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Abstract— Increase in urbanization in metropolitan cities like Chennai is leading to decrease in
air quality and an increase in the particulate emissions in the air year by year. Monitoring of
aerosols is difficult due to the limited number of ground stations, large data gaps, and lower-
resolution aerosol products. This study is carried out to overcome the existing spatial resolution
limitation of aerosol optical depth retrieval by merging High spatial resolution data Landsat 8
Operational Land Imager with Moderate Resolution Imaging Spectroradiometer surface
reflectance data MODO09GA. The 6S radiative transfer model is used for radiative transfer
simulation for the existing conditions of Chennai. A lookup table is prepared based on the input
parameters given and the Aerosol Optical depth is estimated using an inversion model utilizing
surface reflectance from MODIS data. Aerosol Optical Depth maps are retrieved from 2015-
2023 to perform trend analysis and the map is compared and validated with ground-based
sensor Particulate Matter data acquired from the Central Pollution Control Board to determine
the accuracy of retrieval. The validation shows that the Aerosol Optical depth retrieval
approach yields a R2 value of 70.35% indicating a higher correlation between the retrieved
Aerosol Optical depth value and ground-based PM2.5 data.

Index Terms— Aerosol optical depth, Particulate matter, Landsat 8, Moderate Resolution
Imaging Spectroradiometer and Radiative transfer model.

|. INTRODUCTION

Aerosols are suspended particles in the air that affect the global climate in both direct and indirect ways. They
are also seen as a serious threat to human health causing various respiratory diseases and breathing problems.
Due to the irregular distribution and non-availability of aerosol measuring ground stations globally, AOD
distribution maps at high spatial and temporal are unavailable. The constraints could be addressed by employing
satellite remote sensing, which offers an efficient method for examining the spatial patterns and changes of
aerosols over extensive periods and large geographical areas. This is achieved by identifying key optical
properties of aerosols, such as aerosol optical depth. The targeted study area, Chennai from 2007 to 2018, had a
hike of 26.30% in AOD levels (Swagata Payra et al. 2021). Radiative transfer theory is widely used to retrieve
AOD from optical remote sensing. One of the widely used methods is the Dense Dark Vegetation method (Tian
2016). The retrieval of AOD is affected by the precise estimation of Land Surface Reflectance, the elimination of
cloud cover, and the selection of a suitable aerosol model.
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Accurate estimation of these parameters resulted in a strong correlation with AERONET measurements (Wei et
al. 2018). Resolution of the satellite imageries also plays a major role in AOD retrieval using remote sensing
(Sun et al. 2015).

Il. STUDY AREA

Chennai is the fourth largest metropolitan city in India which is the capital city of Tamil Nadu. Its geographical
extent is 12° 51' 3" N to 13° 18' 2" N latitude and 80° 00' 00" E to 80° 14' 15" E longitude (Fig .1). Chennai
Metropolitan Area (CMA) covers 8 municipalities, 11 town panchayats and 179 village panchayats in which 10
Panchayat Unions with an area of 1189 Sq.km. The CMA spans three districts in Tamil Nadu, including
Chennai, Thiruvallur, and Kancheepuram. CMA is divided into four regions such as North, Central, South and
West. The North and Central Chennai are the industrial and commercial sectors of the city respectively. South
and West Chennai are known as residential sectors which are now changing into a commercial sector. The city
has diversified land use/land cover changes. Over the past few decades, Chennai has faced environmental
challenges associated with its significant urbanization, leading to concerns like air pollution. Monitoring air
quality has become a crucial undertaking to address potential health risks linked to pollution. Regular assessment
of atmospheric conditions in the city is essential for identifying and mitigating the impact of pollutants on public
health.
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Figure 1. Chennai Study Area

I1l. METHODOLOGY

The accurate estimation of Land Surface Reflectance is one of the influencing factors in the determination of
AOD. This study mainly focuses on the retrieval of Surface Reflectance from Moderate Resolution Imaging
Spectroradiometer (MODIS) daily product and Top of Atmosphere (TOA) reflectance from LANDSAT 8 for
two bands — Blue and Red and implementing this in a Radiative Transfer Model. Integration of Landsat-8 and
MODIS databases improved spatial and temporal resolution but introduced inaccuracies due to different
geometries (Sun et al. 2015). The detailed methodology of the study is depicted in Figure 2.

