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Abstract—Air pollution is a global health concern that should
be monitored to avoid grave consequences on human health. The
rapid developments in the United Arab Emirates, in
combination with its geographic location and arid climate, make
it an area susceptible to unhealthy air quality indices,
particularly due to the high concentrations of particulate matter
in the country. Air quality can be monitored through a
combination of ground data and satellite imagery. In this study,
a numerical model was developed to estimate particulate matter
10 pm in size (PM10) concentrations in Abu Dhabi City through
linear regression analysis using data points from 2016, 2018, and
2020. The model was validated, and the data was processed to
generate PM10 concentration maps for the area of interest. The
maps show similar levels of PM10, with higher unhealthy
concentrations reported in desert and suburban areas. The
model was validated using data from 2021, and the map reveals
unhealthy concentrations across various areas in the area of
interest. This study also examines the concentrations of nitrogen
dioxide, sulfur dioxide, and formaldehyde in 2018 and 2020 for
the same area of interest using Sentinel-5P imagery. The results
show that the concentration of nitrogen dioxide decreased in
2020, likely due to imposed lockdowns and reduced industrial
activities during the COVID-19 pandemic. Overall,
formaldehyde and sulfur dioxide concentrations were relatively
low in both years, indicating that PM10 pollution is of higher
concern than other contaminants in the United Arab Emirates.

Keywords—air quality mapping, particulate matter, air
pollution

I. INTRODUCTION

Air quality is an important indicator of human health and
wellbeing. Any increase in the concentration of harmful
pollutants can significantly impact human health, increasing
risks of cardiovascular diseases, asthma, and premature
deaths [1, 2]. The World Health Organization [3] estimates
that 99% of the global world population are exposed to
concentrations of air pollutants that exceed the guideline
limits. Outdoor air pollution is estimated to have caused over
4 million premature deaths in 2019 alone [3]. Ambient air
pollution may result from anthropogenic causes, natural
causes, or both. Anthropogenic causes include urbanization
and mass mobility (emissions from the transportation
industry) while natural causes include sandstorms and wind
movement (i.e., transport of pollutants through wind) [2, 4].
In the United Arab Emirates (UAE), the rapid urbanization,
great number of vehicles, as well as the oil and gas industry
have significantly contributed to air pollution. The location of
the UAE in the Arabian Peninsula has also increased the air
pollution levels in the country. Particulate matter (PM), or
aerosols, are particularly rampant in the region [5, 6].
Aerosols are suspended particles in the air, and may consist
of sulfates, nitrates, ammonia, salts, and dust [3]. These
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particles are classified by their size: 10 pm (PM10) or 2.5 pm
(PM2.5). Studies have estimated that high PMI10
concentrations in the UAE have resulted in 7% of the total
deaths in 2007 [2].

The grave impacts of air pollution on human health make
it necessary to continuously monitor the air quality to
accurately examine, forecast, and enhance air quality. Ground
monitoring stations monitor the concentrations of different air
pollutants, such as particulate matter, ozone (Os), carbon
monoxide (CO), nitrogen dioxide (NO>), and sulfur dioxide
(SO»). These stations, however, are limited in number, and
the data provided may not be accessible to the public. Satellite
imagery can be used, instead, and has been analyzed in
literature to monitor the concentration of various air
pollutants, NO, [7], and CHy [1], and SO, [8]. Satellite
imagery may be combined with data from ground monitoring
stations to map the air quality across an entire area [9]. The
pixel properties in the satellite images include information
that aids in estimating the prediction model for different
geographical locations.

Despite the numerous applications for satellite images,
their use in estimating pollutant concentration models is
limited in literature, with only a few studies using satellite
images to create these prediction models [7, 9, 10]. Different
regression models have been developed in the literature to
correlate data from satellite imagery to the concentration of
PM [9-12]. For the UAE, an area highly susceptible to
sandstorms and high aerosol concentrations, satellite images
can be useful in creating models to estimate the concentration
of PM to better understand the spatiotemporal behavior of
aerosols across the country. Only one study has attempted to
create a PM10 model for the UAE, for the city of Al Ain
specifically, using MODIS Aerosol Optical Depth (AOD)
data to create a linear regression model correlating the AOD
to the PM10 concentration over the city [10]. Creating a
correlation model between the PM 10 concentrations and data
contained within Landsat imagery can help in mapping the
PM10 concentrations in the UAE.

