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Abstract 9 

The time-dependent plume front fluctuation concerning different tidal phases and its dynamics 10 

coupled with seasonal river efflux in the shelf off Kochi, south west coast of India, were 11 

investigated using Finite Volume Community Ocean Model (FVCOM). The region is linked 12 

with a monsoonal estuary, featured by mixed semi-diurnal tide (1 m) and exhibited a highly 13 

complicated plume pattern. The rivalry between river efflux with tidal phases create plume 14 

fronts in the shelf, whose gradients fortified or weakened by mixing dynamics. Eventhough the 15 

incessant river efflux in the summer monsoon impart significant momentum in the shelf, the 16 

range of frontal fluctuation was curtailed to 2 km by strong monsoon currents. During transient 17 

phase of the season (fall inter-monsoon), the tidal forcings on plume positioning overwhelm 18 

the shelf currents, such that the plume front fluctuate between 6-17 km (range increased to ~11 19 

km) from the inlet. In low tides, the region near to the inlets was almost homogenized (𝑅𝑑<1). 20 

While, it gets more stratified in high tides due to the transport of high saline ambient water 21 

towards the inlet and also by the decreasing kinetic energy (𝑅𝑑>1). The location of frontal 22 

zones suitable for the propagation of nonlinear waves (F 1)will change in respect to the 23 

competition between river efflux and tide-topography interaction. The strong stratified plume 24 

front regions with increased Brunt Vaisala Frequency (BVF) in summer monsoon  behave as 25 

active zones of non linear wave propagation only when the plume front decelerates from 26 

supercritical to subcritical. During dry season, the F 1 was satisfied at limited locations, but 27 

the absence of BVFmax zone (frequency >0.3 s-1) revealed that the amplitude of such nonlinear 28 

waves would be considerably small. The study divulge that tidally pulsating plume front 29 

fluctuates between 3-18 km from inlet and also highlights that the propagation of nonlinear 30 

waves with considerable amplitude will depend on both the plume front velocity and the Brunt 31 

Vaisala Frequency of the water column. 32 

Keywords: Plume Front, Brunt Vaisala Frequency, Richardson Number, Froude Number, 33 

South west coast of India. 34 
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Introduction 35 

Freshwater/estuarine plumes are one of the momentous sources of nearshore dynamics. The 36 

horizontal and vertical extension of such plumes in the shelf creates plume fronts, the locus of 37 

which depend on the terrestrial efflux and also to the varying tidal amplitude. The location of 38 

the lift off point fluctuates in accordance with the flood and ebb phases of the tidal cycle1. The 39 

residue of the river/estuarine discharges into the shelf float as a lens over the ambient coastal 40 

waters and further transport as buoyancy-driven gravity current. The relaxation of the gravity 41 

currents in the shelf region may radiate nonlinear internal waves such that the amplitude of 42 

which is comparable with that of waves generated from tide-topography interactions2. Previous 43 

studies3 classified plumes in to surface advected, and bottom advected plumes depending on 44 

the interaction with bottom topography. These classifications have a strong correlation in 45 

determining the locus and offshore spreading of the plume front. The Froude number gives an 46 

insight to the flow characteristics of the fronts and also envisages the probability of the 47 

nonlinear wave propagation. Plumes are the one that featured by land remnants which are rich 48 

in nutrients, suspended sediments, organic and inorganic carbon, etc., eventually affect the 49 

biogeochemistry of the coastal ocean4. The converging surface fronts5 in the shelf due to the 50 

plumes are often places of high phytoplankton productivity, such that they serve as an 51 

important feeding and reproductive habitat for higher trophic organisms6. 52 

The variability of the plume in the shelf can be identified by tracing the plume/plume front 53 

propagation, horizontal/ vertical mixing and its dilution. The study region (shelf off Kochi, 54 

southwest coast of India, SWCI) is associated with a monsoonal estuary-Cochin estuary7, 55 

which completely flushes about 42 times in a year8. According to Seena et al.,9, these flushed 56 

riverine/estuarine discharges float over the high saline shelf water as a plume. The peculiarity 57 

of the buoyant plume in the shelf off Kochi is that it exhibits both the features of small scale 58 

and large scale plume, such that during southwest monsoon (SWM) the plume fringe twisted 59 

towards the south and in northeast monsoon (NEM) it twisted towards the north in accordance 60 

with the seasonal reversing winds and associated coastal currents. To delineate the plume front 61 

displacement and its vertical mixing due to tidal interaction, a time series analysis of the plume 62 

propagation is needed. This manuscript details the dynamics of freshwater/estuarine plume 63 

fronts in the shelf off Kochi by scrupulously analysing the time-dependent interaction of the 64 

plume front with the mixed semi-diurnal tide (~1m) and seasonal river efflux. 65 

 66 

Methods 67 
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The shelf off Kochi (Fig. 1) is associated with the largest estuary in the west coast of India is 68 

always refreshed by a surfeit of annual river discharge (22x10 6 m3) from hinterland rivers. The 69 

region is influenced by the summer monsoon (SM), fall inter-monsoon (FIM), winter monsoon 70 

