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Characteristics of tides at eight stations in Kochi
backwaters (KB) located on the southwest coast of
India are analysed. The Msf tidal constituents at seve-
ral locations are found to be considerably larger than
those estimated from the driving tidal potential. The
Msf tidal amplitude amplifies progressively from
Kochi inlet to the shallower upstream region where it
exhibits ~3-fold amplification. At the upstream bound-
ary, the Mf tide has the same order of magnitude as
M, and K; tides. The nonlinear frictional interaction
between M, and S, tides appears to be mainly respon-
sible for the observed amplification. However, in
regions where depth is <2 m, variable bottom fric-
tional effects at fortnightly periodicity plays an addi-
tional rolein the M sf tidal amplification.

Keywords: Amplification, bed materials, Kochi back-
waters, nonlinear frictional interaction, shallowness,
tides.

NOTICEABLE transformations occur in the pattern and
range of tides during their propagation from the open
ocean into continental shelves and further into shallower
coastal waters, broad lagoons and backwaters. Such trans-
formations, caused by a myriad of topographical and
bathymetric influences, are indicated by the presence of
relatively large-amplitude over-tides and compound-tides.
These tidal constituents represent the nonlinear harmon-
ics generated primarily under the influence of large bottom
friction. Wave phenomena such as reflection, resonance,
etc. may also affect the various tidal constituents in dif-
ferent ways. Mutual interaction of the tidal constituents
exerts an important influence on the propagation and
shape of the tides in estuaries and backwaters. The study
presented in this article reports the characteristics of tides
at Kochi backwater (KB) system on the southwest coast
of India based on in situ time-series tidal measurement
results. The present tidal measurements from eight sta-
tions covering the entire KB indicate that the upstream
boundary regions of KB and its inter-mouth region ex-
hibit prominent fortnightly tidal character because of the
presence of Msf tidal constituent (14.76 day period)
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whose amplitude is relatively larger than what is gene-
rally found. The theme of this article is primarily about
the large Msf tides observed at a few stations in KB,
which is a new finding in these areas.

Large Msf tidal constituent has been reported from
relatively fewer sites in the world. In the Pacific Ocean,
Msf tide has been identified at Canton Island'. In the At-
lantic Ocean, alongshore propagating large Msf tide has
been observed at a few locations along the northern coast
of the Gulf of Guinea’. This constituent has also been
identified in St Lawrence estuary, Canada’, several loca-
tions of an English tidal lagoon known as the Fleet, and
the Amazon estuary in North America’. Except for the
Msf tides of amplitudes up to ~5 cm in the upstream
regions of Mandovi and Zuari estuaries in Goa®, informa-
tion on Msf tides in the Indian Ocean is lacking. It was
reported that the Msf tide has considerable impact on the
water level regime and salinity distribution in the Fleet
lagoon, and forces strong vertical oscillations of the sub-
surface thermal structure in the Guinea Gulf.

Although the Msf tidal motions are relatively weak
(~1 cm at most coastal locations)’, they are considered to
be important in modern oceanography because of their
influence on the more general motions existing in the
ocean at low frequencies®. In the present study, we ana-
lyse the time-series data of tidal measurements from eight
stations covering the entire KB, for durations exceeding a
month (Table 1) to examine the characteristics of tides in
these locations and to understand the observed large Msf
tidal constituent at the inter-mouths and the upstream
regions of KB.

Description of study areas

The KB system, from which in situ tidal measurements
have been made, is a shallow semi-enclosed water body
(average depth=2.5m) having multiple branches,
~82 km in length and ~256 km” in area, trapped behind
and running parallel to the southwest coast of India. This
water body, characterized by irregular topography and
interspersed by numerous islets and shoals of varied sizes
and shapes, is the largest and the most complex estuarine
system on the west coast of India. A shallow region

CURRENT SCIENCE, VOL. 97, NO. 6, 25 SEPTEMBER 2009



RESEARCH ARTICLE

Table 1.

