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Summary Tidal characteristics of the Gulf of Khambhat are described based on measured 
and modelled sea-level data. Data were recorded at three locations inside and two locations 
outside the Gulf with record lengths of 6—12 months to study the tidal propagation. A northward 
increase in tidal amplitude is noticed from Daman (eastern side) and Diu (western side) and 
attains maxima at Bhavnagar. A similar trend is followed by the amplitude of the major tidal 
constituents, although there are discrepancies for that of the minor constituents. The non-tidal 
factor which influences the sea-level is the local wind, especially the alongshore component of 
wind. A positive correlation is obtained between the sea-level and the meridional component 
of wind at each location. Harmonic analysis of sea-level data shows that M2 is the major tidal 
constituent which propagates in a non-linear fashion inside the Gulf. Tides from two global tide 
models (MIKE21 and FES2014) have been compared with the measured data, which could be 
used for further prediction of the tides and sediment transport in the Gulf. The tide elevation 
derived from the MIKE21 model has further been used for the harmonic analysis of tide. The 
tides predicted using one-month data are up to 10% smaller than those predicted using the one- 
year data. The global tide model FES2014 data performs well with measured data for offshore 
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locations, whereas it fails to predict the same for the inner Gulf locations. The study manifests 
the fact that to understand the dynamics of complex tidal areas, regional models should better 
be used than global tidal models. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Information on tides along a coastline is vital for estimat-
ing the top level of the coastal protection structures and
port structures. Ocean tides have long been thought of as
a stationary process as they are driven by the gravitational
forcing of Sun and Moon, whose motions are complex but
highly predictable ( Cartwright and Taylor, 1971 ). Tidal prop-
agations in estuaries are affected by freshwater discharge
and friction ( Dronkers, 1964 ), besides changes in depths
and the morphology of the channel ( Carl and Aubrey, 1994 ;
Dronkers, 1964 ; Godin, 1993 ; Lanzoni and Seminara, 1998 ;
Shetye and Gouveia, 1998 ), which implies variations in the
mean water level and asymmetry of the tidal wave. Tidal
asymmetry in a shallow-water system could be explained
through the generation of overtides and compound tides
( Dronkers, 1964 ; Pugh, 1987 ). The shallow water tides con-
tribute to differences between Mean Tide Level and Mean
Sea-Level (MSL) ( Woodworth, 2017 ); tides can also exhibit
short-term variability correlated to short-term fluctuations
in MSL ( Devlin et al., 2014 ; 2017a , b ). The astronomical
tide is strongly distorted during its propagation from off-
shore into the shallow inlet/estuarine systems. This dis-
tortion could be represented as the non-linear growth of
harmonics of the principal ocean astronomical constituents
( Aubrey, 1985 ). 

Measured sea-level data comprises contributions from
mean sea-level, astronomical tides, vertical land move-
ments, meteorologically and oceanographically induced wa-
ter level changes and episodic water level fluctuations due
to climate extremes, systematic bias and noise. The analy-
sis of correlations between tides and sea-levels at a local or
regional scale can indicate locations where tidal evolution
should be considered a substantial complement to sea-level
rise ( Devlin et al., 2019 ). Removal of the tidal component
from the sea-level data leaves residuals of sea-level that in-
clude contributions from atmospheric components and sur-
face waves ( Kumar et al., 2011 ). In the estuaries and river
mouth, the river discharge also contributes to the residual
component. Residual sea-level also results from the friction
of the system. The combined influence of the tidal phase,
amplitude and spatial gradient in MSL on the generation of
the residuals of sea-level in a channel is complex and non-
linear and could be predicted properly only by a non-linear
numerical model ( Liu and Aubrey, 1993 ). Unnikrishnan et al.
(1999) used a barotropic numerical model based on shallow
water wave equations to simulate the sea-level and circu-
lation in the Gulf of Khambhat and surrounding areas. Sea-
level variations due to surges triggered by storm winds form
a noise superimposed on the highly periodic tides, which
have an astronomical origin ( Sundar et al., 2005 ). The gen-

eration of residuals of sea-level in a tidal channel is the 

 

most sensitive to the spatial gradient in MSL, less sensitive
to the tidal amplitude difference and least sensitive to the
tidal-phase difference. It directly influences material trans-
port, i.e., suspended sediment, pollutants, etc. in a shallow
channel. The study based on simultaneously measured sea-
level data at three locations covering a distance of 100 km
along the west coast of India indicates that the variations
in sea-level due to tide is ∼96% ( Kumar et al., 2011 ). An
understanding of the seasonal cycle of sea-level forms an
important component of climate studies. It has some prac-
tical implications as well, e.g., the accurate tidal prediction
tables for a coastline ( Wijeratne et al., 2008 ). 

The Gulf of Khambhat (GoK, hereafter referred to as the
Gulf) is one of the highly energetic macro-tidal regimes of
the north-eastern Arabian Sea and the other area in the
north-eastern Arabian Sea is the Gulf of Kutch ( Shetye,
1999 ). Although there are quality studies carried out in the
Gulf from the past two decades or more, the area lags in
long-term in situ datasets on hydrodynamic parameters.
The previous studies mainly focused on modelled data to
obtain the hydrodynamics of the Gulf. The present study
utilises measured sea-level data at different locations to
discern the tidal propagation in the Gulf. The observed
tides have been compared with the data derived from the
global tide models (MIKE21 and FES2014) to examine the
behaviour of the global model at a regional scale. The study
also focuses on ascertaining the major astronomical tidal
constituents, which contribute to the tidal amplitude. The
present study puts up an effort to determine the tidal and
non-tidal components of the sea-level of the Gulf, based
on numerical experiments. Even though the amplification
inside the Gulf is a well-known phenomenon, a contempo-
rary approach has been adopted in the present study. As
the tidal phenomena of the Gulf are more complex than
any other coastal waters of India, it is important to assess
the global models to reveal their strengths and weaknesses
in terms of their performances. 