(WM) and spring inter-monsoon (SIM) with varying monthly average river discharge of 1749 71 

m3/s, 1312 m3/s, 219 m3/s, 121 m3/s in July, October, December and March respectively 72 

(Central water commission data (CWC), 2014).  The interaction of the plume with the tide and 73 

topography along the SWCI was articulated by the Finite Volume Community Ocean Model 74 

(FVCOM, v.4.1) for the year 2014. FVCOM is an unstructured grid, finite-volume, free 75 

surface, three-dimensional primitive equation coastal ocean model that solves the momentum, 76 

continuity, temperature, salinity and density equations10. The spatial resolution of the model 77 

was assorted from 20 m within 10 km area of the inlet to 50 km towards the open ocean and 78 

featured by 60,000 elements with 21 vertical sigma levels. Global self-consistent, hierarchical 79 

high-resolution geography database available at http://www.soest.hawaii.edu/wessel/gshhg/ 80 

was utilised for delineating land-water interface, while estuaries and backwaters were 81 

incorporated by digitising LISS-III data. European Center for Medium Weather Forecast 82 

(ECMWF) data was used for surface meteorological forcings, while tidal elevation data was 83 

generated from FES 2014 and forced from the open boundary. The river discharge data from 84 

CWC was taken as the stimuli for freshwater in the river boundary for the year 2014. The inputs 85 

(temperature, salinity and currents) of open boundary were forced from global Hycom model 86 

(http://tds.hycom.org/thredds/catalog.html). The utmost timestep for the model was 1s, and the 87 

outputs were recorded at every hour. The calibrations and validations of the model were 88 

detailed in the paper published by Seena et al.,9. Validated model results (24-hour data 89 

collected on 15th day of every month) have been used for studying the plume front dynamics, 90 

its fluctuation with respect to tides and coastal processes off Kochi.  91 

Computation 92 

In stratified water column (plume influenced regions), quantification of stability parameter 93 

gives an insight to the convection processes.  Hesselberg defined the stability of the water 94 

column as 95 𝐸 = − 1𝜌 {𝜕𝜌𝜕𝑆 𝜕𝑆𝜕𝑧 + 𝜕𝜌𝜕𝑇 (𝜕𝑇𝜕𝑧 + Γ)}𝑚−1 96 

where 𝜌, 𝑆, 𝑇 is the density, salinity and temperature of the water parcel (plume), z is the depth 97 

and T is the adiabatic temperature gradient. On approximation, E can be written as 98 𝐸 = − 1𝜌 𝜕𝜌𝜕𝑧 99 

http://www.soest.hawaii.edu/wessel/gshhg/
http://tds.hycom.org/thredds/catalog.html
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The “Brunt Vaisala Frequency (N)” in a stratified medium is given by, 100 𝑁 = √ℊ𝐸 𝑟𝑎𝑑 𝑠−1 101 

Bulk Richardson number is the ratio of the potential energy (PE) to the kinetic energy (KE) 102 

and is a useful tool for parameterising the mixing process and can be written as 103 𝑅𝑑 = ∆𝜌ℊ𝑑𝜌𝑢2  104 

where  ∆𝜌 is the difference in density between the adjacent layer, d is the depth of the water 105 

column, 𝜌 the density and u the mean velocity of each layer.  106 

To study the possibility of the free wave propagation in the plume fronts, the Froude number11 107 

has been calculated as 108 𝐹 = 𝑈𝐶  109 

U is the plume front velocity, and C is the internal wave speed in the medium in which the 110 

wave advances. When 𝐹 ≤ 1 ,supercritical flow becomes subcritical and sets the criterion for 111 

free wave propagation 2. 112 

 113 

Results 114 

The study region experiences four seasons with considerable variation in the river efflux. The 115 

quantity of freshwater efflux peaked in the SM and dropped to a minimum in the SIM. The 116 