Summary of sea-level measurement locations and durations of time-series measurements. Station

numbers provided against the station names correspond to those indicated in the location map in Figure 1. Tide

measurements from Kochi backwaters (stations 1-8 in Figure 1) were made using float-driven gauges, in which

station #2 used a conventional Survey of India paper chart gauge. Stations #1, and #3—8 used EMCON-make elec-
tronic gauges

Station number and name Latitude Longitude Measurement duration
(1) Nedumgad 10°04.37'N 76°13.66'E 20 April-4 June 2006
(2) Cochi Port Trust 09°58.34'N 76°14.60'E 26 April-6 June 2006
(3) Vytilla 09°57.17'N 76°18.89'E 12 April-19 May 2006
(4) Vaduthala 09°51.41'N 76°20.34’E 11 April-3 June 2006
(5) Vettikattumukku 09°48.58'N 76°27.26'E 11 April-27 May 2006
(6) Vayalar 09°42.69'N 76°20.63'E 23 April-3 June 2006
(7) Thaneermukkam 09°40.82'N 76°23.37E 23 April-3 June 2006
(8) Talavadi 09°31.77'N 76°21.27E 27 April-3 June 2006

(average depth ~2 m) of ~70 km? in area, known as Vem-
banad Lake, which is situated at the southern end of the
estuary is the broadest segment of KB. The dual mouths
of KB (one at Azhikode (250 m wide) and another at
Kochi (450 m wide) which are separated by ~25 km),
which open to the eastern Arabian Sea allow tidal pro-
pagation in this estuary. Figure 1 shows the measurement
locations, and indicates the topography and bathymetry of
KB.

Sparsity of tidal measurementsin the study areas

Although tides in KB have been examined in the past
based on measurements of very short duration from a few
locations, such measurements are largely limited to the
vicinity of the Kochi inlet’. For a subsequent study, tidal
measurements have been obtained in October 2003 from
seven stations covering Cochin Port Trust to Thanneer-
mukkom hydraulic barrage in the southern segment of the
estuary. However, measurements from six of these stations
are limited to day time, from 6 am to 6 pm, and therefore
computed tides obtained from a 2D hydrodynamic model
had to be relied upon for studies related to tidal circula-
tion, pollutant dispersion, etc.'’. Unnikrishnan e al.'' and
Sundar and Shetye'? have referred to the tidal constituents
along the west coast of India. However, no information is
available on the Msf tidal constituent. Characteristics of
tides in KB remain largely unknown. The present meas-
urements are targeted to fill the gap that exists till date.
Thermohaline features of KB and its sensitivity to meteo-
rological influences have been reported by Joseph et al.".

Data collection and analysis

Tidal measurements at KB

In KB, tidal data have been collected from eight stations.
Whereas data from Kochi inlet of KB (see Figure 1) were
obtained from a conventional float-driven gauge (paper
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chart) maintained by the Survey of India, those from the
other seven locations in KB have been collected at 10-
min interval using EMCON-make float-driven electronic
tide gauges during April-June 2006. Data collection from
KB was carried out as part of a programme on Ecosystem
Modeling of the Kochi Backwaters. In contrast to the
bulky float-driven gauges, which are conventionally used
in several harbours world over, the EMCON gauge incor-
porated a miniature stilling-well in the gauge design to
suit this shallow estuary. The submerged portion of the
stilling-well was provided with arrays of circular perfora-
tions, which function as low-pass hydraulic filter and
serves good mixing with external waters'*" and also
minimizes the Bernoulli dynamic pressure effects'®'”.
With these modifications, the stilling-wells used in the
present measurements were free from most of the inade-
quacies inherent with the conventional stilling-wells (e.g.
refs 15 and 18-24).

