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Abstract
The present study aims to appraise the spatial and temporal dynamics of the coastal waters of the Mumbai coast in India. 
Four sampling stations were monitored based on the pollution and anthropogenic stress in the coastal area where two stations 
were fixed near to the coast (off Aksa and Juhu beach), while the other two were away from the coast. Sampling periodicity 
was monthly for the ten water quality parameters such as SST, pH, salinity, dissolved oxygen levels, alkalinity, chlorophyll 
a patterns, and nutrient levels such as ammonia, nitrite, nitrate, and phosphate. Overall SST, pH, alkalinity, and phosphorus 
showed significant variation when the data across seasons were analysed, whereas chlorophyll a and phosphorus showed 
significant variation across stations in the two-way univariate ANOVA model. SST and pH, and DO and pCO2 had a substan-
tial negative correlation, but SST and salinity, SST and pCO2, pH and DO, alkalinity and pCO2, nitrate and phosphate, and 
phosphate and pCO2 had a significant positive correlation. Resource-rich coastal areas are continuously threatened globally 
due to developmental pressure that inevitably affects the environment, especially around megacities.
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Introduction

Coastal marine habitats are regarded as the most economi-
cally viable and environmentally beneficial areas on the 
globe accounting for over 40% of the ecosystem goods and 
services (Costanza et al. 1997). Water is one of the vital 
components in this ecosystem. The quality of water can be 
assessed by physicochemical and microbiological charac-
teristics (Trivedi et al. 2009). The seawater characteristics 
change with reference to spatial and temporal variations 
affecting both the human and aquatic ecosystem (Gupta et al. 
2009). The primary cause of coastal pollution is population 
growth, as well as poor waste management, which results 
in excessive waste entering the waters (Goldberg 1995). As 
a result, seawater quality monitoring and observations are 
required for proper water quality management (Udoinyang 

and Ukpatu 2015). Physical–chemical characteristics are an 
important model for estimating and monitoring changes in 
any coastal water body. Water quality characteristics such 
as SST, pH, salinity, dissolved oxygen, and nutrients greatly 
influence the water environment. Several studies have docu-
mented the prospective nature and effects of global changes 
on the coastal environment (Karthikeyan et al. 2014; Boesch 
et al. 2000). However, it is not possible to determine the 
dominating environmental factors and the comparative 
importance of selected components in the diverse natural 
habitat. This is especially evident in estuarine and coastal 
waters which are dynamic ecosystems where complex inter-
action between numerous factors is present. Further such 
changes are impacted by anthropogenic activities and can 
be indicative of the specific pollution pressure. Physical, 
chemical, and biological processes have an impact on the 
marine environment.

The open ocean is more stable than nearshore waters, 
where interactions with the terrestrial zone are more suc-
cessful at causing changes in physicochemical properties. 
In the biochemistry of a water body, physical characteris-
tics have a significant impact. Physical variations can have 
a major effect on the experimental system’s water quality, 
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which can modify the geographical and temporal distribu-
tion of nutrients and/or biological populations. It has an 
impact on their range, diversity, and feeding patterns (Imam 
and Balarabe 2012). Changes in the physical ocean process 
can also have an impact on weather patterns and climate 
variability. The open ocean is known to be the main sink 
for anthropogenic CO2 (Sabine et al. 2004); nevertheless, 
human-made CO2 has affected water carbonate chemistry 
since preindustrial times and is likely to continue to do so in 
the coming years (Orr et al. 2005). Coastal ecosystems can 
also be acidified by carbon dioxide fluxes in the atmosphere 
(Miller et al. 2009; Feely et al. 2010) and/or upwelling of 
CO2-rich deep water (Feely et al. 2008). Probably due to a 
combination of processes such as climate change, watershed 
geology, and acid deposition, water buffering capacities can 
be affected by the melting of sea ice and mineral weather-
ing. There are some recent evidences of coastal zones with 
seasonally low pH and/or elevated pCO2 conditions (Feely 
et al. 2010; Cai et al. 2011; Sunda and Cai 2012; Duarte 
et al. 2013; Melzner et al. 2013), while others have docu-
mented that some coastal regions have experienced progres-
sively declining pH levels in recent decades (Waldbusser 
et al. 2011).

