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Abstract 

The COVID-19 lockdown significantly improved the global environmental quality by restricted 

anthropogenic activities. We aimed to understand the response of Indian coastal environmental quality 

and an estuarine (Zuari estuary, central west coast of India) water quality to the lockdown using 

satellite-derived data sets and in-situ measurements, respectively. The in-situ study was carried out for 

two weeks (during August and September) to measure chlorophyll-a and macro-nutrients. Recent 5-

years (2015-2019; March - August) data sets of aerosol optical depth (AOD), rainfall, air temperature, 

sea surface temperature (SST), chlorophyll-a, particulate inorganic carbon (PIC) and particulate 

organic carbon (POC) were compared with lockdown period (2020). The AOD was decreased during 

the lockdown period (23 ± 11%) as compared with recent 5-years shows the significant impact of 

lockdown on industrial, transport and urbanization activities. The other water quality parameters and 

chlorophyll-a biomass have remained similar to the past data sets, indicating the insignificant effect of 

lockdown on these parameters. The results of the case study were compared with the previous reports, 

which showed a decrease in the concentration of nitrate, phosphate and silicate and comparable 

concentration of chlorophyll-a. Recent studies show significant impacts of lockdown on the 

atmospheric parameters and water quality parameters, however the present study did not observe any 

significant variations in the in-situ and satellite derived data sets of water quality and chlorophyll-a. 

We have discussed the possible reasons underlying in the less/undetectable response of the 

chlorophyll-a and water quality of the Indian coastal waters and estuaries during the lockdown. 

Keywords: aerosol optical depth, chlorophyll-a, environmental quality, tropical estuary; coastal 

waters. 
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1. Introduction 

The corona viral disease-2019 (COVID-19) outbreak has been reported for the first time in humans 

from the Wuhan city of China during December, 2019 and swift spread of this disease in a short period 

resulted in the global pandemic. The effective way to constrain this disease is to maintain personal 

hygiene and social distancing (WHO, 2020). Therefore, all countries have implemented strict 

lockdown to arrest the spread of virus and eradicate the disease, with few exceptions to access the daily 

essentials. India is one of the most populated developing countries, where the nationwide lockdown 

was implemented at different time phases. In the year 2020, the first phase of lockdown was started 

from 25th March to 31st May (complete lockdown) and the second phase during June onwards partial 

lockdown/unlock phases (night and weekend curfews) until October. As a result, there was a 

significant drop in the production and distribution of pollutants from all industrial activities, social 

events, and vehicle transports. Pollution control boards, news articles and publications from scholarly 

journals reported the satisfactory results in air quality index (Arora et al., 2020; Gautham, 2020; 

Mahato et al., 2020; Ranjan et al., 2020; Sharma et al., 2020; Shehzad et al., 2020; Singh and Chouhan, 

2020; Naqvi et al., 2021) and improved water quality (surface and subsurface waters of rivers, ponds 

and coastal regions) (Aman et al., 2020; Arora et al., 2020; Garg et al., 2020; Lokhandwala and 

Gautham, 2020; Mandal and Pal, 2020; Patel et al., 2020; Selvam et al., 2020; Yunus et al., 2020) from 

the Indian sub-continent. Overall, a noticeable improvement in the quality of global environment has 

been reported due to the lockdown (Braga et al., 2020; He et al., 2020; Mendez-Espinosa et al., 2020; 

Mesas-Carrascosa et al., 2020; Niroumand-Jadidi et al., 2020; Saraswat and Saraswat, 2020; Albayati 

et al., 2021; Cecchi, 2021; Latif et al., 2021; Liu et al., 2021; Ryan et al., 2021). The recent studies 

reported a significant drop in turbidity/nutrients/pollutants/nitrogenous inputs to the aquatic systems 

during lockdown period by which decline/enhancement in phytoplankton biomass in aquatic systems 

were reported (Arora et al., 2020; Avtar et al., 2020; Braga et al., 2020; Mishra et al., 2020; Pal et al., 

2020; Lotliker et al., 2021). The changes in environmental parameters during the lockdown period 

reported in different regions are summarized in Table 1. 

Indian sub-continent has a vast coastline of ~5400 km that covers eight major river systems 

associated with a large number of tributaries (Latha and Prasad, 2010; Chawla et al., 2015; Rani et al., 

2015). Usually, the coastal waters are more productive due to available nutrients from terrestrial 

sources, re-suspension of sediments caused by bottom currents, tidal currents, and wind mixing, and 

coastal upwelling. Indian estuaries are known as tropical monsoonal estuaries which receive enormous 

rainfall and river discharge during the southwest monsoon (SWM; Jun-Sep) and the northeast monsoon 

(NEM; Nov-Feb) (Qasim and Gupta, 1981; Qasim, 2003). The Mandovi and Zuari estuaries are located 
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along the central west coast of India. Mandovi (north) and Zuari (south) are the two major rivers (~50 

kms each) forming the estuarine system and they flow from the Western Ghats into the eastern Arabia 

Sea (~15.45°N). The catchment areas get significant rainfall and terrestrial run-off during the SWM 

and negligible quantity of terrestrial run-off during remaining periods (Shetye, 2007; Vijith et al., 

