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ABSTRACT 

The hydrographic conditions of Cochin estuary showed strong seasonal variability corresponding to 
river discharge. The estuary transformed from salt wedge conditions during wet season to partially or 
well-mixed state during dry season. During high runoff months (June-September) and moderate runoff 
months (October-December and May), the salt content of the estuary was inversely correlated to river 
discharge.  However, during the period from January to April, the dependence of salinity field on river 
discharge was weakened by axial diffusivity. The salt transport was a balance between seaward flux 
induced by river flow and tidally induced diffusive landward flux. The latter dominated in almost all 
sections along the estuary except at the upstream end increasing the salt content of the estuary. The 
computed horizontal diffusion coefficients ranged from 5-704 m2s-1.  The flushing time of Cochin 
estuary ranged from 1 day to 2.5 days during wet season. During dry season, the tide driven flushing 
time was 8.7 days. It seems that the high flushing during wet season provides a suitable dynamic 
environment for waste disposal, particularly the southern arm of the estuary where the freshwater 
content is higher. In contrast, during dry season, the low discharge and the highest flushing times can 
support phytoplankton biomass accumulation.  
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INTRODUCTION 

A quantitative understanding of salinity distribution and behavior under various environmental 

conditions is essential for the interpretation of an estuary’s physical, chemical, biological and ecological 

status. Physical processes such as advective transport and diffusion/dispersion determine the fate and 

distribution of contaminants in an estuary. These processes are heavily relied upon by many numerical 

and analytical models of hydrodynamic processes for the evaluation of water quality in aquatic systems 

(Zheng et al., 2004; Devkota, and Imberger 2009). In addition, the knowledge of transport time scales 

such as flushing time can also significantly aid the assessment of the environmental, ecological and 

water resources management strategies of an estuary (Dabrowski, Hartnett, and Olbert, 2010; Barcena et 

al., 2011).  

Estuaries along west coast of India experience seasonality in salinity due to the intense monsoonal 

rainfall in the region and the associated freshwater input brought by rivers. The runoff is very high 

during the wet season, the Indian Summer Monsoon (ISM), which usually occurs during June–

September. This is followed by dry season with little runoff. Cochin estuary is one among them, and is 

also ranked as one of the most productive estuarine systems along the west coast of India. However, the 

recent trend of high mortality of fish in the estuary caused by water pollution has large implications on 

the fishing industry. During the last 50 years, the effluent discharge from Cochin Industrial City has 

increased to 6.5 million m3/day (Gopalan 2002). Being an ecosystem of important fishery activities and 

simultaneously exposed to effluent discharges, the flushing time of this system needs to be well 

understood. It is often used to determine how much of a potentially harmful substance an estuary can 

tolerate before its ecosystem is adversely affected to a significant degree.  

Previously, numerous studies have been conducted to understand the dynamics of Cochin estuary 

(UdayaVarma, Pylee, and Rama Raju 1981, Qasim et al., 2003, Srinivas et al., 2003); however these 

studies were mostly limited to lower reaches. The spatial distribution of salinity in an estuary is a useful 

indicator of the system’s physical condition because it represents the net effect of numerous complex 

processes such as the freshwater inflow, tidal range, and degree of turbulence (Eaton 2007, Shaha et al., 

2011). Therefore, an observation was initiated and the present study mainly focuses on (1) assessing the 

salinity state in the entire estuary for different river flow conditions and estimating the annual salt 

budget, (2) identifying the dominant controls on salt fluxes and flushing characteristics and (3) 

computing flushing time during wet and dry seasons.  
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Background 

Cochin estuary lies at the northern tip of Vembanad Lake and lies parallel to the coast with dual opening 

to Arabian Sea covering a total area of about 300 km2 (Figure 1).  It is divided spatially in to two arms: 

