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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.


[image: image]

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).


[image: image]

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.

[image: Table 1]


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.


[image: image]

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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The COVID-19 pandemic has affected the entire world and has had a devastating impact on both lives and livelihoods in India. The only way to defeat the rapid spread of COVID-19, is to shut down socio-economic activities and to maintain minimal human interaction with the implementation of a lockdown. Such lockdowns have manifested in a pollution curtailment in almost all spheres of the planet, including in marine pollution. Quantifying this decrease in pollution levels enables the scientific community to assess the contribution of anthropogenic (especially non-essential) activities to global/regional pollution levels. This paper aims to study the impact of the stringent lockdown period (phase 1 and 2) on coastal water quality along the Chennai coast of India, by analyzing suspended matter concentration (SPM), a key element of water quality and diffuse attenuation coefficient, Kd(490), using LANDSAT-8 Operational Land Imager (OLI) data. LANDSAT-8/OLI, L1TP scenes were subjected to radiometric calibration and atmospheric correction to derive surface reflectance values from raw digital numbers using ACOLITE software and a brief insight has been given for the Dark Spectrum Fitting algorithm used in ACOLITE. SPM concentration decreased by 15.48 and 37.50% in the Chennai and Ennore ports, respectively, due to minimal vessel movement and cargo handling. The stringent lockdown led to the operation of fewer thermal plant units, thus less fly ash was emanated, resulting in a 28.05% reduction in SPM levels over Ennore creek. As industrial and commercial activities subsided, the city’s water bodies became clearer than they were just a fortnight prior to the lockdown, with a reduction of 22.26% of SPM in Adyar and 33.97% in Cooum riverine estuaries. Decrease in Kd(490) showed a positive relationship with SPM and thus improved coastal water quality because of the reduction of SPM during this period. The variations in PM2.5 and PM10 concentrations were studied using National Air Quality Monitoring Programme (NAMP) data and reduced levels in particulate matter concentration (PM2.5 and PM10) for the Adyar residential area (24.38 and 28.43%) and for the Nungampakkam commercial area (36.09 and 67.18%) were observed. A significant reduction in PM2.5 concentration (45.63%) was observed in the Ennore-Manali Industrial region.

Keywords: COVID-19 lockdown, water quality, Chennai coastal waters, suspended particulate matter, diffuse attenuation coefficient, ACOLITE


INTRODUCTION

COVID-19 has had an impact the entire world, and India has also felt this impact. The spread of COVID-19 has been so vast that the World Health Organization (WHO) declared it a pandemic and has designated it as medical emergency. To overcome the rapid and far-reaching spread of the disease, in the absence of proven medications, social distancing measures were put in place as the only way to minimize the human interaction. Inevitably, the country was put under lockdown. In this regard, the Indian Government took a strong stand against social life around the entire country starting in mid-March 2020. The prevalence of the pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) named by International Committee on Taxonomy of Viruses (ICTV), continued to spread around the world and by mid-June 2020, around 213 countries has been affected. To date, more than 10 million cases of the virus infection have been reported worldwide, with the majority of fatalities being reported in the USA, Spain, and Italy (Worldometers.info, 2020).

Lockdown has substantially restricted public life in almost all sectors. There has been a cessation of aviation services, railways, including sub-urban electric trains and metro trains, buses, cars, and taxis with the exception of essential cargos. Other than services falling in the essential category, most industrial activities were suspended. The entertainment and hospitality industry, educational institutions, private and government offices, as well as religious and social gatherings were all placed under total lockdown.

Power generation in India decreased by as much as 26.5% during the country-wide lockdown, including a 33% decrease in coal-based power generation (Saraswat and Saraswat, 2020). The Scripps Institute of Oceanography estimated that fossil fuel consumption around the world will decline by about 10% due to COVID-19 (SCRIPPS, 2020). Since the activities of citizens and industries were shut down for weeks, the Air Quality Index (AQI) across major cities improved, particularly due to the reduction in NO2, PM10, and PM2.5 caused by vehicles and industry (Central Pollution Control Board-India, 2020; Laxmipriya and Narayanan, 2020; Navinya et al., 2020; Sharma et al., 2020). These environmental benefits are a result of the halting of industrial and economic activity and not because of proactive action to control pollution or to mitigate climate change. The lockdown also brought a unique opportunity to assess the effect of anthropogenic activities on air, water quality, and atmospheric greenhouse gas concentrations and its influence on global temperatures. Quantifying the pollution status in various spheres during the lockdown period is an important activity for researchers to understand the short and long-term effects the spread of COVID-19 might have on the climate.

Coastal regions are dynamic in nature because of river discharges, industrial effluents, ship traffic, dredging, waste dumping, and sewage disposal etc. Population growth, climate change and variability, and changing land use practices all contribute to the stress of coastal water quality. The anthropogenic activities along the coastal regions are major contributors to marine water pollution. Due to the shutdown of anthropogenic activities, improvements in coastal water quality (decrease in Suspended matter concentration) were observed along the west coast of India (Yunus et al., 2020) and in the Hooghly estuarine region in the northern Bay of Bengal (Jayaram et al., unpublished data). An attempt has been made to study the water pollution in the Chennai coastal waters during the COVID-19 lockdown period, through the water quality parameters. Ocean color remote sensing techniques are useful and adapted to perform spatio-temporal studies on coastal water quality. Water quality can be measured in terms of biological, physical, and chemical indicators such as turbidity, chlorophyll-a, algae (harmful and non-harmful), pollution-sediment, temperature, metals, dissolved oxygen, nutrients (primarily phosphorus and nitrogen), and many other contaminants.

This study mainly focused on the Suspended Particulate Matter (SPM) concentration derived from satellite remote sensing measurements. The term “suspended matter” does not apply to a single type of material, but to a whole family of materials with their own individual characteristics (Sathyendranath, 2000). These particulates include anything drifting or floating in the water, from sediment, silt, and sand to plankton and algae (Fondriest Environmental Inc, 2014). SPM concentration levels are largely governed by the pollution load from anthropogenic origin, especially in connection with coastal waters situated within reach of metropolitan/industrial cities. SPM has therefore been considered to assess the variation in pollution levels, i.e., water quality in Chennai coastal waters. In addition to SPM, diffuse attenuation coefficient Kd(490), an apparent optical property, also defines optical water quality (Kirk, 1988). It shows how strongly light intensity at a specified wavelength (490 nm) is attenuated within the water column and also indicates turbidity of the water column. It is directly related to the presence of scattering particles in the water column, either organic or inorganic, and is therefore an indication of water clarity. To assess the anticipated atmospheric fallout, reduction in particulate matter concentrations of PM2.5 and PM10 were also reported on during this lockdown period.



STUDY AREA

Chennai (“The Detroit of India”), the metropolis of the Indian state of Tamil Nadu, is located on the Coromandel Coast off the Bay of Bengal (BoB), and has two major ports (Chennai and Ennore) and numerous coastal Industries. The study area is situated in between 80.25°E–80.50°E and 13°N–13.35°N, as shown in Figure 1. Littoral regions are of great concern, due to the fact that they are not only the most productive areas but also hot spots of pollution. Massive populations and the congregation of industries in Chennai are impairing the rivers of Kosasthalaiyar, Cooum, and Adyar by ceaseless depositing of treated/untreated sewage. These rivers ultimately discharge into BoB. Dumping of dredged material is a major threat to Ennore Creek (EC), which further leads to the blockage of water flow. This creek receives wastewater, which includes treated effluents and untreated wastewater from industrial sources in Ennore-Manali areas. The two power plants in Chennai (Kalpakkam and Ennore) emanate thermal effluents into the sea, which leads to a rise in temperature levels over several square kilometers. In addition to this, direct dumping of waste as well as harbor activities such as dredging, cargo handling, ship traffic, oil spillages etc., also accompany the marine pollution. All of this waste discharge results in ecological changes including a marginal decrease in dissolved oxygen, pH, and primary productivity (Ramesh et al., 2008). The sites that are prone to marine pollution, such as the ports of Chennai and Ennore, the river mouths of Kosasthalaiyar (Ennore creek), Cooum, and Adyar were therefore considered in this study (Gowri and Ramachandran, 2001; Shanmugam et al., 2007).
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FIGURE 1. Study area and prominent regions prone to marine pollution along the Chennai coast.


The Chennai coast is characterized by a semi-diurnal tide with a maximum ∼1.2 m tidal range (Mishra et al., 2015). The mixing and sediment transport phenomena are highly dependent on tidal ebbing and flooding conditions (Kalaivani and Krishnaveni, 2015). Sediment transport is northerly from April to October and southerly from November to March. The sediment transport rate is high throughout the year, with a maximum of about 2 × 105 m3 per month in June and a minimum of about 0.7 × 105 m3 per month in March (Chandramohan et al., 1990). Mishra et al. (2015) conducted field campaigns along the Chennai coast (January 2013–December 2014) and reported SPM concentration ranges in between 11 and 160.5 g m–3 with a mean value of 34.8 g m–3 in the dry season (January–June).



DATA AND METHODOLOGY


Data

Landsat-8/OLI has spectral bands with central wavelengths close to that of dedicated ocean color sensors. The resolution of current ocean color sensors is one of the key limiting factors for water quality applications in near-shore regions, as they are unable to accurately resolve coastal ocean characteristics (Mouw et al., 2015). Optical sensor OLI has native spatial resolution of 30 m and is therefore better suited to resolve detailed features of SPM in the near-shore region compared to conventional ocean color sensors. Additionally, improved sensor signal-to-noise ratio and radiometric resolution of OLI, permits the application of this land-designed sensor for marine applications (Trinh et al., 2017). It provides the capability to optically map active components of the upper water column in inland and coastal waters with minimized coastal contamination. These characteristics indicate that Landsat-8/OLI images are suitable and were found to provide appropriate data for retrieval, estimation, and monitoring of water quality parameters on a regional scale (Lim and Choi, 2015; Vanhellemont and Ruddick, 2015; Wei et al., 2018). However, Landsat-8/OLI data may not be advisable when studying extremely dynamic and large-scale features due to its low temporal resolution and synoptic coverage compared to MODIS, AVHRR, VIIRS etc. To study the impact different phases of lockdown (Supplementary Table 1) had on water quality along the Chennai coast, April (stringent lockdown period) was chosen and Landsat-8/OLI instrument L1TP (Level 1 and Terrain Precision) scenes of path/row-142/051 were downloaded from NASA’s USGS Earth-Explorer website for the period of 2013–2020.



Pre-processing

Landsat-8/OLI, L1TP scenes were subjected to radiometric calibration and atmospheric correction to derive surface reflectance values from raw digital numbers using the ACOLITE package, developed by the Royal Belgian Institute of Natural Sciences (Vanhellemont and Ruddick, 2018). It is an image-based Atmospheric Correction algorithm that estimates radiance by correcting for molecular and aerosol scattering in the atmosphere using the Gordon and Wang (1994) approach. Molecular reflectance correction, based on viewing and illumination geometries, is performed with a 6SV-based look-up table.

ACOLITE employs the Dark Spectrum Fitting (DSF) algorithm (Vanhellemont and Ruddick, 2018; Vanhellemont, 2019) for atmospheric correction. The DSF algorithm considers the atmosphere as homogenous and estimates atmospheric path reflectance by assuming approximate zero water-leaving radiance for the pixels, in at least one of the sensor bands of the scene. Figure 2 provides a brief insight into DSF aerosol correction. The aerosol model and best fitting band combination, which gives the lowest RMSD between observed dark spectrum (ρdark) and estimated atmospheric path reflectance (ρpath), is selected for the atmospheric correction. ACOLITE performs glint correction to obtain glint-free surface reflectance by estimating sun glint reflectance from the SWIR bands, significantly improving the data availability for this nadir viewing sensor (Harmel et al., 2018; Vanhellemont, 2019).
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FIGURE 2. Flow chart representing aerosol correction procedure in DSF algorithm.




SPM Retrieval

SPM plays a vital role in Primary production, pollutant transport, and other biogeochemical processes in coastal marine environments (Kravchishina et al., 2018). Curran et al. (1987) and Novo et al. (1989) investigated the form of the relationship between SPM and water-leaving reflectance in coastal waters and showed that single band algorithms may be adopted where SPM increases with increasing reflectance. Ahn et al. (2001) pointed out that single bands at longer wavelengths in visible portions are highly useful for deriving SPM concentrations in turbid waters. After performing the atmospheric correction for the scenes, to retrieve the suspended particulate matter (SPM), a generic multi-sensor SPM algorithm for turbid waters developed by Nechad et al. (2010) was adapted for this study. The algorithm is based on a reflectance model (Gordon et al., 1988) and is calibrated using in-situ reflectance and SPM measurements made over the southern North Sea area from 2001 to 2006. Nechad et al. (2010) proposed an algorithm based on Inherent Optical Properties (IOP) for turbid waters (case 2 waters). SPM is related to the ratio of total backscattering (bb) to total absorption (a). Assumptions made in this algorithm derivation are that particulate backscattering (bbp) and particulate absorption are proportional to the SPM concentration, that spatio-temporal variability of non-particulate absorption (anp) is negligible, and that non-particulate back-scattering is zero.

[image: image]

ρw is the water-leaving reflectance which can be derived from the remote sensing reflectance (Rrs), ρw = πRrs. Aρ is obtained from a non-linear regression analysis using in-situ reflectance and SPM data and Cρ is calibrated using standard IOP data (Mobley, 1994; Babin et al.,2003a,b; Lubac and Loisel, 2007). For Ladsat-8 data, Rrs at red band (central wavelength = 655nm) is used for SPM retrieval. Generic coefficients (corresponding to 655nm) were taken from Table 1 and Table 4 of Nechad et al. (2010), Aρ = 289.29 and Cρ = 0.1686. Mathematical formulations for these calibration coefficients are given below,

[image: image]

Where A and C are calibration parameters, and b^*bp and a^*p are SPM specific particulate backscattering and absorption, respectively. R is the constant and represents reflection and refraction effects at the sea surface = 0.529 (Morel and Gentili, 1996), f’ is a varying dimensionless factor (Morel and Gentili, 1991) and Q is the ratio of subsurface upwelling irradiance to the subsurface upwelling radiance. f’/Q = 0.13 for sediment-dominated waters (Loisel and Morel, 2001).



Kd(490) Retrieval

Diffuse attenuation coefficient (Kd) has strong relationship with IOPs such as absorption coefficient (a) (Smith and Baker, 1981; Lee et al., 2002; Lee et al., 2005; Lee et al., 2015) and back scattering coefficient (bb) (Gordon et al., 1988; Lee et al., 2002; Sun et al., 2014). A semi analytical approach developed by Lee et al. (2002), and a Quasi Analytical Algorithm (QAA) has been adapted to redeem Kd(490) for this study. Kd(490) retrieval involves calculation of a(490) and bb(490) by analytically inverting remote sensing reflectance (Lee et al., 2005). These IOPs are further used to calculate Kd(490) from the Eq. 3.

[image: image]

Where m0 = 1 + 0.005θa, θa is the solar zenith angle in air. The values for model constants m1, m2, and m3 are 4.18, 0.52, and 10.8, respectively (Lee et al., 2005). These values remain constant for different waters and different wavelengths and it is to be noted that a and bb changes with water mass and wavelength, as well as with solar zenith angle.



RESULTS AND DISCUSSION

The long-term mean was calculated using L8 scenes of April (2013–20) and April-2020 (2nd & 18th, April-2020) scenes were used to compute mean values for the stringent lockdown period. Negative anomalies were observed in the majority of locations/pixels in all prominent regions of the study area. Mean, percentage, and root mean square differences (RMSD) were computed. The entire region was considered while computing mean differences and their percentages, whereas pixels with negative anomalies were isolated and computed RMSDs for those pixels.


Variation in Suspended Particulate Matter

The potential variances in SPM concentration, are either due to anthropogenic activities or biogeochemical processes taking place in the system (Kuppusamy and Giridhar, 2006). The seasonal and biogeochemical processes remained the same whereas anthropogenic activities were shut down (exemption was given to essential services) during the COVID-19 lockdown. Delineating the contribution of anthropogenic activities to SPM levels has therefore been assessed in this study. An anticipated decrease of SPM concentration is clearly observed in all prominent regions of the study area and their corresponding statistical inferences are presented in Table 1.


TABLE 1. Statistical parameters of SPM for all prominent regions in the study area.

[image: Table 1]The statistics revealed by the Chennai port (Chennai Port—Tamil Nadu, 2020) says that, there was a 40% decrease in cargo handled and a 36% decrease in vessel traffic during April 2020 (Supplementary Figure 1). Fishing activities were completely paused due to the absence of ice and because of the workforce being in lockdown (ThePrint, 2020). It was observed that SPM concentration at the CPFH region decreased about 15.48% (refer Table 1). The Ennore port handled 3228 kilotons of cargo, which is much less compared to Chennai port during the months of April and May 2020. Due to this, SPM concentration during the stringent lockdown period at EP drastically reduced by 37.5% (refer to Table 1). It was noticed that the pause in port and fishing activities contrived the coastal water quality (refer to Figure 3).
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FIGURE 3. Long-term (left), April 2020 (middle), and April 2020 anomaly (right) mean distributions of SPM over prominent regions in the study area.


The Tamil Nadu State’s peak electricity demand plummeted with the shutdown of commercial and industrial units and led to a drastic drop (about 30%) in power demand. All of these factors led to a reduction in SPM of around 28.05% over EC (refer to Table 1 and Figure 3). As industrial and commercial activities subsided during the lockdown period, the city’s water bodies became clearer than they were just a fort-night prior to the lockdown, with no industrial effluents flowing in from closed factories. The Adyar river now carries 70 cusecs of relatively clean water and no froth has been noticed anywhere along the river due to the absence of chemicals. The flow of 60 cusecs of gray water from the units has now come down to 10 cusecs (The Times of India, 2020) and SPM concentrations were decreased by 22.26 and 33.97% at CE and AE, respectively (Table 1); corresponding maps are presented in Figure 3.



Variation in Diffuse Attenuation Coefficient

The impact the COVID-19 lockdown had on Kd(490) was also studied along with SPM, and the observed results for the five prominent units selected in the Chennai coastal waters are outlined in Table 2. Comparable variability was observed in Kd(490) concentrations due to a decline of suspended and dissolved solids contributed from respective sources.


TABLE 2. Statistical parameters of Kd(490) for all prominent regions in the study area.

[image: Table 2]A decrease of cargo and vessel movement in the Chennai port, and also in relation to the decrease of SPM up to 15.48%, Kd(490) shows high transparency levels at the fishing harbor and port (Figure 4) with an 8.62% decrease in the light attenuation varying from ∼0.45 to ∼0.7 m–1 leading to water clarity. This observation shows the impact of lockdown with a pause in port and fishing activities. The EP showed a 11.69% decrease in the light attenuation, resulting in high transparency during the lockdown period, as shown in Figure 4. The Kd(490) varies from ∼0.45 to ∼0.7 m–1 as observed in the CPFH region. This indicates that port regions of EP and CPFH had a maximum decrease in both SPM distribution and Kd(490) light attenuation, showing the impact lockdown had.
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FIGURE 4. Long-term (left), April 2020 (middle), and April 2020 anomaly (right) mean distributions of Kd(490) over prominent regions in the study area.


SPM distribution over EC showed a maximum 28.05% decrease during the lockdown period which was also observed with a 17.14% decrease in the light attenuation from Kd(490), showing clear waters along the coast compared to the long-term mean. This can be attributed to the shutdown of industrial and dredging activities which resulted in reduced pollution and thus increasing coastal water quality in the EC.

The AE region located south of the Chennai port, indicates a maximum decrease of 23.28% difference compared to the long-term mean, which is also correlated to the maximum 33.97% decrease of SPM. The Kd(490) varies <1 m–1 showing reasonable transparency compared to the long-term distribution of Kd(490). Whereas in the CE region, located in between the CPFH and AE, Kd(490) distribution is observed with a 17.10% decrease along the coast. These estuarine regions are more susceptible to marine pollution, revealing the impact of lockdown in the reduced SPM concentrations and Kd(490) distribution in the coastal waters.



PM2.5 and PM10 Concentrations

The major sources for PM2.5 and PM10 concentrations in atmosphere are industries, dust and vehicular emissions. The variations in PM2.5 and PM10 concentrations in the Chennai local atmosphere were studied for this lockdown period by considering three National Air Quality Monitoring Programme (NAMP) stations at different LULC zones. The PM2.5 and PM10 data of Adyar (residential), Nungampakkam (commercial), and Manali (industrial) stations have been acquired from the pollution control boards of the State and Central governments for the period of 2018–2020. PM10 data is not available for Manali station and in the case of Adyar and Nungampakkam stations, the 2018 PM2.5 data is not available. The trend of specified air quality parameters has been assessed by analyzing pre- and during lockdown levels. As vehicles stayed off the road, construction was put on hold, and factories stopped production, the levels of microscopic particulate matter (PM2.5) started to drop (EcoWatch, 2020). It was observed that there was a profound decrease in particulate matter concentrations and the corresponding results are presented in following sections.

While measuring particulate matter concentrations in Adyar station, the results indicated a decrease in PM2.5 and PM10 over a period (February to May) in 2020 when compared with long-term mean values (Figures 5, 6). The percentage reduction during the stringent lockdown period (24.38% and 28.43%) was marginal because of the persistent contribution of domestic pollutants in residential zones (Table 3). The main sources of particulate matter in commercial areas are vehicular emissions. A significant drop in PM2.5 and PM10 (Figures 5, 6) levels were observed (36.09 and 67.18%) in Nungampakkam during the stringent lockdown period (Table 3) due to extensive restrictions implemented for public transport and vehicle movement. Other than the essential category units, most industries were shut during the COVID-19 lockdown. A profound improvement in air quality was observed in Manali due to reduced industrial emissions (Table 3 and Figures 5, 6).
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FIGURE 5. Plots representing variations in monthly means and their percentage anomalies with long-term data of PM2.5 data at residential (Adyar), commercial (Nungampakkam), and industrial (Manali) zones.
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FIGURE 6. Plots representing variations in monthly means and their percentage anomalies with long-term data of PM10 data at residential (Adyar), commercial (Nungampakkam), and industrial (Manali) zones.



TABLE 3. Statistical analysis of monthly particulate matter mean data.
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Discussion

Decreased SPM levels in response to the COVID-19 lockdown indicated a reduced influx of contaminants (size ≥0.45 microns) into coastal waters. Unlike SPM concentration, the Kd(490) parameter reveals the combined effect of suspended and dissolved matter (majorly Color Dissolved Organic Matter) on light attenuation (Kirk, 1994; Gallegos and Moore, 2000). Decrease in Kd (490) values resulted in improved water quality and the same was observed in all the prominent regions of study during the lockdown period. This decrease in Kd (490) can be related to three possibilities:


i.Both suspended and dissolved matters were decreased

ii.Suspended matter decreased whereas dissolved matter remained the same

iii.Dissolved matter decreased whereas suspended matter remained the same



Though the impact lockdown had on dissolved matter is not quantified in the present study, a decrease in dissolved matter levels could be expected due to the shutdown of anthropogenic activities. The first two cases show an in-phase relationship with the SPM results of this study, but the third case exhibited contradictory behavior. As the inorganic suspended matter shows dominance in the turbid coastal waters, the absence of their respective sources will certainly have an impact on their abundance and there is no possibility of occurrence for the third case during COVID-19 lockdown. A decrease in Kd(490) therefore shows an in-phase/positive relationship with SPM (Figure 7) and substantiates improved coastal water quality through the reduction of SPM during the stringent lockdown period.


[image: image]

FIGURE 7. Plot representing positive relationship between SPM and Kd490.


In general, spatio-temporal variability of SPM concentration levels in coastal waters mainly depends on domestic and industrial sewage, atmospheric fallout, runoff, tides, and re-suspension of sediments. Among these, the components associated with anthropogenic activities are: sewage that originates from domestic sources and industrial outlets; atmospheric particulate matter that releases from vehicular emissions, and industries. A direct increase or decrease in the aforementioned components will certainly have an impact on SPM levels. Apart from the anthropogenic contribution, the rest can be attributed to natural variability. Landsat-8 scenes of 2 and 18 April 2020 were considered, while computing mean SPM values for the stringent lockdown period, observed reduction in SPM levels. In view of checking natural SPM variability, the authors verified any deviation from the prevailing or natural/climatic conditions in the study region. The Northeast monsoon (October–December) is a major source of rainfall in Tamil Nadu and the state is entirely dependent on rains for recharging its water resources. From a CPC global unified gauge-based analysis of daily precipitation data, it was observed that there is no rainfall during the times of Landsat-8 coverage. It was observed that Landsat-8 overpassed the Chennai coast during low-tide, on both days. So, the natural variability of SPM associated with runoff and tidal currents could be eliminated. The observed reduction in SPM levels can therefore be solely attributed to the stringent lockdown period.



CONCLUSION

The impact of the COVID-19 lockdown on coastal water quality across the Chennai region was studied by analyzing the suspended particulate matter concentration (SPM). Anthropogenic activities’ contribution to SPM levels was assessed for all five prominent regions in the study area. A decrease in SPM concentration (15.48, 37.50%) was clearly observed due to minimal vessel movement and cargo handling at the Chennai and Ennore ports. SPM levels over Ennore creek/estuary were reduced by 28.05%, and can be attributed to limited industrial activities in Ennore-Manali area and the decreased fly ash emissions from thermal power plants. As industrial and commercial activities subsided during the lockdown period, the city’s water bodies, Adyar and Cooum, were clearer than the pre-lockdown period, with no industrial effluents flowing in from closed factories. The suspended matter over these estuaries was reduced by 22.26 and 33.97%. A decrease in Kd(490) showed an in-phase/positive relationship with SPM and substantiated the improved coastal water quality through the reduction of SPM during the lockdown period. The variations in PM2.5 and PM10 concentrations in the Chennai local atmosphere were studied for this stringent lockdown period considering three NAMP stations at different LULC zones. The extensive restrictions imposed on public transport and vehicular movement reduced the particulate matter concentration (PM2.5 and PM10) for the Adyar residential area (24.38 and 28.43%) and for the Nungampakkam commercial area (36.09 and 67.18%). A significant reduction in PM2.5 concentration (45.63%) was observed for the Manali industrial region. Peters et al., 2012 reported rapid growth in pollution levels (CO2) after the global financial crisis occurred in 2008 to 2009. Once the situation stabilizes, and returns to normality as seen during the pre-lockdown period, a rebound of pollution levels in all spheres of earth can be expected within a short time span. This study propounds the necessity of sustainable development to maintain a balanced environment, otherwise the COVID-19 lockdown scenario will simply replicate the rise in pollution seen after the 2008 to 2009 global financial crisis.
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The Coronavirus disease 2019 (COVID-19) pandemic halted human activities globally in multiple sectors including tourism. As a result, nations with heavy tourism, such as Belize, experienced improvements in water quality. Remote sensing technologies can detect impacts of “anthropauses” on coastal water quality. In this study, moderate resolution imaging spectroradiometer (MODIS) satellite data were employed along the Belizean coast to investigate impacts of the COVID-19 shutdown on water quality. The attenuation coefficient at 490 nm, Kd(490), was used as an indicator of water quality, with a lower Kd(490) indicating increased water clarity. Four Coastal Management Zones were characterized by marine traffic as high traffic areas (HTAs) and two as low traffic areas (LTAs). Monthly composites for two periods, 2002–2019 (baseline) and 2020 were examined for Kd(490). For months prior to the COVID-19 shutdown in Belize, there was generally no significant difference in Kd(490) (p > 0.05) between 2020 and baseline period in HTAs and LTAs. Through the shutdown, Kd was lower in 2020 at HTAs, but not for LTAs. At the LTAs, the Kd(490)s observed in 2020 were similar to previous years through October. In November, an unusually active hurricane season in 2020 was associated with decreased water clarity along the entire coast of Belize. This study provides proof of concept that satellite-based monitoring of water quality can complement in situ data and provide evidence of significant water quality improvements due to the COVID-19 shutdown, likely due to reduced marine traffic. However, these improvements were no longer observed following an active hurricane season.
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INTRODUCTION

The Central American nation of Belize is home to the Belize Barrier Reef Reserve System, the largest barrier reef system in the northern hemisphere and a World Heritage Site (UNESCO, 1996; Cherrington et al., 2010, 2020). Belize’s reef system is approximately 250 km in length, 963 km2 in area, and is located 0.5-80 km offshore between Mexico and Guatemala’s borders (Gischler and Hudson, 2004; Baumann et al., 2019; Claudino-Sales, 2019). This reef system contains hundreds of reef patches which developed during the Holocene (Gischler and Hudson, 2004; Eckert et al., 2019). Belize’s coral reefs support high levels of biodiversity (Young, 2008), and provide essential ecosystem services such as coastal protection and fisheries (Hoegh-Guldberg et al., 2007), and important economic revenue as tourism is a primary contributor to the economy (Murray, 2020). Since 1998, the main use for Belize’s reefs has been identified as tourism and thus the nation must continuously monitor tourism impacts in order to prevent the degradation of the reefs and preserve Belize’s competitiveness in ecotourism markets (Gibson et al., 1998; Diedrich, 2007).

The Coronavirus disease 2019 (COVID-19) pandemic caused shifts in the environment and climate due to global lockdowns resulting in a reduction of social and economic activities (Bar, 2020; Rume and Islam, 2020). On March 23, 2020, a mandatory quarantine was placed on Ambergris Caye within Belize followed by a countrywide state of emergency (SoE) declared on March 30, 2020 (Government of Belize Press Office, 2020b; United Nations, 2020a). To limit the spread of COVID-19, Belize closed their borders to international travelers by closing land borders and its international airport (Government of Belize Press Office, 2020a). On October 1, 2020, the reopening phase of Belize’s international airport began while expecting 140 travelers on its first day (Government of Belize Press Office, 2020c).

Tourism has declined on a global scale, which can have devastating impacts on local and regional economies. Other observed impacts include a reduction of anthropogenic footprint on natural ecosystems (Bar, 2020). Remote sensing datasets are especially well-positioned to assess these changes by providing a mechanism to observe larger scale responses to these declines in human activity, often referred to as the “anthropause” (Rutz et al., 2020). This is especially important in data-scare regions such as Belize. For example, Landsat-8, Sentinel-2, Sentinel-3, and moderate resolution imaging spectroradiometer (MODIS) have been used to evaluate changes in air quality emissions (Wang and Christopher, 2003; Gupta et al., 2006; Mishra et al., 2021), water clarity (Barnes et al., 2013; Zheng et al., 2016; Kuhn et al., 2019), and coastal/ocean productivity (Ho et al., 2017; Astuti et al., 2018; Caballero et al., 2020). A variety of satellites have been used for impact assessment such as Landsat-8 (Nanda et al., 2020; Patel et al., 2020; Yunus et al., 2020), PlanetScope (Niroumand-Jadidi et al., 2020), Sentinel-2 (Braga et al., 2020; Garg et al., 2020), Sentinel-3 (Cherif et al., 2020; Mishra et al., 2020), and MODIS (Gaiser et al., under revision). Multiple studies report reductions in air, water, and noise pollution due to global lockdown orders. Within the hydrosphere, rivers (Dutta et al., 2020; Garg et al., 2020; Patel et al., 2020), lakes (Yunus et al., 2020), lagoons (Braga et al., 2020; Niroumand-Jadidi et al., 2020), and coastal regions (Cherif et al., 2020; Mishra et al., 2020) experienced improvements in water quality with decreases in turbidity, pollution, and pathogens. Improvements in water quality were attributed to reductions in industrial discharges, boat traffic, and public interactions in general. These anthropogenic activities tend to increase water column turbidity and sediment resuspension in the near-shore environments and diminish water quality in the lagoon. Here, we hypothesize that the COVID-19 lockdowns and the subsequent decline in tourism and marine traffic will improve the water clarity in the Belizean coast, namely near major ports and tourist regions.

To test the hypothesis, we used satellite datasets, model produced runoff and precipitation outputs, and marine traffic data conjunctively to investigate the impacts of the COVID-19 pandemic on coastal water quality in Belize. Using the vertical diffuse attenuation coefficient [Kd(490)] as the primary indicator of water quality, we compared the monthly variations in water clarity in 2020 to that observed from 2002 to 2019.



METHODS


Study Area and High and Low Marine Traffic Areas

Belize is located between Mexico and Guatemala with approximately 280 km of coastline. The climate is tropical with high humidity occurring from June to October. Belize is also on the western side of “Hurricane Alley” with tropical storms and hurricanes appearing from June to November (Morales-Vela et al., 2000). Most of Belize’s major cities, towns, tourist centers, and residential properties are located along the coast. The Belizean coastal lagoon is classified as a Case-1 waters like other Caribbean coastal waters (Alvain et al., 2005; Mishra et al., 2005b, 2007; Shi and Wang, 2010) as well as being oligotrophic in nature (Gómez, 2014; Mélin and Vantrepotte, 2015). In addition, multiple studies operate under the knowledge and understanding of these water being oligotrophic (Mendoza et al., 2009; Contreras-Silva et al., 2020; Correa-Ramirez et al., 2020; Guimarais et al., 2021) which is necessary for the development and flourishing of corals (Warne et al., 2005; Guimarais et al., 2021). The Belizean coast hosts multiple diverse ecosystems including coral reefs, mangroves, and seagrasses (Cherrington et al., 2010; Baumann et al., 2016; Verutes et al., 2017; Sweetman et al., 2019; Helmuth et al., 2020) which not only attract tourists but also play an integral role in mitigating coastal erosion and impacts from tropical storms (Cooper et al., 2009). Though these ecosystems contribute millions of United States dollars to Belize’s economy (Cooper et al., 2009), industries such as tourism, fisheries, real estate, and agriculture stand to threaten the very ecosystems that allow them to operate (Verutes et al., 2017). Tourism season in Belize takes place during in dry, winter months from November to April (Renaud, 2020).

Belize’s Integrated Coastal Zone Management Plan (ICZMP) divides its coast into nine regions based on biological, geographical, economic, and administrative characteristics (Coastal Zone Management Authority and Institute [CZMAI], 2016). Six of these nine regions were characterized as high and low traffic areas (HTAs and LTAs, respectively) based on a 2019 marine traffic density map assumed to depict typical traffic patterns prior to COVID-related lockdowns (Figure 1). The four HTAs comprise the Central Region which includes Belize City (A), South Northern Region which includes Dangriga (B), part of South Central Region containing Placenia, Big Creek, and Harvest Caye (C), and the Southern Region containing Punta Gorda and Barranco (D). The two LTAs are to the north, at Ambergris Caye (E), and Caye Caulker (F).
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FIGURE 1. Belize Coastal Zones, Major Ports, and Marine Traffic Density. Six coastal areas were used in this study: (A) Central Region, (B) South Northern Region, (C) South Central Region, (D) Southern Region, (E) Ambergris Caye, and (F) Caye Caulker. Areas (A–D) are denoted as high traffic areas (HTAs) and E & F as low traffic areas (LTAs). Each zone is filled with 2019 marine traffic density maps where the color of each line corresponds to the number of routes/0.15 km2/year.




High Traffic Areas

Belize City is the largest city within the Belize District (17.5046° N, 88.1962° W) and is home to the nation’s principal port (Belize City Council, 2020). The Port of Belize Limited is located on the south side of Belize City and is responsible for containerized and break bulk cargo (Belize Port Authority, 2020b). Other major port facilities in Belize City include Puma Energy Bahamas SA for bulk fuel import, Fort Street Tourism Village, a water taxi terminal operated by the Belize Border Management Agency (BMA), Radisson Fort George, and Old Belize port.

Dangriga is a town in southern Belize and the capital of Stann Creek District (16.9696° N, 88.2315° W). Though the Commerce Bight port 1.5 miles south of Dangriga is currently not operational (Belize Port Authority, 2020a), Dangriga is known as “the cultural capital of Belize” and is a popular tourist location (Belize.com, 2020).

Placencia is located on the Placencia Peninsula (16.5212° N, 88.3713° W) on the southeast coast of Belize within the Stann Creek District and is rapidly growing in tourism (Wells et al., 2014; Renaud, 2020). Just south of the Stann Creek District in the Toledo District is the Port of Big Creek, the nation’s second major port (7 News Belize, 2020), responsible for banana exports, crude oil tank farming, and sugar storage (Port of Big Creek, 2020). South of both Big Creek and Placencia and a mile off the coast is Harvest Caye, a private island developed for tourism by a Miami-based Norwegian Cruise Line (Renaud, 2020). Belize City and Placencia are two major coastal cities which have experienced coral growth declines (Baumann et al., 2019) and mangrove clearings (Cherrington et al., 2010).

Punta Gorda (16.0989° N, 88.8095° W) and Barranco (16.0011° N, 88.9186° W) are both towns located in the southernmost region of Belize located in the Toledo District. Punta Gorda is the capital of the Toledo District and is home to the Punta Gorda Port (Belize Port Authority, 2020c). The Port of Barranco is a very small port in the town of Barranco (FleetMon, 2020).



Low Traffic Areas

San Pedro is a town in the southern part of Ambergris Caye in the Belize District in northern Belize (17.9214° N, 87.9611° W). There is a water taxi terminal with six berths located in San Pedro under the Belize BMA (Belize Port Authority, 2020d).

Caye Caulker is a small island off the coast of Belize (17.7612° N, 88.0277° W) accessible by water taxis and small planes (CayeCaulker.org, 2020).



Satellite Images

The average vertical diffuse attenuation coefficient for downwelling irradiance at 490 nm, Kd(490), was calculated in Google Earth Engine (GEE) from images collected from MODIS onboard the Aqua satellite. The images processed in GEE started from June 4, 2002 to July 31, 2020. The rest of the images for 2020 were downloaded from https://oceancolor.gsfc.nasa.gov/and ingested into GEE. All images were Level-3 daily images with a spatial resolution of 4 km and Kd(490) was calculated using the NASA operational algorithm (Werdell and Bailey, 2005). The algorithm is a fourth-order polynomial between blue and green remote sensing reflectances (Rrs) and Kd(490). The algorithm is based on two high quality bio-optical global datasets, the SeaWiFS Bio-Optical Archive and Storage System (SeaBASS) and the NASA bio-Optical Marine Algorithm Data (NOMAD) archives. Though the datasets encompass a broad range of water types and locations, certain oceanic regions remain underrepresented.

The NASA operational algorithm is as follows for the MODIS sensor:

[image: image]

where [image: image]. Beside numerous open ocean applications, MODIS-derived Kd(490) products have also been used in turbid coastal water (Tomlinson et al., 2019), for coastal river plume characterization during high flow (López et al., 2013), and turbidity impacts on coral health (Freitas et al., 2019; Martínez-Castillo et al., 2020). Caribbean coastal waters are generally considered as Case-1 waters because thriving seagrass and reef habitats help reduce water column turbidity (Mishra et al., 2005a, 2007). The NASA operational algorithm for Kd(490) has also been used specifically in coastal Caribbean regions (López et al., 2013; García-Sais et al., 2017; Vega Sequeda et al., 2017). A function was created to calculate Kd(490) for each image and the newly calculated band was appended to the image collection. Monthly averages for Kd(490) were calculated for the coast of Belize using a mean reducer for LTAs and HTAs and compared between 2020 and the baseline period. The number of pixels included in each monthly calculation was obtained through the count reducer which computes the number of non-null inputs. Percent difference maps of Kd(490) were also created in GEE by filtering the images for each respective month of the year, taking the average for the years of 2002–2019 and 2020, and mapping the percent difference between the two time frames. A decrease in Kd(490) indicates a decline in water clarity, generally associated with degradation in water quality, whereas an increase in Kd(490) indicates an increase in water clarity, associated with an improvement.



Marine Traffic Data

Marine traffic data were obtained from the company MarineTraffic1 for ports and anchorages in Belize from January 2020 to November 2020 (Figure 2). The data uses both Automated Identification System (AIS) data and data from satellite receivers. The data includes arrival and departure data for ports in Belize City, Belize City anchorage, Old Belize, Radisson Fort George, Placencia, Big Creek, Big Creek anchorage, Harvest Caye, San Pedro, and Caye Caulker. The company also detects port calls from Dangriga, Punta Gorda, and Barranco ports, but in 2020 there were no port calls detected through AIS or satellite data for these ports.
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FIGURE 2. Kd(490) Time Series Plots and 2020 Total Port Counts. The first vertical column of figures are plots of monthly Kd(490) values and standard deviations for the 2020 and 2002–2019 time periods. The orange vertical line marks the time of the COVID-19 SoE in Belize. The green lines represent the beginning and end of the tourist season in Belize. The second column of figures are total port counts for each month for 2020. Some ports did not have any port calls in 2020 through AIS or satellite data. Each lettered row of plots corresponds to the areas in Figure 1. (A) Central Region, (B) South Northern Region, (C) South Central Region, (D) Southern Region, (E) Ambergris Caye, and (F) Caye Caulker.




Runoff and Precipitation Models

Monthly time-averaged precipitation and runoff were calculated over Belize using NASA’s Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) model from June 2002 to October 2020. MERRA-2 is a global atmospheric reanalysis produced by NASA’s Global Modeling and Assimilation Office (NASA Global Modeling and Assimilation Office, 2020). For precipitation, the “total surface precipitation” variable was used (M2TMNXFLX v5.12.4) and for runoff, the “overland runoff including throughflow” variable was used (M2TMNXLND v5.12.4). The model outputs were extracted from NASA Giovanni2.



Statistical Analysis

For each month of the year where data were available, data for each location for years 2002–2019 and for the year 2020 were grouped and tested for normality using histograms created in R (R Core Team, 2020). In no cases were both the previous years and 2020 found to be normal, so the Wilcoxon unpaired test was used to test the null hypothesis that there was no difference between 2020 and previous years. We computed means and standard deviation for both time periods.



RESULTS

At the start of 2020 prior to the Belize SoE COVID shutdown, the Kd(490) was consistently similar to that observed for previous years, with no significant differences observed for any location (Figure 2). However, the monthly Kd(490) maps show notable decreases in Kd(490) along the Belizean coast at HTAs following the initial lockdown orders in place on March 23, 2020 compared to the 2002-2019 average (Figure 3A). Following the SOE in April, 2020 data showed a lower Kd (indicating increased water clarity) compared to previous years in (most) HTAs, but not the LTAs. For example, for HTA-D, which includes Placencia, the average Kd(490) from 2002 to 2019 for the month of April was 0.068 m–1 (SD 0.002), while for 2020 the value was 0.057 m–1 (SD 0.001). In May of 2020, HTA-A, which includes Belize’s most popular port, shows a Kd of 0.051 m–1 (SD 0.008) in 2020, compared to 0.090 m–1 (SD 0.008) for the years 2002–2019. See Table 1 for the p-values for hypothesis testing for the difference between 2020 and previous years. While LTAs showed some differences in means, these tended to be smaller, and statistically significant differences were only observed at HTAs. For both HTAs and LTAs for the months of June and July, none of the observed differences in means were significant, possibly due to the tourism season ending so no major differences in marine traffic would be expected.
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FIGURE 3. Percent Difference Kd(490) Maps and MERRA-2 Model Outputs. (A) Monthly percent difference maps comparing 2020 Kd(490) values against those of the 2002–2019 (baseline) time period. (B) MERRA-2 precipitation output for the country of Belize from 2002 to 2020 in kg m–1 s–1. (C) MERRA-2 runoff output for Belize from 2002 to 2020 in kg m–1 s–1.