study by Seena et al.,9 revealed that the plume behaviour would vary from freshwater plume to 117 

estuarine plume in respect to the seasonal river discharge thereby gradients in the frontal zones 118 

fortifies or weakens in respect to the season.  119 

The plume front positioning with respect to the tides (Fig. 2) reckons the distance travelled by 120 

the front in each tidal phase. In the SM, during LLT (Lowest Low Tide) the front (18 psu 121 

contour) occurred at a distance of ~10 km from the inlet, which further extended up to 12 km 122 

in HHT (Highest High Tide), again decreased to 10 km in HLT (Highest Low Tide) then 123 

increased to 12 km in LHT (Lowest High Tide). The signature of frontal zone (30 psu contour) 124 

in the FIM was noted at <6 km at HLT and extended to 12 km in LHT. During LLT the front 125 

was discernible at 15 km from the inlet, and in LHT it prolonged to 17 km.  In the WM, the 126 

freshwater efflux was reduced, and the front was identified by the 34 psu contour whose 127 

offshore extension corresponding to HHT, LLT, LHT, and HLT was 12 km, 9 km, 14 km and 128 

13 km respectively. SIM is the dry season of the region with comparatively declined river 129 

efflux where the front (34 psu contour) extended up to 8 km in LHT and confined to 4 km in 130 

HLT. 131 
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During the SM, the river efflux of about 1749 m3/s reached the shelf and formed the freshwater 132 

plume over the ambient shelf water. In LLT the front touched the bottom up to a distance of 1 133 

km from the inlet, after that the frontal zone got detached from the bottom and extended 134 

towards offshore up to 10 km (Fig. 3). The BVF maximum (BVFmax) zone with frequency 135 

>0.3 s-1 was observed between 5-10 km from the inlet in respect to the stability of the water 136 

column. During this period, 𝑅𝑑 is <1 near to inlets and >1 towards offshore. Also, the variation 137 

in front velocity with wave velocity was well depicted in the F values.  During the HHT the 138 

plume float as a thin lens over the shelf water having thickness ~1 m while the offshore 139 

extension was found to be more than the LLT. In respect to the plume spreading the pattern of 140 

BVF changed such a way that the BVFmax zone extended horizontally (~ 9 km) along the 141 

surface. 𝑅𝑑 was >1 throughout the plume spread region, and the probability for nonlinear wave 142 

propagation was higher. After 6 hours from HHT, the plume was influenced by HLT 143 

(Supplementary Fig. 1) where the front touched the bottom up to a distance of 0.5 km, further 144 

detached from the bottom and extended towards offshore ~10 km from the inlet. The BVFmax 145 

zone lies near to surface, but the spreading of it was limited to <5 km from the inlet. The strong 146 

outward flow (maximum KE) observed in the inlet region overcomes the buoyancy (PE), which 147 

was well depicted in the 𝑅𝑑 values. Away from the inlets, the flow velocity decreased abruptly 148 

and eventually resulted in an area having 𝑅𝑑 > 1. The F<1 condition was limited only to a small 149 

area in the front. Due to the effect of LHT, the front further detached from the bottom and 150 

resulted in the increased offshore extension as a thin layer over the shelf (~11 km) water. The 151 

pattern of BVFmax,   𝑅𝑑and F were changed in respect to the front spreading, which was much 152 

similar to that in the HHT.  153 

The FIM was featured by a decreased monthly average river discharge of about 1312 m3/s; 154 

accordingly, we considered the 30 psu contour (estuarine plume) to isolate the plume front. In 155 

the HLT (Supplementary Fig. 2), even though the outward tidal flow was active, the front did 156 

not touch the bottom, and it spread only up to a distance of 5 km from the inlet. The BVFmax 157 

lies only within a small area where the 𝑅𝑑 was >1. The F values revealed that the chances of 158 

nonlinear wave propagation were limited under this condition. After 6 hours, the plume was 159 

modulated by LHT such a way that the thickness of the plume remains same as HLT, but the 160 

offshore extension increased up to 13 km. The pattern for BVFmax and RN were changed 161 

according to the plume spreading, while the lower values of F (<1) implied the possibility of 162 

wave generation in the frontal zones. Further, the plume was affected by LLT (Fig. 4) where 163 

the front touched the bottom for a few kilometres (<1 km) and detached subsequently. Due to 164 
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the strong pulling in the LLT, the plume offshore extension was increased to 15 km. The 165 

spreading of BVFmax zone was increased throughout the front zone where 𝑅𝑑 was always >1, 166 

