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Abstract

:

This study investigates spatiotemporal changes in air pollution (particulate as well as gases) during the COVID-19 lockdown period over major cities of Bangladesh. The study investigated the aerosol optical depth (AOD) from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra and Aqua satellites, PM2.5 and PM10 from Copernicus Atmosphere Monitoring Service (CAMS), and NO2 and O3 from TROPOMI-5P, from March to June 2019–2020. Additionally, aerosol subtypes from the Cloud-Aerosol Lidar and Infrared Pathfinder (CALIPSO) were used to explore the aerosol types. The strict lockdown (26 March–30 May 2020) led to a significant reduction in AOD (up to 47%) in all major cities, while the partial lockdown (June 2020) led to increased and decreased AOD over the study area. Significant reductions in PM2.5 (37–77%) and PM10 (33–70%) were also observed throughout the country during the strict lockdown and partial lockdown. The NO2 levels decreased by 3–25% in March 2020 in the cities of Rajshahi, Chattogram, Sylhet, Khulna, Barisal, and Mymensingh, in April by 3–43% in Dhaka, Chattogram, Khulna, Barisal, Bhola, and Mymensingh, and May by 12–42% in Rajshahi, Sylhet, Mymensingh, and Rangpur. During the partial lockdown in June, NO2 decreased (9–35%) in Dhaka, Chattogram, Sylhet, Khulna, Barisal, and Rangpur compared to 2019. On the other hand, increases were observed in ozone (O3) levels, with an average increase of 3–12% throughout the country during the strict lockdown and only a slight reduction of 1–3% in O3 during the partial lockdown. In terms of aerosol types, CALIPSO observed high levels of polluted dust followed by dust, smoke, polluted continental, and clean marine-type aerosols over the country in 2019, but all types were decreased during the lockdown. The study concludes that the strict lockdown measures were able to significantly improve air quality conditions over Bangladesh due to the shutdown of industries, vehicles, and movement of people.






Keywords:


COVID-19; aerosols; particulate matter; ozone; CALIPSO












1. Introduction


The novel infectious disease Coronavirus, also known as COVID-19, is caused by the SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2). It was first identified in December 2019 in Wuhan province, China [1]. The disease later spread to other parts of Asia, Europe, Africa, and the USA. The COVID-19 outbreak was declared a pandemic by the World Health Organization [2] on 12 March 2020. The global death toll was 2,116,714 and active corona cases were 25,683,638 (dated: 23 January 2021) [3]. South Asia, with almost a quarter of the world’s population, has been severely affected by the pandemic. The eight South Asian countries had 285,979 active cases and 177,276 deaths linked to COVID-19 up to 23 January 2021. The World Bank’s latest Global Economic prospects predict a decline in the gross domestic product (GDP) of 2.7% in 2020 across this region [4] as COVID mitigation measures impede consumer and service activities. Additionally, uncertainty about the course of the pandemic is bound to hamper health as well as the economy.



As the world’s eighth-most populous country, with nearly 2.2% of the global population, Bangladesh is a low–middle income nation struggling to fight transmission of the disease. On 7 March 2020, the Bangladesh government announced the first case of COVID-19 in the nation [5] and implemented aggressive actions to control the spread of the virus. The first strict lockdown was implemented from 26 March 2020, which was then further renewed until 30 May 2020 in many cases [6]. This lockdown prohibited all forms of transportation, be it by air, sea, and road, for regional as well as international travel [5]. The lockdown, implemented to control the spread, resulted in self-isolation, decreased outdoor activities, and suspension and closure of transportation and industrial sectors. Consequently, this strategy to combat the pandemic has influenced the pollution concentration and significantly contributed to reductions in several sources of pollution [7].



In recent decades, rapid growth in urbanization and industrialization have affected the environmental health of Bangladesh. Previous studies have reported the air quality index (AQI) to be severely impacted by fine particulate matter from vehicular emissions and construction activities [8,9,10,11]. The AQI values on several occasions have exceeded the national ambient standards in Dhaka and Chittagong, which are ranked among the world’s top ten most polluted cities during the dry season (i.e., November to April) [8,9]. This recession period in degrading global air pollution provides a great opportunity to study processes and implications of future policies to reduce air pollution.