There are forty-one ground monitoring stations in the UAE,
nineteen of which are in Abu Dhabi [13, 14]. Abu Dhabi is
particularly susceptible to sandstorms, which increases the
concentration of PM10 in the air. The city is also subject to a
very high rate of urbanization [4]. Therefore, it is necessary
to map the air quality of the area over the years to examine
the pattern of the varying concentration levels of air
pollutants. The main goal of this study is to examine the air
quality in the city of Abu Dhabi, the area of interest (AOI) for
this project, using numerical estimates and satellite imagery.
A PMI10 prediction model was developed using multi-
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spectral surface reflectance values from Landsat 8
Operational Land Image (OLI) imagery, which has not been
examined in the literature for the UAE. The air quality in the
city was further examined through assessing the levels of NO,,
SO,, and formaldehydes (HCHO) using data obtained from
Sentinel-5P. The air quality was examined across three
different years: 2016, 2018, and 2020 in the month of July
specifically, to assess the impact of COVID-19 lockdown
restrictions on the air quality in the city. The developed
numerical model estimating the PM10 concentration was
validated using data from 2021.

II. MATERIALS AND METHODS

A. Project Scope and Study Area

The study area for this project is Abu Dhabi, the capital
city of the United Arab Emirates. Abu Dhabi is located on the
northeast side of the Arabian Gulf with geographical
coordinates of 24°28'0" N, 54°22'0" E. The emirate has a total
area of 67,340 km?, with a 600 km coastline [15]. The
occurrence of sandstorms and heatwaves is common in Abu
Dhabi due to its geographic location, which significantly
affects air quality and visibility. In the summer months, the
temperatures peak in July and August, occasionally reaching
50°C.

The AOI defined for this project spans Abu Dhabi City, as
shown in Fig. 1. The detected air pollutants encompassed in
this study are PM10, HCHO, SO,, and NO,. The
concentrations of HCHO, SO,, and NO, were retrieved from
Sentinel-5P. PM10 values were determined using data from
ground monitoring stations and regression analyses using
surface reflectance values from Landsat 8 OLI images.

Fig. 1. City of Abu Dhabi—AOL

B. Data Acquisition

1) Ground monitoring stations

Out of the accessible data from ground monitoring stations
in Abu Dhabi, only five detect PM10 concentrations. The
historical PM10 values for ground monitoring stations
located in Abu Dhabi City were extracted via The Air Quality
Index Visual Map website and are listed in Table 1 [16]. The
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PM10 concentrations detected by these stations were used to
estimate the regression model.

Table 1. Locations of ground monitoring stations used in the study

Ground Monitoring Station Longitude Latitude
Khalifa City A 54.56917 24.42440
Khalifah High School 54.40728 24.43104
Khadija Primary School 54.36461 24.48905
US Embassy, Abu Dhabi City 54.43354 24.42533
Bain Al Jessrain 54.515588 24.40362

2) PM10—Top of Atmosphere Correlation

The Top of Atmosphere (TOA) reflectance is defined as
the ratio between the reflected radiation and the incident solar
radiation. Eq. (1) below represents how the TOA reflectance
value is typically computed for a given band based on the
digital number (DN) value in each pixel (Q.q;) and the
relevant scaling factors (M, and 4,) [9].

TOAreflectance = M,Qcq1 + A, @)

Once corrected for solar angle, the TOA reflectance values
for different bands can be used to calculate the aerosol optical
thickness (AOT). The AOT correlates directly to PM10
concentrations, and studies in the literature have shown that a
linear relationship exists between the two variables [9]. For
Landsat 8 OLI imagery, the AOT can be calculated using the
TOA reflectance values of the first four bands (i.e., visible
bands): (1) coastal aerosol (430—450 nm), (2) blue (450-510
nm), (3) green (530-590 nm), and (4) red (640—670 nm) [17].
The relationship between TOA reflectance, AOT, and PM10
concentrations is shown in Eq. (2) and (3) below.

A0T=a131 + a2B2 + a3B3 + a4_B4 (2)

PM10 = a,B; + a,B, + azB; + a,B, 3)
where PM10: concentration of PMI0 in pg/m®, ay:
regression model coefficient, and B,: atmospheric
reflectance value at band n.

Google Earth Engine is a comprehensive tool for analysis
of remote sensing data. The Landsat 8 TOA Reflectance
Collection, available on the platform, includes corrected TOA
reflectance data which can be retrieved using the code editor
function. The coordinates of the ground monitoring stations
were used to extract the exact reflectance values (B,,) for the
first four bands, which were later used to estimate the
coefficients (a,) of the regression model. The data was
extracted for the years 2016, 2018, and 2020 to create the
model, and 2021 to validate the model. For consistency, the
date range used was from July 20 to July 31, and the data was
screened to only include images with a cloud cover of less
than 10%.

