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Variations in temperature, salinity, suspended matter and currents at mouth, middle and
upstream regions of Mandovi estuary were studied in relation to tides for 3 seasons, viz. premon-
soon, monsoon and postmonsoon. Waters attained maximum temperature of 31.5°C during pre-
monsoon and minimum of 25.5%C during postmonsoon. Maximum salinity variation over a
tidal cycle was in the middle region of the estuary during monsoon (2 to 34%o0) and minimum was
at the mouth during premonsoon (34 to 36%o). Horizontal gradient in salinity was maximum
(2.0%0/km) during monsoon and minimum (about 0.2%o/km) during premonsoon. The estuary
changed from a stratified type during the wettest season (monsoon) to a well-mixed type in pre-
monsoon. The sediment load was generally low (<25 mg/litre) in the waters of the upstream
region during postmonsoon. Higher values of suspended load were generally associated with
strong currents. At the mid region of the estuary strong currents of about 150 cm/sec were en.

countered with flood during premonsoon and with ebb during monsoon.

ANDOVI estuary, situated on the northern
M side of Pangji, is one of the two main

estuaries of Goa. This estuary is very narrow
in the upstream and broadens considerably before
joining the Arabian Sea. The width at the mouth
is about 3 km. A number of tributaries join
Mandovi estuary. The tide in this area is of
a mixed semidiurnal type. The fresh water supply
which is maximum during monsoon period gradually
decreases during postmonsoon and becomes negli-
gible during premonsoon. At a distance of about
14 km from its mouth, Msndovi is connected to
Zuari estuary by a narrow canal, Cumbarjua
canal.

The navigation channel near the mouth of the
estuary is open during fair weather season. During
monsoon this channel is closed because of the
formation of sand bar near its entrance. Some
studies on the hydrography of this estuary near its
mouth were carried out during premonsoon season®
and during February and August?. Bhargava®,
while presenting the seasonal variations of phyto-
plankton pigments, discussed the two parameters,
temperature and. salinity, near the mouth and
mid-reaches of the estuary. In view of the navi-
gational importance of this estuary a detailed
study of the variation in the hydrographical con-
ditions in relation to tidal currents has been
made.

Methods

Observations were made during April, September
and January. Each of these months depicts con-
ditions which are by and large typical for the
premonsoon, monsoon and postmonsoon respectively.
Hourly observations of hydrographical parameters
over tidal cycles were made at some fixed stations

located at the mouth, middle and upstream regions
of the estuary either on the same day or on
successive days to cover the situations associated
with similar tidal conditions. Dates of observation
and distances of the stations from the mouth
are given in Table 1. Altogether 8 tidal cycle
observations were carried out as per the detail
given in Table 1. As the present work is oriented
mainly to study the temporal and spatial variation
in parameters in relation to tidal currents, more
emphasis was laid on conducting simultaneous
observations over tidal cycles at different regions
of the estuary, and days with high tidal ranges only
were chosen for observations in each season. Data
from station B located in the middle of the estuary
were collected in all the seasons. Station A located
at the mouth of the estuary could not be worked
during the monsoon due to rough weather conditions
and hence station A, located very close to the

TABLE 1 -DISTANCES FROM THE MoutH AND DATES OF
OBSERVATI ON
Season Station Distance Date of
from mouth observation
(lkm)

Premonsoon A 0 1 S4-72
B 9 1 S4-72

Monsoon Ay 4 7-9-72
B 9 8-9-72

C 26 9-9-72

Postmonsoon A 0 15-1-73
B 9 15-1-73

C 31 19-1-73
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Fig. 1 — Location of stations

month was investigated. The upstream station was
fixed as near the salt water boundary as possible.
Locations of the stations ae shown in Fig. 1. The
average depths at stations A, A1, B, C and Ci1 are
7, 6, 75 4.5 and 9 m respectively.

