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A B S T R A C T

Following the COVID-19 restrictions, there was a sharp decline in global air quality and related 
environmental metrics. Due to the limited availability of in situ atmospheric data in Bangladesh, 
this study collected data on various air pollutants (NO2, SO2, CO, and PM2.5), greenhouse gases 
(CO2, CH4, and O3), as well as meteorological variables like Land Surface Temperature (LST), 
Relative Humidity (RH), Precipitation, surface albedo and Aerosol Optical Depth (AOD) from 
different datasets by Google Earth Engine (GEE), the International Energy Agency (IEA), NASA 
Giovanni, and NASA Power Access Viewer, covering periods before (2019), during (2020), and 
after (2021–2023) the COVID-19 lockdown in Bangladesh. GIS-based assessment alongside 
Principal Component Analysis (PCA) has been performed to explore the patterns, trends and 
correlations among the observed variables. Results showed in 2020 compared to 2019, NO2, SO2, 
CO, PM2.5, and CO2 concentrations decreases by 1.94, 16.67, 1.95, 2.08, and 6 %, respectively, 
while CH4 and O3 continued to rise. Meteorological variables exhibited a 0.16 ◦C decreases in 
LST, 6.4 % increases in RH, a 6 % reduction in AOD, and 6.36 % declines in surface albedo. Post- 
lockdown in 2021, air pollutants surged (NO2, SO2, CO, and PM2.5 increases by 17.3, 23.6, 0.6, 
and 8.3 %, respectively), with CO2, LST, and AOD rising by 8.5 %, 0.13 ◦C, and 8.3 %, and a slight 
0.46 % decrease in RH compared to 2019 due to resuming more economic activities, trans
portation and industrial production works. The years 2022–2023 saw slight improvements in 
most variables except CH4, though concentrations did not revert to those of 2019. The findings of 
correlation coefficients revealed that pollutants and GHG are highly correlated with the meteo
rological variables specially with RH. This study underscores the substantial shifts in atmospheric 
variables from pre-to post-lockdown periods, offering valuable insights for more effective man
agement of the greenhouse effect and air pollution control strategies.

1. Introduction

On December 31, 2019, the first human cases of a severe acute respiratory syndrome coronavirus (SARS-CoV-2), known as COVID- 
19, were detected in Wuhan City, China [1–3]. The World Health Organization (WHO) declared the novel coronavirus disease a 
pandemic on March 11, 2020 [4]. Globally, there have been 704,753,890 confirmed coronavirus cases, 7,010,681 deaths, and 75,619, 
811 recoveries [5]. As of May 19, 2024, Bangladesh has a population of 174,492,465, ranking 8th globally, with a density of 1329 
people per km2, 40.9 % urban population, a median age of 27.1 years, and a total land area of 130,170 km2 and there have been 2,049, 
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377 coronavirus cases and 29,493 deaths [5,6].
Urban air quality has emerged as a critical concern for city dwellers worldwide, driven by its profound impacts on health, ecology, 

and climate change [7–9]. As urban development intensifies, the associated risks increase [10], further complicating efforts to mitigate 
air quality issues. Additionally, bioclimate comfort varies across different altitudes and land uses within urban areas, influencing the 
overall livability of cities [11]. Notably, bio-comfort is closely tied to air quality conditions, underscoring the interconnectedness of 
environmental factors and human well-being in urban settings [12]. Unfortunately, the COVID-19 lockdowns, which significantly 
limited human activities, can be viewed as a naturally controlled experiment with notably reduced air pollutant emissions. However, 
the formation of atmospheric pollutants remains complex, influenced by emissions and meteorological conditions [13–15]. This re
striction worldwide has notably enhanced air quality, wildlife sightings, water quality, and reduced noise pollution; however, chal
lenges such as increased non-biodegradable waste from surgical masks and protective equipment usage persist during the pandemic 
[16–18].

During the lockdowns in Wuhan, China (starting January 23, 2020) and Southampton, UK (starting March 23, 2020), nitrogen 
dioxide (NO2) concentrations dropped by nearly 63 % and 92 %, respectively, and particulate matter (PM) in Wuhan reduced by 35 %, 
with minimal effects on sulfur dioxide (SO2) and carbon monoxide (CO) compared to the same period from 2017 to 19 [19]. In that 
time, NO2 concentrations decreased while O3 concentrations consistently increased at all stations, a paradoxical situation since O3 is 
formed through photochemical reactions involving NOx and volatile organic compounds [20]. In the UK, overall traffic was reduced by 
69 %, resulting in mean NO2 reductions of 38.3 % and PM2.5 reductions of 16.5 %, while O3 concentrations increased by 7.6 % 
compared to the same period during 2017–19 [21]. Another study [22] in Six Megacities in China shows that the lockdown reduced 
ambient NO2 concentrations by 36–53 % during the most restrictive periods but also led to increased O3 concentrations. By analyzing 
the air quality data from 87 of the world’s capital, industrial, and polluted cities, in 2020, AQI-PM2.5, AQI-PM10, and AQI-NO2 
decreased by 7.36 %, 17.52 %, and 20.54 % respectively, compared to 2019, but in 2021, they increased by 4.25 %, 9.08 %, and 7.48 
%, with temperature and relative humidity inversely correlating with these AQI measures [23].