2. Study region 

The GoK (formerly known as the Gulf of Cambay) is a funnel-
shaped indentation situated between the Saurashtra penin-
sula and the mainland of Gujarat ( Fig. 1 ). The western con-
tinental shelf of India varies from south to north, widens off
Mumbai and leads into a strongly converging channel, the
GoK. The GoK has a width of 80 km at the mouth and fun-
nels down to 25 km over the longitudinal reach of 140 km.
The Gulf has acquired significance because of its geographic
proximity to two industrially important states viz. Gujarat
and Maharashtra as it provides an easy opening to sea for
transportation of materials to several industries around it.
The tides in GoK are of a semi-diurnal type with a large diur-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Study area with bathymetry of the region. The sea- 
level measurement locations are also shown in the figure. 
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al inequality and varying amplitudes, which amplifies from 

he south to north along the GoK in the continental shelf
nd in the main Gulf (except Gulf head regions). This im-
ortant characteristic of the embayment results from the 
uarter wavelength resonance of the tides owing to its in-
erent geometrical settings ( Nayak and Shetye, 2003 ). In 
oK, the tidal front experiences phase-shift due to geomet- 
ic effects caused by shallow inner regions, narrowing cross- 
ections and uneven bottom topography. Tide gets amplified 
ignificantly inside the Gulf due to its shape and varying bot-
om friction coefficients ( Nayak and Shetye, 2003 ) and the
arge width of the continental shelf off the north-western 
oast of India ( Joseph et al., 2009 ). In the northern Ara-
ian Sea, the maximum tidal range is found in GoK with
n average tidal range of 10 m near to Bhavnagar ( Kumar
t al., 2006 ). Semi-diurnal tides in the GoK, amplify about
hreefold from mouth to head; in contrast, the amplification 
f diurnal tides is much smaller ( Nayak and Shetye, 2003 ).
t is reported that currents in the Gulf are predominantly
ide-induced with speed up to 3.3 m/s and the currents are
orth-northwest during flood tide and south-southeast dur- 
ng ebb tide ( Kumar and Kumar, 2010 ). 

. Material and methods 

ime-series data of sea-level recorded with tide gauges at 
hree locations inside and two locations outside the Gulf are
sed in the study. The locations and sampling periods of sea-
evel and wind-speed are presented in Table 1 . Data were
issed in a few locations for short periods due to the fail-
re of the instrument. The observed datasets remained dis- 
ontinuous (wherever used as model inputs) to avoid com- 
utational errors due to the missing datasets. The sea-level 
ata is subjected to the standard harmonic analysis by fit-
ing a finite set of cosine functions having frequencies at the
nown astronomical forcing frequencies by the least square 
ethod. Tidal Analysis Software Kit (TASK) ( Bell et al., 2000 )
eveloped by the Proudman Oceanographic Laboratory, UK, 
s used for the harmonic analysis and to separate the tidal
nd residual components from the measured sea-level data. 
he harmonic analysis is performed using 24 major (Q1, O1,
1, K1, J1, OO1, M2, N2, L2, S2, 2SM2, MU2, MO3, M3, MK3,
N4, M4, MS4, SN4, 2MN6, M6, MSf, 2MS6 and 2SM6) and
ight related (PI1, PSI1, P1, PHI1, 2N2, T2, NU2 and K2)
idal constituents in the analysis of six and twelve-monthly
ecords. Based on their amplitude, only major 13 tidal con-
tituents (M2, S2, K1, N2, O1, K2, P1, MU2, M4, MS4, NU2, L2
nd MSf) are used in this study. The time and the phase lag
eported in the paper is the local time, which is 5 hours 30
inutes ahead of the Greenwich Mean Time (GMT). Resid-
al sea-levels are also estimated for a period of one year in
aman, Hazira and Bhavnagar and for six months in Pipavav
nd Diu with the help of TASK. Monthly MSL is obtained by
alculating the monthly average sea-level for each month at
ach station. Sea-Level Anomaly (SLA) is determined by the
ollowing formula ( Eq. 1 ): 

LA = 

1 
n 

n ∑ 

i =1 

( T e i − T m 

) , (1) 

here, T e — tide elevation, T m 

— mean tide. 
Reanalysis data of meridional and zonal components of 

ind at 10 m height at 6 hourly intervals from NCEP/NCAR
 Kalnay et al., 1996 ) is obtained for the study area corre-
ponding to the tide gauge record period to know the influ-
nce of wind on sea-level. These data are provided by the
OAA-CIRES Climate Diagnostics Centre, Boulder, Colorado, 
t http://www.cdc.noaa.gov/ . 
The tides estimated based on the tidal constituents 

vailable with the MIKE21 Global Tide Model ( DHI, 2017 )
t six locations covering the Gulf is also used to deter-
ine the tidal propagation inside the Gulf. The Global Tide
odel is developed by DTU Space (DTU10) and is available
n a 0.125 × 0.125-degree resolution grid for the major
0 constituents in the tidal spectra. The model is utiliz-
ng the latest 17 years’ multi-mission measurements from 

OPEX/Poseidon (Phase A and B), Jason-1 (Phase A and B)
nd Jason-2 satellite altimetry for sea-level residual anal- 
sis. Based on these measurements, harmonic constituents 
ave been calculated. 
Global Finite Element Solution (FES2014) ( Carrere et al.,

015 ), which is the latest version of the FES series, is uti-
ized to obtain the tide data at the locations where in situ
ata is recorded. It usually shows higher accuracy in shallow
ater zones because of finer bathymetry and an optimized
ssimilation scheme ( Seifi et al., 2019 ). The distances of all
he locations referred in the study from the Gulf mouth are
resented in Table 2 . 