Surface currents (1 m below the surface) and
bottom currents (1 m above the bottom) were
measured using the Ekman type current meter.
Water samples were collected from 3 depths, viz.
upper % m, the mid-depth of the water column
prevailing at the time of observation and about 4 m
above the bottom, to represent the waters in surface,
middle and bottom layers respectively. For mea-
suring surface and subsurface temperature, bucket
thermometer and reversing thermometers were used.
Water samples were analysed for salinity by the
titration method. Sediment load was estimated
using standard filtration technique. Variations of
different parameters with tide during premonsoon,
monsoon and postmonsoon seasons are shown
in Figs. 2(a, b), 3(a b, ¢) and 4(a, b, ¢)
respectively.

A comparison of recorded tide at the Mormugao
Harbour with tide pole data collected in Mandovi
estuary has shown that even in upstream region of
the estuary there is no significant difference in tidal
ranges. So the recorded tide at Mormugao Harbour
was plotted for the days of observations wherever
tide pole data could not be collected due to field
difficulties at respective stations.

Results and Discussion

Premonsoon (Fig. 2) - Temperature varied be-
tween 29.2° and 30.6°C at the mouth and between
30.2° and 31.5°C in the middle region of the estuary.
In general, there was a depthwise decrease in

12

temperature at the mouth of the estuary. In the
middle reaches of the estuary, even though there
was diurnal variation of temperature due to solar

heating, it was slightly obscured by a fall in
temperature at al levels in association with the
flood tide.

At the mouth of the estuary salinity varied from
34 to 36.0%o,. There was an increase in salinity at
al levels till flood reached its maximum. In the
middle region, sdinity variation was about 5%, (from
295 to 35-0%,). The waters attained high salinity
at the maximum flood. Between the peak flood
and the peak ebb, waters of nearly same salinity
were present. This feature appeared to be due to
considerable mixing of the waters in this region and
the bifurcation of the river at the upstream side of
this station. However, there was a depthwise in-
c_:(rjease in the salinity during the other phases of the
tide.

At the mouth of the estuary, the suspended sedi-
ment load at the surface and middle layers was
generally less than 50 mg/litre. In general, a
depthwise increase in sediment load was observed.
There was a marked increase in the sediment load
of the bottom layer towards the afternoon hours,
when wave action is greater due to strong sea breeze.
This appeared to be associated with the transport
of coarse grained particles near the bottom and apart
from currents wave action often seemed to be
required to set this into motion®. Semitidal fluctua-
tions in sediment load associated with currents were
observed in the middle region of the estuary. The
sediment load was found to vary between 25 and
95 mg/litre. Maximum values were encountered
in the middle and bottom waters during the peak
flood, when the bottom currents were considerably
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strong. During the ebb, the sediment load did not
show much variation with depth.

At the mouth of the estuary, maximum surface
currents associated with the peak flood and peak
ebb were found to be about 40 and 30 cm/sec
respectively. Maximum bottom current rt during
flood was of the order of 50 cm/sec while that during
ebb was about 20 cm/sec. In the middle region of
the estuary, bottom currents were faster then those
at the surface during flood, peak values being 160
and 125 cm/sec at the bottom and surface layers
respectively. During the ebb, maximum current
speeds observed were of the order of 90 cm/sec and
there was not much variation in the current speed
between the surface and the bottom. Higher
current speeds observed during flood than during
ebb were in agreement with the findings of Murthy
and Das for the same season. Relatively low values
of current speed at the mouth were the result of
considerable widening of the channel in this region.

Monsoon (Fig. 3) -Near the mouth and in the
middle region of the estuary, the temperature varied
between 26° and 30°C. Surface and bottom layers
were generally warmer than the middle layer. In
the upstream region, the variation in temperature
was less (28.5° to 30.0°C). At this region bottom
waters were warmer than those at surface and mid
depth. Near the mouth and in the middle region
of the estuary, lower temperature was encoun-
tered with the high tide which broaght in colder
water from the sea. Similar tide-controlled tempe-
rature variations have been reported by Qasim and
Gopinathan® in Cochin backwater during this season.
In the upstream region, diurnal varintion associated
with the solar heating appeared to be more pre-
dominant than flnctuetions associated with the tides.

