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Long-Term Trends and Impact of SARS-CoV-2 COVID-19 Lockdown on the Primary Productivity of the North Indian Ocean
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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.

Keywords: North Indian Ocean, primary productivity, chlorophyll-a, COVID-19 lockdown, climate change


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,
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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.


[image: image]

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.
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