Tidal constituents

Tide is the all-weather rising and lowering of water level,
produced by a combination of varying astronomical
forces and earth’s rotation; and is considered to be one of
the most regular and rhythmic motions in nature. As the
astronomical setting of a given location on earth relative
to sun and moon is rather complex, similar complexities
are present in the tidal oscillations as well. Although tides
have an astronomical origin, the response of a given loca-
tion to the tidal forces is influenced considerably by a
myriad of complex topographical influences (varying
depths, boundaries, resonance, etc.). The so-called shallow-
water constituents resulting from such influences can be
distinguished in over-tides and compound-tides, which
represent the nonlinear harmonics that are generated in
areas of large bottom friction such as in coastal waters,
estuaries and semi-enclosed water bodies such as back-
water systems. The over-tides have an angular speed,
which is an exact multiple of the angular speed of one
of the astronomical constituents. However, the angular
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speed of a compound-tide equals the sum or the differ-
ence of the angular speeds of two or more astronomical
constituents. Thus, the tidal oscillation at a place can be
represented by a sum of astronomical constituents and its
over-tides and compound-tides. Therefore, a Fourier de-
scription (i.e. various cosine series of partial tides) really
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Figure 1. Location map of tidal measurements at eight stations in
Kochi backwaters on the southwest coast of India. Closed circles show
the measurement locations and the associated number is the station
number. Graph legend in the bottom figure panel represents depth.
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well represents the features of tidal motion at a place. The
harmonic analysis of tidal observations consists essen-
tially in the dissection of the aggregate tidal oscillations
into a number of partial constituent waves. The tidal con-
stituents obtained from harmonic analysis of an ade-
quately long (usually 1 year) previously known time-
series records of the tidal measurements at a given loca-
tion represent the purely astronomical as well as the to-
pographically induced influences on the tidal motion
experienced at that location. From this, it is possible to
determine the amplitude and phase (known as ‘tidal con-
stants’) of each tidal constituent (i.e. partial tide). These
constants remain unaltered as long as the geometry of the
water body and the bed materials that contribute to the
bottom friction remain unaltered. The only constituents
that are not obtained as a consequence of limiting the
tidal measurements to one month are those with periods
of ’; year (solar semi-annual constituent, S,) and 1 year
(solar annual constituent, S,). In any case, the amplitudes
of these two constituents are considerably smaller than
those of the major tidal constituents. Prediction of tidal
oscillation for a given location involves a process of syn-
thesis by summing up an adequate number of harmonic
constituents (i.e. various cosine series of partial tides), of
different amplitudes and phases, for that location.

Tidal measurements reported here have been acquired
at fast sampling interval (10 min), and are free from gaps.
Because of fast sampling, the tidal curves (represented by
a finite number of harmonic constituents) are well repre-
sented. However, water level oscillations in KB are influ-
enced by a myriad of surface-meteorological and
hydrological factors (substantial amount of freshwater
influx from a network of rivers) in addition to the well-
known astronomical forcing” and, therefore, consider-
able amount of non-tidal contributions were present in the
measurements. Following conventional practice, the data
was smoothed (by applying a three-point moving-average
filter to the respective time-series) and the non-tidal con-
tribution (i.e. residual) was removed from the measured
data using known techniques of tidal analysis.

Tidal constituents (i.e. amplitude and phase) were deter-
mined by the method of least-squares. In this, the fitting
is adjusted so that the square, of the difference between
the observed and computed tidal levels when summed
over all the observed values, has its minimum value. The
least-squares-fitting is performed by computer matrix
inversion. For this analysis, we used a Tidal Analysis
Software Kit (TASK), developed at the Proudman
Oceanographic Laboratory, UK?**. The TASK-2000 pack-
age originated from a set of programs for tidal analysis
derived primarily from the TIRA tidal analysis pro-
grams”’. This scheme resolved 25 tidal constituents
which describe the salient features of the astronomical
tides for each station in KB. The tidal constituents de-
rived from the measurements at eight stations in KB are
summarized in Table 2. These constants remain invariant
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Table2. Summary of tidal constituents from station nos 1-8 of Kochi backwaters on the southwest coast of India. Station numbers correspond to
those indicated on the location map in Figure 1. H and G represent the amplitude (cm) and phase (°) respectively of the tidal constituent

Station numbers (Kochi backwaters on the southwest coast of India)