A. Estimation of Land Surface Reflectance

The study area Chennai is an urban area with maximum bright pixels and scattered dark pixels such as
vegetation and water bodies. The retrieval of AOD in bright pixels has been challenging because in these regions
the land surface contribution to radiance received by satellite is larger than the radiance received by vegetation
(Sun et al. 2015). It is difficult to estimate surface reflectance with high precision, hence in these regions, blue
band is used (Bilal et al. 2013; Li and Yang 2014); Alexei Lyapustin et al. 2011). Even though the Land surface
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reflectance is more in other bands it remains less than 0.15 in the blue band. This allows AOD retrieval with
reasonable precision by determining the Land surface reflectance accurately. Red band surface reflectance has
been used for retrieval over dark pixels. The monthly minimum reflectance technique for AOD retrieval over this
specific area was applied to the MODO9GA product. To reduce the computation, a one-month land surface
reflectance (LSR) database was created for the AOD retrieval data for that month (Wei et al. 2017; Lin et al.
2021). To mitigate the influence of cloud cover and surface contamination, the pixel with the lowest LSR was
selected from each of the four images to represent the corresponding pixel in the monthly series. (Omari and
Abuelgasim 2019). The cloud-free images were selected for reference LSRs. A synthetic image was generated
by combining selected monthly images, where each pixel in the synthetic image corresponds to the minimum
surface reflectance observed across all monthly selections. Consequently, monthly constructed images
representing LSR of the 8 years from 2015 to 2023 were prepared.
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Figure 2. Methodology Flowchart
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B. Estimation of Top of Atmosphere Radiance

TOA refers to the radiant energy in the Earth's atmosphere in remote sensing applications. This measurement
represents the total radiance reaching a sensor and is expressed in watts per square meter per stefhblian
(W/(mz-sr)). TOA radiance has been calculated for both the red and blue bands of Landsat-8 OLI images (Sun et
al. 2015) using Equation (1).

LA = (ML*Qcal) + AL

WHERE:L, = T0OA SPECTRAL RADIANCE(W atts/(m? = srad * pm))

M, = Band — specific mulitplicative rescaling factor

RADIANCE MULT_BAND_x,where x is the band number

A, = Band — specific additive rescaling factor

RADIANCE _ADD_BAND_x,where x is the band number

Q.q1 = Quantized and calibrated standard product pixel values(DN)

The Landsat-8 Operational Land Imager (OLI) imagery was resampled to a spatial resolution of 500 meters to
align with the resolution of MODIS data. ( Chen et al. 2020).

C. Generation of Look-Up Table

The 6S (Second Simulation of Satellite Signal in Solar Spectrum) model code has been used for look-up table
generation. It is originally available in the FORTRAN language.

Py6S, which is an interface of the 6S model (Wilson 2013), was used to run the atmospheric Radiative Transfer
Model through the Python programming language. Initially, the look-up table was generated using the look-up
table (LUT) Build code for the input parameters (Vermote et al. 1997). The radiative transfer model simulates
TOA reflectance using the atmospheric scattering of solar radiation and the LSR underneath (Omari and
Abuelgasim 2019). For Lambertian surfaces under a plane-parallel atmospheric environment, the radiance
detected by a satellite sensor is mathematically formulated as a dependent function of surface reflectance (Tanre
et al. 1979), represented by Equation (2).

— Ps
L(Ta My ps 0) T LO(Ta pops )+ (1-ps*S (t2)) UsFoT (7o, )T (T, 1y) (2)

where: L = Radiance at the top of the atmosphere

T, = Atmospheric optical depth produced by gas molecules and aerosol

Ly = Path radiance produced by scattering of molecules and particles

S = Surface Reflectance

ps = Transmittance from top to ground

T(z, ;) = Transmittance from ground to TOA

T(z,  Uy) = Total downward radiance

us = Cosine of solar zenith angle

u, = Cosine of view zenith angle

@ = Cosine of relative azimuth angle

The code was run for specific wavelength ranges, sensor channels, aerosol, and atmospheric models. The input
parameters of the LUT are given in Table .1.

In this study the simulated surface reflectance was compared with observed surface reflectance to retrieve the
AOD value by lookup table matching. (Jin et al. 2021). AOD was retrieved at a spatial resolution of 500 meters,
representing a higher resolution in comparison to existing satellite-derived AOD products.

