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Did the Coronavirus Disease 2019 Lockdown Phase Influence Coastal Water Quality Parameters off Major Indian Cities and River Basins?
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The end of the current decade experienced an outbreak of a new strain of coronavirus classified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) [coronavirus disease 2019 (COVID-19)] that spread across the globe within a short span of time and was declared as a global pandemic by the World Health Organization. In order to contain the spread of COVID-19, the Indian Government imposed lockdown in various phases, namely, the strict lockdown period (SLP) and relaxed lockdown period (RLP). The present study addresses changes in the magnitude of satellite-derived water quality parameters in the coastal waters off major Indian cities (Mumbai and Chennai) and river basins (Narmada, Mandovi-Zuari, Netravathi, Periyar, Kaveri, Krishna-Godavari, Mahanadi, and Hooghly) along the eastern Arabian Sea (EAS) and western Bay of Bengal (WBoB) during SLP and RLP. The daily climatology (2003–2019) and anomaly (2020) of different water quality parameters, viz., chlorophyll-a (chl-a), downwelling diffused attenuation coefficient (kd490), and particulate organic carbon (POC) were used in the present study to eliminate seasonal biases and to unravel the signature of lockdown-induced changes in the magnitude of the above water quality parameters. During the total lockdown period, the magnitude of the above parameters reduced significantly in the coastal waters of both the EAS and the WBoB. However, this reduction was more significant in the coastal waters of the WBoB, attributed to a reduction in the supply of anthropogenic nutrients. Among different studied locations, the magnitude of water quality parameters significantly decreased off Chennai and Hooghly, during SLP, which subsequently increased during RLP probably due to reduction in anthropogenic material influx during SLP and increase during RLP. During RLP, the coastal waters off Mahanadi showed a maximum decrease in the magnitude of water quality parameters followed by Mandovi-Zuari, irrespective of these regions’ quantum of anthropogenic material input, possibly due to the higher response time of the ecosystem to reflect the reduction in anthropogenic perturbations. The satellite-retrieved water quality parameters have provided valuable insight to efficiently describe the changes in the health of the Indian coastal environment in terms of phytoplankton biomass and water clarity.
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INTRODUCTION

The outbreak of a new strain of coronavirus classified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) shook the entire world in 2020. The virus was first reported in Wuhan, China, on December 31, 2019, and spread across the globe within a short span of time. The World Health Organization (WHO) named this widespread outbreak as coronavirus disease 2019 (COVID-19) (Cascella et al., 2020). Subsequently, based on the rapid transmission, repeated emergence, and higher causality rate, WHO declared COVID-19 as a pandemic in March 2020. As of November 2020, more than 63.6 million COVID-19 cases have been confirmed in over 220 countries (Worldometers.info, 2020). In order to contain the spread of COVID-19, several countries have imposed a lockdown to maintain physical distancing. The government of India also implemented lockdown in four phases from March 25 to May 31, 2020. The first phase of the lockdown was during March 25 to April 14, 2020. These 21 days of strict lockdown imposed restrictions on physical gathering, industrial operations, and agriculture activities except for emergency services. The restrictions on industrial and agricultural activities were lifted during subsequent phases of lockdown (Figure 1)1.
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FIGURE 1. Schematic showing various stages of lockdown and unlock in India during the coronavirus disease 2019 (COVID-19) pandemic.


The industrial and social activities were significantly reduced during various lockdown phases, resulting in the reduction in air and water pollution in different parts of the world, including India (Garg et al., 2020; Lokhandwala and Gautam, 2020; Muhammad et al., 2020; Patel et al., 2020). In general, anthropogenic activities are the source of atmospheric and aquatic pollution. The Indian subcontinent houses many major river estuaries and large cities along the west and east coasts. The coastal waters of India in the vicinity of major cities and river basins are strongly influenced by the anthropogenic discharge (Zingde and Govindan, 2000; Verlecar et al., 2006; Gopal et al., 2018).