Urban heat islands (UHIs), a significant human-driven climate alteration, have become a critical issue globally, drawing substantial 
research attention in recent times [24–27]. Previous research has highlighted notable reductions in UHIs and Land Surface Tem
perature (LST) in various cities, including Tehran [28], New Delhi [29], and major cities in the Middle East [30]. Between 2013 and 
2022, a study in Turkey examined LST and UHI alongside their influencing parameters through remote sensing techniques [31]. 
During lockdown periods in China, over 300 megacities experienced a reduction in surface UHI intensity by 0.25 K during the day and 
0.23 K at night, compared to reference periods [32]. Similarly, a linear regression analysis conducted over the last 30 years in Turkey 
identified the factors associated with LST, normalized difference vegetation index (NDVI), and normalized difference built-up index 
(NDBI) [33]. Another study noted the impact of vegetation and built-up areas on LST, as well as the effects of LST on human health, 
emphasizing the intricate relationship between urban development and environmental health [34]. Furthermore, research in mega
cities across Pakistan shows that limitations on transportation within urban areas led to a noticeable reduction in LST [35].

Bangladesh’s economic growth, among the fastest globally, is heavily driven by industrial expansion, with the industrial sector 
contributing over 35 % to GDP and averaging a 13 % annual growth rate [36,37]. The Government of Bangladesh (GoB) declared 
special “general leave” from 26 March in the name of “lockdown” and extended it up to May 30, 2020 in seven different time slots [38]. 
The period from December 2020 to the end of February 2021 saw the lowest rate of infections since the outbreak of the pandemic. The 
positivity rates remained below five percent for the first time from mid-January to early March [39]. The lockdown restrictions in 
Bangladesh from February 1 to May 30 of 2019 and 2020, SO2 and NO2 concentrations dropped by 43 % and 40 % respectively, while 
tropospheric O3 increased by over 7 % [40]. The major cities of Bangladesh have seen a notable rise in the number of motorized 
vehicles increasing each year. In Dhaka, for example, the motor vehicle population has surged significantly, with growth rates of 7–16 
% over the past decade [41]. Consequently, these urban centers have encountered significant air pollution challenges compared to 
other regions of the country [42]. Dhaka, in particular, stands out as one of the most polluted cities nationally and ranks as the third 
most polluted megacity globally [43,44]. In this city, ground- and satellite-based data from March 8 to May 15, 2020, showed declines 
of 26 % (PM2.5), 20.4 % (NO2), 17.5 % (SO2), 9.7 % (O3), and 8.8 % (CO) during the partial and full lockdown compared to the 
pre-lockdown period [45].

Existing research worldwide, including in Bangladesh, has yet to comprehensively address the combined effects of post-lockdown 
years of COVID-19 on air pollutants, greenhouse gases, and meteorological variables. This study aims to conduct a thorough remote 
sensing-based analysis of changes in air pollutants (NO2, SO2, CO, and PM2.5), greenhouse gases (CO2, CH4, and O3) meteorological 
variables (LST, RH, Precipitation, surface albedo, and AOD) in Bangladesh by comparing data from before, during, and after the years 
of COVID-19 lockdown to understand the impact of lockdowns on environmental dynamics and average in their concentrations. 
Additionally, this study uses Principal Component Analysis (PCA) to examine the interrelationships among atmospheric variables, 
identifying the strength and direction (positive or negative) of correlations. The approach provides a clearer understanding of how 
these variables interact, highlighting key drivers of atmospheric variability.

2. Methodology adopted

2.1. Study area

Bangladesh, officially known as the People’s Republic of Bangladesh, is located in South Asia at 24◦ 00′ N latitude and 90◦ 00′ E 
longitude shown in Fig. 1. It ranks as the eighth-most populous country globally and is one of the most densely populated, with nearly 
170 million people living in an area of 148,460 square kilometers (57,320 square miles). This results in a population density of 1156.84 
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people per square kilometer. Dhaka, the capital and largest city, is the country’s political, industrial, financial, and cultural hub. 
Bangladesh has a tropical climate, featuring a mild winter from October to March and a hot, humid summer from March to June. The 
country has never experienced temperatures below 0 ◦C (32 ◦F), with the lowest recorded temperature being 1.1 ◦C (34.0 ◦F) in 
Dinajpur on February 3, 1905 [46].

A hot and humid monsoon season prevails from June to October, bringing most of the country’s rainfall. Bangladesh is notably one 
of the most climate change-vulnerable nations, facing natural disasters like floods, tropical cyclones, tornadoes, and tidal bores nearly 
yearly [47–49]. Vehicular air pollution significantly contributes to respiratory issues in urban Bangladesh. A World Bank report in
dicates that air pollution causes 15,000 deaths annually in the country. The National Institute of Diseases of the Chest and Hospital 
(NIDCH) (https://www.nidch.gov.bd/overviews) states that nearly seven million people in Bangladesh suffer from asthma, with over 
half of them being children.