. Results 

.1. Tide elevation 

aman is chosen as a location outside the Gulf mouth in the
astern GoK, where sea-level variation is measured for a
eriod of one year ( Fig. 2 a). Maximum spring and neap tidal

http://www.cdc.noaa.gov/
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Table 1 Measurement locations and period of recording of sea-level and wind. 

Locations Latitude/Longitude Period of 
recording 

Highest sea level 
measured (m) 

Mean sea level 
from measured 
data (m) 

Mean sea level from 

hydrographic chart from 

chart datum (m) 

Daman 20.4124 °N 

72.8319 °E 
01.01.2014—
31.12.2014 

6.32 2.88 3.80 

Hazira 21.0860 °N 

72.6233 °E 
01.01.2014—
31.12.2014 

8.42 4.19 4.50 

Bhavnagar 21.8427 °N 

72.2562 °E 
01.01.2014—
31.12.2014 

11.66 5.82 6.10 

Pipavav 20.9163 °N 

71.5066 °E 
01.01.2014—
24.06.2014 

4.85 2.47 1.80 

Diu 20.7192 °N 

70.9952 °E 
01.01.2014—
31.05.2014 

2.80 1.71 1.50 

Figure 2 Time series plot of the measured tide data from 1 January to 31 January 2014 at a) Daman, b) Hazira, c) Bhavnagar, d) 
Pipapvav and e) Diu. Tides are presented with respect to Chart Datum. 
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Table 2 Locations and their distance from mouth of GoK 
where positive, negative and zero denotes inside, outside 
and Gulf mouth respectively. 

Locations Distance from Gulf mouth (km) 

Daman -51.3 
Suvali 0 
Ambheta 38 
Hazira 55 
Dahej 106 
Khambhat 156.3 
Bhavnagar 127 
Pipavav 0 
Jafrabad -25 
Nawabandar -58 
Diu -73 
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levations at Daman are 6.5 m and 5.5 m, respectively. At
his location, data could not be collected continuously for 
ne-year due to instrumental error. Hazira, a location in- 
ide GoK, is selected from the eastern coast, where observa- 
ions on sea-level are taken for one year. Neap-spring vari-
tion at Hazira ranged between 7 and 8.1 m, respectively 
 Fig. 2 b). Bhavnagar is selected inside the GoK in the west-
rn coast, where the tidal range is found to be maximum
mong all the locations. The maximum spring tidal height is 
ound to be 11.6 m and the maximum neap tidal height is
0 m ( Fig. 2 c). Data is missed for a couple of short periods
n this location due to instrumental error. Another location, 
elected from the western coast situated at the Gulf mouth
s Pipavav, where the tide elevation is comparatively low. In 
itu data of sea-level is recorded for six months at Pipavav.
eap and spring tide elevations are 4 and 4.8 m, respec-
ively, on an average ( Fig. 2 d). Diu is chosen outside GoK
t the Saurashtra coast, where tide elevation is recorded 
or six months. The neap and spring variation is 2 and 2.8
, respectively ( Fig. 2 e). Minimum variation in sea-level is
oticed at Diu among all the five locations. Analysis of one-
ear-long sea-level data for three locations and six-months- 
ong data for two locations indicates that GoK is a non-linear
hallow-water system. 

.2. Comparison of model output with the 

easured tide 

.2.1. MIKE21 Global Tide Model 
ide elevation data are derived with the help of the MIKE21
lobal Tide Model at the locations of observed data. The 
levations are well-in agreement at all the locations except 
azira, where a discrete difference between modelled and 
he observed tide has been noticed ( Fig. 3 ). The statistical
arameters calculated based on the observed data sets and 
IKE21- derived datasets are presented in Table 3 . Overall,
oth these datasets are well in agreement with each other.
hus, this model is further used to predict tide elevations 
t several other locations of the Gulf. 

.2.2. FES2014 Global Tide Model 
ide elevation data are extracted from the global tidal 
odel FES2014 for the same period of time for the locations
here in situ data of tide elevation are recorded. A com-
arison is made between the measured and FES2014 data
 Fig. 4 ). A good match is obtained between the measured
nd FES2014 data at the offshore stations, i.e., Daman and
iu. A good match could be seen even at the inner station
f Pipavav. If we proceed further inside the Gulf, i.e., at
azira and Bhavnagar, the FES2014 and measured data are
ot in agreement with each other. For both these locations,
ES2014 data underestimated the measured tide level. The 
mplitudes of the major semi-diurnal and diurnal tidal con-
tituents estimated from FES2014 are similar to the values 
btained from measured data for the offshore locations, 
hereas, for locations like Hazira and Bhavnagar, the am-
litudes of the constituents differ ( Table 4 ). 