Global studies from different scientific groups have reported improvement in the air quality during this pandemic period [7,12,13,14,15,16,17,18,19,20,21,22]. For example, a reduction of 8% and 42% in particulate matter (PM2.5 and PM10) was observed over Europe and Wuhan (China), respectively [23]. Sharma et al. [22] reported that lockdowns over 22 Indian cities reduced PM2.5 by 43% and PM10 by 31%. Substantial declines in PM2.5 levels were also observed during lockdowns in March 2020 in Dubai (11%), Delhi (35%), Mumbai (14%), Beijing (50%), Shanghai (50%), New York (32%), and Los Angeles (4%) [14]. Kumar et al. [7] also reported significant reductions in PM2.5 during lockdown periods in India from March to May 2020, for Chennai (19–43%), Delhi (41–53%), Hyderabad (26–54%), Kolkata (24–36%), and Mumbai (10–39%). In India, particulate pollution was also significantly reduced, with an approximately 43% decline in PM2.5 in March 2020 compared to the previous year. Sharma et al. [22], and Mahato et al. [21] reported declines of nearly 50% in PM2.5 and PM10.



However, to date, very few studies associated with COVID-19 and air quality over Bangladesh have been conducted. An attempt to study the response of air quality in Chittagong city during the early phase of lockdown has been presented in the work of Masum and Pal [9]. The study has reported a significant reduction in both gaseous as well as particulate pollutants. For example, a significant reduction of 40%, 32%, and 13% was observed in PM2.5, PM10, and NO2 respectively, during the COVID-19 lockdown compared to the mean concentrations of previous dry seasons. Additionally, the improvement (reduction) in the air quality index was found to have been 26% compared to the previous eight years (2012–2019) during the dry season. Reduction in particulate matter pollution is also reported in another study over Dhaka city; the results indicate that the mean PM2.5 concentration decreased by around 23% in 2020 compared to the mean concentration in 2019 [24]. Despite a limited number of studies to date, the results are indicating a significant improvement in the air quality during the COVID-19 shutdown in Bangladesh. Several studies have been conducted over Bangladesh to reveal the socioeconomic impacts of COVID-19 and assess the severity of COVID-19 to control the spread of the virus throughout the country [5,25,26,27]. Apart from these, Islam et al. [26] examined air pollutants (NO2, SO2, CO, and O3) in Bangladesh using data from February to May in 2019 and 2020. These studies showed the impacts of nationwide lockdown measures on air quality in Bangladesh.



This research intends to fill the gaps of previous studies in nine major cities (Dhaka, Rajshahi, Chattogram, Sylhet, Khulna, Barisal, Bhola, Mymensingh, and Rangpur) of Bangladesh during the period March to June in 2019 and 2020, providing a complete picture of air quality impacts across the country. The main objectives of the current study are, firstly, to examine the spatiotemporal changes of air pollution data (AOD, PM2.5, PM10, NO2, and O3) during the 2020 lockdown (26 March–30 May) and partial lockdown (June) in all major cities of Bangladesh, and thus across Bangladesh generally, and secondly, to discover aerosol types and their specific changes during the study period.




2. Materials and Methods


2.1. Study Area


The study focuses on Bangladesh, which is located in tropical Southeast Asia between 20°34′ and 26°38′ N and 88°01′ and 92°42′ E (Figure 1). Bangladesh is surrounded by India on three sides (west, north, and northeast), Myanmar to the southeast, and the Bay of Bengal to the south. It has eight distinct administrative divisions (Dhaka, Rajshahi, Chattogram, Sylhet, Khulna, Barisal, Mymensingh, and Rangpur). The climate of Bangladesh exhibits warm temperatures, high humidity, and subtropical monsoons with varying precipitation. Meteorologically, the country has four distinct seasons: pre-monsoon (March–May); summer or monsoon (June–September), post-monsoon (October–November), and dry winter (December–February). Its unique geographic location and the complex hydrogeologic setting make the country one of the most vulnerable to global climate change, with recurring floods, cyclones, droughts, tornadoes, and storm surges. Furthermore, due to its high population density, the country is recognized as an air pollution hotspot in the Indo-Gangetic Plains region [28]. Two major sources of air pollution in Bangladesh are vehicular and industrial emissions [29]. However, industrial expansion in Bangladesh is the key driver of economic growth, contributing more than 35% of GDP [30]. Apart from these, another emerging and major source of air pollution in Bangladesh is brick kilns, especially during the dry season [31]. Over the past decades, Bangladesh has been recognized as one of the world’s most polluted countries. The world air quality report (2019) by IQ Air confirmed that Bangladesh was the most polluted country in 2019, and Mamun et al. [32] reported some major sources of air quality deterioration in Bangladesh to be long-range transported pollutants from cities within Bangladesh including Dhaka, Narayanganj, Gazipur, Rajshahi, Chattogram, and Khulna (Figure 1).




