50m. The drastic decrease of current
‘speed from 30 to 50m between 23 and 28 June leads to large
ZShear {0:025 S_i). However the water column is statically

stable during both the periods as indicated by negative
Iép/éz ( -0.03 to -0.09 kg m-‘). Further, there was a marked
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reduction in thermocline gradient in the regions of
undercurrent (>80m in April and >60m in May-June) due to
strong shear. Since undercurrent strengthens with the
progress of upwelling and it flows opposite to the currents
above (Fig.4.6a), a secondary maximum in S is observed. Low
Ri in this zone favoured the growth of turbulence and mixing
process thereby reducing the vertical temperature gradient
BRig. 1.2c).

The current of KW could be obtained only at 15 and 60m
ﬁuring June while it was observed at 15,40 and 60m in
September. The currents were less stronger and more
Qscillatory at 60m compared to 15m in June. From the current
sticks (Fig.4.6b) at KW it is evident that the current
,@trength decreased with depth in September indicating
increased shear. At KW, the strong shear (0.008 s_1 an
September) is noticed in the thermocline compared to other
ievels. In June, a low Ri (0.075) revealed increased
ﬁurbulence, resulting in the weakening of thermal
stratification. However, in September Ri (>0.29) indicated
‘Quppression of turbulence in the water column, suggesting a
@trong thermocline stratification, caused by the process of

upwelling.

The current sticks at BM (Fig 4.6c) revealed nearly
ﬁniform currents at all levels )5m,20m,45m and 65m) with
speed 30-40cm s'. At BM, though the shear in the
‘thermocline is found to be 0.00099 s-1 and the high value
of Ri (7.4) revealed suppression of turbulence in this
Eegion. This suggested that the vertical density gradient is
sufficiently strong to overcome the instability caused by
&he flow. As a result, the three layer structure in this

fegion is maintained throughout the observational period.
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Table 4.2
:Averageishear (S), Richardson number (Ri) and Brunt-Vaisala

frequency (N) at selected locations.

Observation Depth levels S Ri N

location (m) (") (cph)
BM (Jun.) 20-45 0.00099 | 7.400 4.2
KW (Jun.) 15-60 0.00490 | 0.075 17.6
KW (Sep.) 15-40 0.00800 | 0.290 28.8
CH (Apr.) 65-85 0.00500 | 0.200 15.0
CH (Jun.) 30-50 0.02500 | 0.050 18.0

4.3.2.5 SPECTRAL CHARACTERISTICS OF OSCILLATIONS IN THE
THERMOCLINE

The thermocline zone is a region of large oscillations
(Figs.4.2(a-i) ) with frequencies ranging from Brunt Vaisala
to inertial. To identify significant harmonics in the
thermocline, the time series of the depth of 25°C isotherm
was subjected to FFT analysis . The analysis were carried
out at CH and BS representing coastal and deep stations
during pre-monsoon and monsoon phases (Figs.4.7(a-b)). The
most dominant harmonics noticed at all locations are
inertial, diurnal and semi—diurnél, though with varying
spectral magnitudes. In addition to these periodicities,
high frequency oscillations are also observed in the
thermocline. In general, diurnal and semi-diurnal components
contain maximum energy during pre-monsoon phase at CH (Fig.
;.7a) and BS (Fig.4.7b) while, the inertial components have
maximum energy during the monsoon phase. This can be
attributed to the fact that during monsoon phase, more

energy is utilised to disturb strong thermocline
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stratification (Fig.4,2b)% Moreover, the inertial
oscillation (70.9 hrs at CH;53.3 hrs at BS) noted during the
summer monsoon phase, is absent (Fig.4.7a) or weak
XFig.4.7b) during pre-monsoon. This can be due to the fact
ihat, during the monsoon phase, the strong winds blow in
pulses, which is favourable for the generation of inérpial
oscillations. The diurnal and semi-diurnal component contain
more energy in the coastal region mainly caused by the

internal tides during the pre-monsoon phase.
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