2009). The estuarine system receives significant amount of effluents from tourism and industrial 

activities such as mining, harbor, pharma, iron and steel industries (Kessarkar et al., 2012; Shynu et 

al., 2017). The macro-nutrients (nitrate, phosphate and silicate) are moderately concentrated in the 

estuaries during the SWM and post-SWM (De Sousa et al, 1981; Qasim and Gupta, 1981). Past studies 

showed abundant microbes (pollution indicators and human pathogens) during the SWM and post-

SWM in both estuarine systems (Ramaiah et al., 2007; Rodrigues et al., 2011; Gauns et al., 2015). The 

phytoplankton abundance and chlorophyll-a concentration were usually lower during the SWM as 

compared to pre- and post-SWM seasons in the estuary (Bhargava and Dwivedi, 1974; Devassy and 

Bhargava, 1978; Redekar and Wagh, 2000; Parab et al., 2013; Gauns et al., 2015). Numerous studies 

were conducted on the hydrography and biological characteristics of the estuarine system (Qasim and 

Gupta, 1981; Shetye, 2007; Vijith et al., 2009; Parab et al., 2013). In this study, we set a hypothesis 

that the national level lockdown decreases the chlorophyll-a biomass by decreased addition of nutrients 

due to lockdown. We aimed to understand the responses of the chlorophyll-a and hydrography in the 

coastal waters of India and a case study on the Zuari estuary during the COVID-19 lockdown period 

and tested the above hypothesis. 

2. Study area and methods 

National level lockdown completely stopped field based research activities and restricted the 

laboratory based researches in almost all research institutions in the country. So, we have utilized the 

satellite data sets and an in-situ case study was conducted at the Zuari estuary, central west coast of 

India. Our goal was to show the variation in environmental parameters during the lockdown period, 

for which we have analyzed the satellite data sets from March to August during 2020 and compared 

with recent 5-years. Under the lockdown restrictions, we have collected water samples during the late 

southwest monsoon (August and September) to understand any significant change happened in the 

phytoplankton biomass and the concentrations of essential macro-nutrients in the Zuari estuary. 

Though our sampling periods and selected parameters are different in both modes of studies, we have 

compared the lockdown impacts within their individual timelines and respective parameters. 
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2.1. Indian coastal region 

The study area covers entire coastal waters of India which was demarcated by 0.5° distance (~55 

kms) into the sea from the coastline to effectively distinguish terrestrial influences (Fig. 1). This was 

achieved by the daily satellite derived water quality parameters (chlorophyll-a, PIC, POC and SST) 

from Giovanni online database (giovanni.gsfc.nasa.gov; MODIS-Aqua) for no-lockdown period 

(2015-2019) and lockdown period (2020). The other environmental parameters were retrieved from 

the coastal land area marked by 1° distance (~111 kms) landside from the coastline which has direct 

influence on the coastal water quality. The hourly/daily data sets such as AOD (MODIS-Terra; 0.55 

µ), rainfall (GPM) and air temperature (AIRS) were retrieved (giovanni.gsfc.nasa.gov) for both the 

coastal water and land area which were divided into multiple sub-regions (Fig. 1; a1-a6) to understand 

regional influences of lockdown. The relevant data sets were re-gridded to select the sub-regions of 

the coastal waters (0.5°) and the coastal land area (1°) by using QGIS and PyFerret software tools. The 

satellite data were analyzed by using PyFerret (v7.4), mapping and sub-region selections were done 

using QGIS (v3.8.3) and graphs and statistical analysis (t-test) were done using R-Studio software 

(v1.3) and Golden Grapher (v7.2). 

 2.2. Case study area - Zuari estuary 

Due to restrictions on boat operations during the lockdown period to carryout field sampling, we 

collected samples from the Dona Paula bay region of the Zuari estuary (Fig. 1 inset). We set the 

sampling location which can clearly reflect the dynamics of the estuarine system. We carried out daily 

water sample collection (~0.5 m depth from surface) using a Niskin sampler from the site for two 

weeks in August and September, 2020. The salinity of the water was measured using a handheld 

refractometer. The macro-nutrients (nitrate, phosphate and silicate) were colorimetrically analyzed by 

a Skalar auto-analyzer (Grasshoff et al., 1999). The detection range was 0.06-50 µM for nitrate, 0.01-

4 µM for phosphate and 0.5-150 µM for silicate. The chlorophyll-a concentration was analyzed by 

following the fluorometric methods (Turner Designs, AU-10, CA, USA), by collecting a subsample of 

0.5 L and filtered through a GF/F (47 mm; 0.7 µm) glass microfiber filter and which was immersed 

(24 h) in 10 ml of 90% acetone for pigment extraction (UNESCO, 1994). 