Salinity ranged from 10 to 35%o, near the mouth
and from 2 to 34%o in the middle reaches of the
estuary. Waters in the upstream region (station C)
were free of salt. Increase in the range of salinity
and steep vertical gradient encountered in the middle
region of the estuary reflected the stratification
caused by appreciable runoff during this season.
Decrease in vertical salinity gradient with incoming
waters and increase in the gradient with outgoing
waters, observed near the month (station A)),
appeared to be associated with the up and down
movement of the salt wedge.

Near the mouth end in the middle and upstream
regions of the estuary, suspended sediment load was
generally found to incrcase with depth. Near
the month of the estuary suspended sediment
showed a semitidal fluctuation and maximum values
were about 100 mg/litre. In the middle region of
the estuary, even though the suspended sediment
was generaly less than 60 mg/litre, in the bottom
waters sediment load was more than 100 mg/litre
during strong currents. In the upstream region,
suspended sediment load was, in general, less than
70 mg/litre and showed fluctuations associated with
tidal currents. Suspended sediment load in the
upstream region was high in this season compared
to that during postmonsoon. This was presumsbly
due to high river discharge during this season.

Maximum speeds of surface currents observed
during the flood were about 110, 120 and 40 cm/sec
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near mouth, middle and upstream regions respec-
tively of the estuary. Corresponding values for
the ebb were 140, 150 and 65 cm/sec. Ebb currents
were stronger than flood currents presumably due
to the runoff which augmented the outgoing tide.
Similar feature was observed in Zuari estuary during
the same season®. At the upstream station (station
C) even though the waters were free of salt, influence

of tidal currents was experienced indicating that this
stntion was located in the * tidal section of river ‘.

Postmonsoon (Fig. 4) — Temperature varied from
26.5° to 27.4°C at the month, from 25.5° to 28.6°C
in the middle region and from 27.6° to 28.4°C in
the upstream region of the estuary. At the mouth
and upstream regions of the estuary, temperature
of the middle layer was less than that of the surface
and bottom waters. In the middle region of the
estuary, no significant depthwise variation in tem-
perature was noticed, and the variation in the
temperctnre of the waters during the day time was
comparatively high (about 3°C). This appeared
to be the cumulative effect of tides and insolation.

Variation in salinity was from 32.2 to 35.6%o at
the mouth , 23.0 to 34.5%v in the middle region and
2.5 to 7.5%0 in the upstream region of the estuary.
At the mouth, range of salinity over a tidal cycle
decreased with depth from about 3% at the surface
to about 0.5%. in the bottom waters. Minimum
salinity was encountered dnring low slack. In the
middle region of the estuary the salinity varintions
at the surface, middle and bottom layers were similar,
the rnnges being comparatively high. In the up-
stream region, even though the salinity was more
or less the same at all depths dnring the rising tide,
slight increase in salinity with depth was noticed
during the falling tide.

At the mouth of the estuary suspended sediment
load was found to vary, in genernl, between 5 and
50 mgl/litre except near the bottom where it was
higher during the low slack and flood. Low values
of suspended load encountered with the ebb
appeared to be caused by the divergence of currents
in the adjacent regions. It is possible that floccu-
lation of particlcs also contributed to this feature.
In the middle region of the estuary, suspended sedi-
ment load was found to fluctuate, generally, between
10 and 55 mg/litre and it did not show any regular
variation with currents. In the upstream region,
sediment load of the waters was comparatively low
(5 to 25 mgl/litre).

During the ebb, maximum speeds were found at
the surface (40, 75 and 40 cm/sec in the mouth,
middle and upstream regions respectively). At
the month and in the middle region of the estuary
bottom currents attained higher speeds than sur-
face currents during flood. Bottom currents at-
teined a maximum speed of about 25 cm/sec at the
mouth and 70 cm/Sec in the middle region of the
estuary.

