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ABSTRACT

This study focuses on atmospheric aerosols, especially aerosol optical depth (AOD), over
Dire Dawa, Ethiopia, from 2009 to 2020. At first, a correlation between the four satellite
sensors and AERONET was made for validation purposes and to determine the sensor
that best represents Dire Dawa. Intercomparisons were also made among the four satellite
sensors. After all statistical tests, annual, seasonal, and decadal trend analyses were made.
The validation results indicated that the AOD of MODIS-terra showed the best correlation
with AERONET with R? (0.78), RMSE (0.03), and MBE of 0.02 and represented the area
better than the rest. The inter-comparison of AOD retrieved from multi-spectral satellite
sensors showed a positive and satisfactory correlation between MODIS-Terra and OMI.
Only MODIS-Aqua showed a linearly increasing mean annual AOD with R? = 0.43. In three
seasons (summer, autumn, and spring), AOD showed linear increments over the 12 years,
with R? ranging between 0.3 and 0.5. The three seasons also had nearly identical AODs of
0.23-0.28. However, winter had the lowest value of 0.2. MODIS-terra, out of the four sensors,
exhibited increasing decadal tendency over the 2009-2020 period. Monthly analysis revealed
that August had the highest AOD (0.265), and January had the lowest (0.14). The value
of AOD obtained from this study over Dire Dawa shows a higher value during all seasons
except during winter. Thus, this study gives a glimpse into the use of multi-spectral satellite
sensors to monitor air quality over a semi-arid urban region.
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INTRODUCTION To some extent, the local air pollution level can be
estimated using AOD, one of the basic optical metrics among

Both natural and anthropogenic, atmospheric aerosols .0 properties. An exceedingly clean atmosphere has an

are amongst the major climate-forcing agents recognized
globally (IPCC 2013). They play a major role in the
Earth’s climate system; weather, regional or global climate
‘influence the Earth’s radiation budget and affect the regional
hydrological cycle (Ramanathan et al. 2001). Aerosols can
both directly and indirectly change the radiation budget
(Jung et al. 2019). Air quality is affected by aerosol.
Aerosol dynamics in the atmosphere are closely correlated
with regional meteorology and their emission sources.
Aerosol ties alter throughout time and space as a result of
their short lifetime and a number of dynamic processes,
including transport, deposition, convection, and others.
The high variation of aerosol properties poses significant
challenges for comprehending aerosol observed by satellite
remote sensing and modeling aerosol transport (Eck et al.
2008).

AOD value of 0.01, whereas one that is quite cloudy has a
value of 0.4. Aerosol is also widely utilized as an obscure
but significant indicator of climate change and radiation
equilibrium of the atmosphere (Wang et al. 2020, Weizhi
et al. 2021). AOD exerts a great influence on climate
regionally and globally since it affects atmospheric radiation,
transmission, and water circulation (Rosenfeld et al. 2007).
In the conventional sense, one way of AOD acquisition is by
field exploration; this fails to meet the requirements of the
regional study, and neither demonstrates spatial continuity.
This is because of restrictions faced by the ground survey
on allocating observation posts. Advancement in satellite
remote-sensing techniques has opened new corridors for
monitoring and mapping of air pollution over large regions.
At present, remote sensing (R.S.) technology is a crucial
mode for testing and supervising aerosol based on the
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strength of AOD (Badarinath et al. 2011, Ge et al. 2011).
Over the last decade, the Moderate Resolution Imaging
Spectroradiometer is one example of a satellite sensor
(MODIS) carried on both Aqua and Terra platforms (Levy
et al. 2013), the Multiangle Imaging Spectroradiometer
(MISR) and the Ozone Monitoring Instrument (OMI)
(Levelt et al. 2006) have investigated the atmosphere by
characterizing physical and chemical properties of aerosols
using observations and retrieval algorithms.