3. Results and Discussion 

3.1. Coastal regions 

The Indian sub-continent is located in the tropical region and surrounded by the Arabian sea in the 

west and Bay of Bengal in the east. The Asian monsoon system drives the biogeochemical processes 

in these twin seas. It is well known that the Bay of Bengal receives a huge quantity of fresh water (1.6 
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× 1012 m3 yr-1) through the major rivers which is 5-folds higher than the freshwater received by the 

Arabian Sea (Subramanian,1993). The river-born nutrients play significant role in supporting various 

phytoplankton communities in the coastal waters throughout the year (Gomes et al., 2000). Also it was 

reported that the rivers bring large amount of suspended sediments into the Bay of Bengal (1.4 × 109 

tonnes) than the Arabian Sea (200 × 106 tonnes) (Madhupratap et al., 2003). Qasim (1977) marked 

three regions along the Indian coast as high primary productivity zones based on the data collected 

from International Indian Ocean Expedition-1. They are (a) the southwest coast of India, (b) the central 

east coast of India and (c) the northeast coast of India. Nair and Pillai (1983) showed that the waters 

of southwest and southeast coast of India as highly productive. The primary productivity/chlorophyll-

a significantly varies with respect to time in different regions/spots (Nair and Pillai, 1983) due to 

irregular addition of nutrients through various sources such as terrestrial runoff, aeolian input, coastal 

upwelling, eddies, etc. Recent studies presented that the selected coastal waters of India showed 

significant decline in chlorophyll-a during the lockdown due to abrupt cessation in the nutrient input 

from the terrestrial sources (Mishra et al., 2020). Lotliker et al. (2021) compared the water quality of 

lockdown period (2020) with 17-years climatology (2003-2019) for selected sampling domains (2° 

square area) along the Indian coast. Above study reported a significant decrease in the concentration 

of water quality parameters. In present study, we have omitted long term data to compare with 

lockdown time environmental quality because, when we compare the concentration of pollutants over 

a decade, underestimation (during lockdown) can be expected due to less developmental activities 

(industries and transports) in the past as compared to recent years (Ranjan et al., 2020; Lotliker et al., 

2021). Hence, we compared the chlorophyll-a of 2020 lockdown period with recent 5-years mean 

(2015 - 2019; March - August) along the Indian coast. The results showed that the chlorophyll-a 

anomaly was minimum along the major coastal areas during the lockdown period (Fig. 2).  

The AOD is the measure of extinction of light by the particles/aerosols (size < 2.5 µm; mineral dusts 

and smoke) present in the atmosphere which is considered as a proxy to estimate air pollution 

(Kaufman and Fraser, 1983). Numerous studies have reported that a significant decrease in AOD 

during the lockdown (Kant et al., 2020; Ranjan et al., 2020). In our study, the AOD in the coastal 

regions of India showed a clear decline (23 ± 11%) as compared to the mean of recent 5-years (p < 

0.001; Fig. 3; Table 2) and concentration in all the sub-regions showed lower than recent 5-years mean 

(Fig. 3). The AOD was highest along the north west Indian coasts (a1-a2) which decreased by > 35% 

and a decrease of 30 ± 12% along the west coast of India (a1-a3) during the lockdown period. The 

highest range of AOD found along the north west coast can be attributed to the developmental and 

high industrial activities in this region. The east coast of India has always lower AOD than the west 
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coast and around 15 ± 3% of decrease was observed along the east coast (a4-a6) during lockdown. The 

lowest AOD was found along the southeast coast of India (i6) and it was increased towards north. This 

could be due to increasing sources towards north as the land area increases where relatively more 

anthropogenic activities occurred. The significant decline in AOD over the coastal regions of India 

indicates decreased activities of industries, ports, harbours and transports over the regions due to 

lockdown. 

The mean rainfall over Indian coastal areas was higher (~17%) than the mean of recent 5-years (Fig. 

4; Table 2). Especially, the west coast of India received 31.2 ± 27.9% additional rainfall during 2020 

as compared to east coast (2.5%). The excess rainfall occurred during the SWM could have washed 

and diluted the nutrients/pollutants stored in the terrestrial regions as an output of agricultural and 

industrial activities. Usually the northwest sub-region (a1) gets less rainfall, but during 2020 it got 

surplus rainfall (+ 62.7%; t-test p value = 0.02) which could have washed large area and brought high 

concentration of nutrients to the coastal waters and enhanced the chlorophyll-a by 7.8% (p > 0.05). 

Usually, the sub-region a2 gets high rainfall during the SWM. In addition to the lockdown, which 

decreased the anthropogenic input, the excess rainfall (+ 21.1%) occurred during 2020 could have 

diluted the nutrients/pollutants (Fig. 4; Table 2).  

It was found that the near-surface air temperature decreased slightly (0.8%; p > 0.05) along the north 

Indian coasts during the lockdown period (SM. 1), which could be due to cessation of anthropogenic 

input of greenhouse gases. The mean air temperature was decreased along the Indian coastal area 

during 2020 as compared to the 5-years mean (SM. 1; Table 2) and this was more pronounced 

especially in the northern sub-regions (a1-a2 and a4-a5). It was reported that the air temperature 

decreased with respect to decline in the atmospheric pollution during lockdown period (Pal et al., 

2020). Present study showed a positive relationship between AOD and air temperature (r = 0.44). The 

aerosols in the atmosphere can directly absorb and scatter the solar radiation by which it can increase 

the air temperature (Torres et al., 2002; Jung et al., 2019). Further, the aerosols can act as condensation 

nuclei and alters rainfall pattern (Torres et al., 2002; Cheng et al., 2005). The decreased air temperature 

along the Indian coastal regions can be attributed to the decreased aerosols in the atmosphere. The 

variability of air temperature also depends on other factors such as wind velocity, cloud cover, water 

bodies, etc. (Willmot, 1987). A focused long-term study is required to have a better understanding on 

the role of aerosols on Indian climate system. 