2.2. Data sources

In a developing country like Bangladesh, the analysis of air pollutants, greenhouse gases, and meteorological variables is con
strained by the insufficient number of atmospheric monitoring stations, which hampers field measurements. As a result, this study 
leverages satellite-based data from diverse sources, allowing for a more comprehensive assessment of these critical environmental 
factors. Detailed information on the data sources can be found in Table 1. The concentrations of four air pollutants (NO₂, SO₂, CO, and 
O₃) and the greenhouse gas CH₄, provided by the European Space Agency’s Sentinel-5 Precursor TROPOMI mission [50]. It is a passive 
hyperspectral nadir-viewing imager aboard the Sentinel-5 precursor satellite and has been operational since July 2018 [51]. It pro
vides calibrated and near-real-time data from its nadir-viewing spectrometer, which can be utilized to assess air quality variables such 
as formaldehyde, aerosols, CO, NO2, and SO2 [52]. Studies by Griffin et al. [53] and Lorente et al. [54] have demonstrated that 
TROPOMI’s measurements correlate well with actual ground measurements and crowd-sourced air quality data. Additionally, land 
surface temperature data is sourced from Moderate Resolution Imaging Spectroradiometer (MODIS) details presented in Table 1. The 
MODIS Terra and Aqua satellites offer nighttime and daytime LST maps and charts with a daily temporal resolution and a spatial 
resolution of 1 km. All data were accessed via the Google Earth Engine (GEE) platform where pixels containing clouds were excluded.

Annual CO2 data, available from 1990 to 2021, was sourced from the International Energy Agency (IEA). This organization offers 
authoritative analysis, comprehensive data, policy recommendations, and solutions to ensure energy security and facilitate the global 
transition to clean energy. Other pollutants such as PM2.5, AOD, and AOT were obtained from NASA Giovanni. NASA Giovanni is an 
innovative online web tool developed by NASA to help researchers and the public explore and understand Earth science data. It’s user- 
friendly and doesn’t require special software, allowing easy access to a wide range of datasets. Giovanni’s features include generating 
plots, maps, and animations, making complex data easier to grasp. It’s valuable for studying climate, monitoring the environment, and 
validating satellite observations. Some previous studies by Prados et al. [55] explored Visualization and Interoperability of Air Quality, 
while Acker et al. [56] and Acker et al. [57] investigated Public Health and Weather Connections using NASA Giovanni data.

Fig. 1. Geographic location of study area (Bangladesh).
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The monthly and yearly mean data for relative humidity and Sky Surface Albedo were sourced from NASA Power Access Viewer 
(https://power.larc.nasa.gov/data-access-viewer/). It is a sophisticated online tool that helps users retrieve and visualize meteoro
logical and solar data developed by NASA’s POWER project, it supports climate research, renewable energy, and environmental 
monitoring by offering access to diverse datasets on surface meteorology and solar energy. Users can easily customize and download 
data on temperature, wind speed, precipitation, and solar radiation. Leonardo et al. [58] compared data from it with field mea
surements and found a satisfactory level of accuracy.

2.3. Data analysis

This study conducted a comprehensive GIS-based assessment alongside Principal Component Analysis (PCA) using MATLAB to 
explore the interrelationships among pollutants, greenhouse gases, and meteorological variables. GIS-based approach has been suc
cessfully applied in various regions worldwide, examining different air pollutants and meteorological conditions [59–61]. Data and 
imagery were extracted from multiple datasets, and GIS techniques facilitated detailed image evaluation, while PCA provided insights 
into the underlying correlations among the variables analyzed.

3. Results

This study considered three types of atmospheric variables: air pollutants, greenhouse gases, and meteorological variables. The 
results for each category are presented sequentially below. Table 2 and Fig. 2 (a) and (b) represented the year-wise concentrations of 
observed atmospheric variables in Bangladesh, highlighting their changes before (2019), during (2020), and after the lockdown 
(2021–2023).

Table 1 
Data Sources of different variables.

Parameter Dataset 
Provider

Data 
Availability

Satellites Dataset/Link Resolution

NO₂ ESA/ 
Copernicus

Jul-2018 to 
Aug-2024

S5P COPERNICUS/S5P/NRTI/L3_NO2 1113.2 m

SO₂ ESA/ 
Copernicus

Nov-2018 to 
Aug-2024

S5P COPERNICUS/S5P/NRTI/L3_SO2 1113.2 m

CO ESA/ 
Copernicus

Nov-2018 to 
Aug-2024

S5P COPERNICUS/S5P/NRTI/L3_CO 1113.2 m

O₃ ESA/ 
Copernicus

Nov-2018 to 
Aug-2024

S5P COPERNICUS/S5P/OFFL/L3_O3 1113.2 m

CH4 ESA/ 
Copernicus

Feb-2019 to 
Aug-2024

S5P COPERNICUS/S5P/OFFL/L3_CH4 1113.2 m

LST NASA LP 
DAAC

Feb-2000 to 
Aug-2024

MODIS MODIS/061/MOD11A1 1000 m

CO2 International 
Energy 
Agency (IEA)