(1) the northern arm extending from Munambam inlet to Cochin inlet (~30 km) and (2) the southern arm 

extending from Cochin inlet to Thanneermukkam (~50 km). The depths of the two arms with respect to 

mean water level fluctuate with distance. Munambam inlet is 4m deep and 150m wide. The southern 

arm shallows and widens from a depth of 15m and width of 450m at Cochin inlet to 4m depth and 14km 

width at Thanneermukkam. Tides are of mixed semidiurnal type with an average tidal range of 1m 

(Qasim and Gopinathan 1969). Both the arms of the estuary have significant year-round freshwater input 

contributed primarily by six major rivers: Periyar in the north; Pampa, Achankovil, Manimala, and 

Meenachil in the south; and Muvattupuzha, midway between the two. Periyar and Muvattupuzha rivers 

join the northern and southern arms respectively along their lengths. The rest of the rivers join at the 

upstream end of southern arm, south of Thannermukkam barrier. The barrier was made functional in 

1976 to prevent salt-water incursion and to promote cultivation in the low-lying fields. When the barrier 

is closed during the dry season, the runoff decreases as the river supply from four rivers flowing south of 

it is prevented to enter in to the system (Shivaprasad et al., 2012).  

Figure 1 

The total runoff in the rivers exceeds the estuarine volume during wet season (Revichandran et al., 

2011). Figure 2 represents the monthly mean river runoff data of six rivers for the year of observation 

(2008-2009) obtained from Central Water Commission, Government of India.  About 73 % of the total 

river runoff in to the estuary occurred in the wet season (June-September) characterized by Indian 

Summer Monsoon (ISM). The major part of runoff into the estuary was from rivers Muvattupuzha and 

Pamba. The monthly mean inflow to the estuary varied from 49m3/s in March to 1000m3/s in July.  

Figure 2 

 

MATERIALS AND METHODS 

Data presented here is the subset of data obtained from a one-year field campaign during June 2008 to 

May 2009. Annual variation in salinity was monitored by routine hydrographic surveys during the 

spring phase of each month. Along-channel transects were undertaken throughout the estuary during 

each survey covering ten stations from north to south. On each transect, CTD casts were taken onboard 
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speedboat at 8km intervals from the deepest part of the channel. Stations 1-4 comprises of the northern 

arm and stations 5-10 comprises of the southern arm (Figure 1). A SBE Seabird 19 plus CTD was used 

for recording salinity (conductivity + 0.001 Sm-1) profiles with a bin size 0.2m for every 30 minutes 

interval. These observations were carried out with the intention of highlighting seasonal variations. The 

river Periyar feeds northern arm (Stations-1-4) whereas the other rivers feed the southern arm (Stations-

5-10) and hence for all estimates, river flux values were taken separately for northern and southern arms.  

Water column stratification was determined by estimating stratification parameters from each salinity 

profile. Stratification parameter ns as defined by Haralambidou, Sylaios, and Tsihrintzis, 2010, are given 

by: 

   '
m

s S
δS=n                                                                                                           ------------- (1)                                        

where δS =Sbott-Ssurf, S’m=1/2 (Sbott +Ssurf), with Ssurf and Sbott are the salinities at the surface and bottom 

respectively. If ns<0.1 water column is well mixed; 0.1 < ns<1.0, water column is partial mixed; ns>1.0, 

stratification with the presence of salt-wedge is evident.  

According to Shetye and Murty, 1987 and Jyothi et al., 2000, the total salt content of an estuary can be 

expressed as:  

( ) ( )
0

x

tot x xS = S A dx∫                                                                                                  ------------ (2)                                         

where S(x) is the depth-averaged salinity along the horizontal channel (x), and A is the cross sectional 

area.  The estuarine length (80 km) was divided at every 8 km distance and the salt content of each 

segment was obtained separately. The integrated salt content for each month is the sum total of the salt 

content of each cross section.  The salinity distribution in an estuary is maintained by a competition 

between two opposing longitudinal salt fluxes—an advective flux resulting from freshwater outflow, 

tending to drive salt out of the estuary; and a downgradient salt flux, tending to drive salt landward 

