
1 

 

Author version: Environ. Monit. Assess., vol.187(11); 2015; no.675 doi: 10.1007/s10661-015-4870-2 

 

Residual fluxes of water and nutrient transport through the main inlet of a tropical 
estuary, Cochin estuary, West Coast, India 

Revichandran C., Vinita J., Lallu K.R., Muraleedharan K. R., Jineesh V.K., Shivaprasad A. 

 

 

Abstract 

 Determining robust values for estuarine material fluxes has been a complex task and an 
interdisciplinary research challenge. With the advent of Acoustic Doppler Profilers (ADPs) having 
bottom-track capability and which provides three-dimensional current velocity profiles, more accurate 
estimation of cross sectional fluxes is far accomplished in unsteady and bi-directional flow conditions of 
estuaries. This paper reports for the first time the discharge measurements conducted across Cochin inlet 
using ADP to examine the spring-neap variability in residual fluxes of water and nutrients during dry 
season. Cross sectional current velocity profiles and salinity profiles were captured using ADP and 
CTD. Samples of surface and bottom water were also collected at three hour intervals. The results 
indicated that there is a distinct transition from the neap to spring tides related to flow and salinity 
structure. The neap tide was partially mixed with large diurnal inequalities whereas the spring tide was 
well-mixed with symmetric tides. During ebb, an increase in the concentrations of nitrate, nitrite, 
phosphate and silicate was noticed indicating upstream sources for their inputs. In contrast, elevated 
levels of ammonia were found in the estuary throughout the period of observation. There was net 
residual outflow during both tides and the computed residual water fluxes of neap doubled that of 
spring. The strong ebb currents and the increased nutrient concentrations during ebb resulted in the 
export of all nutrients (except ammonia during spring) into the sea. The findings of this study highlight 
the consequences of anthropogenic interventions in the estuary and their effects on the fluxes of 
ecologically relevant substances. 
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1. Introduction 

 Interactions across the land-ocean boundary are currently the focus of regional and global 
research to quantify fluxes of materials from the land to the coastal region which determines the 
anthropogenic effects on the coastal environment. The concentration of land-ocean fluxes in estuaries 
apparently offers the prospect of estimating net transport to the ocean from the upstream estuarine 
sections. Quantification of these fluxes is an important objective in the evaluation of environmental 
impacts (Lane et al. 1997). The determination of net fluxes in estuaries is, however, complicated by tidal 
motions which require observations to be extensive in time, in order to allow averaging over tidal cycles, 
and of sufficient spatial resolution to permit accurate integration across the estuary section. Direct 
determination of net flux at a cross section has a long and generally discouraging history in estuarine 
oceanography (Jay et al. 1997). The development of Acoustic Doppler Profiler (ADP) and its application 
to estuaries offers a potential to decrease the time required in data acquisition and to provide data of 
greater spatial resolution than traditional methods. In addition, ADPs provide a continuous data 
collection throughout the water column and cross section rather than discrete point measurements.  

 Cochin estuary is the second largest estuary along west coast of India. However, reclamations 
over the past several decades have resulted in considerable shrinkage (40%) of the estuary (Gopalan et 
al. 1983). The ongoing dredging associated with port development and maintenance has deepened and 
widened the lower estuarine reaches which can change the tidal range, tidal prism, ebb and flood tide 
velocities and can also cause bank instability. In addition, increased anthropogenic activities from the 
mid 1970s have seriously polluted the estuary by industrial discharges (Balachandran et al. 2005). 
Eutrophication caused by the excess supply of anthropogenic nutrients has become a major threat for the 
ecosystem functioning (Madhu et al. 2007, Martin et al. 2011, Martin et al. 2013, Rajaneesh et al. 2015). 
Heavy metal pollution in the estuary has increased significantly through the discharge of industrial and 
domestic wastes (Nair and Sujatha 2013) which can adversely affect the estuarine microbial diversity 
(Jose et al. 2011) and benthic organisms (Martin et al. 2012). Increased human activities has sustained a 
very high population of virus and bacteria in the estuary (Parvathi et al. 2015). 