2.2. Data


A combination of multi-sensor and reanalysis data were used to investigate the air pollution scenarios over Bangladesh from March to June in 2019 and 2020. The air pollution parameters used in this study included aerosol optical depth (AOD), aerosol subtypes, particulate matter concentrations (PM2.5 and PM10), tropospheric NO2, and total column O3.



2.2.1. Aerosol Optical Properties (AOD, Aerosol Subtypes)


The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra (10:30 a.m. local time) and Aqua (01:30 p.m. local time) satellites measures aerosols and clouds properties with high accuracy. The MODIS Level 3 data have been widely used in past studies over China [33,34,35,36,37]. In this study, the Terra and Aqua MODIS DTB monthly AOD (550 nm) aerosol products were obtained from GIOVANNI (https://giovanni.gsfc.nasa.gov/giovanni/ accessed on 1 July 2020) to analyze the spatiotemporal variation in AOD over Bangladesh.



The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite carry the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument to measure aerosols’ vertical information and three-dimensional aerosol properties during both day and night over the globe. The aerosol lidar ratio is an important parameter of aerosol extinction retrieval, which can identify aerosol subtypes based on cluster analysis of a multiyear Aerosol Robotic Network (AERONET) dataset, [38,39]. Therefore, the CALIPSO aerosol subtypes profile has been documented as more accurate compared to other measurements [40]. In this study, the vertical distribution of aerosol subtypes was investigated using the CALIPSO level 1 lidar images [V3-30] (URL: https://www-calipso.larc.nasa.gov/products/lidar/browse_images/exp_index.php accessed on 20 July 2020). Spatial variations in the aerosol subtypes were also studied using the CALIPSO lidar level 3 tropospheric aerosol profiles, cloud-free data, and Standard V4-20 data (URL: https://search.earthdata.nasa.gov/ accessed on 20 July 2020). A detailed description of the level 3 product, aerosol classification, and the lidar ratio selection algorithm is given by Kim et al. [41].




2.2.2. PM2.5 and PM10


This study also used PM2.5 and PM10 data at a spatial resolution of 0.25° × 0.25° and an hourly time scale, from the Copernicus Atmosphere Monitoring Service (CAMS) model over Bangladesh, during the study period. The CAMS PM values have been shown to fit well with ground station measurements [42]. The most recent global reanalysis data collection of atmospheric composition and air quality is the CAMS near-real-time reanalysis [43], which demonstrates an unparalleled degree of accuracy and space-time resolution.




2.2.3. NO2 and O3 Pollutant Data


The TROPOspheric Monitoring Instrument (TROPOMI) aboard the Sentinel-5 Precursor satellite (also known as Sentinel-5P) was used for assessing the spatiotemporal evolution of tropospheric NO2 and the total ozone column (O3). The TROPOMI is a passive hyperspectral nadir-viewing imager [44]. Sentinel-5P is a near-polar orbiting sun-synchronous satellite with an equatorial crossing time of 13:30 LT and a repeat period of 17 days, at an altitude of 817 km in an ascending node. The Level 2 Sentinel-5P TROPOMI-based tropospheric NO2 and O3 at 1-Orbit with a resolution of 7 × 3.5 km (5.5 × 3.5 km since 30 April 2018) product was obtained. Only those measurements with a data quality value of QA > 0.75 were considered, to disqualify scenes with cloud fraction > 0.5, and other scenes flagged with errors or problematic retrieval [45].