TABLE 1. Wilcoxon test p-values for each month between Kd(490) values in 2020 versus 2002–2019 baseline for all regions.

[image: Table 1]Figure 3A shows the percent difference of Kd(490) between 2020 and previous years. A greater fraction of the coastal waters shows a decrease (blue) compared to previous years for the months of April through October. In November 2020, Kd(490) increases (brown) drastically across the entire coast. This increase coincides with a record-breaking hurricane season where Belize experienced impacts of Hurricanes Nana, Eta, Iota, and Tropical Storm Cristobal (Amandala Newspaper, 2020). Figures 3B,C show the precipitation and runoff for 2002 through 2020 of Belize. While month to month 2020 was not an atypical year for precipitation through the month of October, both precipitation and runoff were dramatically elevated for the month of November (Figures 3B,C).

Because Kd(490) incorporates both inorganic and organic components within the water column, we tested for correlations between in situ chlorophyll-a and MODIS-derived Kd(490). Using a dataset from 2018 and 2019, we saw no significant correlation between chlorophyll-a and Kd(490) after calculating the Spearman’s rank order correlation coefficient following tests for normality using Q–Q plots and histograms (Spearman’s rho = 0.34) (see Supplementary Material).



DISCUSSION

This preliminary study shows that MODIS Kd(490) data can be used to better understand spatiotemporal changes in water quality impacts associated with environmental disturbances. This is particularly important in locations where in situ data are limited and healthy ecosystems are essential to the local economy. Belize relies on robust tourist traffic to support the economy, and water clarity is critical for coral reef health (De’ath and Fabricius, 2010). Marine traffic due to both commerce and tourism have the potential to result in decreased water clarity through an increase in suspended solids. In addition, marine traffic is also shown to increase nutrient depositions which spurs phytoplankton growth (Zhang et al., 2021). For this site, chlorophyll-a and Kd(490) were not significantly associated, suggesting that Kd(490) is mainly attributed to sediment resuspension rather than algal particles. Nonetheless, the possible contribution of chlorophyll-a to MODIS Kd(490) at the study site needs further investigation, and future data collection should attempt to deconvolute their signals.

The COVID-19 shutdown in 2020, along with the availability of satellite data with an extended recorded (2002–2019), presented an opportunity to understand the impacts of tourism on water quality and subsequent effects on coral reef health in a data-scarce region. As shown in this work, the COVID-19 shutdown resulted in increased water clarity in areas along the Belizean coast with typically high marine traffic, while water clarity was similar in areas with typically low marine traffic during the tourism season. This finding, along with knowledge of the relationships between water clarity and reef health, provides insight on the role of commerce and tourism on the long-term sustainability of the northern hemisphere’s largest barrier reef system. Additionally, this finding is similar to other studies that investigated COVID-19 impacts on turbidity, suspended particulate matter (SPM), and total suspended matter (TSM). Studies in India show a 15.9% decrease in SPM in a lake (Yunus et al., 2020), a significant reduction in the usual pre-monsoon phytoplankton content in coastal waters (Mishra et al., 2020), water quality index increase of 37% in the Yamuna River (Patel et al., 2020), and reductions in turbidity in the Ganga River (Garg et al., 2020) all with notable changes in April 2020. A couple of studies of the Venice Lagoon, which has high water traffic, found decreases of TSM (Niroumand-Jadidi et al., 2020) and increases in water clarity (Braga et al., 2020) during their lockdowns in March and April 2020.

One expected outcome of this study is a further collaboration with colleagues at the Coastal Zone Management Authority Institute, who is committed to the protection and sustainable management of coastal resources and the ICZMP. The ICZMP is an evidence-based set of policy recommendations that enable an improved understanding of how land management might impact coastal and marine resources (Coastal Zone Management Authority and Institute [CZMAI], 2016).

This work also observes substantial water clarity changes, e.g., anomalous coastal plumes, following the active hurricane season in 2020, an observation enabled by high-frequency, freely available satellite data such as MODIS. Hurricane events in November 2020 coincided with a significant decrease in water clarity compared with November during the baseline period (Aronson et al., 2000; Haines, 2019). Future work should include evaluating the changing climatology of hurricane events on corresponding plumes into the marine environment. Furthermore, it is critical that future work considers in situ datasets that would allow improved tuning of remote sensing based estimates of water quality as well as improved characterization of plume constituents. It has been observed that these Belize coastal plumes can be comprised of a variety of constituents, including sediments, agricultural runoff, and sewage (Maidens and Burke, 2005; Macintyre et al., 2009; Emrich et al., 2017; Wells et al., 2019), with Soto et al. (2009) observing a consistent year-to-year river plume occurrences with coral ecosystems (Soto et al., 2009). Though classified as oligotrophic, river plumes can often cause Caribbean waters to become mesotrophic (Warne et al., 2005; Torregroza-Espinosa et al., 2021). In Belize, New River is known to cause a decline in water quality affecting surrounding corals due to poor farming practices and deforestation (Espinoza-Avalos et al., 2009; Reyes et al., 2019). Corals in particular are highly sensitive to changing conditions and it is expected that agricultural runoff and water temperature increases may contribute to their declines (Baumann et al., 2019).



CONCLUSION

Remote sensing can be used to evaluate these coupled events and their spatial and temporal effects on coastal waters. This study observes an improvement in water clarity during COVID-19 shutdowns in Belize, followed by a decline in water clarity following an atypical, active hurricane season. Use of remote sensing is especially important for coastal waters, as populations rise and population density and development along the coasts continue to increase (Martínez et al., 2007; Glavovic, 2017; Elliott et al., 2019). Remote sensing of water quality holds great promise to improve detection of changes in water quality and ecosystem health in data-scarce locations impacted by development, tourism, or climate change, and may represent an asset for nations and entities seeking to set and advance toward the UN Sustainable Development Goals3 (United Nations, 2020b). This study in particular is closely linked with SDG 14.1 (life in water). Satellite data can be used to extend ground-based monitoring programs to increase the temporal and spatial density of data. Future research will involve the use of match-ups between in situ and satellite data to further investigate long-term relationships between in situ water quality parameters such as chlorophyll-a and TSM and isolate any signal related to COVID-19 lockdowns.
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The impact of the coronavirus disease 2019 (COVID-19) lockdown in the Hooghly estuarine region, India is assessed using the total suspended matter (TSM) concentration. The estimation of TSM is performed using Landsat-8/operational land imager (OLI), and an intercomparison of TSM load during the pre-lockdown and lockdown periods is done. It is observed that during the lockdown period, TSM reduced by 30–50%. This is a significant observation considering the ecological balance of the region and the fact that it is home to the largest mangroves in the world. This change in suspended matter presumably reflects the influence of reduction in anthropogenic activities owing to the COVID-19 lockdowns, such as industries, closure of shipping activities (through less dredging), and brick kilns (through less sediment removal), which are generally the primary contributors in this region. Even though these observed changes are representative of the positive influence of the COVID-19 lockdown, its implications in estuarine biogeochemistry still remain poorly quantified. The decrease in TSM content may increase light penetration, thereby increasing the primary productivity. In addition, low sediment load reaching the Bay of Bengal could influence the carbon export due to reduction in ballasting effect as reported from this region. In summary, the influence of the COVID-19 lockdown on the biogeochemistry of the aquatic ecosystem appears rather complex than thought earlier and may vary regionally based on local hydrodynamics. The analysis elucidates the complex interplay of regional lockdown and its implication in modulation of local biogeochemistry. However, the relative importance of each process in the Hooghly estuary remains to be fully evaluated.
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INTRODUCTION

The precise estimation of sediment concentration in the estuaries is imperative to deduce pollution levels, ecological impacts, and erosion in the region. Extensive in situ sampling of the region or satellite-based estimation of the sediments is generally used for this. Remote sensing of total suspended matter (TSM) has gained special importance in coastal water quality-related studies due to the logistical constraints involved in regular in situ sampling of the sediments (Nechad et al., 2010). TSM estimation is carried out by using a variety of satellite sensors at different spatial and temporal resolutions (viz, SeaWiFS, MODIS, MERIS, and OCM) (McClain et al., 2004; Miller and McKee, 2004; Doerffer and Schiller, 2010; Shanthi et al., 2013). However, the data obtained from these sensors are relatively coarse (250 m−1 km) that hampers the estimation of TSM at finer spatial scale in the estuarine areas. Availability of sensors, such as the operational land imager (OLI) onboard Landsat-8, with higher signal to noise ratio, higher radiometric resolution (12-bit), and a spatial resolution of 30 m have provided suitable opportunities for resolving the nearshore sediment and chlorophyll concentration in the recent years (Vanhellemont and Ruddick, 2014; Trinh et al., 2017). These characteristics of Landsat-8 sensor also facilitate the elimination of aerosol contribution and atmospheric correction approach applicable to the global ocean color missions (Franz et al., 2015).

The recent outbreak of the coronavirus disease 2019 (COVID-19) pandemic enforced most countries to adopt lockdown measures to arrest the spread of the outbreak imposing severe restrictions on people’s movement, as well as industrial and other anthropogenic activities. The Government of India too implemented stringent lockdowns starting March 24, 2020 and then relaxing it in different phases from June 1, 2020. Most of the earliest impacts of the lockdowns were seen as positive effects on the environment in terms of significant improvement in air and water qualities in many major cities across the world (Dantas et al., 2020; Lian et al., 2020; Mahato et al., 2020; Selvam et al., 2020; Zambrano-Monserrate et al., 2020; Zangari et al., 2020). However, studies reporting the lockdown impact on the coastal water quality were rather limited (Depellegrin et al., 2020; Mishra et al., 2020; Yunus et al., 2020), even though the sudden nationwide lockdowns provided a unique opportunity to look at the sediment load and understand its implication on the biogeochemical dynamics of estuarine systems.

Anthropogenic activities have profound impact on the coastal waters due to increasing population and their needs, widespread industries, shipping, domestic sewage, and agricultural activities. The COVID-19 lockdown has provided an opportunity to assess the anthropogenic activities on the coastal water quality of the region. In the Indian subcontinent, studies by Garg et al. (2020) and Patel et al. (2020) analyzed the water quality of the Ganga and Yamuna rivers, respectively, during the COVID-19-related lockdown period using remote sensing and in situ observations. These regions are upstream of the Ganges catchment. They reported the suspended particulate matter and turbidity to have reduced considerably during the lockdown period. The present study aims at analyzing sediment concentration toward the downstream of the Ganges through the Hooghly River estuary during the lockdown period. In this regard, it is hypothesized that the COVID-19-induced lockdown will improve the water quality of the Hooghly estuary. Since it was not possible to carry out field data collection in the Hooghly estuary during the lockdown period, satellite-derived TSM from Landsat-8/OLI was utilized as proxy for water quality to understand the effect of the COVID-19 lockdown on the Hooghly estuarine system and discuss sediment load, its spatial distribution, and the possible implication on regional biogeochemistry as compared with the pre-lockdown conditions. As TSM is widely considered an important water quality parameter, the reduction in TSM in the study area could be inferred as the improvement in the water quality, which also quantifies the anthropogenic impact on the coastal water quality.

The Study Region section presents an overview of the study area. The “Data and Methods” section details the in situ data collected during earlier field campaigns and estimation of TSM using Landsat-8/OLI data for the study period. The results of intercomparison between in situ and satellite-derived TSM for winter monsoon of 2019 and TSM distribution during the pre-monsoon season (April) for 2016–2020 are presented in the “Results and Discussion” section. The significance of the anomalous reduction of TSM during April 2020 (lockdown) and its implications on the regional biogeochemistry were also discussed. The important conclusions and future scope are elucidated in the “Conclusion” section.



STUDY REGION

Hooghly River estuary in the Indian subcontinent is the western boundary of the largest delta in the world that is formed by the distributaries of the Ganges and the Brahmaputra rivers (Figure 1). The lower section of the estuary stretches through the rich mangrove forests known as the Sundarbans and provides the primary shipping channel to the major port (Kolkata port trust) through Kolkata and Haldia docks in the upper and lower sections, respectively. This estuary is shallow, funnel shaped and is considered as a positive estuary that traces its path through the southern region of the state of West Bengal in India (Rakshit et al., 2014). The climate of the region could be categorized into pre-monsoon (March–May), monsoon (June–September), and post-monsoon (October–January). The pre-monsoon period is considered as the dry period with scanty or no rainfall, whereas the monsoon season accounts for the maximum rainfall, and lower precipitation is prevalent during the post-monsoon season (Khan, 1995; Rakshit et al., 2014). The highest river discharge (3,000 ± 1,000 m3 s–1) in the Hooghly estuary is observed during the monsoon season that reduces to the minimum (1,000 ± 80 m3 s–1) during the pre-monsoon season (Mukhopadhyay et al., 2006; Ray et al., 2015).
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FIGURE 1. Map showing the location of the study region (inset) in the northern Bay of Bengal. Red dots indicate the locations of the in situ total suspended matter (TSM) observations during December 9–11, 2019.


Annual sediment load discharged by the Ganges into the Bengal fan is ∼324 × 106 tons that is approximately one-third of the total sediment load discharged by the Ganges–Brahmaputra River system (Ray et al., 2015; Khan et al., 2018). From the studies of Mouyen et al. (2018) on the annual sediment load of major rivers across the world, it was observed that the Ganges–Brahmaputra River system had the highest sediment load with 1,081 Mt year–1, followed by the Amazon (778 Mt year–1), the Changjiang (477 Mt year–1), and the Irrawaddy (333 Mt year–1). These values signify the sediment dynamics of the Hooghly estuarine system in the northern Bay of Bengal. Apart from the sediment discharge brought by the river runoff, anthropogenic activities, such as the operational maintenance dredging of the Kolkata port trust, contribute immensely to the sediment concentration apart from the numerous brick kilns and industries dotting on either side of the Hooghly River.

Chacko and Jayaram (2017) have reported the TSM concentrations variations to be highly dynamic, spatial, and temporal in the northern coastal Bay of Bengal comprising the Hooghly estuarine region. They observed the maximum TSM concentration in the summer monsoon season (June–September) and the minimum in the spring season (March–May). These were attributed to the monsoonal discharge through the Ganges–Hooghly River systems. Tremendous amounts of sediments get transported through river discharge and are deposited in the channel with the rest flushed into the Bay of Bengal. Anthropogenic activities, such as dredging the channel, greatly dominate the TSM concentration variability in the estuary. The complex shape of the estuary with activities, such as deepening and lengthening of the channel, resulting in bank erosion was observed to amplify the suspended sediment concentration further. In addition, tides are known to influence the total suspended load in the estuary region. The Hooghly estuary is a macrotidal estuary with tidal amplitudes approximating 6 m. The tides in the region are predominantly semidiurnal in nature with the neap tides during spring ranging from 1.8 to 5.2 m height and a velocity as high as 6 knots (Sadhuram et al., 2005). During peak tidal flows, sand is transported downstream by the tide on the seaward face and is returned to the estuary during ebb flow.

Furthermore, the Hooghly estuary receives approximately 13 m3/s of industrial effluent and urban wastewater (Sadhuram et al., 2005, and references therein) from densely populated and industrial cities, such as Kolkata and Haldia. All these make the Hooghly estuarine system highly vulnerable to anthropogenic perturbation and, hence, imperative to monitor its water quality regularly. Given the importance of the Hooghly estuary in terms of ecology and economy of the region, it is also an ideal estuarine system to study the impact of the COVID-19-induced lockdowns that resulted in the suspension of several anthropogenic activities for months.



DATA AND METHODS


Hydrographic Sampling

An observational campaign was carried out in the Hooghly estuary and the adjoining western part of the Sundarbans region from December 9–11, 2019 during which water sampling was carried out at 29 stations (Figure 1) representing the pre-COVID-19 phase. As part of the campaign, a factory calibrated SeaBird Electronics (SBE) 9/11+ conductivity–temperature–depth profiler (CTD), optode oxygen electrode, and fluorescence sensors were used at all locations to record the physical and chlorophyll profiles from the surface to fairly close to the bottom depth. From the CTD profiles (Figure 2), it was observed that the water temperature at the upper end of the estuary was relatively cooler (by 0.8°C) than that at the lower region. The corresponding salinity values at the upper estuary ranged between 13 and 14 psu gradually increasing to 21 psu at the lower end, thereby suggesting intrusion of the Bay of Bengal coastal waters at these stations. The variability in the stations belonging to the Sundarbans region is not as dynamic as the Hooghly River estuary as the region is more tide dominant and less terrestrial runoff than the Hooghly River.
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FIGURE 2. Vertical distribution of (A) temperature (°C), (B) salinity (psu), (C) oxygen (mg L–1), and (D) chlorophyll fluorescence (mg m–3) in the upper 20 m as observed at 29 stations of the Hooghly estuary (as shown in Figure 1). Depths of the conductivity–temperature–depth (CTD) lowered are indicated by the gray lines within the figures.


Several water samples were also simultaneously collected from 1 m below the surface with a Niskin sampler attached to a nylon rope on board fishing trawlers. Samples for dissolved inorganic carbon (DIC) were collected first, followed by pH, nutrients, and TSM. DIC and nutrient samples were poisoned with saturated mercury chloride (HgCl2) as per the standard oceanographic protocol (US JGOFS) (see Knap et al., 1996). The samples were then analyzed at the biological oceanography laboratory at the National Remote Sensing Centre (NRSC), without any pre-filtration and analyzed using a coulometer (model no. CM5015). DIC measurements were accurate to <2 μmol kg–1 with precision within 0.1% as relative standard deviation (RSD) based on replicate measurements of certified reference material (CRM) batch number 170 obtained from Dickenson Laboratory, Scripps Institute of Oceanography, San Diego, CA, United States. Furthermore, inorganic nutrients (nitrate and phosphate) were determined by standard spectrophotometric methods (Grasshoff et al., 1999) using the Skalar Autoanalyzer (San++) from Skalar Analytical B.V., Netherlands. The uncertainties determined from multiple measurements of replicate samples for nutrients were <±0.1 μmol L–1 based on the CRM 170. pH was measured using a Metrohm pH meter at an accuracy of ±0.002 units. Samples for TSM analyses were obtained by filtering <0.3 L of water through pre-combusted pre-weighed Whatman GF/F filters and were kept frozen at −4°C. To quantify TSM, the frozen filters were thawed and dried at 60°C for 72 h in a drying oven and weighed after recovering to room temperature in a desiccator. TSM concentration was determined by subtracting the weight of the filter before filtration from its dry weight after filtration of a known volume of water.



Satellite Data and Processing

Level-1C, Landsat-8/OLI data obtained from the US Geological Survey (USGS1) for the study period were used to derive the suspended sediment concentration in the Hooghly estuary. Landsat-8 has 11 bands at different spatial resolutions (8 multi-spectral bands at 30 m, 1 panchromatic band at 15 m, and two thermal bands at 100 m resolution) with a repeat period of 16 days. ACOLITE (Ver. 20190326.0), an image-based package specifically developed for marine, coastal, and inland waters by the Royal Belgian Institute of Natural Sciences (RBINS), was used to process the individual OLI scenes (Vanhellemont, 2019). Dark spectrum fitting (DSF) algorithm, which does not require any prior selection of the “BLACK” band but just an optimal band selection during the processing, was used for the atmospheric correction of the Landsat images (Vanhellemont and Ruddick, 2018; Vanhellemont, 2019). Furthermore, the aerosol model in this approach was selected based on the root mean square difference (RMSD) between the representative dark spectrum (ρdark) and the estimated path reflectance (ρpath). The RMSD was computed for each spectral band, and the combination with the lowest RMSD was selected for the final atmospheric correction of the corresponding scene/sub-scene (Vanhellemont, 2019). In the present study, the Maritime model (Model2) of the ACOLITE package was utilized as it resulted in the RMSD in the estimation of the “ρpath.” This method employs a robust automated band selection process, and aerosol correction accounts for the spatial variability of aerosols (both type and concentration) without affecting the noise level in the output product (Vanhellemont and Ruddick, 2018; Caballero et al., 2020). The glint correction performed for the imagery consists of the bands and pixels with the least estimate of aerosol optical thickness. This method allows the path reflectance that is insensitive to the sun glint (Vanhellemont, 2019).

Total suspended matter was then derived from the processed images by using the algorithm developed by Nechad et al. (2010) from the water leaving reflectance of red band (λ = 655 nm) following the expression:
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Where ρw is the water leaving reflectance (655 nm), and A = 289.29 and C = 0.1686 are the empirical coefficients. The Nechad et al. (2010) algorithm has been applied successfully across various regions as it is tuned and developed based on the selection of two independent yet homogeneous datasets for calibration and validation (Dogliotti et al., 2015; Ciancia et al., 2020). The model configuration allows for the adjustment to different satellite sensors/bands (Odermatt et al., 2012). The TSM concentrations derived using the satellite observations were compared with in situ TSM observations carried out during December 9–11, 2019. The nearest possible OLI image for the study region was available for December 16, 2019, which was then used to derive TSM at the locations where in situ observations were carried out. The average of 3 × 3 pixels with in situ location as the center was considered as the spatial colocation criteria for intercomparison between in situ and satellite-derived TSM.

The 5-years mean (2016–2020) of TSM for the month of April (pre-monsoon) was computed with all the available cloud-free TSM imageries. The details of the Landsat-8/OLI data are provided in Table 1. In order to deduce the deviation from the mean during April of every year, the 5-years mean TSM for April is subtracted from the data for the corresponding year to arrive at TSM anomaly for that year.


TABLE 1. Details of the Landsat-8 data used in the study.
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RESULTS AND DISCUSSION


In Situ TSM Load and Regional Hydrography Along the Hooghly Estuary

The hydrographic campaign conducted during December 2019 was used to characterize the pre-lockdown conditions of the Hooghly estuary and the western part of the Sundarbans region in terms of biogeochemical parameters. The physical characteristics of the surface waters sampled along with the other biogeochemical parameters are illustrated in Figure 2 and Table 2. In situ TSM load showed strong spatial variation from the upper end of the estuary (Diamond Harbor) to the lower end (Sagar Island and the adjoining Sundarbans region) along with a steep salinity gradient. The TSM load was greater than 100 g m–3 during December 2019 within the inner estuary. It decreased by ∼10 g m–3 within the middle of the estuary, but reaching a load of 60–80 g m–3 within the Sundarbans delta. During December 2019, the average value of TSM was 94 g m–3 within the Hooghly estuary with the lowest and the highest values ranging between 58 and 127 g m–3, respectively. The high TSM load within the upper estuary also coincides with low pH values (<7.900).


TABLE 2. Biogeochemical properties of surface waters along the salinity gradient of the estuary during December 2019 (north–east monsoon).

[image: Table 2]
Furthermore, chlorophyll concentration in the middle of the estuary was higher by 1 mg m–3 than that in the upper and the lower estuary regions coinciding with increase in dissolved oxygen and decrease in surface turbidity. In general, the oxygen concentrations in the lower estuary decreased by 1 mg L–1 compared with the upper estuary. We believe that this decrease in oxygen is presumably due to large organic matter degradation at the lower end of the estuary associated with very shallow depths. Here, the depth ranged between 6 and 10 m, and the water column remained well mixed (Figure 2). Among the nutrients, nitrate showed a strong trend opposite to salinity gradient. The highest concentration of nitrate was associated with the upper estuary and decreased gradually toward the lower end (Sundarbans region). Nitrate ranged between <1 and 62 μmol kg–1, whereas phosphate varied between <1 and 1.78 μmol kg–1 during winter monsoon in the study domain. Phosphate concentrations in the upper estuary were higher than those in the middle estuary and showed an increasing trend within the Sundarbans region (lower estuary). Occasionally, lower concentrations of phosphate (<1 μmol kg–1) were also observed around the lower estuary. The lowest pH values (∼7.572) and DIC of 2,705 μmol kg–1 were observed in the surface waters at the Diamond Harbor. These values decreased further below 1,700 μmol kg–1 in the middle of the estuary, but again rising to ∼2,240 μmol kg–1 toward the Sundarbans region. The average value of DIC was found to be 2,248 μmol kg–1 and had a range between 1,652 and 3,196 μmol kg–1.



Comparison Between In Situ and Satellite-Derived TSM During December 2019

To assess the accuracy of the TSM derived from Landsat-8 observations using the generic single band algorithm proposed by Nechad et al. (2010), in situ TSM observations were compared with the satellite-derived TSM for December 2019. The root mean square error (RMSE) between the two datasets (no. of points = 27) is 10.89 g m–3, mean absolute error (MAE) is 30.21 g m–3, and correlation (R) is 0.3. The RMSE value of 10.89 g m–3 approximately matches the accuracy limits (±10 g m–3) specified by Nechad et al. (2010), thereby concurring with the in situ observations for further analysis. Relatively poor correlation could also result due to the temporal difference between the satellite and in situ observations used for intercomparison, but it is an acceptable limitation.

The spatial distribution of TSM in the study region before lockdown corresponding to December 2019 is shown in Figure 3. The TSM concentration is high in the Hooghly River and relatively less in the adjoining Indian portion of the Sundarbans Islands (Figure 3). This could be attributed to the runoff contributed by the catchment of the Hooghly River, whereas it is absent in the case of the inter-tidal riverine network prevalent in the Sundarbans region. This is evident from the salinity profile (Figure 2) where the salinity increased (>20 psu) toward Sagar Island and in the Sundarbans region. The satellite-derived TSM within the lower estuary ranged between 100 and 150 g m–3, almost equivalent to the concentrations of in situ TSM in the region.
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FIGURE 3. The TSM concentration derived from Landsat-8 data pertaining to December 16, 2019.




Total Suspended Matter Distribution for the Month of April (2016–2020)

The mean TSM concentration in the Hooghly estuary for the 5-years period 2016–2020 derived from the Landsat-8/OLI is shown in Figure 4. From the figure, the concentration of the mean TSM during April is observed to be relatively very less than that during the post-monsoon season (December 2019, Figure 3). The reduction in TSM concentration during April (pre-monsoon period) is attributed to the decrease in the river runoff and precipitation as expounded by Rudra (2014) and Chacko and Jayaram (2017). Furthermore, the annual cycle of TSM in the Hooghly estuary and the adjoining Sundarbans region showed the least concentration during the March–May period as observed from the studies of Jayaram et al. (2021). The variability of TSM anomaly for the month of April during 2016–2019 is shown in Figure 5. The spatial distribution pattern of the TSM anomaly shows that considerable year to year variability exists in these 4 years. The highest concentration of TSM occurred during April 2019, and the lowest TSM concentration occurred during April 2016. The TSM concentrations depicted a varied spatial distribution between the lower and upper regions in the Hooghly estuary. The anomaly maps demonstrate that while the major reduction in the TSM levels occurs in the upper estuary, the TSM concentration remained elevated throughout the years in the lower estuary. In the regions offshore, however, reduction in TSM concentration was observed in April 2019.
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FIGURE 4. Mean TSM concentration during April for the period 2016–2020 derived from Landsat-8/OLI.
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FIGURE 5. Anomaly of TSM concentration during April (A) 2016, (B) 2017, (C) 2018 and (D) 2019.




Total Suspended Matter Distribution During the COVID-19 Lockdown Period (April 2020) and Its Possible Biogeochemical Implications

Total suspended matter anomaly for April 2020 is computed by subtracting the 5-years mean TSM from the April 2020 data as shown in Figure 6A. From the figure, large negative anomaly (up to -40 g m–3) values were observed during April 2020 compared with the previous years (2016–2019) (Figure 5). The negative anomalies have progressively increased from the upper estuary (Diamond Harbor) (-10 g m–3) toward the lower estuary (Sagar Island) (−40 g m–3) and spread throughout the Sundarbans region. Figure 6 depicts the consistent increase in the percentage of TSM reduction from the upper to the lower estuary. It is evident that the upper estuary is punctuated by dense human settlements, which may contribute to the relatively lesser TSM reduction than the lower estuary. Since the study period reports TSM variability during the month of April, the impact of river discharge is considered to be negligible on the TSM distribution. This substantial reduction in TSM concentration during April 2020 coincided with the COVID-19 lockdown period. The reduction could be attributed to the suspension of several major anthropogenic activities during the lockdown period, such as closure of numerous brick kilns on either bank of the Hooghly River and closure of all the industrial units all along the river. Only very limited activities pertaining to ship traffic for emergency services, limited commercial fishing, and curtailed dredging activities were in progress during the lockdown period. The contrasts in the TSM values prevalent during the lockdown period as against the normal years could then be attributed to the contribution of sewage drained from the major metropolis of Kolkata and suburban regions, tides, and minimal river discharge.
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FIGURE 6. (A) Total suspended matter anomaly during April 2020. (B) Percentage decrease of TSM with respect to the 5-years mean.


To further quantify the reduction in TSM concentration during the lockdown period, the percentage reduction of TSM during April 2020 with respect to the 5-years mean TSM for the months of April was computed (Figure 6B). The reduction up to 30–50% of TSM compared with the 5-years mean presumably reflects the approximate contribution of industrial effluent discharge, shipping, and dredging activities on the water quality of the Hooghly estuary. The region is home to the largest mangrove forests and other flora and fauna that are dependent on the estuarine waters. Nutrient dynamics and DIC data highlight the modest reduction between Sagar Island and Sundarbans region during post-monsoon that presumably reflects some recycling within the upper estuary (Diamond Harbor region). Mukhopadhyay et al. (2006) estimated ∼7% loss in DIC and nutrients during estuarine transport to coastal ocean in this study region based on a model. High DIC values observed at the upper estuary near Diamond Harbor are consistent with the earlier reports (Mukhopadhyay et al., 2006; Samanta et al., 2015). Nearly 40–50% of the DIC is generated within the estuary, and annual DIC flux from the Hooghly estuary accounts for ∼1% of the global river DIC flux to the oceans (Samanta et al., 2015). Due to the stringent lockdown measures enforced during the COVID-19 pandemic, a reduction in the anthropogenic activities and sediment load in the estuarine region was imperative as observed in the study region in April 2020. This could lead to lesser DIC concentration during the lockdown period due to less organic load (for example, closing of tannery industries along the Ganges). Furthermore, lithogenic matter and high detritus inputs from the Gangetic Bay of Bengal were found to cause more ballast effect along with a higher share of the organic matter export from the euphotic zone to the deep sea in this region (Ittekot and Laane, 1991; Rao et al., 1994; Meybeck and Ragu, 1997; Gauns et al., 2005; Rixen et al., 2019). The presence of clay minerals/sediments in the Hooghly–Sundarbans region has been known to adsorb the nutrient particles, thus regulating their concentrations in the shallow waters (Lal, 1978; Vaithiyanathan et al., 1993). Although probable decrease in TSM content may increase the light penetration within the estuary, thereby increasing the primary production. However, low suspended sediments may also reduce the ballast effect offshore, thereby reducing the carbon export as reported earlier (Ittekot and Laane, 1991). A reduction in ∼50% load in TSM as observed from satellite data may presumably reduce the partial pressure of carbon dioxide in water (pCO2w) due to reduced turbidity and increase primary production within the surface waters. Furthermore, less sediment load may influence the heterotrophic activity due to availability of less organic matter. All these highlight the complex biogeochemical interaction between the river-derived inputs and carbon cycling as a result of the lockdown in the Hooghly estuarine region. However, to understand the wider implications on the estuarine ecology, further investigation with larger datasets is necessary.




CONCLUSION

Satellite-derived TSM data were analyzed for the Hooghly estuarine system during the COVID-19-induced lockdown period (April 2020) and compared with the previous years (2016–2019). The 5-years average of TSM during April (2016–2020) has shown that the TSM concentration is high in the upstream of the estuary with gradual reduction toward the mouth of the estuary and the adjoining Sundarbans region. The anomaly of TSM computed from the long-term mean for the month of April has shown that the TSM concentration is less by ∼30–40 g m–3, which approximates to 30–50%. This reduction in suspended matter presumably reflects the decrease in industrial contribution on the water quality of this estuary. Furthermore, closure of shipping activities in the shallow channel (through less dredging) and brick kilns (through less sediment removal) may have played a pivotal role. Although the observed changes represent the positive influence of the COVID-19 lockdown, its influence on biogeochemistry appears rather complex than said. We hypothesize that the decrease in TSM content in the estuarine regions may increase the light penetration, thereby increasing the primary productivity and carbon dioxide sequestration. However, less sediment load reaching the Bay of Bengal may have influenced the carbon export due to reduction in ballasting effect, thereby modulating the carbon cycle offshore. The above observations highlight the fact that the influence of the COVID-19 lockdown on the biogeochemistry of the aquatic ecosystem is complicated to delineate and may vary regionally based on local hydrodynamics and circulation pattern. This is significant in terms of the ecological balance of the study region that is home to the largest mangrove forests and other flora and fauna with a strong dependence on these estuarine waters. The present study emphasizes the role of anthropogenic impact on the fragile coastal ecosystems and advocates for the sustainable management of the coastal water quality for ecology and economy of the region.
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Colored dissolved organic matter (CDOM) is one of the important fractions of dissolved organic matter (DOM) that controls the availability of light in water and plays a crucial role in the cycling of carbon. High CDOM absorption in the Mandovi Estuary (Goa) during spring inter-monsoon (SIM) is largely driven by both in-situ production and anthropogenic activities. Here we have presented the CDOM variation in the estuary during SIM of 2014–2018 and compared it with that of 2020 when the COVID-19 outbreak imposed lockdown was implemented. During 2020, low CDOM absorption was observed at the mid-stream of the estuary as compared to the previous years, which could be attributed to low autochthonous production and less input from anthropogenic activities. On the other hand, high CDOM observed at the mouth during 2020 is linked to autochthonous production, as seen from the high concentrations of chlorophyll a. High CDOM in the upstream region could be due to both autochthonous production and terrestrially derived organic matter. Sentinel-2 satellite data was also used to look at the variations of CDOM in the study region which is consistent with in-situ observations. Apart from this, the concentration of nutrients (NO3–, NH4+, and SiO44–) in 2020 was also low compared to the previous reports. Hence, our study clearly showed the impact of anthropogenic activities on CDOM build-up and nutrients, as the COVID-19 imposed lockdown drastically controlled such activities in the estuary.

Keywords: CDOM, Mandovi Estuary, COVID-19 lockdown, Sentinel-2, anthropogenic activities


INTRODUCTION

Dissolved organic matter (DOM) is one of the key pools of organic carbon in natural waters (Hedges, 1992), and colored DOM (CDOM) is that fraction of DOM that interacts with light (Blough and Del Vecchio, 2002; Nelson and Siegel, 2002; Nelson et al., 2007). CDOM controls the availability of light in water and plays an important role in regulating the chemical processes in water (Mopper and Kieber, 2002; Coble, 2007). CDOM can be produced in-situ by biological production and microbial mediated remineralization of organic matter (autochthonous) or transported from terrestrial sources (allochthonous) and removed by photochemical degradation and microbial consumption or be influenced by physical processes such as circulation, upwelling, or mixing (Hansell et al., 2002; D’Sa et al., 2006; Coble, 2007; Nelson and Siegel, 2013). Estuaries form an important link in transporting terrestrial organic carbon to the adjoining coastal waters. It is estimated that dissolved organic carbon (DOC) in the oceans is 662 Pg C (Hansell et al., 2009) compared to the terrestrial biota, which contains 600–1,000 Pg C (Falkowski et al., 2000).

The Mandovi and Zuari estuaries form the major riverine channel in the state of Goa. The estuaries of Goa have been studied extensively for various biogeochemical parameters (Shetye et al., 2007; Anand et al., 2014; Shynu et al., 2015; Araujo et al., 2018); however, studies on CDOM in these estuaries are limited (Menon et al., 2011; Dias et al., 2017, 2020a). In recent years, these estuaries have been exploited for various anthropogenic activities (Shynu et al., 2012; Veerasingam et al., 2015), and their influence has also been observed on the CDOM in the estuaries (Dias et al., 2020a). Some of the anthropogenic activities observed along the bank and within the estuaries include the pleasure cruises, floating casinos, shipbuilding/repair yards, sand mining, small and large scale industries, fish processing units, fishing jetties, mine waste rejects, transportation of mineral ores by barges, discharge of treated municipal sewage, domestic waste discharge from the houses and commercial establishments, etc. (Shynu et al., 2015; Dias et al., 2020a).

In late 2019, there was a breakdown of SARS-CoV-2 first reported in China which began to spread over other countries at a high pace by January 2020, and on 11th March 2020 World Health Organization declared it as pandemic1. Novel Corona Virus (COVID-19) is considered one of the most virulent diseases in recent times. As a precautionary measure, the Government of India announced a complete lockdown across the country from midnight of 24th March 2020 for 21 days and again thereafter in phases till 8th June 20202. The lockdown was the first-ever opportunity to study the water column characteristics of Mandovi Estuary when most of the anthropogenic activities were either stopped or reduced drastically. There was a halt in transportation activities in the estuary like pleasure cruises, ferry services, ore transportation, etc. Also, the shipbuilding/repair yards at the banks of the estuary, small and large scale industries, sand mining, and commercial establishments were at a standstill during this period.

Other than allochthonous sources, phytoplankton forms an important source of DOM, especially during the non-monsoon season (Dias et al., 2020a), when the terrestrial run-off to the estuary is at the minimum and the residence time of water is greater (Shetye et al., 2007). Nutrients are often a limiting factor for phytoplankton growth. A recent study by Asmala et al. (2018) has shown that nitrogen and phosphorus availability is mainly responsible for phytoplankton extracellular release of DOM and its heterotrophic degradation by bacteria. Given the conditions of lockdown, when anthropogenic activities were at the minimum, in-situ production of DOM would be important drivers of DOM variability in the estuary.

To understand the lockdown influence on the CDOM absorption, we carried out sampling in the Mandovi Estuary in early May 2020 during the phased lockdown opening. The objective of this study was to compare the CDOM absorption in the estuary during the spring inter-monsoon (SIM; March–May) of 2014–2018 with that of 2020 when the anthropogenic activities were minimum. To get more insight into the autochthonous production, the variation of nutrients and phytoplankton marker pigments were studied during our observation in 2020.



METHODOLOGY


Field Sampling and Laboratory Measurements

Surface water samples were collected in the Mandovi Estuary at 6 locations during the SIM of 2014–2020 (Figure 1). The in-situ temperature and salinity were monitored using a thermometer (precision 1°C) and a refractometer(±1–2 psu), respectively, during the recent study (2020). The salinity values of the refractometer were later corrected with reference to Autosal readings. During 2014–2018, the in-situ temperature and salinity were measured using the CTD sensor mounted on a profiling radiometer (Satlantic INC) and water samples were collected using a Niskin sampler. In 2020, water samples were collected using a bucket, and sub-sampled in bottles for CDOM, phytoplankton pigments, and nutrients. These samples were transported to the lab in ice and analyzed following standard protocols. For CDOM analysis, water samples were filtered through 0.2 micron nucleopore membrane filters and analyzed using a 10 cm cell on a spectrophotometer, as detailed in Dias et al. (2020a).


[image: image]

FIGURE 1. Sampling stations in the Mandovi Estuary. Stations 1 and 2 are the mouth stations (close to Dona Paula Jetty and Kala Academy), Stations 3–5 represents the mid-stream region (close to the Mandovi Bridge, Ribander, and Old Goa Jetty, respectively) and Station 6 represents the upstream region (close to the Amona Bridge).


Absorption by CDOM ag(λ) m–1 is modeled as given in equation 1 (Jerlov, 1976), where λ0 represents the reference wavelength, and S (nm–1) is the spectral slope over the given spectral range.
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We have chosen the reference wavelength as ag412 (m–1) for the CDOM concentration since ag412 is employed to determine DOC (Vantrepotte et al., 2015), being the shortest wavelength accessible from the ocean color remote sensing satellites, and also to compare with our previous data from the study area (Dias et al., 2020a). We have used spectral slope in the narrow wavelength range of 275–295 (S275–295nm–1), which provides the nature of DOM, and the Slope ratio, SR (ratio of slope S275–295 to S350–400) since it gives information about the molecular weight of DOM and has been widely used to study the impact of photobleaching on DOM (Helms et al., 2008). The spectral slopes are calculated using the linear fit of the log linearized spectrum.

Fluorescence spectra of CDOM were recorded using a spectrofluorometer (Cary Eclipse, Varian) equipped with a xenon lamp. The samples were scanned with an excitation range of 200–450 nm, and emissions were recorded from 250 to 600 nm with a slit width of 5 nm each. The details of data acquisition and corrections are detailed in Dias et al. (2020b). The corrected fluorescence data was then used to calculate the fluorescence indices. The two fluorescence indices used in this study are the humification index (HIX), which is an indicator of the content of humic substances (Zsolnay et al., 1999), and the biological index (BIX), which is an index of autochthonous contribution. HIX is the ratio of the area between emission wavelengths of 435–480 nm to the area between 300 and 345 nm at an excitation wavelength of 254 nm. In contrast, BIX is the ratio of the fluorescence intensity emitted at 380 nm to that at 430 nm at an excitation wavelength of 310 nm (Huguet et al., 2009).

Phytoplankton pigments were analyzed by filtering 1 L of water onto GF/F filters (0.7 μm) under dark and cold conditions. The samples were extracted in 3 mL methanol and analyzed on a HPLC 1200 series (Agilent Technologies) as detailed in Kurian et al. (2012). Chlorophyll a is usually used as a proxy for phytoplankton biomass, while accessory pigments are specific to phytoplankton groups and give information on the community composition (Gieskes et al., 1988; Mackey et al., 1996; Jeffrey et al., 1997; Prézelin et al., 2000). Here we used the pigment-based size classification proposed by Uitz et al. (2006) to get more insight into the phytoplankton size classes [micro- (>20 μm), nano- (20–2 μm), and pico-phytoplankton(<2 μm)]. The fraction of each pigment-based size class with respect to the total phytoplankton biomass is calculated as follows:
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where wDP is the weighted sum of the concentration of seven diagnostic pigments:
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Nutrient samples were frozen after collection and analyzed shortly using Skalar Autoanalyser following the standard colorimetric method (Grasshoff et al., 1999) with precisions ± 0.06, ± 0.01, ± 0.003, ± 0.06 μM for NO3–, NH4+, PO43–, and SiO44–, respectively.



Satellite Data Processing

In addition to in-situ data, we used the ocean color satellite data from Sentinel-2 (launched by the European space agency in the year 2015) to compare the CDOM in the Mandovi Estuary during the COVID-19 imposed lockdown (May 2020) with that in previous years (2017--2019). This satellite was opted because it gives high spatial resolution (10--60 m) and multiple spectral bands ranging from visible to short wave infrared, having narrow bandwidth suitable for monitoring our estuaries. Sentinel-2, Level-1C cloud-free satellite data closest to the in-situ sampling dates were downloaded from the publicly available Sentinel Scientific Data Hub3. Sentinel-2 toolbox within the sentinel application platform (SNAP) version 8 was used to process the image from L1C (top-of-atmosphere reflectance) to L2A (bottom-of-atmosphere reflectance). The L1C product was re-sampled to 10 m resolution using band 2 of Sentinel-2. Atmospheric correction was done using the Case 2 Regional Coast Color (C2RCC) processor version 1.1 (Brockmann et al., 2016). The C2RCC processor uses the radiative transfer simulations of water leaving radiances and top-of-atmosphere radiances inverted by a neural network. To ensure data quality we used the default flags in the C2RCC processor for indicating a failure from atmospheric correction (Rtosa_OOS and Rtosa_OOR) and IOP retrieval (Rhow_OOR and IOP_OOR). The C2RCC processor gives CDOM at 443 nm, whereas ag at 412 nm was used as the absorption coefficient for CDOM in our study; hence a new algorithm was required to derive ag at 412 nm.