In the recent years, numerous studies have been carried out to examine the dynamics of Cochin 
estuary. Revichandran et al. (2011) reported that the amplitude of water level decreased to a minimum in 
the central area between the two inlets in the northern arm of the estuary. The variations in stratification 
due to runoff or due to the closure of an artificial barrage situated upstream influenced the distribution of 
chemical and biological parameters within the estuary (Shivaprasad et al. 2013a, 2013b).  The flushing 
time scales of the estuary ranged from 1 to 2.5 days during the wet season and were 8.7 days during the 
dry season (Vinita et al. 2015a). The high flushing rates caused by river runoff had direct influence on 
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nutrient transport (Lallu et al. 2014) and plankton dynamics (Sooria et al. 2015) of the estuary. In 
addition, tides in the estuary are mixed and predominantly semidiurnal in nature thereby inducing 
significant spatial changes in flood-ebb asymmetries (Vinita et al. in press). Although these studies 
reveal the hydrodynamics and the environmental status of the estuary, efforts to measure the residual 
fluxes is limited due to the lack of high resolution data. Lallu et al. (2014) had attempted to quantify the 
net material fluxes using current meter records at multiple stations during October 2009. In their study, 
the current profiles at the Cochin inlet station was obtained by single-point sampling using two current 
meters positioned at the surface and bottom. However, discharge estimates using conventional 
mechanical current meters often yielded great errors (Simpson and Bland 2000). Realizing the difficulty 
to accurately measure fluxes via single point current meter records, ADPs were introduced in Cochin 
estuary for the first time in the year 2010. In addition, unlike the previous studies which focused mainly 
on the influence of river runoff and the high flushing rates on the fluxes and environmental conditions of 
Cochin estuary, the present study was conducted during dry season (February and March 2010) when 
tidal actions are predominant. Series of moving boat ADP discharge measurements were conducted 
across Cochin inlet under neap and spring tidal cycles to quantify the residual fluxes of water. 
Simultaneous nutrient concentrations were also determined to estimate the net nutrient transport through 
Cochin inlet. 

2. Materials and methods 

2.1 Environmental set up 

 Cochin estuary extends from Munambam (10°10’N, 76°15’ E) in the north, to Thannermukkam 
(09°30’ N, 76°25’ E) in the south over a length of ~80 km covering an area of about 300 km2 (Figure 1). 
The system is characterized by its long axis lying parallel to the coastline connecting the sea at two 
inlets: Munambam and Cochin. Cochin inlet is relatively wider and deeper. The widths and depths from 
mouth (Cochin inlet) to head (Thanneermukkam) range from 450m to 4km and 15m to 3m respectively.  
The freshwater runoff into the estuary is primarily contributed by rivers Periyar, Pampa, Achankovil, 
Manimala, Meenachil and Muvattupuzha. The river runoff is high during wet season (June-September) 
characterized by Indian Summer Monsoon (ISM). This period is followed by a moderate runoff period 
(October-December) and the rest of the year represents the peak dry season. The monthly mean river 
runoff obtained from Central Water Commission for the year 2010 is presented in Figure 2. It varies 
from 158m3s-1 in February to 1463m3s-1 in July. The estuary undergoes a transition from salt wedge type 
during wet season to a completely well-mixed state during the peak dry season (Shivaprasad et al. 
2013a). While Cochin inlet is ebb dominant, the main channel areas are flood dominant in nature during 
dry season (Vinita et al. in press). 
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2.2 Data collection and analysis 