1990 to 
2021

​ Htt ps://ww w.iea.org/data-and-statistics/data-tools/energy-statistics-data- 
browser? 
country=BANGLADESH&fuel=CO220emissions&indicator=CO2BySource

​

PM2.5 NASA 
Giovanni

Jan-1980 to 
Aug-2024

MERRA-2 
Reanalysis

https://giovanni.gsfc.nasa.gov/giovanni/ 
#service=TmAvMp&starttime=&endtime=&dataKeyword=PM2.5

0.6250

AOD NASA 
Giovanni

Oct-2004 to 
Aug-2024

OMI https://giovanni.gsfc.nasa.gov/giovanni/ 
#service=TmAvMp&starttime=&endtime=&dataKeyword=AOD

0.250

Table 2 
Yearly mean data of air pollutants, greenhouse gases, and meteorological variables from different sources.

Parameters Year

2019 2020 2021 2022 2023

Nitrogen Dioxide/NO2 (ng/m3) 0.078 0.076 0.091 0.084 0.086
Sulfur Dioxide/SO2 (ng/m3) 0.06 0.05 0.074 0.076 0.09
Carbon monoxide/CO (ug/m3) 0.043 0.042 0.043 0.041 0.042
Ozone/O3 (ug/m3) 0.118 0.121 0.122 0.124 0.122
Particulate Matter less than 2.5 μg/PM2.5 (ug/m3) 40.82 39.97 44.19 40.99 –
Aerosol Optical Depth/AOD 0.64 0.622 0.693 0.687 0.748
Aerosol Optical Thickness/AOT 0.615 0.606 0.665 0.668 0.712
Carbon Dioxide/CO2 (mol/mol dry air) 0.00041 0.00041 0.00042 – –
Methane/CH4 (ug/m3) 1886.3 1902.15 1915.94 1919.77 1945.29
Land Surface Temperature/LST (0C) 27.13 26.97 27.23 27.64 –
Surface Albedo 0.095 0.094 0.099 0.088 0.092
Relative Humidity/RH (%) 71.83 76.41 71.51 73.96 72.13
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3.1. Air pollutants

This study reveals a fluctuating trend in air pollutants such as NO₂, SO₂, CO, and PM2.5 from 2019 to 2023. Fig. 3(a) illustrates NO₂ 
concentration data, further detailed by the graphical representation in Fig. 4. Results showed a 1.94 % drop in NO₂ levels in 2020 
compared to 2019, likely due to reduced activity during the COVID-19 pandemic. However, this decline was short-lived, with NO₂ 
levels rising sharply by 19.63 % in 2021. In 2022 and 2023, concentrations slightly decreased but remained elevated compared to pre- 
pandemic levels. Seasonal variation is evident, as NO₂ levels typically decreases during winter and surge by 20–25 % in summer. A 
notable finding is that March 2021 recorded the highest NO₂ concentration (0.15 ng/m3). Fig. 4 also shows that the central region, 
particularly around the capital city, consistently exhibited high NO₂ concentrations (0.1–0.12 μg/m3), with the affected area 
expanding significantly post-pandemic.

Similarly, significant changes were observed in SO₂ (sulfur dioxide) concentrations, as shown in Fig. 3(b), with graphical details in 
Fig. 5. In 2020, during the restricted year, SO₂ levels dropped by 16.67 % compared to 2019. However, by 2021, SO₂ concentrations 
surged dramatically, rising 48.33 % from 2020 to 23.61 % from 2019. This upward trend continued in subsequent years, with SO₂ 
levels increasing by 2.5 % in 2022 and a further 18.5 % in 2023 relative to 2021. Fig. 5 reveals that the eastern region of the country 
experienced higher SO₂ concentrations compared to the west, with post-lockdown years showing a noticeable increase in emissions 
around the capital city.

The observed trends in CO concentrations from 2019 to 2023, as illustrated in Figs. 6(a) and 7, highlight the substantial impact of 
human activities on air quality. In 2020, CO levels fell by 1.95 % compared to 2019; however, as restrictions were lifted in 2021, CO 
concentrations rose by 2.6 %. This upward trend persisted, with a 1.8 % increase in 2023, despite a temporary decrease of 3.9 % in 
2022. Seasonally, CO levels typically peaked between March and May, which are known as the extremely hot months following winter 
in Bangladesh. Notably, observations indicate that CO concentrations are approximately 43 % higher in the immediate post-winter 
period than during the rainy season.

The annual mean PM2.5 concentrations further underscore the impact of lockdown and subsequent activities on air quality, as 
presented in Fig. 6(b). In 2020, the annual mean PM2.5 concentration dropped by approximately 2.03 % compared to 2019. However, 
this trend reversed in 2021, with PM₂0.5 levels rising by 10.6 %, followed by a 2.5 % increase in 2022 compared to 2020. Seasonal 
patterns revealed lower PM2.5 concentrations from late March through early September, while higher levels were recorded from 

Fig. 2. The changes of all observed variables compared to 2019 in the year (a) 2020 and (b) 2021.