.3. Harmonic analysis 

.3.1. Amplitude 

he major tidal constituents evaluated in the present study
re grouped as diurnal (K1, O1, P1), semi-diurnal (M2. S2,
2, K2, L2) and mixed (MU2, M4, MS4, NU2, MSf). Out of
he 13 major astronomical constituents used in the study
ased on their amplitude, five diurnal and semi-diurnal con-
tituents are represented together in Fig. 5 a. Similarly, a
otal of eight diurnal, semi-diurnal, compound and overtide 
onstituents are presented together in Fig. 5 b. The domi-
ant tidal constituent is M2, with the amplitude four times
reater than the major diurnal or semi-diurnal constituents. 
he increase in amplitude is found to be more regular from
ulf mouth to head in case of the eastern coast, while irreg-
larity in the amplification is observed in the western coast.
rom Daman to Hazira, M2 has propagated a distance of 85
m, with an increase of 0.443 m (rate of 0.005 m per km).
he rate increased to 0.014 m per km while moving from
azira to Bhavnagar, covering a distance of 117 km. Mini-
um amplitude is noticed outside GoK at Diu ( ∼0.48 m).
he maximum amplitude is at Bhavnagar (3.33 m), which
as a dramatic decrease at Pipavav with a rate of 0.02 m
er km. There is a gradual increase in amplitude from Gulf
outh to head along both the coasts of GoK for the other
ajor constituents. 
Even in the case of the minor constituents, an irregular

ncrease from Gulf mouth to head is observed. In this case,
he maximum amplitude is noticed for K2, with an ampli-
ude two times higher than the other minor constituents on
n average. MSf tide is taken into consideration as this is
he largest among the fortnightly constituents. It consists of
oth an elementary component, which is part of the equilib-
ium tide and a possible forced component arising from the
nteraction of M2 and S2 (S2-M2). It did not have a consis-
ent trend of variation in the study region with a maximum
f 0.048 m at Pipavav. 
Propagation of major diurnal and semi-diurnal tide is 

tudied with the help of tidal constituents available in
he MIKE21 Global Tide Model at six locations throughout
he Gulf. The trend is similar to the in situ measurements
 Fig. 6 a). M2 is the most dominant constituent in each of the
ocations. It had an amplitude of 2.057 m at Suvali, which
ot increased to 2.708 m at Ambheta. A sudden decrease is
btained at Dahej (1.623 m), which again increased north-
ard at Khambhat. A similar trend of increase is obtained
long the western coast towards the north and with mini-
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Figure 3 Comparison between predicted tide based on MIKE21 Global Tide Model and observed tide at Daman, Hazira, Bhavnagar, 
Pipapvav and Diu. 

Table 3 Correlation (r), bias, Root Mean Square Error (RMSE) and significance level (p-value) between 2D model derived tide 
and observed tide in Daman and Pipavav, correlation between v-component of wind and tide residual. 

Statistical 
Parameters 

Predicted (MIKE21) and observed tide v-component of wind and tide residual 

Daman Hazira Bhavnagar Pipavav Diu Daman Hazira Bhavnagar Pipavav Diu 

r 0.8 0.45 0.78 0.73 0.76 0.33 0.22 0.04 0.06 0.17 
Bias (m) -0.03 -0.02 -0.04 -0.02 0.02 - - - - - 
RMSE (m) 0.02 0.04 0.03 0.01 0.03 - - - - - 
p-value 0.04 0.02 0.04 0.03 0.02 - - - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

mum magnitude at Nawabandar. S2 tide had a gradual in-
crease towards the north along both the coasts of GoK. The
O1 tide follows a similar trend of propagation. There is no
regularity of variation in the case of K1. 

Influences of the length of the dataset and period of the
data on the evaluation of the tidal constituents are studied
by considering one-month-long data for January, April, July
and October. Harmonic analysis is carried out and the vari-
ations in the major five astronomical constituents (M2, S2,
K1, O1 and N2) are examined. The study shows monthly vari-
ation is least in the case of the diurnal constituents, i.e.,
K1 and O1. On the contrary, seasonal variability is notice-
able in the case of the semi-diurnal constituents. The max-
imum amplitude of 3.418 m is recorded for M2 in April. But
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Figure 4 Comparison of FES2014 tide with the measured tide at Daman, Hazira, Bhavnagar, Pipavav and Diu. 

Table 4 Comparison between major tidal constituents extracted from global model FES2014 and measured data. 

Locations M2 (m) S2 (m) K1 (m) O1 (m) 

FES2014 Measured FES2014 Measured FES2014 Measured FES2014 Measured 

Daman 1.65 1.72 0.74 0.64 0.55 0.54 0.22 0.24 
Hazira 1.55 2.16 0.67 0.76 0.51 0.61 0.20 0.26 
Bhavnagar 1.23 3.34 0.51 1.06 0.34 0.69 0.14 0.29 
Pipavav 0.83 0.87 0.35 0.34 0.46 0.51 0.20 0.21 
Diu 0.55 0.48 0.23 0.21 0.41 0.42 0.19 0.19 
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n an average, the maximum amplitude is recorded in July 
hen the south-west monsoon is at its peak. The trend of
ropagation of diurnal and semi-diurnal constituents is sim- 
lar, i.e., to increase from southern GoK towards the inner
ulf, reaching maxima in Bhavnagar, for every month. Still, 
he amplification of semi-diurnal tides is substantially high. 
mong the diurnal tides, the seasonal variability is promi-
ent in the case of K1. O1 is found to be persistent for dif-
erent seasons. In a nutshell, it could be noticed that the
ummer amplitudes are higher than the winter amplitudes 
nd the open ocean stations have shown the least seasonal
ariability. The variability surmises the fact that the semi-
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Figure 5 a) and b) Amplitude distribution of major astronomical tidal constituents at 5 locations in the study area based on 
measured data and the corresponding phase lag distribution is shown in c) and d). 

Figure 6 Amplitude and phase lag distribution of major astronomical constituents of MIKE21 Global Tide Model-derived tides in 
the study area. 
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Table 5 Tidal form factor at different locations. 