 A 24h field experiment was carried out at Cochin inlet for two consecutive tidal cycles of neap 
(22-23 February 2010) and spring (1-2 March 2010) tides of dry season. These months were selected for 
this intensive survey including physical and chemical parameters to minimize the likelihood of major 
non-tidal current components (river runoff). Water level was recorded at 10 minute intervals using SBE 
26 plus Tide Recorder with accuracy 0.1% of full scale (Strain Gauge Pressure) which was installed at 
the estuarine margins near to the sampling cross sections. Current velocity and total cross section 
discharge were acquired using ADP with bottom track capability. A Sontek ADP (1500 kHz) was towed 
450m across the inlet for every 3h which acquired vertical velocity (± 1 % accuracy) profiles at 5s 
averaging rate and 0.9m of vertical resolution (cell size). The cross-channel transects were undertaken 
from right bank to left bank (Figure 1). The boat speed (from bottom-track data) was subtracted from the 
measured water velocity to give absolute current profile independent of boat motion. Downstream 
currents are assigned positive and upstream currents are assigned negative. The discharge computations 
were made using the proprietary software Sontek’s RiverSurveyor. A sixth order polynomial was fitted 
(R2=0.9) to the relation between water level and ADP discharge to derive hourly flux values. 

 Salinity profiles were taken using SBE Seabird 19 plus CTD (conductivity ± 0.001 Sm−1) with a 
bin size 0.2 m for every 1h interval at the middle of the transect (depth of 10m) (Figure 1). Current 
profile at this CTD sampling station was extracted from the ADP cross-channel data to examine the 
evolution of currents and stratification over tidal cycles. Using this data, the gradient Richardson number 
(Ri), which provides stability of the water column were computed at 3h interval from equation,  

ܴ݅ ൌ ௚డఘ/డ௭

ఘቀങೠങ೥ቁ
మ               ------------------ (1) 

where ߩ is the mean density, ∂ρ/∂z is the mean vertical density gradient, g is the gravitation acceleration 
and  ∂u/∂z is the mean vertical shear. When stratification is of more importance than mixing, Ri is 
greater than 0.25. When Ri values are lower than 0.25, mixing prevails as a result of shear instability 
(Miles 1961).  

At the same location, water samples were also collected from 0.5 m below the surface and 0.5 m 
above the bottom at 3h intervals using 5L Niskin sampler (Hydro-Bios, Kiel-Holtenau, Germany) 
simultaneous with the ADP discharge measurement for both tides. The samples for dissolved oxygen 
(DO) collected without air bubbles in glass bottles were fixed onboard and later analyzed according to 
Winkler’s method (Grasshoff et al. 1983). The water samples for the determination of various dissolved 
inorganic nutrients were collected in 500ml PVC bottles, kept in ice boxes and filtered through 
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Whatman no.1 filter paper (pore size 1 μm) in the laboratory at the earliest possible time. Nitrite-N was 
determined through the formation of a reddish purple azo dye following the method of Bendschneider 
and Robinson (1952). Nitrate-N was measured by reduction to nitrite in a copper-cadmium reduction 
column (APHA 2000). Ammonia-N and silicate- Si were estimated by phenate method (APHA 2000) 
and by ascorbic acid method (Koroleff 1983) respectively. Phosphate- P was measured using ascorbic 
acid as reducing agent (APHA, 2000). All the dissolved nutrients were analyzed using a UV-VIS 
Spectrophotometer (Shimadzu 1650PC) calibrated with respective standard solutions. Nutrient transport 
at the inlet during consecutive neap and spring tides was computed with the instantaneous discharge 
values (m3s-1) obtained from ADP measurements multiplied by the corresponding nutrient concentration 
(µM converted to kgm-3). Net fluxes are represented in tons per day (t d-1). The export fluxes were 
symbolized as positive and import fluxes as negative with respect to downstream and upstream currents.   