The mean POC decreased along the southern coasts of India (a2, a3 and a6), and increased in the 

northern sub-regions (p > 0.05; a1 [16.27%], a4 [121.14%] and a5 [36.24%]; SM. 2). The chlorophyll-

a also increased in the northern most sub-regions (a1 [7.8%] and a4 [25.9%]; Fig. 5; Table 2). 



7 
 

Similarly, the PIC was increased in a1, a2 and a4 sub-regions and decreased in the rest (Fig. 6). The 

POC, chlorophyll-a and PIC were positively correlated with each other (r > 0.7). The POC in the 

coastal waters includes organisms and detritus material consist of both autochthonous and 

allochthonous origin (Kharbush et al., 2020). The availability of nutrients and optimum light are 

essential to enhance in-situ biological production (chlorophyll-a) by which POC can be produced and 

transported through ocean currents. On the other hand, the land derived POC can be added to the sea 

through river discharges. Though fluctuations were there in the rainfall pattern along the Indian coast 

during 2020, the rainfall was slightly higher than the mean of recent five years (p > 0.05), and 

significant in a1 sub-region (p < 0.05). The unusual high rainfall might have brought higher quantity 

of nutrients, PIC and POC to the coastal waters in the northern sub-regions.  

The SST increased along the Indian coastal belt during 2020 than the recent 5-years (SM. 3) can be 

attributed to the impacts of changing climate (Roxy et al., 2014) and decreased AOD. The heat loss to 

the atmosphere decreased due to decreased aerosols which can absorb, scatter and reflect solar energy. 

The less concentrated aerosols allowed heat energy directly to the surface by which the SST could 

have increased during lockdown period (Harris and Highwood, 2011). The middle sub-regions (a2 and 

a5) showed highest surface warming (~2%) and as a response the chlorophyll-a decreased in respective 

sub-regions (14.9 and 9%). 

3.2. Estuarine hydrography  

The Zuari estuary has relatively high area (73 × 106 m2) and volume (310 × 106 m3) as compared 

to the Mandovi estuary (31.4 × 106 m2 and 145 × 106 m3, respectively) (Vijith, 2014). The region gets 

highest rainfall and land runoff during the SWM season (Shetye et al., 1995; Suprit and Shankar, 2008). 

Though Mandovi river has 2-times more catchment area than Zuari river, the runoff rate is almost 

comparable in both rivers (258 and 204 m3 s-1, respectively; Vijith et al., 2009; Vijith, 2014). The Zuari 

estuary characterized by mixed and semi-diurnal tides with a maximum range of ~2.3 m and during 

the present sampling, tide height varied between 0.54 m and 2.04 m. As a response to the seasonality 

in rainfall and river runoff, the freshwater dominates the estuary during wet season (SWM) and salt 

water dominates the remaining periods (Shetye et al., 1995). During the present study, the salinity 

ranged between 7 to 25 PSU due to river runoff and tidal action. The concentration of major nutrients 

such as nitrate (1.88 ± 0.67 µM), phosphate (0.73 ± 0.14 µM) and silicate (50.1 ± 5.92 µM) decreased 

during 2020 as compared the results of previous studies (Fig. 7 and references therein). Similarly, the 

chlorophyll-a concentration was 2.42 ± 1 µg/L during the sampling period and almost similar to earlier 

reported concentrations (Fig. 7). These results indicate a decrease in anthropogenic input of nutrients 

to the estuary during the SWM season, probably due to lockdown. 
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3.3. Role of lockdown on anthropogenic input to estuary 

The lockdown in India significantly stopped the commercial activities which led to the decrease in 

the release of industrial effluents and sewages. The lockdown enhanced the air and water quality in 

most parts of India (Arora et al., 2020; Selvam et al., 2020; Patel et al., 2020; Ranjan et al., 2020; 

Yunus et al., 2020; Murari, 2020). The state of Goa is famous for its active tourism and recreation, 

which significantly contribute to the state’s economy; on the other hand, they are the sources of sewage 

and solid wastes from hotels, restaurants, shacks and water sports to the estuaries and coastal waters 

(Qasim and Gupta, 1981). Besides tourism, there are many other developmental activities, such as 

industrial activities (mining of iron and manganese ores, iron and steel industries, ship building, 

pharmaceuticals, fertilizers, cement, and cashew processing, etc), construction of buildings, roads, and 

bridges, harbor and shipping activities, fishing and farming, healthcare sectors which are adding major 

pollutants to the Mandovi - Zuari estuarine systems (Pathak et al., 1988; De Souza, 1981; and 1999; 