Because of the nonlinear nature of environmental data, 
spatiotemporal changes in water quality can be difficult to 
interpret; statistical methodologies are applied to provide 
comprehensive and accurate water quality analysis (Dixon 
and Chiswell 1996). Monitoring of coastal water quality 
is key to assess degradation, and derivation of data can be 
an informative tool for coastal management and policies. 
Mumbai coastal waters are subjected to several stresses from 
domestic, industrial, and marine transport activities along 
the coastal waters. Thus, the present study aims at the under-
standing of spatiotemporal dynamics of the coastal waters 
of the North Mumbai coast.

Material and methods

Study site

A sampling procedure was carried along the four stations 
in Mumbai to study the physicochemical analysis of coastal 
waters. The sampling stations were selected based on the 
stress factors like pollution and sewage discharges. Stations 
1 and 2 (Fig. 1) are in the line of the mouth of Manori creek 
off Aksa beach, while stations 3 and 4 are away from the 
mouth and approximately 5–6 km to the south of the Versova 
creek. Stations 1 and 4 are located in inshore water, while 
stations 2 and 3 are in the offshore region at a depth beyond 
50 m. Therefore, the sites give a comparison between sta-
tions located in inshore and offshore as well as between (sta-
tion 1 and station 2) stations directly led by organic input 

from the creek and those which are a few kilometres away 
from the influx line of creek (station 3 and station 4). Station 
locations were recorded using a GPS data logger which are 
given below and are represented in Fig. 1.

Station 1: 19° 10′ 14.28″ N lat 72° 45′ 53.48″ E long (off 
Aksa beach)
Station 2: 19° 09′ 50.00″ N lat 72° 44′ 19.00″ E long
Station 3: 19° 04′ 10.40″ N lat 72° 45′ 48.45″ E long
Station 4: 19° 05′ 38.00″ N lat 72° 47′ 51.00″ E long (off 
Juhu beach)

Sampling

Monthly sampling was carried from September 2017 to May 
2018 for 9 months using M.F.V Narmada-CIFE (Marine 
Fishing Vessel Narmada-Central Institute of Fisheries 
Education). The sampling period can be categorized into 
three seasons, post-monsoon (September 2017 to Novem-
ber 2017), winter (December 2017 to February 2018), and 
pre-monsoon (March 2018 to May 2018). Samplings could 
not be taken up due to the closed season ban in the month 
of June, July, and August. This study characterized the pat-
terns of sea surface temperature (SST), pH, salinity, dis-
solved oxygen (DO) levels, alkalinity, chlorophyll a (Chl 
a) patterns, and nutrient levels such as ammonia, nitrite, 
nitrate, and phosphate. Physical parameters of seawater 
like SST, pH, and salinity were measured directly in the 
field using a calibrated mercury thermometer, OAKTON 
pH EcoTestr, and ATAGO S/Mill-E refractometer respec-
tively. Water sampling and preservation were carried out in 
accordance with APHA (2005) guidelines. All the analy-
ses were done in triplicate, and data quality was assured 
through standardization. Water samples were fixed for 
DO and analysed titrimetrically by Winkler’s iodometric 
method (APHA 2005). Samples were collected for labora-
tory analysis of alkalinity, nutrients, and Chl a and analysed, 
as per guidelines in APHA (2005) with the help of standard 
techniques and procedures. The alkalinity of the samples 
was determined by titrating them with a standard solution 
of strong acid (H2SO4) using phenolphthalein and methyl 
orange as indicators as recommended by APHA (2005). 
As specified in APHA, chlorophyll a was extracted using 
the acetone extraction procedure and evaluated using spec-
trophotometric determination (2005). Standard procedures 
were used to examine the nutrient parameters (ammonia, 
nitrate, nitrite, and phosphate) (APHA 2005). The phenate 
method was used to estimate ammonia–nitrogen, the col-
orimetric method in a spectrophotometer was used to deter-
mine nitrite-nitrogen using N(1-naphthyl)-ethylenediamine 
dihydrochloride and sulphanilamide solution, the UV spec-
trophotometric monitoring method was used to determine 
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nitrate-nitrogen, and the ascorbic acid method was used to 
determine phosphate-phosphorus.