(Fischer et al., 1979, Geyer and Signell 1992, Shaha and Cho, 2009). The oceanward advective flux 

tends to carry salt out of the estuary, thus freshening it, whereas the landward flux often represented by a 

Fickian diffusion coefficient, Kx, tend to transport salt downgradient and hence upstream into the river 

(Hansen and Rattray 1965, Fischer et al., 1979, Geyer, Trowbridge, and Bowen, 2000). At steady state, 

these two processes are in balance whereas, when flows or tides change, the net salt flux can be either 
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upstream or downstream. This balance is embodied in the one-dimensional, along-estuary salt 

conservation equation given as:  

  ( ) ( )

r

x x x

x SS A dx K A RS
t xx

∂ ∂
= +∫

∂ ∂
                                                                   -------------- (3)                                            

A common approach for determining diffusion coefficients Kx (m2s-1) from observations is to invert the 

salt balance equation (3) for well-mixed state of estuaries (Monismith et al., 2002, Banas, Hickey, and 

MacCready, 2004, Valle-Levinson 2010). In most cases (Stommel, 1953, Monismith et al., 2002), it is 

assumed that the salt field is steady so that the integral in the term can be omitted. Banas, Hickey, and 

MacCready, 2004 showed that these assumptions may cause significant errors in unsteady estuaries. 

Similarly, for Indian estuaries which are influenced by ISM and hence river runoff, the unsteadiness in 

salinity is a striking feature. Therefore, we have used the full salt balance equation including the integral 

term for the computation (Shetye and Murty, 1987, Jyothi et al., 2000). The salt content was calculated 

for each section until the upstream end point xr and the left hand side of equation (3) gives the rate of 

change of the total salt content over two months. The averages of ∂S/∂x, salinity S, and river runoff R 

computed for each section for the above two months were used on the right hand side. Kx was computed 

for every 8 km length interval from mouth to upstream end xr of the estuary.  

By convention, R is positive when the river flows toward the ocean. Kx is the longitudinal diffusion 

coefficient representing a conglomeration of all the mixing mechanisms in effect (Holloway 1981, 

Lerczak, Geyer, and Chant, 2006).  

The net flux of a material Fx (m3s-1) is given by the sum of advective flux and turbulent flux due to 

tidally induced turbulence in the estuary as (Stommel 1953): 

   Fx= RC− K x A dC
dx                                                                                       ---------- (4)                                          

where C is the concentration of the material. Following the method of Ketchum and Keen 1955, we have 

used the fraction of freshwater content for C in the equation above which is given by, ( )SC −
=

s
s

 and 

Fx is net salt flux (hereinafter, NSF). Here, σ is taken as 35, the maximum salinity observed at the inlets 

and S is the depth-averaged salinity at each location along the channel.  It is assumed that the current 

produced by escaping river water is the only advective process of importance. The effect of density 

driven currents and wind induced currents are neglected. The transport across sections was assumed to 

be entirely due to horizontal diffusion and the vertical effects were obscured by providing depth 
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averaged salinities. These analyses provide an important starting point for additional characterization of 

mixing processes in Cochin estuary. 

Flushing time (TF) is the time required to renew existing volume (Ve) of water in an estuary at a 

volumetric flow rate (Q) through the estuary (Monsen et al., 2002), i.e, 

  
T F=

V e

Qm                                                                                                              ----------- (5) 

Here, Q is taken as the monthly mean river runoff. 

When tides exclusively flush the system, then tidal prism method can be used to compute flushing time 

(Dyer 1973) given by: 

 ( )1
' e
F

V T
T =

b P−                                                                                                         
------------ (6) 

where T is the lunar tidal period (12.42 h), b is the return flow factor taken as 0.5 (Vijith, Sundar, and 

Shetye, 2009) and P is the tidal prism. The tidal prism of each section is estimated as tidal range 

multiplied by the surface area at mean sea level (Monsen et al., 2002). Considering the complexity of 

the bathymetry, we divided the estuarine sections into several polygons for the estimation of area and 

volume using GIS software (Ensigna, Hallsb, and Mallina, 2004).  