Kessarkar et al., 2012; Shynu et al., 2012 and 2017; Veerasingam et al., 2015). During the lockdown 

periods, all the above human activities were stopped in the state, which have enhanced the water quality 

during the Pre-SWM (March-May; Shweta, 2020). Otherwise also (no lockdown), the pollutants which 

associated to particulate matter usually aggregate and settle around the source point due to the intrusion 

of sea water into the estuary (Shynu et al., 2012). Along with the discontinuity in the addition of 

pollutants from industrial and other developmental activities during Pre-SWM lockdown periods, the 

tidal flow/currents in the estuary also diluted the effluents regularly. The domestic release of sewage 

and direct dumping of wastes into the estuary and associated water bodies are very common (Qasim 

and Gupta, 1981; Shetye, 1995). We could expect a reduction in the domestic sewage discharge due 

to lockdown, but it couldn’t be great because of the huge population living around the estuary and 

limited changes in their daily discharges from kitchen, bathroom, and laundry usages. Especially due 

to COVID-19 spread, people were highly concerned about their cleanliness which could lead to more 

sewage discharges from domestic sector (Patel et al., 2020; Sivakumar, 2020). 

3.4. Role of rainfall pattern on the estuarine hydrography 

It is well known that the western part of India gets negligence amount of rainfall during Pre-SWM 

and significantly high quantity of rainfall and land runoff during the SWM (Fig. 4; Shetye, 1995; Suprit 

and Shankar, 2008). As per Vijith (2014), the river runoff at the head of the Zuari estuary was 204 

m³/S during June-October period and 4.7 m³/S during the remaining period. During the lockdown in 

the Pre-SWM periods, there was no noticeable rainfall occurred over the state (281 mm [Mar-May, 

2020]). The great importance of the rainfall is that it could washout all the pollutants from its sources 

into the estuary and adjacent coastal waters. During Pre-SWM months, the state followed a strict 
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lockdown so that we couldn’t collect and analyze the water samples. During the peak SWM, we have 

collected samples for two weeks, 7 samples in each month of August and September, 2020, when 

partial lockdown was followed. Apparently, absence of rainfall and cessation of industrial activities, 

the sources of nutrients to the estuary reduced during Pre-SWM. But the heavy rainfall during the 

SWM (4176 mm [Jun-Sep, 2020]) could have washed entire catchment areas of the estuary which 

contains huge amount of domestic and municipal sewage, industrial effluents, weathered nutrients and 

especially the fertilizers from the farm lands (SM. 4; Qasim and Gupta, 1981; De Souza, 1981). During 

this situation, it is very difficult to understand the effects of lockdown in the pollutants distribution 

aspects in the estuary, because of both dilution and flush out effects. A schematic picture is presented 

to understand the effluents releases from domestic, agricultural and industrial sectors during the 

combination of no-lockdown, lockdown, no-rainfall, and rainfall situations in to the estuary (SM. 4). 

The large quantity of rainfall in 2020 as compared to the past, could have significantly diluted the 

available nutrients in the water column. Tourism also more active during October - February (dry 

season) and the accumulated pollutants were presumably washed out during the SWM. Though high 

concentration of macro-nutrients remains available in the estuary throughout the year (De Souza, 1999; 

Pednekar et al., 2011; Parab et al., 2013), the chlorophyll-a was relatively less during the SWM and 

that too dominated by smaller sized phytoplankton such as nano- and pico- plankton (Qasim, 2003; 

Jyothibabu et al., 2006; Madhu et al., 2007; Maya et al., 2011; Mitbavkar and Anil, 2011; Mitbavkar 

et al., 2012; Mohan et al., 2016; Rajaneesh et al., 2018). Shynu et al. (2012) observed a decreasing 

trend of concentration of certain trace metals from the upstream (source point) to downstream (sea 

side) of the Mandovi river and estuarine system during non-monsoon periods, which indicates the 

dilution effect of sea water through the tidal incursion. When the industries stopped adding the 

effluents, it can be noticed immediately closer to the source points. But the farming/agricultural and 

domestic wastes could be significantly higher, when the rain water flush out (Qasim and Gupta, 1981). 

From our understandings, we could suggest that the strong imprints of the  lockdown can be seen in 

the water bodies and its biological communities where one way dilution dominates, such as (a) the 

water bodies receiving perennial riverine flow which always dominated over the tidal fluxes, (b) the 

water body which is located far away or at a high elevation from the sea and (c) enclosed/semi-enclosed 

water bodies such as ponds, lakes, lagoons where effluents/pollutants diluted by either rainwater or sea 

water. So, we can hypothesize that the tropical monsoonal estuaries like the Zuari estuary, wherein 

high rainfall and riverine flow dominate during the monsoon season and the tidal flux dominates rest 

of the year could not show noticeable imprints in the phytoplankton biomass due to a short time/half-

yearly lockdown, though there could be a decrease in the macro-nutrients. 
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3.5. Impact of lockdown on phytoplankton 

As discussed above, the anthropogenic input of essential nutrients to the estuary and coastal waters 

decreased in many parts of the country due to lockdown and which lowered the chlorophyll-a in the 

coastal waters (Mishra et al., 2020; Lotliker et al., 2021). Studies by Avtar et al (2020) and Pal et al. 