Location Tidal form factor 

Daman (Measured) 0.33 
Suvali (Simulated) 0.29 
Hazira (Measured) 0.30 
Ambheta (Simulated) 0.27 
Dahej (Simulated) 0.22 
Khambhat (Simulated) 0.15 
Bhavnagar (Measured) 0.22 
Jafrabad (Simulated) 0.75 
Nawabandar (Simulated) 0.85 
Pipavav (Measured) 0.60 
Diu (Measured) 0.88 
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iurnal constituents have spatial as well as temporal vari- 
tion, while in the case of diurnal constituents, only the
patial variability is prominent. 

.3.2. Phase lag 
niformity in the phase-changes for the selected locations 
as been obtained for all the major constituents except N2
nd NU2; in these cases, a gradual increase in phase from
aman to Bhavnagar is noticed in case of eastern coast 
 Fig. 5 c and d), but the phase got dramatically decreased
rom Diu to Pipavav which again increased in Bhavnagar. For
ll other cases, a gradual increase is observed from south 
o north along both the coasts. Similar trends of variation
re noticed for K2 and P1. In the case of M4, MS4 and L2,
 gradual increase in phase lag is obtained from Daman to
iu. There is no regular pattern of variation in the case of
U2. 
A similar trend is followed in the case of MIKE21 Global

ide Model-derived data ( Fig. 6 b). M2 phase lag had an in-
rease from Suvali (on the eastern coast) and Nawabandar 
on the western coast) towards the north and reached the
aximum at Khambhat. No other major constituents fol- 

owed the same trend. The maximum phase lag is obtained
n the northern-most location in the case of the diurnal con-
tituents. 

.3.3. Spatial pattern of amplitudes and phase lags of 
ajor tidal constituents 
ide amplitudes derived at several places of the Gulf are
sed to determine the major tidal constituents. The MIKE21- 
lobal Tide Model-simulated amplitudes resemble that of 
he observed. The spatial patterns of the amplitude of 
ajor constituents (K1, O1, M2 and S2) are presented in 
ig. 7 and those of the phase lags are presented in Fig. 8 .
he contour lines of M2 suggest that the propagation of M2 is
long the channel. The trend of propagation is similar in the
ase of S2, even though the amplitude of S2 is much lesser.
ross-channel propagation has been noticed in the case of 
he diurnal constituents (O1 and K1). Amplification of tides 
ould easily be noticed from offshore towards the Gulf, but
t is quite slower for the diurnal tide than the semi-diurnal.
radual decreases in the phase lag are obtained from outer
oK to inner GoK for all other tidal constituents, except O1,
here higher phase lag values are obtained inside the Gulf 

 Fig. 8 ). 

.3.4. Tidal form factor/tidal anomaly correlation 

idal form factor (F) or tidal anomaly correlation, which is 
he ratio of the sums of the amplitudes of the two main di-
rnal constituents (K1 and O1) to that of the semi-diurnal
onstituents (M2 and S2) is estimated and presented in 
able 5 . The tide of a particular area could be classified ac-
ording to the magnitude of the tidal form factor as; semi-
iurnal (0 < F < 0.25), mixed and mainly semi-diurnal (0.25
 F < 1.5), mixed and mainly diurnal (1.5 < F < 3.0) and
iurnal (F > 3.0). 
There is a gradual decrease in the tidal form factor from

ulf mouth to head in the eastern and western GoK. The
inimum magnitude is obtained at Bhavnagar (0.22), which 
radually increased at Pipavav with a maximum at Diu on 
he western coast. The tidal form factor is found to increase
rom north to south, unlike the major tidal constituents, 
hich increase from south to north. In addition to the men-
ioned locations, eight more locations are chosen through- 
ut the Gulf, where the tidal form factor is calculated with
he help of simulated tidal elevation (MIKE21 Global Tide
odel-derived data). The minimum magnitude of 0.15 is ob-
ained in the case of Khambhat (northern GoK). The maxi-
um magnitude of the tidal form factor of 0.85 is noticed
t Nawabandar, which situates at the south-western GoK in
he Saurashtra coast. 

.4. Monthly variation in MSL and SLA 

ntra-annual variability in MSL is determined for the entire
ear from the measured as well as simulated data and is pre-
ented in Table 6 . It had a gradual increase from Daman to
havnagar and then gradually decreased from Bhavnagar to 
iu. MSL variations are more evident inside the Gulf (Bhav-
agar) rather than the offshore locations (Daman and Diu).
he maximum variation in the MSL ( ∼0.25 m) is obtained
n Bhavnagar. Although small variation in MSL is obtained
or the entire year, maximum MSL is recorded during the
outh-west monsoonal months, which is associated with the 
onsoonal winds. 
Monthly variation in SLA is observed for the entire year

or each of the locations. The SLA-variability is found to be
ery less. Maximum SLA is observed during the monsoonal
onths in most of the stations, while minimum SLA is ob-
erved during pre-monsoon ( Table 7 ). 

.5. Sea-level residual 

he sea-level residual is extracted for a year at each lo-
ation to obtain the inter-annual variability. The maximum 

esidual sea-level is observed in Bhavnagar with a magni-
ude of around 0.7 m. Minimum tide residue of 0.17 m is
btained in Diu ( Fig. 9 ). Even though there is a difference in
he magnitude of the tidal residual, the trend of variation is
imilar at each location. 
Wind data forJanuary 2014 is obtained and the correla-

ion between the v-component of wind (alongshore wind) 
nd the residual sea-level is estimated. A rise in sea-level
ould be noticed with an increase in the alongshore wind
 Fig. 10 ). Even though a positive correlation between sea-
evel and v-component of wind is obtained for all the lo-
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Figure 7 Contours of amplitudes of major tidal constituents (K1, M2, O1 and S2) of Gulf of Khambhat and surroundings. 