Dire Dawa is the most vulnerable city to extreme climate
events like drought, high flash floods, and high temperatures
(Gezahegn et al. 2021). Frequent dust storms also occur in the
area, especially during certain months of the year. Moreover,
growing industrialization and expanding urbanization are
contributing to more emissions of carbon monoxide, sulfates,
and nitrates in the air (Oluwasinaayomi et al. 2018). Since
no ground-based air-pollution monitoring instrument is
available, the trend of AOD long-term data retrieved from
multi-spectral satellite sensors. The present study has three
main objectives. The first is to extensively evaluate MODIS
Aqua, MODIS-Terra, MISR, and OMI satellites and to make
an inter-comparison of the data obtained from the satellite
sensors. This inter-comparison of multiple sensors is needed
from time to time because errors and biases are present in
retrieval algorithms due to instrument calibration, sampling,
and algorithm accuracy. The second objective is to assess
the temporal variation of AOD, i.e., decadal, seasonal, and
annual variations over Dire Dawa. This helps to explore the
magnitude and dispersion of AOD loading on the temporal
scale in the study area. The third objective is to explore the
AOD Mann-Kendall trend test. This study also attempted to
identify the convenient satellite suitable for estimating AOD,
which can reveal the status of air quality in a specific region,
by inter-comparing AOD data sets retrieved from MODIS-
Aqua, MODIS-Terra, MISR, and OMI with ground-based,
AERONET, observations in Addis Ababa.

MATERIALS AND METHODS
Description of the Study Area

This study was carried out at the base of Dengego Mountain
in Dire Dawa City, in the country’s eastern region, 927°” and
949°°N latitude and 4138°” and 4219°’E longitude. Although
the majority of the city is located at about 1200 m a.s.., the
height inside the city’s boundaries spans from 960 m in the
northeast to 2450 m in the southwest (Oluwasinaayomi et
al. 2018). The average wind speed is about 2.67 m.s™', and
relative humidity records indicate 49.13 + 6.25. Dire Dawa
is located about 515 km east of Addis Ababa, the capital
city of Ethiopia, 55 km from Harar, and 313 km from Port
of Djibouti. East Hararghe administrative zone of Oromiya
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Regional State borders Dire Dawa in the south and southeast
and the Shinele zone of Somali Regional State in the north,
east, and west. The major towns surrounding the city of Dire
Dawa are Shinile, Gildessa, Hurso, Kulubi, Kombolcha,
and Ejersa Goro. The total area of the Dire Dawa is about
128,802 ha. The city is a favored strategic position for both
commercial and industrial activities. It is the main gateway
for the country’s trade route to Djibouti. The city is known
for being an industrial and commercial center, comprising
food-processing plants, textile and cement factories, and
the second-largest open market in the country. In terms
of population, Dire Dawa is the second biggest city in
Ethiopia, next to Addis Ababa, with over 400,000 inhabitants
(Oluwasinaayomi et al. 2018).

The high inflow of vehicles coupled with fast population
growth has contributed to the problem of road traffic
congestion (Belachew & Zeleke 2015). This is also the cause
for the increase of air pollutants such as NO,, CO,, SO,, CO,
etc., which at some locations exceed the annual average level
set in the ambient air quality standard (Knife, 2017).

The temperature trend indicates that the city exhibited
a warming trend (Gezahegn et al. 2021). Oluwasinaayomi
et al. (2018), analysis states that the maximum temperature
has been rising at a rate of roughly 0.67°C per decade.
The increase in land surface temperature appears to have
been caused by a shift in land use and land cover due to
urbanization, settlement development, and the building of
additional homes in the city. Fig 1. depicts a map of the
study region.

Satellite Data Processing and Analysis

Data sources: The data used in this study (AOD daily
data from 2009 to 2020) were obtained from widely used
satellite sensors for semi-arid regions, namely, MODIS
Aqua, MODIS-Terra, MISR, and OMI except for MISR,
which has only data available up to 2017. For validating
the AOD data retrieved using the above sensors, the only
available ground-based instrument, AERONET of Addis
Ababa University, Ethiopia, was used. The description for
each sensor was presented under sections 2.2.1,2.2.2,2.2.3,
and 2.2.4, respectively.