2.3. Research Methodology


The study adopted the following step-by-step methodology: (i) monthly spatial distribution maps of NO2, O3, PM2.5, and PM10 were generated from the daily observations from March to June 2019 and 2020; (ii) temporal analysis was performed for nine major cities of Bangladesh (Dhaka, Rajshahi, Chattogram, Sylhet, Khulna, Barisal, Bhola, Mymensingh, and Rangpur) based on the monthly MODIS AOD, CAMS (PM2.5 and PM10), and TROPOMI-5P (NO2 and O3) datasets.



To report the differences in air quality conditions during the COVID lockdown and the previous year (2019) for the same months, the relative changes (RC) were calculated (Equation (1)) [33]:


   Relative   Change  =    (    par 2020   − par 2019   par 2019    )  × 100  



(1)




where par2020 is the parameter values in 2020 and par2019 is the parameter values in 2019. For RC, the year 2019 is considered as one in which air quality, especially in Bangladesh, where government measures to control pollution have operated in recent years [46], has improved recently. Therefore, it would be better to compare with the most recent year (2019) rather than the long-term average, which may represent considerably poorer air quality than in 2019 and 2020. While this may potentially overestimate any improvement effects of the COVID lockdown on air quality, the improvements were reported only for particulate pollution, and changes over a single year are considered to have a little impact [47].





3. Results


3.1. Spatiotemporal Distributions of AOD


Figure 2 and Figure 3 show the spatial and temporal scenarios of Terra (10:30 a.m., local time) and Aqua (01:30 p.m., local time) MODIS monthly DTB AOD, over Bangladesh during the COVID-19 lockdown. A substantial spatial contrast in AOD was observed during the 2020 strict lockdown period (26 March–30 May) and partial lockdown (June) in all the major cities of Bangladesh (Figure 2). Remarkably, over the three months (March–May 2020) strict lockdown restrictions led to a substantial decrease in AOD from both Terra and Aqua, which varied from 1% to 47% in the major cities (Figure 2 and Figure 3). However, during the partial lockdown in June, AOD generally decreased, but a few cities showed an increase (Figure 2 and Figure 3). Specifically, Terra-based AOD decreased by 15–36% in Dhaka, Rajshahi, Khulna, Barisal, Bhola, and Mymensingh, and increased by 8% in Rangpur, while Aqua AOD showed a decrease of 3–18% in Dhaka, Chattogram, Barisal, Bhola, and Khulna, and an increase of 0.041–20% in Mymensingh, Rajshahi, Rangpur, and Sylhet (Figure 2 and Figure 3). The increasing AOD during partial lockdown may be attributed to fewer restrictions on essential transportation, and less control of industrial activity during the partial lockdown. A drastic reduction in aerosol loadings during the strict lockdown over India due to the shutdown of non-essential industries and a decrease in road-vehicles [21,22,48] suggests a corresponding reduction in other pollutants (especially PM2.5 and PM10).




3.2. Spatiotemporal Distributions of PM2.5 and PM10


Figure 4 and Figure 5 show the spatial and temporal scenarios of CAMS-based monthly PMx (x = 2.5 and 10) and greater spatial variation in PMx was evident between the nine major cities of Bangladesh. As with AOD, significantly lower PM2.5 and PM10 were also evident in the major cities of Bangladesh during the 2020 strict lockdown (March–May) and partial lockdown (June) compared to 2019 (Figure 4). Notably, PM2.5 was reduced during both the 2020 strict lockdown (March–May) and partial lockdown (June), which varied between 37% and 77% among the cities, while the reduction in PM10 fluctuated substantially between 28% and 73% (Figure 4 and Figure 5). Besides, the PM2.5/PM10 ratio varied from 6% to 25% for major cities (Rajshahi, Chattogram, Sylhet, Khulna, Barisal, Bhola, Mymensingh, and Rangpur) during the 2020 strict lockdown and partial lockdown (Figure 6). This result revealed a substantial decrease in anthropogenic activities that are responsible for fine particulates pollution. However, Dhaka’s actually increased by 58% in June due to improper implementation of lockdown, with emissions from controlled industries and emergency vehicles (Figure 6).