Table 6 Monthly mean sea level (m) at different locations in different months. 

Month Daman Suvali Hazira Ambheta Dahej Khambhat Bhavnagar Pipavav Jafrabad Nawabandar Diu 

Jan 2.87 3.60 4.1 4.22 4.88 4.12 5.74 2.47 1.85 1.37 1.49 
Feb 2.92 3.60 4.15 4.20 4.92 4.13 5.80 2.49 1.85 1.37 1.51 
Mar 2.97 3.61 4.19 4.23 4.88 4.13 5.89 2.46 1.85 1.38 1.53 
Apr 2.93 3.60 4.16 4.23 4.89 4.13 5.85 2.38 1.86 1.38 1.48 
May 2.95 3.60 4.19 4.23 4.89 4.13 5.87 2.37 1.86 1.39 1.47 
Jun 2.90 3.60 4.32 4.22 4.90 4.13 5.99 2.50 1.85 1.38 1.70 
Jul 3.03 3.60 4.23 4.22 4.91 4.13 5.84 2.47 1.85 1.37 1.70 
Aug 3.03 3.60 4.23 4.21 4.92 4.13 5.83 2.47 1.84 1.35 1.70 
Sep 2.97 3.60 4.16 4.21 4.91 4.13 5.85 2.47 1.84 1.37 1.70 
Oct 2.93 3.60 4.17 4.20 4.92 4.13 5.76 2.47 1.84 1.35 1.71 
Nov 2.95 3.60 4.24 4.21 4.90 4.13 5.85 2.47 1.85 1.37 1.70 
Dec 2.88 3.59 4.15 4.21 4.90 4.13 5.72 2.46 1.85 1.37 1.70 
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Figure 8 Contours of phase lags of major tidal constituents (K1, M2, O1 and S2) of Gulf of Khambhat and surroundings. 

Table 7 Intra-annual variability of Sea Level Anomaly (SLA). 

Month Daman Suvali Hazira Ambheta Dahej Khambhat Bhavnagar Pipavav Jafrabad Nawabandar Diu 

Jan -0.07 0 -0.09 0 -0.02 -0.01 -0.09 0.01 0 0 -0.13 
Feb -0.02 0 -0.04 -0.02 0.02 0 -0.03 0.03 0 0 -0.11 
Mar 0.03 0.01 0 0.01 -0.02 0 0.06 0 0 0.01 -0.09 
Apr -0.01 0 -0.03 0.01 -0.01 0 0.02 -0.08 0.01 0.01 -0.14 
May 0.01 0 0 0.01 -0.01 0 0.04 -0.09 0.01 0.02 -0.15 
Jun -0.04 0 0.13 0 0 0 0.16 0.04 0 0.01 0.08 
Jul 0.09 0 0.04 0 0.01 0 0.01 0.01 0 0 0.08 
Aug 0.09 0 0.04 -0.01 0.02 0 0 0.01 -0.01 -0.02 0.08 
Sep 0.03 0 -0.03 -0.01 0.01 0 0.02 0.01 -0.01 0 0.08 
Oct -0.01 0 -0.02 -0.02 0.02 0 -0.07 0.01 -0.01 -0.02 0.09 
Nov 0.01 0 0.05 -0.01 0 0 0.02 0.01 0 0 0.08 
Dec -0.06 -0.01 -0.04 -0.01 0 0 -0.11 0 0 0 0.08 
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Figure 9 The non-tidal residual of sea-level at selected locations; a) Daman, b) Hazira, c) Bhavnagar, d) Pipapvav and e) Diu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cations ( Table 3 ), the significance level is very low for the
inner Gulf locations. The maximum correlation has been no-
ticed in the offshore stations (Daman and Diu). The sea-
sonal wind regime of the area is portrayed in Fig. 10 for
three typical months of pre-monsoon (March), southwest-
monsoon (July) and northeast-monsoon (November), re-
spectively. Maximum wind speed could be noticed inJuly,
which is known as the peak monsoonal month. Wind speed
reaches its maxima at the offshore locations irrespective of
the seasons. Minimum wind impact could be observed inside
the Gulf during March, but for other seasons, the magnitude
of wind speed is considerable inside GoK. 

5. Discussion 

The measured and simulated tide elevation data indicates
that it has a northward increase, reaches the maximum at
the inner Gulf and had a slight decrease at the northern-
most location. Tidal amplitude varies inside the Gulf at dif-
ferent rates; it is minimum for the southern stations and at-
tains maximum inside the channel. The extremely variable
channel geometry could explain these phenomena over a
tidal cycle because, in a converging channel, the geometric
effects amplify the incident wave and the rate of conver-
gence depends on the channel convergence. Non-linearity
in the tides could be illustrated by comparing the eleva-
tion of the Gulf-mouth (Pipavav) with that inside the Gulf
(Hazira and Bhavnagar). The tidal amplification inside the
Gulf resulted from the quarter wavelength resonance of the
tides owing to its inherent geometrical settings ( Nayak and
Shetye, 2003 ). A similar condition was observed in the Gulf
of Kachchh, west coast of India, where amplification of tidal
amplitude arouse due to the convergence of the channel
( Shetye, 1999 ). But the amplification of tides in the Gulf of
Kachchh is quite smaller than that of GoK. 