Fig. 3. (a) Monthly and yearly mean NO2 Concentrations and (b)yearly mean SO2 Concentrations.
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November to February, corresponding with the dry winter season. Notably, the results indicate that winter concentrations are 
consistently nearly 50 % higher than those observed during the rainy season each year.

3.2. Greenhouse gases

This study analyzed the total and per capita CO2 emissions from fossil fuel combustion in Bangladesh shown in Fig. 8(a), focusing 
on three critical periods: pre-lockdown (2012–2019), during lockdown (2020), and post-lockdown (2021). In 2019, total CO2 

Fig. 4. NO₂ Concentration Across Bangladesh: Panels (a)–(e) illustrate the concentrations for the years 2019 through 2023, respectively.

Fig. 5. SO2 Concentration Across Bangladesh: Panels (a)–(e) illustrate the concentrations for the years 2019 through 2023, respectively.

Fig. 6. Monthly and yearly mean Concentrations of (a) CO and (b) PM2.5.
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emissions reached 90.9 Mt, marking a 2 % increase from 2018. During the lockdown in 2020, emissions decreased to 85.6 Mt, rep
resenting a 6 % reduction from 2019 concentrations. However, in 2021, emissions surged to 99 Mt, an 8.5 % increase from 2019 and a 
15.3 % rise compared to 2020. This figure clearly stated that CO2 emission is highly proportional to the year in Bangladesh without 
covid’19 restricted year, 2020.

In contrast, CH4 concentrations remained unaffected by the lockdown, displaying a steady annual increase of approximately 1 % ±
0.5 % shown in Fig. 8(b), with the most pronounced rise observed in 2023 presented in Fig. 9. A very nice linear correlation of CH4 

Fig. 7. CO Concentration Across Bangladesh: Panels (a)–(e) illustrate the concentrations for the years 2019 through 2023, respectively.

Fig. 8. (a) Total and per capita CO2 emissions from 2012 to 2021; Monthly and yearly mean Concentrations of (b) CH4 and (c) O3.
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concentration with time observed in this figure where correlation coefficient, R2 is 0.971, slope 11.6 μg/m3. y and intersect 1832 μg/ 
m3. In last 5-year years observation indicates that methane concentration increases almost 120 μg/m3 that almost 7 % increase from 
2019 to 2023. Observations also indicate that the central region of the country is more adversely affected than other areas.m3

There was a significant change in O₃ concentration across Bangladesh from 2019 to 2023, demonstrating a continuous upward 
trend from 2020 to 2022, as illustrated in Fig. 8(c). Specifically, O₃ concentrations increased by 2.7 % in 2020, followed by a 1 % rise in 
2021, and a further increase of 1.6 % in 2022. However, in 2023, a decline of 1.8 % was observed. Notably, the lowest increase in O₃ 
concentrations occurred in 2021, during the post-lockdown period, as depicted in Fig. 10. This figure also indicates that changes in O₃ 
concentrations were relatively slow in response to COVID-19 restrictions. Additionally, it highlights that the northern regions of the 
country exhibited higher O₃ concentrations throughout the observed years.

3.3. Meteorological variables

Relative humidity (RH) is a key factor influencing both atmospheric chemistry and the physical state of air pollutants. The lock
down period significantly impacted RH levels. This research indicated a notable increase in RH during 2020, as illustrated in Fig. 11(a), 
where values reached 76 %, reflecting a 6.4 % rise from 2019. Changes in the observed variables across three different years are 
depicted in Fig. 2(a) and (b). By 2021, RH levels returned to those seen in 2019. In the following two years (2022 and 2023), RH 
remained relatively stable, exhibiting only a slight fluctuation of 1–2% compared to the years 2019 and 2021. Additionally, the data 
suggests a significant increase in RH during the rainy season, reaching nearly 80 %, in contrast to the lower levels observed during 
winter, which are around 45 %.

This study examined LST across the country through two observation methods: monthly and annual LST for the entire year, as well 
as daily and monthly LST during the winter and summer seasons, as illustrated in Fig. 11(b). The findings indicated that the average 
yearly LST in 2020 decreases by 0.164 ◦C compared to 2019 shown in Fig. 12. In 2021, there was subsequent increases of 0.26 ◦C. 
However, in 2022, LST fell by 0.42 ◦C, with 2022 recording the lowest temperatures and 2021 the highest. Seasonal analysis revealed 
that 2021 marked the peak temperatures in both winter and summer, with averages of 24.08 ◦C and 30.14 ◦C, respectively. Conversely, 
the lowest winter and summer temperatures were recorded in 2020 and 2023, measuring 23.51 ◦C and 27.61 ◦C, respectively. Notably, 
the largest temperature difference between summer and winter occurred in 2021, at 6.06 ◦C, while the smallest difference was 3.87 ◦C 

Fig. 9. CH4 Concentration Across Bangladesh: Panels (a)–(e) illustrate the concentrations for the years 2019 through 2023, respectively.