 
RESULTS AND DISCUSSION 

Axial salinity distribution 

We describe the variations in hydrography of the estuary over one year. The analysis showed the 

seaward increase of salinity throughout the monitoring period. Although the longitudinal salinity 

gradients were high in June, the water column at all stations was nearly vertically homogeneous (Figure 

3a). The river-end stations were brackish whereas about 30 PSU occurred at ocean-end stations (stations 

1, 5 and 6). Salinity values fluctuated from 6-8 PSU at stations 4 to 5 and the upstream end stations were 

relatively fresh with salinity range of 0.6-4. The maximum value obtained for ns was 0.3 which indicates 

that the estuary turns to partially mixed conditions in response to river runoff. The ISM peaked in July 

and as a result, a strong spate with an inflow of 1000 m3/s occurred into the estuary. The formation of 

salt wedge became prominent (Figure 3b) such that salinity was only confined to sea-end stations.  All 

the other stations were well mixed and the upper reaches were freshened to almost zero salinity. The 

values of ns were >1 and this state of salinity in the estuary remained until September (Figure 3c-3d).  
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Figure 3 

During October, the salt wedge structure disappeared and the saline waters migrated to all stations 

(Figure 4a).  Depth averaged salinity of 0.6 was observed at upstream end (station 10). Until December, 

the value of ns ranged from 0.1 to 1 and there was a decrease in the vertical and transverse salinity 

gradients along the estuary (Figure 4a-4c). From January to April, the estuary was characterized by its 

peak dry season and the least mean river runoff (49m3s-1) occurred in the month of March. The least 

river flow ensured strong saline intrusion and also the slanting isohalines turned to be nearly vertical 

(Figure 4d-5c). The depth averaged salinities of all stations increased and vertically well-mixed 

conditions prevailed (ns< 1). During April, the depth- averaged salinity was increased to 13 at station 10. 

Figure 5d shows a slight stratification of water column at station 1 and this could be due to the 

occurrence of an anomalous rainfall in the catchment area of Periyar River.  

Figure 4, 5 

 Salt budget  

The annual variation of salt content together with the monthly-mean runoff for the one year survey is 

shown in Figure 6. Drastic variations of salt content were observed during wet season. A steady increase 

occurred during later months and from February to April the salt content showed little variations. The 

estuary lost about 48% of its salt from June to July due to high spells of rainfall. In the following month, 

a gain of about 9% occurred, owing to a decrease of about 200 m3s-1 of runoff from July-August. From 

August–September there was again a decrease in salt content when monsoon regained its strength after 

the break. Thereafter, until December, salinity ingress or egress was observed in accordance with the 

prevailing monthly runoff.  In contrast, from January-April, the mean monthly runoff was fluctuating by 

10-20 m3s-1 which was not reflected in the salt content of the region. Despite the increase or decrease in 

the runoff, the total salt content of the estuary increased. The annual cycle of salinity ended with the 

observation in May. During the period, freshening of the estuary was initiated and the salt content 

decreased. 

Figure 6 

 

Variations of diffusion coefficient 

The salt balance in an estuary is strongly dependent on the longitudinal distribution of the diffusion 

coefficient as well as the magnitude of the coefficient (Holloway 1981). Diffusion coefficients were 



 

8 

 

computed during the well-mixed state of the estuary, as the gravitational circulation is negligible. As 

stated above, during the period from January to April, the estuary was well- mixed. The longitudinal 

diffusion coefficients found using equation (3) are functions of position along the estuary and of the 

river flow (Stommel 1953, Monismith et al., 2002). The order of the total salt content (x 109) obtained in 

the estuary is similar to Zuari (Shetye and Murty, 1987) and Gauthami-Godavari (Jyothi et al., 2000) 

estuaries.  