For the development of the CDOM algorithm, we used in-situ data of remote sensing reflectance, Rrs (Sr–1) from 2014 to 2018 measured from these waters along with the NOMAD dataset (Werdell and Bailey, 2005). Various band ratio algorithms previously used to derive CDOM from Sentinel-2 were evaluated (Toming et al., 2016; Chen et al., 2017, 2020; Ruescas et al., 2018; Xu et al., 2018; Zhao et al., 2018; Al-Kharusi et al., 2020; da Silva et al., 2020; Soomets et al., 2020). The band ratio of remote sensing reflectance (Rrs) at 490 and 665 was found to be the optimum combination for our data set (R2 = 0.85) (manuscript under preparation), and the CDOM was derived at 412 nm. The ag derived from C2RCC and the new algorithm was evaluated in which the new algorithm showed an improved correlation (r = 0.723) over the CDOM from C2RCC (r = 0.558). The error statistics using the measured and the satellite-derived ag indicate that the new algorithm (RMSE = 0.17; error = −16.6 %) to derive ag412 perform better than the C2RCC (RMSE = 0.49; error = −49.2%) for our study region (Shanmugam, 2011).



RESULTS AND DISCUSSION

The surface temperature varied within a narrow range (30–31°C), while salinity varied from 22 to 35 at the sampling locations during 2020, and the values were within the range reported by Dias et al. (2020a). The surface temperature increases while salinity decreases toward the upstream of the estuary. CDOM absorption ag412 (m–1) during the SIM of 2020 was the highest in the upstream region (0.827 m–1) of the Mandovi Estuary, while a decrease in absorption was observed in the mid-stream region [0.263 m–1, except at a station close to Old Goa Jetty (0.713 m–1)] followed by an increase toward the mouth (0.455 m–1) (Figure 2). On the other hand, CDOM absorption usually decreased from the upstream toward the mouth during the previous years (2014–2018) (Dias et al., 2020a). Statistics of CDOM absorption (ag412 m–1) along with slope (S275–295nm–1) and slope ratio (SR) during 2014–2018 and 2020 are provided in Table 1.
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FIGURE 2. Spatial variations of CDOM absorption ag412 (m–1) during 2014–2018 (blue) and 2020 (red) along the Mandovi Estuary.



TABLE 1. Statistics of CDOM absorption (ag412 m–1), slope (S275–295nm–1) and slope ratio (SR) during 2014–2018 with a comparison to 2020 data (precision is ± 0.00002 m–1).
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The upstream region of the Mandovi Estuary showed maximum CDOM absorption during 2020, whereas the spectral slope (S275–295 = 0.0202 nm–1) and the slope ratio (SR = 1.12) are comparable to the previous years. This region of the estuary is mainly under the influence of terrestrial organic matter (Dias et al., 2020a). Apart from this autochthonous production also contribute to the CDOM as seen from the moderate chlorophyll a values (Figure 4A). However, the HIX (4.45) and BIX (0.67) values at this station were lower than those observed for terrestrial organic matter indicate the photodegraded nature of organic matter. The high solar radiation and longer residence time in the estuary during SIM favors the photodegradation of terrestrial DOM (Dias et al., 2020a).

To study the mixing behavior of CDOM in the estuary a conservative mixing diagram is plotted by joining the high and low salinity end-members (Figure 3A). The points falling above the mixing line are attributed to sources, while those below the mixing line are associated with sinks (Stedmon et al., 2003). A prominent non-conservative mixing behavior was observed during the SIM in the study area during the previous years (Dias et al., 2017; 2020a). The maximum deviation from the conservative mixing line (>50% with mostly additions) was observed in the mid-stream region of the estuary during previous years (Figure 3B) and was attributed to the anthropogenic activities (Dias et al., 2020a). On the other hand, most of the CDOM values fall very close to the conservative mixing line and show a quasi-conservative mixing behavior in 2020. However, two stations at the mid-stream region (stations 3 and 4) showed very low CDOM absorption with maximum deviation (−40%) from the mixing line (Figure 3B). This significant decrease of CDOM (Figures 2, 3) was observed when the COVID-19 outbreak imposed lockdown was implemented. One of the reasons for the decrease in CDOM absorption at the mid-stream region in 2020 (which otherwise showed additions during the previous years; Figure 3), could be due to the closure of anthropogenic activities during the lockdown. There was a complete standstill of operating pleasure cruises, water transport systems like barges, shipbuilding activities, and commercial establishments following the government-imposed lockdown, which might have reduced the CDOM. The other reason could be due to the low productivity at the mid-stream region as seen from the lowest chlorophyll a concentration (136 ng/L), and hence low input from autochthonous production. The spectral slope S275–295 (0.022 nm–1) was highest, and SR (1.12) was lower during 2020 as compared to the previous years (S275–295 = 0.020 nm–1 and SR = 1.27). The BIX was observed to be maximum (>1), and the HIX was observed to be minimum (<4) at these stations. The low CDOM absorption and humification index (low molecular weight DOM) and high spectral slopes, and BIX indicate an autochthonous source of DOM by the microbial reworking of organic matter. This was also observed from the CDOM values (ag412) falling below the conservative mixing line indicating the removal of organic matter (Figure 3). On the other hand, station 5 in the mid-stream region showed an increase in CDOM absorption compared to the previous years. The spectral slope (S275–295 = 0.0158 nm–1) and the slope ratio (SR = 0.90) was lower at this station compared to the previous years (S275–295 = 0.020 nm–1 and SR = 1.15) indicating the terrestrial nature of DOM. The BIX (0.54) was the lowest, and HIX (5.22) was the highest at this station compared to the others. The Diwar Island is in close proximity to this station harbored by ample of mangroves, and the terrestrial nature of DOM at this location could be a result of the mangrove leachates.
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FIGURE 3. (A) Conservative mixing diagram of CDOM absorption ag412 (m–1) with salinity during 2014–2018 and 2020. (B) Percentage deviation of CDOM absorption (ag412 m–1) from the conservative mixing line during 2014–2018 and 2020.


On the other hand, an increase in the CDOM absorption toward the mouth could be due to high productivity, as seen from high chlorophyll a concentrations (3,868 ng/L) near the mouth. Interestingly, the slope of CDOM (S275–295) was also found to be lower (0.02077 nm–1) toward the mouth stations in comparison to the previous years (0.0233 nm–1). The slope ratio values were also lower (SR = 1.27) than those observed during previous years (1.39) as given in Table 1. The HIX was also observed to be low (<4), indicating the biological origin of DOM. At the same time, the BIX showed intermediate values (0.6–0.8) at the mouth stations, which point to an autochthonous source of DOM. The high values of slope and slope ratio observed during the previous years were due to efficient photobleaching of DOM during its transport in the estuary (Dias et al., 2020a).

To get more insight into the autochthonous production, we analyzed photosynthetic pigments during recent observation in 2020. The concentration of chlorophyll a was very high near the mouth (3,868 ng/L) followed by upstream (362.9 ng/L), whereas its concentration was low (139 ng/L) at the mid-stream region (Figure 4A). Hence, high CDOM absorption at the upstream and toward the mouth could be attributed to increased productivity, while low CDOM in the mid-stream region could be due to low autochthonous production along with less input from anthropogenic activities. Phytoplankton size classification based on Uitz et al. (2006) showed dominance (50–90%) of microplankton (fmicro) in the estuary followed by the picoplankton (fpico; 1.7–47 %), while the fraction of nanoplankton (fnano) was negligible during 2020 observation (Figure 4B). fmicro% was maximum (>90%) at the upstream and at station 3 in the mid-stream region, whereas both micro- and pico-plankton contributed to the phytoplankton composition at the other stations. Green Noctiluca was visible in the surface waters near the mouth during our sampling. A very good positive correlation (r = 0.95) was found between chlorophyll a and CDOM absorption for mouth and mid-stream region, suggesting autochthonous production as the main source of CDOM at these stations (1–4). Whereas, the relationship becomes very poor (r = 0.01) when stations 5 and 6 are included in the correlation, which indicates that apart from autochthonous production other sources such as mangrove leachate and terrestrial input might have contributed to the CDOM toward the upstream region.
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FIGURE 4. Spatial variation of (A) chlorophyll a (ng/L) and (B) phytoplankton size fractions (%)in the Mandovi Estuary during 2020.


The CDOM, ag412 derived from the Sentinel-2 using a new algorithm (Figure 5) showed similar spatial and temporal variations as that of in-situ data. However, at the upstream (station 6, 28 km from the mouth), the ag412 from Sentinel-2 was underestimated, probably due to the adjacency effect as the estuary becomes very narrow toward the upstream. CDOM absorption was higher in the mid-stream region during 2017–2019, while low CDOM absorption was observed during the imposed lockdown of 2020 (Figure 5). This is consistent with our in-situ measurements (Figure 2), which suggest the influence of anthropogenic activities on CDOM absorption in the mid-stream region of the Mandovi Estuary, and the effect was observed to be minimal during the lockdown of 2020.
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FIGURE 5. Spatial variation of CDOM (ag412 m–1) observed from Sentinel-2 during (A) 2017, (B) 2018, (C) 2019, and (D) 2020 along the Mandovi Estuary.


The nutrient concentration in the Mandovi Estuary during May 2020 was compared with earlier measurements (May 2015, De Sousa, 1983; Pradhan et al., 2015, during SIM; Figure 6). NH4+ and SiO44– didn’t show much variation, while PO43– values were slightly higher in 2020, whereas NO3– concentrations were remarkably lower, especially toward the upstream. During May 2020, the concentrations of NO3– and SiO44– showed an increasing trend from the mouth toward the upstream, whereas NH4+ and PO43– did not show any trend. This increasing trend of NO3– and SiO44– were similar to our observation in May 2015 and by De Sousa (1983) and Pradhan et al. (2015) during SIM. Although during SIM the variation of PO43– and SiO44– from mouth to upstream show a regular trend reflecting their conservative mixing behavior (De Sousa, 1983; Upadhyay and Gupta, 1995), the same is not true for NO3– which shows a prominent mid-stream maximum reaching up to 6.5–11 μM (De Sousa, 1983; Pradhan et al., 2015; Figure 6A). During SIM, NO3– increases non-linearly (with salinity) just after station 4, with maximum concentration in the mid-stream-upstream region, and then decreases further upstream (De Sousa, 1983). Such disproportionate NO3– increase has been attributed to the run-off from mining industries (De Sousa, 1999) mainly located in the mid-stream-upstream regions of the Mandovi River and to the use of NH4NO3 as an explosive. However, unlike NO3–, NH4+ did not show any mid-stream maximum (Figure 6B), which could be due to the high nitrification rate in the estuary (Pratihary et al., unpublished data). The NO3– concentration during 2020 (especially toward the upstream, 2.5μM) was lower compared to earlier observations of May 2015, SIM of 2012 (Pradhan et al., 2015), SIM of 1981 (De Sousa, 1983), and this decrease was statistically significant (p < 0.05). We attribute this low NO3– concentration to the reduced run-off from mining industries during the lockdown period. On the other hand, we observed relatively higher PO43– (Figure 6C) during May 2020 compared to previous observations, which could be due to relatively lower PO43– uptake by phytoplankton owing to lower availability of NO3– in the estuarine water, and hence PO43– remained in the system. This is supported by the lower chlorophyll a values in the mid-stream and upstream region during May 2020 (Figure 4) as compared to earlier reports (Krishnakumari et al., 2002; Madondkar et al., 2007). Thus, the observed low CDOM and nutrient concentrations in the estuary during the lockdown period compared to earlier observations could be due to the abrupt cessation of anthropogenic activities in the state of Goa.
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FIGURE 6. Spatial variation of nutrients (A) NO3–, (B) NH4+, (C) PO43–, and (D) SiO44– (μM) in the Mandovi Estuary during 2020 with a comparison with the previous measurements during SIM of 2015, 2012 (Pradhan et al., 2015) and 1981 (De Sousa, 1983).




CONCLUSION

CDOM showed a spatial variation in the Mandovi Estuary during the SIM of 2020 with high absorption in the upstream region and toward the mouth, and low absorption in the mid-stream region, contrasting with the previous results. A comparison to previous years showed that the low CDOM absorption at the mid-stream is due to low autochthonous production along with less input from anthropogenic activities during the COVID-19 imposed lockdown. Phytoplankton productivity contributed to high CDOM absorption near the mouth, whereas autochthonous production along with terrestrial organic matter contributed to the CDOM in the upstream region. The Sentinel-2 satellite data also showed similar variations of CDOM absorption with low values in the mid-stream region during 2020. The nutrient concentrations were also low during 2020 as compared to the previous reports. This study is the first of its kind to report the impact of imposed lockdown on anthropogenic activities and its influence on CDOM and nutrient concentrations in the Mandovi Estuary. Also, it provided an opportunity to get the CDOM concentrations in the estuary when the anthropogenic activities were at a standstill.
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The COVID-19 pandemic has obliged Governments all around the world to implement confinement and social distancing measures. Leisure and business activities on beaches and in ports have restricted direct and indirect contamination from, for example, plastics, hydrocarbon spillage, microbiological loads, and noise levels. This has led to temporarily improved environmental conditions, and the beaches having conditions closer to Marine Protected Areas. Here we report some impacts that have been studied using local surveys and qualitative observations in Ecuador at the popular beaches and ports of Salinas, Manta, and Galapagos. Satellite data support this information. Online surveys were carried out at critical moments of the pandemic: May (15th) and just after when measures were relaxed a little, but within lockdown in July (21st) 2020. Respondents were asked to compare conditions before and during the pandemic lockdown. Most (97–99%) suggested that beaches had significantly improved from visual observations during confinement. On a scale from 1 (worst) to 5 (best), the beaches of Salinas and Manta respectively were rated 2.2 and 2.8 (less than acceptable) before quarantine, and 4.5 and 4.3 after; results from the second survey (after 18 weeks of restrictions) were much the same. Replies from Galapagos showed a similar trend but with less marked differences. In addition to the beaches having less plastic and garbage, more fish, and large marine organisms, including humpback whales (Megaptera novaeangliae), dolphin (bottlenose, Tursiops truncatus), and manta ray (Manta sp.) were observed near to shore. At Galapagos beaches, turtles, sea lions, and sharks were observed many more times than pre COVID. Quantitative satellite data on Chlorophyl and attenuation coefficient (Kd, 490 nm) support the qualitative survey data that there is an improvement in coastal environment quality. Here we recommend that this unique opportunity resulting from the COVID-19 pandemic is used locally, regionally and globally to construct baseline data sets that include information on physical, chemical, biological, and microbiological factors in coastal zones. These parameters can then help establish an effective Coastal Zone Management Plan based on beach description and quality (water standards, noise pollution), as well as the human dimension (tourist load, cultural heritage, and economic value indices). This data and information gathering ideally should be done before the beaches become more heavily used again as the pandemic recedes.

Keywords: COVID-19, confinement, beaches, pollution, noise, tourism, ecuador


INTRODUCTION

“As the COVID-19 pandemic sweeps through the world, we must reassess the principles that guide our individual and collective responses and the way we operate in society. In the face of crisis, we must lead with science and humanity,” Nat Cancer (2020) (No Author, 2020a) recently asserted. At the end of April 2021, the COVID-19 pandemic globally had 148,894,033 confirmed cases and 3,139,309 deaths (Johns Hopkins Coronavirus Resource Center, 2021), and these figures are only going to increase even though vaccinations have started in many countries. In Ecuador, cases and deaths (both probably underestimated) are respectively 375,329 and 18,389 (28 April 20211), which means 2.2% of its population have been infected and 0.11% has died. Cases are rapidly increasing once more in April 2021, and a further partial lockdown is underway.

National economies have been dramatically hit by the pandemic as a result of (1) air, water, and road transportation very limited or completely prohibited in some places, (2) many public utilities closed such as parks, beaches, and museums, and (3) very low consumer demands for products and services. Bloom et al. (2018) warn that the impacts of the pandemic on economies can be sizable over short and long terms, at both individual and societal levels. Nightmarish economic impacts in 26 countries include a possible drop in sales of 50–75% relative to pre-COVID conditions (De Vito and Gómez, 2020). One of the most affected activities is tourism. According to UNWTO (2020), the economic decline since the arrival of COVID-19 is around 52–78%, with estimated losses just in Q1 2020 of around 80 billion US$, and for the whole year 100 to 120 billion US$. In Ecuador, the tourism sector could lose 540 million US$ in 3 months of standstill (Statista, 2020), with marine and coastal tourism one of the most affected activities. The beach zones of Salinas, Manta, and Galapagos in Ecuador would be expected to be most impacted. It is accepted that tourism exerts strong pressures on natural systems and directly or indirectly contributes to pollution (Navarro, 2019), and excessive demand on coastal benthic and pelagic fisheries (Budzich-Tabor et al., 2014).

Those impacts expected to decrease over the pandemic include plastic (see Li et al., 2016), or any type of debris, and increased microbiological loads due to beach tourism (Natural Resources Defense Council [NRDC], 2014). Another example is noise contamination, which can impact the individual and social behavior of adult fish and mammals as well as metabolism, recruitment, and overall health of marine ecosystems (Peng et al., 2015). Anthropogenic noise has become a real threat to the coastal environment and ecosystem health. Specific examples of impacts include those on turtle behavior and ecology (Samuel et al., 2005), and noise pollution from boat engines disturbing all fish species and particularly marine mammals, sea birds, and turtles (Hazel et al., 2007; Ketten, 2008; Leduc et al., 2021). Artificial light from human activities can also affect multiple trophic levels, by deterring fish (Stocker, 2007; Becker et al., 2013; Bolton et al., 2017) and impacting the hatchling behavior of turtles (Kamrowski et al., 2012; Thums et al., 2016). Noise and illumination (energy contamination, GESAMP, 1991) have been shown to be important even in isolated places like Galapagos, where recently positive impacts of reduced energy pollution have been reported (Jiménez-Uzcátegui, 2020) with populations of seabirds and penguins recovering.

An important aspect of plastic contamination is the exponential increase in the use of bottled water since the outbreak of COVID-19 in countries such as Ecuador, because access to good quality tap water is often restricted as Ogunbode et al. (2021) has reported for developing or underdeveloped countries. The resultant increase in discarded plastic containers will keep growing (Eljarrat, 2020), especially in places with high tourism activity including for Ecuador Galapagos, Salinas and Manta. The use of bottled water is particularly intense on the Galapagos islands, where the potable water is of poor quality (Grube et al., 2020). An additional source of plastic over the COVID-19 pandemic, is masks and gloves that are frequently mandatory. Their random disposal generates a new type of waste that is beyond conventional sanitary disposal management, which is poor and inappropriate for these new plastics (Calma, 2020), and adds to plastic bottle contamination in coastal water zones (Hyde, 2020). Many measures to help disposal of single-use plastic materials have been postponed, so there is potential for increases in plastic pollution during the pandemic (da Costa, 2021).

Despite the above problems, the COVID-19 pandemic measures of confinement and social distancing are producing some positive impacts (at least temporarily) on the environment, such as less atmospheric pollutant gases (CO2, SO2, NO2, etc.). Rosenbloom and Markard (2020) report that air pollution and emissions of greenhouse gases are notably decreasing, while Le Quéré et al. (2020) have reported 17% less daily emissions of CO2 as well as reductions in other gases; see also Ju et al. (2021). Other intrusive pollution types (e.g., noise, waste) in the atmosphere and biosphere (Arora et al., 2020), have also decreased significantly in some populated areas due to reductions in transportation, electricity usage, industrial production (Rosenbloom and Markard, 2020), leisure and fishing activities.

The reduction in contamination on beaches and in coastal water has been seen globally where quarantine measures exist. Beaches in Acapulco (Mexico), Barcelona (Spain), and Salinas (Ecuador) now have much more transparent and cleaner waters (Zambrano-Monserrate et al., 2021); the largest lake of India (Vembanad) has around 16% less suspended solids than before the pandemic (Yunus et al., 2020). Also, anecdotal reports in social media talk of marine mammals close to beaches, perhaps in response to the considerable reduction of noise levels. Therefore, in general, environmental conditions have at least temporarily improved (Yunus et al., 2020), and beaches have moved toward the status of temporary Marine Protected Areas. However, there is still very limited information on changes in environmental quality in South American coastal waters that feeds into this more global view.

Whilst there has been an improvement in environmental conditions, perceptions of people who are impacted day by day in places where the economy depends on tourism or fishing activities are not well known. Additionally, we need to have a scientific baseline of data and information that can be combined with public perceptions to articulate a proper tourism, coastal fishing and pollution management plan post the COVID-19 pandemic. The work reported here seeks to provide information and priorities based on environmental qualitative information that is supported by satellite quantitative data at three main Ecuadorian beaches in Salinas, Manta, and Galapagos. We think this is a unique opportunity globally to create a scientific baseline at a time of reduced environmental impact, as beaches and near-shore waters have taken on temporary features of Protected Marine Areas. Such baseline information can help initiate comprehensive management programs (Partelow et al., 2015) for the future, and recommendations stemming from the present study are proposed below.



MATERIALS AND METHODS

At the time of full lockdown and strict restrictions (12th March to 12th September 2020), conventional environmental survey techniques were not possible due to restricted access, lack of staff, and minimal (if any) laboratory facilities in Ecuador. Therefore, online surveys using web-based applications were carried out. Recently, Torrentira (2020) has validated the use of such online interviews under pandemic conditions, and both Abir et al. (2020) and Steele et al. (2021) have successfully used the on-line methodology for surveys under lockdown restrictions.

The main objective of the surveys was to determine if the perceived quality of the beaches and adjacent waters had improved post, relative to pre, COVID-19 lockdown. Three sets of questions were prepared, one for each location, with those from Salinas and Manta being practically the same, except for one question, while the Galapagos questions were slightly different (see Supplementary Material). The differences reflected variations between the specific locations. The Galapagos islands are at the core of one of the most important marine reserves in the world, and in general its population is much more aware of environmental conditions and the marine species present. Additionally local people rely almost 100% on sustainable tourism and are therefore well educated in environmental matters.

The data obtained are from the visual observation of beaches and nearshore aquatic wildlife. The first survey was a cross-sectional type (see Setia, 2016) that reported opinions and sightings during May (from 15th) 2020. At this time national lockdown restrictions obliged people to be at home most of the time, beaches were fully closed, no travel between cities was allowed, police, and military guarded the streets and COVID-19 cases and deaths were increasing rapidly. The surveys were carried out over a time window of 76 h, using a form modified from a Google template (Google Forms: Free Online Surveys for Personal Use). The surveys were targeted to have confidence and interval levels of 95 and 5.16% respectively, following the approach of Taherdoost (2017) for example.

The questionnaires (see Supplementary Material – SM) were slightly different for each studied site, taking into consideration the main activities at each site and main types of employment. To examine reproducibility, a second round of surveys was carried out over a period of 7 days, 2 months later (from July 21st), using the same form and protocol. During this second survey, some restrictions were eased, for example you could move from city to city at certain times of the day. Observations reported are from respondents living adjacent to the beach zones. Collection of data from face-to face or/and focus group interviews was not possible, because even though the lockdown and restrictions were eased, it was difficult to visit the beaches, and people showed reluctance to talk due to stress from the social confinement and pandemic (see Arnsten, 2020), and because COVID-19 cases were increasing again. This reluctance still exists today (April 2021), as the pandemic situation has worsened.

Both surveys used Instagram, Twitter, Facebook, and WhatsApp to contact a range of individuals living in the named cities close to or in front of the beaches and water’s edge, and who also had links to seaside activities including tourism and academic research, as well as normal citizens. The survey form (see Supplementary Material) sought information on the individual’s observations, knowledge of local beaches and water quality, as well as views on improving environmental quality and tourism. Also, an observer in a quarantined boat in Galapagos reported sightings of turtle, sharks, and other aquatic species from 15 March to 30th April. In two questions (8 and 9) a numerical scale was used to indicate the extent of changes seen going from 1 (no change) to 5 (much change/improvement). Two of the authors live in Salinas and have videos and photographs that give qualitative information about beaches and shore water aquatic species activities (see Supplementary Material). The surveys were designed in a very simple way to encourage participation, as they could be completed in less than 5 min.

In order to support the qualitative surveys, quantitative data and information from the NASA satellite instruments Terra (EOS AM-1) and Aqua (EOS PM-1), which are payloads for the “Moderate Resolution Imaging Spectroradiometer – MODIS” (NASA, 2019), were used to measure temporal and spatial changes of chlorophyll and the diffuse attenuation coefficient Kd (490 nm), over the timescale of the study.


Study Area

The study sites of Salinas, Manta, and two ports of Galápagos (Puerto Baquerizo Moreno and Puerto Ayora; Figure 1) were chosen for local interviews and observations. COVID-19 cases during the first interview period were increasing at all survey sites, deaths were rapidly escalating to dozens per day, and the population was frightened as elsewhere in the world. In Galapagos, even though it is a relatively isolated site, cases were also increasing. Salinas (centered on 2°12′S, 80°56′W) is the most popular and visited beach on the Ecuadorian coast; its economy depends almost completely on tourism, with its diverse beaches ranging from cliffs to fine sand beaches and there are safe swimming areas. However, it has one of the most plastic polluted beaches in Ecuador (Mestanza-Ramón et al., 2019a). Manta (0°57′S, 80°42′W) is the second most important port and the fourth largest economic center in Ecuador. The port takes a variety of large tourist cruisers, industrial vessels, artisanal fishing craft, and cargo ships, and is the most important fishing port in Ecuador (second largest tuna port in the world; Martínez-Ortiz et al., 2015). According to Mestanza-Ramón et al. (2019a) its wide, long beaches are less contaminated by plastic than in Salinas. In the Galapagos Islands Puerto Ayora (0°45′S, 90°18′W) and Puerto Baquerizo Moreno (0°54′S, 89°36′W) are the main harbors, where the economy is solely based on foreign tourism. The islands of Galapagos are a protected Marine Reserve of 133,000 km2, one of the biggest and most important in the world (Caryl-Sue et al., 2011; Paladines and Chuenpagdee, 2015) and the first World Heritage Site named by UNESCO (Walsh and Mena, 2013) due to its unique ecosystem; Mestanza-Ramón et al. (2019b) have found that the beaches of Galapagos are some of the cleanest in Ecuador. It is noticeable that the three locations above have poor or no domestic water treatment plants. These sites are covered within a recent study (Gaibor et al., 2020) who reported that the southern and central beaches are most affected by the anthropogenic deposition of debris (plastic, paper, cigarette butts, metal, glass, others; plastics represent around 60% of the total debris) that are of local origin. In this study, the clean characteristics of Galapagos beaches are noted as Mestanza-Ramón et al. (2019a) also report.
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FIGURE 1. Data collection sites and associated surface current systems.


The study sites provide differing coastal environments where any impacts resulting from COVID-19 measures can be followed. Salinas-Santa Elena (Photo 1, Supplementary Material) is one of the most visited beaches in southern Ecuador, and around 400 thousand tourists arrive in the Province between January and June. Half of these come to Salinas, where its baseline population is only around 70 thousand people (Castro-Rodas, 2016; Gad-Salinas, 2020). Manta is a city located on the central coast (Figure 1) with 230 thousand inhabitants (Instituto Nacional de Estadística y Censos (INEC), 2010), and is a tourist destination, that is visited by beachgoers from all over Ecuador. As a result of the tuna fishing industry and other activities its inshore waters have different anthropogenic contamination sources to the other sites. The Galapagos Islands (Figure 1) have a local population of around 30 thousand people, but it is a popular foreign tourist destination. Thus, in 2019, 271 thousand tourists arrived in the Galapagos protected areas (PNG, 2020), and inefficient planning and management of the local marine environment have been reported (Walsh and Mena, 2016; Mestanza-Ramón et al., 2019b), which in turn is exerting high pressure on marine resources and leading to contamination (Pecot and Ricaurte-Quijano, 2019; Ricaurte-Quijano et al., 2019), including micro plastics. Given the high volume of visitors under normal conditions, these environments should provide good examples of the impact of reduced human pressures caused by the COVID pandemic.



RESULTS

The first survey was kept online for up to 72 h; and the average times it took participants to complete them were 4.7, 3.5, 3, and 1.9 min for Salinas, Manta, and Galapagos (San Cristobal Y Santa Cruz islands) respectively. The number of respondents from the total population of these sites (roughly 330,000 people) of the study sites was 280. Thus, at a 95% confidence level, the confidence interval is around ± 5.8% according to Taherdoost (2017). The confidence interval for the whole sample per answer varied between ±2 and ±5.8 with 95% confidence. The confidence interval averages for Manta, Salinas, and Galapagos were ±5, ±7, and ±10% respectively. In the first surveys for Salinas, Manta (Table 1) and Galapagos (Table 2, Puerto Ayora and San Cristobal), 69, 36, and 15 people respectively responded to the survey, with >90% being returned within 24 h. In the second run, there were similar average form completion times with 75, 88, and 32 forms returned respectively, and so total responses for each of the beaches in turn were 144, 89, and 47. Response times in Galapagos were slower in both runs, perhaps due to the internet services that are sometimes poor (Walsh and Mena, 2013).


TABLE 1. Results from Salinas and Manta.
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TABLE 2. Results from Galápagos.

[image: Table 2]Responses to the question (see Supplementary Material) “has the beach and water visually changed” for Salinas, Manta and Galapagos respectively during and after the lockdowns, were 99, 86, and 73% “Yes,” and 1, 14, and 27% “No”; while in the second run they were >99, 87, and 75% “yes,” and for “no” 1, 13, and 25% respectively. The respondents said this positive change was because the beaches were free of people over a period of approximately 5 months. In Salinas, 47% said that beaches and water are now cleaner (see Supplementary Material Photos), 28% said there was less plastic, and 25% that the water was more transparent (Figure 2). For Manta beach the answers (Figure 3) were 43, 35, and 22% in the same order. In July, the answers were very close to the earlier survey in both places (see Tables 2, 3). In Galapagos, 47% (Puerto Ayora) and 41% (Puerto Baquerizo Moreno) of respondents deem there is less plastic on beaches and 60 and 69% think the water is much clearer than before the pandemic (Figure 4), for the first and second survey rounds, respectively. Quantification of plastic volume or weight was not possible, because access to beaches was not allowed during the strict lockdown. The obvious plastic garbage on Salinas beaches (macroplastics: >5 mm) has been monitored by Ormaza-González and Vera-Mosquera (2021) since June 2019 every fortnight at least, and report mass of plastic for a specific area of 100 m2 (see Supplementary Material Photos 2, 3). Macroplastics typically represented 80–100% of total debris, and weighed 500–600 g, for an accumulation period of 7–14 days at station D (2°12′S, 80°59.9′ W). These types of plastic are reported to be of local origin (Gaibor et al., 2020) and are largely from fishing, beach and coastal tourism activities and untreated wastewater. The chemistry of the plastics has not been studied in detail, but visual inspection indicates: polyethylene terephthalate (PET, carbonated drink bottles, jars, microwavable packaging etc.), polyethylene (PE, wide range of uses including bags, plastic bottles), High-density polyethylene (HDPE, detergent bottles, milk jugs, etc.), polypropylene (PP, bottle caps, drinking straws, etc.), polyester (PES, fibers, cord, fishing nets, etc.). Natural materials including, wood, charcoal and seeds, are also found.


TABLE 3. Parameters to be measured to create a data baseline for coastal zone management.
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FIGURE 2. Results from Salinas.
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FIGURE 3. Results from Manta.
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FIGURE 4. Results from Galapagos.


Over 96% of surveyed people in both surveys and all places believed that there had been no noise pollution during confinement, which is beneficial to the marine ecosystem, as well as residents. Most surveyed people during the first run (88 and 92% respectively for Salinas and Manta) had seen increased marine organism activity during the quarantine period. After 5 months, similar percentages (89 and 94%) were recorded. These increases most probably reflect the lower impact of humans and there is no noise on the beach or at the seashore. In Galapagos, the observer reported this is particularly true for turtles and sharks, which have been observed frequently during this period. In Salinas, in May 62 and 20% (Figure 2) of surveyed people had seen more fish (sardines, mackerel, etc.) and dolphins respectively, close to the beach; in July, the percentages were 62 and 19% in the same order. While in Manta (Figure 3), in May 53 and 30%, in July 60 and 23%, of people saw the same change, but also between 18 and 16% of respondents (in both places during May and July) saw whales (humpback and whale-sharks), turtles, manta rays, and other large species. These marine species generally do not get close to the beach, whilst many videos on the web and social media have shown the usual whale-sharks and orcas offshore along the Ecuadorian coast (Zambrano-Alvarado, 2020; see Supplementary Material). In Galapagos (Figure 4), where sea lions, turtles and shark are observed quite commonly, between 73 and 59% of respondents over both surveys reported an important increase in sightings, scoring between 3 and 4 on a scale from 1 (no change) to 5 (a lot of sightings).

Respondents gave an overall rating for the quality of Salinas beach before and after the 10 weeks of quarantine, as 2.23 and 4.48 respectively on a scale from 1 (worst) to 5 (best). The perceived improvement is clear to see. In Manta, the categorization was similar, 2.83 before and 4.33 after. In July, 18 weeks later, survey results were practically the same in both places (2.24 and 4.44; 2.98 and 4.25). Respondents deemed overall that the beaches had improved their quality in every sense, even in Galapagos where beaches are generally in very good condition, 41–47% of respondents indicated a noticeable quality improvement.

Galapagos, Salinas, and Manta residents in both surveys were afraid that if beaches were suddenly opened, garbage, and noise contamination would increase, and these conditions may contribute to a new pandemic outbreak. At the same time, 95, 90, and 94% respectively of all surveyed people agreed that tourism should be reactivated carefully to revive the local economy, while avoiding a new pandemic outbreak. People in Galapagos agreed with taking scientific data and information to manage tourism properly. A large fraction of all respondents in Salinas and Galapagos (77 and 66%) were unaware of the existence or not of wastewater treatment plants in the area, while in Manta nearly half assumed their presence. Finally, most of the people surveyed in Salinas (Figure 2) were general citizens (54–53%), followed by 22–32% with an academic background, and the rest researchers and people involved with tourism, whilst in Manta 89–83% (Figure 3) regarded themselves as common citizens, and 8–12% and 3–4% were involved with tourism and academies, respectively. In Galapagos (Figure 4), results were 80–63% tourism and 20–35% fish-traders.

Quantitative satellite information about chlorophyll (Figure 5) and diffuse attenuation coefficients (Figure 6) along the Ecuadorian coast supports the survey perceptions of improvements in water quality over the lockdown period. The difference between concentrations of Chl in 2019 relative to 2020 (i.e., 2020 minus 2019) changed over the period March (–22 mg.m–3) to April to May (–0.6 mg.m–3) in a progressive manner, indicating a general drop in the difference of Chl. Chlorophyll concentrations from close to Salinas and Manta over these periods were higher in 2019 than 2020, except in May 2020 (Manta). The diffuse attenuation coefficient (Kd), which is an indicator of turbidity of the water column, was used quantitatively to measure water transparency. These data (Figure 6) show that over the same period as chlorophyll changes, the water column in 2020 was clearer than in 2019, except where there were coastal phytoplankton blooms. For the Salinas zone in 2019 the Kd values were 0.21, 0.97, 0.14 and in 2020; 0.11, 0.12, and 0.18 m–1 for the same months respectively, while near Manta the equivalent data were: 0.24, 1.19, 0.78; and 0.15, 0.34, and 0.01 m–1 respectively. The lower Kd in 2020 showed generally less suspended particulate matter in the water column, thus the photic layer increased, and clarity improved.
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FIGURE 5. (A-C) Satellite Chlorophyll.
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FIGURE 6. Satellite Atenuation coefficient.




DISCUSSION

The COVID-19 pandemic has put populations under emotional, economic, and health stresses, and therefore to conduct face to face or online surveys under these circumstances is difficult (Labott et al., 2013; Arnsten, 2020; Steele et al., 2021), and recently Lardone et al. (2021) have reported how these circumstances could affect cognitive processes. Both face-to-face and focus group approaches were tried in the second survey, but people were not prepared to respond, and thus it was executed in the same way as the first. The surveys were designed to be the simplest possible, to ensure responses, because under the stressful and unique pandemic conditions, concentration, reasoning, empathy, patient, and control of emotions as well as thoughts and actions could be compromised (Arnsten, 2020; Lardone et al., 2021). Studies using social media (Google forms) are increasingly accepted and web-based surveys have become one of the most common methods to collect data for research (e.g., Vasantha and Harinarayana, 2016). Steele et al. (2021) reported a full study on cross-sectional surveys on people activity directly affected for the lockdowns, one of the characteristics are the short and unambiguous questions and replies to them; yes, or not for example; like the surveys presented here. Even though the results of second interview confirmed the first one, it must be clear that interview data is based on the perception of interviewed. Biases during on line questionaries during COVID-19 pandemic restrictions have been studied by Schaurer and Weiß (2020), and should to be considered in survey interpretations

The questionnaires (see Supplementary Material) were quite simple with just 11 straightforward questions that took respondents between 2 and 5 min to complete: id est, Salinas, 4.73; Manta, 3.48; Puerto Baquerizo Moreno, 2.96; and Puerto Ayora 1.9 min. The quicker answer time from Galapagos could be due to people of these islands being aware of environmental matters given the importance of the marine reserve. The surveys from Salinas and Manta were mostly responded to within 24 h, but from Galapagos it took longer, and fewer people responded, compared to Salinas and Manta. Fortunately, there was one marine biologist quarantined from March to April (6 weeks) on a boat in Puerto Ayora who reported turtle and shark activity as well as water quality on a regular basis.

There is almost a unanimous view that beach zones (sand and coastal water) have notably improved during confinement, at least from a visual point of view (see Supplementary Material Photos and Video). The beaches have less garbage in general and plastic in particular, even though there has been an increase in plastic and face mask production and disposal around the world (Calma, 2020; Eljarrat, 2020). Tourists tend to litter beaches, as they seem to lose good behavior regarding the management of their garbage (Oigman-Pszczol and Creed, 2007), Williams et al. (2016) and Mestanza-Ramón et al. (2019b) have reported cases of littering of popular beaches at Rio de Janeiro, the north Caribbean coast, and Ecuador (including Galápagos). More recently, Gaibor et al., 2020 have found that anthropogenic debris (plastic, paper, cigarette butts, metal, glass, others; plastics, 60%) is mainly of local origin. Thus, if there is limited local anthropogenic activity, the presence of debris tends to reduce. They also reported that the highest concentration of debris was found in the south (Salinas) and central (Manta) coasts. Furthermore, Ormaza-González and Vera-Mosquera (2021), under a Citizen Science remit, have one observation site (so called Station D [2°12″ S and 80°59″ W]) in Salinas, which has been visited almost every fortnight since June 2019. Plastics have been collected from a specific area of around 100 m2, and after weighing, identification and classification, its possible origin is established. Initial results have not been published formally, but they are reported via twitter immediately after measurements; see photos (Supplementary Material). Generally, a range of 300–600 g of plastics per week is washed ashore and collected at the study site. Just a few days before the lockdown, on March 7, 2020, 250 g were collected, but by September there was almost no plastic found (Supplementary Material Photo 1, lower panel). The impact of plastics on marine ecosystems is clearly recognized, e.g., (Santander-Rodriguez, 2017); Amelia et al. (2021) have reviewed the impact of microplastic on marine ecosystems organism (food web). The range of plastics found is given in the results. Beach tourism has also been reported to Increase microbiological load (Natural Resources Defense Council, 2014), although it was not possible to follow this in the current study. The observed reduction in litter and contamination reported here seems to directly correspond to less use of beaches during the lockdown.

There is a direct relationship between fish demand and tourism (Budzich-Tabor et al., 2014), and as tourism activities stopped, the fishery markets of both cities were partially closed, resulting in less artisanal fishing impact. Different species in the three locations, including small pelagic fish and marine mammals (dolphins, orcas, whales, sea lions) as well as sharks and turtles have been reported in the survey, as well as on social networks (Zambrano-Alvarado, 2020). A marine biologist from Galapagos reported seeing turtles close to the bay (I. San Cristobal) between 10 and 15 times a day; before the confinement, turtles were seen rarely in that area. In a recent press release by the Charles Darwin Foundation (CDF, 2020), Galapagos penguins (Spheniscus mendiculus) and flightless cormorant (Phalacrocorax harrisi) which have been tracked for the last 30 years are showing increased numbers of individuals, 1,940 and 2,290 respectively, which is a record for these species. The most plausible reason for this is the decrease in noise during pandemic restrictions (Spennemann and Parker, 2020), as it has been shown to affect the behavior of dolphins, sea turtles, sea birds, and other species (Samuel et al., 2005; Hazel et al., 2007; Ketten, 2008), also the event la Niña event 2020–2021 is playing role on this growing number (Lerma et al., 2020). Nonetheless, specific research must be conducted to investigate these possible reasons.

Improvements in the color of coastal water, which is now clearer and bluish-turquoise, has been reported by news (Ramos, 2020; Zambrano-Alvarado, 2020), papers (Zambrano-Monserrate et al., 2020) social networks, and in public and authors videos (see Supplementary Information). This improvement reflects less suspended particulate matter and/or phytoplankton in the water. There is natural flushing of mainland coastal waters by the North Equatorial current, and the Humboldt currents, as well as the residues of the Cromwell current (Figure 1). The Cromwell (Knauss, 1963) is a sub-surface current that upwells to the west of Galapagos and can be detected further east (Pak and Zaneveld, 1973) at around 84W and thus closer to the coastline of Ecuador. The Humboldt (Montecino and Lange, 2009) is a coastal current from the Antarctic that reaches Chilean, Peruvian, and Ecuadorian coasts (May-December). Additionally, the north equatorial current (0.2–1.3 m/s)2 flows toward Ecuadorian coasts and north Galapagos during Jan-April. The Cromwell and Humboldt alone provide flows of 39 and 12 Sverdrup, and these can renew coastal surface waters down to about 100 m. On a global scale there are other coastal systems, in addition to Ecuador, where strong surface oceanic currents replenish nearshore waters and diminish pollutant concentrations (Dalbosco et al., 2020). The replenishment of coastal waters with cleaner offshore water, combined with reduced pollutant inputs during the lockdown, will be expected to transform these zones into an improved environment for biota. These changes have been perceived by people responding to the survey and have also been seen in other beaches and coastal zones around the world (Zambrano-Monserrate et al., 2021), lakes (Yunus et al., 2020), and rivers (Arora et al., 2020).

The data from satellite, which shows that nearshore Chlorophyl concentration and the attenuation coefficient Kd (490 nm) were less in 2020 than 2019, support overall the observations from local people that water was clearer and looked much cleaner in 2020 lockdown than in 2019 over a similar period. The water bodies were less polluted because there was less untreated or partially treated wastewater being introduced, with an improvement in conditions. With less nutrients (N and P) and photosynthetic activity, Chl decreased despite the thicker photic layer. Castro-Rodas (2016) showed that in Salinas coastal waters the concentration of Chlorophyll was associated with discharges of untreated or partially treated waste water. Yunus et al. (2020) has also reported that the largest lake of India (Vembanad) has around 16% less suspended solids than before the pandemic. Also, survey respondents indicated that the water was much clearer. Recently, Cherif et al. (2020) have also reported an improvement in coastal water quality from Tangier (Morocco) using satellite tools (WST Sentinel-3). As the water quality improves (less contamination, and suspended particulate matter), the photic layer thickness will increase and so photosynthesis may be enhanced if there are adequate nutrients. Thus, satellite data from March, April, and May for 2019 and 2020, before and during pandemic periods, were examined (Figures 5, 6).