3. Results 

3.1 Time series of water level, currents and salinity 

 Variations in water level, currents and stratification for neap and spring tides are summarized in 
the Figure 3. Figures 3a and 3b demonstrate that tidal cycles were mixed semi-diurnal for both tidal 
phases with diurnal inequality. The maximum tidal range for neap tide was 75.4cm (Figure 3a) which 
increased to 93.9cm for spring tide (Figure 3b). Pronounced diurnal inequality was observed for neap 
with the largest occurring during low tides (36.9cm). The difference between high tides during neap, 
however, decreased to 4.9cm.The diurnal inequality at spring tide was 6.4cm and 15.1cm for low and 
high tides respectively. The currents were vertically homogeneous and were unidirectional for both tides 
(Figures 3c, 3d). The neap observations indicated that the current peaks were 150cm s-1 with a direction 
of 246° (with respect to true north) during ebb and were -125 cm s-1 with a direction of 84° during flood 
periods (Figure 3c). The highest ebb velocity occurred at the surface while the highest flood velocity 
occurred at the bottom. During spring tide, the maximum flood was -162 cm s-1 toward 76° and 
maximum ebb was 131 cm s-1 toward 262° (Figure 3d). The highest flood and ebb velocities were found 
at the surface. 

 A phase lag between water level and salinity was more pronounced for neap (Figures 3a, 3e) 
than spring tide (Figures 3b, 3f). The salinity field under neap tides showed a definite stratification 
feature, with fresher water of 21.7 at the upper layer and saltier water of 30·6 at the bottom during the 
initial ebb (Ri ~ 0.9) (Figure 3e). After slack, stratification gradually declined and near lowest high water 
(LHW), the water column was homogeneous with salinity of about 31 psu (Ri<0.25). Similar 
observations were found in the following tidal cycle also but with relatively lower stratification during 
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ebb (Ri ~ 0.7) and mixing at highest high water (HHW) (Ri ~ 0.4). During spring tide, the salinity 
gradients between surface and bottom was lower (~5.3) compared to neap tide (~8.9) (Figure 3f). 
Although slighter stratification was developed during low water, the highly turbulent tidal flood currents 
mixed the whole water column, raising salinity to 33 psu. Ri values were less than 0.25 throughout the 
observation period with the least value of 0.02 found during HHW indicating turbulence which is largely 
unaffected by stratification. 

3.2 Cross-channel currents and residual water fluxes  

 Typical cross-channel current speed and direction contour plots for neap and spring tides 
measured using ADP are shown in the Figure 4. During neap, the maximum cross-sectional mean 
velocity of 98 cm s-1 occurred at 9:00h (Julian day 53.38) (Figure 4a) close to lowest low water (LLW) 
(Figure 3a). The dominant direction of the current profiles were also seaward (270°) during that time 
(Figure 4a). In the landward direction (90°), the maximum mean velocity of 68 cm s-1 was attained at 
18:00 h (Julian day 53.75) (Figure 4b) close to LHW (Figure 3a). During spring, the currents peaked to 
84 cm s-1 in the landward direction at 0:00h (Julian day 61) at HHW (Figure 4c, 3b) whereas maximum 
mean velocity of 96 cm s-1 in the seaward direction occurred at 6:00 h (Julian day 61.27) close to LLW 
(Figure 4d, 3b). 

 Figure 5 shows the relation of water flux variability for neap and spring tides with the observed 
water level. During neap tide, the maximum seaward flux occurred close to lowest low water (LLW) 
reaching 5305 m3s-1 (Figure 6a). The first high water took place about 8 h after low water, increasing the 
landward flux to a maximum value of 2807 m3s-1 near LHW. Then, highest low water (HLW) occurred 
soon after 4h which reduced the instantaneous flux to near zero values. Under spring tidal conditions, 
the landward fluxes began to increase about 2h after HLW, reaching 5193.7 m3s-1 near HHW (Figure 
6b). The ebb flow commenced approximately 3h after HHW, giving an outward water transport peak of 
5381.8 m3s-1 at the 22nd hour of the tidal cycle near LLW. There is a phase lag between the calculated 
fluxes and water level for both tides; about 4.5 h in neap and about 2.5 h in spring. While the spring-
neap variability in the maximum seaward fluxes was low (neap: 5305.3 m3s-1; spring: 5381.8 m3s-1), 
large differences were exhibited for maximum landward fluxes (neap: 3006.6 m3s-1; spring: 5193.7 m3s-

1). The residual fluxes of water over the tidal cycles were 4990.8 m3s-1 and 2149.7 m3s-1 for neap and 
spring tides respectively, directed seaward during both tidal phases. 