(2020) also indicated that the halt in pollutant discharge and decrease in suspended particulate 

materials/turbidity in the water bodies led to a stress free or relatively pristine ambience which 

facilitated the phytoplankton growth. A recent study based on satellite imageries (Avtar et al., 2020) 

discussed the possible reasons behind the consistency in chlorophyll-a in the Vembanad Lake, 

southwest coast of India despite lockdown. Earlier studies have reported a two-fold higher growth rate 

of phytoplankton (0.8 - 1.1 day-1) in nutrient-rich conditions as compared to nutrient deficient 

conditions (0.4 - 0.5 day-1) in the Arabian Sea (Landry et al., 1998; Caron and Dennett, 1999). It shows 

that the phytoplankton responds to the enrichment of nutrients in a shorter period of time. The re-

suspension of sediments in the estuary due to tidal currents also supplies nutrients to the water column 

(Kessarkar et al., 2012). Though high concentration of nutrients available in the estuaries throughout 

the year (Pednekar et al., 2012) and maximum nutrients were added during the SWM, phytoplankton 

bloom events were reported at the end of SWM and the onset of NEM (Devassy, 1983; Mitbavkar and 

Anil, 2000; Parab et al., 2013). However, we did not find any bloom events during our sampling period. 

It could be due to highly dynamic (low residence time) nature of water in the estuary, highest 

fluctuation in the salinity/density and high turbidity which could resist light (Qasim and Gupta, 1981; 

Madhu et al., 2010; Maya et al., 2011; Rajaneesh et al., 2018). Though nutrient input to the estuary 

significantly dropped during the lockdown period, the available nutrients were apparently higher than 

the assimilation capacity of the estuarine phytoplankton (SM. 4; Karnan et al., 2021). In this study, we 

could not analyze the phytoplankton community structure to show the variation in diversity due to 

imposed lockdown. The phytoplankton productivity along the west coast of India is significantly 

higher during the SWM due to coastal upwelling induced nutrient enrichment rather than the river 

brought nutrients (Karnan et al., 2020). 

4. Conclusion 

Present study compared the Indian coastal water and environmental quality parameters during COVID-

19 lockdown period (2020) with recent 5-years mean (2015-2019) by using satellite measurements. 

Also a case study was conducted in the Zuari estuary, central west coast of India during the late-

lockdown period. The study revealed that the AOD significantly decreased along the coastal area by 

13-42% during the lockdown period compared to recent 5-years. There were no discernible changes 

in the chlorophyll-a in the estuary and coastal waters due to lockdown on the industrial, transport, 
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domestic, and all other urbanization activities. The excess rainfall recorded in the northern coastal 

regions during 2020 supported high chlorophyll-a production either by diluting pollutants or supplied 

additional nutrients from land drain. The decreased chlorophyll-a in the middle and southern west coast 

indicates a nutrients dilution by rainfall. Usually, the estuary contains loads of nutrients in the 

sediments as well as water column due to prolonged contribution of rivers in the past which washed 

out the industrial effluents, fertilizers from farm lands and huge amount of domestic wastes from the 

catchment area during the monsoon season. Though lockdown followed over six months, the rainwater 

washed the previously used/stored sources to the estuary which possibly added nutrients as well as 

diluted the concentration of pollutants. Also, the concentration of macronutrients was generally higher 

than the assimilation capacity of the estuarine phytoplankton. This study suggests that the chlorophyll-

a biomass in the tropical monsoonal estuaries are not significantly altered by the short period of 

lockdown, although it decreased the nutrients concentrations considerably. But in the coastal waters 

wherein the phytoplankton production is sustained by land-derived nutrients, which in turn depends 

on rainfall and river flow. The dilution and mixing of pollutants are slower in the water column as 

compared to atmosphere resulting in overall insignificant changes in the coastal waters than the 

atmosphere. 
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Fig. 1 - The map shows the sampling sub-regions west (a1-a3) and east coast of India (a4-a6). The 

major rivers and water lines were represented by yellow lines (Andreadis et al., 2013). The case study 

location in the Zuari estuary (central west coast) is represented by a star mark in the sub-region a2 and 

in the inset map. 
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Fig. 2 - The mean chlorophyll-a concentrations (March-August) during (a) recent 5-years and (b) 2020 

along the Indian coast. The chlorophyll-a rich and poor regions shaded with red and blue colors 

respectively in panels a and b, and the concentration >5 truncated. The panel (c) represents chlorophyll-

a anomaly during 2020. The negative and positive anomalies shaded with blue and red colors 

respectively. Refer web version for legend interpretations. 
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Fig. 3 - The running mean of AOD distribution during 2020 (violet) and recent 5-years (mean, 

minimum and maximum) in the Indian coastal regions (a1-a6). Refer web version for legend 

interpretations. 
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Fig. 4 - The running average of rainfall distribution during 2020 (blue) and recent 5-years (mean, 

minimum and maximum) in the Indian coastal regions (a1-a6). Refer web version for legend 

interpretations. 
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Fig. 5 - The running average of chlorophyll-a distribution during 2020 (green) and recent 5-years 

(mean, minimum and maximum) in the Indian coastal regions (a1-a6). Refer web version for legend 

interpretations. 
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Fig. 6 - The running mean of particulate inorganic carbon distribution during 2020 (brown) and recent 

5-years (mean, minimum and maximum) in the Indian coastal regions (a1-a6). Refer web version for 

legend interpretations. 
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Figure 7 - Major nutrients (in µM/l) and chlorophyll-a (chl-a; µg/l) in the Zuari estuary during 

southwest monsoon.  
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Table 1 - Changes in environmental parameters during lockdown period reported in different regions. 