For the first occasion in modern times, most of the coastline studied has developed features of marine protected areas. Recent reports from the southeast coast of India (Prakash et al., 2021) and in Brazil (Pereira et al., 2021) contain similar findings to those here.

Most people in the survey responded that they did not know if there were local wastewater plants. Ecuador has a deficit of wastewater treatment plants, with only 29.3% (Instituto Nacional de Estadística y Censos (INEC), 2016) of the wastewater produced being treated. Salinas sewage works serve only 30% of the local population (Castro-Rodas, 2016), and so only a small part of the sewage has primary treatment with the rest being discharged directly to the sea or indirectly through badly constructed latrines. Walsh and Mena (2016) also reported contamination from domestic non-treated sewage in Galapagos. These facts indicate that additional wastewater produced by tourists would generate more health risks. Recently, Quilliam et al. (2020) and Randazzo et al. (2020) have reported the COVID-19 virus in feces and domestic residual waters, and thus Larsen and Wigginton (2020), and Medema et al. (2020) have proposed to correlate the presence of SARS-Coronavirus-2 RNA in Sewage with reported COVID-19. The impact from untreated wastewater on the marine environment and the whole trophic chain (Karen, 2019; Amelia et al., 2021) is a well-known fact.

The absence of tourism has greatly reduced the pressure on the few already overloaded sewage treatment plants in Salinas, Manta, and Galapagos, and therefore eutrophication, plastic and fecal contamination have dramatically decreased; Castro-Rodas (2016) found a direct relationship between phytoplankton growth and dissolved P present in residual untreated waters in Salinas. However, as most surveyed people do not know about the lack of wastewater treatment plants, they are unlikely to be aware of the problems associated with the untreated sewage water. The reduced tourism, whilst economically damaging, has produced less wastewater pollution, and coupled with background renewal of the coastal waters due to oceanic currents have led to cleaner sandy beaches as well as nearshore waters.

The COVID-19 pandemic would ideally merge into a neat, organized, and sustainable return of tourism, industry, and fishing activities in spite of the economic constraints expected immediately post-pandemic. As Pearson et al. (2020) have suggested, COVID-19 with its social, economic, health and economic consequences gives an opportunity to reshape near, medium, and long-term management plans, especially for environments such as beaches and their associated marine resources.

A recommended way ahead is adoption of Integrated Coastal Zone Management (ICZM) processes (Mestanza-Ramón et al., 2019a) that are recognized by the UN (Chapter 17 of Agenda 21, Rio de Janeiro, 1992). This holistic approach provides a framework for planning sustainable tourism and coastal fisheries (Mestanza-Ramón et al., 2019a; Cantasano et al., 2021). It is important to realize that technical approaches alone (including improved wastewater treatment, controlling pollutant sources) are not adequate to provide a solution. An improvement in cultural awareness of environmental quality is needed, as provided through education via schools, colleges, public engagement activities, and media. A different approach to beach tourism should be promoted, organized, and incentivized, in order not only to protect environmental quality, but to stimulate a cultural local heritage (Cantasano et al., 2021). It is suggested that low noise sea-side activities be encouraged in order to reduce acoustic impacts on marine species (Leduc et al., 2021). These and related activities all require active involvement of government decision-makers and managers at local and national levels. Management measures would include assessing tourist load with risk analysis (Silva et al., 2007) as well as regular checking of water and beach quality indexes as described by Lucrezi et al. (2015, 2016).

The ICZM approach requires baseline data and information against which changes caused by reactivation of industry, tourism, fishing, and other activities with an impact on marine nearshore systems, can be measured. Setting of this baseline before changes to the present improved environmental quality occur is an urgent recommendation. Parameters (Table 3) must at least include, coastal hydrodynamic (surface, littoral, tidal currents), beach and inshore flora and fauna biodiversity, anthropogenic microbiological load (intestinal and fecal bacteria load), chemical characterization of water bodies (Patil et al., 2012) and beaches, quality indices (Anfuso et al., 2014; da Costa Cristiano et al., 2020), and noise.



CONCLUSION

All three sites examined are under an aggressive and generally poorly organized tourism-driven economy and, as Stumpf et al. (2013) warned, this has produced littered beaches and polluted waters under normal conditions. The COVID-19 pandemic has led to changing conditions, and the public seems to appreciate an improved environmental quality as they value and depend on the natural resources of their surroundings. The populations residing in Salinas, Manta, and Galapagos have clearly noticed a positive change in the quality of beaches due to the absence of tourists caused by COVID-19 (Zielinski and Botero, 2020). The return of marine species and reduction in levels of noise and environmental pollution are the highlights of the survey results, and they corroborate the general perceptions found in social media. These survey observations are consistent with quantitative satellite data on Chl and the diffuse attenuation coefficient for the areas studied. The environmental improvement during the pandemic provides an unparalleled opportunity to construct a baseline dataset for these almost pristine beaches and coastal waters, and to consider future viable management options based on such datasets, as discussed here.

In the future as awareness of the environment grows in the population, and new easier to use technologies become available, there will be an increasing role for collection of data through “citizen science.” Examples of improving technologies include: (1) on-line surveys; (2) the development of more sophisticated cell phone applications for measurement of environmental parameters such as water clarity (Sechi disk depth3). Initiating Citizen Science could therefore help to develop a science educated society that will respond more positively to better environmental management. However, there are diverse and important concerns about such “citizen- based” data collection and subsequent interpretation (Baker et al., 2021), and care must be taken with evaluating such data.

The COVID-19 pandemic is causing enormous and unpredictable changes in society that will affect lives for generations to come (Nat Ecol Evol, 2020) (No Author, 2020b). Adoption of the recommendations above are needed to limit coastal impacts on these future generations.
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The role of COVID-19 pandemic lockdown in improving air quality was reported extensively for land regions globally. However, limited studies have explored these over oceanic areas close to high anthropogenic activities and emissions. The Bay of Bengal (BoB) basin is one such region adjacent to the highly populated South Asian region. We find that Aerosol Optical Depth (AOD) over the BoB declined by as much as 0.1 or 30% during the peak lockdown of April 2020 compared to long-term climatology during 2003–2019. Simultaneously, the sea surface temperature (SST) rose by 0.5–1.5°C over the central and north-western parts of the BoB with an average increase of 0.83°C. We show that up to 30% of this observed warming is attributable to reduced atmospheric aerosols. The study highlights the importance of anthropogenic emissions reduction due to COVID lockdown on short-term changes to SST over ocean basins with implications to regional weather.
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INTRODUCTION

COVID-19 was declared a pandemic by the World Health Organization (WHO) in March 2020, which subsequently spread to most countries globally, significantly changing their socio-economic landscapes (Buheji et al., 2020; Martin et al., 2020). Nations across the globe have taken various measures like social distancing, travel restrictions, and complete lockdowns of different durations to slow its spread. Numerous studies have documented multiple impacts of these lockdowns and the associated decrease in anthropogenic emissions in improving the air quality (e.g., Baldasano, 2020; Bauwens et al., 2020; Collivignarelli et al., 2020; Kanniah et al., 2020; Li et al., 2020; Mahato et al., 2020; Muhammad et al., 2020; Otmani et al., 2020; Pandey and Vinoj, 2020; Stratoulias and Nuthammachot, 2020). It is well known that atmospheric aerosols directly affect the surface radiation budget by absorbing and scattering the incoming solar radiation. They also modify the cloud microphysical properties (by acting as cloud condensation nuclei and ice nuclei, changing the size of cloud droplets and hence its albedo) (Twomey, 1977; Yu et al., 2006; Andreae and Rosenfeld, 2008; Boucher et al., 2013). In addition, the absorbing aerosols also change the atmosphere by altering the vertical temperature structure (Johnson et al., 2004; Koch and Del Genio, 2010), thereby affecting the atmospheric convection, droplet evaporation, and the overall cloud cover (called the semi-direct effect, Hansen et al., 1997). All these processes modulate the surface reaching solar radiation (Satheesh et al., 2006; Vinoj et al., 2010) and potentially modulate the surface temperature (Rajeev et al., 2008; Dave et al., 2020).

The Indian Ocean rim countries (especially in South Asia) have undergone significant economic growth in recent times with increased emissions and thus atmospheric aerosol loading (Moorthy et al., 2013). The continental outflow, especially from the heavily aerosol laden Indo-Gangetic Plains (IGP), dominates the aerosol loading over the BoB region (Satheesh et al., 2001, 2006; Vinoj et al., 2004, 2010; Moorthy et al., 2009; Nair et al., 2014; Tiwari et al., 2016) during pre-monsoon (March to May) and the winter (December to February) season. Thus BoB is heavily affected by fine anthropogenic particulates as indicated by the high Angstrom Exponent (AE) (see Figure 1) compared to the Arabian Sea (Vinoj and Satheesh, 2003). A study done by Kedia and Ramachandran (2008) found that the anthropogenic contribution to AOD over the Bay of Bengal could be as high as 68–75%. The peak lockdown due to the pandemic occurred during April, coinciding with the period of high aerosol loading over the Indo-Gangetic Plains and hence the BoB (Satheesh et al., 2006; Vinoj and Pandey, 2016).
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FIGURE 1. The monthly mean Angstrom Exponent (AE) climatology over the oceanic regions around India during the period 2003–2018 for April.


The sea surface temperature (SST) is an essential parameter for weather and plays a crucial role in regulating the Earth’s climate. Previous studies using in situ and satellite-based measurements show that the BoB aerosols exert a radiative forcing of −20 to −30 W m–2 at the ocean surface (Satheesh, 2002; Dey et al., 2004; Vinoj et al., 2004; Satheesh et al., 2010). An observational study carried out over the Equatorial Indian Ocean showed that aerosols due to Indonesian forest fire exert a surface radiative forcing of −46 W m–2, thereby cooling the ocean surface by 1°C (Rajeev et al., 2008). Similar effects due to aerosol loading and SST were also documented by other studies (Cheng et al., 2005; Dwyer et al., 2010; Patil et al., 2019; Diao et al., 2021; Luo et al., 2021). However, most of these are based on model simulations and hence lack observational constraints.

The COVID-19 lockdown halted activities across large sections of the society by confining the population to their homes resulting in a significant decline in atmospheric anthropogenic aerosol loading (Pandey et al., 2016; Kanniah et al., 2020; Ranjan et al., 2020) as much as 40–60% over the South Asian region. The reduction in emissions and their influence extended far beyond their sources, affecting the air quality over places afar, including oceanic regions downwind such as the Bay of Bengal (BoB) (Pandey and Vinoj, 2020). Despite a good understanding of large-scale, long-range transport of aerosols to BoB from landmass around it (Vinoj et al., 2004; Kumar et al., 2008; Kulshrestha and Kumar, 2014), no study has attempted to understand the effect of aerosols on the SST over this region. Similar areas affected by long-range transport also exist over the South China Sea, north-west Pacific, equatorial Eastern, and the North Atlantic Ocean (Prospero, 1990; Lin et al., 2007; Zhu et al., 2020). Several reasons make such studies unviable. One primary reason is the lack of high-quality aerosol and SST observations from satellites. However, the availability of high-quality datasets since 2000 has made it possible to explore such cases in detail. In addition, the highly dynamic nature and the role of multiple factors affecting SSTs make it difficult to explore these relationships, if any.

Some of the factors affecting SSTs are solar insolation, warm/cold water advection, and other marine processes, namely ocean currents, upwelling/downwelling phenomena, and eddies (Leeuwenburgh and Stammer, 2001; Shinoda, 2005; Krishna, 2008; Mandal et al., 2019; Buckley et al., 2020). In addition, the BoB also receives a sizable freshwater influx from the rivers and undergoes near-surface ocean-atmosphere interactions, which alters the upper ocean processes (Parampil et al., 2010). Past studies have revealed that the circulation in the BoB is primarily wind and buoyancy-driven (Schott and McCreary, 2001; Schott et al., 2002; Liu and Alexander, 2007), which also modulates the surface and subsurface properties in the BoB. These multiple influences induce large variability in SST, with a monotonic decrease toward the South (Srivastava et al., 2018), coinciding with the spatial variability of aerosol loading (Satheesh et al., 2010), indicating a potential relationship.

The lockdown presented a unique opportunity to explore the effect of an unprecedented and substantial decline in aerosols over this region since the start of satellite measurements. This article quantifies the change to SST due to changes in aerosol loading over the Bay of Bengal during the peak pandemic lockdown period of April 2020 using long-term satellite datasets.



DATA AND METHODS

The aerosol optical depth (AOD) data used in this study is obtained from the NASA satellite datasets archived at https://giovanni.gsfc.nasa.gov/giovanni/ for April from 2003 to 2020. All the variables are at a spatial resolution of 1° × 1°. Several investigators have used aerosol optical depth (AOD), a column-averaged measure, to study atmospheric particulate matter load (Pandey and Vinoj, 2020; Ranjan et al., 2020). The Moderate Resolution Imaging Spectroradiometer (MODIS) Terra/Aqua aerosol products are of high quality and validated by multiple studies over India’s land and oceanic regions (e.g., Vinoj et al., 2004, 2010; Jethva et al., 2007; Mhawish et al., 2017). The retrieval algorithms are updated periodically (Remer et al., 2005) to improve their accuracy. The latest version of combined MODIS Terra (MOD08_D3) and Aqua (MYD08_D3) collection 6 (Levy et al., 2013) level 3 products is used. The MODIS AOD is estimated in the following wavelengths: 0.47, 0.55, and 0.65 μm with an error of ±0.05 ± 15%τ (Kaufman and Tanré, 1998). In this study, AOD at 0.55 μm is used. The Angstrom Exponent (AE) product used in this study is estimated using 412 nm and 470 nm as the reference wavelengths. The latest collection (collection 6) (Platnick et al., 2017) product significantly reduces uncertainty. Unlike land, the ocean surface is spatially homogeneous, allowing coarser-resolution datasets for the analysis. In addition, level 3 datasets are used for research involving large spatial scales, thereby avoiding small scale heterogeneities, which is not of interest in this study. Observations from MODIS is widely utilized for aerosol and air quality research (Gupta et al., 2006, 2013; Pandey et al., 2016, 2017; Vinoj and Pandey, 2016; Mhawish et al., 2017; Jethva et al., 2018; Mukherjee et al., 2018; Rupakheti et al., 2019) over this region and also globally.

The sea surface temperature (SST), cloud fraction (CFR), and total column water vapor (TWV) is obtained from Atmospheric Infrared Sounder (AIRS) onboard NASA’s Aqua satellite. The AIRS is a hyperspectral atmospheric sounder with 2378 infrared channels and four visible/near-infrared channels providing daily long-term global observations (Chahine et al., 2006; Pagano et al., 2006). This study uses the level 3 daily products (AIRSX3STD V007) from the latest version of the datasets (Tian et al., 2020). Past studies have shown good agreement between AIRS and radiosonde data within mission-specific accuracy bounds (Kahn et al., 2008; Prasad and Singh., 2009; Milstein and Blackwell, 2016).


Quality Check and Screening

The MODIS aerosol retrievals ensure high fidelity in their products. They are considered the best available for long-term scientific studies due to their stringent quality control and cloud screening measures. In addition to their regular quality checks, we also carried out a few data reduction strategies for additional confidence. Sometimes, the satellites may report slightly higher aerosol optical depth due to sub-grid cloud contamination even though a significant portion of the grids may be cloud-free. This may lead to a slight increase in the AOD.

Similarly, bright clouds close to clear pixels may lead to stray additional light leaking into nearby pixels leading to reduced AOD. Therefore, all datasets are screened for outliers using percentile-based criteria (top and bottom 5th percentile datasets are removed) though errors are remote. Considering the high quality of MODIS products, this data reduction is not an essential requirement and does not impact the overall results. However, this is done for better confidence in the quantifications made in this study. Also, there is no specific reason for using the 5th percentile for data reduction.

In addition, most meteorological parameters have a distinct seasonality over this region. Therefore, to avoid correlations induced due to these seasonality’s, the anomalies/residuals are calculated by subtracting the weekly running mean (calculated using a 7-day window centered on the time point). This allowed the removal of seasonality (within the month) and long-term trend-induced co-variability between AOD and SST. This is an essential requirement as BoB has strong seasonality in both aerosol and sea surface temperature distribution, which can alter the relationship between the two.



Analysis Method

The changes in SSTs due to change in AOD were estimated using two different methods. (1) Using the raw SST and AOD using simple linear regression analysis, but only for clear sky conditions by including only data with CFR < 5% and the total column water vapor below the 20th percentile for each grid point. This is an additional check to avoid any effect due to clouds and water vapor. A linear regression analysis was done using data from all grid points over the whole BoB. The regression coefficients thus obtained provide an estimate of the change in SST as a function of AOD. (2) Using multiple linear regression analysis by using residuals of SST, AOD, TWC, and CFR. Here a regression model is developed at each grid point and is applied to estimate the change in SST only due to change in AOD at that specific grid. The statistical significance of the regression is calculated using the t-test.

Additional care was taken to use only grids (see Figure 1) at least 1° away from the coast (especially Northern Bay). This was essential to remove any effect of current-induced SST changes close to the coast and avoid any false relationships that may arise due to coastal processes such as upwelling and freshwater flux that may change SSTs (Krishna, 2008). In addition, aerosol retrieval errors are significantly high closer to the coast due to the land-ocean boundary (different algorithms used for the AOD retrievals) and the potential effects of sediment concentrations on the overall surface-atmosphere reflectance errors in aerosol retrievals from satellite sensors (Anderson et al., 2013).




RESULTS AND DISCUSSION


Climatological SST and AOD Over the BoB

The climatological mean AOD and SST for April are shown in Figures 2A,D, respectively. These are the climatological spatial patterns expected over this region. The AOD shows a spatial gradient that declines from the North to the South. The high AOD is observed over the Northern BoB with values as high as 0.6–0.8. They become lower as one moves south by more than 50% (0.2–0.3) within a small distance. This is because the head Bay is affected more by the advection of aerosols from North India (especially the Indo-Gangetic Plains) and the coastal regions of India, Bangladesh, and Myanmar (Sumanth et al., 2004; Vinoj et al., 2004; Nair et al., 2009). The high population density and numerous industries over the region mean that emissions over these source regions are relatively high. Northwesterly winds during the period further act as conduits transporting these aerosols to the BoB (Lakshmi et al., 2017). Southern BoB is affected by the surrounding coastal regions and aerosols from the Arabian Sea, which is less affected by anthropogenic activities leading to lower AOD (Nair et al., 2009). One can also see a decrease in loading as we move further away from the coasts. Even in a climatological sense, the high AOD to the North matches with the lower SST below indicating an inverse relationship between AOD and SST. However, due to the possibility of cool freshwater influx from the rivers such as the Ganges and Brahmaputra during this period, it is impossible to argue that this reduced SST is solely caused by the atmospheric aerosols.
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FIGURE 2. (A) Climatological aerosol loading during April 2003–2019. (B) Aerosol loading during April 2020. (C) AOD anomaly (dots signify regions where AOD change is more than 20%). (D) Climatological SST during April 2003–2019. (E) SST during April 2020. (F) SST anomaly (dots signify regions where AOD change is more than 20%).


Figure 2C shows the anomalies in AOD for the period (April 2020 climatology). It is clear that AOD decreased during this period coinciding with the world’s most extensive lockdown affecting more than a billion people in the sub-continent. The AOD decreased by 0.05–0.15 (30–60%) over the Northwest part of BoB. The area average decline was about 0.1 over the whole domain (Figures 2B,C). This decline is substantial, knowing that AOD changes even over developed countries were lower than this (Acharya et al., 2020; Sanap, 2021). Even considering the high aerosol-laden IGP, these numbers are substantial (greater than 20–30% for this period). The high decline in percentages corresponds to regions in the south Bay of Bengal due to their ordinarily low loading conditions. During the same period over land, the AOD decreased by 0.4 (Pandey and Vinoj, 2020; Soni et al., 2021). The IGB (major source region for aerosols over BoB) showed the maximum change in AOD.

As already mentioned, the SST is lower over N. BoB and increases toward the South (Figure 2D). The spatial distribution and gradients for aerosol and SST are opposite over BoB. In April 2020 (Figure 2E), the SST has increased throughout the basin, but more so over North-Western parts during the lockdown period. The Figures 2C,F shows the difference between climatology and 2020 for AOD and SST, respectively. It is found that the decline in AOD spatially matches the pattern of increase in SST (Figure 2F). The spatial pattern of change in SST and AOD points to the possibility of aerosol decline leading to a substantial increase in SST. The negative relationship in the spatial pattern of AOD and SST (high AOD corresponding to low SST and vice versa) in a climatological sense and the similar and consistent spatial pattern of change during April 2020 points to a possibility of physical causation. Thus both in climatological sense and anomalies (and their exact match in the spatial pattern) during April 2020, the AOD and SST indicate a strong negative relationship.

Earlier studies have established that winds and freshwater forcing are the dominating factors affecting the temporal variability of SST in the BoB (Duncan and Han, 2009; Seo et al., 2009; Akhil et al., 2014; Jana et al., 2015; Srivastava et al., 2018). The buoyancy flux plays a significant role in changing the region’s SST (and MLD) during the winter monsoon (January and February). Similarly, wind stress forcing modulates the SST during the summer monsoon period. Investigating the intraseasonal variability of SST in the Indian Ocean during boreal summer using Hybrid Coordinate Ocean Model (HYCOM), Duncan and Han (2009) found that wind plays a much more significant role in altering SSTs than either shortwave fluxes or precipitation. Low wind speed conditions over BoB characterize April; hence insolation is the dominant contributor to the variability in SST. This indicates that aerosol-induced changes to solar insolation may significantly impact the SST variability during this period. The SST variability decreases from North to South, with the northern BoB showing higher SST variability compared to the southern portion (Srivastava et al., 2018). This is similar to the variability in aerosol loading as well.

Thus, SST’s over the BoB is influenced by aerosols. This is not surprising as studies have shown in the past that aerosols lead to the large top of the atmosphere cooling of the order of −1 to −2 W m–2 (Andreae et al., 2005). These are expected to be substantially larger in highly polluted regions with extensive aerosol loading such as BoB with top of the atmosphere (surface) forcing being of the order of −6 to −10 W m–2 (−30 to −35 W m–2) (Vinoj et al., 2004; Ramachandran, 2005).



Quantifying the SST Change Due to Aerosols

An attempt is made to estimate the change in SST as a function of AOD using daily raw AOD and SST datasets during April 2003–2019 (510 days of data over a large spatial scale with 101 grid points). These datasets have undergone the initial quality checks mentioned in the section “Data and Methods” and correspond to method 1. Figure 3 shows the contour density plot to establish the relationship between SST and AOD. The SST decreases with an increase in AOD. The value of the slope implies that an increase in unit AOD leads to a roughly 1.64°C decrease in temperature. Therefore, this simple estimate reveals that, on average, a 0.1 difference in AOD may cause SST to change by 0.16°C.
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FIGURE 3. The scatter plot showing the relationship between SST and AOD for April 2003–2019. The color bar represents the number density at each pixel normalized by the maximum over the whole SST-AOD space.


The above assessment is made using raw AOD and SST after the initial screening for outliers and avoiding coastal grids and clouds but may be influenced by seasonality, trends, and other atmospheric parameters. Also, this estimate is valid only for this region for this period. If one has to find the SST change elsewhere, these numbers may vary. This is mainly due to differences in aerosol properties and the specific processes that influence SST over different regions. For example, a stagnant ocean region may show a more significant sensitivity of SST to change in atmospheric constituents and solar insolation than a more dynamic ocean surface. This is also an average estimate for the whole study region. Rajeev et al. (2008) showed that a change in aerosol loading of 0.8 led to a cooling of ∼1°C over the Equatorial Indian Ocean due to the Indonesian forest fire-induced aerosols during September/October 1997. This sensitivity (∼1.25°C for a unit change in AOD) is slightly lower than our estimate of 1.64°C. This may be due to the change in season and differing oceanic processes relevant for that particular region. The SST’s are also much warmer during April than September/October. In addition, other marine processes such as eddies may strengthen or dampen the sensitivity of SST to changes in aerosols.



Quantifying the SST Change Due to Aerosols Without Clouds and Water Vapor

A multi-linear regression analysis was carried out (method 2) incorporating AOD, TWV, and CFR in place of simple linear regression to remove the effects induced by other parameters such as CFR and TWV if any. The sensitivity of SST to AOD is calculated by setting the regression coefficients corresponding to all other parameters to zero at each grid point over the BoB.

The total change in SST observed during April 2020 (Figure 4A) and that owing to aerosols is shown in Figure 4B (method 1) and Figure 4C (method 2), respectively. The only difference between Figures 4B,C is that one corresponds to change in SST estimated using a single regression coefficient applied to all grid points over BoB and the other where regression coefficients are calculated separately at each grid point. That is the reason for the similarity in the spatial pattern of Figures 4B, Figure 2C. Both these estimates are based on regression coefficients developed using long-term datasets covering 2003–2019 and applying them to change in AOD observed during 2020. The SST change due to aerosols is seen to be statistically significant at most pixels, where the change in SST is high (Figure 4C). The aerosols have a higher effect on SST closer to the coasts (North West) (see Figure 2C), as expected. These regions most affected by emissions from the surrounding landmass coincided with a significant decline in AOD during April 2020. Large spatial variability is observed in the warming attributable to aerosols, with the most considerable warming exceeding 1.5°C. Such differences may be possible due to various reasons, including variations in aerosols loading, aerosol type, sea surface properties such as salinity, the thickness of the mixed layer, barrier layer, etc.
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FIGURE 4. (A) The observed spatial pattern of change in SST. (B) Change in SST calculated using method 1. (C) Change in SST estimated using method 2 (dots and stars represent statistical significance at 90 and 95% levels, respectively).


Detailed analysis of all these factors is beyond the scope of this work and hence is not attempted. However, most grids show warming close to or greater than 0.2°C (Figures 4B,C, shown as yellow contours). These numbers are comparable to those obtained earlier in method 1 (an average of 0.16°C corresponding to a 0.1 change in AOD). This spatial pattern (Figure 4B) for April 2020 coinciding with the high-temperature anomaly (Figure 4A) provides confidence that AOD decline led to the observed warming. Thus, it may be said that the SST change is in part modulated by a significant decline in aerosol loading due to COVID-19 lockdown over the BoB.

Overall, the whole BoB region shows an average observed warming of 0.83°C during April 2020 (see Figure 5), while the average aerosol effect is estimated to be ∼0.26°C, which is ∼32% of the overall warming.
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FIGURE 5. The total warming observed during April 2020 and that attributed to aerosols (AER1 and AER2). The yellow bar represents the aerosol-led warming in percentage (corresponding to the y-axis shown to the right). The error bar represents the standard error estimated from the spatial distribution.


One crucial aspect that needs to be mentioned here is the significant difference in change in SST between methods 1 and 2. In method 1, the effect of CFR is minimized, but the presence of water vapor (though only data less than the 20th percentile is used) appears to dampen the aerosol impact on SST. Also, in method 2, it is found that the regression coefficients for TWV were overall positive, indicating a warming effect. Such warming due to TWV is not surprising as past studies have suggested that irradiance in the long wave (LW) spectrum increases with increasing water vapor and subsequent changes to downwelling radiation (Obregón et al., 2015). Pandey and Vinoj (2020) showed that humidity increased by 10–15% over the Northern BoB during the lockdown. Such an increase in water vapor content may induce warming [as indicated by the positive regression coefficient from method 2 (not shown)], thus reducing the overall aerosol effect. Stanhill (2011) also demonstrated a more significant sensitivity of surface temperature to LW than short wave (SW) due to water vapor. Overall, method 1 shows aerosol-induced warming of ∼10%, whereas method 2, which minimizes both the effect of CFR and TWV, shows amplified aerosol-induced warming of ∼30%.



Some Limitations of the Study

There are a few limitations in the current study. The aerosol-induced warming of ∼10–30% is expected to be a lower bound as only the direct effect under clear sky conditions is studied. The aerosols also alter radiation balance indirectly by modifying cloud properties such as effective cloud droplet radius and thus cloud albedo and are not addressed in this article. Our preliminary analysis also indicates a decline in cloud fraction during this period (not shown). In addition, another related study by Bhowmick et al. (2020) showed that warm-core eddies over this region might have also led to the increased overall SST during the lockdown. This also points to the possibility of high sensitivity to aerosols (compared to Rajeev et al., 2008) over these warm-core eddies as their interaction with water mass around them is minimal. Thus, it may be said that the aerosol effect on SST, in reality, maybe higher if their impact through cloud modifications is considered. However, quantifying these effects is beyond the scope of this work and hence not attempted.




CONCLUSION

This study explored the impact of COVID-19 lockdown during April 2020, the resultant decline in aerosol loading, and its effect on SST over the BoB using satellite observations. Our study reveals that the lockdown-induced decrease in the AOD over the Bay of Bengal was ∼30% (corresponding AOD of 0.05–0.1). Simultaneously, the SSTs over the whole basin increased by ∼+0.83°C (up to 1.5°C in certain pockets). Spatially, the decline in aerosol loading matched well with the areas showing a substantial increase in SSTs (especially over North and North-West of BoB). The analysis indicates a rise in SST of the order of +0.26°C (∼32%) attributed to aerosols’ effect. The SSTs of regions closer to the coast and the North Central part of BoB were the most affected by changes in aerosol loading. Thus, our study shows that reduced aerosols due to the recent COVID-19 lockdowns have increased the SST partially in the BoB with implications to regional weather.
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The states of Michigan and Ohio issued shutdown orders in mid-March 2020 in an attempt to slow the spread of the coronavirus (COVID-19), resulting in widespread disruption to economic and human activity. This study, which was commissioned by NASA headquarters, utilized satellite remote sensing data from the Visible Infrared Imaging Radiometer Suite sensor onboard the Suomi National Polar-orbiting Partnership satellite to investigate whether these changes in activity led to any short-term changes in water quality in the Great Lakes region by comparing 2020 data to a historic baseline. The water quality parameters examined included chlorophyll-a (CHL) and total suspended solids (TSS) concentrations, water clarity, and harmful algal bloom (HAB) extent. These parameters were investigated in two Great Lakes basins which experience significant anthropogenic pressure: the western basin of Lake Erie (WBLE) and Saginaw Bay in Lake Huron (SBLH). TSS concentrations in April 2020 were below the historic baseline in both basins, and largely remained low until September. SBLH also experienced elevated CHL concentrations in April which persisted through the summer. Additionally, the WBLE HAB extent was down in 2020 after an early end to the growing season. However, this investigation found that the COVID-19 shutdowns were likely not a direct driver of these short-term anomalies. Instead, recent trends in the indicators and co-occurring anomalies in hydrological and meteorological conditions (e.g., lake temperature, river discharge, and wind speed) appeared to be more responsible for the detected water quality changes. Future work will investigate whether the shutdowns have a long-term or delayed impact on Great Lakes water quality.
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INTRODUCTION

The coronavirus disease (COVID-19) was initially identified in January 2020 (Zhu et al., 2020). It spread slowly at first but the number of infections began to grow rapidly: from 44 confirmed cases on January 3, 2020 to 282 on January 20 (World Health Organization [WHO], 2020a) and over 9,826 confirmed cases in 20 countries by the end of January, prompting the World Health Organization (WHO) to issue a public health emergency of international concern (World Health Organization [WHO], 2020b).

The United States reported its first confirmed case of COVID-19 on January 20, 2020 (Holshue et al., 2020), and by February 7, 2021, had confirmed over 26 million infections and over 450,000 deaths due to the disease according to the WHO COVID-19 dashboard.1 The states of Michigan and Ohio reported their first positive cases in the initial weeks of March 2020 (Pelzer and Hancock, 2020; State of Michigan, 2020a). Despite efforts to slow its spread, both states experienced a rapid increase in infections and deaths in the ensuing weeks, leading the governors of both states to issue temporary shutdown orders beginning on March 23rd in Ohio (Ohio Department of Health, 2020) and 24th in Michigan (State of Michigan, 2020b). During these shutdowns, most economic activity was shut down and people were encouraged to stay at home. Surveys conducted in two subsequent weeks surrounding the start of the Michigan shutdown (March 21–22, 2020 and March 28–29, 2020) revealed the immediate impact of the shutdowns on resident’s activities. The percentage of respondents that reported staying at home all day for each of the prior 5 days increased from 19 to 47% and the percentage of respondents who went into work or a volunteer site at least once in the prior 5 days decreased from 46 to 30% (Cassidy-Bushrow et al., 2021). An analysis of mobile device data revealed that mobility decreased during the social distancing periods throughout both Michigan and Ohio (Garnier et al., 2021).

Initially intended to last just a few weeks, the shutdowns were extended several times as the disease continued to spread. Even as the shutdowns began to be lifted in the summer of 2020, many industries remained closed or opened at limited capacities (Bischoff, 2020; Hutchinson, 2020). According to US Bureau of Labor Statistics (BLS) data,2 the shutdowns resulted in massive employment losses in the Michigan and Ohio manufacturing industries, with 28 and 14% declines from March 2020 to April, respectively. These numbers had somewhat recovered by June, but were still below the pre-pandemic levels (11 and 6%, respectively) (Supplementary Figure 1). Daily testing data from the Centers for Disease Control and Prevention3 (CDC) reveal that the shutdowns helped to reduce the spread of COVID-19 until both states experienced resurgences in mid-summer (Supplementary Figure 2).

Shutdowns were a common approach used throughout the United States and in other nations. In addition to slowing the spread of COVID-19, there have been numerous reports of these shutdowns having a significant environmental impact. Several studies found that the declines in activity, including reduced vehicular traffic and industrial emissions, resulted in air quality improvements in parts of India, Italy, and Southeast Asia (Collivignarelli et al., 2020; Kanniah et al., 2020; Soni, 2021). Other studies identified improvements in marine and inland water quality coinciding with the periods of reduced activity. Many of these studies utilized remote sensing data in their analyses due to its ability to collect data at broad spatial and temporal scales and because it can be acquired without the potential health risks of in situ sampling. Multiple studies used Landsat 8 imagery to identify significant decreases in suspended particulate matter (SPM, used as an indicator of water pollution) in Indian inland waters (Aman et al., 2020; Yunus et al., 2020). These decreases were speculated to be due to reductions in industrial and tourism-related pollution as a result of the COVID-19 shutdowns. Another study utilized a selection of Sentinel-3 Ocean and Land Colour Imagery (OLCI) images and identified a reduction in chlorophyll-a (CHL) concentrations in the coastal waters off of India (extending over 100 km off shore in places) which was attributed to shutdown-related changes in urban and atmospheric nutrient deposition (Mishra et al., 2020). An analysis of Sentinel-2 imagery revealed improvements in water clarity in the Venice Lagoon due to the reduction in public transit and tourism-related boat traffic and a decline in wastewater discharge due to the lack of tourists (Braga et al., 2020). Finally, Cherif et al. (2020) utilized Sentinel-3-derived water temperature data to identify improved coastal water quality in Morocco as a result of COVID-19 related industrial discharge reductions. Each of these studies compared satellite-derived water quality metrics from imagery collected during the shutdown period to “normal” water quality as defined by a collection of historic images. However, these studies either used a single image from multiple years or multiple images from a single year (2019) to define the historic normal, potentially biasing their results if the images selected did not adequately represent the true normal state of the study areas.

As in the regions described above, human activity has been shown to have a large impact on water quality in the Great Lakes region, especially in regard to nutrient inputs. In response to widespread eutrophication in the lakes, the bi-national Great Lakes Water Quality Agreement (GLWQA) was signed in 1972 which resulted in significant reductions in point source nutrient inputs, largely due to improvements in wastewater treatment plants (Watson et al., 2016). These improvements in municipal wastewater treatment likely limit the impact of reductions in urban runoff which were hypothesized to cause some of the water quality improvements in India and Morocco. However, since the passage of the GLWQA, non-point source contributions of nutrients, including from agricultural runoff and residential septic systems, have become a major driver of water quality in several parts of the Great Lakes including the western basin of Lake Erie (WBLE) and Saginaw Bay in Lake Huron (SBLH) (He et al., 2014; Selzer et al., 2014; Stow et al., 2015). It has been estimated that 10–25% of Michigan’s million-plus on-site wastewater treatment (or septic) systems are in some level of failure (Michigan Office of the Great Lakes [OGL], 2016; Public Sector Consultants [PSC], 2018). In the five counties surrounding SBLH, this results in annual discharges of untreated or partially treated wastewater between 0.5 and 1.26 billion gallons (Public Sector Consultants [PSC], 2018). Rao and Schwab also note the occurrence of storm sewers draining directly into the Great Lakes which can impact the nearshore nutrient levels (2007). Additionally, changes in agricultural practices in response to the GLWQA have led to increased loadings of bioavailable phosphorus in WBLE (Scavia et al., 2014), which along with climate change and the introduction of zebra and quagga mussels, has led to the resurgence of the WBLE harmful algal bloom (HAB) in recent years (Watson et al., 2016).

Remote sensing has been a widely used tool for studying water quality in the Great Lakes due to their vast size and regional importance (the Laurentian Great Lakes make up over 20% of the freshwater on Earth and provide drinking water to over 35 million people; Herdendorf, 1982; Bootsma, 2018). The enhanced spatial and temporal sampling capabilities provided by remote sensing have helped further develop the link between anthropogenic forcing and water quality in the region (Michalak et al., 2013; Shuchman et al., 2017). Because of the greater optical complexity of these waters relative to the open ocean (Bukata, 2005; Sayers et al., 2019a), researchers have developed a range of empirical and semi-analytical water quality algorithms that are specifically tuned to the waters of the Great Lakes. Algorithms have been developed to study a range of parameters, including the concentrations of color producing agents (i.e., CHL, suspended sediments, and CDOM) (Binding et al., 2012; Shuchman et al., 2013), primary production (Warner and Lesht, 2015; Fahnenstiel et al., 2016), and the intensity and extent of HABs (Stumpf et al., 2012; Sayers et al., 2016).

The goal of this study is to use satellite imagery to understand whether the widespread disruptions caused by the COVID-19 pandemic had an observable impact on Great Lakes water quality. Due to the GLWQA-driven improvements to the municipal water treatment systems, it is unlikely that the shutdown-driven decrease in industrial activity would have a notable impact on the nutrient loads to the study areas. However, there are other ways in which nutrient loading could be impacted by the shutdowns. The transition to working at home and ceasing of most urban activity will shift some of the wastewater treatment loads from the highly effective municipal treatment plants to at-home septic systems which are more likely to release un-treated wastewater into the environment. Additionally, potential changes to the agricultural calendar, including the timing of plantings or fertilizer applications, could impact the nutrient loads. Because in situ sampling was heavily restricted due to the pandemic, this study used remote sensing to investigate the presence of any short-term water quality anomalies in the Great Lakes region that may be due to the COVID-19 shutdowns. For this analysis, short-term anomalies are defined as anomalies that become apparent in the weeks to months following the shutdowns. The analysis focused on water quality parameters which had been observed to be impacted elsewhere, including the concentrations of CHL and total suspended solids (TSS) and photic zone depth (PZD) was used as an indicator of water clarity. These parameters were investigated in WBLE and SBLH, two basins with an extensive history of anthropogenic impact. The HAB extent in WBLE was also investigated due to its regional importance and dependence on nutrient loading during the spring (Stumpf et al., 2012; Sayers et al., 2016, 2019b).



MATERIALS AND METHODS


Study Areas

Two basins within the Laurentian Great Lakes region (WBLE and SBLH) were analyzed for impacts related to activity changes due to the COVID-19 pandemic (Figure 1).
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FIGURE 1. Regions studied for impacts related to the coronavirus (COVID-19) pandemic. The western basin of Lake Erie (WBLE) and Saginaw Bay in Lake Huron (SBLH) are heavily impacted by anthropogenic factors. The major population centers around each basin are also shown, including Toledo, Ohio and Detroit, Michigan (WBLE); and Bay City, Michigan and Saginaw, Michigan (SBLH).


The western basin of Lake Erie and SBLH were selected as they are two of the more eutrophic basins within the Great Lakes, Both have extended histories of anthropogenic impacts (Makarewicz and Bertram, 1991; Dolan, 1993; Stow et al., 2014) and HABs (Fahnenstiel et al., 2008; Bridgeman et al., 2013; Sayers et al., 2016, 2019b; Wynne et al., 2021). Much of the anthropogenic impact is driven by nutrient-rich runoff from heavily farmed watersheds and the nearby population centers (Michalak et al., 2013; Selzer et al., 2014). There are notable differences between the two regions as well, with the SBLH watershed having 60% lower population density than the WBLE watershed (Table 1). The land use within the watersheds differs as well, with SBLH having less agriculture and urban area (27 and 62% less than WBLE, respectively) and 3.6 times the forested area (Table 1). The SBLH coastline also consists of an extensive wetlands system which serves as a highly effective nutrient sink (Wynne et al., 2021). Due to the greater agricultural area and less forested area and wetlands within the watershed, WBLE experiences greater nutrient loads than SBLH (Wynne et al., 2021).


TABLE 1. Average population density and landcover within the two basin’s watersheds.
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Satellite Data Acquisition and Pre-processing

The water quality metrics used for this study were derived from remote sensing imagery. The National Oceanic and Atmospheric Administration’s (NOAA) Visible Infrared Imaging Radiometer Suite (VIIRS) sensor onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite was the source of imagery for this analysis, providing daily revisits at a 750-m resolution dating back to January 2012. Despite its coarse resolution, the VIIRS sensor has been used to study water quality in the Great Lakes due to its high temporal resolution (Binding et al., 2020; Son and Wang, 2020) which is necessary due to the frequent cloud cover in the region (Ackerman et al., 2013) and highly variable nature of the water conditions in the more eutrophic basins (Sayers et al., 2019a).

For each region, all intersecting imagery from March through December was acquired through the National Aeronautics and Space Administration (NASA) Ocean Biology Processing Group (OBPG) OceanColor Web data portal.4 In total, over 4,300 images were processed for each of the two study regions. Data was acquired at Level 1, with no atmospheric corrections having been applied, along with the corresponding geo-location files. Using the Level 1 and geo-location data, the VIIRS images were subset to the regions of interest and processed to Level 2 using OBPG’s L2gen module, applying a fixed model pair atmospheric correction. Atmospheric correction has been a key concern in freshwater remote sensing (Binding et al., 2020), particularly in the blue spectral bands (Budd and Warrington, 2004; Shuchman et al., 2013; Binding et al., 2019). Shuchman et al. evaluated eight different atmospheric correction techniques by comparing satellite-retrieved reflectance to in situ reflectance collected in a range of Great Lakes water types including sediment-dominant and chlorophyll-dominant waters (2013). The fixed model pair approach tested in their analysis performed well in each setting and produced the most accurate reflectance in intense HAB scenarios, where other correction techniques interpreted the elevated near infrared reflectance associated with near-surface HABs as atmospheric contamination (Shuchman et al., 2013; Sayers et al., 2016).