3.3 Nutrient distribution and net transport 

The mean DO values for neap and spring tides were 5.32±0.4 mg/L and 4.48± 0.6 mg/L 
respectively. The minimal range (2.98-5.82 mg/L) in oxygen concentration occurred in spring tide. The 
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tidally averaged surface values of all nutrients, other than NH4 were higher during neap than spring tide 
(Figure 6a). At the bottom, PO4 and SiO4 concentrations were comparatively higher during spring 
suggesting that enhanced turbulence due to strong currents facilitated the release of substances from 
bottom sediments (Figure 6b). The difference between surface and bottom nutrients (except NH4) was 
larger during neap than spring tides owing to the observed stratification during neap tide. Distinctly, the 
surface mean values of NH4 during spring (23 µM) were higher than neap (17 µM) whereas the bottom 
mean values (~16µM) were similar for both tidal phases. The maximal surface-bottom variability (neap: 
15.7µM; spring: 9.2 µM) was observed for SiO4 irrespective of the tidal phases. The predominant form 
of dissolved inorganic nitrogen (DIN) was NH4, constituting 55% and 75% during neap and spring tides 
respectively, followed by NO3 and NO2. The tidally averaged values of N/P ratio were higher for neap 
(43:1) than spring (28:1) owing to increased NO3 concentration. Pearson correlation matrix of salinity 
and nutrients for neap and spring tides are presented in Table 1. Concentration of NO2, PO4 and SiO4 
displayed strong inverse relationship with salinity (R2=0.96) for neap and spring tides. NO3 was 
negatively correlated (p<0.001) with salinity during spring whereas, for neap the relation was poor due 
to its large variability. No significant relation was found between NH4 and salinity. From these statistical 
analyses, it is presumed that sources of NO2, PO4 and SiO4 were mainly riverine, while there exists 
several nonpoint sources for NO3 and NH4.  

 The pronounced intra-tidal and spring-neap variations in nutrient distribution were also reflected 
in the net transport of nutrients through the Cochin inlet (Table 2). The computed net fluxes were 
positive for all nutrients irrespective of the tidal phases except NH4 on spring tide. The maximum net 
fluxes were obtained for NH4 which showed positive (245.68t/d) and negative (132.93t/d) values for 
neap and spring tides respectively. Evidently, there was a decrease in the net fluxes of all nutrients 
during spring compared to neap tides. NO3 fluxes decreased from 81.13t/d on neap to 2.51t/d on spring 
tides. The DIN fluxes were also calculated which showed a net export of 331t/d during neap while a net 
import of 128t/d during spring tides.  

4. Discussion 

 The material transport in estuaries is affected by diurnal inequality and its rate varies over 
spring-neap cycles and seasonal scales (Uncles and Jordan 1979). The present study during the tidally 
dominated period (dry season) showed that the neaps were characterized by strong diurnal inequality, 
while the spring tides were more symmetric. These tidal characteristics directly influenced the 
stratification and residual fluxes through the main inlet. Shivaprasad et al. (2013a) had reported the 
occurrence of a similar diurnal inequality during neap tide of wet season which controls the 
advancement of salt wedge at high tides and retreat during low tides. 
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 The currents structure and salinity illustrate the dynamic nature of the flows with tidal time-scale 
variations at the site (Figure 3). A transition from partially mixed neap tide to well mixed spring tide 
was observed during dry season. The role of diurnal inequality in setting the pattern of currents and 
salinity was discernible. In neap tide, for the first tidal cycle, the initial ebb was strong with current 
speeds ranging from 8cm s-1 to 150cm s-1 (Figures 3a and 3c). The subsequent flood took about 8 h to 
reach the LHW with velocities ranging from 14 cm s-1 to 125 cm s-1. This was followed by a shorter (4 
h) but slower (~26 cm s-1) ebb period. Due to the large tidal prism (change in volume of water between 
high tide and low tide) of the first tidal cycle, the current speeds during second flood leading to HHW 
was weak ~ 23cm s-1 (Figure 3c). Higher and prolonged stratification was also found during the initial 
ebb compared to the following ebb tide which can be attributed to the large inequality in the low tide 
ranges (Figure 3e). On the other hand, spring tides were almost symmetric and the current strength, 
stratification and fluxes corresponded well with the water level changes. Strongest currents and intense 
turbulent mixing period with vertical isohalines were observed during the highest tides (HHW) (Figures 
3b and 3d). The range of variability in the salinity was reduced during the spring due to a reduction in 
the diurnal inequality (Figure 3f). 