MODIS-Aqua and MODIS-Terra: The moderate
resolution imaging Spectro-radiometer (MODIS) is a remote
sensing instrument on board by the National Aeronautics and
Space Administration’s (NASA’s) Earth Observing Systems
(EOS), Terra, and Aqua satellites launched in 1999 and 2002,
respectively. MODIS operates at an altitude of 705 km and
makes radiance observations in 36 spectral channels in the
wavelength range of 410-1440 nm at a spatial resolution
ranging from 250 m to 1 km with a 2300 km wide swath
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Fig. 1: Map of the study area of Dire Dawa.

and almost daily global coverage. Overland, MODIS AOD
uncertainty is 0.05 = 0.15. Hsu et al. (2013) give MODIS
aerosol retrieval details.

To retrieve aerosol optical properties (e.g., AOD
information) over bright-reflecting surfaces such as desert
and urban areas deep blue (D.B.) algorithm is used (Hsu et
al. 2013). The blue channel is used since it provides low
surface reflectance over the desert surface and can get the
expected AOD information (Hsu et al. 2013). In this study,
the website (http://disc.sci.gsfc.nasa.gov/giovanni) retrieved
aerosol data from MODIS Aqua and Terra with collection
6, and a resolution of 1° x 1° was used.

MISR data: The Multiangle Imaging Spectro Radiometer
(MISR) instrument measures tropospheric aerosol
characteristics through the acquisition of global multiangle
imagery on the daylight side of Earth. MISR applies nine
charge-coupled devices (CCDs), each with four independent
line arrays positioned at nine view angles spread out at
nadir, 26.1, 45.6, 60.0, and 70.5. In each of the nine MISR
cameras, images are obtained from reflected and scattered
sunlight in four bands — blue, green, red, and near-infrared
— with a center wavelength value of 446, 558, 672, and 867
nm, respectively. The combination of viewing cameras and
spectral wavelengths enables MISR to retrieve aerosols AOD
over high-reflectivity surfaces like deserts.

In this study, we use Level 2 (version 0023) AOD at 558
nm (green band) measured by the MISR instrument with a
17.6 km resolution aboard the Terra satellite. The MISR
data of 0.5°x0.5° has been rescaled by assigning equal
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weight to each sub-grid, after which 1°x1° resolution was
obtained. MISR Level 2 aerosol retrievals use only data that
pass angle-to-angle smoothness and spatial correlation tests
(Martonchik et al. 2002).

OMI data: OMI was launched in July 2004 on NASA’s
EOS-Aura satellite, which is also part of the A-train
constellation. It has a nadir-viewing imaging spectrometer
that measures the top of the atmosphere (TOA) upwelling
radiances between the visible and ultraviolet solar spectrum
(270-500 nm), with a spatial resolution of approximately
0.5 nm (Levelt et al. 2006). The expected uncertainty in
AQD retrieval is around +30% AOD or 0.10, whichever is
more significant over Land (Ahn et al. 2014). This study
utilized 500 nm observations with high-quality retrievals
(Final Algorithm Flags = 0) from 2009 to 2020. The data
was accessed from a website (http://disc.sci.gsfc.nasa.gov/
giovanni).

AERONET data: AERONET is a well-organized, ground-
based robotic network of more than 300 sites around the globe
that uses a sky radiometer and sun photometer for aerosol
measurements (Holben et al. 1998). The spectral ranges
for the direct sun between 340-1020 nm and diffuse sky
440-1020 nm radiances are employed by a sun-photometer to
take AERONET measurements. Ramachandran and Sumita
(2013) reported that continuous data may be safely obtained
from ground-based measurements of various aerosol
characteristics over a particular location. In the present
study, a level 1.5 sun photometer retrieved from AODS500
data from December 2020 to June 2021 was acquired from
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AEROENT. The data was accessed from websites (http://
aeronet.gsfc.nasa.gov/).

Data Validation

To validate AOD data retrieved from MODIS-Aqua,
MODIS-Terra, and OMI, AERONET-AOD daily data from
December 2020 to June 2021 were utilized. Analysis was
performed based on data availability. Validation against
AERONET and inter-comparison were made with the data
of the three satellite sensors except for MISR, which did not
have data from December 2020 to June 2021. The data was
downloaded from the AERONET website (http://aeronet.
gsfc.nasa.gov/). A summary of the sensors’ wavelengths,
product types, and resolutions is given in Table 1.