1 2 3 4 5 6 7 8

Tidal

constituent H G H G H G H G H G H G H G H G
M, 18.0 266 215 338.8 13.7 315 12.2 208 7.9 67.1 9.0 80.0 7.3 903 7.0 124.8
K, 13.8 90.5 18.1 61.0 10.9 100.5 10.9 96.1 7.4 123.2 8.7 1259 8.3 1283 7.2 142.6
0, 6.5 75.3 87 582 50 79.1 4.7 76.0 3.9 98.4 4.1 1014 3.7 1044 32 108.1
S, 5.7 97.7 9.2 363 4.1 96.5 3.8 829 23 134.3 2.8 1426 2.1 1532 1.7 206.7
N, 2.9 0.9 5.6 299.6 23 3528 23 3435 1.7 332 1.1 32.1 1.1 46.1 0.9 71.4
MK; 1.8 25.6 04 1599 09 635 0.8 622 09 74.6 0.8 1125 0.4 1585 1.0 199.7
MU, 1.5 91.8 1.1 1432 0.6 137.6 0.4 1196 04 239.5 0.6 190.1 04 2164 0.5 217.5
Qi 1.1 106.3 1.8 359 07 771 0.8 741 0.4 66.2 0.5 121.1 02 1175 0.3 178.9
MO; 1.1 106.3 0.1 1975 05 160.8 0.7 151.3 0.0 290.9 0.7 2273 0.5 2485 0.5 273.0
L, 0.8 98.1 1.8 198.0 02 540 0.3 118.1 0.3 327.1 0.3 87.2 0.3 221.1 0.6 180.9
AN 0.7 130.9 0.6 722 0.7 1759 0.4 1404 0.6 182.3 0.3 2108 0.2 2679 0.2 147.9
M 0.5 166.1 0.1 82.0 0.1 1999 0.3 227.0 03 3429 0.2 11.4 0.2 3505 0.1 191.2
00, 0.5 45.3 09 1371 03 793 0.5 947 0.5 138.2 0.4 101.1 0.6 121.1 0.7 141.0
M, 0.5 106.0 1.0 438 05 1294 0.4 123.8 0.3 100.7 0.2  137.0 0.2 1404 0.3 240.2
28M, 0.4 302.9 09 177.1 05 288.7 0.3 2979 0.2 268.8 0.2 24.9 02 634 0.3 76.5
SNy 0.4 307.2 02 493 0.1 28.1 0.3 225 02 50.7 0.3 63.4 0.1 90.2 0.3 155.2
MNy 0.3 285.1 0.5 9.6 0.1 306.1 0.2 2775 03 345.4 0.2 43.0 0.1 1209 0.3 140.4
M; 0.2 133.0 04 2298 0.2 1442 0.3 137.2 0.0 104.1 0.2 158.7 0.1 1875 0.3 237.3
MSN; 0.2 199.3 0.2 1084 0.1 241.0 0.2 2522 02 233 0.1 27.2 0.1 300.0 0.2 167.6
2MS; 0.1 216.7 0.4 1955 0.2 268.1 0.5 308.8 04 59.3 0.4 69.3 02 271 0.2 186.8
2SM; 0.1 339.8 0.1 2525 0.1 306.9 0.1 323 0.2 130.7 0.1 1247 0.1 51.9 0.2 194.4
2MN; 0.1 96.1 0.1 722 0.0 180.3 0.1 187.0 0.1 313.3 0.1 2972 0.1 555 0.1 143.3
Msf 6.7 348.1 3.5 2953 37 3519 4.6 356.5 4.5 353.8 6.5 342.0 6.5 3423 9.6 28.0
M, 0.7 288.1 0.5 1084 0.8 293.0 0.8 2936 0.8 6.5 0.8 18.8 0.4 16.8 0.4 116.2
MS, 0.6 325.0 0.5 1706 1.0 263 1.0 17.0 1.1 85.5 1.0 86.5 0.6 80.9 0.7 165.7

as long as the geological setting (i.e. bathymetry, topo-
graphy, bed materials, etc.) of a sufficiently large region in
the vicinity of the given location, remains unchanged. The
predicted tides (i.e. water level oscillations free from me-
teorological and hydrological influences) from eight spa-
tially distributed stations covering most of the segments
of KB are shown in Figure 2.

Results

The tidal patterns from eight locations presented in Fig-
ure 2 provide a glimpse of the transformation undergone
by the tide during its propagation from the dual-mouth
region of KB to its shallow upstream boundary. The
prominent features that are readily seen in the tidal pat-
terns include, first, a rather progressive attenuation of
tidal range from its major mouth (Kochi inlet) up to the
upstream boundary (Figure 3 @) and corresponding
attenuation of the amplitude of the five major tidal con-
stituents M,, K, Oy, S, and N, (Figure 3 b). Second, the
daily-mean of the astronomical tides (thick central lines
in Figure 2) from several stations in the study areas are
modulated by oscillations of fortnightly periodicity; this
feature being most dominant at station #8 in the Vemba-
nad Lake, located close to the upstream (i.e. southern-
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most) region of KB, and a second station located
approximately midway between the dual-mouths of KB
(i.e. station #1).