Tidal constituents followed a similar trend of variation
as the tide elevation, which is quite evident. The amplitude
maxima are found in the case of M2, which indicates the
semi-diurnal dominance in the tide. The maximum M2 am-
plitude at Bhavnagar shows the amplification of M2 tide in-
side the Gulf. Amplification of semi-diurnal tide inside the
Gulf is higher than that of the diurnal, which is in favour
of the earlier studies. Semi-diurnal tides forced with neap
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Figure 10 Comparison between the non-tidal residual of sea-level with the alongshore component of wind in January 2014. 
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nd spring amplitudes at the estuary mouth exhibit simi- 
ar properties along the upper reach, which is produced by 
he combined effect of reflection (that reduces friction) and 
nhanced morphological convergence in case of an ideal es- 
uary ( Garel and Cai, 2018 ); but in GoK, diurnal tides had
mplification from mouth to head as resonance, together 
ith geometric effects and friction, built up the amplifica- 
ion. Similar results were obtained from the study carried 
ut by Nayak et al. (2015) , where they obtained M2 am-
litude of 0.40 m at the Gulf mouth, which has increased
o 1.50 m inside the Gulf and decreased to 0.70 m at the
ulf head. A similar trend is followed by the other ma-
or constituents (S2, K1 and O1). The present study re-
embles the earlier work and reveals that amplitudes of 
he major tidal constituents have an increase from Daman 
Gulf mouth) towards the inner Gulf and reached maxima 
n Bhavnagar, but had a further decrease in Khambhat (Gulf
ead). 
The study also manifests the fact that the amplification

s much higher on the western coast of the Gulf than on
he eastern coast. The principal over-tide and compound 
ides are M4 and MU2, respectively. The trend of propaga-
ion of M4 (increasing from mouth to head) confirms the
on-linearity of the system. If non-linearity is absent, the
agnitudes of M4 would rapidly decrease within the chan-
el from its small offshore values ( Aubrey, 1985 ). M4 trend is
lso important for water and sediment transport purposes, 
hich would be focussed on future research. By examining
he neap/spring cycles at five stations within a month, it
ould be inferred that the non-linear distortion of the tide
aries considerably. It is observed from the seasonal analy-
is that the average maximum amplitude is observed during



456 A. Mitra et al./Oceanologia 62 (2020) 443—459 

Figure 11 Seasonal wind regime of Gulf of Khambhat in March (representing pre-monsoon), July (representing monsoon) and 
November (representing post-monsoon). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

July, which is due to the influence of peak south-west mon-
soon. 

It should be noted that the tidal amplitude is greater
during the flood flow rather than the ebb, which might ac-
cumulate sediment inside the GoK, which is known to be
one of the major turbid water body of the west coast of
India. Fine suspended sediment transport will be affected
by the non-linear tidal distortion as well. Depending on the
channel geometry, this effect becomes pronounced further
in the Gulf, where the tide is more non-linear. Tidal non-
linearity has implications for mass flux calculations com-
monly attempted in shallow water Gulf or estuaries. The
numerical simulations of Lee et al. (2016) in Delaware Bay
and the Chesapeake Bay concluded that the shape of estu-
aries and bays could also affect the tidal amplitude. Thus
it could be inferred that the funnel shape of the Gulf also
enhances the tidal amplification along with the other fac-
tors. The quarter diurnal compound tides include the major
constituent MS4, derived from the interaction of M2 and S2,
which lags the forcing tides (M2 + S2). This phase relation-
ship also enhances the tide asymmetry favouring flood. The
consistency of the phase lead/lag in all over-tides and com-
pound tides throughout the Gulf suggest it is a property of a
Gulf as a whole and not just of local characteristics. If the
compound tide amplitudes are much smaller than the forc-
ing constituents, they are insignificant to the tidal energy
balance. The growth of MSf inside the Gulf is not consistent;
rather, its amplitude depends upon atmospheric conditions,
suggesting it is not a simple compound tide. Higher value in
MSf amplitude indicates atmospheric disturbances such as
storms. 

Tide-prediction with monthly-, semi-annually- and
annually-averaged datasets has shown that the more the
number of data, the less error it would be in the predicted
tide. Even though the monthly analysis data could predict
the tide amplitude quite accurately, the best fit is found in
the case of the yearly analysis data. The contour lines of
diurnal and semi-diurnal constituents are found to be along
channel and cross-channel respectively inside the Gulf and
the amplification of M2 tide is much higher than that of the
others. The inherent geometry of the Gulf is responsible for
these orientations ( Nayak et al., 2015 ). Gradual changes in
phase lag from outer to inner GoK indicate the propagation
of tide inside the channel. 

The magnitude of the tidal form factor is found to be less
in the eastern GoK, indicating the dominance of the semi-
diurnal tides. A higher value of tidal form factor is obtained
in the offshore location both for the eastern and west-
ern GoK, which gradually decreased towards the inner Gulf
reaching its minima at the northern-most location, Khamb-
hat. Thus it could be inferred that the semi-diurnal com-
ponents mainly contribute to the tidal amplification from
southern GoK towards the north. In the western Gulf, a
higher value of tidal form factor manifested comparatively
better dominance of the diurnal tides. The tidal form fac-
tor calculated inside the Gulf revealed that in the eastern
as well as northern GoK, the dependence of the diurnal tide
on the semi-diurnal is very less. But at the south-western
GoK, it is more and reaches the maximum outside the Gulf
on the western coast. The values are nearly equal to 1 in Diu
and Nawabandar, which indicate that even a small change in
semi-diurnal tide would lead to a change in the diurnal tide
vice-versa in those locations. Overall, based on the mag-
nitudes of the tidal form factor, the tides of GoK are classi-
fied as mixed and predominantly semi-diurnal in nature. The
sea-level data of the entire year shows that the astronomi-
cal tide is mainly responsible for the sea-level variation. 