Procedure in Data Validation

Validation of satellite-derived AOD involves comparison
with ground-based measurements. Such comparison helps in
determining uncertainties in satellite measurements and the
development of improved algorithms (Cheng et al. 2012).
AOD data validation in the period from 2009 to 2020, we
compared results obtained from MODIS-Aqua, MODIS-
Terra, MISR, and OMI, with AERONET .-Satellite sensors
retrieve AOD at different wavelengths: MODIS at 470, 550,
and 660 nm, MISR at 446, 558, 667, and 862 nm, and OMI
at 342.5, 388.0, 442.0, 463.0, 483.5, and 500.0 nm. For
increased accuracy in the validation, the AERONET-based
AOD wavelength is interpolated logarithmically to each of
the satellite-derived AOD using the Angstrom power law. If
AOD and Angstrém exponent at one wavelength are known,
then AOD at a different wavelength can be computed as:
-a

AOD, = AOD, (%)

Variables a and b assume the values 550 nm and 555
nm for MISR and 500 nm (each) for OMI and AERONET,
respectively. These wavelength ranges were selected
since they are close to the average between the standard

wavelengths of various sensors (440 nm to 865 nm).
Statistical Techniques

In this study, after AOD data were retrieved using multi-
spectral satellite sensors for 12 years (i.e., 2009 to 2020) a
statistical test parameter such as linear regression: intercept,
slope, R? (determination coefficient), and other statistical
parameters such as MBE (mean bias), MAE (mean percentage
error), Relative mean bias (RMB) and RMSE (root-mean-
square), Mean absolute percentage error (MAPE) (Tripathi
et al. 2005, Floutsi et al. 2016). The accuracy of each of the
algorithms was further assessed using EE (Remer et al. 2005,
Kristjansson et al. 2014), defined as the confidence envelopes
for each of the AOD retrieval algorithms.

The coefficient of the residual mean (CRM), Coefficient
of Efficiency (C.E.), and a 1:1 line is required to see whether
the regression line falls above, below, or if it crosses this line
(Mengistu & Amente 2020). In addition, the Mann-Kendall
non-parametric test (Taotao et al. 2016) was used to observe
the temporal trends. All the necessary Mann-Kendall test
parameters were determined along with Sen’s slope using
Python programming.

RESULTS AND DISCUSSION

Validation of AOD with AERONET and
Intercomparisons of AOD Data of the Satellite Sensors

Validation of MODIS-Aqua, MODIS-Terra, MISR, and
OMI over Dire Dawa

Ground-based observations are used to validate satellite
aerosol products both globally and regionally. Daily AOD
values of the four sensors were compared with ground-based
interpolated AERONET-AOD for Dire Dawa during 2020-
2021. Fig. 2 shows the regression results between daily-
averaged AODs for MODIS-Aqua, MODIS-Terra, and OMI
with AERONET at 550 nm.

As observed in Fig. 2, even if the AOD results of all
three sensors showed a positive correlation with that of

Table 1: Summary of data sets (Satellite and ground observation) used for the study from 2009 to 2020.

Sensor Product Type Parameters Resolution Data used Remark
Temporal Spatial
MODIS-Aqua(550nm) MYDO08D3V6.1 AOD, D.B. Daily 1° 2009-2020
MODIS-Terra(550nm) MODO08D3V6.1 AOD, D.B. Daily 1° 2009-2020
MISR (555nm) MIL3DAEV4 AOD Daily 0.5° 2009-2017 NDA beyond 2017
OMI (500nm) OMAERUVdv003 AOD Daily 1° 2009-2020
AERONET (500nm) AOD Daily 1° Dec.2020-June2021 NDA before 2020

NDA= No data available
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AERONET, the best correlation was observed between
MODIS-Terra and AERONET (R~ 0.71 for linear fit
without intercept and 0.78 (for linear fit with intercept).

The linear fit between MODIS-Aqua and AERONET
gave R?~ 0.52 for both with and without intercept. Besides,
all points fell within P.B. of 95% Confidence Interval (CI),
and the slopes of all the plots are also close to 1. Tables 2a
and 2b show the statistical accuracy of the linearly fitted
(with and without intercept) for the three sensors.