Amongst all the tidal constituents obtained from tidal
analysis (Table 2), the only constituent having fortnightly
periodicity is Msf. The relative importance of Msf tidal
constituent amongst other constituents in the present
study is its selective amplification in the upstream direc-
tion of KB (Figure 3c¢) where the major constituents
get attenuated ~73% relative to those at the mouth (Fig-
ure 3 b).

Discussion
Msf equilibrium tide

One of the reasons for the development of Msf tide is
the response of the water body to the driving tidal poten-
tial>***°, based on which the amplitude of the Msf equi-
librium tidal constituent is given by the expression:

Awisr = [0.123(1-3 sin’®) cos(2s — 2h)], (1)
where @ is the geographical latitude and (2s — 24) the
angular speed of Msf tide in degree per solar hour. In this,
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Figure 2. Predicted tides (i.e. water level oscillations free from meteorological and hydrologi-
cal influences) covering eight stations in Kochi backwaters on the southwest coast of India. The
central line through the tidal curve represents the 1-day (144-point) moving average values of the
tide. Numbers 1-8 on the top right-hand side of the tidal pattern are station numbers indicated in

Figure 1.

the parameters s and / are the positions of the moon and
sun in the sky (the ‘mean longitudes’). In a lunar month
and a solar year, s and /4 respectively goes through 0° to
360°. Consequently (2s — 2k) goes through 0° to 360° in
14.76 days, i.e. 1.0159°/solar hour. Based on the estimate
using the above formula, the amplitude of the Msf equi-
librium tide in the present study region is <2 mm, which
is too small relative to the observed amplitudes.

Resonance

Selective amplification of certain tidal constituents is often
observed in various water bodies, including continental
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shelves and estuaries. Amplification of semi-diurnal tides
in the Gulf of Kutch and Gulf of Khambhat on the north-
west coast of India arising partly from quarter wavelength
resonance'??? is an example of selective amplification
of tidal constituents. Msf tidal amplification by quarter
wavelength resonance in a semi-enclosed estuary such as
KB requires that its average length L and average depth D
must relate to the time-period 7 of the oscillation (in the
present case, Msf tidal constituent) through a mathemati-
cal expression given by:

T=—— )
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Figure3. Characteristics of tides at eight stations in Kochi backwaters on the southwest coast of India. () Tidal
range; (b) Amplitudes of 5 major tidal constituents; (C) Amplitudes of Msf tides; (d) Amplitudes of My and MS,

tides; (€) Phases of Msf tides.

where g is the gravitational acceleration. The average depth
of KB being 2.50 m, the length required to amplify Msf
tide (I'=14.76 days) by this mechanism is 1579 km.
However, the length of KB (~82 km) is too short to deve-
lop the required resonance condition. Therefore, the ob-
served amplification of Msf tidal constituent at KB is not
a consequence of quarter-wavelength resonance.

Nonlinear bottom-frictional interaction between
M, and S, tides

Tidal oscillation at a given location contains contribu-
tions from a myriad of astronomical forces governed by a
complicated non-linear celestial dynamical system, and is
further modified by several topographically induced in-
fluences. Mutual interaction of certain tidal constituents
in estuaries and backwater systems can play an important
influence on the propagation and shape of the tide wave.
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We examine a known mechanism, namely a nonlinear
bottom-frictional interaction between the M, and S, tidal
constituents for the development and amplification of
Msf tide at several locations in the present study area. In
shallow water, nonlinear frictional interaction between
M, and S, tides can generate Msf tide with amplitude
considerably larger than that in eq. (1). When shallow-
water effects are proportional to the square of the tidal
water level through a spring-neap cycle, four harmonic
constituents can be generated, as given by™*:

K{(Hyy, cos(2ayt) + Hg cos(2apt)}
=K {%(H§42+ Hg ) +%(H§42cos(4co1t)
+ %(ngcos(4a)0t) +Hy Hg cos 2(a, + )t