but the possibility for free wave propagation was limited to the inlets only. The influence of 167 

the HHT on the plume make it as a very thin lens over the ambient shelf water with an offshore 168 

extension of 17 km and uniform thickness of <1m. The BVFmax zone maintained a similar 169 

spatial extension as that of the plume with 𝑅𝑑>1. A smaller value of F <1 noticed near to the 170 

inlets in the surface layers with a limited area of spreading. 171 

WM is the 3rd phase of the seasonal change associated with the shelf where the river efflux was 172 

ceased to 219 m3/s. The shelf was lacked by freshwater efflux such that we consider the 34 psu 173 

contour for identifying the estuarine plume influenced area or demarcating the plume front. 174 

During the HHT (Fig. 5), the front was identified as a thin layer over the ambient shelf water 175 

with an extension of 12 km from the inlet. The BVFmax zone cannot be defined under this 176 

condition where the maximum frequency was about 0.2 s-1. Buoyancy energy and the 𝑅𝑑 177 

exhibited a similar pattern to that of the plume, but the F <1 condition was satisfied in restricted 178 

regions of the front. During the LLT, the plume touched the bottom up to a distance of 1 km 179 

from the inlet; afterwards, it detached and extended up to 9 km towards offshore direction.  The 180 

BVFmax zone was very thin, and 𝑅𝑑 was varied as per the energy of the plume, while F<1 181 

condition existed below the considered frontal zone. Further, the plume was acted upon by 182 

LHT (Supplementary Fig. 3) such that the front detached from the bottom and extended 183 

horizontally to 14 km. The BVFmax zone was noticed as a thin film in the shelf region, but 184 

due to the reduced flow velocity, 𝑅𝑑>1 condition was satisfied by a broad area in the plume 185 

influenced zone. The probability of nonlinear wave propagation was more within a distance of 186 

5 km from the inlet. After 6 hours, the plume was modified by HLT such a way that both the 187 

horizontal extension of the plume (13 km) and the BVFmax zone were reduced. The pattern of 188 𝑅𝑑 and F were similar to that in the LHT condition. 189 

SIM is the dry phase among the season, where the monthly average river efflux into the estuary 190 

was reduced to 121 m3/s. The salinity changes due to the river effluxes were scanty, and hence 191 

the 34 psu contour was used to delineate the plume front. During the LLT (Fig. 6), the front 192 

neither touched the bottom nor extended beyond 6 km. The region within the front was lack of 193 

BVFmax zone where the maximum possible frequency was up to 0.1s-1. Due to the reduction 194 

in PE, the area having 𝑅𝑑>1 was negligibly small in the shelf region. The F values divulged 195 

that the chances of wave propagation were not satisfied in the LLT phase. Further, the plume 196 

was amended by LHT (Supplementary Fig. 4) such that the flood tide modified the plume 197 
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pattern into a thin layer over the inshore water. Due to the upward pushing of tides, the offshore 198 

spreading of the plume was increased to 8 km. The BVF was increased to 0.25 s-1, and the 199 

spatial area of the plume having 𝑅𝑑>1 was extended. During the HLT, the plume extension 200 

was reduced to <5 km, concurrently the BVF and 𝑅𝑑 were also modified. Due to the negligible 201 

density gradients in the water column, the possibility of nonlinear wave propagation in the 202 

frontal region was insignificant. After 6 hours, the plume was influenced by the HHT (Fig. 6) 203 

by which its thickness reduced to 1 m from 7 m (HLT) near to the inlet, and the offshore 204 

spreading increased to 7 km from 4 km. Even though the frontal zone satisfied the condition 205 

of nonlinear wave propagation, the frequency of oscillation of water column was greatly 206 

reduced.  207 

 208 

Discussion 209 

Plume front is the narrow region in the shelf where the physical properties changes abruptly; 210 

forming a boundary between the outward flowing buoyant water over the ambient coastal 211 

water5. As fronts serve as the biological hotspots, it is imperative to understand the offshore 212 

limit of plume fronts due to tide-topography interaction. In this paper, we analysed the 213 

fluctuation of plume front positioning in respect to the tides and details about buoyant plume 214 

stability, BVF, condition for nonlinear wave propagation etc.,  215 

The SM is featured by incessant river discharge that overwhelmed the tidal forcing to maintain 216 

the frontal position (Fig. 2) between 10 km (low tide) - 12 km (high tide). The expected offshore 217 

extension of the front due to tides and turbulent KE was not evident, which was curtailed by 218 

the strong SWM currents. Even though the data was taken in the spring tide, the heavy river 219 

efflux act as a barrier to the intrusion of high saline water into the estuary by tidal currents. 220 