The pCO2 is the CO2 gas-phase pressure at which the 
dissolved CO2 is in equilibrium. The CO2SYS programme 
was used to estimate the partial pressure of carbon dioxide 
in water (pCO2) fluctuations in μatm for the Mumbai waters 
(Lewis and Wallace 1998). Using the CO2SYS programme, 
the pCO2 was calculated using measured salinity, tempera-
ture, pH, and alkalinity. Several researchers have found the 
relevant equilibrium constants, K1 and K2, that define CO2 
speciation in seawater at various temperatures and salinities. 
According to Mehrbach et al. (1973) and refit by Dickson 
and Millero (1987), the dissociation constants K1 and K2 for 
carbonic acid were employed. The CO2SYS programme cal-
culates the other two parameters using two of the four meas-
urable CO2 system parameters: alkalinity, total inorganic 
CO2 (TCO2), pH, and either fugacity (fCO2) or partial pres-
sure of CO2 (pCO2) at a set of input conditions (temperature 
and pressure) and a set of output conditions chosen by the 

user. The total carbonate, carbonate, and bicarbonate content 
of TCO2 is equal to the sum of dissolved CO2, carbonate, 
and bicarbonate. TCO2 and alkalinity are aqueous solution 
properties that are unaffected by temperature or pressure, 
whereas temperature and pressure influence fCO2, pCO2, 
and pH. We can define the other two parameters using any 
two of these factors (excluding the combination of fCO2 and 
pCO2), as well as additional water properties such as salinity, 
at a given temperature and pressure (Yuan 2006).

Statistical analyses

Two-way ANOVA was used to examine the change in the 
different environmental factors between seasons and at all 
stations. A two-way univariate ANOVA model with interac-
tion (y = mu + station + season + station*season + error) was 
fitted to evaluate different responses. A post hoc analysis 
(Duncan’s multiple range) was conducted to test the cluster-
ing (significant differences in the means) of levels of stations 

Versova
creek

Manori
creek

INDIA

Maharashtra

Mumbai

ARABIAN
SEA

Fig. 1   Map showing the study area and sampling locations along the Mumbai coast. Inset marked in red colour box indicates Mumbai city of 
Maharashtra State, India. Green dots indicate the four sampling stations
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and seasons. This was utilized to figure out how environ-
mental variables varied across different stations and seasons. 
A p-value of 0.05 was judged significant in the ANOVA. 
In correlation analysis, the correlation coefficient is used 
to determine how closely two variables are linked (Healey 
1999). The correlation coefficient indicates the strength of 
the relationship. The stronger the link, the higher the correla-
tion. Spearman’s correlation coefficient was done to under-
stand the correlation between environmental parameters in 
SPSS 21.0. Scatter plots were utilized to highlight the cor-
relations between various environmental factors assessed 
during the sampling period. Since pCO2 is a derivative of 
pH, temperature, and alkalinity using CO2SYS software, it 
was not included in the ANOVA and has been presented 
respectively.

Results and discussion

The least squares (LS) means with standard errors of water 
quality parameters at four stations are highlighted in Table 1, 
and three different seasons are listed in Table 2. The distri-
bution of physicochemical variations observed at four sta-
tions during the three seasons is illustrated in Fig. 2.