Commencement of flood/ebb currents — Thiswas
studied in different regions of the estuary in relation
to the recorded tide at Marmugao Port. In the pre-
monsoon season, flood current was found to com-
mence in the month of the estuary about the same
time as the low water at the harbour whereas ebb
current started about 2 hr after the high water. In




TIME IN I0URS

1800

i

1800

1200

0960

1500

1200

VARMA et

TEMPORAL & SPATIAL VARIATIONS

IN HYDROGRAPHIC CONDITIONS

[
>

8

N

3 38N1vy3awaL

al.:
] FEIEN w1 -
E8EZEE8x
o © @ .9 [T
PER w8 | g
(=] o= (5] X Q
o 05T W g X P
cw " L-g b
=== E.E 38
g " E:'Z, E 3 5 g =
S ua ~0 g o
gL 204 %1
SETvsdla |
S::—H; Sag s ~g
PEES g FO7
| g2 3898 | ¢
=S =
" EEF d 8g 9@
RE=SEESE
BEEE 2 S
LB BEELT R
*h ¢ ALINIYS
o 3 as[w:_'osads IN3¥8NS
Py o o g
Q0014 883 -
g
2]
=Z
f=3
E
=
14
v
p e
o ¢ q . J.Niladgysﬁmcaa . bt
. “ALINIVS vol NIdsns 4nogay
s . %s{wd€q3ads LNIWEND iv amr 3‘5325‘33'3
T p— 8
— T = T (unoas/w:
4 dS
"% “MINIWS g ° "Nawn;
Ty
g 00014)  ‘ge3
o
g
@ P a
-3 w
2§ -
2 <
= =
w
x
-
| T
- n
- 8 u .
g ¢ - &
- =
« | w T
& @
-5 AN
- , e — - —_— 4
24311 /bw
p? A wo « P wo
avol INBWIO33 QIN3dSNS “noaNvVH Cuonwiom o dM3L 24n/6u “GY0Y AunogavH ovanmon

4V 3014 G3Q¥0IAY

AN3MIA3S Q3aN3ESNS  ov 3018 034023y

8-9.72

15



16

1900

1300
S —

o0

INDIAN

-l 'AuNl'Ws

]35

MAR. SCI., VOL. 4, JUNE 1975

sali-
suspended sedi-

ment load an

d cur-
mouth,
middle

Fig. 4— Variation of

rent with tide at the
[0O—o0,

surface; X — X, mid-

(station A)
dle; A—A, bottom]

and (station C,) up-
stream regions of the
estuary during post-

temperature,
(station B)

nity,
monsoon

o fud “g33ds maamg:

|

23
aug

k

acoa 283

~
~

TIME IN HOURS

1200

1400

+100.

<\ CALNIYS

25

“IYNLYH3dWIL

)

mnlbw 0\10'1

AN3INWIQIS "Q3aN3dsnS

%[ wd
€033ds INYENI
° R

Qqootd

L -2
2,738N1v¥IdNIL

8
431/6W
‘avo LNBWIGBS J3QN3dsns

s

154-73

l STATION B

P W
unoeavu Dvonmo
1V 3011 G30¥073¥

aa3
LA ‘umnvs :m/un ‘033dS maaum
'D ° Q
o 0001! [TE]
3|
. £
-
+
3 2
w
2
=
z
p1T
24
-
< FE} / N
=
=l 8
< K
( o s *
% ot z 3 §—l—-l—-l--J 1-_3-===‘=§
= , dwax anmaAm_€Aawn N
w> Junsve3 Luawiade “ONIQv3Y 3704 30IL
SNOGHYH, OVONYON a

1V 3011 03030534



VARMA et al:

the middle region of the estuary flood current showed
a slight lag from that at the month, while ebb
started at about the same time. During monsoon,
ebb current at the station near the month started
more or less at the time of high water in the harbour.
The start of ebb current at the middle and upstream
regions of the estuary exhibited a lag of about 1 hr
from the time of high water in the harbour During
postmonsoon, flood current was found to start et
the mouth of the estuary shoct 1 hr after the low
water in the harbour. In the mid region, flood did
not show much time lag from that at the mouth.
Tide pole readings in the upstream region indicated
that high and low waters in this region exhibit a lag
of about 1 hr from those at the harbour. Ebb cur-
rent started at the time of high water in this region.

Horizontal salinity gradient -- Horizontal salinity
gradient (%o per km) in the surface, middle and bot-
tom layers wos calculated for different seasons and
presented in Table 2. For this, the temporal mean
values over a tidal cycle were used.