+Hy Hg cos2(ay —ay)t },
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where K is a constant whose value depends on the topo-
graphic and geomorphologic properties of the area, H the
tidal water level, and @, and w, are the lunar and solar
harmonic angular speeds (radians) respectively and ¢ the
time. The mutual interaction has produced a change in the
mean water level, represented by a long-period harmonic
variation with a speed equal to the difference in the
speeds of the interacting constituents, 2(wy — @), called
Msf constituent. Thus, the Msf harmonic constituent is
expressed as (K x Hy,Hs, cos 2(wy— @y)f) in which Hy,,
and Hsg, are the heights of the M, and S, tides respec-
tively. With o =2(wy - @),

where 7T, Ty and 7 are the time-periods corresponding to
o, wy and o, respectively. If periods are expressed in
terms of mean solar day, then 7y =1 and 7} = 1.0351 (ref.
33), so that 7= 14.76 solar days. The Msf tidal period
estimated as above is the same as the period of the spring-
neap modulations on the tidal amplitudes. Thus, the Msf
tidal constituent generated by this nonlinear bottom-
frictional interaction mechanism represents the changes
in mean water level over a spring-neap cycle due to M,
acting on S, or vice-versa, often referred to as tidal pump-
ing in tidal theory”**. Two other harmonic constituents ob-
served in the present study areas as a result of this non-
linear frictional interaction effect are the fourth-diurnal
species My (over-tide) with angular speed 4w, (expressed
as (K/2) x (Hy,)* cos 4wf) and MS, (compound tide)
with angular speed 2(@, + @,) (expressed as K x Hy,Hs,
cos 2(wy + wy)f). However, S, harmonic constituent (with
angular speed 4w,) is absent in KB.

Figures 3 ¢ and d show that, as expected from the non-
linear frictional interaction theory addressed above, the
changes in amplitudes of Msf, M, and MS, follow similar
trend in general, in which the Msf amplitude is about
4-16 times larger than the corresponding M, and MS,
amplitudes at several locations in KB. However, the ob-
served amplitudes of Msf tide in two specific regions
(bounded within vertical columns in Figure 3 ¢), namely;
(i) a station located approximately midway between the
dual-mouths of KB (station #1), and (ii) the uppermost
(i.e., southernmost) station in KB [station #8], are consi-
derably larger than what is inferred from the amplitudes
of the corresponding M, and MS, constituents in the
other stations of the present study area. For example, at
station #1, the Msf amplitude is ~10 and 11 times larger
than the amplitudes of the corresponding My and MS,
tides respectively. At station #8, the Msf amplitude is ~24
and 14 times larger than the amplitudes of the corre-
sponding M, and MS, tides respectively. This indicates
that whereas nonlinear frictional interaction between M,
and S, tides is primarily responsible for the amplification
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of Msf tidal constituent at most stations of the study area,
the two specific regions mentioned above (stations #1 and
#8) possess some peculiarities which distinguish them
clearly from the other regions.

Variable bottom friction

As indicated in the above discussion, two specific regions
in the study area where the amplitude of the Msf tide dis-
tinctly stands out in relation to those in the neighbourhood
regions are — a station located approximately midway bet-
ween the dual-mouths of KB (station #1), and the south-
ernmost station in KB (station #8). In these locations, the
Msf amplitude (Figure 3 ¢) in relation to that of the corre-
sponding M, and MS, constituents (Figure 3 d) is consi-
derably larger than those observed in other locations.

Shallowness: While examining the geographical features
of these two regions in an attempt to derive some clues
regarding the observed enhancement of Msf tidal ampli-
tudes there, an important factor that stands out clearly is
the considerably shallower bathymetry of these regions
relative to the rest of the regions in the study area. For
example, station #1 is the delta of six rivers including
River Periyar and is considerably shallow (~2 m). Gen-
eration of large amplitude Msf tide has been reported
from other shallow deltaic regions as well. For example,
considerably large Msf amplitude (~25 cm) was reported
at Forcados of the Niger River Delta on the northeast
corner of the Gulf of Guinea®. The Vembanad Lake,
which is the southern extension of KB (~20 km in the
upstream direction and having an area of ~70 km”) and
encompassing station #8 is also considerably shallow
(<2 m). Thus, a striking similarity among the two stations,
where enhanced Msf tidal amplification exists, is their
relatively shallow depths.