A similar trend emerged in the time distribution of sea 
surface temperature (SST) at all locations. Higher values 
were connected with the pre-monsoon season (28 to 31 °C) 
and the lowest with the winter season (25 to 29 °C), which 
could be associated with the solar radiation that the region 
experienced over the summer. During the study period, 
average temperatures at the sites ranged from 25 to 31 °C, 
demonstrating a seasonal pattern with low variation between 
stations. pH, a critical parameter in the carbonate system, 
was very variable. The pH levels varied between stations, 
ranging from 7.4 to 8.3. The lower pH values were associ-
ated with the summer (March to May), whereas higher pH 
values were reported during the post-monsoon (September 
to November). pH is governed by the buffering action of 
carbonic acid and is an important factor in maintaining the 
bicarbonate and carbonate system (Martin 1970). But com-
paratively lower average values of pH in the inshore areas 
indicate the pollution influx in these areas. Nearshore coastal 
waters had the most significant pH variations between sea-
sons (Narayanan et al. 2016). However, Shetye et al. (2020) 
observed a pH change in the Eastern Arabian Sea along the 
Goa Coast from 7.96 to 7.46 between seasons. The vari-
ation in salinity value ranged from 32 to 39 ppt with no 
significant variation across stations and seasons. Similarly, 
DO levels also did not show significant variations across sta-
tions and seasons, and the DO concentrations varied between 
2 and 9.6 mg/l. But an exceptionally lesser DO level in a 
range of 2 to 3 mg/l was evident in some winter months. 
Substantial reduction in DO was a common feature in the Ta
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regions receiving organic waste. The existence of aquatic life 
including fishery is intimately linked with the availability of 
DO. Thus, a DO level of less than 4 mg/l showed a polluted 
environment which is majorly in the inshore areas. The effect 
is diluted further in the open shore areas due to the large 
assimilative capacity of the sea.

SST, pH, alkalinity, and phosphate were shown to have 
considerable seasonal modulation (p-value 0.05) across 
sampling periods, demonstrating seasonal variations. The 
atmospheric conditions appeared to have a significant impact 
on seasonal fluctuations. The levels of chlorophyll a and 
phosphorus differed significantly amongst the stations. 
There is no interaction effect noted, and the ANOVA table 
is represented in Table 3 as mean square values of different 
parameters measured across the stations and the seasons.