Fig. 10. O3 Concentration Across Bangladesh: Panels (a)–(e) illustrate the concentrations for the years 2019 through 2023, respectively.
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in 2023.
Our study area demonstrated significant variations in albedo over the five-year period, consistent with established principles. In 

2020, albedo decreased by 0.9 % compared to 2019, likely attributed to reduced human activity during the COVID-19 lockdown, as 
shown in Fig. 13(a). In 2021, however, albedo increases markedly by 5.6 % relative to 2020. This trend reversed in 2022, when albedo 

Fig. 11. (a) Monthly Relative Humidity and precipitation and (b) Seasonal land surface temperature.

Fig. 12. Land Surface Temperature Across Bangladesh: Panels (a)–(d) illustrate the LST for the years 2019 through 2022, respectively.

Fig. 13. Monthly and yearly mean (a) Albedo and (b) AOD.
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experienced a substantial decline of nearly 11 % from the previous year. In 2023, there was a recovery with an increase of 4 % in albedo 
compared to 2022. Seasonal observations revealed that during the rainy season, from July to September, albedo values rose, while 
during the winter season, from December to February, it consistently dropped significantly almost every year.

Our study’s examination of Aerosol Optical Depth (AOD) from 2019 to 2023 reveals significant trends that are essential for un
derstanding the effects of various environmental and anthropogenic factors, as depicted in Fig. 13(b). The results indicates that 2020, a 
year characterized by global lockdowns due to the COVID-19 pandemic, saw only a marginal decrease in AOD compared to 2019, with 
a reduction of just 2.8 %.

In 2021, there was a significant increase in AOD, rising by 11.5 % compared to the previous year. The highest AOD recorded during 
our study period reached 0.748 μg/cm3 in 2023, reflecting a steady annual increase in aerosol concentrations, with the exception of the 
anomaly in 2020. Additionally, the lowest AOD concentrations were consistently observed during July and August each year, 
attributed to the rainy season.

4. Discussion

Air pollutants such as NO2, SO2, PM2.5, and CO primarily originate from motor vehicles (due to fossil fuel combustion), wood 
combustion, biomass burning, small businesses using combustion techniques, and industrial activities like brick kilns reported by 
Sariful et al. [21]. Some previous studies [40,62–66] conducted in various regions worldwide have found significant changes in air 
pollutant concentrations when comparing the days immediately before and during the COVID-19 lockdown period.

The reduction in the concentration of NO2 and SO2 in restricted year associated due reductions in industrial activities and vehicular 
emissions that is also conducted by Wang et al. [67]. The following of the restricted year (2021), a significant rise in concentration 
possibly due to the resumption of economic activities and increased industrial output post-lockdown [68,69]. In the next two year 
(2022 and 2023), concentration dropped from 2021 but continuously rise with respect to 2019. This variability may be attributed to 
intermittent policy measures, industrial activity changes, and the meteorological conditions average [70,71].

This seasonal trend contradicts findings from previous studies, such as those by Masiol et al. [72] and Squizzato et al. [73], which 
reported higher NO2 concentrations during winter months due to lower atmospheric dispersion and increased heating. This peak could 
be associated with specific events or activities during that period, such as industrial operations, agricultural burning, or meteorological 
conditions that favored the accumulation of pollutants [74,75]. Monthly observations indicate a significant drop in SO2 concentrations 
from June to October (Rainy season) each year. This seasonal decline is likely due to the scavenging effect of monsoon rains, which 
effectively remove SO2 from the atmosphere [72,73].

CO is a harmful air pollutant primarily Produced by incomplete combustion of carbon-based fuels. In 2020, its decrement observed 
likely due to the stringent lockdown measures that significantly curtailed transportation and industrial activities, leading to reduced 
fossil fuel combustion, a primary source of CO emissions [76,77]. However, in 2021, as restrictions eased and economic activities 
resumed, CO concentrations increased significantly from past two years. And continues increase in the following years observed due to 
industrial and agricultural activities those burn the larger amount of fossil fuel. This fluctuation underscores the impact of resuming 
economic activities on air quality [64]. Seasonally, CO concentrations peaked between February and April each year, correlating with 
increased vehicular emissions and agricultural burning post-harvest which is conducted by Venter et al. [52]. Menut et al. [3] found 
the significant reductions from June to October can be attributed to the monsoon season, which enhances pollutant dispersion.

In 2020, the yearly mean PM2.5 concentration decreased compared to 2019, reflecting the immediate impact of reduced industrial 
output and vehicular traffic during the lockdown [78]. However, in 2021 concentration increased from previous two year and this 
pattern is also found in previous study [52,79]. In rainy season, less concentration mainly due to the settlement of particulate matter by 
rain water. In winter, increased use of biomass for heating, and post-harvest agricultural residue burning, increase the overall con
centration, consistent with previous studies [80,81].