The pre-lockdown and lockdown periods are varied in each study (months to multi-years) in different 

regions. The ‘-/+’ symbols used (where no values mentioned for pre-lockdown period) to represent 

‘decrease/increase’ during the lockdown period. Abbreviations: PM: particulate matter, CO: carbon 

monoxide, NO2: nitrogen dioxide, O3: ozone, TDS: total dissolve solid, DO: dissolved oxygen, SO2: 

Sulphur dioxide, NH3: ammonia, SPM: suspended particulate matter; AQI: air quality index, WQI: 

water quality index, EC: electrical conductivity, TDS: total dissolved solids, NO3: nitrate, As: arsenic, 

Fe: iron, Se: selenium, Cd: cadmium, Pb: lead, TCB: total coliform bacteria, FCB: fecal coliform 

bacteria, MPN: most probable number, BOD: biological oxygen demand, COD: chemical oxygen 

demand.  

 

No. References Study region Parameters 
Pre-

lockdown 

During 

lockdown 

India 

1 Mahato et 

al., 2020 

Delhi (air quality) PM10 (µg/m³) 176.07 84.79 

PM2.5 (µg/m³) 80.51 37.75 

SO2 (µg/m³) 16.08 13.19 

NO2 (µg/m³) 42.59 20.16 

CO (mg/m³) 1.03 0.72 

O3 (µg/m³) 34.05 34.32 

NH3 (µg/m³) 33.93 29.75 

National AQI 185.99 72.64 

2 Mandal and 

Pal, 2020 

Quarry regions of 

Jharkhand and West 

Bengal (air quality) 

PM10 (µg/m³) 189-278 50-60 

Land temperature 

(°C) 

31.25-

35.11 

25.14-

30.24 

Noise level (dBA) >85 <65 

TDS (mg/l) 2383 ± 72 
1106 ± 

135 

3 Pal et al., 

2020 

Delhi (air quality) 

Air temperature (°C)  

-3 

Kolkata (air quality) -2.5 

Mumbai (air quality) -2 

Chennai (air quality) -2 

4 Sharma et 

al., 2020 

22 cities from India (air 

quality) 
PM2.5 (%) 

 

-43 

PM10 (%) -31 

CO (%) -10 

NO2 (%) -18 

O3 (%) +17 

5 Aman et al., 

2020 

Sabarmati River (water 

quality) 
Turbidity (mg/l) 12.72 8.08 

6 Arora et al., 

2020 

Ganga river (water 

quality) 
DO (ml/l) 3.8 6.8 
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7 Avtar et al., 

2020 

Vembanad Lake (water 

quality) 
Chlorophyll-a (µg/l) ~2.2-3.2 ~2.3-3.6 

8 Mishra et al., 

2020 

North eastern coastal 

Arabian Sea (water 

quality) 
Chlorophyll-a (%) 

 

-50 

North western coastal 

Bay of Bengal (water 

quality) 

-30 

9 Patel et al., 

2020 

Yamuna river (water 

quality) 
WQI (%) +37 

BOD (%) -42.83 

COD (%) -39.25 

FCB (%) -40 

10 Selvam et 

al., 2020 

Tuticorin industrial city 

(water quality) 
pH 8.1 7.7 

EC (µs/cm) 1866 2943 

TDS (mg/l) 1815 2879 

NO3 (mg/l) 84 28 

As (mg/l) 0.071 0.03 

Fe (mg/l) 0.381 0.174 

Se (mg/l) 0.114 0.054 

Cd (mg/l) 0.002 0.001 

Pb (mg/l) 0.017 0.006 

TCB (MPN/ml) 138 47 

FCB (MPN/ml) 119 39 

11 Yunus et al., 

2020 

Vembanad Lake (water 

quality) 
SPM 14.4 12.1 

World 

12 He et al., 

2020 

China (air quality) AQI 
 

-19.84 

PM2.5 (µg/m³) -14.07 

13 Latif et al., 

2021 

Klang Valley, Malaysia 

(air quality) 
PM10 (µg/m³) 38 24.6 

PM2.5 (µg/m³) 27.6 18.7 

NO2 (ppb) 18.9 6.35 

SO2 (ppb) 1.38 0.83 

O3 (ppb) 23.2 23.9 

CO  (ppb) 0.98 0.65 

14 Mendez-

Espinosa et 

al., 2020 

Northern regions of 

South America (air 

quality) 