During the low tide, enhanced efflux from the estuary strengthened the front to touch the 221 

bottom (lift off point is about 1 km from the inlet), while the consecutive high tide uplifted the 222 

front from the bottom and elongated towards offshore (Fig. 3 and Supplementary Fig. 1). The 223 

time-series data revealed that the flood currents were not adequate to increase the salinity of 224 

the estuary > 18 psu due to the heavy river efflux. The protrusion of these modified low saline 225 

water (18 psu) over the ambient water serves as an “estuary at sea” in the monsoon season. The 226 

BVFmax zone always lies away from the inlet due to the fact that the vertical gradients were 227 

maximum at a certain distance from the inlet. In low tide, the water column near to the inlets 228 

was homogenised (mixing) due to increased KE (𝑅𝑑<1). After travelling a few distances from 229 

the inlet, the plume velocity decreased such that the KE is not adequate to homogenise the 230 
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water column (𝑅𝑑>1). During the high tide, high saline water, flow towards the inlet and the 231 

plume extended as a lens over the shelf water. The water column was more stratified under this 232 

condition with greater PE, which was well reflected in the high 𝑅𝑑 values. The F≤ 1 was 233 

satisfied in the near-surface waters of the frontal zone (within 1 m towards offshore and 7.7 m 234 

in inlets), while the BVFmax zone always lies <2.5 m during all the tidal phases.  235 

The freshwater efflux into the estuary was declined in the FIM season, and the shelf region 236 

experienced a transition from SWM to NEM. The positioning of the front was well coupled 237 

with varying tidal phases, and river efflux (Fig. 2) where the maximum frontal extension was 238 

~17 km during the HHT and minimum was ~5 km in HLT. Due to the weakening of coastal 239 

currents in the FIM, the tidal currents and plume momentum played a significant role in frontal 240 

positioning, such that the range of frontal fluctuation was about 12 km, which was much more 241 

than the SM (2 km). Except for the LLT, the plume floated as a lens over the shelf water 242 

throughout all the tidal phases (Supplementary Fig. 2 and Fig. 4). The BVFmax was always 243 

lying near to the surface, and maximum spreading during the HHT was driven by the upward 244 

pushing of high saline water. Even though the extension of BVFmax zone was higher, the 245 

condition for nonlinear propagation of waves was satisfied within a limited zone (<5 km). This 246 

is because of the fact that within this 5 km, the front velocity decelerates such a way that the 247 

plume flow changes from supercritical to subcritical and the rate of conversion of KE into PE 248 

was increased (𝑅𝑑>1). 249 

In the WM, the shelf region was controlled by the northward-flowing currents and hence the 250 

plume fringe twisted towards the north9. The competition between river efflux and shelf 251 

dynamics defined the degree of stratification in the water column. The range of frontal 252 

fluctuation was about 6 km (Fig 2), which was lesser than the FIM and was mainly due to the 253 

declined river efflux.  Even though the horizontal and vertical extension was maximum in the 254 

LHT (Fig. 5), the BVFmax zone was vivid as a thin layer close to the surface. Throughout all 255 

the tidal phases (Fig. 5 and Supplementary Fig. 3), the condition F≤ 1 was satisfied up to a 256 

distance of <5 km from the inlet, but the amplitude of such waves may be feeble due to the 257 

reduced stratification.   258 

The river efflux was significantly reduced in the SIM such that the KE in the shelf zone due to 259 

plume was negligibly small compared to that of tidal flow. The effect of tidal forcings on these 260 

limited buoyancy inputs (Fig. 6 and Supplementary Fig. 4) was more than the shelf 261 

dynamics/currents due to the tranquil nature of the season. The BVF was varied with respect 262 

to the plume positioning. At the same time, the absence of BVFmax zone revealed that the 263 
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perturbance in the water column would generate only oscillations with a lesser amplitude that 264 

cannot be compared with that in the monsoon season. 265 

 266 

Conclusion 267 

The manuscript detailed the dynamics of the time-dependent buoyant outflow with respect to 268 

the different tidal phases in the shelf off Kochi, SWCI. The interaction of the seasonal river 269 

efflux with the mixed semi-diurnal tide create plume fronts (frontogenesis) in the shelf whose 270 

gradients fortified or weakened by the mixing dynamics. After protruding out of the vent (Fort 271 