3.3. Spatiotemporal Distributions of NO2 and O3


Nitrogen oxides (NOx) are mainly released in the form of NO from industries, power plants, residential heating, and vehicle exhausts [49], and they then form NO2 through the oxidation process. NO2 is known as a tracer of anthropogenic combustion activities and precursor of nitrate aerosols and ozone [50]. NO2 can cause respiratory diseases and asthma [19], and damages the environment through the production of acid rain [50]. As expected, like AOD and PM2.5 (PM10), a substantial spatial contrast in NO2 and O3 (1015 molec/cm2) was observed in all the major cities of Bangladesh during the 2020 strict lockdown (March–May) and partial lockdown (June) compared to 2019 (Figure 7). Remarkably, NO2 decreased by 3–25% in Rajshahi, Chattogram, Sylhet, Khulna, Barisal, and Mymensingh, although in Dhaka, Bhola, and Rangpur it increased by 4–22% in March 2020 compared to 2019. On the other hand, ozone (O3) increased between 8% and 12% over the country (Figure 8). As expected, NO2 also decreased between 4% and 43% in Dhaka, Chattogram, Khulna, Barisal, Bhola, and Mymensingh and increased between 4% and 40% in Sylhet, Rajshahi, and Rangpur during April 2020 when compared to 2019, while O3 increased between 4% and 6% throughout the country. During the strict lockdown in May 2020, NO2 also decreased between 12% and 42% in Rajshahi, Sylhet, Mymensingh, and Rangpur, and increased by 1–66% in Dhaka, Chattogram, Khulna, Barisal, and Bhola, while O3 increased between 3% and 5% over the country. On the other hand, NO2, during the partial lockdown was also reduced between 9% and 35% in Dhaka, Chattogram, Sylhet, Khulna, Barisal, and Rangpur, and increased between 1% and 5% in Bhola and Mymensingh, while a slight reduction in O3 (1–3%) was observed over the country (Figure 8).



Section 3.1, Section 3.2, Section 3.3 and Section 3.4 have shown a substantial decrease in air pollution, indicated by a decrease in the aerosol optical properties AOD, as well as reduced PM and NO2 concentrations, in most of the major cities of Bangladesh during the lockdown period. However, concentrations of O3 increased in some parts of the country. Based on these findings, this study further investigates how these changes relate to changes in specific aerosol types, in order to demonstrate how the lockdown effect has influenced the general aerosol types over the region.




3.4. Changes of Aerosol Subtypes


As the aerosol optical properties from the ground-located aerosol robotic network (AERONET) are not available in Bangladesh for classifying aerosol types, the present study used the CALIPSO (daytime) level 1 aerosol subtypes profile (vertical column distribution) to investigate the aerosol types over the study area. Therefore, the CALIPSO aerosol subtype profiles were obtained over different cities of Bangladesh for the available dates, 29 March 2020, 3 and 11 April 2020, 2 and 7 May 2020, and 2 June 2020, respectively. Besides, the study used level 3 CALIPSO-based spatial distribution of aerosol subtype profiles from March to May in 2019 and 2020 to investigate the changes in specific aerosol subtypes during the strict lockdown in major cities of Bangladesh. Results represent aerosol types such as dust, smoke (carbonaceous aerosols), polluted dust (a mixture of dust and smoke), polluted continental, and clean marine, for up to ~5 km from the surface over Bangladesh (Figure 9). Remarkably, the polluted dust-type aerosols were found to dominate throughout the country, compared to dust and smoke-type aerosols (Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15). Similar to what was found for AOD, PM2.5, and PM10, significantly lower levels of dust-type aerosols were also observed in the major cities of Bangladesh during the 2020 strict lockdown (March–May) when compared to 2019 (Figure 10). As expected, the dust-type aerosols decreased by 67% to 95% over most parts of the country during the strict lockdown months of March to May 2020, except for April 2020. However, an increase of 40% to 67% was observed in Mymensingh, Rangpur, and Sylhet (Figure 11). In terms of polluted dust-type aerosols, a substantial decrease of between 8% and 67% was evident during the strict lockdown over most parts of Bangladesh during the strict lockdown months of March and April. A slight increase of 15% was noted in May (Figure 12 and Figure 13). On the other hand, smoke-type aerosols decreased between 17% and 73% over most parts of the country during the 2020 strict lockdown month of April when compared to 2019, but showed surprisingly large increases of 40% and 600% during the 2020 lockdown months of March and May, respectively (Figure 14 and Figure 15). Improper implementation of the strict lockdown allowed some random operation of brick kilns, open burning of solid waste, and agricultural residue, which may explain this increase in smoke-type aerosols. The above indicates that all types of aerosol decreased over the study area because of the effects of lockdown restrictions on local emissions (the low traffic of only emergency vehicles and people’s movements with their activities).