Derivation and Validation of Water Quality Metrics

The Color Producing Agents Algorithm (CPA-A; Shuchman et al., 2013) was used to estimate concentrations of CHL and TSS as well as CDOM absorption at 443 nm from the satellite-derived remote sensing reflectance at the following bands: 443, 486, 551, and 671 nm. This algorithm uses lake-specific parameterizations based on the range of observed inherent optical properties (IOPs) and has been shown to produce reliable results (Shuchman et al., 2013; Fahnenstiel et al., 2016), including root mean square error (RMSE) values ranging from 0.13 mg/m3 in Lake Huron to 2.18 mg/m3 in Lake Erie (Shuchman et al., 2013). PZD, defined as the depth where 1% of surface light remains, was used as an indicator of water clarity and was calculated from the CPA-A results as described in Fahnenstiel et al. (2016). Briefly, bulk absorption and backscatter are derived from the CPA-A retrievals and used to estimate the light attenuation coefficient at 490 nm (Kd490) using methods proposed by Lee et al. (2005). KdPAR was derived empirically from Kd490 following methods from Saulquin et al. (2013). The inverse of KdPAR is defined as one optical depth, and the PZD is calculated as 4.605 optical depths (Lee et al., 2007).

Harmful algal bloom extents in WBLE were derived from the CHL measurements. Using surface water measurements of CHL and phycocyanin pigment (PC, which can be used as an indicator of HAB presence), Sayers et al., found that minimal PC was observed at CHL concentrations below 18 mg/m3 (2016). Above that threshold, the PC increased linearly with the CHL concentration, indicating that increased CHL is associated with HAB presence (Sayers et al., 2016). This threshold has been used to map WBLE HAB extents in multiple studies (Sayers et al., 2016, 2019b; Manning et al., 2019) with results comparing well to in situ surveys (87% mapping accuracy, Sayers et al., 2016). During the HABs growing season, defined as lasting from July through October (Bridgeman et al., 2013; Wynne and Stumpf, 2015), HAB extents were calculated by first converting CHL concentration maps to binary maps using the 18 mg/m3 threshold, with each pixel indicating HAB presence or absence. The HAB extent was then calculated as the count of pixels classified as a HAB multiplied by the pixel size.

While the water quality algorithms used in this analysis were specifically calibrated for the Great Lakes, significant changes in water quality due to the COVID-19 shutdowns could render these prior calibrations obsolete and add uncertainty to the 2020 retrievals. Due to COVID-19 restrictions, there is limited in situ data available from early 2020 in order to validate the derived water quality metrics. However, near-weekly water quality sampling in WBLE and SBLH started in June and July 2020, respectively, and continued through the start of October. Sampling was conducted by scientists from the Cooperative Institute for Great Lakes Research (CIGLR) and NOAA’s Great Lakes Ecological Research Laboratory (GLERL). This data, which included extracted CHL concentrations and Secchi disk depths, were acquired from the NOAA-GLERL website5 and used to assess the performance of the remote sensing algorithms in light of the potential water quality changes. Summary statistics for these observations are reported in Table 2. These in situ metrics were compared to same-day derived products, averaged over a 3 × 3 grid surrounding the sampling location. Because both the in situ and remotely sensed CHL retrievals have associated uncertainty, the relationship between the two variables was assessed using type II linear regression with the lmodel2 package in R (Legendre, 2018). While Secchi disk depth and PZD are fundamentally different metrics, both are indicators of water clarity and have been shown to be related (Lee et al., 2018). For this analysis, the correlation between remote sensing-derived PZD and in situ Secchi disk depth was used to assess the general accuracy of the remote sensing product and its ability to track changes in water clarity.


TABLE 2. Summary statistics for the in situ chlorophyll-a (CHL) and Secchi disk depth measurements collected in western basin of Lake Erie (WBLE) and Saginaw Bay in Lake Huron (SBLH) during the 2020 field season.
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Assessment of Water Quality Change

For each of the remote sensing-derived metrics, data from 2020 was compared to a historical baseline in order to assess change. The immediate impacts of the shutdowns were evaluated by comparing data from April 2020 to April data from prior years. April was chosen because both the Michigan and Ohio shutdowns were in place for the duration of the month and this also coincided with when the social distancing mobility decreases were peaking (Garnier et al., 2021). The metrics were also evaluated in 10-day windows from March 1 through the end of the year to assess whether any water quality changes identified during April were present prior to the shutdowns or continued as the shutdowns began to be lifted.

Two filters were applied to the remote sensing-derived data before generating the 10-day and monthly composites. First, any pixels where the CPA-A optimization failed to retrieve a valid CHL or TSS value were eliminated. Second, any CHL value where the corresponding TSS concentration was greater than 5 mg/L was removed since the heavy sediment signature can overwhelm any impact of varying CHL concentrations on the spectral signature. The 5 mg/L threshold was determined through a validation using in situ CHL and TSS concentrations from the CIGLR routine water quality monitoring dataset (Cooperative Institute for Great Lakes Research et al., 2019). CPA-A derived CHL estimates were compared to in situ CHL measurements and grouped by the corresponding TSS concentrations in 1 mg/L bins. The RMSE was then calculated within each bin, revealing a distinct shift at the 5 mg/L TSS level. The mean RMSE for TSS bins below the threshold was 6.1 mg/L compared to an RMSE of 29.8 mg/L when TSS exceeded the threshold.

Composite maps were generated in the same way for both 10-day windows and monthly data. For each year in the study period (2012–2020), composite maps were generated by calculating the mean of all images from that year within the given date range. To assess the historical significance of the observed post-shutdown water quality, the basin-wide median values from 2012 to 2019 were compared to those from April 2020 using a Wilcoxon signed-rank test (Wilcoxon, 1945) with an alpha value of 0.05 used to determine significance. Historic baseline composite maps were generated by calculating the mean of all 2012–2019 images within the given date range. Anomaly maps were then calculated for each analysis period by comparing the 2020 composite to the historic baseline composite. For each pixel in the study region, the anomaly was derived as the percent change from the baseline to the 2020 metric value (calculated as the difference between the 2020 and baseline values divided by the baseline value, and multiplied by 100). A positive anomaly indicated that the 2020 metric value was elevated relative to the historic baseline. For CHL and TSS, this represented increased concentrations, and a positive PZD anomaly indicated clearer water. In order for a 10-day window to be included in the time series, the 2020 composite map needed to have valid data in at least 50% of the pixels for that region. This requirement was put in place in order to avoid seemingly anomalous data points caused by sparse data coverage.

Harmful algal bloom extents in WBLE were generated from each of the 10-day CHL composite maps during the HABs growing season. For each 10-day window, the mean and standard deviation of HAB extent from past years were calculated to determine the historic baseline. The HAB extent anomaly was then calculated as the percent difference between the 2020 HAB extent and the baseline HAB extent.



Ancillary Indicators

In addition to the primary water quality indicators (CHL, TSS, PZD, and WBLE HAB extent), other metrics were investigated as potential drivers of water quality change. These included lake surface temperature (LST), which is known to impact CHL production and HAB growth (Behrenfeld and Falkowski, 1997; Paerl and Huisman, 2008; Fahnenstiel et al., 2016). 2012–2020 LST data from the VIIRS sensor onboard the SNPP satellite was downloaded from the OBPG OceanColor Web at Level 2. The SST_triple product, using the default atmospheric correction (Minnett et al., 2014), was used to generate the composites and anomalies. Non-remote sensing-derived explanatory indicators included river discharge and wind speed which have been shown to impact sediment loading and HAB growth (Rao and Schwab, 2007; Stumpf et al., 2012; Sayers et al., 2016; Niu et al., 2018). Mean daily discharge data was acquired from the United States Geological Survey (USGS) National Water Information System (NWIS) using gages on the Maumee River (WBLE, gage 04193500), Detroit River (WBLE, gage 04165710), and Saginaw River (SBLH, gage 04157005). Hourly wind speeds were downloaded from buoys in NOAA’s National Data Buoy Center (NDBC) network (WBLE: THL01; SBLH: SBLM4). Baseline (2012–2019) and 2020 metrics, as well as anomalies (10-day and April) were calculated for each of the explanatory indicators using the same methods as for the water quality indicators. Finally, agricultural planting data were acquired from the United States Department of Agriculture (USDA) National Agricultural Statistics Service (NASS) 2015–2020 Historical Crop Progress reports.6 From this data, 2020 planting progress was evaluated against the prior 5-year average for three different crops (oats, corn, and soybeans) to determine if the shutdowns impacted agricultural activity.



RESULTS

Of the 134 surface water measurements collected in WBLE and SBLH in 2020, there were only 20 with valid same-day remote sensing estimates (15 in WBLE, 5 in SBLH) (Figure 2). The in situ CHL concentrations within these 20 matchups ranged from 1.7 to 31.3 mg/m3. The Type II linear regression revealed strong agreement between the measured and estimated concentrations (R2 = 0.66, p < 0.01). Similarly, there was a strong positive correlation between the in situ Secchi disk depth and the remotely sensed PZD (Spearman’s rho = 0.69, p < 0.01) indicating that the PZD metric used in this analysis was adequately capturing changes in water clarity.
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FIGURE 2. Comparisons between remote sensing estimates and in situ measurements in 2020. Panel (A) shows a comparison between remotely sensed and in situ chlorophyll-a (CHL), with the type II regression best fit line displayed in red (y = 3.67 + 1.03 × x; R2 = 0.66; p < 0.01). Panel (B) shows the comparison between remotely sensed photic zone depth (PZD) and in situ Secchi disk depth.


The annual time series of basin-wide median April indicator values (calculated from the annual April composite maps) were used to assess how water quality immediately after the shutdown began compared to prior years and whether the 2020 values were a continuation of a trend that preceded the COVID-19 pandemic (Figure 3). Using these plotted values, a statistical comparison was made between the 2020 observations and those from prior years in the study record. The basin-wide 2020 metric value was found to be significantly different from the historic record for all three metrics in SBLH and CHL in WBLE (Wilcoxon signed-rank test statistics and corresponding p-values reported in Table 3). Of all the metrics investigated, only SBLH CHL (Figure 3B) had a 2020 value falling more than two standard deviations away from the 2012–2019 mean, though this metric also appears to be in the midst of a multi-year increasing trend that pre-dates the pandemic. The 2020 TSS indicators for both basins fell within the two standard deviation window but were also at the low-end of the recent historic range after experiencing a steady decline in the past 3–4 years (Figures 3C,D), with the inverse being true for PZD (Figures 3E,F).
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FIGURE 3. Median April indicator values plotted over the sensor data record (2012–2020). Years in which less than 50% of the regional data pixels have data are excluded. The 2012–2019 mean is shown as the dashed red line, with the dashed blue lines representing the 2012–2019 mean plus/minus two times the 2012–2019 standard deviation. (A,C,E) The CHL, TSS, and PZD indicator time series for WBLE. (B,D,F) The CHL, TSS, and PZD indicator time series for SBLH.



TABLE 3. Wilcoxon signed-rank test statistics (W) and p-values (in parentheses) for the analyses comparing basin-wide median metric values from April 2012–2019 to 2020 values.
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Mapping the anomaly data revealed spatial variability across each study basin (Figure 4). The majority of WBLE CHL concentrations (Figure 4A) were near or below the historic baseline except near the mouth of the Maumee River where the anomalies were largely positive. The SBLH CHL anomaly map (Figure 4D) showed widespread positive anomalies, with no clear spatial trend relative to the Saginaw River. Rather, positive anomalies were observed in most pixels except for the center of the bay, which rarely experiences significant phytoplankton accumulation due to the bay’s circulation patterns (Wynne et al., 2021). TSS anomalies in both WBLE and SBLH were widely negative with a few exceptions, including near the mouths of the Maumee and Saginaw Rivers (Figures 4B,E). The PZD anomalies in both regions were mostly positive, indicating increased water clarity in April 2020 (Figures 4C,F). Median basin-wide April anomaly values for each primary indicator are displayed in Table 4.
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FIGURE 4. April anomaly maps for CHL, total suspended solids (TSS), and PZD in the two study basins. All maps are scaled from blue (large negative anomaly) to red (large positive anomaly). The locations of each basin’s major rivers (Maumee and Detroit Rivers in WBLE; Saginaw River in SBLH) and where they enter the basins are displayed in black. (A–C) The WBLE April anomaly maps for CHL, TSS, and PZD, respectively. (D–F) The SBLH April anomaly maps for CHL, TSS, and PZD, respectively.



TABLE 4. Median basin-wide April anomaly values for each region and indicator.
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Much of the spatial variability observed in Figure 4 appeared to be related to proximity to the major river mouths. Plotting the April 2020 water quality anomalies against this distance reveals several distinct relationships (Figure 5). As seen in Figure 4, the SBLH TSS anomaly is highest within 5 km of the Saginaw River mouth where it is approximately equal to the historic baseline, but is highly negative outside of this area (Figure 5F). This trend is reversed for the SBLH PZD anomalies (Figure 5I). The trends in WBLE are slightly more complex due to the presence of two major rivers flowing into the basin. The CHL and TSS anomalies are most positive within 5–10 km of the Maumee River mouth (Figures 5A,D). However, both indicators experience a strong negative anomaly just outside of that range, with concentrations moving toward the historic baseline as distance increases. The trends relative to the Detroit River are more clear, with the strongest negative anomalies occurring near the river mouth and gradually increasing with distance (Figures 5B,E).
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FIGURE 5. Median April anomaly value is plotted based on distance from the nearest major river mouth (Maumee and Detroit Rivers for WBLE; Saginaw River for SBLH). The distances are binned in 5-km increments. (A,D,G) The average CHL, TSS, and PZD anomalies in WBLE based on distance from the Maumee River. (B,E,H) The average CHL, TSS, and PZD anomalies in WBLE based on distance from the Detroit River. (C,F,I) The average CHL, TSS, and PZD anomalies in SBLH based on distance from the Saginaw River.


The water quality trends observed in April were generally also present throughout the year, as seen in the 10-day anomaly time series (Figure 6). These plots begin with the 10-day window starting on day 61 (March 1 in leap years; March 2 otherwise). The boxplots (Figures 6C,F,I) show the range of median anomaly values across the valid windows (a window was considered valid if the percent of pixels with data exceeded 50%). WBLE and SBLH had similar seasonal anomaly trends for both TSS and PZD. The TSS anomalies (Figures 6D,E) were consistently negative in both basins until early September aside from two outlier events in late-May and early-June. Conversely, the PZD time series (Figures 6G,H) revealed consistently positive anomalies aside from a few isolated events. Slight differences between the two regions were revealed in the CHL anomaly time series (Figures 6A,B). While the CHL anomaly in SBLH was almost uniformly positive from March through August, the CHL anomaly in WBLE fluctuated around zero until mid-August, before experiencing a brief extreme positive anomaly in late-August (+79%). Both basins experienced prolonged periods of lower anomalies in September and October, though WBLE anomalies were up to 62% below the historic baseline and near zero in SBLH. As seen in the CHL anomaly boxplots (Figure 6C), SBLH had higher anomalies on average than WBLE (14.7 and −6.3%, respectively), and also experienced a much tighter range of anomalies (from −6% in June to +56% in November) while WBLE experienced anomalies ranging from −62 to +86%.
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FIGURE 6. Median basin-wide anomalies for the 10-day windows starting from March 1 to December 26. Windows in which less than 50% of the regional data pixels have data are excluded. (A,D,G) The CHL, TSS, and PZD anomaly time series for WBLE. (B,E,H) The CHL, TSS, and PZD anomaly time series for SBLH. (C,F,I) The distribution of CHL, TSS, and PZD anomalies in both basins from March through December.


The seasonal progression of the WBLE HAB extent anomaly (Figure 7) was nearly identical to that of the WBLE CHL anomaly. Through July and the first few weeks of August, the 2020 HAB was slightly below the baseline extent, but within the normal range of variability. However, by mid-August, the extent began increasing rapidly, peaking in the first week of September 122% above the historic mean and several weeks earlier than the typical peak. The following week saw a rapid decline in extent, with a near total absence (mean anomaly of −86%) through the rest of the HAB season.
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FIGURE 7. Panel (A) shows median WBLE harmful algal bloom (HAB) extent for the 10-day windows starting from June 30 to October 17. The red squares represent the 2020 extents and the black dots represent the mean of prior years’ (2012–2019) extents. The vertical black lines represent the standard deviations of the prior years’ extents. Panel (B) shows the anomaly time series for the HAB extent.


Seasonal and April anomalies were also assessed for three of the explanatory indicators. River discharge observed the most drastic anomalies, with the Maumee and Saginaw Rivers having April 2020 flow rates 46 and 52% below the 2012–2019 baseline, respectively, and the Detroit River with an above-average flow rate (+21%) (Table 5). Less extreme negative anomalies were also observed for the LST (−8 and −6% in WBLE and SBLH, respectively) and wind speed (−10 and −2%) metrics.


TABLE 5. Median April anomaly values for the explanatory indicators.

[image: Table 5]The seasonal anomaly trends for the explanatory indicators revealed similar results between WBLE and SBLH (Figure 8). LST in both basins (Figures 8A,B) was above average through most of March followed by negative anomalies from mid-April into June and again from September through mid-October. Each basin also experienced prolonged positive anomalies from mid-June through August. These anomalies were relatively small compared to those from the primary water quality indicators, with both regions showing a mean absolute anomaly across all valid windows of less than 10%.
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FIGURE 8. Median 10-day anomalies for the explanatory indicators, including lake surface temperature (A,B), river discharge (C,D), and wind speed (E,F).


The Detroit River (Figure 8C) had a consistently positive discharge anomaly (ranging from 15 to 30% above the historic baseline), but both the Maumee River (Figure 8C) and Saginaw River (Figure 8D) generally observed negative or near-zero discharge anomalies from April through September aside from a few extreme positive anomalies in mid-May. The wind speed time series (Figures 8E,F) showed no consistent anomalies throughout the season, fluctuating back and forth around the baseline. The largest observed anomaly was in WBLE at the start of September, when 2020 wind speeds were more than 40% higher than the historic baseline. This extreme wind event, along with the negative LST anomaly that started in September, likely contributed to the rapid decline in WBLE HAB extent.

The agricultural planting progress data was also analyzed to determine if the pandemic shutdowns had any impact on when oats, corn, or soybeans were planted. Some discrepancies were observed between the 2020 and 2015–2019 baseline, though these depended on the crop (Supplementary Figure 3). Throughout the data record, oats were the earliest crops to be planted. In 2020, despite the pandemic-driven shutdowns, planting progress for the oats was generally at least 25% ahead of the historic average through the first week of May. Corn and soybean plantings began at the end of April. The planting progress for corn was behind the baseline for several weeks but caught up by mid-May. Meanwhile 2020 soybean planting progress was ahead of the historic schedule throughout the season.



DISCUSSION

This study highlights the importance of remote sensing for environmental monitoring. In a typical year in the Great Lakes, NOAA-GLERL and CIGLR conduct routine vessel and buoy-based water quality sampling in WBLE and SBLH (see text footnote 5). Due to the health and safety concerns surrounding the COVID-19 pandemic, both vessel-based sampling and buoy deployment were delayed and limited in capacity. Satellite-based remote sensing makes it possible to investigate water quality without the health concerns of in situ sampling, and it provides data at a broader spatial and temporal scale than is possible with boat- and buoy-based measurements. The extensive remote sensing historical data record also allows for the assessment of anomalies over broad spatial regions. Without this data, we would not have been able to assess how the COVID-19 shutdowns impacted Great Lakes water quality.

Extending beyond the Great Lakes region, polar-orbiting satellites like the one used in this analysis collect data on a global scale, allowing for coordinated analyses across the United States and internationally. NASA, in collaboration with the European Space Agency (ESA) and Japan Aerospace Exploration Agency (JAXA), assembled research teams from across the world to assess how the pandemic has impacted a range of environmental and societal indicators. Results of this collaboration, including the data presented in this article, are available on NASA’s COVID-19 dashboard.7

This investigation identified statistically significant short-term anomalies in several Great Lakes water quality metrics in the weeks and months following the start of the COVID-19 shutdowns, yet these anomalies cannot be directly attributed to the shutdowns as an examination of meteorological and hydrological variables has provided other plausible explanations for the observed changes Both WBLE and SBLH experienced large declines in TSS levels relative to the historic baseline in April 2020 as peak social distancing was occurring. However, co-occurring anomalies in the ancillary indicators could help explain this observation more than the changes in human activity. Both regions also experienced below average wind speed and river discharge rates in April 2020. The Detroit River was the exception, with above average discharge rates in April 2020. However, the Detroit River contributes very little sediment to WBLE, providing over 90% of the discharge but less than 6% of the sediment input, while the Maumee River provides 3% of the discharge and 45% of the sediment load (Niu et al., 2018). Because river discharge has a key role in nearshore sediment loading (Rao and Schwab, 2007) and high turbidity events in the offshore waters in WBLE are driven primarily by wind-driven resuspension (Niu et al., 2018) it is likely that natural factors (i.e., reduced wind speed and discharge) were driving the TSS reductions more than any COVID-19 impacts.

Investigating the TSS anomalies spatially revealed that despite the decreased discharge, increased TSS levels were observed in the 5–10 km nearest to the urban-adjacent Maumee and Saginaw River mouths and more negative anomalies were observed with increased distance. It is these nearshore areas that are most likely to be impacted by anthropogenic impacts such as urban or agricultural runoff (Rao and Schwab, 2007; Niu et al., 2018). However, there are plausible natural explanations for these trends as well. The reduced river discharge likely resulted in a greater concentration of the sediment nearer to the river mouths, unable to propel it further outward into the basins. This is particularly likely in WBLE, where the elevated sediment-poor Detroit River flow would further limit the extent of the diminished sediment-rich Maumee River plume (Jiang et al., 2015).

Saginaw Bay in Lake Huron also experienced a statistically significant CHL anomaly in April, with an increase of over 40% relative to the historic baseline. If this CHL increase were related to the pandemic, it would likely be due to an anomalously large influx of non-urban nutrients. It is unlikely that an increase in agricultural nutrient inputs would lead to positive anomalies basin-wide, particularly due to the greatly diminished Saginaw River discharge rates. And although the increased usage of residential septic systems during the shutdowns may have resulted in increased nutrient inputs along the SBLH coastline, this impact would most likely be observed in the very nearshore waters which are not visible with the coarse resolution satellite used in this analysis. As with TSS, there are several potential explanations for the CHL anomaly aside from the COVID-19 shutdowns. The time series of April CHL concentrations in SBLH (Figure 3B) indicated that the basin-wide median was stable from 2012 to 2018, but the last 2 years have seen a large increase, perhaps indicating an ongoing trend un-related to COVID-19. The decreased TSS concentrations may also be contributing to the increased CHL. Suspended sediment concentrations have been shown to be highly correlated with KdPAR (Millie et al., 2003), which is likely driving the significantly increased water clarity throughout the basin (Figure 4H). Other research in the Great Lakes has shown that increases in water clarity can cause increased phytoplankton production (Bierman and Dolan, 1981; Lohrenz et al., 2004; Jiang et al., 2015). WBLE also had a statistically significant CHL anomaly in April 2020. However, unlike SBLH, WBLE had a negative basin-wide CHL anomaly, but this varied considerably with distance from the Maumee River mouth. The 5 km nearest to the river mouth experienced a positive anomaly, while negative anomalies were observed from 5 to 45 km. Despite the increased water clarity similar to SBLH (Figure 4C), the decreased CHL is likely due to a nutrient limitation caused by the combination of increased nutrient-poor Detroit River discharge and decreased Maumee River discharge (Jiang et al., 2015). The stronger Detroit River plume would force the nutrient-rich Maumee River waters along the coastlines, consistent with the observed locations of increased CHL concentrations.

If the anomalies observed in April 2020 were caused by the pandemic-driven shift in activity, then it would be expected that they would dissipate in the weeks prior to and after the peak social distancing period. Instead, the trends that were observed in April tended to also be true in March and persisted further into the year. This was also generally true for the ancillary indicators which provided alternative explanations for the anomalies. WBLE and SBLH each observed negative TSS anomalies in over 80% of all qualifying 10-day windows from March 1 until the start of September. Deviations from this trend were also well explained by the ancillary indicators. Both basins observed an elevated TSS event in late May and early June, coinciding with large discharge anomalies due to an extreme storm event in late May which led to a 500-year flood event in mid-Michigan (French, 2020). Another positive TSS anomaly occurred in the first week of September, coinciding with the largest positive wind anomaly in each basin which we would expect to cause significant sediment resuspension (Niu et al., 2018).

2020 also resulted in an anomalously low HAB extent in WBLE, with a reduced severity relative to what was forecasted based on the observed levels of springtime discharge (National Oceanic and Atmospheric Administration [NOAA], 2020). While a negative anomaly was observed in a majority of windows, there was an extreme positive anomaly in late August before the bloom suddenly dissipated. Like the other observed anomalies, this trend seems to be well explained by variables not directly related to the COVID-19 shutdown. The upward trend in HAB extent coincided with a prolonged positive LST anomaly from June 29 through August 27, and the rapid bloom decline occurred simultaneously to the start of a negative LST anomaly which lasted from September 7 through the end of the typical HAB season. This decline also coincided with the aforementioned positive wind anomaly during the first weeks of September. Heavy winds force vertical mixing of the blooms which can reduce the amount of bloom visible to the satellite sensors and also limits the formation of highly concentrated surface scums until the winds calm (Wynne et al., 2010; Bosse et al., 2019; Sayers et al., 2019b). Elevated September winds also resulted in early ends to the HAB season in 2018 and 2019 (National Oceanic and Atmospheric Administration [NOAA], 2020). Prior years had seen HABs continue through October, often peaking in September (Bridgeman et al., 2013; Wynne and Stumpf, 2015; Sayers et al., 2019b).

Several other studies in Europe and the United States also found that observed environmental changes during the shutdown periods were just as well explained by long-term trends, meteorological factors, or other confounding factors (Ordóñez et al., 2020; Tobías et al., 2020; Zangari et al., 2020). In complex ecosystems like the Great Lakes, the water quality indicators that we examined are driven by a combination of natural factors (e.g., river discharge, LST, and wind speed, etc.) in addition to the anthropogenic drivers. This can result in significant spatial and temporal variability on yearly and even weekly time scales (Sayers et al., 2019a). Because of the observed variability in each of the ancillary factors studied, it is difficult to assign responsibility for any of the anomalies to changes in human behavior.

In addition to these ancillary variables, there are several other reasons why the shutdowns may not have resulted in observable water quality changes. For one, the regions being studied in this analysis are much larger than some of the other areas where changes were observed. Three studies looked at waters within approximately 3 km of shore (Aman et al., 2020; Braga et al., 2020; Yunus et al., 2020) and another went out to approximately 10 km (Cherif et al., 2020). These more targeted areas were also directly in the vicinity of key anthropogenic influences, including large cities and wastewater treatment plants. In contrast, the WBLE and SBLH study regions were an order of magnitude larger (approximately 3,200 and 2,700 km2, respectively). The waters studied in this analysis only extended to approximately 20 km offshore, but pixels on the eastern edges of SBLH and WBLE were up to 60–70 km away from what we would expect to be the primary drivers of change (major metropolitan areas and large river mouths). Additionally, the coarse resolution satellite used in this analysis limited the retrievals in nearshore waters where the anthropogenic influence would be magnified. VIIRS was used rather than higher resolution sensors such as the Landsat sensors or Sentinel-2 because the higher temporal resolution (1 day as compared to 5–16 days) is needed in the Great Lakes due to the frequent cloud cover, particularly in spring (Ackerman et al., 2013; Wynne et al., 2013). Sentinel-3 provides improved spatial resolution over VIIRS (300 vs 750 m) with a near-daily revisit, but this sensor has a limited historical record (launched in 2016) and the CPA-A has not yet been adequately calibrated or validated for this sensor.

Finally, the anthropogenic influence in WBLE and SBLH differs from that seen in some of the other regions where anomalies were identified. Several studies identified reduced industrial pollution and wastewater discharge as the drivers of water quality improvement (Aman et al., 2020; Cherif et al., 2020; Yunus et al., 2020) and boat traffic reductions in the normally busy Venetian Lagoon were cited as a primary cause of the observed water clarity increases (Braga et al., 2020). While motorized boat traffic was suspended in April as part of Michigan’s COVID-19 response (State of Michigan, 2020c), their impact on basin-wide water quality is likely negligible due to their reduced density relative to the Venice case. The changes in industrial pollution and wastewater discharge are also less relevant in the Great Lakes region due to the stringent controls placed on these systems as part of the GLWQA. This study hypothesized that the major drivers of change would be a transition from the highly effective municipal wastewater treatment systems to on-site septic systems and changes in the agricultural calendar. The heavier usage of septic systems may have resulted in increased nutrient loads to the basin, but this impact would likely be spread out across the basins (as opposed to the larger wastewater treatment plants which would have a single outflow point) and concentrated in the nearshore waters that were not resolvable in this analysis. And even though slight changes were observed in the agricultural planting calendar, the declaration of farmers as essential workers limited the impact of the shutdowns on this source of nutrient loading.

This analysis did not identify any water quality changes clearly attributable to the COVID-19 shutdowns, but it is possible that there were changes that were subtler than could be picked up by our algorithm. The CPA-A is parameterized on a per-lake basis using a generalized set of IOPs meant to capture the observed range of optical conditions in each lake. Sayers et al. (2019a) found issues with this approach in WBLE, as large shifts in the phytoplankton community can result in changes to the specific IOPs. The CPA-A should be able to effectively capture shutdown-driven changes in the magnitude of the color producing agents. However, if the changes in human activity resulted in significant shifts in the phytoplankton community, the optical properties could shift outside the range of our historical observations, introducing additional uncertainty into our results. While we do not have any in situ data from spring 2020 to validate our retrievals, comparisons against in situ data from mid-summer through early-fall 2020 generate confidence in the late-season CHL and PZD estimates.

Additionally, by focusing on short-term, immediate impacts of the shutdowns, this analysis ignores the contribution of legacy drivers of water quality. Prior research has shown that legacy nutrients in the soil within the watershed can contribute up to 49% of the annual total phosphorus load from the Maumee River (Kast et al., 2021) and phosphorus loadings from prior years also play a significant role in determining the size of phytoplankton blooms in WBLE (Ho and Michalak, 2017). This implies that the impacts of behavior changes due to the COVID-19 shutdowns may be muted by past activity and also that they could have impacts on water quality in the coming years. These water quality indicators, in particular the HAB extent in WBLE, should continue to be studied in subsequent years to assess whether there are any potential long-term or delayed impacts of the shutdowns.



CONCLUSION

The Visible Infrared Imaging Radiometer Suite satellite imagery from 2020 was compared to imagery from 2012 to 2019 to assess whether water quality in the Great Lakes’ eutrophic basins was impacted by the COVID-19 pandemic shutdowns. Indicator values in April 2020, when social distancing was at its peak, revealed significant changes in both SBLH (increased CHL, decreased TSS, increased PZD) and WBLE (decreased CHL). However, these shifts continued through the year even as shutdown restrictions eased. Comparisons to trends in other indicators (e.g., wind speed and river discharge) led to the conclusion that the observed water quality changes were more likely related to natural variability rather than being a result of the shutdowns. Future research will address some of the limitations of this analysis that may have masked some potential impacts related to the change in human activity. These include the addition of higher resolution sensors to assess nearshore water quality where significant impacts may be expected and the inclusion of data past 2020 to determine if the behavioral changes had any delayed or long-term impacts.

While this study found that there was likely no relationship between the COVID-19-induced shutdowns and short-term Great Lakes water quality, it has shown the utility of using the lengthy remote sensing data record to identify water quality anomalies. This approach has been used extensively in marine systems for identifying anomalies in sea surface temperature (Stock et al., 2015), phytoplankton blooms (Wang et al., 2021), sediment/turbidity (Dogliotti et al., 2016), and HAB presence (Stumpf et al., 2003; Tomlinson et al., 2009). However, there has been limited application of the method for water quality monitoring in the Great Lakes. Going forward, utilizing this approach as imagery becomes available will allow for the identification of water quality anomalies in near real time. This can provide a better understanding of the historical significance of any given sediment plume or phytoplankton bloom and guide in situ sampling efforts. It can also be expanded to the broader Great Lakes region, generating a more complete understanding of the current regional water quality conditions.
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3
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4
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5
https://www.glerl.noaa.gov/res/HABs_and_Hypoxia/habsMon.html
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COrona VIrus Disease (COVID) 2019 pandemic forced most countries to go into complete lockdown and India went on complete lockdown from 24th March 2020 to 8th June 2020. To understand the possible implications of lockdown, we analyze the long-term distribution of Net Primary Productivity (NPP) in the North Indian Ocean (NIO) and the factors that influence NPP directly and indirectly, for the period 2003–2019 and 2020 separately. There exists a seasonal cycle in the relationship between Aerosol Optical Depth (AOD), Chlorophyll-a (Chl-a) and NPP in agreement with the seasonal transport of aerosols and dust into these oceanic regions. In Arabian Sea (AS), the highest Chl-a (0.58 mg/m3), NPP (696.57 mg/C/m2/day) and AOD (0.39) are observed in June, July, August, and September (JJAS). Similarly, maximum Chl-a (0.48 mg/m3) and NPP (486.39 mg/C/m2/day) are found in JJAS and AOD (0.27) in March, April, and May (MAM) in Bay of Bengal. The interannual variability of Chl-a and NPP with wind speed and Sea Surface Temperature (SST) is also examined, where the former has a positive and the latter has a negative feedback to NPP. The interannual variability of NPP reveals a decreasing trend in NPP, which is interlinked with the increasing trend in SST and AOD. The analysis of wind, SST, Chl-a, and AOD for the pre-lockdown, lockdown, and post lockdown periods of 2020 is employed to understand the impact of COVID-19 lockdown on NPP. The assessment shows the reduction in AOD, decreased wind speeds, increased SST and reduced NPP during the lockdown period as compared to the pre-lockdown, post-lockdown and climatology. This analysis is expected to help to understand the impact of aerosols on the ocean biogeochemistry, nutrient cycles in the ocean biogeochemical models, and to study the effects of climate change on ocean ecosystems.
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HIGHLIGHTS


-Assessment of NPP changes in the North Indian Ocean in view of COVID-19 lockdown.

-NPP exhibits negative anomaly in Arabian Sea (AS) and Bay of Bengal (BoB) in 2020.

-SST anomalies are positive in northern AS and BoB during the lockdown.

-AOD anomalies are negative during the lockdown period due to lesser emissions.





INTRODUCTION

About half of the global net oceanic primary productivity (NPP) is contributed by the phytoplankton (Field et al., 1998; Käse and Geuer, 2018). Compared to the terrestrial NPP, the biomass of primary production is about 500 times smaller because the phytoplankton is invariably utilized by the marine food chain (Webb, 2019). The major environmental drivers of oceanic NPP are light, nutrients and temperature. These are, in turn, altered by the changes in associated oceanic and atmospheric processes, and are sensitive to the changes and variability of climate (Field et al., 1998; Chavez et al., 2011). A few of the Essential Climate Variables (ECVs) identified by the Global Climate Observation System (GCOS, 2011) are surface winds, phytoplankton, SST, and aerosols, which are either directly or indirectly connected to the amount of regional and global oceanic NPP.

It has been observed that the average rise in earth surface temperature is about 1.5°C in the past century (IPCC, 2018) and aerosols, the tiny suspended particles in the atmosphere, have also a significant role in this warming or modification of global surface temperatures. The aerosols have been influencing the earth radiation budget in several different ways, and have been studied widely in the past (e.g., Wielicki et al., 1998; Satheesh et al., 2006). To understand the response of oceans to climate change, it is crucial to study the changes in ECVs individually as well as their inter-relationships, feedback between them and their connection to NPP. Previous studies show a positive (Martin et al., 1994; Jickells et al., 2005; Patra et al., 2007; Banerjee and Prasanna Kumar, 2014), negative (Mallet et al., 2009; Paytan et al., 2009; Jordi et al., 2012) and even no correlation between aerosols and oceanic NPP at different world oceanic regions (Cropp et al., 2005; Gallisai et al., 2014).

The intense upwelling during the summer monsoon and convection during the winter monsoon enhances primary productivity in the Arabian Sea (Banerjee and Prasanna Kumar, 2014). The injection of nutrient rich water into the euphotic zone makes Arabian Sea (AS) highly productive, which is unlikely in Bay of Bengal (BoB) due to high stratification there (Prasanna Kumar et al., 2002). Although not highly productive like AS, BoB is subjected to high new production and more structured in removing atmospheric CO2 on longer time scales (Kumar et al., 2004). Even when there is the availability of nutrients, increased riverine flux reduces the light penetration to depths and thereby restricts NPP in the summer and fall inter-monsoon months (Prasanna Kumar et al., 2010). The dependency of productivity on insolation is a major factor in the tropical oceans. The wind stirring is also a key factor for primary production in the Indian Ocean (Beaufort et al., 1997). Seasonal changes in the productivity related to nutrient and phytoplankton abundance are crucial for predicting Hilsa habitat and their migratory patterns in the deltaic regions and shelf of BoB (Hossain et al., 2020). The study of NPP in northeast (NE) BoB for the past 26,000 years reveals that the NPP is controlled by nutrient contents and their distribution within the upper water column (Zhou et al., 2020).

Despite being located in similar geographical locations, AS and BoB exhibit different physical and biological characteristics (Prasanna Kumar et al., 2002; Shenoi et al., 2002; Chakraborty et al., 2020). It is primarily due to the southwest monsoon winds where the AS encounters strong upwelling when rapid surface cooling occurs because of entrainment pushed by the strong winds (Findlater, 1969). Nevertheless, the excess precipitation over evaporation and extensive river runoff (Subramanian, 1993) make BoB strongly stratified. These differences are held to be responsible for the physical, chemical, and biological differences between the basins (Kumar et al., 1995).

Several studies have accounted for the distribution of aerosol (Li and Ramanathan, 2002) and their possible connection with Chl-a abundance (Vinayachandran et al., 2004). The sea surface cooling is responsible for injecting nutrients to the surface in the winter monsoon in the northeastern AS, which helps them sustain the primary productivity even after the monsoon (Madhupratap et al., 1996). The connection between phytoplankton bloom and dust deposition over Central AS was analyzed by Banerjee and Prasanna Kumar (2014) and found that blooms cannot be fully described by injection of nutrients by processes such as advection and mixing in the upper ocean. Shafeeque et al. (2017) compared the seasonal cycles of phytoplankton with SST, Aerosol Optical Depth (AOD), and winds off Somalia. The productivity in the high-nutrient low chlorophyll (HNLC) regions of oceans is directly affected by the iron supply (Jickells et al., 2005). Henceforth, altering nutrient types and amounts may change phytoplankton species and their composition and growth rate, and the resultant NPP (Howarth, 1988; Moore et al., 2013). Although the relationship between anthropogenic aerosols on the carbon cycle and climate change is not well understood, it is estimated that nutrient intake due to atmospheric deposition is increasing the CO2 uptake (Mahowald et al., 2017).

Satellite data are excellent tools for examining global changes in atmospheric pollution, aerosols and primary productivity. The shortwave infrared (SWIR) bands facilitate vigorous atmospheric corrections in coastal turbid waters (Wang et al., 2009), whereas the band around 685 nm is more advantageous for the detection of phytoplankton fluorescence (Gower et al., 1999; Hu et al., 2005). Here, we examine the primary productivity in BoB and AS, and its drivers for the period 2003–2020. We investigate the Chlorophyll-a (Chl-a) variability in different seasons with respect to surface winds, Sea Surface Temperature (SST) and AOD in these oceanic basins. We estimate the NPP using the surface Chl-a, SST, Photosynthetically Active Radiation (PAR), and length of the day (Behrenfeld and Falkowski, 1997). On top of this, we assess the impact of lockdown, due to the spread of Severe Acute Respiratory Syndrome (SARS) COrona VIrus Disease (COVID) 2019, on AOD and NPP. The long-term analysis of NPP and its drivers will be used to assess the lock-down situation and its impact on NPP.



MATERIALS AND METHODS


Data

We have used the Modern-Era Retrospective analysis for Research and Applications (MERRA-2) Aerosol Optical Depth for the period January 2003–December 2020. These data have a spatial resolution of 0.625° × 0.5° (Global Modeling and Assimilation Office (GMAO), 2015). The satellite-based bias-corrected and merged Ocean Color Climate Change Initiative (OC-CCI) version 4.2 data are taken for the Chl-a measurements (Sathyendranath et al., 2020). The OC-CCI data consist of [MEdium Resolution Imaging Spectrometer–MERIS: 2002–2012, MODIS on Aqua: 2002–to date, and Sea-viewing Wide Field-of-view Sensor (SeaWiFS): 1997–2010] satellite measurements on a 4 × 4 km resolution for the period 1997–2020. The daily surface winds (at 10 m) and SST were taken from the European Centre for Medium Range Weather Forecast’s (ECMWF) Reanalyses, ERA5 data of 25 × 25 km resolution for the period from 2003 to 2020 (Hersbach et al., 2020). The NPP calculation is carried out using monthly data of Photosynthetically Active Radiation (Goddard Space Flight Center (NASA) et al., 2018), SST (Werdell et al., 2013) from MODIS–Aqua for the period from 2003 to 2020 at 4 km resolution. We started our analysis from the year 2003 because MODIS-Aqua data are continuous from that year onward. Further details of the datasets are provided in Table 1.


TABLE 1. Details of datasets used in this study.
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Methods

The analysis has been carried out for the period 2003–2019, but we have also considered the year 2020 to examine the impact of COVID-19 lockdown on primary productivity. We have divided the year 2020 into three periods: pre-lockdown (1 January–24 March), lockdown (25 March–7 June), and post-lockdown (8 June–30 June). We have analyzed SST, winds, AOD and Chl-a for these periods. We have also analyzed the temporal variability of Chl-a, AOD and NPP separately for the year 2020 and for the period 2003–2019, and made a comparison between both analyses to assess the effect of lockdown on NPP. The NPP is calculated using the equation,

[image: image]

where Chl-a is Chlorophyll concentration in mg/m3, pbopt is the maximum carbon fixation rate within a water column (mgC/mgChl/hr), day length is the number of hours of daylight at the given location and NPP is milligrams of carbon fixed per day unit volume, par is the Photosynthetically Active Radiation (PAR) and zeu is the euphotic depth.

Further details about the NPP calculations are provided in Behrenfeld and Falkowski (1997). We have also made a seasonal analysis of Chl-a, AOD, SST overlaid with winds and NPP from 2003 to 2019 to understand the variability of these variables over the North Indian Ocean (NIO). The seasons are divided according to the classification of the India Meteorological Department. They are: Winter monsoon: January and February (JF), Pre-monsoon: March, April and May (MAM), Monsoon: June, July, August and September (JJAS) and Post-monsoon: October, November and December (OND).

Our analysis is mainly divided into two parts: one is the spatial analysis over the whole NIO region and temporal analysis over selected regions. First, we made a climatology using monthly data from the year 2003 to 2019. To examine the impact of COVID-19, we have made use of daily data because we are focusing on three periods and compared them with the monthly climatology. We have done the analysis for the same period, i.e., pre-lockdown, lockdown and post-lockdown for the year 2018 for comparison. We calculated the anomaly of these periods from the climatology of 17 years (2003–2019) and repeated the same for 2018. We have also chosen three concentric regions in the BoB, which are described in Supplementary Table 1. These areas are depicted in Figure 1.
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FIGURE 1. Monthly Climatology of Sea Surface Temperature (SST) overlaid with wind vectors from 2003 to 2019 over the North Indian Ocean. The concentric boxes (Supplementary Table 1) are also marked in the figure.


The wind stress (WS) is calculated using,
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where,

ρair = 1.225 kg/m3, Cd = 0.0013, and U is the magnitude of wind.