Kochi inlet), the plume float over the shelf water throughout all the tidal phase except at low 272 

tides in which the plume touched the bottom up to a certain distance (<1 km) from the inlet, 273 

thereby exhibit the features of the surface advected plume. In the SM, the offshore extension 274 

of the plume front was initially driven by the quantity and momentum of freshwater efflux, and 275 

the tidal currents, which was curtailed (range of fluctuation was <2km) by the strong SWM 276 

currents prevailed during this season. In contrast, in the transient phase (FIM) of the season, 277 

the tidal forcings and the plume energy overwhelmed the shelf dynamics/currents and played 278 

a significant role in frontal positioning (range of frontal fluctuation was about 11 km). In the 279 

low tides, the region near to the inlets were almost homogenised (𝑅𝑑<1), whereas it gets more 280 

stratified in the high tides due to the transport of high saline ambient water towards the inlet 281 

and also by the decreasing KE (𝑅𝑑>1). Even though strong stratification in the shelf waters 282 

was induced by the heavy river efflux, the condition of the propagation of nonlinear waves was 283 

satisfied only when the front velocity decelerates from supercritical to subcritical. Thus, the 284 

location of frontal zones suitable for the nonlinear wave propagation will change in respect to 285 

the competition between river efflux and tide-topography interaction. During the lean discharge 286 

period, the condition F≤ 1 was satisfied at limited locations, but the absence of BVFmax zone 287 

revealed that the amplitude of such nonlinear waves would be considerably small. The study 288 

divulged that the tidally pulsating plume front fluctuate between 3 km from inlet to ~18 km 289 

towards offshore due to the shelf dynamics and also highlights that the propagation of nonlinear 290 

waves with considerable amplitude will depend on both the front velocity and the BVF of the 291 

water column. 292 

 293 

Data Availability Statement 294 

The data utilized for land water-interface and bathymetry (GEBCO) were available online at 295 

http://www.soest.hawaii.edu/wessel/gshhg/ and at (https://download.gebco.net/) respectively. 296 

http://www.soest.hawaii.edu/wessel/gshhg/
https://download.gebco.net/
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Model forcings can be obtained from ECMWF (https://apps.ecmwf.int/datasets/data/interim-297 

full-daily/levtype=sfc/). The open boundary inputs were accessible from global Hycom model 298 

(http://tds.hycom.org/thredds/catalog.html).  Model data will be available upon request to the 299 

corresponding author and the in-situ data used for model validation will be available upon 300 

request to CSIR-NIO data repository (www.nio.org).   301 

 302 
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Figures 365 

 366 

 367 

Figure 1. The geographical area (upper panel) of SWCI articulating finite elemental grid for 368 

the FVCOM study. The interaction of front during flood and ebb phase of tide with bottom 369 

topography was detailed in the lower panel.  370 
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 371 

Figure 2. Divulge the time-dependent plume front positioning in respect to varying tidal phases 372 

and seasonal river efflux. 373 
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 374 

Figure 3. The horizontal and vertical extension of front, and variations in BVF,𝑅𝑑, and F in the 375 

SM during LLT and HHT. 376 
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Figure 4. The horizontal and vertical extension of front, and variations in BVF,𝑅𝑑, and F in the 378 

FIM during LLT and HHT. 379 
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 380 

Figure 5. The horizontal and vertical extension of front, and variations in BVF,𝑅𝑑, and F in the 381 

WM during LLT and HHT. 382 
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 383 

Figure 6. The horizontal and vertical extension of front, and variations in BVF,𝑅𝑑, and F in the 384 

SIM during LLT and HHT. 385 



Figures

Figure 1

The geographical area (upper panel) of SWCI articulating �nite elemental grid for the FVCOM study. The
interaction of front during �ood and ebb phase of tide with bottom topography was detailed in the lower
panel. Note: The designations employed and the presentation of the material on this map do not imply
the expression of any opinion whatsoever on the part of Research Square concerning the legal status of



any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 2

Divulge the time-dependent plume front positioning in respect to varying tidal phases and seasonal river
e�ux.



Figure 3

The horizontal and vertical extension of front, and variations in BVF, Rd, and F in the SM during LLT and
HHT.



Figure 4

The horizontal and vertical extension of front, and variations in BVF, Rd, and F in the FIM during LLT and
HHT.



Figure 5

The horizontal and vertical extension of front, and variations in BVF, Rd, and F in the WM during LLT and
HHT.



Figure 6

The horizontal and vertical extension of front, and variations in BVF, Rd, and F in the SIM during LLT and
HHT.
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