3) Sentinel-5P

The Sentinel-5P satellite, which was launched from
Plesetsk cosmodrome in Russia in October 2017, performs
atmospheric measurements and provides data on air quality
via concentrations of different air contaminants [18]. The
satellite data was used in this project to extract six images as
summarized in Table 2 from the AOI The extracted maps
provide information on concentrations of HCHO, SO,, and
NO; in July of 2018 and 2020. The images were extracted
using Copernicus Open Access Hub.
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Table 2. Locations of ground monitoring stations used in the study

Year Air pollutant Image no. Image date
2018 HCHO 2018-07-22-00_00_2018-07-22-23_59_Sentinel-5P_HCHO_Formaldehyde 22-07-2018
2018 SO, 2018-07-22-00_00_2018-07-22-23_59 Sentinel-5P_SO2_Sulfur_Dioxide 22-07-2018
2018 NO, 2018-07-31-00_00_2018-07-31-23_59_Sentinel-5P_NO2_Nitrogen Dioxide 22-07-2018
2020 HCHO 2020-07-22-00_00_2020-07-22-23_59_Sentinel-5P_HCHO_Formaldehyde 22-07-2020
2020 SO, 2020-07-22-00_00_2020-07-22-23_59 Sentinel-5P_SO2_Sulfur_Dioxide 22-07-2020
2020 NO, 2020-07-22-00 00 2020-07-22-23 59 Sentinel-5P NO2 Nitrogen Dioxide 22-07-2020
' \

Retrieve TOA reflectance values for
bands 1-4 at the ground monitoring
stations using Google Earth Engine

\. J

Calculate the PM10 model
coefficients using multiple
regression analysis

Obtain reflectance values for all
pixels within the AOI using Google
Earth Engine and Erdas Imagine

Apply the model equation to the
pixels to calculate the PM10
concentration values for the AOI

Fig. 2. Method of estimating PM10 concentration model.

C. Data Processing
1) Model creation and validation

The equations estimating the concentration of PM10 (i.e.,
Eq. (3)) were formed for each ground monitoring station

using the detected PM10 values for each year. The system of
indeterminate equations (15 equations, 4 unknown values)
was solved using the multiple linear regression analysis on
Excel (Data Analysis add-in). The algorithm computes the
regression model coefficients by optimizing the coefficient of
determination (R?). The percentage error was also computed
for each estimation at the different ground monitoring
stations. The regression model was validated using
reflectance data for the same ground monitoring stations for
the year 2021.

2) Mapping concentrations of PM10

After verification, the model was applied to the AOI
Images in the tag image file format (TIFF) were retrieved
from the Landsat 8 TOA Reflectance Collection using
Google Earth Engine. These images were then opened using
Erdas Imagine, and the pixel data (i.e., reflectance values for
all the bands at each pixel) was exported using the Pixel to
ASCII tool. The ASCII files were processed using Excel, and

b . the estimated regression model was applied to the AOI. The
) . calculated concentrations were then mapped using ArcGIS.
Map the calculated PM10 Fig. 2 below summarizes the algorithm employed in
concentration for the AOI using estimating the numerical model.
ArcGIS

III. RESULT AND DISCUSSION

A. PMI10 Estimation Model

The retrieved reflectance values for each ground
monitoring station are shown in Table 3. There were 15 data
points in total, with an average value of 211.87 ug/m’® and a
standard deviation of 67.51 pug/m>.

Table 3. Reflectance value for each band at each ground monitoring station

Year Ground Monitoring Station B B2 Bs B4 PM10 Concentration (ug/m’)
Khalifa City 0.257 0.261 0.28 0.311 223
Kalifah High School 0.248 0.249 0.26 0.287 161
2021 Khadija Primary School 0.217 0.207 0.195 0.204 169
US Embassy 0.234 0.23 0.234 0.251 347
Bain Al Jessrain 0.245 0.247 0.267 0.296 193
Khalifa City 0.262 0.269 0.304 0.346 197
Kalifah High School 0.246 0.251 0.282 0.322 163
2020 Khadija Primary School 0.204 0.196 0.200 0.211 141
US Embassy 0.219 0.213 0.222 0.242 117
Bain Al Jessrain 0.250 0.255 0.293 0.343 173
Khalifa City 0.238 0.239 0.259 0.293 213
Kalifah High School 0.227 0.226 0.236 0.265 181
2018 Khadija Primary School 0.206 0.194 0.191 0.201 205
US Embassy 0.213 0.205 0.211 0.229 199
Bain Al Jessrain 0.227 0.223 0.240 0.273 189
Khalifa City 0.248 0.253 0.280 0.319 317
Kalifah High School 0.243 0.247 0.268 0.305 275
2016 Khadija Primary School 0.203 0.193 0.195 0.201 299
US Embassy 0.215 0.208 0.217 0.235 149
Bain Al Jessrain 0.232 0.236 0.261 0.305 360