4. Discussion


Through the spatial analysis of air pollution (AOD, PM2.5, PM10, NO2, and O3), the study found that air pollution was impacted by COVID-19 policy interventions. Through time series analysis, the study observed that air pollution (AOD, PM2.5, PM10, and NO2) presented substantial decreases during the strict lockdown throughout the country, while the O3 increased. The observed increase in ozone during the lockdown and a slight decrease during the partial lockdown is thought to be due to a combination of factors. The weather in Bangladesh during the lockdown periods was mostly sunny, resulting in increased ozone formation, but was mostly cloudy during the partial lockdown, which can limit the oxidizing process, resulting in decreased ozone formation. Nichol et al. [33] reported that a combination of several factors might be responsible for the increased production of secondary pollutants (especially ozone). For example, a decrease in NOx results in increased ozone formation, thereby increasing the oxidizing capability of the atmosphere, and allowing the production of secondary pollutants (nitrates, sulfates, and organic compounds) or it could also be a result of the VOC/NOX ratio [51]. The production of secondary pollutants involves condensation around existing particles or new particles, and the resulting particulate compounds comprise mainly sulfates, nitrates, and organic compounds, which are less absorbing in nature. Besides, high relative humidity stimulates the formation of secondary particulates, which are always above 40% over the country (not shown). In addition, it is true that NOx contributes to O3 formation during the day, but this process is not so important in winter. Reduced traffic emissions lead to a decrease in NOx, thus leading to an increase in nighttime NO3 and O3 formation; i.e., the lower NOx concentrations allow O3 to remain in the atmosphere. This increase in atmospheric oxidizing capacity resulted in an increase in the formation of secondary organic and inorganic particulates [52,53].



In contrast, during the partial lockdown, the study found that patterns of air quality parameters (AOD, PM2.5, PM10, and NO2) resulted in both increases and decreases in air pollution levels throughout the country, while O3 showed a slight decrease. This accords with the findings of Zhang et al. [50], who reported that NOx levels were regained in some Chinese provinces due to relaxing of the COVID-19 intervention policies. Along with AOD, PM2.5, PM10, and NO2, the concentrations of CALIPSO-based aerosol types (dust, polluted dust, and smoke) were also reduced due to COVID-19 policy interventions throughout the country. It is therefore concluded that the COVID-19 policy interventions improved the air quality in Bangladesh by reducing the AOD, PM2.5, PM10, and NO2 concentrations, and increasing the O3 in the major cities.




5. Conclusions


The current paper investigated the spatiotemporal fluctuations in air pollution over major cities of Bangladesh from March to June 2019 and 2020, using data from MODIS (AOD), TROPOMI-5P (NO2, O3), and the CAMS model (PM2.5, PM10).



The monthly spatial distributions of AOD, PM2.5, PM10, NO2, and O3 showed significant differences throughout the country during both the 2020 lockdown (March–May) and partial lockdown (June) when compared to the previous year, 2019.



During the 2020 strict lockdown, the monthly time series of AOD and particulate matter (PM2.5, PM10) showed significant variations throughout the country, but overall a significant reduction in aerosol loadings was observed. Furthermore, the NO2 in March 2020 was found to have both decreased (in Rajshahi, Chattogram, Sylhet, Khulna, Barisal, Mymensingh) and increased (in Dhaka, Bhola, and Rangpur). In April it decreased (in Dhaka, Chattogram, Khulna, Barisal, Bhola, and Mymensingh) and increased (in Rajshahi, Rangpur, and Sylhet), while in May it decreased (in Rajshahi, Sylhet, Mymensingh, and Rangpur) and increased (in Dhaka, Chattogram, Khulna, Barisal, and Bhola). On average, O3 increased throughout the country. This decrease and increase in NO2 may be related to lack of implementation of the lockdown or the emissions from essential transportation, controlled industrial activity during the lockdown, natural sources, and meteorological factors, resulting in an increase in NO2 during the strict lockdown.