The Kx values in the estuary varied spatially and monthly owing to fluctuations in river runoff and 

channel geometry (Figure 7).  Kx values ranged from 5 to 704m2s-1 during the observation period. A 

general trend showed higher values at the sea end stations, lowest values at the middle sections of the 

estuary and moderately higher values at river end stations. The magnitude of the turbulent diffusion 

coefficients at various places in the estuary provides knowledge about the dilution of pollution at any 

point in the estuary (Stommel 1953).  

 

Figure 7 

Distribution of salt flux and flushing time 

The mean freshwater fraction and the calculated NSF across the different sections along the estuary are 

given in Table 1.  The southern arm stations were more freshened than the northern arm, as the volume 

of freshwater flowing into the northern arm was not sufficient to produce enough dilution. In the 

southern arm, the increase in freshwater content towards upstream during all months was remarkable. 

The NSF along different sections of the estuary was also in substantial agreement with the total salt 

content of the estuary. NSF was negative for all sections except for the upper reaches. This implied that 

the NSF was landward during the period from January-April. However, from stations 8-10, NSF was 

seaward which indicated the accumulation of freshwater. Evidently, during the period March- April, the 

diffusive fraction of the total flux almost balanced with the advective flux in the northern arm and 

upstream sections indicating a quasi-steady state. Meanwhile, diffusion was dominant along sections 

from stations 5-8 in the southern arm. For the increase of salt content in an estuary, sufficient landward 

diffusive buoyancy flux is needed to balance the net seaward Lagrangian buoyancy transport produced 

by river runoff, especially in the more landward reach of an estuary where tidal buoyancy transport 

becomes weak (Richard, Robert, and Kuo-Chuin 1992).The magnitude of NSF is higher near Cochin 

inlet than near the northern inlet. The former is deeper and hence more saline waters can intrude through 
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it. Based on a model simulation, Balachandran et al., (2008) found that the tidal excursion was faster in 

the regions near Cochin inlet with mean current velocity of 0.4 ms-1. It is possible that the tidally 

induced fluxes are also maximum in this region resulting in more net inward salt flux.  About 60-64 % 

of the total flux of the estuary is contributed by the diffusive component induced by tides which 

countered the seaward advection of salt. Richard, Robert, and Kuo-Chuin, 1992 documented that the 

response of salinity due to runoff was weakened by the effect of axial diffusivity. They have also 

suggested two possible mechanisms for longitudinal diffusion process: the action of vertical shear flow 

dispersion in a tidally stirred regime and the action of lateral shear coupled to strong lateral gradients. 

             TF, computed in the estuary varied from 1 to 2.5 days during wet season. The shortest TF 

occurred during peak monsoon (July) when the runoff was 1000 m3s-1. Among the high runoff months, 

the longest TF occurred in June. This is substantiated by the results of salinity distribution in June 

(Figure 3a). Stratification was not fully evolved during the period and hence relatively low flushing rate. 

During dry season, tidal actions were predominant and T'F was 8.7 days. Processes controlling 

planktonic biomass and contaminant distributions in an estuary are directly linked to flushing time. The 

results showed that since the freshwater content in northern arm is lower than southern arm, flushing in 

northern arm is slower compared to southern arm. Balachandran et al (2008) had opined that the present 

level of pollution in the northern arm is due the direct release of industrial effluents into the river 

Periyar, which can be minimized if they are brought down to southern arm for disposal. Furthermore, 

despite the high nutrient loading from river runoff during wet season (Sankaranarayanan and Qasim 

1969), the short flushing time is likely to be one of the limiting factors that result in low phytoplankton 

biomass. Figure 8 shows the relationship between surface chlorophyll a, surface salinity and river runoff 

of the estuary measured during the same year (Shivaprasad et al., 2013). The maximum chlorophyll 

concentrations were observed during the least river runoff months when the surface salinity was high.  

Only examining and comparing the phytoplankton species composition in the estuary during wet and dry 

seasons can further our understanding of these processes. 