PM10 (µg/m³) 57.8 31.2 

PM2.5 (µg/m³) 38.6 22.2 

NO2 (µg/m³) 45.5 16.9 

15 Mesas-

Carrascosa et 

al., 2020 

Spain (air quality) 

NO2 (×10-5 mol/m²) 5.78 3.5 
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16 Avtar et al., 

2020 

Wuhan water bodies, 

China (water quality) 
Chlorophyll-a (µg/l) 2.86 6.22 

17 Braga et al., 

2020 

Venice lagoon, Italy 

(water quality) 

Mean wave height 

(due to water traffic) 

(cm) 

Dec-13 05-Jun 

18 Ryan et al., 

2021 

Monterey Bay, USA 

(water quality) 

Vessel noise (dB re 1 

µPa2 Hz-1) 
>3 1 

19 Tokatli and 

Varol, 2021 

Meric-Ergene River 

Basin, Northwest 

Turkey (water quality) 

DO (mg/L) 8.9 6.65 

pH 8.96 8.32 

EC (μS/cm) 1242 1270 

Tur (NTU) 22.46 38.89 

TSS (mg/L) 34.08 49.16 

COD (mg/L) 32.82 34.33 

BOD (mg/L) 8.23 9.22 

Cr (μg/L) 13.76 0.83 

Mn (μg/L) 26.3 28.01 

Ni (μg/L) 9.06 0.97 

Cu (μg/L) 4.3 0.71 

Zn (μg/L) 8.18 1.29 

As (μg/L) 3.51 1.4 

Cd (μg/L) 0.046 0.021 

Pb (μg/L) 0.51 0.15 

20 Liu et al., 

2021 

Global (air quality) PM10  (%) 

 

-14 to -20 

PM2.5 (%) -7 to -16 

NO2 (%) -23 to -37 

SO2 (%) -2 to -20 

O3 (%) +10 to +27 

CO  (%) -7 to -11 
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Table 2 - P-values (statistical t-test) represent difference between the means of 5-year (2015-19) and 

2020. The percentage of difference noted in parenthesis with positive and negative symbols. 

Abbreviations: AIRT- air temperature; AOD: aerosol optical depth; SST- sea surface temperature; 

PPT-rainfall; PIC- particulate inorganic carbon; POC- particulate organic carbon; Chl-a- chlorophyll-

a. 

 

 

 a1 a2 a3 a4 a5 a6 

AIRT 0.35 (-0.9) 0.24 (-1) 0.23 (0.5) 0.02 (-1) 0.15 (-0.5) 0.97 (0) 

AOD 
<0.001 (-

41.6) 

<0.001 (-

30.1) 

<0.001 (-

18) 

<0.001 (-

12.8) 

<0.001 (-

18.3) 

<0.001 (-

14.8) 

SST 0.06 (3.7) 0.05 (2) 0.18 (2.1) 0.54 (0.8) 0.03 (1.9) 0.18 (1.1) 

PPT 0.02 (62.7) 0.19 (21.1) 0.37 (9.9) 0.8 (2.9) 0.45 (9.3) 0.69 (-4.7) 

PIC 0.09 (71.2) 0.46 (23.1) 
0.72 (-

13.8) 
0.14 (112.6) 0.03 (-34.5) 0.37 (-13.3) 

POC 0.29 (16.3) 0.5 (-14.5) 
0.48 (-

23.4) 
0.16 (121.1) 0.35 (36.2) 0.33 (-25.8) 

Chl-a 0.49 (7.8) 0.17 (-14.9) 0.86 (-4) 0.01 (25.9) 0.4 (-9) 0.8 (4.6) 
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Supplementary material 1 - The running mean of air temperature distribution during 2020 (red) and 

recent 5-years (mean, minimum and maximum) in the Indian coastal regions (a1-a6). Refer web 

version for legend interpretations. 

 



31 
 

 

Supplementary material 2 - Running average distribution of particulate organic carbon during 2020 

(blue) and recent 5-years in the Indian coastal sub-regions (a1-a6). Refer web version for legend 

interpretations. 
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Supplementary material 3 - The running mean of sea surface temperature distribution during 2020 

(red) and recent 5-years (mean, minimum and maximum) in the Indian coastal regions (a1-a6). Refer 

web version for legend interpretations. 
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Supplementary material 4 - Schematic picture represents the effluents releases from domestic, 

agricultural and industrial sectors during (a) no-lockdown and no-rainfall (Pre-SWM), (b) no-

lockdown and rainy (SWM), (c) lockdown and no-rainfall (Pre-SWM), and (d) lockdown and rainy 

(SWM) situations in to the estuary. 
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Research highlights 

 Compared satellite derived environmental quality parameters during lockdown (2020) with 

recent 5-years (2015-2019). 

 Measured and compared nutrients and chlorophyll-a concentration in a tropical estuary during 

lockdown with past studies. 

 Aerosol optical depth was significantly decreased during lockdown period. 

 Rainwater washed the previously used/stored sources to the estuary which is neutralizing the 

lockdown effects on nutrients/pollutants input to the estuary. 

 There is no significant change in the in-situ and satellite derived chlorophyll-a biomass due to 

short period of lockdown. 