The 2020 partial lockdown led to a significant increase and decrease in AOD and NO2 except for PM2.5 and PM10 decreased, resulting in a slight reduction in O3 averaged over the country. CALIPSO satellite analysis indicates that the aerosol types in order of magnitude during the study period were polluted dust, dust, and smoke, polluted continental, and clean marine over Bangladesh. However, the strict lockdown led to a substantial decrease in their concentrations.
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Figure 1. Map of Bangladesh with major industries located in different cities (adapted from Banglapedia, URL: http://en.banglapedia.org/index.php/Industrialisation#/media/File:Industry.jpg; accessed on 25 February 2021); (a) is a map of major industries and (b) a map of Bangladesh with major divisions with red circles showing the major cities or divisional cities in Bangladesh, with industries. Boxes indicate major industries located in Dhaka, Chattogram, Rajshahi, Khulna, Barisal, and Sylhet. 
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Figure 2. Terra (Column 1–2) and Aqua (Column 3–4) Moderate Resolution Imaging Spectroradiometer (MODIS) DTB monthly AOD at 550 nm in major cities of Bangladesh from March–June in 2019 and 2020. Monthly averages were obtained from all available pixels over the month and blank areas represent no data. 
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Figure 3. Temporal changes in MODIS DTB-based monthly AOD (550 nm) obtained from Terra (Column 1–2) and Aqua (Column 3–4) in major cities of Bangladesh from March–June in 2019 and 2020. 
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Figure 4. CAMS monthly PM2.5 (Column 1–2) and PM10 (Column 3–4) in major cities of Bangladesh from March–June 2019 and 2020. Monthly averages as obtained from all available pixels over the month. Unit of PM2.5 and PM10 is μg/m3. 
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Figure 5. Temporal changes in monthly CAMS-based PM2.5 (Column 1–2) and PM10 (Column 3–4) in major cities of Bangladesh from March–June 2019 and 2020. 
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Figure 6. Temporal changes in monthly ratios of PM2.5/PM10 in major cities of Bangladesh from March–June 2019 and 2020. 
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Figure 7. Sentinel-5P onboard TROPOMI-based monthly NO2 (Column 1–2) and O3 (Column 3–4) in major cities of Bangladesh from March–June 2019 and 2020. Monthly averages as obtained from all available pixels over the month. The unit of NO2 and O3 is 1015 molec/cm2. 
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Figure 8. Temporal changes in monthly NO2 (Column 1–2) and O3 (Column 3–4) from TROPOMI-5P in major cities of Bangladesh from March–June 2019 and 2020. 
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Figure 9. CALIPSO-derived aerosol subtypes over the major cities of Bangladesh from March to June 2020. N/A = not applicable, 1 = clean marine, 2 = dust, 3 = polluted continental, 4 = clean continental, 5 = polluted dust, 6 = smoke. 
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Figure 10. CALIPSO-derived Dust-type aerosol over major cities of Bangladesh from March to May in 2019 and 2020. 
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Figure 11. Temporal changes of CALIPSO-derived dust-type aerosol over major cities of Bangladesh from March to May in 2019 and 2020. 






Figure 11. Temporal changes of CALIPSO-derived dust-type aerosol over major cities of Bangladesh from March to May in 2019 and 2020.



[image: Remotesensing 13 00877 g011]







[image: Remotesensing 13 00877 g012 550] 





Figure 12. CALIPSO-derived polluted dust-type aerosol over major cities of Bangladesh from March to May in 2019 and 2020. 
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Figure 13. Temporal changes of CALIPSO-derived polluted dust-type aerosol over major cities of Bangladesh from March to May in 2019 and 2020. 
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Figure 14. CALIPSO-derived smoke-type aerosol over major cities of Bangladesh from March to May 2019 and 2020. 
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Figure 15. Temporal changes of CALIPSO-derived smoke-type aerosol over major cities of Bangladesh from March to May 2019 and 2020. 
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