The final model, estimated using multiple linear regression
analysis, is shown in Eq. (4) below:
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PM10 = —7016.41B, + 15013.8B, — 8708.34B, +
1944.98B, 4)
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The R? value was determined to be 0.808, indicating a
strong correlation and a robust model. Saraswat et al. [9] also
estimated a strong model with a high R? value. Their study,
however, was limited to one time period only, as opposed to
three. Saleous et al. [10] similarly estimated a model with a
regression value of 0.75 for Al Ain.

The study was validated using the data from the ground
monitoring stations in 2021 and the data from the years used
in the creation of the model, as shown in Table 4 below.
Overall, the model was the most accurate in predicting the
PM10 concentration for 2018 but was not as accurate in
predicting the PM10 concentrations for 2021.

Table 4. Predicted PM10 values at the ground monitoring stations.

Year Ground Monitoring Station Predicted PM10 concentration (ug/m?) % Difference Date
Khalifa City 281.9 26.42
Kalifah High School 292.4 81.60
2021 Khadija Primary School 283.9 68.00 July 24
US Embassy 261.7 24.57
Bain Al Jessrain 239.9 24.32
Khalifa City 226.0 16.31
Kalifah High School 212.9 11.84
2020 Khadija Primary School 180.1 43.44 July 21
US Embassy 198.8 6.04
Bain Al Jessrain 190.0 55.01
Khalifa City 232.8 4.76
Kalifah High School 260.6 24.10
2018 Khadija Primary School 194.9 6.83 July 23
US Embassy 191.3 13.99
Bain Al Jessrain 196.3 47.28
Khalifa City 240.5 23.92
Kalifah High School 262.8 7.63
2016 Khadija Primary School 166.1 18.30 July 26
US Embassy 181.7 13.32
Bain Al Jessrain 235.8 59.93

The equation was applied to the AOI to map the PM10
concentrations across the city. It is worthwhile to mention
that dust storms are more common during the summer in the
UAE, hence why high PM10 values are typically observed
during summer seasons compared to other seasons [5, 6]. In
other studies, the PM10 values were observed to substantially
decrease between the months of October to April in the UAE
[10, 14]. This may mean that the model estimated in this
paper will not accurately predict the PM 10 concentrations for

different seasons.

B. PM10 Concentration Map

Fig. 3 below shows the mapped concentration levels for the
AOI. The maps show the unhealthy PM10 concentrations
(exceeding 255 ug/m’, resulting in an air quality index
exceeding 150) and moderate PM10 concentrations (less than
155 pg/m?, resulting in an air quality index of less than 100).

Fig. 3. PM10 map for the AOL
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Overall, all maps show a similar trend, with desert and
suburban areas (areas further away from the Arabian Gulf)
showing greater concentrations of PM10 than urban areas,
affirming that the high concentrations of PM10 characteristic
of the region are caused primarily by natural conditions and
frequent sandstorms. Urban areas further from the desert and
suburban areas, and closer to the Arabian Gulf, show lower
PM10 concentrations, consistent with studies in the literature
[14]. The lowest PM 10 concentrations are reported over Khor
Laffan, the creek, and the surrounding islands. The 2020 map
shows concentration levels similar to the preceding years,
indicating that COVID-19 lockdown restrictions had no
impact on the PMI10 concentrations in urban areas.
Incidentally, on the 21% of July of 2020, a sandstorm struck
the country, with high wind speeds facilitating the transport
of the aerosols over the city, and the unhealthy concentrations
reported can be attributed to this storm [19, 20]. The
prediction map for 2021, on the other hand, reveals that the
PM10 concentration is unhealthy across almost the entire city,
including urban areas However, it is worthwhile to reiterate
that the estimated model was not as accurate in predicting the
PMI10 concentrations measured by the ground monitoring
stations for 2021.

The results show that the data contained within Landsat 8
OLI imagery can provide information on the PMI10
concentration over an area. The generated maps can forecast
the PM10 concentrations in areas with no detection stations
or real-time data, allowing for a better understanding of the
pattern of the concentrations across the AOI and identifying
risk-areas where the PM 10 levels are unhealthy or hazardous.
The PM10 regression model can also be used to observe the
changes in PM10 concentrations with time across the AOI to
note any particular trends and to observe the impact of global
warming on the aerosol concentration.