According to the International Energy Agency [82,83], global CO2 emissions from fuel combustion surged by almost 6 % in 2021, 
nearly reaching pre-pandemic concentrations. Fossil fuels dominated the energy supply, accounting for 80 % of the total, with oil at 
almost 30 %, coal at 27 %, and natural gas at 24 %. Coal was the largest contributor to global emissions at 44 %, followed by oil at 32 % 
and natural gas at 22 % [International Energy Agency, 2021]. Bangladesh is developing country, here the industrial transportation 
activities are growing very rapidly those are enhancing CO2 emission every year. But in 2020 a decrease in CO2 shows due to decreased 
industrial activities and transportation those minimized the burning of fossil fuel.

Results show the continuous increase in CH4. The agricultural sector a significant contributor to methane emissions, was not 
significantly curtailed during the lockdown, as food production remained a priority. Livestock farming, responsible for enteric 
fermentation, landfill, and rice paddies, a source of anaerobic decomposition, continued to emit methane at typical rates [84,85].

Additionally, the increased CH4 concentrations in 2023 could be linked to a rebound in economic activities post-lockdown, with 
intensified agricultural activities and waste generation contributing to higher emissions [86]. Moreover, natural feedback mecha
nisms, such as increased temperatures accelerating microbial processes in wetlands, may also play a role in enhancing methane 
emissions [87].

During the COVID-19 lockdown, transportation and industries slowed down, emissions of pollutants like nitrogen oxides (NOx) 
dropped. Normally, NOx reacts with other chemicals in the air to form ground-level ozone (O₃). But with less NOx around, the usual 
chemical reactions in the atmosphere shifted, sometimes causing O₃ levels to rise because there was less NOx available to break it down 
[72,73]. This trend aligns with previous studies [40,88,89] that observed similar increases in O3 concentrations during the COVID-19 
lockdown.

High RH concentrations can significantly enhance the secondary formation of aerosols, particularly sulfate and nitrate particles, by 
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providing the necessary water vapor for chemical reactions [90]. Conversely, low RH can lead to the evaporation of water from aerosol 
particles, reducing their size and potentially decreasing the overall particulate matter (PM) concentration found by Zhang et al. [91]. 
In the lockdown year, RH increase was likely due to the reduced industrial activity and transportation, which also led to notable 
reductions in air pollutants and GHGs which are mostly inversely correlated with RH shown in Fig. 14. Our findings show an inverse 
relationship of RH with most pronounced gases (NO2 and SO2) by lockdown, shown in Fig. 14. And the similar observations found by 
Finlayson-Pitts and Pitts [92] and Seinfeld and Pandis [93].

Pollutants and GHG are linearly correlated with LST that’s why may be in 2020 and 2021 the LST shows decreased and increased 
respectively. RH is another reason may be influenced the LST. Higher RH concentrations in 2020 likely contributed to the formation of 
secondary aerosols, while the reduction in pollutant emissions during the same period led to a decrease in LST. The subsequent in
crease in RH in 2021, combined with higher emissions of GHGs and other pollutants as economic activities resumed, resulted in higher 
LSTs.

Albedo, the measure of the reflectivity of the Earth’s surface, is a critical factor influencing local and global climate dynamics by 
affecting the energy balance and the urban heat island effect [94]. In the lockdown year, the reduction in activity led to decreased dust 
and particulate matter deposition on surfaces, which maintained relatively higher reflectivity [94,95]. In post lockdown, the sharp 
decrease may be linked to intensified urbanization and deforestation activities, which replaced reflective natural surfaces with darker, 
less reflective ones. In 2023, the rise potentially may be due to efforts in reforestation or changes in agricultural practices that increased 
the reflectivity of the land surface.

The observed average in albedo is closely linked to fluctuations in air pollutant and GHG concentrations. The increase in GHG 
emissions, particularly carbon dioxide (CO2) and methane (CH4), contributes significantly to global warming, which alters weather 
patterns and subsequently impacts surface albedo studied by Pielke et al. [95]. Furthermore, changes in land use and urbanization, 
which directly affect albedo, also serve as sources of air pollutants. This directly connects the observed changes in albedo to broader 
environmental and climatic shifts, highlighting the interconnectedness of human activities, atmospheric composition, and climate 
dynamics [94].

This minor reduction of AOD in 2020 suggests that despite the substantial reduction in human activities such as industrial oper
ations and vehicular traffic during the lockdown, the overall aerosol load in the atmosphere was not significantly affected. This could 
be attributed to the persistence of other sources of aerosols such as agricultural activities, natural dust, and biomass burning which 
continued unabated during the lockdown period. In 2021, the surge can be linked to the resumption of economic activities and in
dustrial operations post-lockdown, highlighting the rebound effect where pollution concentrations tend to spike as restrictions are 
lifted and activities normalize. This trend aligns with other studies that have observed similar post-lockdown increases in pollution 
concentrations [52,96]. This rising trend in AOD could be indicative of escalating anthropogenic activities and possibly changes in 
regional climatic conditions that affect aerosol production and dispersion. And in the rain season, rain enhances the wet deposition 
processes, thereby cleansing the atmosphere from aerosols [97].