 The cross-channel ADP measurements showed that the peak ebb currents that occurred for both 
tides were similar in magnitude (~ 100 cm s-1) but peak flood currents of neap were lower than spring by 
about 20 cm s-1 (Figures 4). These intra-tidal and spring-neap variations in current speeds were also 
reflected in the residual fluxes of water. The maximum seaward fluxes for spring and neap tides were 
similar whereas the spring landward fluxes were higher (Figure 5). The observed stronger ebb than flood 
currents implied residual outflow on the neap and spring tides. Moreover, for neap tide the computed 
residual fluxes were almost double that of spring tide. Tidal forcing downstream reduces the seaward 
fluxes and the effect becomes prominent during spring tides when the tidal ranges are higher (Godin 
1988). Diurnal inequality played a prominent role in neap tide as the maximum landward fluxes 
occurred close to LHW, unlike spring tide, where the maximum fluxes coincided with HHW. 

The direct impact of the hydrodynamics on the nutrient distributions at Cochin inlet was also 
assessed. The highest concentration of nutrients in the region was associated with waters of upstream 
origin and lower salinities. The strong inverse relationship of SiO4, PO4, and NO2 with salinity for 
spring and neap tides indicated freshwater as their main source of inputs. However, NH4 and NO3 
concentrations did not show significant relationship with salinity due to their possible supply from 
nonpoint sources like urban and industrial discharges (Martin et al. 2013, Bhavya et al. 2015). In 
addition, NH4 and NO3 concentrations in the estuary are often controlled by the processes such as 
organic matter decomposition, nitrification and nitrogen fixation apart from sediment re-suspension 
(Miranda et al. 2008, Vipindas et al. 2015). Bhavya et al. (2015) pointed out that despite the high 



9 

 

nitrification rates and biological assimilation prevailing in Cochin estuary, the ammonia pollution is only 
moderately reduced. During ebb tide an increase in SiO4, PO4, NO2 and NO3 in the water column was 
noticed. The stronger ebb currents and increased ebb nutrient concentration resulted in the export of all 
nutrients (except ammonia during spring) into the sea (Table 2). The decrease in the nutrient fluxes 
during spring could be attributable to the relatively lower nutrient concentration and the reduction in the 
residual outflow. In a recent study during post monsoon season (September–October 2009) by Lallu et 
al. (2014), Cochin estuary was reported to be a matured system, since it exported substantial amount of 
nutrients. 

Negative NH4 fluxes during spring tide were due to its higher concentration during flood. NH4 

could be imported from the coastal waters where the organic matter remineralisation processes may 
regenerate nutrients in the sediment (Dunn et al. 2008). In the western Indian inner shelf regions, the 
nutrient demands for phytoplankton production is supplied by benthic regeneration during dry season 
(February–March) (Naqvi et al. 2006) and a maximum benthic release of NH4 (>50%) is observed 
(Prathihary et al. 2014). The stronger coastal currents during spring can cause nutrient diffusion in the 
water column which is likely to advect to the estuary with the incoming flood tide. 

Table 2 presents the nutrient fluxes measured during dry season in other Indian estuarine systems 
for comparison. It should be noted that while Cochin estuary and Hoogly estuary generally showed large 
seaward fluxes of nutrients, the fluxes of Chaliyar estuary and Tapi estuary were smaller and directed 
landward. Although the fluxes of DIN from Cochin estuary were larger compared to the estimates of 
Hoogly estuary, the phosphate and silicate fluxes were more or less similar. The greater export fluxes 
from Cochin estuary to the coastal water indicated excessive nutrient supply from nonpoint sources like 
municipal and industrial waste discharges during dry season. 