While the estimated model has a high coefficient of
determination, it is necessary to acknowledge the limitations
in the model. The ground monitoring stations used in the
study are stationed in urban areas relatively close to each
other, thus providing a limited coverage of the detected PM10
concentrations in the AOI. The PM10 concentration values
recorded by ground monitoring stations in suburban areas
were inaccessible and could not be included in the model. It
is important to note that the PM 10 values measured by ground
monitoring stations only reflect the conditions on the near
surface, unlike the images captured by the satellites [10].
Additionally, natural events like sandstorms are not
consistent, so the estimated model would need to be regularly
updated with data to account for yearly variations.

C. Maps of Other Pollutants

Six images were extracted from Sentinel-5P to determine
the concentrations of NO», SO,, and HCHO in 2018 and 2020.
Since the satellite was launched in 2017, images from 2016
were not available.

The NO, concentrations are displayed in Fig. 4. NO, is
emitted from various sources, including power plants and
industrial processes, but is mainly emitted from vehicles, and
so the concentration of NO- over an AOl is related to the mass
mobility in that area [1, 8]. In the Gulf region, specifically,
NO; concentrations are primarily emitted from vehicles since
the industrial activities in the region are minimal [8]. As seen
in the maps, the NO, concentrations appear significantly
lower in 2020, and the decrease noted further emphasizes that
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the higher levels observed in 2018 are related to the
transportation activities in the city. This observation can be
attributed to the reduced mobility of residents due to the strict
lockdown measures in Abu Dhabi, which include remote
working requirements, entry restrictions, and imposed
curfews, effectively decreasing the mobility. Similar results
were reported in other cities in the UAE and across the
Middle East [1, 8, 21], with COVID-19 restrictions proving
effective in decreasing the concentrations of NO».

2018 | 2020

Fig. 4. Sentinel-5P images for NO, concentrations.

Fig. 5 presents the concentrations of HCHO,
carcinogenic gas produced from various sources, including
open biomass burning, vehicles, and other photochemical
reactions in the atmosphere [22, 23]. Concentrations of
HCHO over Abu Dhabi city are generally low for both years,
and the highest concentration observed was approximately
3.75E-5 mol/m? in 2018. Mapping concentrations of HCHO
over an AOI is an area that is not studied extensively in the
literature, particularly for this region, despite the severely
harmful effects of the gas [23]. Similar to NO,, HCHO
concentrations are lower in 2020 than 2018. SO,

a

concentrations, shown in Fig. 6, also appear lower in 2020
than 2018 but are relatively low in both years. SO, gas is
typically produced from burning of fossil fuels, from ships
and locomotives, or from industrial processes [21]. Other
studies have also observed a decrease in the concentration of
SO, in the wake of lockdown measures, but not as much as
that observed for NO; [8].

Fig. 5. Sentinel-5P images for HCHO concentrations.

2018 2020

Fig. 6. Sentinel-5P images for SO, concentrations.
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IV. CONCLUSION

This study examined the air quality in Abu Dhabi city
using satellite imagery and numerical models to map the
concentration of various air pollutants, including HCHO, SO,
NO,, and PM10. The concentrations of HCHO, SO,, and NO,
were determined using Sentintel-5P imagery while the PM10
concentrations were estimated using a multiple regression
model correlating the TOA reflectance values in the visible
bands in Landsat 8 imagery to data from ground monitoring
stations. The Sentinel-5P images show that the concentration
of NO; decreased in 2020 relative to 2018, likely due to the
COVID-19 lockdown restrictions, while the concentrations
of SO, and HCHO were similar in both years. The regression
coefficients of the PM10 model were calculated using data
from the years 2016, 2018, and 2020, and the R? value was
determined to be 0.808. The developed model was used to
map the concentrations of PM10 across the AOI for the years
2016, 2018, 2020, and 2021 for a better understanding of the
PM10 concentrations in areas with no monitoring stations.
The results show that the concentrations of PM10 were
similar in 2016, 2018, and 2020. The results also show that
suburban and desert areas have greater PM10 concentrations
compared to urban areas. The forecasted map for 2021
revealed unhealthy levels of PM10 across the AOI, but the
predicted concentration values at the ground monitoring
stations were less accurate compared to the preceding years.
To improve the accuracy of the model, data from suburban
and desert areas, which were not accessible for this study,
should be included to expand the coverage of the model.
Future work can focus on developing PM10 maps using the
same algorithm to observe the trends in the changes in PM10
concentrations over longer periods of time across Abu Dhabi
city. Future studies can also look into developing PM10
models in other months of the year to understand the seasonal
patterns in the concentration across the AOI.
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