Figure 8 
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SUMMARY AND CONCLUSION 

Cochin estuary marks a transition from salt wedge type during peak runoff periods to well-mixed state 

during peak dry season. During high and moderate runoff periods, the response of the salt content 

depends on the river runoff. In contrast, during peak dry season, the landward salt flux due to tide 

induced turbulence countered the seaward advection of salt, thereby increasing the salt content of the 

estuary. During the period, NSF was directed landward in the lower reaches. Much of the salt entered 

through Cochin inlet when compared to northern inlet. However, at the upstream regions, the advective 

salt flux dominated the diffusive flux. During the period March-April, a quasi-steady state was also 

achieved at several stations. This estimation can provide bounds on the transfer of other materials in 

different sections within the estuary. During wet season, flushing time in the estuary ranges from 1 to 

2.5 days. Since, tides overwhelm the river flow during dry season, the tide driven flushing time is 

estimated at 8.7 days. Flushing time can be used to test the sensitivity of the system to the introduction 

of pollutants under different runoff conditions. The conditions of wet season prove to be extremely 

dynamic and therefore can accept effluents better. During extremely low runoff months, the reduced 

flushing brings stagnant water environment and so the dumping of effluents may adversely affect the 

ecosystem functioning. Under the low runoff and the highest flushing times, the estuarine environment 

supports relatively higher biomass accumulation.  While the diffusive influx of salt water may be 

advantageous to some species, it may also cause salinity stress and mortality to several other species. 

The results of the study highlight the need for further studies, especially in the field of physical and bio-

geochemical modeling, to forecast the response of the system to the variable external forcing, thus 

allowing proper estuarine management plans.   
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FIGURE LEGENDS 

 

Figure 1. The Map of Cochin estuary. Stations marked as 1-4 are in the northern arm and stations 5-10 

are in the southern arm  

Figure 2. Monthly mean river runoff of six rivers during the year 2008-2009 

Figure 3. Longitudinal salinity distribution measured from June to September (2008). Cochin inlet is at 

coordinate origin. The northern /southern arm stations are at positive /negative distances, respectively. 

Insets show tidal amplitude and times (as X’s) when each survey began and ended.  

Figure 4. Longitudinal salinity distribution measured from October to January (2009). Cochin inlet is at 

coordinate origin. The northern /southern arm stations are at positive /negative distances, respectively. 

Insets show tidal amplitude and times (as X’s) when each survey began and ended.  

Figure 5. Longitudinal salinity distribution measured from February to May (2009). Cochin inlet is at 

coordinate origin. The northern /southern arm stations are at positive /negative distances, respectively. 

Insets show tidal amplitude and times (as X’s) when each survey began and ended.  

Figure 6. (a)Total salt content and monthly-mean runoff during the year 2008-2009(b) Longitudinal 

diffusion coefficients (m2s-1) computed during the well-mixed state of the estuary (January-April) 

Figure 7. Monthly river runoff, surface salinity, surface chlorophyll a starting from June 2008 and 

finishing May 2009 
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TABLES 

Table 1. The mean freshwater fraction and net salt flux (m3s-1) across different sections along the 
estuary from January to April 2009. Negative values indicate net seaward flux and positive values 
indicate net landward flux.  

 Jan-Feb Feb-Mar Mar-Apr 

Station Interval Mean C Net flux 

(m3s-1)    

Mean C Net flux  

(m3s-1)    

Mean C Net flux  

(m3s-1)    

                               

1-2 0.16 -9.13 0.13 -4.40 0.45 -0.83 

2-3 0.28 -3.95 0.24 -1.55 0.21 -1.62 

5-4 0.21 -24.03 0.20 -2.62 0.16 -2.24 

5-6 0.16 -16.91 0.13 -23.85 0.10 -41.09 

6-7 0.28 -8.93 0.25 -14.24 0.23 -34.18 

7-8 0.41 -0.42 0.39 -2.71 0.38 -11.08 

8-9 0.55 8.93 0.51 6.62 0.50 1.53 

9-10 0.63 14.04 0.57 11.00 0.57 2.48 
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