Maximum horizontal gradient in salinity of 2.35%d/
km during monsoon, minimum of 0.19%d/km in pre-
monsoon and an intermediate value of about 1.0%,/
km during postmonsoon clearly indicateti the dimi-
nishing effect of freshet from monsoon through
premon soon. Vertical variation of horizontal grad-
ients decreaserl from monsoon through premonsoon.
The estuary was stratified during monsoon, and well
mixed during the premonsoon while it was partially
mixed during postmonsoon as per the definition’.
Reduction of fresh water discharge, as the case here
is, changes the estuary from a stratified type to a
partially mixed or well mixed type®. In monsoon
the horizontal gradient in the downstream region
(between stations A, and B) decreased from surface
to bottom presumably due to the intrusion of salt
water in the form of a wedge. However, between
stations B and C, the horizontal gradient in salinity
increased with depth. This was because station C
was situated beyond the salt water intrusion.

The sdlient features inferred from the preceding
discussion are given below:

Temperature of the waters attained highest value
(31.5°C) in premonsoon and lowest (25.5°C) during
postmonsoon. Influence of tides on temperature
was prominent in the downstream region of the
estuary while that of insolation was predominant
in the upper reaches.

The salt water boundary which was found at a
distance of about 36 km from the mouth (as observed
by the authors) in premonsoon, receded rapidly to
less than 25 km from the mouth during monsoon
and migrated gradually upstream reaching a distance
of about 31 km during the postmonsoon. Distri-
bution of salinity indicated that the estuary was
stratified during monsoon, partially mixed in post-
monsoon and well mixed during the premonsoon.

TEMPORAL & SPATIAL VARIATIONS IN HYDROGRAPHIC CONDITIONS

TABLE 2 -= HORIZONTAL SALINITY GRADIENT

Season Depth Horizontal Horizontal
sal. gradient  sal. gradient
hetween between
mout h and middle and
micldle of upstream of
estuary estuary
(Y% km) (0 .fkm)
Premonsoon Surface 0-21
Middle 019 e
Bottom 019 -
Monsoon Surface 2:35 075
Middle 1-80) 120
Bottom 1.75 1-35
Postmonsoon Surface 0-75 102
Mididle 1-01 1-08
Bottom 1.11 1-0%

Waters in the upstream region in general bear
less sediment mattrixl compared to those at the
mouth and mid reaches of the estuary.

Tidal currents were stronger in the middle region
than ot the mouth and the upper reaches of
the estuary. This can be attributed to the loca tion
of this station (station B) where the cstuary narrows
first before it branches (Fig. I). It is interesting
to note that, in general, maximum speeds were at-
tained by surface and bottom currents during ebb
and flood respectively.

In the upstream region about 30 km from the
mouth), during postmonsoon, high and low waters
occurred about 1 hr after their occurrence at the
harbour.

Acknowledgement

The authors wish to thank Dr N. K. Panikkar,
former Director, and Dr S. Z. Qasim, Director, for
their keen interest. They are dx thankful to
Dr V. V. R Varadachari for his help during this work.

References

1. MURTHY, C. S. & DAS, P. K., Indian J. mar. Sci., 1 (1972),
148.

2. DEHADRAI, P. V.. Proc. Indian Acad. Sci., 72 (1970), 68.

3. RHARGAVA, R. M. S, Indian J. mar. Sci., 2 (1973), 27.

4. POSTMA, H., in Estuaries, edited by G. H. Lauff (Publ.
No. 83, American Association for the Advancement of
Science), 1967, 169.

5. QASIM, S. Z. & GOPINATHAN, C. K., Proc.
Sci., 69 (1969), 336.

6. THOMAS CHERIAN, RAO, L. V. G. & VARMA, K. K.,
J. mar. Sci., 4 (1975), 5.

7. IPPEN, A. T., in Estuary and coastline hydrodynamics.
edited by A. T. Ippen (Engg Soc. Monographs, McGraw-
Hill Book Co., New York), 1966, 604.

Indian Acad.

Indian

8. SIMMONS, H. B., in Estuary and coastline hydrodynamics,

edited by A. T. Ippen (Engg Soc. Monographs, McGraw-
Hill Rook Co., New York), 1966, 678.

17