4.1. Correlations among the variables

Fig. 15 presents the correlation coefficients between various atmospheric variables. The results show that, with the exception of O₃, 
all variables are negatively correlated with relative humidity (RH). The strongest inverse relationship is observed between PM2.5 and 
RH, with a correlation coefficient of − 0.674. Additionally, greenhouse gases such as CH₄ and CO₂ exhibit strong positive correlations 
with SO₂ (0.8736 and 0.938, respectively), LST (0.8196 for CH₄ and 0.8976 for CO₂), and AOD (0.919 for CH₄ and 0.9538 for CO₂). 
These relationships suggest that greenhouse gases are closely linked to both air pollutants and meteorological factors. Furthermore, 
NO₂, SO₂, and PM2.5 exhibit strong positive correlations with one another, with correlation coefficients of 0.767 between NO₂ and SO₂ 
and 0.8374 between SO₂ and PM2.5. CO, on the other hand, shows a notable negative correlation with O₃ (− 0.736) but positive 
correlations with surface albedo (SAB) (0.9177). O₃, which stands out due to its negative correlation with Surface Albedo (SAB) 
(− 0.486), displays relatively lower correlation values with other pollutants compared to RH. Additionally, aerosol optical thickness 

Fig. 14. Relation of RH with NO2 and SO2.
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(AOT) shows a strong positive correlation with AOD (0.9944), linking it with both particulate matter and meteorological factors.

5. Conclusions

This study used satellite remote sensing to assess the data of different air pollutants, greenhouse gases, and meteorological variables 
from 2019 to 2023 (pre to post COVID-19 lockdown). GIS and PCA approach adopted to find the patterns, correlations, and trends 
among the observe variables. The findings reveal that reduced human and industrial activities during the lockdown year significantly 
lowered emissions, although the extent varied across different sectors and sources. Emissions and LST significantly increased in 2021 
compared to 2019 and 2020, and although air quality slightly improved in 2022–2023 from 2021 but did not return to 2019 con
centrations. SO₂ exhibited the most notable changes, with a 16.67 % reduction in 2020, followed by PM2.5 at 3.1 %. In 2021, SO₂ 
showed a 23.6 % increase, followed by NO₂ at 17.3 %, relative to pre-lockdown concentrations. CH4 concentrations were unaffected by 
the lockdown as its primary sources were not correlated with restrictions. It increased almost 7 % in last 5 years. LST decreased by 
0.16 ◦C in 2020, rose slightly in 2021, and returned to 2019 concentrations in subsequent years. RH increased during the lockdown 
year due to lower air pollutant concentrations. Seasonal observations indicate that most emissions decrease during the rainy season 
(June to August) because the rain helps to wash out some of the emission concentrations. The study also highlights those major in
dustrial cities, such as Dhaka, were significant emission-prone areas compared to other regions. An interrelationship was identified 
between industrial and human activities and all observed variables, as well as a significant link between air pollutants and meteo
rological factors. Correlation coefficients shows most of the variables are negatively correlated with RH. GHG like CH₄ and CO₂ are 
strongly correlated with pollutants such as SO₂ and meteorological variables like LST and AOD, indicating that the increase in these 
gases is closely linked to industrial emissions and temperature changes. Notably, a strong inverse correlation between PM2.5 and RH 
(− 0.674) suggests that higher humidity levels can help mitigate particulate matter concentrations. Additionally, air pollutants such as 
NO₂, SO₂, and PM2.5 exhibit strong positive correlations with one another, indicating that industrial and transportation sources 
contribute significantly to multiple pollutants simultaneously.
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Recommendations for environmental policymakers

Reducing air pollutants and greenhouse gases in Bangladesh requires enforcing stricter emission standards for industries and ve
hicles, with a focus on curbing SO₂, NO₂, PM2.5, and CO emissions, especially in major industrial city like Dhaka. The promotion of 
electric vehicles and cleaner technologies in industries will significantly help curb emissions. Additionally, transitioning from fossil 
fuels to renewable energy sources such as solar and wind can lower the carbon footprint. Implementing energy-efficient technologies 
and stricter vehicle emission norms will further reduce pollutants. To specifically address methane (CH₄) emissions in Bangladesh, 
targeted actions should focus on sectors where methane is most prevalent, such as agriculture, waste management, and energy. 
Policymaker should promote biogas production from organic waste and livestock manure, providing a sustainable energy source 
while reducing methane release into the atmosphere.

While this study effectively captures the temporal changes and correlations in pollutant levels, its primary focus is not on directly 

Fig. 15. Correlation coefficient from the yearly average data of observed atmospheric variables by Principal Component Analysis (PCA).
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assessing the health impacts of these pollutants. The significant post-lockdown increase in emissions highlights potential health risks, 
especially from pollutants like SO₂, NO₂, and PM2.5, which are well-documented for their harmful effects. However, to fully understand 
the health implications in Bangladesh, more comprehensive epidemiological studies would be needed, incorporating in situ air quality 
data alongside health records from the population. This study provides valuable insights into pollution trends, but further research is 
essential to quantify their direct impact on human health.
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