In general, Chl a concentration ranged between 3.2 and 
6.1 mg/l; higher Chl a values were associated with station 
3(offshore area). The areas (stations 3 and 4) had greater 
surface Chl a than the other two stations where the pollut-
ants are probably pushed or accumulated due to less move-
ment of water. Stations 1 and 2 may be affected by tidal 
movement in and out of the creek not allowing pollutants to 
become resident. The high chlorophyll a levels reported are 
likely related to the stratified water column, shallow mix-
ing, and low sediment loads implying effective nutrient use 
in the study area (Pattanaik et al. 2020). Sporadic peaks in 
Chl a patterns were also observed during some sampling 
occasions at specific stations. The average alkalinity values 
ranged between 125 and 364 mg/l in the course of the study 
period. The greater values were linked to the post-monsoon 
season which showed a significant variation across the sea-
sons. pH and alkalinity are high in post-monsoon, and they 
are related also. The abundance of household trash and the 
lack of usual tidal movement, which might have washed 
and neutralized soluble compounds, could have enhanced 
alkalinity values measured during the post-monsoon period. 
Alabaster and Lloyd (1980) documented a seasonal effect, 
with higher alkalinity levels during the wet season than 
the summer months. This may be one of the reasons for 
higher alkalinity in the post-monsoon season. Through the 
whole study period, the mean pCO2 ranged from 206.60 to 
1844.40 atm. The pCO2 (water) level increases when the pH 
level decreases which was evident in the study. Kortzinger 
et al (1997) investigated CO2 emissions from the Arabian 
Sea during the SW monsoon, finding that there was a pCO2 
supersaturation state during this season, resulting in high 
emissions to the atmosphere. In the lower thermocline, it 
was discovered that organic matter renewal can raise the 
pCO2 value by 1000 atm (Sarma et al. 1998). During the 
SW monsoon, seasonal fluctuations in pCO2 resulted in high 
readings of 520–685 atm and low values of roughly 266 atm 
along India’s southwest coast (Sarma et al. 2000).
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Fig. 2   Distribution of different 
parameters across stations 1, 2, 
3, and 4 in three different sea-
sons {post-monsoon (September 
2017 to November 2017), win-
ter (December 2017 to February 
2018), and pre-monsoon (March 
2018 to May 2018)}, in the 
order temperature, pH, salinity, 
dissolved oxygen, chlorophyll 
a, alkalinity, ammonia, nitrite, 
nitrate, and phosphate
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Among nutrients, only phosphate showed significant vari-
ations across stations, and other nutrients such as ammo-
nia, nitrite, and nitrate values did not show any significant 
variations across stations and seasons. The average values 
of ammonia, nitrite, and nitrate ranged between 0.28 and 
1.31 ppm, 0.01 and 0.12 ppm, and 1.36 and 2.99 ppm, 
respectively. On most occasions, nitrate, ammonia, and 
phosphate nutrients were more prevalent in the water column 
than nitrite, with varying seasonal maxima. The discharge of 
sewage containing huge levels of organic substances, which 
produce massive amounts of ammonia, resulted in a higher 
concentration of ammonia. Particulate phosphorus has been 
linked to a variety of solid components, including detritus 
and particulate organic materials (Deborde et al. 2007). 
In the inshore stations (stations 1 and 4), phosphate levels 
were high compared to the offshore stations. High microbial 
breathing rates absorb oxygen quicker than they are replaced 
by horizontal or vertical ventilation, exposing eutrophic 
coastal areas receiving considerable volumes of organic 

material to hypoxia during summer months (Rabalais et al. 
2002). Gowda et al. (2002) observed that the peak periods 
of Chl a coincided with the lower concentration of nitrate-
nitrogen and phosphate-phosphorus. Phosphorus in post-
monsoon is higher indicating flush from land towards the 
end of the monsoon still affecting the load.

Spearman’s correlation coefficient (R) showed significant 
positive and negative correlations between the physicochem-
ical parameters (Table 4). A significant negative correla-
tion was observed between SST and pH (R =  − 0.339) and 
DO and pCO2 (R =  − 0.364), whereas a significant positive 
correlation was evident between the parameters SST and 
salinity (R = 0.340), SST and pCO2 (R = 0.408), pH and DO 
(R = 0.660), alkalinity and pCO2 (R = 0.466), nitrate and 
phosphate (R = 0.439), and phosphate and pCO2 (R = 0.347). 
Numerous research on the link between pH and DO have 
discovered significant positive linear associations (Luis et al. 
2010; Zhang et al. 2009). The rapid consumption of carbon 
dioxide increases the pH value.

Table 3   ANOVA table (mean square values of different parameters measured across the stations and across the seasons)

* p-value < 0.05

Source DF Temperature pH Salinity DO Chl a Alkalinity Ammonia Nitrite Nitrate Phosphorus

Station 3 1.5833 0.0047 1.2963 2.323 1.6788* 4.0741 0.0768 0.0001 0.2768 2.9022*

Season 2 14.1111* 0.1733* 5.3611 8.8311 0.8611 124441.1* 0.0238 0.0002 0.117 0.8024*

Station*Season 6 0.7778 0.0133 0.8796 2.7274 0.3685 276.1574 0.0489 0.0004 0.0897 0.1469
Error 24 1.8611 0.0503 3.3333 4.5556 0.4222 278.7778 0.0601 0.0011 0.1734 0.2229
R2% 45.73 26.76 19.91 27.27 46.95 97.4 28.37 11.51 27.81 67.66