5. Conclusion 

The results of the present study showed that at Cochin inlet during dry season, strong diurnal 
inequality was present for neap tide whereas spring tide was almost symmetric. Due to stronger ebb 
currents, the net residual fluxes were directed seaward and for neap tide the fluxes were almost double 
that of spring tide. The study also provides more reliable estimates of nutrient fluxes through the inlet by 
means of ADP measurements during dry season. Despite the low runoff conditions during dry season, 
generally a net export of materials through Cochin inlet was observed. This was due to the characteristic 
ebb dominance of tidal currents compounded with the increased ebb concentrations of nutrients. The 
vast export of nutrients from the estuary has direct impact on the coastal productivity which is 
substantiated by the frequent occurrences of blooms in the adjacent coastal areas, even during dry season 



10 

 

(D’silva et al. 2012). The study highlights the need for future interdisciplinary research utilizing 
simultaneous ADP measurements across river mouths and inlets for different seasons to quantify the 
material inputs and outputs. 
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9. Legends 

Figure 1. Map of Cochin estuary and Cochin inlet. Transect sampled across inlet using ADP and CTD 
sampling station is shown. 

Figure 2. Monthly mean river runoff of Cochin estuary for the year 2010 

Figure 3. Time series of physical parameters of neap (left panel) and spring (right panel) tides of dry 
season: (a&b) water level, (c&d) currents, and (e&f) salinity  

Figure 4. Cross-channel current speed and direction contour plots showing maximum flood and ebb 
currents measured using ADP for neap and spring tides 

Figure 5. Variations in water level and intra-tidal fluxes (m3 s-1) during (a) neap, (b) spring tides of dry 
season (Feb-Mar, 2010) 

Figure 6. Nutrient distribution at Cochin inlet during neap and spring tides of dry season (Feb-Mar, 

2010): (a) surface (b) bottom 
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Figure 3 
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Figure 6 
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Table 1. Pearson correlation matrix for salinity and nutrients for dry season (a) Neap (b) Spring 

(a) Neap 
 

Variables Salinity NO3-N NO2-N  NH4-N  
P

O4-P SiO4  
Salinity            1           
NO3-N    -0.175  1 
NO2-N   -0.976**        0.213 1 
NH4-N   -0.122        0.213 0.093        1 
PO4-P  -0.770*        0.057 0.735* 0.297       1 
SiO4   -0.837**       0.105 0.770* -0.018 0.692*        1 
(b) Spring 

 Variables Salinity NO3-N         NO2-N  NH4-N PO4-P  SiO4 

Salinity       1           
NO3-N - 0.614* 1 

NO2-N  -0.888** 0.374               1 

NH4-N  -0.245 0.642          0.210 1 

PO4-P  -0.700* 0.282          0.698* 0.252          1 

SiO4  --0.772* 0.545          0.846** 0.527     0.678*        1 

*: P < 0.001, **: P < 0.0001, bold values indicate negative correlation 
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Table 2. Material fluxes (t/d) of Cochin estuary in comparison with other systems in India 

Location    NO3-N  NO2-N  NH4-N  DIN  DIP  SiO4-Si  Source 

Hoogly 
estuary 

  ‐  ‐  ‐  180.27  35.07  117.26 
Mukhopadyay 
et al. (2006) 

Tapi 
estuary 

  ‐  ‐  ‐  -63.73  -17.3  ‐  Bapardekar     
et al. (2004) 

Chaliyar 
estuary 

  -0.143  -0.02 -0.01 -0.17  ‐  ‐ 
Xavier et al. 

(1993) 

Cochin 
estuary 

Neap  81.13  4.88  245.68  331  20.06  108.07 
Present study 

Spring  2.51  2.15  -132.9  -128.3  10.05  93.41 

 

 