The coastal ecosystems around the world cover ∼10% of the total ocean surface area. However, these active land–ocean interaction zones play a pivotal role in the oceanic carbon cycle (Gattuso et al., 1998). In addition, the coastal ocean also acts as a filter for anthropogenic materials before they are transported into the deep sea. On the other hand, the continuous influx of anthropogenic materials also exerts a significant impact on the coastal environments (Hader et al., 2020). In the present century, the coastal waters of several countries are receiving high loads of anthropogenic pollutants that significantly influence the aquatic ecology, sometimes leading to eutrophication (Diaz and Rosenberg, 2008; Seitzinger et al., 2010). Therefore, natural as well as anthropogenic perturbations in the ambient water quality need regular monitoring. In the recent era, satellite-retrieved environmental parameters such as chlorophyll-a (chl-a; proxy of phytoplankton biomass), particulate organic carbon (POC; indicator of the supply and spreading of the particulate organic matter), and diffused light attenuation coefficient (kd490; index of water clarity/turbidity) can be efficiently utilized in water quality monitoring (Kratzer et al., 2003; Mishonov et al., 2003; Ni et al., 2008; Kim et al., 2017). Many previous studies have suggested and shown that human-induced material influx is the key cause of pollution in the coastal environment. During the pandemic-induced global lockdown, industrial operations, fishing activities, tourism, agriculture, and aquaculture activities are restricted for specific periods. As anticipated, the level of anthropogenic material input to the coastal waters has dropped significantly and exerted an impact on the coastal water quality of several regions of the world ocean such as the Gulf of Mannar (India), Tangier (Morocco), and Jakarta (Indonesia) (Adwibowo, 2020; Cherif et al., 2020; Yunus et al., 2020; Edward et al., 2021).

India has a long coastline of ∼7,500 km; and the coastal waters of both the west coast [eastern Arabian Sea (EAS)] and east coast [western Bay of Bengal (WBoB)] cater a large variety of ecosystem services. However, the Indian coastal waters are experiencing water quality deterioration due to the increasing influx of anthropogenic materials (Verlecar et al., 2006; Mishra et al., 2015). In the situation of the COVID-19 pandemic, India was under nationwide lockdown for over 2 months. This could have probably altered the anthropogenic inputs to the coastal waters off major Indian cities and river basins. A recent study in the Indian coastal waters has demonstrated an overall reduction in satellite-derived pre-monsoon chl-a in the offshore regions of urban centers during the peak of the lockdown in April 2020. This decline was linked to the reduction in anthropogenic nutrient supply to the coastal milieu (Mishra et al., 2020). In this regard, the COVID-19 pandemic-induced lockdown has given an opportunity to understand and quantify the effect of anthropogenic material influx on coastal water ecology on a synoptic scale using satellite remote sensing. The present study demonstrates changes in the magnitude of satellite-derived water quality parameters (chl-a, POC, and kd490), during lockdown phases of COVID-19, in the Indian coastal waters. It is important to mention here that the Indian coastal waters experience strong seasonality in the variation of water quality parameters attributed to a multitude of environmental forcing including the effect of tropical cyclones (Banse, 1987; Kone et al., 2009; Vinayachandran, 2009). Therefore, daily climatology and anomaly-based assessment are very important to eliminate the biases of seasonal and extreme events. The present study has an advantage in this regard through the adoption of such criteria.



MATERIALS AND METHODS


Study Area

The present study was carried out at 10 strategic locations of the Indian coastal waters bordering the west (EAS) and east coasts (WBoB) (Figure 2). The locations in the coastal waters are selected within the vicinity of major Indian cities (Mumbai and Chennai) and river basins (Narmada, Mandovi-Zuari, Netravathi, Periyar, Kaveri, Krishna-Godavari, Mahanadi, and Hooghly). The Indian coastal waters are under the influence of reversing monsoon circulation and coastal currents. Several physical processes such as upwelling, currents, and surface winds play pivotal roles in sustaining the food web initiated by phytoplankton in the coastal waters of the WBoB and the EAS. Apart from the natural oceanographic forcing, the coastal waters of both the basins receive a huge amount of river influx and anthropogenic discharge from different urban, agricultural, and industrial centers that influence the coastal water quality and phytoplankton ecology (Gomes et al., 2000; Kumar et al., 2007, 2018; Thomas et al., 2013).
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FIGURE 2. Map showing study regions (2°× 2° square boxes) in the Indian coastal waters. The details of geographic domains are provided in Table 1.