Table 4   Correlation matrix of water quality parameters (Spearman’s correlation coefficients)

Temperature pH Salinity DO Chl a Alkalinity Ammonia Nitrite Nitrate Phosphorus pCO2

Temperature 1.000 -.339* .340* -.115 .156 .218 .252 .296 -.280 .085 .408*

.043 .042 .504 .364 .201 .138 .080 .098 .620 .013

pH 1.000 -.097 .660** .062 .093 -.072 -.185 -.071 -.077 -.749**

.573 .000 .719 .592 .677 .280 .681 .655 .000

Salinity 1.000 .057 .109 .297 .158 .221 -.204 .063 .280

.741 .528 .078 .358 .196 .233 .713 .099

DO 1.000 .101 .178 .062 .002 -.013 .311 -.364*

.557 .298 .719 .989 .942 .065 .029

Chl a 1.000 .186 .031 .016 -.032 .163 .063

.278 .858 .927 .852 .341 .714

Alkalinity 1.000 -.028 -.058 -.262 .123 .466**

.872 .738 .123 .473 .004

Ammonia 1.000 .040 -.028 .125 .114

.815 .870 .466 .508

Nitrite 1.000 -.205 .104 .183

.230 .544 .286

Nitrate 1.000 .439** .049

.007 .777

Phosphorus 1.000 .347*

.038

pCO2 1.000

Correlation is significant at *p < 0.05 and **p value < 0.01
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Fig. 3   Scatter plot showing the 
various relationships between 
physicochemical parameters in 
the order SST vs pH, SST vs 
salinity, SST vs pCO2, pH vs 
DO, DO vs pCO2, alkalinity vs 
pCO2, phosphate vs pCO2, and 
nitrate vs phosphate
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Scatter plots (Fig. 3) were made to showcase the trends based 
on the correlation matrix. Several scatter correlations were inves-
tigated to better define the physical and biological influences on 
the pCO2 variation in the water column with time. We discov-
ered that alkalinity (125 to 364 mg/l) was primarily related with 
pH 7.4 to 8.30, implying that coastal water played a role in this 
study. These were likewise linked to a significant level of salinity 
and average chlorophyll a levels (3.2 and 6.1 mg/l, respectively). 
Coastal acidification is a seasonal phenomenon characterized by 
a high degree of temporal and spatial regularity in DO levels 
(Cai et al. 2011). Furthermore, pCO2 had a substantial nega-
tive relationship with DO (R2 = 0.1455) and a significant positive 
relationship with SST, alkalinity, and phosphate levels. Noriega 
and Araujo (2014) discovered a strong negative relation between 
DO and pCO2, implying that extensive organic material decom-
position in the water or the soil might have resulted in a fall in 
pH and an increase in pCO2 values.

Conclusion

The Arabian Sea to the west and numerous tidal inlets encircle 
Mumbai, a metropolitan city on India’s west coast. Continuous 
accumulation leads to the concentration of waste material in 
the coastal and marine ecosystem affecting the marine habitat. 
The ever increasing demand for coastal resources leads to per-
sistent growth of population and indiscriminate exploitation of 
coastal resources that in turn triggers irreversible degradation 
of the coastal environment. The present study was attempted 
to gain a holistic insight into the spatiotemporal dynamics of 
north Mumbai coastal waters. The study indicates that temper-
ature, pH, alkalinity, and phosphate significantly varied when 
the data across seasons were analysed, whereas chlorophyll a 
and phosphate showed significant variation across stations. 
Importantly, Chl a was found to be higher in areas expected to 
have more resident time for the pollutant, and phosphate was 
higher closer to the coast. This study also indicated that such 
a study coupled with hydrographical measurements of depth, 
currents, eddies, and sedimentation pattern will help to predict 
season-wise change even on a local scale.
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