IV. RESULTS AND DISCUSSION

Due to the unavailability of cloud-free images for all months between the years 2015 to 2023, Seasonal analysis
was made to observe the trends in the AOD for February and April months which are shown in Figure. 3a and
Fig. 3.b respectively.

From Figure. 3a, it is observed that the AOD levels for each month decreased gradually from 2015 to 2017 with
a sudden increase in the year 2018 (Swagata Payra et al. 2021) and a notable decrease during the periods 2020 to
2022. Again in 2023 a gradual increase in the AOD concentration is observed.

From Figure. 3b it is observed that the AOD levels for each month increased gradually from 2015 to 2019 with a
notable decrease during the periods 2020 to 2022.

In 2023 again a gradual increase in the AOD concentration is observed.
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TABLE |. LOOKUP TABLE INPUT PARAMETERS

Parameter Units Range
SOLAR ZENITH degrees 0, 10, 20, 30, 40, 50, 60, 65, 70, 75
H,0 g/m2 0,0.25,05,1,15,2,3,5,85
O3 cm-atm 0.0,0.8
AOD unitless 0,0.25,05,0.75,1.0,1.25,1.5,2.25, 3
ALTS Km 0,1,4,7.75
SENSOR CHANNEL - LANDSAT OLI
WAVELENGTH pm BLUE BAND, RED BAND
AEROSOL MODEL - CONTINENTAL MODEL
VIEW ZENITH degrees 0
AVERAGE AOD FOR APRIL 2015-2023 AVERAGE AOD FOR FEBRUARY 2015-2023
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Figure 3. (a) Average AOD for April 2015-2023 Figure 3. (b) Average AOD for February 2015-2023

Average AOD was computed for April and February months and the peak value was observed in 2023 (1.92) and
the least in 2022 (1.35) for April. Due to the non-availability of cloud-free images for February 2017-2019, the
trend could not be observed clearly. However, it aligns with the fact that the peak was observed in 2023 (1.68)
and the lowest value in 2022 (1.58). According to the Central Pollution Control Board data (CPCB), Chennai
had an increase in pollution levels from 2015-2018, and the imposition of the COVID lockdown is believed to be
the main reason for the reduction in the Average AOD values from 2020-2022 which was also stated in the study

by (Singh 2021). CPCB data of Chennai show a fall in PM_;s levels from 40.86pug/m® in 2017 to 28.90ug/m? in
2022. Besides the shutdown of industries, reduced traffic conditions were another reason for the decrease in
pollution levels according to Times of India dated 27 May 2021. In general, by comparison, it is also observed
that the average AOD content in April month has increased compared to February. This can be attributed to the
increased high-speed dust particles during summer.

A. Aerosol Optical Depth in Summer

The trend analysis revealed a notable decline in AOD percentage during the year 2020, succeeded by an upturn
in AOD values in 2023. The reduction in AOD during 2020 can be attributed to the implementation of lockdown
measures, which led to a substantial decrease in air pollution. The commencement of the lockdown in Chennai
on March 31, 2020, allowed industries to operate with restricted functionalities, resulting in the cessation of non-
essential construction activities while essential projects continued.
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Figure 4. The trend in Aerosol Optical Depth of the April month for the years 2015 — 2023
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From Fig 4., it can be observed that there has been a steady increase in the AOD range for the class 0-0.5 from
49% (April 2015) to 62% (April 2020) with a sudden increase in April 2022 (72%). Similarly, there has also
been a decrease in the level of AOD for the class 1.5-2.0 from 11% in April 2018, 4% in April 2020 to 2% in
April 2022. From Fig.5, it could be observed that pollution concentration was higher in the areas of North
Chennai and parts of Perungudi. This may be because of a greater number of thermal power plants in the
Northern part of Chennai and landfill areas in Perungudi. The subsequent increase in AOD values in 2023 could
be indicative of a return to pre-lockdown levels of human activity or changes in environmental conditions.
Additional factors that may contribute to the fluctuations in AOD could be industrial output, shifts in
transportation patterns, and alterations in meteorological conditions. A clear decline in AOD can be seen as the
year passes due to the increase in the greener areas compared to the red ones.
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Figure 5. AOD of April month for the years 2015 to 2023
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B. Aerosol Optical Depth in Winter

The trend analysis shown in Fig. 6 revealed consistent AOD levels within the range of 0-0.5 over the observed
period. In February 2020, there were no significant variations, aligning with the time frame preceding the
implementation of lockdown measures. Due to the non-availability of cloud-free images, consecutive year-wise
analysis could not be done for February. However, in the subsequent years, there was an observable shift in
AOD patterns. Specifically, there was an increase in AOD levels within the range of 0-0.5, accompanied by a

concurrent decrease in the 0.5-1 range.