Satellite Data and Processing

The Moderate Resolution Imaging Spectroradiometer onboard Aqua satellite (MODISA) level 3 daily data of different water quality parameters (chl-a, kd490, POC) was taken from OceanColor Web2, which are processed (levels 0–3) by Ocean Biology Processing Group (OBPG) of the National Aeronautics and Space Administration (NASA). The level 3 standard mapped data products with 4-km spatial resolution, for each variable, were retrieved from January 1, 2003, to July 31, 2020, and processed using RStudio software. The level 3 standard data products of MODISA use sensor-default bio-optical algorithms for retrieval of chl-a (O’Reilly et al., 1998, 2000a; Hu et al., 2012), POC (Stramski et al., 2008), and kd490 (O’Reilly et al., 2000b; Lee et al., 2005). A detailed description of the genesis of algorithms, sensitivity, and performance validation is in the cited literature (in the parentheses of each parameter). A recent study by Scott and Werdell (2019) have demonstrated a similar L2 and L3 satellite-to-in situ performance for MODISA chl-a. In addition, L3 data are available with a regular Earth-grid frame of reference, which makes the data processing easier without losing the data quality and accuracy. It is also important to mention here that OBPG applies 17 quality flags while processing the data in order to produce the best quality output. In addition, OBPG datasets was checked for acceptable range limits while computing the mean values.

The retrieval accuracy of ocean color satellite products is limited in the coastal waters as compared with open ocean. However, recent studies have demonstrated reasonably well performance of ocean color bio-optical algorithms in retrieving chl-a with errors less than 30% for the full range of variability over a large area in the coastal waters (Tilstone et al., 2013; Kahru et al., 2014). Tilstone et al. (2013) have demonstrated a good match [unbiased percentage difference (UPD) < 7.5%] between remote reflectance (Rrs) retrieved from MODISA and in situ in the Indian coastal waters, which justified the use of satellite data for studying the variability of environmental parameters. The high degree of correlation between in situ and MODISA Rrs also provides confidence to use these products for studying the trend of environmental parameters in the Indian coastal waters. The data from January 1, 2003, to December 31, 2019, were used for the preparation of climatology [image: image]; and the data from January 1, 2020, to July 31, 2020 [X] along with the aforementioned climatology were used to calculate the anomaly [image: image]. Subsequently, the climatology and anomaly were averaged over 2° × 2° box within the region of interest (Table 1). Further, the satellite-retrieved parameters were averaged into two categories to understand the variability during the strict lockdown period (SLP; March 25 to April 14, 2020) and relaxed lockdown period (RLP; April 15 to May 31, 2020). All the illustrations and graphics were prepared using Ocean Data View (ODV) (Schlitzer, 2002) and Grapher and SeaWiFS Data Analysis System (SeaDAS) software packages.


TABLE 1. Geographic positions and environmental attributes of the study regions.
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RESULTS AND DISCUSSION

The variability in the magnitude of MODISA-retrieved water quality parameters (chl-a, POC, and kd490) was analyzed for various lockdown and unlock phases of COVID-19 in the offshore of major Indian cities (Mumbai and Chennai) and river basins (Narmada, Mandovi-Zuari, Netravathi, Periyar, Kaveri, Krishna-Godavari, Mahanadi, and Hooghly). The daily climatology (2003–2019) and anomaly (2020) of the above parameters were generated from MODISA, describing changes in the magnitude of chl-a, kd490, and POC.

The North Indian Ocean exhibits a strong seasonal variability in water quality parameters as evident from the climatology (Figures 3–5). Therefore, in the present analysis, the anomaly was used to eliminate seasonality. The spatial distribution of chl-a, kd490, and POC anomaly during April and May 2020 is illustrated in Figure 6. The overall result showed a negative anomaly indicating a reduction in the magnitude of water quality parameters in the coastal waters of both the EAS and the WBoB during the total lockdown period (SLP and RLP). However, the reduction in magnitude was more significant in the WBoB as compared with the EAS.
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FIGURE 3. Mean time-series variability in chl-a climatology (solid black line) and for the year 2020 (dotted red line) off major Indian cities and river basins.
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FIGURE 4. Mean time-series variability in kd490 climatology (solid black line) and for the year 2020 (dotted red line) off major Indian cities and river basins.
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FIGURE 5. Mean time-series variability in POC climatology (solid black line) and for the year 2020 (dotted red line) off major Indian cities and river basins.
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FIGURE 6. Spatial distribution of chl-a, kd490, and POC anomaly for April and May 2020 derived using MODISA data.