We have analyzed the pixel-wise spatial trend of SST, WS, AOD, Chl-a, and NPP from 2003 to 2019. We have computed the spatial trend to analyze the patterns with respect to recent years. We select two regions in BoB and AS, which represent the positive/negative spatial trend of NPP to depict the interannual variability of Chl-a, SST, WS, AOD, and NPP. This interannual variability is represented as a box plot that has two parts; different quartiles and two whiskers.



RESULTS


Chl-a, AOD, and SST and Their Relationship With NPP

When we consider the effects of atmospheric deposition on the phytoplankton abundance, it is also necessary to assess the impact of global land surface and oceanic warming. Figure 1 shows the monthly SST climatology overlaid by 10 m wind vectors. The tropical Indian Ocean SST has a major role in the climate and its regional variability (Chowdary et al., 2015; Kuttippurath et al., 2021a) and its variability in global scales (Schott et al., 2009). The monthly analysis of SST shows a primary peak in May and a secondary peak in November, and the seasonal reversal of winds associated with the SW (southwest) and NE monsoons (Webster et al., 1998). The observed annual cycle in AS shows two modes of SST seasonality with the primary peak during April–May and the secondary peak in October (Vinayachandran and Shetye, 1991; Murtugudde and Busalacchi, 1999; Fathrio et al., 2017). During April–May, prior to the onset of Indian summer monsoon, AS is one of the warmest regions in the tropical oceans (Joseph et al., 2006). The seasonal SST cycle is very prominent in BoB, with maxima in May and October (Rahaman et al., 2020). The three concentric box regions are chosen for further discussion (Prakash et al., 2012).

Figure 2 shows the seasonal variation of AOD, Chl-a, NPP and WS over NIO. Surrounded by several deserts, AS is characterized by higher AOD which peaks in JJAS. The concentration of AOD again increases in OND, and the minimum aerosol loading is observed in JF. In BoB, the highest concentration of AOD is observed in MAM in the northern Bay and lowest in OND. In southern BoB, AOD concentrations remain about 0.25 – 0.3 across all the seasons. There are two peaks in AS, one in MAM and the other in JJAS (Kuttippurath and Raj, 2021). However, our analyses reveal the highest concentration of AOD in JJAS although small regions depict an aerosol concentration of 0.4–0.5 in the south eastern AS during MAM. The first peak is due to continental air mass carried to sea by prevailing north-easterly winds (e.g., Ramachandran and Jayaraman, 2002). The second peak is the result of transport of land-originated aerosols from northern Africa and Gulf regions (e.g., Patra et al., 2005). The highest average AOD in AS is about 0.39 in JJAS and lowest in JF of about 0.203. In BoB, the highest AOD is about 0.27 in MAM and lowest in OND of about 0.2. The basin-averaged values in different seasons are listed in Supplementary Table 2. The source of aerosols over BoB is mostly from the Indian Subcontinent (e.g., Moorthy et al., 2003). It is also necessary to understand that the aerosols from the northern Africa and Gulf regions are naturally formed desert dust or sand (Prospero et al., 2002). In contrast, those produced in the Indian subcontinent are mostly anthropogenic and composed mainly of black carbon (soot) and fly ash originated due to the fossil fuel combustion and biomass burning (Ramanathan et al., 2001; Prospero et al., 2002).

The AS shows higher concentrations of Chl-a than those over BoB in all months and the smallest difference is observed during MAM, as shown in Figure 2. The northeastern AS has the highest concentrations throughout the year with the least seasonal variability, whereas contrasting characteristics are exhibited by the southern AS with significant seasonal changes. The northwest AS shows high Chl-a concentration during JJAS. The northern AS depicts higher concentration of Chl-a in JF, whereas over the rest of AS, the Chl-a remains marginally small. During the pre-monsoon season, the southern regions exhibit relatively smaller concentrations of Chl-a. With the advent of monsoon in JJAS, the southern AS show higher amounts of Chl-a, particularly in the SW and some parts of SE regions. The seasonality of Chl-a in the southern regions is prominent, but the northern AS remains nearly similar in all months. In BoB, the Chl-a concentration shows 0.2–0.4 mg/m3 smaller than that in AS throughout the year. The northern BoB shows small seasonal variability compared to that of the southern BoB. However, BoB shows the highest concentration of Chl-a in JJAS followed by OND, JF and the smallest in MAM. There is an increase in Chl-a in JJAS near Sri Lankan coast, associated to the upwelling along the southwest coast of India and transport by the monsoonal currents (Vinayachandran et al., 2004; Chakraborty et al., 2018). The southwest BoB shows a higher concentration of Chl-a than that of the southeast BoB with increasing its concentration from OND to JF. The magnitude of Chl-a in AS is higher in NW, and then it gradually decreases with NE, SW, and SE regions (Patra et al., 2007). The highest average Chl-a concentration is about 0.58 mg/m3 in AS and 0.48 mg/m3 in BoB.
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FIGURE 2. Seasonal Climatology of Aerosol Optical Depth (AOD), Chlorophyll-a (Chl-a), Net Primary Productivity (NPP) and wind stress (WS) for different seasons January and February (JF), March, April, and May (MAM), June, July, August and September (JJAS), and October, November and December (OND) from 2003 to 2019.


The biological activity of AS is influenced by intense seasonal activity of the atmospheric circulation resulting in strong upwelling along the west coast and series of entrainments forced by winds in the central AS (McCreary et al., 2009). The NPP has a spatial pattern similar to that of Chl-a. The NW region of AS shows high NPP close to 1000 mgCm2/day during JF, while the NPP is significantly smaller during MAM, coinciding with the smaller Chl-a there. It is also important to note that the primary peak of SST in AS occurs in MAM, which may be one of the reasons for the smaller primary productivity over AS in this period. The NW and SW regions of AS exhibit high productivity during JJAS. The upward Ekman pumping and coastal upwelling drive the increased productivity in the western coastal AS (Anderson and Prell, 1992; Anderson et al., 1992). Therefore, productivity in the central and northern AS also increases during the SW monsoon (Keen et al., 1997; Prasanna Kumar et al., 2001; Caley et al., 2011). The mixing and WS in the upper layers, as well as the Ekman pumping generated by the positive WS curl, lead to the advection of nutrients to the surface layers to enhance NPP in these regions (Lee et al., 2000; Prasanna Kumar et al., 2001; Wiggert et al., 2005). The Chl-a and WS exhibit a positive relationship and prominent seasonal cycle in AS and BoB with a peak WS of 0.11 and 0.08 in JJAS. The changes in the WS and its curl can condition the biological productivity, and as such, there is no straight connection between boreal summer productivity and summer monsoon intensity (Le Mézo et al., 2017). NPP show comparatively smaller values in BoB except near Sri Lanka in JJAS.

The spatial variability of SST, WS, AOD, Chl-a, and NPP reveals varying trends over different NIO regions (Figure 3). In AS, there is a significant increasing trend of AOD in the northern and southern regions particularly in the central and western parts. The western BoB also shows a significant increasing trend whereas an insignificant decreasing trend in the southern BoB. Even though the southern parts of AS and BoB show a noticeable warming trend in SST, the northern parts show an insignificant decreasing trend. The Chl-a shows a decreasing trend in the regions where SST shows an increasing trend. A similar variability is also observed for NPP. Nevertheless, the rising trend of NPP for the regions with suppressed warming highlights the role of physical processes in controlling the phytoplankton dynamics. There is a decelerating trend of NPP and Chl-a in the AS, except for some small regions in the northeastern coast of AS, but an increasing trend in Chl-a and NPP in the southern BoB. It highlights the recent warming and the change in stratification causing the enhancement of the phytoplankton and NPP in recent years. Over the past few decades, there has been an increase in the Chl-a concentration in the coastal waters around the world (Goes et al., 2005; Gregg et al., 2005) and in the oceanic heat content (Levitus et al., 2000). The nutrients exhibit a decreasing trend in the western and an increasing trend in the southeast Indian Ocean, where the warming is not prominent. In this context, the atmospheric deposition is more critical for triggering NPP (Patra et al., 2007). The changing monsoonal circulation and winds (Roxy et al., 2015) also affect the phytoplankton dynamics because it affects the upwelling mechanism (Goes et al., 2005). Even though the values of NPP and Chl-a show small values in BoB compared to that in AS, an accelerating trend in NPP and Chl-a is observed in BoB.
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FIGURE 3. Trends in Sea Surface Temperature (SST), wind stress (WS), Aerosol Optical Depth (AOD), Chlorophyll-a (Chl-a), and Net Primary Productivity (NPP) as computed from the data from 2003 to 2019 in NIO. The boxes AS1, AS2, BB1, and BB2 are represented here.




The Interannual Variability of NPP


Interannual Variability

We have considered three concentric box regions in AS and BoB to understand the interannual variability of Chl-a, AOD and NPP (presented in Supplementary Figures 1, 2). The Chl-a is more abundant in AS compared to BoB, whereas AOD shows similar values over AS and BoB. The seasonal cycle of Chl-a is more prominent and well developed in AS than in BoB. The increasing/decreasing abundances in Chl-a is also linked to El-Niño Southern Oscillation (ENSO), Indian Ocean Dipole (IOD) episodes and linked to the passage of cyclones (Kuttippurath et al., 2021b), but we do not focus on those events here, as those are beyond the scope of this study. Instead, we concentrate on the interannual variability of Chl-a and AOD over AS and BoB. Supplementary Figures 1, 2 depict the dominance of seasonality over the interannual changes. Since the increase in Chl-a is significantly smaller, it is compelling to note that the Chl-a concentration in BoB is increasing in recent decade relative to the previous decades. In contrast, AS exhibits a reduction in magnitude of Chl-a compared to the earlier years. As the trend of AOD is increasing in both the basins, it is noteworthy that the atmospheric deposition plays a major role in modifying the Chl-a concentration over the NIO with negative correlation of −0.61 in AS and −0.52 in BoB, respectively; consistent with previous studies (e.g., Patra et al., 2007).

Supplementary Figures 3, 4 show the interannual variability of Chl-a and SST in the concentric box like regions in AS and BoB. As discussed earlier, the warming of oceans is associated with lower Chl-a, whereas insignificant warming regions exhibit enhanced Chl-a. Therefore, we have also examined the interannual variability of Chl-a and WS over AS and BoB (Supplementary Figures 5, 6). The analyses reveal that SST has negative and WS has a positive feedback on Chl-a abundance with a dominant seasonal cycle. The analyses show that SST and Chl-a have negative feedback, but WS and Chl-a have positive feedback with distinct seasonal cycles. It is evident from the analysis that the phytoplankton concentration is influenced by the combined effects of these physical processes. As observed in the case of Chl-a and AOD, the seasonal cycle is predominant in AS than the annual cycle in SST and WS. Some of the previous studies also suggest atmospheric deposition as a reason for increasing phytoplankton biomass along the eastern coast of India during the winter monsoon (e.g., Yadav et al., 2016) and it could be one of the factors for increasing Chl-a and NPP in BoB in recent years, such as 2018 and 2019.



Statistical Analysis on Interannual Variability of NPP

In addition to the analysis using the concentric box regions, we have also used a box plot to depict the interannual variability of Chl-a, NPP, SST, and WS. We have considered four regions (AS1, AS2, BB1, and BB2) based on positive/negative spatial trends of NPP (Figure 3) in AS and BoB, respectively, and these regions are marked in Figure 3.

The box plots and annual mean (black line) of AS1 and BB1 along with 95 % confidence intervals of basin average (AS and BoB) are presented in Figure 4. The year-wise distribution is represented using different boxes with the median in the middle, and whiskers of the corresponding boxes represent the maximum and minimum excluding outliers. The analyses reveal the overall decrease in NPP and Chl-a. The large dispersions are exhibited more over AS (larger box regions) than that in BoB (smaller box regions). From 2003 to 2014, the median values decreased and reached up to 0.25 mg/m3 in 2014. The median value increased in 2015 and is about 0.5 mg/m3, and further decreases until 2019. NPP exhibits a similar pattern as for Chl-a. The median values are below 750 mg/C/m2/day in AS1 and below 500 mg/C/m2/day in BB1. Nevertheless, it is shown that the long-term trends in both basins show a decrease in Chl-a and NPP. The Chl-a are generally positively skewed (mean values greater than median) although they exhibit noticeable variability in distribution in AS1. They are positively skewed in 2003 and 2004, and remain symmetric (equal distribution) up to 2008. Furthermore, they are positively skewed up to 2016 and negatively skewed (mean less than median) in 2017, but are again positively skewed in 2018 and 2019. Similar distribution is depicted in the case of NPP. The Chl-a and NPP values are much smaller in BB1 although it exhibits an upward skewness. The distribution of SST exhibits negative skewness in AS1 and BB1. The variability of WS is prominent in BB1 and is positively skewed in AS1 and BB1. There are outliers in WS that indicate tendency toward maximum extremes, as shown in AS1 and BB1. AOD also exhibits positive skewness with outliers tending toward maximum extremes.
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FIGURE 4. Box analysis of Chlorophyll-a (Chl-a), Net Primary Productivity (NPP), Sea Surface Temperature (SST), Wind Stress (WS) and Aerosol Optical Depth (AOD) over AS1 and BB1 (see text for details). The Red and Blue solid lines are the yearly box averages. The dotted lines represent the basin averages and the shaded regions show the standard error at 95% confidence interval.


The distribution of Chl-a, SST, WS, AOD, and NPP in AS2 and BB2 are shown in Supplementary Figure 7. The Chl-a, NPP, WS, AOD, and SST exhibit upward skewness in AS2. The SST depicts a downward skewness in BB2, whereas Chl-a, AOD, WS and NPP show small variability in BB1. Both basins show comparable changing patterns of the previously mentioned variables. The annual mean of Chl- a shows a similar pattern until 2007 where there is a sudden decline in 2007, but increases in 2008. There was an abrupt decline with very small Chl-a (0.25 mg/m3) values in 2014, but increased thereafter. The NPP distribution also reveals decline as observed in Chl-a. The mean Chl-a and NPP values in AS1 are about 0.38 mg/m3 and 564.4 mg/C/m2/day in AS1. The dip observed in 2007 is complemented with a rise in SST with respect to 2006. There was a drop in SST in 2008. The abrupt drop in SST was observed in 2012 and it further increased in 2015. The mean SST in AS1 is about 27.94°C and about 28.91°C in BB1. WS shows very small changes when compared to other variables. The mean AOD concentrations in AS1 and BB1 are about 0.35 and 0.26, respectively.

We have calculated the correlation of Chl-a with respect to SST, NPP, and WS. The correlation and lag/lead between the variables are estimated at 95 % confidence level. The phase relationships between the variables can help identify the underlying causes (Shafeeque et al., 2017) and therefore, we have used the phase relationships to find the correlation between the variables. The Chl-a is positively correlated with WS and NPP with correlations of 0.90 and 0.98 in AS1 and 0.66 and 0.97 in BB1. The Chl-a is negatively correlated with AOD and SST with correlations −0.66 and −0.83 in AS1 and −0.69 and −0.75 in BB1. All the correlations are statistically significant. The correlation values along with lag/lead information are presented in Supplementary Table 3.



Impact of COVID-19 Lockdown on NPP

The worldwide spread of contagious disease caused by SARS-CoV-2 compelled governments to declare countrywide lockdown. The immediate consequence of the lockdown was that there were considerable changes in the anthropogenic inputs to the atmosphere (Kumar, 2020; Singh and Chauhan, 2020). Although there are studies on the impact of lockdown on atmospheric pollution and air quality, no study is performed yet to examine the impact of lockdown on oceanic processes. To understand the impact of lockdown on the oceanic Chl-a and NPP, we analyzed the data for three periods: pre-lockdown, lockdown, and post-lockdown. Figure 5A shows the variability of SST overlaid with 10 m surface wind vectors for these periods and the corresponding anomaly (Figure 5B) for the year 2020 from the 17-year climatology (2003–2019). The analysis shows a warming (positive anomaly) in the lockdown period throughout the northern BoB and AS, although no significant change is observed in the southern BoB and AS. This might be probably due to the increased oceanic heat content in the northern AS and BoB (Gnanaseelan et al., 2017; Cheng et al., 2021). It is challenging to hold lockdown responsible for this warming as the ocean responds a little later than the atmosphere and it is already known that NIO is warming at alarming rates. In spite of lockdown and lower emissions due to COVID-19, the upper ocean warms up to 2,000 m (Cheng et al., 2021), making 2020 one of the hottest years. However, the SST anomaly over the lockdown period reveals a warming episode over the northern regions of AS and BoB, while the wind anomalies do not show any significant change over the period.
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FIGURE 5. The Sea Surface Temperature (SST), Aerosol Optical Depth (AOD) and Chlorophyll-a (Chl-a) for pre-lockdown, lockdown, and post-lockdown period and their anomalies from climatology (2003–2019) (A) SST, (B) SST anomaly, (C) AOD, (D) AOD anomaly, (E) Chl-a, and (F) Chl-a anomaly.


Most Indian states and metropolitan cities exhibited negative AOD anomalies during the lockdown period compared to the pre-lockdown period as reported in Singh and Chauhan (2020), and the reasons might be restrictions in movement, lesser emissions due to shutdown/limited working of industries and reduction in human activities due to complete shutdown leading to lesser concentration of aerosols. Our analysis (Figures 5C,D) also shows a higher AOD in the pre-lockdown period, further dips in the lockdown period. There are negative anomalies of AOD during the lockdown period. During the post-lockdown period, the anomalies are positive. The effect of aerosols is such that it helps in backscattering which leads to cooling in the atmosphere whereas strong aerosols absorb radiation which facilitates warming. The reduction of aerosols in turn leading to reduction of backscattering might be the reason for warming during the lockdown period. Figures 5E,F represent the Chl-a for the periods and the corresponding anomaly. During the lockdown period, a positive anomaly was observed in the eastern AS. The anomaly was negative in the western and northern AS, which coincides with the warming there. The BoB does not exhibit any significant changes in the Chl-a. The statistical significance of anomalies is calculated using the student t-test. The significance of anomalies is provided in Supplementary Table 4.

To ensure that the changes are related to or can be related to impacts of COVID-19 lockdown, we made a similar analysis for the year 2018 over the same dates such as pre-lockdown, lockdown, and post-lockdown and are shown in Supplementary Figure 8. The anomalous warming observed in 2020 is not replicated in 2018 in the lockdown period. However, AOD shows a positive anomaly in AS and BoB in contrast to the negative anomaly observed in 2020 in the lockdown period. Although it is difficult to confirm that these effects are only due to the lockdown, the negative anomaly of AOD in 2020 might be due to the reduced anthropogenic activities during the lockdown period. The Chl-a distribution does not show reasonable changes in comparison to 2020.

To make a comprehensive assessment, we look into the temporal variability of AOD, Chl-a, and NPP in 2020. To understand the difference more efficiently, we compared it with climatology (Figure 6). AOD values remain well below the climatology in all the three boxes in AS during the lockdown period in comparison to pre and post-lockdown periods. The seasonal peaks during MAM and JJAS in 2020 are below the climatology which could be attributed to the imposed lockdown. However, the Chl-a values do not exhibit much changes during the lockdown period and further increases in the post-lockdown period. The peaks are observed in August and September. The Chl-a is maximum during JJAS, and therefore, these changes may not be directly related to post-lockdown. AOD is higher in the post-lockdown period in Box 1 in BoB, whereas in Box 2 and Box 3, it is lower than the climatological mean.
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FIGURE 6. The temporal variation of Aerosol Optical Depth (AOD), Chlorophyll-a (Chl-a), and Net Primary Productivity (NPP) for 2020.


The temporal analysis of NPP (Figure 6) shows that NPP is very small in the lockdown period in AS, whereas there is a sharp decline in NPP during the lockdown period in Boxes 2 and 3 in BoB. However, this decline was not observed for Chl-a (Figure 6). The NPP depends on PAR, SST and the length of the day, and might be one of these factors during the lockdown might have contributed to the smaller NPP in MAM. We have not analyzed each of these factors separately, instead we analyzed the available data to examine the impact of COVID-19 lockdown on NPP. We observe that SST is higher during the period when the NPP is smaller (Supplementary Figure 9).

Similarly, we also made the monthly analysis over the concentric boxes over the same period but for the year 2018, to examine whether the changes are associated with COVID-19 lockdown (Supplementary Figure 10). The peaks of AOD generally present in MAM and JJAS are less than the climatology in 2020, but it exceeds the climatology in 2018. Chl-a values are higher than climatology in 2018, whereas they are lesser than climatology in 2020. The negative anomaly of Chl-a and AOD with respect to the climatological mean, however, is not significant during the lockdown period. The analyses suggest that the lockdown can be one of the reasons for the lesser AOD and less Chl-a in both basins.

The monthly analysis of NPP and AOD in concentric boxes for the same period in 2018, is carried out to check whether these changes are associated with the lockdown. The results are presented in Supplementary Figure 11. It shows lower values of NPP than the climatology during the lockdown period of 2020, but the same feature was not observed in 2018 and they are higher than the climatology. This again indicates the impact of COVID-19 lockdown on the open ocean primary production. The increase in productivity in the monsoon months observed in 2018 is also not observed in 2020, which might also be connected to the COVID-19 lockdown.



CONCLUSION

We use satellite and reanalysis data for 17 years across all seasons to examine the interannual variability of NPP and the impact of lockdown on NPP. One of the major reasons for choosing OC-CCI Chl-a data is the improved coverage, particularly during the monsoon periods. The main aim of the study is the estimation of variability of primary productivity in NIO and examine them in the context of COVID-19 lockdown. We find that Chl-a has positive correlation with NPP and wind, but a negative correlation with SST with a time lag, consistent with known seasonal changes in winds and SST.

We analyze the response of NIO to the lockdown implemented in connection with COVID-19 pandemic. Our analysis suggests that AOD shows an increasing trend over AS and BoB, while Chl-a and NPP show a decreasing trend in AS, particularly in the southern AS where an increasing trend in SST is observed; implying the reduction in oceanic productivity with global ocean warming. In BoB, the central regions show an increasing trend of Chl-a and NPP, which is also evident in the interannual variability of Chl-a, AOD, and NPP. The seasonal cycle of all variables is more prominent in AS than that in BoB. Although Chl-a throughout AS shows higher values than that in BoB, there is a small increase in Chl-a over BoB compared to the previous years. Our study also shows an increase in AOD over both basins, and the increasing trend of NPP coincides with a decreasing trend in SST in the same region. The NPP is very small during the lockdown period in 2020, which is also complemented by an increase in SST during the lockdown period. AOD is relatively lower during the lockdown period, which may be due to the effect of lockdown. The decrease in AOD in the lockdown period in 2020 is not observed in 2018. Although it is difficult to confirm, the analyzed results suggest that the changes in AOD, SST and NPP in 2020 are very likely due to the lockdown. Analyses of ship or onboard measurements may strengthen our conclusions, yet the initial analyses do exhibit changes related to lockdown such as the increase in aerosols, and SST, and thus reduction in NPP. Henceforth, our analyses provide new insights into the impact of the changes in atmospheric input on the oceanic primary productivity.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

JK conceived the idea and supervised the research. NS did the analyses and drew the figures. JK and NS wrote the first draft which was subsequently modified by inputs from JK, RP, KC, and AC. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

The authors would like to thank Head CORAL, the Director of Indian Institute of Technology Kharagpur (IIT Kgp), Sponsored Research and Industrial Consultancy of IIT Kgp, and Indian National Centre for Ocean Information Services, Ministry of Earth Sciences, Hyderabad (INCOIS, O-MASCOT project). The authors would also like to thank Ocean Color Climate Change Initiative (OC-CCI) for providing us with the daily chlorophyll-a data, NASA Ocean Color and European Centre for Medium-Range Weather Forecast (ECMWF) for the various data sets used in this study. This is INCOIS contribution number 431.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.669415/full#supplementary-material



REFERENCES

Anderson, D. M., and Prell, W. L. (1992). The structure of the southwest monsoon winds over the Arabian Sea during the late Quaternary: observations, simulations, and marine geologic evidence. J. Geophys. Res. Ocean 97, 15481–15487. doi: 10.1029/92jc01428

Anderson, D. M., Brock, J. C., and Prell, W. L. (1992). Physical upwelling processes, upper ocean environment and the sediment record of the southwest monsoon. Geol. Soc. London Spec. Publ. 64, 121–129. doi: 10.1144/gsl.sp.1992.064.01.08

Banerjee, P., and Prasanna Kumar, S. (2014). Dust-induced episodic phytoplankton blooms in the Arabian Sea during winter monsoon. J. Geophys. Res. Ocean 119, 7123–7138. doi: 10.1002/2014jc010304

Beaufort, L., Lancelot, Y., Camberlin, P., Cayre, O., Vincent, E., Bassinot, F., et al. (1997). Insolation cycles as a major control of equatorial Indian Ocean primary production. Science 278, 1451–1454. doi: 10.1126/science.278.5342.1451

Behrenfeld, M. J., and Falkowski, P. G. (1997). Photosynthetic rates derived from satellite-based chlorophyll concentration. Limnol. Oceanogr. 42, 1–20. doi: 10.4319/lo.1997.42.1.0001

Caley, T., Malaizé, B., Zaragosi, S., Rossignol, L., Bourget, J., Eynaud, F., et al. (2011). New Arabian Sea records help decipher orbital timing of Indo-Asian monsoon. Earth Planet. Sci. Lett. 308, 433–444. doi: 10.1016/j.epsl.2011.06.019

Chakraborty, K., Lotliker, A. A., Gupta, G. V. M., Narayanan Nampoothiri, S. V., Paul, A., Ghosh, J., et al. (2020). Assessment of an ocean-ecosystem model in simulating the Indian coastal marine ecosystem dynamics. J. Oper. Oceanogr 2020, 1–19. doi: 10.1080/1755876x.2020.1843298

Chakraborty, K., Valsala, V., Gupta, G. V. M., and Sarma, V. (2018). Dominant biological control over upwelling on pCO2 in sea east of Sri Lanka. J. Geophys. Res. Biogeosci. 123, 3250–3261. doi: 10.1029/2018jg004446

Chavez, F. P., Messié, M., and Pennington, J. T. (2011). Marine Primary Production in Relation to Climate Variability and Change. Ann. Rev. Mar. Sci. 3, 227–260. doi: 10.1146/annurev.marine.010908.163917

Cheng, L., Abraham, J., Trenberth, K. E., Fasullo, J., Boyer, T., Locarnini, R., et al. (2021). Upper ocean temperatures hit record high in 2020. Adv. Atmos. Sci. 38, 523–530. doi: 10.1007/s00376-021-0447-x

Chowdary, J. S., Parekh, A., Ojha, S., and Gnanaseelan, C. (2015). Role of upper ocean processes in the seasonal SST evolution over tropical Indian Ocean in climate forecasting system. Clim. Dyn. 45, 2387–2405. doi: 10.1007/s00382-015-2478-4

Cropp, R. A., Gabric, A. J., McTainsh, G. H., Braddock, R. D., and Tindale, N. (2005). Coupling between ocean biota and atmospheric aerosols: dust, dimethylsulphide, or artifact?. Global Biogeochem. Cycles 19:GB4002.

Fathrio, I., Iizuka, S., Manda, A., Kodama, Y.-M., Ishida, S., Moteki, Q., et al. (2017). Assessment of western Indian Ocean SST bias of CMIP5 models. J. Geophys. Res. Ocean 122, 3123–3140. doi: 10.1002/2016jc012443

Field, C. B., Behrenfeld, M. J., Randerson, J. T., and Falkowski, P. (1998). Primary production of the biosphere: integrating terrestrial and oceanic components. Science 281, 237–240. doi: 10.1126/science.281.5374.237

Findlater, J. (1969). A major low-level air current near the Indian Ocean during the northern summer. Q. J. R. Meteorol. Soc. 95, 362–380. doi: 10.1002/qj.49709540409

Gallisai, R., Peters, F., Volpe, G., Basart, S., and Baldasano, J. M. (2014). Saharan dust deposition may affect phytoplankton growth in the Mediterranean Sea at ecological time scales. PLoS One 9:e110762. doi: 10.1371/journal.pone.0110762

GCOS (2011). Systematic Observation Requirements from Satellite-Based Data Products for Climate 2011 Update. Supplemental Details to the Satellite-Based Component of the “Implementation Plan for the Global Observing System for Climate in Support of the UNFCCC. GCOS Rep. 154, 138.

Global Modeling and Assimilation Office (GMAO) (2015). MERRA-2 instM_2d_gas_Nx: 2d, Monthly mean, Instantaneous, Single-Level, Assimilation, Aerosol Optical Depth Analysis V5.12.4. Greenbelt: Goddard Earth Sciences Data and Information Services Center.

Gnanaseelan, C., Roxy, M. K., and Deshpande, A. (2017). “Variability and trends of sea surface temperature and circulation in the Indian Ocean,” in Observed climate variability and change over the Indian Region, eds M. Rajeevan and S. Nayak (Singapore: Springer), 165–179. doi: 10.1007/978-981-10-2531-0_10

Goddard Space Flight Center (NASA), Ocean Ecology Laboratory, Ocean Biology Processing Group, and Moderate-resolution Imaging Spectroradiometer (MODIS). (2018). Aqua Photosynthetically Available Radiation Data; 2018 Reprocessing. Greenbelt: NASA Goddard Space Flight Center, doi: 10.5067/AQUA/MODIS/L3M/PAR/2018 Accessed on 06/25/2021.

Goes, J. I., Thoppil, P. G., do, R., Gomes, H., and Fasullo, J. T. (2005). Warming of the Eurasian landmass is making the Arabian Sea more productive. Science 308, 545–547. doi: 10.1126/science.1106610

Gower, J. F. R., Doerffer, R., and Borstad, G. A. (1999). Interpretation of the 685 nm peak in water-leaving radiance spectra in terms of fluorescence, absorption and scattering, and its observation by MERIS. Int. J. Remote Sens. 20, 1771–1786. doi: 10.1080/014311699212470

Gregg, W. W., Casey, N. W., and McClain, C. R. (2005). Recent trends in global ocean chlorophyll. Geophys. Res. Lett. 32:L03606.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., et al. (2020). The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999–2049.

Hossain, M. S., Sarker, S., Sharifuzzaman, S. M., and Chowdhury, S. R. (2020). Primary productivity connects hilsa fishery in the Bay of Bengal. Sci. Rep. 10:5659.

Howarth, R. W. (1988). Nutrient limitation of net primary production in marine ecosystems. Annu. Rev. Ecol. Syst. 19, 89–110. doi: 10.1146/annurev.es.19.110188.000513

Hu, C., Muller-Karger, F. E., Taylor, C. J., Carder, K. L., Kelble, C., Johns, E., et al. (2005). Red tide detection and tracing using MODIS fluorescence data: a regional example in SW Florida coastal waters. Remote Sens. Environ. 97, 311–321. doi: 10.1016/j.rse.2005.05.013

IPCC (2018). “Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5 C above pre-industrial levels and related global greenhouse gas emission pathways,” in The Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty, eds V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, and J. Skea (Geneva: World Meteorological Organization), 32.

Jickells, T. D., An, Z. S., Andersen, K. K., Baker, A. R., Bergametti, C., Brooks, N., et al. (2005). Global iron connections between desert dust, ocean biogeochemistry, and climate. Science 308, 67–71. doi: 10.1126/science.1105959

Jordi, A., Basterretxea, G., Tovar-Sánchez, A., Alastuey, A., and Querol, X. (2012). Copper aerosols inhibit phytoplankton growth in the Mediterranean Sea. Proc. Natl. Acad. Sci. U. S. A. 109, 21246–21249. doi: 10.1073/pnas.1207567110

Joseph, P. V., Sooraj, K. P., and Rajan, C. K. (2006). The summer monsoon onset process over South Asia and an objective method for the date of monsoon onset over Kerala. Int. J. Climatol. 26, 1871–1893. doi: 10.1002/joc.1340

Käse, L., and Geuer, J. K. (2018). “Phytoplankton responses to marine climate change–an introduction,” in YOUMARES 8–Oceans Across Boundaries: Learning from each other, eds S. Jungblut, V. Liebich, and M. Bode (Cham: Springer), 55–71. doi: 10.1007/978-3-319-93284-2_5

Keen, T. R., Kindle, J. C., and Young, D. K. (1997). The interaction of southwest monsoon upwelling, advection and primary production in the northwest Arabian Sea. J. Mar. Syst. 13, 61–82. doi: 10.1016/s0924-7963(97)00003-1

Kumar, M. D., Naqvi, S. W. A., Jayakumar, D. A., George, M. D., Narvekar, P. V., and de Sousa, S. N. (1995). Carbon dioxide and nitrous oxide in the North Indian Ocean. Curr. Sci. 69, 672–678.

Kumar, S. (2020). Effect of meteorological parameters on spread of COVID-19 in India and air quality during lockdown. Sci. Total Environ. 745:141021. doi: 10.1016/j.scitotenv.2020.141021

Kumar, S., Ramesh, R., Sardesai, S., and Sheshshayee, M. S. (2004). High new production in the Bay of Bengal: possible causes and implications. Geophys. Res. Lett. 31:L18304.

Kuttippurath, J., Murasingh, S., Stott, P. A., Sarojini, B. B., Jha, M. K., Kumar, P., et al. (2021a). Observed rainfall changes in the past century (1901–2019) over the wettest place on Earth. Environ. Res. Lett. 16:24018.

Kuttippurath, J., Sunanda, N., Martin, M. V., and Chakraborty, K. (2021b). Tropical storms trigger phytoplankton blooms in the deserts of north Indian Ocean. npj Clim. Atmos. Sci. 4:11. doi: 10.1038/s41612-021-00166-x

Kuttippurath, J., and Raj, S. (2021). Two decades of aerosol observations by AATSR, MISR, MODIS and MERRA-2 over India and Indian Ocean. Remote Sens. Environ. 257:112363. doi: 10.1016/j.rse.2021.112363

Le Mézo, P., Beaufort, L., Bopp, L., Braconnot, P., and Kageyama, M. (2017). From monsoon to marine productivity in the Arabian Sea: insights from glacial and interglacial climates. Clim. Past 13, 759–778. doi: 10.5194/cp-13-759-2017

Lee, C. M., Jones, B. H., Brink, K. H., and Fischer, A. S. (2000). The upper-ocean response to monsoonal forcing in the Arabian Sea: seasonal and spatial variability. Deep Sea Res. II Top. Stud. Oceanogr. 47, 1177–1226. doi: 10.1016/s0967-0645(99)00141-1

Levitus, S., Antonov, J. I., Boyer, T. P., and Stephens, C. (2000). Warming of the world ocean. Science 287, 2225–2229. doi: 10.1126/science.287.5461.2225

Li, F., and Ramanathan, V. (2002). Winter to summer monsoon variation of aerosol optical depth over the tropical Indian Ocean. J. Geophys. Res. Atmos. 107, AAC2–1–AAC2–13.

Madhupratap, M., Kumar, S. P., Bhattathiri, P. M. A., Kumar, M. D., Raghukumar, S., Nair, K. K. C., et al. (1996). Mechanism of the biological response to winter cooling in the northeastern Arabian Sea. Nature 384, 549–552. doi: 10.1038/384549a0

Mahowald, N. M., Scanza, R., Brahney, J., Goodale, C. L., Hess, P. G., Moore, J. K., et al. (2017). Aerosol deposition impacts on land and ocean carbon cycles. Curr. Clim. ChangE. Rep. 3, 16–31. doi: 10.1007/s40641-017-0056-z

Mallet, M., Chami, M., Gentili, B., Sempéré, R., and Dubuisson, P. (2009). Impact of sea-surface dust radiative forcing on the oceanic primary production: a 1D modeling approach applied to the West African coastal waters. Geophys. Res. Lett. 36:L15828.

Martin, J. H., Coale, K. H., Johnson, K. S., Fitzwater, S. E., Gordon, R. M., Tanner, S. J., et al. (1994). Testing the iron hypothesis in ecosystems of the equatorial Pacific Ocean. Nature 371, 123–129.

McCreary, J. P., Murtugudde, R., Vialard, J., Vinayachandran, P. N., Wiggert, J. D., Hood, R. R., et al. (2009). Biophysical processes in the Indian Ocean. Indian Ocean Biogeochem. Process. Ecol. Var. 185, 9–32. doi: 10.1029/2008gm000768

Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L., Boyd, P. W., et al. (2013). Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 6, 701–710.

Moorthy, K. K., Babu, S. S., and Satheesh, S. K. (2003). Aerosol spectral optical depths over the Bay of Bengal: role of transport. Geophys. Res. Lett. 30:1249.

Murtugudde, R., and Busalacchi, A. J. (1999). Interannual variability of the dynamics and thermodynamics of the tropical Indian Ocean. J. Clim. 12, 2300–2326. doi: 10.1175/1520-0442(1999)012<2300:ivotda>2.0.co;2

Patra, P. K., Behera, S. K., Herman, J. R., Maksyutov, S., Akimoto, H., and Yamagata, T. (2005). The Indian summer monsoon rainfall: interplay of coupled dynamics, radiation and cloud microphysics. Atmos. Chem. Phys. 5, 2181–2188. doi: 10.5194/acp-5-2181-2005

Patra, P. K., Kumar, M. D., Mahowald, N., and Sarma, V. (2007). Atmospheric deposition and surface stratification as controls of contrasting chlorophyll abundance in the North Indian Ocean. J. Geophys. Res. Ocean 112:C05029.

Paytan, A., Mackey, K. R. M., Chen, Y., Lima, I. D., Doney, S. C., Mahowald, N., et al. (2009). Toxicity of atmospheric aerosols on marine phytoplankton. Proc. Natl. Acad. Sci. U. S. A. 106, 4601–4605. doi: 10.1073/pnas.0811486106

Prakash, P., Prakash, S., Rahaman, H., Ravichandran, M., and Nayak, S. (2012). Is the trend in chlorophyll-a in the Arabian Sea decreasing?. Geophys. Res. Lett. 39:L23605.

Prasanna Kumar, S., Muraleedharan, P. M., Prasad, T. G., Gauns, M., Ramaiah, N., De Souza, S. N., et al. (2002). Why is the Bay of Bengal less productive during summer monsoon compared to the Arabian Sea?. Geophys. Res. Lett. 29, 88–81. doi: 10.1029/2002GL016013

Prasanna Kumar, S., Ramaiah, N., Gauns, M., Sarma, V., Muraleedharan, P. M., Raghukumar, S., et al. (2001). Physical forcing of biological productivity in the Northern Arabian Sea during the Northeast Monsoon. Deep Sea Res. II Top. Stud. Oceanogr. 48, 1115–1126. doi: 10.1016/s0967-0645(00)00133-8

Prasanna Kumar, S., Roshin, R. P., Narvekar, J., Kumar, D., and Vivekanandan, E. (2010). What drives the increased phytoplankton biomass in the Arabian Sea?. Curr. Sci. 99, 101–106.

Prospero, J. M., Ginoux, P., Torres, O., Nicholson, S. E., and Gill, T. E. (2002). Environmental characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product. Rev. Geophys. 40, 1–31.

Rahaman, H., Srinivasu, U., Panickal, S., Durgadoo, J. V., Griffies, S. M., Ravichandran, M., et al. (2020). An assessment of the Indian Ocean mean state and seasonal cycle in a suite of interannual CORE-II simulations. Ocean Model. 145:101503. doi: 10.1016/j.ocemod.2019.101503

Ramachandran, S., and Jayaraman, A. (2002). Premonsoon aerosol mass loadings and size distributions over the Arabian Sea and the tropical Indian Ocean. J. Geophys. Res. Atmos. 107, AAC 1–1-AAC 1–21.

Ramanathan, V., Crutzen, P. J., Lelieveld, J., Mitra, A. P., Althausen, D., Anderson, J., et al. (2001). Indian Ocean Experiment: an integrated analysis of the climate forcing and effects of the great Indo-Asian haze. J. Geophys. Res. Atmos. 106, 28371–28398. doi: 10.1029/2001JD900133

Roxy, M. K., Ritika, K., Terray, P., Murtugudde, R., Ashok, K., and Goswami, B. N. (2015). Drying of Indian subcontinent by rapid Indian Ocean warming and a weakening land-sea thermal gradient. Nat. Commun. 6:7423.

Satheesh, S. K., Moorthy, K. K., Kaufman, Y. J., and Takemura, T. (2006). Aerosol optical depth, physical properties and radiative forcing over the Arabian Sea. Meteorol. Atmos. Phys. 91, 45–62. doi: 10.1007/s00703-004-0097-4

Sathyendranath, S., Jackson, T., Brockmann, C., Brotas, V., Calton, B., Chuprin, A., et al. (2020). Global Chlorophyll-a Data Product s Gridded on a Sinusoidal Projection, Version 4.2. Chilton: Centre for Environmental Data Analysis.

Schott, F. A., Xie, S.-P., and McCreary, J. P. Jr. (2009). Indian Ocean circulation and climate variability. Rev. Geophys. 47:RG1002.

Shafeeque, M., Sathyendranath, S., George, G., Balchand, A. N., and Platt, T. (2017). Comparison of seasonal cycles of phytoplankton chlorophyll, aerosols, winds and sea-surface temperature off Somalia. Front. Mar. Sci. 4:386. doi: 10.3389/fmars.2017.00386

Shenoi, S. S. C., Shankar, D., and Shetye, S. R. (2002). Differences in heat budgets of the near-surface Arabian Sea and Bay of Bengal: implications for the summer monsoon. J. Geophys. Res. Ocean 107, 1–5.

Singh, R. P., and Chauhan, A. (2020). Impact of lockdown on air quality in India during COVID-19 pandemic. Air Qual. Atmos. Health 13, 921–928. doi: 10.1007/s11869-020-00863-1

Subramanian, V. (1993). Sediment load of Indian rivers. Curr. Sci. 64, 928–930.

Vinayachandran, P. N., and Shetye, S. R. (1991). The warm pool in the Indian Ocean. Proc. Indian Acad. Sci. Planet. Sci. 100, 165–175.

Vinayachandran, P. N., Chauhan, P., Mohan, M., and Nayak, S. (2004). Biological response of the sea around Sri Lanka to summer monsoon. Geophys. Res. Lett. 31:L01302. doi: 10.1029/2003GL018533

Wang, M., Son, S., and Shi, W. (2009). Evaluation of MODIS SWIR and NIR-SWIR atmospheric correction algorithms using SeaBASS data. Remote Sens. Environ. 113, 635–644. doi: 10.1016/j.rse.2008.11.005

Webb, P. (2019). Introduction to oceanography. Bristol: Roger Williams University.

Webster, P. J., Magana, V. O., Palmer, T. N., Shukla, J., Tomas, R. A., Yanai, M. U., et al. (1998). Monsoons: processes, predictability, and the prospects for prediction. J. Geophys. Res. Ocean 103, 14451–14510. doi: 10.1029/97jc02719

Werdell, P. J., Franz, B. A., Bailey, S. W., Feldman, G. C., Boss, E., Brando, V. E., et al. (2013). Generalized ocean color inversion model for retrieving marine inherent optical properties. Appl. Opt. 52, 2019–2037. doi: 10.1364/ao.52.002019

Wielicki, B. A., Barkstrom, B. R., Baum, B. A., Charlock, T. P., Green, R. N., Kratz, D. P., et al. (1998). Clouds and the Earth’s Radiant Energy System (CERES): algorithm overview. IEEE Trans. Geosci. Remote Sens. 36, 1127–1141.