Tide prediction is carried out with the help of tidal con-
stituents estimated from monthly, half-yearly and annual
time series ( Table 8 ). Tidal amplitudes are found to be 1
to 10% lower in case of the estimate based on monthly time
series compared to the annual one. Tides are 1 to 6% lower
in case of the estimate based on six-monthly time series
compared to the annual one. 

Very less variation in the MSL is observed throughout the
year for each location, but an increase in MSL is recorded
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Table 8 Predicted tide during spring and neap tide using tidal constituents estimated from monthly, half-yearly and annual 
measured time series data. The values in brackets show the percentage reduction from the longest time series. 

Locations 1 month data 6 months data 1 year data 

Neap Spring Neap Spring Neap Spring 

Daman 5.23 (5.4%) 5.95 (1.2%) 5.43 (1.8%) 6.02 (2.0%) 5.53 6.14 
Hazira 7.12 (10.0%) 7.93 (2.5%) 7.45 (5.8%) 8.13 (2.2%) 7.91 8.31 
Bhavnagar 10.26 (3.1%) 10.96 (1.3%) 10.44 (1.4%) 11.11 (5.9%) 10.59 11.8 
Pipavav 4.16 (1.9%) 4.59 (0.7%) 4.24 4.62 - - 
Diu 2.31 (1.7%) 2.55 (1.9%) 2.35 2.60 - - 
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uring the monsoonal months due to strong monsoonal 
inds. MSL could be affected by so many factors on a re-
ional scale, but the major role is played by the over-
ying atmosphere. Changes in atmospheric pressure and 
ind stress are the primary cause of change in the MSL

 Amiruddin et al., 2015 ; Wouters et al., 2011 ), which would
ventually have an impact on the wind pattern of the
rea. Although the non-tidal sea-levels had smooth trends 
hroughout the year, there are some discrete undulations, 
hich could be the effect of the atmospheric disturbance 
IMD report, 2014). The positive correlation between the 
ide residual and the v-component manifests the depen- 
ence of the non-tidal component of sea-level on the at-
ospheric processes, but the atmospheric influence gets 
iminished inside the Gulf. Estuarine water levels are in- 
uenced primarily by astronomical tides and coastal pro- 
esses and secondarily by river flow ( Jay et al., 2015 ). Even
hough the river discharge could have an influence on the
SL variability of Gulfs and estuaries, its effect is found to
e negligible in GoK. The major discharge is contributed by 
iver Narmada, but its influence is found to be a purely lo-
alized phenomenon; it did not contribute to the Gulf dy- 
amics as a whole ( Mitra et al., 2020 ). Also, these sea-level
ariations, triggered by storm winds, could disturb the tide, 
hich has an astronomical origin. Along the east coast of
ndia, seasonal sea-level changes from atmospheric pres- 
ure variations vary from about 0.03 m at Colombo to 0.13
 at Paradip ( Shankar, 2000 ). The impact of atmospheric
ressure is not considered in the present study since there
as no large variation in the atmospheric pressure as there
as no cyclone during the study period. During the present
tudy, the v-component of wind had a positive correlation 
ith the sea-level throughout the year. Thus, in a nutshell,
t could be inferred that the non-tidal sea-level rise is due
o the alongshore component of wind, especially in the off-
hore stations. The seasonal wind regime of the area is also
n accordance with this. It could be noticed well that even
hough the global tidal model accurately predicts the tide 
levation data for the offshore locations, it fails to pre-
ict the same for the shallow areas where regional models 
hould better be used. The global model data are less reli-
ble in coastal zones than in the open ocean because of in-
ccurate geophysical corrections and noisier radar impulse 
esponses ( Deng and Featherstone, 2006 ). The performance 
f the global models in shallow water and coastal zones is
nferior to their performance in the open ocean in terms
f the accuracy of tidal constituent estimations and, con- 
equently, the accuracies of tidal height predictions ( Ray 
a
t al., 2011 ). But it is worth mentioning that neither the
hysics-based nor the observation-based methods can pro- 
ide the exact (error-free) tide predictions ( Simkooei et al.,
014 ). 

. Conclusion 

ea-level data collected at five locations in the Gulf re-
ealed that the astronomical tides are mainly responsible 
or the sea-level variation in this area. Tide propagates from
ulf mouth to head in a non-linear fashion. The major non-
idal factor contributing to the sea-level is the alongshore
omponent of wind, which shows a positive correlation with
he sea-level for each location. The amplitude of the ma-
or tidal constituents (M2, S2, O1 and K1) at Bhavnagar is
.33, 1.06, 0.69 and 0.28 m and at Diu is 0.48, 0.21, 0.42
nd 0.19 m respectively which infers the dominance of the
emi-diurnal component in the tidal amplification. The sum- 
er amplitudes of the major tidal constituents are much
igher than that of the winter amplitudes and the seasonal
ariability of the tidal constituents is comparatively higher 
n the inner stations than that of the offshore stations. The
idal form factor calculated for the locations in the Gulf
ndicates that tides in these areas are mixed and predom-
nantly semi-diurnal in nature. The phase lag of MS4 tide
rom that of M2 and S2 exhibits the dominance of flood over
bb in this area, resulting to accumulation of sediment in
he Gulf. Among the two models used in the present study,
he global tide model FES2014 largely underestimates the 
ides inside the Gulf. In contrast, the MIKE21 Global Tide
odel could predict the same more accurately. 
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