The river discharge carrying industrial, agricultural, and urban effluents could have played an important role behind the contrasting scenarios in the variability of the environmental parameters in the Indian coastal waters. In general, the coastal waters of the WBoB receive a large volume of river discharge through the major Indian rivers such as Ganga, Brahmaputra, Mahanadi, Godavari, Krishna, and Kaveri (Shetye et al., 1996; Howden and Murtugudde, 2001). In addition to the oceanic processes, river discharge acts as a major source of phytoplankton growth-promoting inorganic nutrients and suspended sediments to the WBoB and plays an important in sustaining the food web (Bharathi et al., 2018). However, the river discharges infused with higher concentration of land-derived nutrients sometimes lead to over-enrichment and result in eutrophication affecting the coastal water quality of the WBoB (Sattar et al., 2014; Sarma et al., 2020). On the other hand, the coastal waters of the EAS receive a lower quantum of freshwater discharge in comparison with the WBoB. Therefore, the possible reduction in the supply of anthropogenic nutrients especially from agriculture practices, industrial effluents, and urban wastes through terrigenous/river discharge could have resulted in lower productivity and improved water clarity during the lockdown period. A recent study has reported a significant reduction in turbidity levels in the upstream of Ganga River during the lockdown period, which signified the reduction in anthropogenic pollutant level (Garg et al., 2020). It is also important to mention here that apart from land-derived inputs, the lower atmospheric fallouts also play an important role in modulating the coastal food chain. Concomitantly, Mishra et al. (2020) have hypothesized the decrease in the concentration of chl-a in the Indian coastal waters due to the reduction in the atmospheric nutrient deposition in the coastal waters as well as watershed fluxes due to the lockdown.

In order to quantify the changes in the magnitude of water quality parameters, during the COVID-19 lockdown period, the percent change in anomaly with respect to climatology was computed. The mean anomaly in the magnitude of water quality parameters, during SLP and RLP, off major Indian cities and river basins in the coastal waters of the WBoB and the EAS are illustrated in Figure 7. During SLP, the coastal waters of the WBoB showed a significant negative anomaly in water quality parameters (chl-a, 10–51%; kd490, 4–27%; POC, 12–37%). On the other hand, in the coastal waters of EAS, the positive anomaly was observed off Mumbai, Mandovi-Zuari, and Netravathi (chl-a, 14%; kd490, 19%). However, the anomaly was not significant off Mumbai and Mandovi-Zuari. The overall variability in the magnitude of water quality parameters, in the Indian coastal waters, discerned maximum negative anomaly off Chennai (chl-a, 51%; kd490, 27%; POC, 37%) followed by off Hooghly (chl-a, 31%; kd490, 26%; POC, 20%).


[image: image]

FIGURE 7. Mean anomaly of (A) chl-a, (B) kd490, and (C) POC during strict (March 25 to April 14, 2020) and relaxed lockdown (April 15 to May 31, 2020) off major Indian cities and river basins.


During RLP, the WBoB showed negative anomaly at all the locations (chl-a, 17–61%; kd490, 18–49%; POC, 16–53%) except off Chennai, where chl-a (12%) and kd490 (11%) showed positive anomaly. The coastal waters of EAS showed negative anomaly at all the locations (chl-a, 15–56%; kd490, 4–33%; POC, 12–32%) except off Periyar, where the magnitude of all water quality parameters showed positive anomaly (chl-a, 22%; kd490, 17%; POC, 11%). As per a recent report, the Periyar River had continued to receive anthropogenic discharge even during the lockdown period and thereby possibly resulted in a higher magnitude of the studied parameters (Satheesh, 2020). Among different studied locations in the coastal waters of the WBoB, the magnitude of all water quality parameters significantly decreased off Chennai during SLP, which subsequently increased during RLP.