Wiggert, J. D., Hood, R. R., Banse, K., and Kindle, J. C. (2005). Monsoon-driven biogeochemical processes in the Arabian Sea. Prog. Oceanogr. 65, 176–213. doi: 10.1016/j.pocean.2005.03.008

Yadav, K., Sarma, V., Rao, D. B., and Kumar, M. D. (2016). Influence of atmospheric dry deposition of inorganic nutrients on phytoplankton biomass in the coastal Bay of Bengal. Mar. Chem. 187, 25–34. doi: 10.1016/j.marchem.2016.10.004

Zhou, X., Duchamp-Alphonse, S., Kageyama, M., Bassinot, F., Beaufort, L., and Colin, C. (2020). “Primary productivity dynamics in the northeastern Bay of Bengal over the last 26,000 years,” in EGU General Assembly Conference Abstracts, 10253. Munich: European Geosciences Union.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Sunanda, Kuttippurath, Peter, Chakraborty and Chakraborty. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 17 November 2021
doi: 10.3389/fmars.2021.718909





[image: image]

Sustenance of Indian Moored Buoy Network During COVID-19 Pandemic – A Saga of Perseverance

R. Venkatesan, K. Jossia Joseph*, C. Anoopa Prasad, M. Kalyani, M. Arul Muthiah, S. Ramasundaram, P. Murugesh, K. Thirumurugan, R. Sundar, B. Kesavakumar, G. Vengatesan, K. Ramesh, M. V. Martin, K. N. Navaneeth, P. Senthilkumar, Biswajit Haldar, Abhishek Tandon, R. Sridharan, S. Sundar Jesuraj, C. Muthukumar, N. Sundaravadivelu and M. Saravanan

Ocean Observation Systems, National Institute of Ocean Technology, Ministry of Earth Sciences, Government of India, Chennai, India

Edited by:
Stefano Vignudelli, National Research Council (CNR), Italy

Reviewed by:
Germo Väli, Tallinn University of Technology, Estonia
Rashmi Sharma, Indian Space Research Organization, India

*Correspondence: K. Jossia Joseph, jossia@gmail.com

Specialty section: This article was submitted to Global Change and the Future Ocean, a section of the journal Frontiers in Marine Science

Received: 01 June 2021
Accepted: 30 September 2021
Published: 17 November 2021

Citation: Venkatesan R, Joseph KJ, Prasad CA, Kalyani M, Muthiah MA, Ramasundaram S, Murugesh P, Thirumurugan K, Sundar R, Kesavakumar B, Vengatesan G, Ramesh K, Martin MV, Navaneeth KN, Senthilkumar P, Haldar B, Tandon A, Sridharan R, Jesuraj SS, Muthukumar C, Sundaravadivelu N and Saravanan M (2021) Sustenance of Indian Moored Buoy Network During COVID-19 Pandemic – A Saga of Perseverance. Front. Mar. Sci. 8:718909. doi: 10.3389/fmars.2021.718909

The moored buoy network in the Indian Ocean revolutionized the observational programs with systematic time-series measurement of in situ data sets from remote marine locations. The real-time meteorological and oceanographic data sets significantly improved the weather forecast and warning services particularly during extreme events since its inception in 1997. The sustenance of the network requires persistent efforts to overcome the multitude of challenges such as vandalism, biofouling, rough weather, corrosion, ship time availability, and telemetry issues, among others. Besides these, the COVID-19 pandemic constrained the normal functioning of activities, mainly by delaying the maintenance of the network that resulted in losing a few expensive buoy system components and precious data sets. However, the improvements in the buoy system, in-house developed data acquisition system, and efforts in ensuring the quality of measurements together with “best practice methods” enabled 73% of the buoy network to be functional even when the cruises were reduced to 33% during the COVID-19 lockdown in 2020. The moored buoys equipped with an Indian buoy data acquisition system triggered high-frequency transmission during the Super cyclone Amphan in May 2020, which greatly helped the cyclone early warning services during the COVID-19 pandemic. The COVID-19 lockdown points toward the reliability and enhanced utility of moored buoy observations particularly when other modes of measurements are limited and necessitates more such platforms to better predict the weather systems. The present study analyzed the enhancement of the buoy program and improvisation of the buoy system that extended the life beyond the stipulated duration and enabled the high-frequency data transmission during cyclones amid the COVID-19 lockdown. The recommendations to better manage the remote platforms specifically in the event of a pandemic based on the operational experience of more than two decades were also presented.
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INTRODUCTION

The unprecedented spread of COVID-19 has taken the world by storm with significant socio-economic impact besides a large number of casualties and severe disruption of daily life. The Covid pandemic revealed that the world is ill-equipped to make real-time measurements of economic activity and its immediate consequences. The pandemic demonstrated the urgent need for improved data, models and analysis to understand and correct those deficiencies (Diffenbaugh et al., 2020). The immediate impact of the pandemic associated lockdown is also reported with some positive changes such as an abrupt 8.8% decrease in global CO2 emissions in the first half of 2020 compared to the same period in 2019 (Liu et al., 2020), decrease in NO2 in seven cities in India during the 2020 lockdown period (Vadrevu et al., 2020), and substantial reduction in pollutant concentrations in the industrial cities of Western India (Nigam et al., 2021). Similarly, the significant reduction in marine traffic (March et al., 2021) across the globe during the COVID-19 lockdown resulted in a substantial reduction in marine noise (Thomson and Barclay, 2020). The consequences of the COVID-19 situation are likely to persist for a longer duration with a significant impact on the socio-economic and scientific realm across the globe. Adapting to the COVID-19 situation necessitates better assessment, which is severely impaired by the inoperative measurement systems specifically the remote ocean platforms.

As the nations struggled to control the spread of the COVID-19 pandemic, the impact on the environment particularly the marine environment is less addressed. Perhaps one of those strongly affected by the pandemic are the ocean observation systems such as moored buoys, drifting buoys, Argo floats, and radars, to name a few. Even though these systems are robust and capable of operating autonomously for years, regular deployment and refurbishment are required for the upkeep of the resilient network (Heslop et al., 2020). Sustained ocean observations are necessary to meet the growing demand for weather and climate services whereas pandemic-associated slowdown in maintenance activities have adversely affected the data return (Viglione, 2020). The decline in the data flow can adversely affect the reliability of the weather forecast particularly during extreme events with potentially devastating consequences such as the propagation of the possible errors caused by the gap in the measurements. The survey conducted by the Global Ocean Observation System (GOOS) in April 2020 on the immediate impact of COVID-19 on ocean observations indicate a possible impact on 30–50% of the moorings, pausing a threat of losing the crucial data sets and even the equipment (Heslop et al., 2020). Prioritizing the maintenance activities under essential service is suggested considering the importance of ocean observations in weather services and long-term climate change.

The Indian Ocean plays a vital role in better understanding the global climate and is significantly inter-connected and impacted by the El-Niño and La-Niña phenomena. Two decades ago, the Indian Ocean was significantly under-sampled compared to other tropical oceans. The available information was mostly based on numerical models, ship-based observations, and few specific scientific experiments such as the International Indian Ocean Experiment (IIOE), Arabian Sea Monsoon Experiment (ARMEX), and Bay of Bengal Monsoon Experiment (BOBMEX), among others. The inception of the moored buoy program by the National Institute of Ocean Technology (NIOT) under the aegis of the Ministry of Earth Sciences (erstwhile Department of Ocean Development) in August 1997, earmarked a new era of systematic collection of meteorological and oceanographic parameters in the North Indian Ocean. This network is operational now, for more than two decades, transmitting uninterrupted meteorological and oceanographic observations in real-time at selected strategic locations despite innumerable challenges (Venkatesan et al., 2016). The long term moored buoy measurements of surface meteorological as well as subsurface oceanic parameters provided many new insights into the ocean dynamics of the North Indian Ocean such as the barrier layer dynamics in the Bay of Bengal (BoB), characteristics of warm pool in the Arabian Sea (AS), significant monsoon intraseasonal oscillations in BoB and complex air-sea flux exchange, to name a few. The predictive capability of cyclone track and intensity is significantly improved with the incorporation of the crucial upper ocean measurements such as temperature profile, salinity profile, and Tropical Cyclone Heat Potential (TCHP) in real-time during the passage of cyclones (Venkatesan et al., 2014, 2020; Navaneeth et al., 2019). The moored buoys captured the signals of more than 30 low-pressure systems and withstood the fury of intense cyclones such as Phailin in October 2013, Ockhi in December 2017, and Amphan in May 2020 showing the success of the engineering design as well as transmitted uninterrupted high-frequency data as per the rapid mode algorithm implemented by NIOT.

The maintenance activities and data services of the moored buoy network in the Indian Seas are also impacted by pandemic restrictions. However, the experience in maintaining the moored buoy network over two decades by overcoming various challenges helped to disseminate the critical real-time met-ocean observations amid the COVID-19 pandemic. The challenges faced in general and particularly during the lockdown in 2020 never deterred the program from providing its services to the end-users, particularly during extreme events. The present study detailed the evolution of moored buoy network, the impact of pandemic restrictions on data return, enhanced support during cyclones amid the COVID-19 lockdown during the year 2020, and the specific challenges during the pandemic. The recommendations for better maintenance of a remote platform based on the operational experience for more than two decades specifically during the pandemic were also presented.



ESTABLISHMENT AND ENHANCEMENT OF THE MOORED BUOY NETWORK IN THE INDIAN OCEAN

The “Indian moored buoy network,” the first of its kind in the Indian Seas, was established with the primary objective of supporting the cyclone and tsunami early warning services in the North Indian Ocean. The present buoy network (Figure 1) includes 12 Ocean Moored buoy Network for the Northern Indian Ocean (OMNI) buoys with profile measurements (seven in the BoB and five in the AS) in deep waters, four coastal buoys, three tsunami buoys (one in AS and two in BoB) and one CALibration and VALidation (CAL-VAL) buoy, which is specifically deployed for the validation of satellite data. In addition, Indian Arctic (IndARC) buoy has been maintained in Arctic region since July 2014.


[image: image]

FIGURE 1. Moored data buoy and the Indian moored buoy network in North Indian Ocean.



Instrumentation

The moored buoy program was initiated with sensors to measure the meteorological and surface oceanographic parameters such as air temperature, relative humidity, wind, sea level pressure, wave, sea surface temperature, sea surface salinity, and surface current. Furthermore, additional sensors for measuring shortwave radiation, longwave radiation, precipitation, Conductivity-Temperature (CT) sensors at discrete depths (1, 5, 10, 15, 20, 30, 50, 75, 100, 200, and 500 m) for subsurface temperature and salinity measurements and Acoustic Doppler Current Profiler (ADCP) for subsurface current measurements up to 150 m were introduced to the existing buoys in 2010. The meteorological sensors are fitted on the mast at 3 m above the mean sea level as per the recommendations of the World Meteorological Organization (Jarraud, 2008) whereas the downward-looking ADCP is connected at 5 m depth in the mooring line. The measurements are carried out at specified intervals as suggested for data collection and dissemination by GOOS. The moored data buoys transmit data every 3 h, whereas the high-frequency internal data is made available after the retrieval of the mooring.

The selection of the communication method largely depends on how far the buoy is from shore and the data bandwidth required, though other factors such as timeliness, cost, and energy requirements also play a role (Venkatesan et al., 2013). The moored buoy close to shore utilizes both general packet radio service (GPRS) and satellite communication whereas the offshore platforms depend only on satellite communication. The communication with the buoy is a bi-directional link based on the Inmarsat-C satellite system, which also includes a global positioning system (GPS) receiver providing position information. The redundant position indicating facility incorporated using Argo satellite/Indian National Satellite (INSAT) telemetry helped in tracking the vandalized buoys during COVID-19 lockdown. The in-house developed coastal buoys, except sensors, with GPRS telemetry helped in extending the period of operation, particularly during COVID-19 lockdown by significantly reducing energy consumption.

Regular calibration of sensors and data acquisition system (DAS) electronics are done at periodic intervals to ensure the quality of the data. In-house calibration facility for precipitation sensor, humidity sensor, DAS, and air pressure sensor helped in cost savings and delay in sending the sensor to original equipment manufacturer (OEM) for calibration. Apart from the efforts taken in ensuring the continuity of data, the quality of the data is ensured by comparing with other standard reference platform/systems.

Marine biofouling is a serious issue in tropical waters with hundreds of organisms that can get attached to the buoy system and mooring. Various methods of anti-fouling approaches are used in sub-surface oceanographic sensors including copper guard protection, protective sensor casing, and anti-fouling paints, to name a few (Venkatesan et al., 2017). Zinc oxide cream (Desitin) and silicone-based grease which were applied to the sensing parts of the ADCP were found to control the biological growth (Bigorre and Galbraith, 2018). The highest drift reported in the conductivity cell is reduced by installing the anti-fouling device impregnated with tributyltin oxide (TBTO) on each end of the conductivity cell in CT sensors (Sea-Bird Electronics, 2016). Efforts in reducing the biofouling along with the regular refurbishment and calibration of the sensors ensured sustained data collection, which was well paid off during the extended period of operation during the COVID-19 pandemic.



Moored Buoy Data Center

The moored buoy data center plays a vital role as a nerve center, hosting a suite of IT infrastructure facilities to receive, process, visualize, monitor, and manage the data from buoy networks around Indian Seas (Figure 2A). This facility is strategically important with round-the-clock support and acts as the nodal point for dissemination of real-time data to the Indian National Center for Ocean Information Services (INCOIS), Hyderabad who in turn work with the National Disaster Management Authorities for the promulgation of alerts and warnings to the countrymen. The data center established in 1997 has undergone significant improvements with customized tools to suit the requirement evolved over a period of more than two decades of operational experience. ADvanced Data REception and AnalysiS System (ADDRESS) is a customized software solution developed in-house for information sharing and process automation across organizational needs (Figure 2B). It facilitates the monitoring of data reception from remote ocean platforms and endurance of individual buoys systems such as buoy drift, sensor stoppage and is aimed at eliminating the practical difficulties in data visualization/analysis and maintaining inventory of equipment/items used in the buoy systems.
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FIGURE 2. (A) The data center being manned by limited manpower and enforcing social distancing during COVID-19 and (B) the dashboard of the in-house developed data management system ADDRESS.


Advanced data reception and analysis system is incorporated with QC procedures for automatically assessing the quality of data received from buoys and presents data quality metrics to ensure the normal functioning of the sensors. The sensor malfunctioning, drift in measurements, sensor stoppage, transmission issues, and buoy drift, among others, are monitored regularly. ADDRESS also provides the deployment details along with the metadata that encompasses instrument descriptions, manufacturer details, calibration details, and detailed information on the suite of sensors attached to specific buoy systems, to name a few. The up-gradation of the data reception center in October 2018 with a suite of high-tech IT infrastructure facilities to meet the processing demands, growing storage requirements, and to enhance the data services greatly helped in the uninterrupted data reception and dissemination during the COVID-19 lockdown.



Optimized Mooring Design

The buoy system mooring in general is designed based on the depth of the deployment location, characteristics of the ocean current, wind, and wave during extreme storm events and fatigue cycles. The NIOT moored buoy system consists of a hull, instrument container, mast assembly, keel weight, and keel frame. The buoy hulls are discus shaped to have good wave following capability and also acts as a buoyancy module. A keel weight is attached at the bottom of the instrument container of the surface buoy to prevent the capsizing of the hull and a keel frame to install near-surface sensors. A water-tight instrument container made up of marine-grade aluminum alloy is used to position electronics and batteries. It is also facilitated with safety features like a vent valve for the ventilation of batteries and a pressure relief valve. The lid lock bolts are used to lock the lid over the instrument container and are designed with a central pin and a special key to dismantling the bolt as an anti-vandalism measure. The inverse catenary configuration with a mooring scope of 1.2 reduces the static as well as dynamic loading that helps to withstand the intense cyclones. Inductive cable is used in the top 500 m with CT/Conductivity, Temperature, and Depth (CTD) sensors connected at selected depths through which data is transferred to facilitate real-time transmission. The preventive measures taken to safeguard the mooring from threats like vandalism, corrosion, biofouling, and fatigue were decisive in extending the operational period amid intense cyclones and COVID-19 lockdown.



Technology Developments

The development of the Indian DAS (IDAS) “Hrudaya” and the incorporation of an intelligent power management system (PMS) were the major developments that helped in sustaining the buoy network during the pandemic. Data acquisition, processing, storage, and transmission are the key functions of the DAS (Meindl, 1996). IDAS is meticulously designed in-house to work in marine conditions, activates the respective sensors at pre-determined intervals, and logs the received data. The raw data is processed, encrypted, and is sent through the satellite to the shore-based data reception center and stores high-frequency data (Venkatesan et al., 2018a). The reduced power processor with sleep mode provisions and multi-level watchdog timers protect the IDAS from software hang-ups and ensured higher endurance.

The development of controlled high-frequency transmission was initiated to support the weather and early warning services, particularly during cyclone passages. The algorithm incorporated in the IDAS in coastal and deep ocean buoys successfully triggered rapid mode in the vicinity of a low-pressure system and resumed normal mode after the passage of the cyclone. This enabled the real-time availability of critical met-ocean data set at higher frequency during the cyclone passages amid the COVID-19 lockdown.

The incorporation of a Hybrid charge controller has enabled NIOT buoy systems to work for a longer period of more than a year. The intelligent PMS controls the charging and discharging of the batteries, distributes the power to the connected loads, provides power system status information to the IDAS, and provides a constant voltage to the sensor irrespective of the changes in the battery voltage. The primary source of power is the lead-acid battery charged by the solar panel, and the secondary source is the primary lithium thionyl chloride battery (Linden and Thomas, 2002; Gordon and Deines, 2011). The initial power to the entire buoy system is supplied by the primary source. The PMS monitors and switches the buoy power to the secondary source when there is an outage of the primary source. The underwater sensors are self-powered with redundant power from the main power source of the buoy, which enhanced the endurance of the sensor operation.

The steady and sustained growth of the moored buoy program over the years is depicted in Figure 3. The program started with the deployment of the first buoy in August 1997 off Chennai in BoB, made its presence felt year after year by its strong commitment to the scientific community. The network got inducted with tsunami buoys in 2004 and got revamped in 2010 with additional surface and subsurface sensors. The buoy program had advanced measurement capabilities with a multifaceted approach to new observational techniques, technology developments, state of art data reception centers, research dimensions on new scientific areas, and international collaborative projects.
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FIGURE 3. The major milestones of the Indian moored buoy program.




MOORED BUOY PROGRAM DURING COVID-19 LOCKDOWN IN 2020

Working remotely or work from home has become a new normal due to pandemic lockdown affecting every possible realm, which brought new challenges to the moored buoy program, and the regular operations got impacted the most. Maximum efforts were put forward to ensure the continuity of data by formulating a mitigation plan by prioritizing the tasks, ensuring the 24/7 support of the data center, and by extending the operational period of buoys in the field. The data reception center continued to operate 24x7 with skeletal manpower and ensured uninterrupted real-time dissemination of buoy data to the end-users during the unprecedented and challenging times amidst lockdown. COVID-19 protocols and safety measures were strictly followed by ensuring the quarantine, social distancing, sanitization, and safety gears apart from the regular monitoring of the temperature and oxygen levels. The majority of the data reception systems were automated with minimal manual intervention and the software tool ADDRESS with automated quality control and visual representation greatly helped in uninterrupted data dissemination to end-users.


Performance and Maintenance of the Buoy Network

The sustenance of the moored buoy network has never been an easy task that required perseverance and dedicated effort as evident from the operational statistics (Figure 4A). The annual schedule includes four deep-sea cruises (two each in AS and BoB) comprising of approximately 30 days each and 3–4 coastal cruises apart from the additional cruises to deploy/retrieve the buoys that are stopped/drifted/vandalized. There were 108 cruises spanning 1,445 man-days sailing over 1,36,038 nm to carry out 286 deployments and 274 retrievals over the period from 2011 to 2019 that accounts for an approximate annual average of 12 deep ocean/coastal cruises with 32 deployments and 30 retrievals traversing 15,115 nm with 161 man-days (Figure 4A).
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FIGURE 4. (A) The operational statistics of the moored buoy program during the period 2011 to 2020 and (B) the tracks of the cruises undertaken to service the buoys during the COVID-19 pandemic.


The year 2020 indicates minimum cruises and field operations due to the ongoing COVID-19 pandemic, which substantially affected the buoy maintenance operations leading to a significant reduction in the overall performance of the network. The cruises planned from March to May 2020 to service the moored buoy network in AS and BoB and all the fieldwork from March to September were canceled due to the COVID-19 lockdown, whereas the cruises which were scheduled from September to December 2020 were partially carried out.

National Institute of Ocean Technology has undertaken three cruises immediately after the relaxation in lockdown to service the buoys which have already crossed the expected period of operation, to replace the buoys which were vandalized and the ones which stopped transmission. The first cruise was undertaken onboard ORV Sagar Nidhi from 29 September to 14 October to retrieve INCOIS Flux mooring (Figure 4B), which was due in May 2020. The vandalized buoy BD09 (89.1°E/17.5°N) in northern BoB was also retrieved and deployed a new buoy system. The AS cruise was followed immediately (November 2 to December 3, 2020) again onboard ORV Sagar Nidhi, which carried out a total of 48 operations including eight buoy deployments, 10 retrievals, 13 CTD operations apart from the samples collected for scientific research. The BoB cruise in February 2021, was mainly focusing on the replacement of buoy systems, which have already crossed the expected period of operation due to the long gap of 14 months between the services (Figure 4B).



Data Return From Buoy Network During COVID-19 Pandemic

Quality data return with a minimum gap is the key target of the moored buoy program wherein the efforts are undertaken to ensure the quality as well as quantity. However, the COVID-19 pandemic has affected the ocean observation network globally as reported by GOOS with a significant reduction in data return. It is worth noting that 73% of the Indian buoy network was functional during the pandemic in 2020 even when the cruises were reduced to 33% (Table 1). The deployments during the corresponding period were 47%, whereas the retrievals were only 33%. The substantial reduction of cruises resulted in the loss of buoy systems as reflected in the reduction of retrievals.


TABLE 1. The performance of the moored buoy network during the year 2020 amid COVID-19 pandemic.

[image: Table 1]
The AS buoys recorded higher data return (>80%) from air temperature, air pressure, wind, and rainfall sensors even during the COVID-19 pandemic, whereas the humidity and radiation sensors recorded comparatively less data return (∼55%) owing to the sensor damage/drift over a longer period of operation (Figure 5A). The average data return of surface meteorological parameters in BoB is significantly impacted due to the loss of buoy systems and vandalized meteorological sensors (Figure 5B). The impact of the COVID-19 pandemic was visible in the significant reduction (∼ 50%) of data return in BoB, compared to an average data return of 97.9% for the meteorological parameters (Venkatesan et al., 2018b) during two decades of operation. The wave data and CT profiles reported high data return in AS and BoB, which was recovered after the retrieval of the buoy system, including the ones which stopped real-time transmission. The self-powered underwater sensors, ADCP, and CT profiles with self-recording facility provided 93.3% and 80% of data return in AS, whereas the corresponding figures in BoB are 58.3% and 85.7%, respectively. The importance of independent power sources and redundant storage in increasing data return is evident from the higher data return in ADCP and CT profiles, which was recovered from the internal storage of the sensor even when the surface buoy system was lost.
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FIGURE 5. The percentage of data return (A) in AS and (B) in BoB after the preliminary quality analysis during the period March 2020–February 2021.




Challenges

The maintenance of the moored buoy network involves the execution of a large number of cruises huge inventories of sensors and buoy systems, logistics related to re-calibration, and purchase of sensors apart from the regular monitoring, archiving, quality control, and dissemination of data sets. The availability of ship time and sensors, unsupportive weather conditions, the continuous menace due to corrosion, biofouling, piracy in AS, and vandalism, to name a few, are the major challenges in sustaining the moored buoy program. Even after extensive efforts made over several years, in particular in sensitizing fishing communities, vandalism remains a significant problem. The awareness campaigns on the application and importance of these data buoys, through direct discussions, and the distributions of multi-lingual brochures, among others, were carried out but have met with only limited success.

The cruises were carried out by following the COVID-19 protocol and guidelines (Figure 6A). The cruise participants were quarantined before boarding the vessel and ensured, social distancing, hygiene, whereby carrying out the buoy maintenance activities. During the pandemic, the guidelines issued by Port Health officials (PHO) and linked activities required additional days for quarantine and more funds for the related works.
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FIGURE 6. (A) The team proceeding for the cruise, (B) the retrieval of the buoy system entangled with fishing net, and (C) the bio-fouling and net entanglement in retrieved sensors.


The delay in service has resulted in significant loss, wherein two vandalized buoys could not be retrieved in time. The surface buoy system along with meteorological components and data logger drifted away and was lost at the BD10 (88°E/16.3°N) location in BoB. However, the subsurface sensors were retrieved with the entangled fish net from the seabed after a comprehensive search near the anchor drop location (Figure 6C). The vandalized surface buoy AD06 was drifting in AS and was retrieved by the cruise team, with a damaged mast where the meteorological sensors were missing (Figure 6B). The subsurface sensors along with the measured data set and mooring components could not be retrieved from the AD06 location. The BD13 buoy (14N/87E) in BoB, which stopped transmitting data after the passage of the cyclone Amphan in May 2020, could not be traced even after an extensive search in the location around the last transmitted position. The program suffered significant losses in terms of money and precious data, particularly the high-frequency data set. The delay in service also caused significant issues due to the biofouling of subsurface sensors and drift in measured data. Timely service could have reduced the loss of vandalized sensors, buoy systems, and high-frequency data.



Moored Buoy Observations During the Cyclones Amid the COVID-19 Pandemic

The impact of COVID lock down on the functioning of moored buoys beyond the service period is visible in the status of the network during the passage of cyclones Amphan (May 2020), Nisarga (June 2020) and Nivar (November 2020) as shown in Figure 7. Substantial reduction in the number of working buoys towards the fag end of 2020 during Nivar (Figure 7C) is evident.
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FIGURE 7. The tracks of the cyclones (A) Amphan, (B) Nisarga, and (C) Nivar during the year 2020 in the north Indian Ocean along with the moored buoy network.


The moored buoy network except for BD10 in BoB was fully operational at the beginning of the COVID-19 lockdown in March 2020. These buoys were serviced during October-December 2019 and the regular maintenance cruises were scheduled during April–May 2020. Even though the intelligent PMS can power the buoy for more than a year, the possible drift in the sensors, specifically the biofouling in underwater conductivity sensors necessitated the service at an interval of 6 months to ensure the quality data return.

The moored buoy network captured the signals of the cyclones as well as transmitted high-frequency data during the year 2020 amid COVID-19 lockdown. The cyclone season in the North Indian Ocean started with the Super cyclone Amphan in May 2020, which was the highest intensity cyclone ever recorded in BoB during the pre-monsoon season (Figure 7A). The severity of oceanic response was recorded in moored buoys as the significant drop in sea-level pressure (SLP), rapid increase in wind speed and wave height, and substantial drop in temperature and salinity. Some components of moored buoys BD09 (89°E/18°N) and BD13 (14°N/87°E) in the proximity of cyclone were damaged due to the extreme wind and stopped transmission on May 19 and May 24, 2020, respectively.

During the passage of the cyclone Nisarga, all the OMNI buoys in the Arabian Sea were operational (Figure 7B). Severe Cyclonic Storm Nisarga was the first cyclonic storm over the AS during 2020 amid the COVID-19 pandemic and ongoing restrictions in sailing. The network of five OMNI buoys in AS captured the signals of the cyclone at various stages from its genesis till the landfall (Figure 8). The impact of cyclone Nisarga was observed in the surface parameters of OMNI buoys particularly in AD06 (67.5°E/18.5°N) and AD07 (68.97°E/14.9°N) in the central AS.
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FIGURE 8. Time series observations of (A) Sea level pressure, (B) Wind speed (C) Height of highest wave, (D) SST, (E) temperature profile at AD07, and (F) salinity profile at AD07 during the passage of Cyclone Nisarga in AS.


The maximum drop in SLP at ∼1,002 hPa was observed in AD06 and AD07 (Figure 8A) which were at a distance of 280 and 225 nm from the cyclone track, respectively. The wind speed of 13.8 m/s was recorded in AD07 (Figure 8B) with a corresponding wave height of 5 m on 3 June (Figure 8C). Significant variability in SLP, wind speed, and temperature were observed in AD08 (68.6°E/12.0°N) whereas minor response was recorded in AD09 (73.3°E/8.1°N) and AD10 (72.6°E/10.3°N) which were located south of the cyclone genesis areas in southern AS.

Prominent diurnal oscillation in SST was observed at all buoy locations before the cyclone followed by a considerable drop at AD07 and AD08 locations after the cyclone passage (Figure 8D). Significant pre-cyclone diurnal warming was observed in the shallow mixed layer in which the cooling associated with cyclone passage was limited to the upper few meters for a period of 3–4 days. Substantial freshening of ∼1.2 psu was observed in the upper mixed layer during the cyclone passage. It was observed that the response to the cyclone was significant only in the upper mixed layer at AD07 (Figures 8E,F), which was located at a considerable distance of 225 nm on the left side of the track.

Even though the buoys in AS were fully operational, two coastal buoys and one OMNI buoy were only operational in BoB during the passage of the cyclones Nivar in November 2020 and Burevi in December 2020 resulting in the non-availability of real-time data from the rest of the buoys. The buoys in the AS were serviced during November 2020 whereas that of BoB was carried out in February 2021. Even though the real-time data was not available, the high-frequency data sets were recovered from the buoys after the retrieval of the buoy system.



Achievements

The efforts to upkeep the moored buoy network operational during the COVID-19 pandemic also resulted in achieving a few significant tasks such as the deployment of indigenous tripod buoy system, OceanSITES mooring in AS, and BoB, and Rapid Transmission during cyclones, among others. The development and implementation of rapid mode transmission in moored buoys was a major achievement, which greatly helped the early warning services with the high-frequency transmission during many cyclones since its incorporation in 2016, including the cyclones in 2020 amid the COVID-19 pandemic (Figure 9A). The moored buoys incorporated with IDAS such as BD09 during Cyclone Amphan in May 2020, CAL-VAL buoy (72.3°E/10.6°N) during the cyclone Nisarga in June 2020, and CB06 (80.3°E/13.1°N) during the cyclone Nivar in November 2020 triggered high-frequency transmission, among which the rapid transmission in BD09 during the Super Cyclone Amphan was widely appreciated. The OMNI buoy BD09 triggered high-frequency data transmission on 19 May 2020 as the Amphan cyclone approached the buoy. The buoy transmitted data at 1-h interval, while the normal transmission was at every 3 h. BD09 recorded minimum air pressure of 988 hPa on May 12 at 12:00 p.m. (Figure 9), while transmitting at rapid mode and continued for 17 h by providing 11 additional real-time data sets. The CAL-VAL buoy (72.3°E/10.6°N) and CB06 (80.3E/13.1N) buoy were incorporated with a refined algorithm and provided high-frequency transmission at an interval of 30 min during the cyclone Nisarga in June 2020 and Nivar in November 2020, respectively. The rapid mode algorithm enabled the buoy system to provide the critical met-ocean data sets to stakeholders with higher frequency in real-time, during the devastating cyclones amid the COVID-19 pandemic.
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FIGURE 9. (A) Time-series observations of air pressure and wind speed with high-frequency real-time data during cyclone AMPHAN in BoB, (B) the Indian buoy system with tripod mast deployed in AS, and (C) retrieval of the INCOIS flux mooring.


The buoy system design was updated with a target to extend the endurance and accommodate redundant sensors. The cylindrical-shaped buoy hull with more reserve buoyancy and tripod mast helps to accommodate more sensors and ensures ease of maintenance. The enlarged instrument container with a protective hood and more space for batteries can extend the endurance for 2 years. The wind vane aligns the buoy and anemometer in the direction of wind whereas the existing buoy aligns the buoy with the surface current. Orienting buoy and anemometer in the direction of wind ensure that measured wind data is not obstructed by other components on the sensor arm. The wind vane has an area of 0.57 m2 and it experiences 35.6 kg of wind load at 30 m/s for the alignment. The mooring part for this buoy system remains the same as the existing buoy system. This updated buoy system was successfully deployed at AD08 location at a depth of 4,300 m during the AS cruise in November 2020 (Figure 9B).

The existing OceanSITES mooring at AD07 location in AS is retrieved and redeployed a new buoy system during the AS cruise in November 2020. The OceanSITES location in BoB was established at BD11 (13.6°N/84.1°E) and deployment of hydrophone for acoustic applications was carried out during the cruise in February 2021. The retrieval of the Flux mooring in BoB (Figure 9C), the maintenance of the tsunami buoys in AS and BoB, and extensive sample collection for the studies on microplastics in the marine environment was also successfully carried out during the COVID-19 pandemic.



RECOMMENDATIONS

The OMNI buoy network has proven its mettle in serving the society during COVID-19 pandemic. The pandemic served as a learning experience and helped in identifying the gaps as well as the strengths in sustaining the network. The refinement of the buoy system along with the efforts in extending the deployment period tremendously helped during the pandemic. The recommendation for the better management of remote platforms based on the experience in managing the OMNI network for more than two decades specifically during the COVID-19 pandemic are listed below:


(a) Self-Sustainable Data Center: The shore-based data center plays a vital role in any remote data acquisition network being the hub between remote platforms and the end-users. Ideally, these centers should be designed for automated data reception, quality control, data dissemination, and data archival with minimum human intervention. The necessity for manual intervention will be challenging during a pandemic or similar extreme events. The critical weather services and early warning applications requiring real-time data from these platforms should also be well connected. State of the art, fully dedicated hardware, software, network, and power backup facility with redundancy is essential to support during any casualties. It is proposed to locate an independent and easily accessible facility well protected from the possible impacts of natural disasters such as floods, cyclones, tsunami, and earthquakes, among others. The well-equipped data reception center with customized, fully automated data reception and dissemination facility enabled the uninterrupted real-time dissemination of OMNI buoy data during the COVID-19 pandemic.

(b) Customized Data Acquisition System: Data acquisition system that caters to the key functions of data acquisition, processing, storage, and transmission plays a decisive role in the successful operation of moored data buoys. Customization of the DAS to suit the operational efficacy and user requirement has a substantial impact on the endurance and data return of the remote platforms. The IDAS with hybrid charge controller, redundant telemetry, and rapid data transmission facilitated the real-time transmission for an extended period.

(c) Intelligent Power Management System: The power source of the remote platforms should be capable enough to deliver an uninterrupted supply beyond the normal working period when the regular servicing is delayed due to unanticipated issues. Reduced power processor with sleep mode provisions along with hybrid charge controller, considerably enhanced the endurance of the OMNI buoy system and made it operational for more than a year during the COVID-19 Pandemic.

(d) Enhancement of Sensors: Ocean observation platforms need to be strengthened with smart sensors with independent power sources and self-recording facilities that can operate for a longer duration. This will avoid the loss of data due to snapped connection with the buoy CPU, which had been reported on many occasions including the COVID-19 pandemic. Redundant sensors are suggested to ensure continuity and to assess the quality/drift of the data over a longer period. It is recommended to focus on the refinement of sensors that can self-calibrate at the field. This will avoid spurious data when the working period extends beyond the expected time.

(e) Local Calibration Facility: Regular calibration, ideally after each retrieval of sensors is required to ensure the quality and reliability of the measurements. The absence of a local calibration facility leads to a long waiting period for the calibration of the sensors at overseas facilities, particularly for conductivity and temperature sensors which are prone to biofouling. The in-house facility at NIOT to calibrate air humidity, air temperature, air pressure, and precipitation sensors has greatly helped in executing the maintenance cruises during the Pandemic.

(f) Optimized Telemetry: Real-time transmission of data sets from remote platforms is an important feature that supports weather services. Two-way communications with the buoy system will sort out a lot of issues. Dual telemetry is recommended to overcome the issues associated with satellite communication. Additional GPRS-based communication is suggested for coastal moorings and redundant satellite communication for offshore platforms. Apart from this, an additional position indicating facility using Argo was found to be critical in providing the location information during buoy stoppage and drifting, particularly in vandalized buoys.

(g) Robust Mooring System: The mooring components selected should be capable of working for a longer period withstanding the dynamic loads and mooring motions, in order to hold the system in the deployed location. The major loss of buoy system and components were attributed to vandalism during the pandemic period that necessitates strengthening the anti-vandalism measures.

(h) Best Practice Methods: The endurance and performance of remote platforms in the harsh marine environment can be optimally maximized by following the best-practice methods without compromising the quality of the system. The quality of measurement is ensured in NIOT-OMNI buoys by following the best-practice methods (Venkatesan et al., 2018a) evolved over the years of services in maintaining the moored buoy network in the Indian Seas.

(i) Rapid Data Transmission: The remote ocean observation platforms are in general configured to acquire data at a higher frequency, i.e., at 1 min, which is stored internally and transmit at a lower frequency, i.e., at 3 h. The high-frequency data is available after the retrieval of the buoy system, which varies between 6 months to more than a year. Vandalism or delay in maintenance may lead to the loss of the buoy system or the sensors, which in turn results in the total loss of the critical high-frequency data as reported during the COVID-19 pandemic. The rapid data transmission during cyclones in NIOT buoys was a boon to the end-users amid the pandemic associated data loss. An extension of the algorithm to trigger high-frequency transmission at periodic intervals or event-based can save the critical data sets.

(j) Open Data Policy: The COVID-19 pandemic has significantly affected the data return from remote ocean platforms that can significantly affect the weather services and climate studies. The pandemic point toward the necessity to share the available data sets to meet the growing need of weather and climate studies. The OMNI-RAMA data portal, wherein the moored buoy data from OMNI as well as RAMA buoys are made available for the public is a major milestone toward open data policy. It is highly recommended to follow the open data policy in all remote platforms, which can fuel scientific research across the globe.

(k) International Co-operation: The pandemic has severely affected the field trips and cruises to service the remote platforms owing to limited resources, travel restrictions, fund cuts, and safety measures, which necessitates sharing the facilities with national and international organizations. The existing memorandum of understanding (MoU) between the Ministry of Earth Sciences (MoES)-India and National Oceanic and Atmospheric Administration/Pacific Marine Environmental Laboratory (NOAA/PMEL), United States has eased out the many obstacles in maintaining the RAMA network and serves as a good example of resource sharing. The support extended by the Indian Navy and Coast Guard have greatly contributed to maintaining the buoy network particularly during the buoy stoppage/drifting/vandalism.





SUMMARY

Sustaining the observational program and ensuring high-quality data with minimal data gap amidst the multitude of challenges require enormous vision and teamwork. Apart from the regular challenges such as vandalism, biofouling, rough weather, and limited ship time availability, the COVID-19 lockdown has added the risk of delay in servicing the buoys in remote marine environments. The recent increase in the frequency and intensity of cyclones in AS and BoB, demands enhanced observational capability and improved collaborations across the globe. The present-day moored buoy system is the result of incessant research and technological developments over two decades. Continuous improvements in various aspects such as buoy system components, state-of-the-art data reception facility, reliability checks, and best practice methods, along with the untiring efforts of the team were rewarded by providing continuous data during the devastating cyclones during COVID-19 lockdown, where the other modes of measurement were interrupted.

Adapting to the present COVID-19 situation particularly the field operation is necessary to ensure the continuity of measurements. The expected impacts of the pandemic in the coming years, necessitate collective efforts and better collaboration among the scientific and user community across the political boundaries to achieve a resilient system. The COVID-19 lockdown has proved the increasingly significant role of remote observational platforms, which necessitates integrated efforts to evolve revised observational requirements to realize a sustainable ocean observation network.
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The unprecedented nationwide lockdown due to the ‘coronavirus disease 2019’ (COVID-19) affected humans and the environment in different ways. It provided an opportunity to examine the effect of reduced transportation and other anthropogenic activities on the environment. In the current study, the impact of lockdown on chlorophyll-a (Chl-a) concentration, an index of primary productivity, over the northern Indian Ocean (IO), is investigated using the observations and a physical-biogeochemical model. The statistics of model validation against observations shows a correlation coefficient of 0.85 (0.89), index of agreement as 0.90 (0.91). Root mean square error of 0.45°C (0.50°C) for sea surface temperature over the Bay of Bengal (BoB) (Arabian Sea, AS) is observed. The model results are analyzed to understand the upper-oceanic physical and biological processes during the lockdown. A comparison of the observed and model-simulated data during the lockdown period (March–June, 2020) and pre-pandemic period (March–June, 2019) shows significant differences in the physical (temperature and salinity) and biogeochemical (Chl-a concentration, nutrient concentration, and dissolved oxygen) parameters over the western AS, western BoB, and regions of Sri Lanka. During the pandemic, the reduced anthropogenic activities lead to a decrease in Chl-a concentration in the coastal regions of western AS and BoB. The enhanced aerosol/dust transport due to stronger westerly winds enhanced phytoplankton biomass in the western Arabian Sea (WAS) in May–June of the pandemic period.

Keywords: COVID-19, lockdown, chlorophyll, ocean temperature, primary productivity


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), officially named coronavirus disease 2019 (COVID-19), is a global pandemic that started in late 2019. This pandemic affected almost all the countries and territories around the world. The WHO declared the COVID-19 outbreak a global health emergency in January 2020. As of August 31, 2021, worldwide, 218,213,889 confirmed cases of COVID-19 are being reported. Out of these cases, 18,595,281 are active cases, and 4,528,115 deaths have been reported due to COVID-19 (Worldometers.info, 2020). Considering the seriousness of the disease, the government of India implemented a nationwide lockdown in four phases starting from March 25, 2020. In the first phase of the lockdown (March 25 to April 14, 2020), strict restrictions were imposed on physical gatherings for the cultural, religious, political, academic, sports, and academic events. Most industrial operations, construction works, and markets were shut down, and only emergency or essential services were allowed in the first phase of lockdown. The subsequent three phases of lockdown in India were imposed as phase 2: April 15 to May 3, 2020; phase 3: May 4–17, 2020; and phase 4: May 18–31, 2020. The restrictions on the industrial and agricultural activities were mostly lifted after the first phase. After that, to restart the Indian economy, two unlock phases were announced (unlock 1: June 1–30, 2020; unlock 2: July 1–31, 2020), which allowed the opening of markets and physical gathering in a phased manner.

In addition, the countries adjoining the western Arabian Sea (WAS) had lockdown restrictions. Most of the countries around the WAS imposed the pandemic restrictions from the mid-March 2020 by closing the borders, schools, physical gatherings, and international travel. Oman implemented a lockdown from April 10–22, 2020, which was extended further until May 29, 2020. Yemen imposed partial restrictions in May–June 2020. In Somalia, the authorities responded with drastic measures after the first confirmed COVID-19 case on March 16, 2020. They decided to close the borders, schools, limiting travel, and prohibiting most group functions. Due to the imposed restrictions during the lockdown in various countries, there was a significant reduction in the air pollution level in the living environment (Chimurkar et al., 2020).

Oceans play a crucial role in the global climate system. Life on the Earth in terms of productivity is directly influenced by ocean characteristics (Morel and Antoine, 1994). The changes in ocean surface properties affect the life on Earth as oceans produce more than 50–80% of the oxygen on the Earth (NOAA, 2020). Several studies are conducted to study the effect of COVID-19 on air and water quality (Chimurkar et al., 2020; Navinya et al., 2020; Madineni et al., 2021; Pandey and Vinoj, 2021). But the impact of lockdown on the upper-oceanic physical and biogeochemical parameters is not explored. The pandemic has also affected oceanic in situ measurements as several research cruises were postponed. It affected the data collection and maintenance of existing observational instruments in the ocean.