As a result of considerable shallowness (relative to the
chart datum level) of these two regions, the water level
above the bed undergoes relatively large changes between
spring and neap tides. Although the driving force for tidal
currents acts uniformly through the water column, the
bottom friction arising from considerable shallowness
reduces tidal currents at the bottom. Tidal currents are
sensitive to changes of depth, showing a vertical structure
near the bed*®. Considerable reduction in bottom currents
relative to those at the upper layers of the water column
gives rise to an increase of ‘mean-level’ due to ‘set-up’*.
Tidal currents are maxima during spring tides and there-
fore, the vertical gradient of the horizontal currents is
also maxima during this phase of the tide, with maximum
horizontal current at the topmost layer and the minimum
horizontal current at the bottom layer. Thus, the set-up is
a maximum during spring tide. The reverse happens dur-
ing neap tide, when tidal currents are weak and therefore,
the horizontal current stratification in the vertical direc-
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tion is also weak. Hence, the mean set-up varies over the
spring-neap cycle, giving rise to friction-induced build up
of Msf tide at the two regions mentioned above. A varia-
tion of ‘mean-level’ over a 14-day spring-neap cycle, as
described above, is clearly seen in the KB, especially the
southern regions (Figure 2). A similar effect was obser-
ved in the Amazon estuary’ and in the Fleet, an English
tidal lagoon in which the Msf tide is an order of magni-
tude larger than other tidal constituents®. The observed
Msf tidal amplification in the southernmost region of KB
is ~3-fold. Based on the arguments put forward above in
terms of shallowness of seabed and the influence of tidal
current stratification in the development of a water level
setup in considerably shallow water bodies, it is inferred
that the relatively large Msf tidal amplitude observed in
two specific regions in the present study areas (stations
#1 and #8) stems primarily from variable bottom fric-
tional effects at fortnightly periodicity arising from the
relatively lesser depth of the bed. However, the presence
of M, and MS, tidal constituents in all the above two
regions suggests that frictional interaction between M,
and S, tides also contributes to the generation and ampli-
fication of Msf tides there. Thus, combined effects of a
nonlinear frictional interaction mechanism operating
between M, and S, tides and spring-neap variability in
bottom-friction together contribute to the development of
significantly large Msf tide observed in the above two
regions in the present study area.

Bed materials: In the context of the role of bottom-
friction in the generation and amplification of Msf tidal
constituent, it would be appropriate to examine the geo-
morphologic nature of the floor (nature of bed materials)
in those two regions of the present study area which give
rise to considerable amplification of Msf tidal constituent
relative to the corresponding M, and MS; tidal amplitude.
Station #1 in the present study area is a river delta in
which the bed materials are composed of fine clay’’. On
the other hand, the bed materials in the region encom-
passing station #8 are of sandy nature®®. Amongst the above
bed materials, fine clay offers the least bed-roughness™.
Thus, amongst the two stations (#1 and #8) under consi-
deration, the deltaic region located between the two
mouths of KB (station #1) and Vembanad Lake (station
#8) offers respectively the least and the most bed-
roughness. It is seen that station #8, which exhibits the
largest bed friction, generates the largest Msf amplitude
relative to the corresponding M, and MS, tidal amplitude.

Conclusions

Characteristics of tides at eight locations in the KB on the
southwest coast of India have been examined. Tidal con-
stituent analysis shows that amplitudes of the fortnightly
Msf tidal constituent at several locations in KB are con-

CURRENT SCIENCE, VOL. 97, NO. 6, 25 SEPTEMBER 2009

siderably larger than those estimated from the driving
tidal potential. In KB, the amplitude of the Msf constitu-
ent amplifies progressively from its major mouth (~3-fold
amplification in a shallow region at the upstream bound-
ary), whereas the five major constituents M,, K;, Oy, S,
and N, attenuate progressively from the mouth (~73%
attenuation at the upstream boundary region). Based on
the observed large amplitudes of the Msf tide, over-tide
M,, and compound tide MS,, it is found that the amplifi-
cation of Msf tide observed at most of the stations in KB
is attributable to non-linear frictional interaction between
M, and S, tides. However, the relatively much larger Msf
tide observed at a station located approximately midway
between the two mouths of KB (~7 cm), and at the
upstream boundary of this backwater system (~10 cm,
which is ~3-fold larger than at the mouth) are attributable
to an additional contribution from variable bottom fric-
tional effects at fortnightly periodicity, arising primarily
from shallowness of bed (<2 m) and bed material.

Our study indicates that shallow and broad estuarine
water bodies are probable sites for large Msf tides. The
large Msf tides observed at some locations in KB may
have environmental implications in terms of variable
flushing at fortnightly periodicity, with the possibility of
larger flushing during the crust phase of the Msf tide.
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