The metropolis of Chennai generates a high volume of anthropogenic pollutants. The coastal waters of Chennai experience episodes of eutrophication and toxic algal blooms due to the city pollutants brought by the Adyar and Cooum Rivers (Shanmugam et al., 2007; Mishra et al., 2015). Therefore, it can be hypothesized that the higher load of anthropogenic pollutants could have not allowed phytoplankton to flourish. However, during RLP, an increase in chl-a anomaly was probably attributed to the relative reduction in pollution stress. Analogous to Chennai, the coastal waters off Hooghly also receive a significant load of anthropogenic pollutants. The Hooghly River is one of the major distributaries of Ganga River. After traveling a considerable distance from the upstream, the river passes through the urbanized metropolitan city of Kolkata and carries all the anthropogenic materials into the coastal waters of the WBoB. The recent reports showed a significant increase of the water transparency in the upper reaches of Ganga River during the lockdown period, signifying a reduction in anthropogenic influx (Garg et al., 2020). Concomitantly, the subsequent reduction in the pollution stress restored phytoplankton growth in the downstream (Hooghly estuary), which has been also reported during the lockdown period (Pal et al., 2020; Sengupta et al., 2020). In general, the estuaries act as a filter for the anthropogenic material before passing into the adjoining sea. Therefore, the reduction in excess anthropogenic materials restored the phytoplankton growth by optimally utilizing the nutrients. Therefore, these coastal waters also showed an increase in the magnitude of chl-a from SLP to RLP.

During RLP, the maximum percentage decrease in concentration was observed off Mahanadi (chl-a, 61%; kd490, 49%; POC, 53%). Although the coastal waters off Mandovi-Zuari estuary receive lesser anthropogenic inputs than the coastal waters off Mahanadi, they also followed a decreasing pattern in the studied parameters (chl-a, 56%; kd490, 33%; POC, 32%) with a higher percentage next to off Mahanadi. The response times of these ecosystems to reflect the variability in biogeochemical parameters could have played an important role behind the decreased magnitude of water quality parameters during RLP (Drupp et al., 2011). It can be hypothesized that the coastal water productivity was sustained using the available nutrients in the ecosystem during SLP. Subsequently, after the reduction in the anthropogenically sourced nutrients during SLP, the decrease in the magnitude of chl-a and POC was reflected in the lag phase during RLP. A recent study has reported a similar instance off Mahanadi showing a decrease in the magnitude of chl-a attributed to anthropogenic nitrate reduction during SLP (Mishra et al., 2020).



CONCLUSION

In recent decades, anthropogenic activities in the coastal regions have risen at an unprecedented pace, which poses a significant threat to coastal water habitats. The stochastic anthropogenic nutrient supplies to the coastal areas result in recurrent events of eutrophication, algal blooms (sometimes toxic), phytoplankton community shift, and depletion in aquatic oxygen concentration. As urbanization and population growth are rising, several research programs and monitoring plans are undergoing to address this global concern and to understand the root causes as well as long-term impact.

The COVID-19 pandemic-induced lockdown pave the way to an opportunity to understand and quantify the effect of anthropogenic material influx on coastal water ecology. In this regard, the present study has addressed the temporal variation in the magnitude of satellite-retrieved water quality parameters (chl-a, kd490, and POC), in the Indian coastal waters, during different phases of lockdown. The satellite (MODISA)-retrieved magnitudes of water quality parameters have provided valuable insight to efficiently describe the changes in response to the lockdown. As the North Indian Ocean exhibits seasonality in the spatio-temporal variation of water quality parameters, an anomaly-based assessment was adopted in this study to eliminate the seasonal biases. The overall results discerned a decrease in the magnitude of water quality parameters in the coastal waters of both the EAS and the WBoB during the total lockdown period (SLP and RLP). However, the reduction was more significant in the WBoB as compared with the EAS. The larger decrease in the magnitude of water quality parameters in WBoB was attributed to the reduction in the supply of anthropogenic nutrients. During SLP, the coastal waters of the WBoB showed a significant negative anomaly in the magnitude of water quality parameters, which was not the case for the EAS due to the lesser dependence on the river-borne anthropogenic material. Among different studied locations in the coastal waters of the WBoB, the magnitude of all water quality parameters significantly reduced off Chennai and Hooghly, during SLP, which subsequently increased during RLP. The coastal waters off Chennai and Hooghly showed the clear signature of lockdown attributed to the reduction in anthropogenic pollutant influx during SLP and subsequent increase during RLP. Among all the studied locations during RLP, the maximum decrease in the magnitude of water quality parameters was observed off Mahanadi followed by Mandovi-Zuari, possibly due to the higher response time of these ecosystems to reflect the reduction in anthropogenic perturbations. In general, the significant reduction in anthropogenic fluxes of nutrients, during the first phase of lockdown, could have led to the decrease in the surfeit primary production and organic matter, thus increasing the water clarity and improvement in the health of the coastal environment.
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