Figure 6. The trend in Aerosol Optical Depth of the February month for the years from 2015 to 2023
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Figure 7. AOD of February for the years 2015 to 2023

Although the change was not much steeper (Figure 7), it could be observed that there has been an increase in the
AOD levels of 0-0.5 from 55% (February 2015) observing almost a steady state till 2020 (53% in February 2016
and 56% in February 2020), took a hike in the year 2022 where the percentage of observed AOD was 59%. The
reduction in the AOD levels of 0-0.5 in 2023 can be attributed to the fact that the pollution level has increased in
the same year (55%). The AOD levels of 1.5-2 almost remained in a steady state ranging from 0.1% in February
2015, 0.4% in February 2016, 0.2% in February 2020, 0.3% in February 2022, and 0.2% in February 2023. Due
to the seasonal changes, it can be observed that the AOD levels were comparatively lesser in the winter season
than in the summer. As the humidity increases, the size of the particles in the winter season decreases leading to
a decrease in the AOD levels. This alteration suggests a noteworthy change in atmospheric conditions and
human activities impacting aerosol concentrations during the analyzed period.

C. Validation using PMz s

The validation of AOD has been conducted by comparing with PM; s data obtained from six ground stations
positioned across Chennai is presented in Table 2. In line with prior research that has established a positive
association between AOD and PM s concentrations (Unnithan et al. 2020), the sensor stations were strategically
placed on the AOD map to ensure comprehensive validation, aligning with their corresponding locations. The
AOD values obtained were then cross-referenced with the concurrently recorded PM, s data from the CPCB (Lin
et al. 2021). 91 data points were chosen for validating the retrieved AOD. The validation process resulted in an
R? value of 0.7035 (Figure 8), indicating a significant correlation between AOD and PM s values.

TABLE Il. VALIDATION SITES

Validation Sites Latitude Longitude

Anna Nagar 13209'41.70" 80-20'39.90"
Thiyagaraya Nagar 13204'33.93" 8002421.73"
Adyar 13°0124.10" 80024'43.52"
Kilpauk 13-08'02.29" 80023'48.52"
Nungambakkam 13005'49.29" 80023'32.22"
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V. CONCLUSION

AOD retrieval using Landsat satellite imagery proves to be a valuable and intricate process. Leveraging
Landsat's multi-spectral capabilities, particularly in the blue band, facilitates the estimation of Aerosol Optical
Depth in both bright and dark surface areas. The utilization of radiative transfer models, such as the Second
Simulation of the Satellite Signal in the Solar Spectrum (6S), combined with the creation of Look-Up Tables
(LUTS), enhances the accuracy of surface reflectance determination. The accuracy of Aerosol Optical Depth
(AOD) retrieval was found to be more precise in the blue band for bright pixels, while the red band exhibited
good accuracy for dark pixels such as vegetation. Combining these two bands through fusion techniques was
identified as a strategy to enhance retrieval accuracy across both land and vegetation.

Analysis of AOD maps indicated a decrease in AOD values during the lockdown period, suggesting a reduction
in air pollution. Conversely, over corresponding years, air quality demonstrated a decline, with increased AOD
values attributed to heightened urbanization. This observation implies a direct correlation between urban
development and deteriorating air quality, emphasizing the importance of monitoring atmospheric aerosols for
environmental assessment. However, challenges persist, especially in urban landscapes, where factors like
complex land cover can complicate AOD retrieval. Careful consideration of solar parameters, and selection of
appropriate aerosol and atmospheric models are essential for refining the accuracy of AOD estimates. Also,
seasonal-wise variations were observed where the summer season (April — June) had the highest concentration of
AOD whereas the winter season had the lowest concentration of AOD.
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