Due to COVID-19, the governments have imposed restrictions on several industrial and human activities. The consequences of such lockdowns have been remarkable as the pollution levels have dropped significantly. For instance, the emissions of greenhouse gases, nitrogen dioxide, black carbon have decreased drastically (Zambrano-Monserrate et al., 2020). It has been reported that the lockdown due to pandemics has improved the coastal ocean water and atmospheric air quality (Chauhan and Singh, 2020; Paital, 2020). A significant reduction in CO2 concentration is noticed due to the imposed pandemic and reduced human activities (Le Quéré et al., 2020). The primary productivity is an estimation of oceans plant biomass and, the Chl-a concentration represents the phytoplankton distribution (Morin et al., 1999). Many parameters influence ocean productivity, such as ocean temperature, nutrients, and carbon cycle (Behrenfeld et al., 2006; Gerecht et al., 2014).

Before the COVID-19 pandemic, in recent decades, a significant increase in the sea surface temperature (SST) is apparent in the global ocean directly influencing the ocean (Yeh et al., 2009; Knutson et al., 2010). However, the reduction in global atmospheric CO2 concentration by about 7% during the pandemic (Le Quéré et al., 2020) has influenced the air-sea flux of carbon and ocean biogeochemistry. The impact of lockdown on the marine ecosystem could be associated with several factors, such as the changes in SST, aerosol optical depth (AOD), dust mass concentration at the sea surface, and nitrogen dioxide. The WAS receives a large influx of dust particles through westerly winds from the desert regions (Clemens, 1998; Patra et al., 2005; Ramaswamy et al., 2017), which makes it worth investigating the influences of the lockdown-induced factors, particulate matter/aerosols, and dust loading on the Chl-a concentration in the Arabian Sea (AS).

Aerosol particles, both natural and anthropogenic, span over a wide range of sizes from a few nanometers to hundreds of micrometers. These aerosols can be produced locally or be transported long distances (thousands of kilometers) by winds. Depending on their generating source characteristics and long-range transport pathway in the atmosphere, these particles possess different chemical compositions. The gravitational settling, scavenging, and wet removal are the major sinks for aerosols. Once settled over the ocean surface, these particles add their constituents to the seawater and alter the mixing ratio of various dissolved gases and nutrients in the upper ocean (few tens of meters). These aerosol particles are known to be an important source of macronutrients, e.g., nitrogen (N), and phosphate (P), and micronutrients. The most prominent micronutrient is iron (Fe). Other micronutrients, such as zinc and cobalt, are also essential for the biological processes. The macronutrients and micronutrients are essential building blocks for the phytoplankton growth (Duce and Tindale, 1991; Mahowald et al., 2005; Meskhidze et al., 2005; Gallisai et al., 2014). The mechanical disruption of the sea surface by winds lead to the formation of sea-spray and sea-salt aerosols (O’Dowd et al., 1997; Satheesh et al., 2006; Mulcahy et al., 2008; Pant et al., 2008; Glantz et al., 2009; Meskhidze and Nenes, 2010). Such sea-salt aerosols remain suspended in the atmosphere, undergo a transformation during long-range transport, and a large fraction of it settles back to the ocean surface. The emissions from industry, transport, and power plants, etc., contribute to the concentration and characteristics of marine aerosols. Globally, the anthropogenic emissions are largely reduced during the pandemic driven lockdown. This reduction in aerosol concentration is expected to influence the biogeochemistry of the upper ocean, particularly near the coastal regions. Further, the decline in NO2 emissions reduced nitrogen concentration, particularly in the coastal regions (Mishra et al., 2020).

Typically, the AS and the Bay of Bengal (BoB) receive up to 20 and 10 g m–2 year–1 mineral dust from the adjacent land regions, respectively, with a peak deposition during the June, July, August (JJA) period (Patra et al., 2007). The dust bearing northwesterly winds prevail close to the sea surface around 45°E but rise to 3 km around 70°E (Clemens, 1998) with a gradient of about 0.1 km degree–1 longitude. Jin et al. (2018) reported that tons of dust aerosols emitted from the Arabian Peninsula (AP) and its surrounding areas are transported to the AS by the strong northwesterly “Shamal” winds during boreal summer. From the absorbing aerosol index (AAI) distribution and tracer transport modeling, Patra et al. (2005) concluded that a large amount of aerosols is transported to the AS from northern Africa and the Gulf region during JJA months, and a major fraction of these aerosols are deposited on the AS surface. Over the AP and the northwestern AS, more than 50% of the AOD is contributed by mineral dust (Jin et al., 2018).

Jickells et al. (2005) emphasized the significance of atmospheric inputs of nutrients and micro-nutrients to the surface ocean. Patra et al. (2005) ascribed northern Africa and the Gulf as the source regions of aerosols found over the AS during the southwest monsoon. This observation is consistent with the higher sinking fluxes of lithogenic and dolomite materials in the AS, derived from the Arabian region and transported by north-westerly winds during the southwest monsoon (Nair, 2006). These mineral dust aerosols deposited on the AS surface are found to be rich in nutrients and micro-nutrients (Measures and Vink, 1999; Tindale and Pease, 1999; Rengarajan and Sarin, 2004). Measures and Vink (1999) have shown that the supply of Fe through aeolian dust is a requirement for biological production in the nutrient-rich upwelled water in the WAS, and more prominently in the water that advects offshore.

In the current study, an ocean bio-physical model together with the available observations is used to understand the impact of lockdown on phytoplankton biomass (Chl-a concentration) over the north Indian Ocean (NIO), particularly in the coastal regions. The model data are useful in the absence of in situ and satellite observations. The temperature, Chl-a concentration data are available from the satellites but, there are large gaps owing to the presence of clouds. Most of the earlier studies based on the satellite measurements of ocean color provided the spatiotemporal evolution of Chl-a concentration over large oceanic areas (Jayaram et al., 2018; Mandal et al., 2021). However, ocean color monitors (primarily visible and infrared band) on satellites are incapable of observing through clouds and below the ocean surface. The in situ measurements from autonomous profiling or ship-based observations (e.g., Thushara et al., 2019) can provide high-quality information on the subsurface physical and biogeochemical variables but these observations have limited spatial coverage and, often, sampling location changes from one profile to another. Further, several ocean expeditions and observational cruises were postponed due to the pandemic, which affected the data collection and maintenance of existing in situ data platforms. To overcome these limitations of satellite and in situ data, the bio-physical model is used to study the evolution of subsurface features. The objectives of the current study are to assess the changes in upper-ocean physical and biogeochemical parameters during COVID-19 driven lockdown period with respect to the pre-pandemic period and to examine the causative atmospheric and oceanic processes leading to the observed differences. The Chl-a concentration simulated by the eco-system model and observed from in situ and remote sensing methods is analyzed to infer the impact on the biogeochemistry during the pandemic lockdown compared with the non-pandemic period.



DATA AND MODEL DESCRIPTION


In situ Data

The ocean temperature and salinity profiles are derived using in situ observations from the moored buoy array program, consisting of the Research Moored Array for African–Asian–Australian Monsoon Analysis and Prediction (RAMA) buoy (at 90°E, 12°N) (McPhaden et al., 2009). The RAMA buoys were deployed for the improved description, understanding, and prediction of the African, Asian, and Australian monsoon systems. This high resolution near real-time data of moored RAMA buoy obtained from the Tropical Atmosphere Ocean Project Office of the National Oceanic and Atmospheric Administration–Pacific Marine Environmental Laboratory http://www.pmel.noaa.gov/tao. The buoy gauges represent the open-ocean conditions and are not affected by the neighboring land orography and surface heating (Bowman et al., 2003; Bowman, 2005; McPhaden et al., 2009). Additionally, the Bio-Argo float (WMO ID: 2902264) deployed in the central BoB (CBoB) (83.85°E, 13.4°N) is used1 for validation and analysis. This Bio-Argo float provides measurement/estimate of temperature, salinity, Chl-a concentration, dissolved oxygen with respect to depth in the ocean. This profiling float was equipped with a temperature, conductivity, and depth sensor of Seabird (SBE41CP), dissolved oxygen sensor (Aanderra Optode 4330), and chlorophyll fluorescence sensor (WET Labs FLBB). These floats are used in the Indian ARGO project managed by the Indian National Centre for Ocean Information Services (INCOIS) and were manufactured by Sea-Bird Electronics. In the present study, in situ observations from RAMA and Bio-Argo in the upper 100 m of the water column are used for the duration from January 1, 2019 to June 30, 2020. The Bio-Argo float trajectory and location of RAMA buoy used in this study are shown on the map in Figure 1.
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FIGURE 1. The study domain of the North Indian Ocean (NIO) with the bathymetry and topography in shades (in meters). The continuous contour lines off the Somalia and Oman coasts and red boxes (B1, B2, and B3) in the Bay of Bengal (BoB) show the regions of vertical profile analysis. The location of the Research Moored Array for African–Asian–Australian Monsoon Analysis and Prediction (RAMA) buoy is marked with a star and the trajectory of Bio-Argo float is shown with a green curve.




Satellite Data

The Chl-a concentration data were obtained from the European Space Agency Ocean Color-Climate Change Initiative project (ESA-OC-CCI).2 The Chl-a concentration daily data were downloaded for the COVID-19 pandemic (March–June 2020) and pre-pandemic (March–June 2019) periods. Version 5.0 of this dataset is produced using the processing chain software developed by ESA-OC-CCI. This dataset contains global daily composites of merged sensor products: SeaWiFS, MERIS, MODIS Aqua, VIIRS, and OLCI. This dataset provides global ocean surface Chl-a concentration from the different satellite sensors with 4 km horizontal and daily temporal resolution. The SST data were obtained from Advanced Microwave Scanning Radiometer (AMSR2)3 for the same period. The 3-day composite blended SST of AMSR2 has a spatial resolution of 0.25° × 0.25°. The daily surface winds at 10 m were taken from the European Centre for Medium Range Weather Forecast’s (ECMWF) reanalysis, ERA5 data of 25 km × 25 km resolution for the period from 2019 to 2020. For the atmospheric aerosol loading, the Moderate Resolution Imaging Spectro-radiometer Aqua (MODIS Aqua) derived AOD is utilized. The AOD data are from the level 3 of MOD08_D3_v6.1 with 1° spatial resolution. The combined dark target and deep blue AOD at 550 nm are used. Nitrogen dioxide (NO2) data are obtained from the ozone monitoring instrument (OMI) within tropospheric column of 30% cloud screened level 3 product (OMNO2d.v003) with 0.25° × 0.25° horizontal resolution. These datasets are downloaded from the NASA website https://giovanni.gsfc.nasa.gov/giovanni/. Dust surface mass concentration (DUSMASS) and sea salt surface mass concentration (SSSMASS) are downloaded from https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2 of Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) with a resolution of 0.5° × 0.625°. A summary of datasets that are used and their resolution and sources are provided in Table 1.


TABLE 1. Summary of datasets used in the study.
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Model

The coupled physical-biogeochemical model has been set-up over the Indian Ocean (IO) basin (30°N-30°S and 30°E-120°E) (Seelanki et al., 2021) with a 1/4° horizontal grid resolution and 40 vertical sigma layers using a Regional Ocean Modelling System (ROMS) version 3.7 (Haidvogel et al., 2008). Many studies (Jana et al., 2015; Chakraborty et al., 2018; Nigam et al., 2018; Sandeep and Pant, 2018; Dandapat et al., 2020) used the ROMS model to understand the processes and temporal and spatial variability over the NIO (such as, AS and BoB) region. The bathymetry in the model domain is adopted from the 2-min Gridded Global Relief Data (ETOPO2) (Smith and Sandwell, 1997). The model initial conditions of temperature and salinity are derived from the World Ocean Atlas (WOA13) based on the Levitus data (Levitus, 1983). The daily climatological surface forcing of precipitation data used from tropical rainfall measuring mission (TRMM),4 surface winds adopted from QuikScat scatterometer,5 and other meteorological parameters (air temperature, specific humidity, sea level pressure, and net longwave, shortwave radiation) obtained from the National Centre for Environmental Prediction (NCEP) reanalysis data (Kalnay et al., 1996). River discharges from major rivers draining into the BoB (i.e., Ganga, Brahmaputra, Mahanadi, Irrawaddy, Krishna, and Godavari) are incorporated in the model using point-source method with the monthly climatological runoff (Fekete and Vörösmarty, 2007). The physical ROMS model was started from a state of rest and spun-up for 10 years using daily climatological forcing for the period 2000–2008. After the physical model stabilized, the ecosystem model (Bio-fennel) was coupled with the physical model and the coupled model run was executed for another 10 years with same daily climatological forcing. The 10th-year output of coupled biophysical simulation used as the initial condition for the interannual simulations. Further details of this model configuration are described in Seelanki et al. (2021). The simulations with actual observed surface forcing were performed with QuikScat daily winds from January 1, 2000 to December 31, 2008 and then used ASCAT winds up to September 31, 2020, precipitation data from TRMM, air temperature, specific humidity, sea level pressure, and net longwave, shortwave radiation data from NCEP reanalysis (Kalnay et al., 1996).

The Bio-Fennel is a biogeochemical component (Fennel et al., 2006, 2008, 2011) of the ROMS model. The biogeochemical variables of nitrogen and oxygen were taken from WOA13 for model initialization and boundary conditions. In view of the lack of spatial information over the IO, the rest of the biogeochemical variables are initially set to a small homogenous value of 0.1 mmol N m–3.




RESULTS AND DISCUSSION


Model Validation and Impact of Lockdown on Surface Chl-a Concentration

The capability of the model in reproducing the physical and biogeochemical features over the NIO is analyzed with a special emphasis on the coastal BoB and WAS. The analysis was carried out for a period of March 1–June 30 for both 2019 and 2020. An inter-comparison of the simulations of 2 years provides a quantitative relative change in the upper-ocean properties during COVID-19 pandemic 2020 as compared with the pre-pandemic condition prevailed in 2019. The study region is selected as the NIO because the BoB experienced severe tropical cyclones during this period (Pentakota et al., 2018) whereas, over the AS, March to June usually accompanied with dust storms (Middleton, 1986; Pease et al., 1998; Léon and Legrand, 2003; Gautam et al., 2009). The period of study is chosen such that the summer monsoon (June-September) is not included to avoid the precipitation driven wash-out of aerosols in either pandemic or non-pandemic years.

In the BoB region, the model-simulated SST has a positive correlation coefficient (CC) of 0.85, index of agreement (IOA) as 0.90, and root mean square error (RMSE) of 0.45°C with respect to AMSR2 observations. The simulated surface Chl-a concentration is compared with a merged satellite product (OC-CCI). A positive CC of 0.57 and IOA = 0.50 with RMSE = 0.10 mg m–3 between model simulation and observation of Chl-a concentration over BoB region is observed, which indicates that the model reasonably captures the Chl-a concentration pattern.

The Chl-a concentration of 2019 (pre-pandemic) is subtracted from that of 2020 (pandemic) for the respective months over the BoB and AS (Figure 2). In addition, the model-simulated difference (2020 minus 2019) of surface Chl-a concentration is compared against the observed difference of Chl-a concentration for the same from OC-CCI observations. It can be inferred from the figure that the Chl-a concentration differences are reasonably well captured by the model over both the regions. In the coastal regions along the east coast of India, the Chl-a concentration found to decrease in both the model and observations during the pandemic period (2020) as compared with the non-pandemic period (2019). On the other hand, the Sri Lanka dome observes higher Chl-a concentration during the pandemic period as compared with 2019. In the CBoB, high Chl-a was observed in May during the pandemic time. This increase in Chl-a concentration is associated with the tropical cyclone Amphan in the BoB from May 16 to 21, 2020. With the wind speed of 130 Knots, it was one of the most severe cyclones in the BoB after the Odisha super cyclone. The cyclonic wind stress leads to surface Ekman mass divergence, which supports the supply of nutrients to the euphotic zone and enhances the primary productivity. The high Chl-a concentration is noticed in both the model and observations during May 2020 (Figures 2A–H) over the northern parts of the BoB.
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FIGURE 2. Chlorophyll-a (Chl-a) concentration difference (milligram per cubic meter) from pandemic period (March–June of 2020) to pre-pandemic period (March–June of 2019) from the observations (rows 1 and 3) and model simulations (rows 2 and 4) over the BoB (rows 1 and 2) and western Arabian Sea (WAS) (rows 3 and 4). The red rectangular boxes [in panel (A)] are chosen for the vertical profile analysis, and the red (sky blue) continuous line [in panel (I)] represents the 1,000 m isobath section in Somalia (Oman) coast used to study the vertical profiles.




Changes in the Arabian Sea

The model-simulated SST and Chl-a concentration compared well with the observations over the AS domain. The model-simulated SST has a positive CC of 0.89 with IOA = 0.91 and RMSE = 0.5∘C. Whereas the statistics for surface Chl-a concentration over the AS were found to be CC = 0.49, IOA = 0.58 with an RMSE of 0.18 mg m–3. Given the complexity of simulating the coupled physical-biogeochemical processes, the statistics of Chl-a concentration against observations are reasonably good in the current study. Particularly, the phytoplankton biomass regions are well simulated. Moreover, the results presented in this study are based on the inter-comparison of the model-simulated Chl-a concentration during the pandemic-time against the non-pandemic period. The OC-CCI observations show a decrease in Chl-a concentration in the WAS during March–April of the pandemic period as compared with normal (2019) (Figures 2I–P). The model simulations also resemble this decrease in Chl-a concentration in the WAS. However, the Chl-a concentration increased in the May–June period of the pandemic. Offshore along the Oman coastline, the Chl-a bloom (i.e., the high concentration of Chl-a) persisted throughout the March–June period of the pandemic.

There is an impact of the pandemic on the SST in the NIO. The SST is found to be 0.5°C lower in the pandemic period than the non-pandemic period in both the observations and model (Figure 3). This reduction in SST could be due to multiple factors, such as a change in the cloud cover, changes in surface and advective heat fluxes, and changes in atmospheric CO2 and aerosol loading during the pandemic year (Al Shehhi and Abdul Samad, 2021). These regions are found to have high rapid warming trends (Reid et al., 2009; Roxy et al., 2016). Comparing the Chl-a concentration (Figure 2) and SST (Figure 3), the SST reduction coincides with an increase in Chl-a concentration over both the regions in the NIO. This could be associated with the oceanic uptake of atmospheric CO2 and enhancement of photosynthesis process due to the reduction in SST. Along the coastal regions of Somalia, warmer SST was observed in March–April during the pandemic year. However, with the reversal of winds, the SST reduced over WAS along Somalia coastline during May–June. This reduction in SST could be associated with the initiation of the coastal upwelling process at the Somalia coast. On the other hand, colder than normal SST (Figures 3I–P) observed along the Oman coast during March–April of the pandemic year, which is accompanied with high Chl-a concentration off the Oman coast (Figures 2I–P).
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FIGURE 3. Sea surface temperature (SST) difference (degree centigrade) from pandemic period (March–June of 2020) to pre-pandemic period (March–June of 2019) from the observations (rows 1 and 3) and model simulations (rows 2 and 4) over the BoB (rows 1 and 2) and WAS (rows 3 and 4).




Signatures of the Pandemic Impact From in situ Observations

Figures 4A–D shows the time-depth vertical profiles measured from the RAMA moored buoy (90°E, 12°N) in the BoB. Additionally, the model-simulated profiles are shown for comparison. The model-simulated temperature and salinity profiles agree well with the buoy measurements (statistics of model validation is provided in Table 2). During the non-pandemic period, higher temperature and salinity are noticed in the upper-oceanic layers as compared with the pandemic period. Figures 4E–L) shows the time-depth validation of upper ocean temperature, salinity, Chl-a concentration, and dissolved oxygen are from the in situ measurements of a Bio-Argo float (WMO ID: 2902264) deployed in the CBoB. A comparison is made between the model simulations and the bio-Argo observations (Figures 4F,H,J,L). It can be seen from the figure that the model-simulated parameters along the trajectory of the Bio-Argo float are well reproduced (as shown in Table 2 for statistics). During the pre-pandemic period, the upper ocean was warmer up to a depth of 50 m as compared with the pandemic time.
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FIGURE 4. Time-depth section of temperature and salinity from RAMA buoy location at 90°E, 12°N (A,C) in the BoB compared with model-simulated temperature and salinity over the same location (B,D). The observed temperature, salinity, Chl-a concentration, and dissolved Oxygen (E,G,I,K) from the Bio-Argo float (WMO ID. 2902264) in the central BoB compared with the model-simulated parameters along the trajectory of float (F,H,J,L).



TABLE 2. The correlation coefficient (CC) and root mean square error (RMSE) for model-simulated parameters against in situ measurements (shown in Figure 4).
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Impact of Atmospheric Aerosols/Dust and Ocean Processes

Figures 5A–D shows the difference of AOD over the BoB for the pandemic and non-pandemic periods. The AOD difference along the east coast of India shows a slight decrease during March–April of the pandemic period. Further, the effect of tropical cyclone Amphan on the aerosol loading is noticed in terms of a negative value in the difference plots. Figures 5E–H shows the difference (pandemic – pre-pandemic) of aerosol loading from the AP region in March–June which is associated with the stronger wind speed and dust storms in this region. Except in March, the rest of the pandemic shows a high AOD due to this wind-driven aerosol loading. These aerosols settle on the ocean surface which is favorable for the supply of nutrients in the upper ocean. This could be a reason for the observed high Chl-a concentration (Figures 2I–P) over this region during the pandemic period. To demonstrate the role of winds in dust transport, the difference in surface wind speed from pandemic to pre-pandemic period is shown in Figure 6. The wind vectors in the figure show the climatological (2013–2020) winds for the respective months over the BoB, and AS derived from ERA5 reanalyssis data. The figure shows stronger than normal westerly winds from desert regions to the AS in May of the pandemic period.
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FIGURE 5. Difference (pandemic – pre-pandemic) in aerosol optical depth over the BoB (A–D) and WAS (E–H).
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FIGURE 6. Difference of wind speed (shaded, in meter per second) over the BoB (A–D) and WAS (E–H) for the year 2020 to 2019 (i.e., pandemic – pre-pandemic period) overlaid with climatological mean (2013 to 2020) wind vectors for respective months derived from ERA5 reanalysis data.


The atmospheric aerosols (dust) deposition is responsible for providing macronutrients and micronutrients to the open ocean (Fung et al., 2000; Gabric et al., 2002; Jickells et al., 2005). The phytoplankton growth is observed in heavy dust event time due to the availability of micronutrients content in the dust (Wang et al., 2012). Figures 7A–D shows the low dust amount deposition along the coast during March of the pandemic. This is also one of the reasons for the lack of supply of nutrients in the ocean over the WAS in March (Figures 7E–H). The dust deposition increased during April–June which supplied nutrients to the open ocean favoring high Chl-a concentration. The sea salt surface concentration along the east coast of India (WBoB) is shown in Figure 8. It shows negative values from March–June. Over the CBoB, a high concentration of sea salt is observed in May, which could be due to strong winds prevailed during the passage of cyclone Amphan. The AS also observed a high concentration of sea salt during May–June of the pandemic year (Figures 8E,F).
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FIGURE 7. Difference (pandemic – pre-pandemic) in dust mass concentration (×10– 6 kg m– 3) over the BoB (A–D) and WAS (E–H).
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FIGURE 8. Difference (pandemic – pre-pandemic) in sea salt concentration (×10– 6 kg m– 3) over the BoB (A–D) and WAS (E–H).


Figures 9A–D shows a decline in NO2 concentration along the east coast of India during the pandemic which altered coastal nitrogen inputs (Mishra et al., 2020). This reduction in NO2 is attributed to the reduced anthropogenic activities which could be a reason for the drop of Chl-a concentration in the WBoB coastal region (Figure 2A–H). Figures 9E–H shows positive values of NO2 over the AP during the pandemic time which contributed to nitrogen input in the ocean. Figure 10 shows model-simulated nitrate concentration averaged from 0 to 75 m. Nitrate is the primary nutrient for the growth of phytoplankton. During March–June along the east coast of India, low nitrate availability results in low Chl-a concentration (as noticed in Figures 2A–H). At the same time, Sri Lanka dome and CBoB have high nitrate which is conducive for the high Chl-a concentration over these regions.
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FIGURE 9. Difference (pandemic – pre-pandemic) in NO2 concentration (×1015 mole cm– 2) over the BoB (A–D) and WAS (E–H).
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FIGURE 10. Difference (pandemic – pre-pandemic) in model-simulated Nitrate (NO3) concentration (micromolperkilogram) averaged from surface to 75 m depth over the BoB (A–D) and WAS (E–H).


Since the lockdown-driven reduced anthropogenic inputs primarily affect the coastal ocean, three analyses regions in the BoB are selected as Box1 (85°-87.5°E, 19°-19.5°N), Box-2 (80.6°-83°E, 12°-15°N), and Box3 (82°-90°E, 4°-9°N). The locations of these analyses regions are marked by red boxes in Figure 1. Figure 11 shows the time-depth section of the difference of pandemic to pre-pandemic period (year 2020 minus 2019) of model-simulated Chl-a, temperature, and nitrate in the BoB averaged over Box1, Box2, and Box3 regions in the BoB. In the Box1 region (northwestern coastal BoB), warmer temperature and negative anomaly of subsurface Chl-a concentration observed during April–June of pandemic. Similarly, the Box2 region in western coastal BoB shows a decrement in Chl-a concentration during the pandemic period with respect to pre-pandemic conditions. This decrease in Chl-a concentration is attributed to the reduced anthropogenic emissions during the lockdown and, hence, a lack of micronutrients in the upper ocean. In the Box3 region (in southern BoB off Sri Lanka), Chl-a concentration was abundant at a depth of 20–50 m during pandemic. In May, a reduction in SST and increase in Chl-a concentration (by more than 0.5 mg m–3) were observed due to Amphan cyclone-induced upwelling in the Box3 region. The Sri Lanka dome experiences upwelling by early May due to change in wind direction. A Chl-a bloom can be seen in mid-May to the end of June over the dome region in Box3.
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FIGURE 11. Time-depth section of the difference of pandemic to the pre-pandemic period (the year 2020 – 2019) of model-simulated Chl-a concentration, temperature, and nitrate in the BoB averaged over (A–C) Box1 (85°E-87.5°E, 19°N-19.5°N), (D–F) Box2 (80.6°E-83°E, 12°N-15.5°N), and (G–I) Box3 (82°E-90°E, 4°N-9°N) regions. Box1, Box2, and Box3 are marked in Figure 1.


The latitudinal sections across the Oman coast (as shown in Figure 1 as blue contour) for the model-simulated Chl-a concentration, temperature, and nitrate are shown in Figures 12–14, respectively. At the northern part of the Oman coast, intense Chl-a blooms are observed in the pre-monsoon. In the northern Oman coast during March of the pandemic, the upper ocean Chl-a concentration shows a positive difference with respect to normal (Figure 12I), low warming (Figure 13I), and enough nutrient supply (Figure 14I). In April–May, the Oman coast experienced low productivity due to weaker winds and increase in SST. The weaker winds reduced the convective mixing leading to a reduction of nitrate concentration. During May–June, the reversal of monsoon winds triggers the mixing and at the same time, the coastal upwelling supports the supply of nutrients from the subsurface to the surface leading to Chl-a bloom.
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FIGURE 12. Evolution of model-simulated Chl-a concentration along the 1,000 m isobath off Oman coast (as shown in Figure 1): (A–D) during the pre-pandemic period (March–June, 2019), (E–H) pandemic period (March–June, 2020), and (I–L) Chl-a concentration difference (pandemic–pre-pandemic period).
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FIGURE 13. Evolution of model-simulated temperature profile along 1,000 m isobath off Oman coast (as shown in Figure 1): (A–D) during the pre-pandemic period (March–June, 2019), (E–H) pandemic period (March–June, 2020), and (I–L) temperature difference (pandemic–pre-pandemic period).
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FIGURE 14. Evolution of model-simulated nitrate profile along 1,000 m isobath off Oman coast (as shown in Figure 1): (A–D) during the pre-pandemic period (March–June, 2019), (E–H) pandemic period (March–June, 2020), and (I–L) nitrate concentration difference (pandemic – pre-pandemic period).


The model-simulated Chl-a concentration, temperature, and nitrate across the latitudinal cross-sections along the Somalia coast (as shown by a red contour in Figure 1) are shown in Figures 15–17, respectively. The summer-time strong coastal upwelling in the northern part of the Somalia coast led to the intense phytoplankton bloom (high Chl-a concentration) present in the northern part of the transect (Figure 15I). However, the Chl-a concentration drops in the region of the Southern Gyre. This reduction in Chl-a concentration could be due to the weaker frontal system (Smith and Codispoti, 1980; Chatterjee et al., 2019). In May along the Somalia coast, high Chl-a concentration (Figure 15K), negative temperatures difference (Figure 16K), and the presence of nutrient-rich waters in the upper ocean (Figure 17K) were observed. Overall, during the COVID-19 pandemic, the northern part of the Somalia coast showed high productivity in the upper ocean water column due to low temperatures, high aerosol/dust deposition, and a sufficient supply of nutrients.
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FIGURE 15. Evolution of model-simulated Chl-a concentration along the 1,000 m isobath off Somalia coast (as shown in Figure 1), (A–D) during the pre-pandemic period (March–June 2019), (E–H) pandemic period (March–June, 2020), and (I–L) Chl-a concentration of 2019 are subtracted from 2020 with respected months (March–June).
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FIGURE 16. Evolution of model-simulated temperature along the 1,000 m isobath off Somalia coast (as shown in Figure 1), (A–D) during the pre-pandemic period (March–June 2019), (E–H) pandemic period (March–June, 2020), and (I–L) difference in temperature (2020–2019) for respected months from March to June.
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FIGURE 17. Evolution of model-simulated nitrate along the 1,000 m isobath off Somalia coast (as shown in Figure 1), (A–D) during the pre-pandemic period (March–June 2019), (E–H) pandemic period (March–June, 2020), and (I–L) difference in nitrate concentration (2020 – 2019) for respected months from March to June.


A schematic diagram shown in Figure 18 summarizes various atmospheric and oceanic processes involved in the formation of phytoplankton biomass leading to a high Chl-a concentration. The wind-blown dust from the desert regions and its long-range transport, mineral dust, and other aerosols in the marine boundary layer gets deposited on the sea surface. These aerosol and dust particles provide essential nutrients in the upper ocean, resulting in phytoplankton biomass. The wind-driven mixing, ocean subsurface processes (i.e., coastal upwelling), and cycling of dissolved gases and nutrients from one form to another constitute and regulate the overall primary productivity of the ocean.
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FIGURE 18. Schematic diagram showing various physical and biogeochemical processes governing the oceanic phytoplankton biomass. The transport and deposition of aerosol and dust on the sea surface and its influence on the biogeochemical processes in the ocean are also shown.





CONCLUSION

An ocean physical-biological coupled model along with available satellite and in situ observations is used to access the impact of the lockdown due to the COVID-19 pandemic on the upper-ocean characteristics in the NIO. The differences observed in oceanic physical parameters (temperature and salinity) and biogeochemical parameters (Chl-a concentration, nutrients, dissolved oxygen, etc.) in the COVID-19 pandemic period of March–June 2020 as compared with the non-pandemic reference period of March–June 2019 are examined. The model shows a good comparison with the satellite-derived Chl-a concentration (CC = 0.57 and RMSE = 0.10 mg m–3 in BoB; CC = 0.49 and RMSE = 0.18 mg m–3 in the AS) and in situ measurements from a moored RAMA buoy and a bio-Argo float in the BoB (statistics shown in Table 2). Larger differences between the pandemic and pre-pandemic conditions are observed in the coastal regions of the north-western AS, in the Sri Lanka dome region, and along the east coast of India. In the WBoB, the Chl-a concentration decreased during March–April of the pandemic period. The coastal BoB regions along the east coast of India show a decrement in Chl-a concentration associated with the reduced anthropogenic activities during the pandemic period. Similarly, there was a decrease in Chl-a concentration in the WAS during March–April of the pandemic year, which increased thereafter when the aerosol/dust loading increased due to dust storms over this region (supported by wind anomaly and AOD analysis). The SST is found to be 0.5°C lower in the pandemic period than in the non-pandemic period. The enhanced AOD and dust deposition during May 2020 was found to enhance the ocean phytoplankton biomass through an increased supply of nutrients in the surface waters of WAS. The high Chl-a concentration (increment by > 0.5 mg m–3) over the Sri Lanka dome is associated with the change in wind direction in May. During March of the pandemic year, there was a positive difference (with respect to normal year) in Chl-a concentration associated with ample supply of nutrients in the northern Oman coast. The coastal waters along northern Somalia experienced high phytoplankton biomass during the pandemic period.
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Variable Dataset Spatial resolution Temporal resolution Source

Chl-a concentration OC-CCl 4 km x 4 km 2019-2020 https://www.oceancolour.Org

SST AMSR2 0.25° x 0.25° 2019-2020 https://las.incois.gov.in/las

AOD MODIS-Agua 1° x 1° 2019-2020 https://giovanni.gsfc.nasa.gov/giovanni/
NO2 OMI 0.25° x 0.28° 2019-2020 https://giovanni.gsfc.nasa.gov/giovanni/
DUSMASS MERRA-2 0.5°x0.625° 2019-2020 https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2
SSSMASS MERRA-2 0.5%%0.625% 2018-2020 https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2

Winds ERA5 25 km x 25 km 2019-2020 https://cds.climate.copernicus.eu/
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Basin CHL TSS PZD

WBLE 3 (0.036) 5 (0.069) 9 (0.208)
SBLH 0 (0.028) 0(0.012) 3 (0.036)

Significant results, assessed against an alpha value of 0.05, are marked in bold.
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Median anomaly (%) CHL TSS PZD

WBLE —-18.9 —42.3 25.3
SBLH 40.4 —54.3 23.9
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Median anomaly (%) LST River Discharge Wind Speed
WBLE -8.4 -46.3 (21.2) -10.2
SBLH -5:5 -51.5 -1.8

For WBLE discharge, Maumee River discharge is listed first and Detroit River
discharge is in parentheses.
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Basin Average Population Percent Landcover (%)

Density (people/km?)
Agriculture Forest Urban
WBLE 169.4 79.9 6.8 8.2
SBLH 66.7 58.7 31.3 3.1

Population data comes from the United States American Community Survey
(US Census Bureau, 2016) and the Canadian Census (Statistics Canada, 2019).
Population density was calculated as the total population within each watershed
divided by the watershed area. Landcover data came from the Climate Change
Initiative (European Space Agency [ESA], 2018), with landcover groupings based
on the International Panel on Climate Change (IPCC) classes (European Space
Agency [ESA], 2017.
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WBLE (N = 113) SBLH (N = 20)

Mean Range Mean Range

CHL (mg/m?®) 20.7 0.8-96.4 9.9 2.6-22.0
Secchi disk depth (m) 1.3 0.2-4 1.5 1-2
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Place Salinas Manta
Surveys Run 1 (n = 69) Run 2 (n = 75) Total Run 1 (n = 36) Run 2 (n = 52) Total
(n =144) (n=88)
Question Answer % % % % % %
Qi Yes 98.6 98.7 98.6 (2) 86.1 86.5 86.4 (7)
No 1.4 1.8 1.4 (2 13.9 13.5 13.6(7)
Q2 It is cleaner 44.6 49.6 471 (8) 43.8 43.0 43.3(10)
There are less plastic 26.8 29.2 28.0(7) 35.9 34.4 35.0 (10)
More transparent 28.6 21.2 24.9 (7) 20.3 22.6 21.7 (9)
Q3 Yes 971 96.0 96.5 (3) 97.2 96.2 96.6 (4)
No 29 4.0 3.5() 2.8 3.8 3.4 (4)
Q4 Yes 88.4 89.3 88.9 (5) 91.7 92.3 92.0 (6)
No 1.6 10.7 11.1(5) 8.3 7.7 8.0 (6)
Q5 Fish in general 62.5 61.8 62.1(8) 52.9 60.3 57.1(10)
Sharks 1.8 22 1.8(2) 0.0 0.0 0.0
Manta-ray 5.0 4.5 4.7 (3) 3.9 29 3.4 (4)
Dolphins 20.0 191 19.5 (6) 29.4 235 26.1(9)
Whales 6.3 7.9 714 1.8 1.8 11.8(7)
Others 5.0 4.5 4.7 (3 2.0 1.5 1.7(3)
Q6 Contamination, garbage, new cases of COVID-19 (Salinas)/Garbage, insalubrity, new cases of COVID-19 (Manta)
Q7 Yes 92.8 90.7 91.7 (4) 91.7 90.4 90.9 (6)
No 02 9.3 8.3 (4) 8.3 9.6 9.1 (6)
Q8 Average 2.2 2.2 2.2 2.8 3.0 2.91
Q9 Average 45 4.4 45 4.3 4.3 4.29
Q10 Yes 282 - 232 () 61.1 - 61.1 (10)
No 76.8 - 76.8 (7) 38.9 - 38.9(10)
Qi1 Academic 31.9 32.0 31.9(8) 0.0 3.8 2.3 (4)
Research 29 4.0 3.5(8) 2.8 1.9 2.3 (4)
Tourism 1.6 10.7 11.1(5) 8.3 115 10.2 (6)
General citizen 53.6 53.3 53.5 (8) 88.9 82.7 85.2 (7)

Run 1 (15th May) and Run 2 (21st July), 2020. Numbers in brackets are confidence interval (+).
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Place Galapagos

Surveys Run1 Run2 Total Run1 Run2 Total
(n=15) (n=32) (n=15) (n=32)
(n=47) (n =47)
Questions Answer Amount Amount Amount % % %
Q1 Yes 11 24 35 73.3 75.0 74.5(12)
No 4 8 12 26.7 25,0 25.5(12)
Q2 Average  4.05 8.55 3.8
Q3 Yes 7 13 20 46.7 40.6 42.6(14)
No 8 19 27 53.3 59.4 57.4(14)
Q4 Average  3.94 3.28 3.61
Q5 Yes 9 22 31 60.0 68.8 66.0(12)
No 6 10 16 40.0 31.3 34.0(12
Q6 Yes 10 19 29 66.7 59.4 61.7(12)
No 5 13 18 33.3 40.6 38.3(12)
Qr Average 41 3.24 3.67
Q8 Yes 11 19 30 73.3 59.4 63.8(14)
No 4 18 17 26.7 40.6 36.2(14)
Q9 Yes 1 19 20 6.7 59.4 42.6(14)
No 1 29 30 6.7 90.6 63.8(14)
Q10 Yes
No 1 29 30 6.7 90.6 63.8(14)
Q11 Tourism 12 20 32 80.0 625 68.1(13)
Academy 0 4 4 0.0 12.5 8.5 (8)
Merchant 3 5 8 20.0 15.6  17.0(11)
Fishery 0 3 3 0.0 9.4 6.4 (7)

Run 1 (15th May) and Run 2 (21st July), 2020. Numbers in brackets are confidence
interval (£).
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Station no. Parameters 2014-2018 2020
Min Max  Average SD

1 ag412 0.17905 0.20314 0.19109 0.01703 0.3602

Mouth So75_005  0.02334 0.02408 0.023668 0.000384 0.02135
Sk 1.26847 1.48971 1.383101 0.122477 1.326

2 ag412 0.2722  0.44148 0.32942 0.06595 0.55504

Mouth So75_005  0.01924 0.02336 0.02102 0.001563 0.0202
Sk 1.18972 1.55941 1.37900 0.155057 1.228

3 ag412 0.23929 0.56665 0.407868 0.149157 0.28069

Mid-stream So75_205  0.01914 0.02308 0.02125 0.001656 0.0222
Sk 1.21985 1.42375 1.287512 0.083397 1.194

4 ag412 0.49788 0.74953 0.628748 0.097134 0.24746

Mid-stream So75_205  0.01908 0.02093 0.02026 0.000619 0.02192
Sk 1.096551 1.30576 1.205558 0.074799 1.056

b ag412 0.55367 0.6653  0.620984 0.051910 0.7125

Mid-stream So75_005  0.01944 0.02202 0.02043 0.00101  0.01582
Sr 1.10698 1.24580 1.15349 0.05447 0.902

6 ag412 0.5485 0.64202 0.60764 0.046274 0.82798

Upstream So75—005  0.01993 0.02104 0.020345 0.000557 0.0202
SR 1.06246 1.30981 1.176908 0.093584 1.122
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Region April mean K4(490) (m=1)

Long-term During stringent lockdown Observed reduction Percentage reduction (%) Negative Anomaly RMSD
CPFH 0.5837 0.5290 0.05 8.62 0.0665
EP 0.6956 0.5780 0.12 1714 0.1255
EC 0.7732 0.6757 0.11688 11.69 0.07958
CE 0.7552 0.6305 0.13 17.10 0.1001

AE 0.725 0.559 0.17 23.28 0.1217
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Month Long-term (ug m~3) 2020 Year (g m—3) Observed reduction (1.g m—3) Percentage reduction (%)
PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10

Adyar (residential zone)

February 28 54.79 23 46.38 5 8.41 17.86 15.35

March 2221 61.19 19.43 45.57 2.78 156.62 12.54 25.53

April 17.69 34.58 13.38 24.75 4.31 9.8 24.38 28.43

May 19.43 47.19 13.86 31.57 5.57 15.62 28.68 33.1

Nungampakkam (commercial zone)

February 35.87 100.63 26.75 51.88 9.13 48.75 25.44 48.45

March 33.31 99.63 24.63 55.88 8.69 43.75 26.08 43.91

April 27.19 86.08 17.38 28.25 9.81 57.83 36.09 67.18

May 25.75 84.94 18.50 34.83 725 50.11 28.16 58.99

Manali (industrial zone)

February 107.28 N/A 67.54 N/A 39.74 N/A 37.05 N/A

March 105.06 53.64 51.42 48.94

April 53.07 28.86 24.28 45.63

May 70.78 39.36 31.36 44.34
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Region April mean SPM (g m—3)

Long-term During stringent lockdown Observed reduction Percentage reduction (%) Negative Anomaly RMSD
CPFH 8.91 7.58 1.38 15.48 2.21
EP 13.41 8.38 5.03 37.50 4.85
EC 13.30 9.57 3.73 28.05 3.59
CE 13.16 10.23 2.93 22.26 2.46

AE 12.48 8.24 4.24 33.97 3.70
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Site Coastal region HTA/LTA

A Central region HTA
B SouthNorthemregion  HTA
C  SouthCentralregon  HTA
) Southern region HTA
E Ambergris Caye LTA
F Caye Caulker LTA

0.679
0.806
0.082
0.600
0.131
0.567

January  February

0.374
0.866
0.250
0.968

0.353

March

0.987
0.164
0.230
0.423
0.504
0.481

April

0.705

0.483
03138

Wilcoxon test p-values

May

0.429
0.165
0.063
0.382

June

0.895
0.988
0.359
0.403

July

0.6561
0.479
0.852
0.590

August  September

0.269
0.250
0.113

0.787

0.982
0.83

0.591
0.162

October

0.067

0.496

0.419
0.178

November

An asterisk is used to denote p-values less than 0.05. Orange highlighting indicates the Ky(490) in 2020 was lower than that in previous years. Green highlighting shows
where K4(490) was higher in 2020 than in previous years.
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