As seen in Table 2a, all three sensors showed positive
linear correlations with AERONET data. Out of the three,
MODIS-Terra exhibited the best correlation with AERONET
in terms of R? (=0.78), RMSE (0.03), good R? and slope,
and MBE of 0.02. Overall, the AOD data of this sensor
could be taken as the best representation of Dire Dawa
AOD. Using curve fit without intercept, MODIS Terra
again outperformed the rest since it exhibited the highest R
(=0.72) and E.E. (82.2%), good R? and slope, MBE close
to zero (0.02), and the fit line is close to the 1:1 line with
very slight overestimation. Previous research by Levy et al.
(2010) identified a calibration problem with the MODIS

that would affect AOD time series analysis and reported
some difficulties with the satellite-based AOD retrievals
over Land. For instance, according to Levy et al. (2013),
MODIS tends to overestimate AOD over bright land surfaces,
including urban areas, relative to AERONET. In this respect,
this paper also shows agreement with their studies since,
despite the positive correlation, both MODI sensors showed
slight overestimation.

The close agreement of the two fitted lines (with and
without intercept) indicates a good correlation between
sensors’ and AERONET data. Since the air distance between
Addis Ababa (location of AERONET data) and Dire Dawa
is not greater than 300 km, it is safe to use the AOD of the
best sensor (which in this case is MODIS terra) to represent
Dire Dawa’s AOD.

As shown in Table 2b, by the 1:1 line, all three sensors
showed slight overestimation since they are all above the
1:1 line). By CE, MODIS-Aqua was good; MODIS-Terra
was satisfactory, and OMI demonstrated poor performance.
However, the effectiveness of the model by R? and slope
was satisfactory and good for both MODIS-Aqua and

= MA-=1.107A- 00201 NPT
R*=05242 R:=0527 i .

Modis-T AOD= Mﬂ(AnmetAOD) [MT=0836X500609] * ;
R’-07l49 _______ R o R*=0.7807

OMIAOD =1.0471 (Aeronet AOD)

OMI=0.7392A +0.0798
R*=03875

R*=03165

Fig. 2: Validation of AOD data retrieved from MODIS-Aqua, MODIS-Terra, and OMI sensors with AERONET over Dire Dawa. The linear curve fits
were made with (right-side equations) and without intercepts (left-side equations).

Table 2a: Statistical parameters, model tendencies, and performance tests of the three AOD regression models over Dire Dawa (linear fits with intercepts).

Avs Statistical parameters Model tendency by Model performance by

Sensor R? Slope Intercept RMSE CRM Slope (%) 1:1  CE R’&  MBE MAPE PB
line slope (%)

M-A vs A 0527 1.101 0.020 0.06 CA (-0.02) OE(10.1) SOE G(094) S&G SOE(0.005 VG (9) API

M-T vs A 0.781 0.893 0.061 0.03 CA (-0.08) UE((10.7) SOE S(0.69) G&G SOE (0.02) VG (9.8) API

OMIvs A  0.388 1.047 0.080 0.05 SUE(0.9) OE(26.1) SOE P(0.04) S&G SOE(0.02) VG(@®) API

A = AERONET, M-A = MODIS-Aqua, M-T = MODOS-Terra, CA = close agreement, SOE= slight overestimation), SUE = slight underestimation,
U.E. = underestimation, S = satisfactory, G = Good, P = Poor, VG = very good, P.B. = 95% prediction bound, and API= All points included in P.B.
Numbers in brackets under ‘slope’ represent the percent O.E. or U.E. while the ones under RMSE represent the percent error of AOD.
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Table 2b: Statistical parameters, model tendencies, and performance tests of the three AOD regression models over Dire Dawa. (Linear fit without intercept).

A vs Sensor Statistical parameters Model tendency by Model performance by
R? Slope EE(%) RMSE CRM Slope (%)  l:1line CE R*& MBE MAPE PB
slope (%)

M-A vs A 0.52 1.023 714 0.06 CA OE (2.3) SOE G (094) S&G SOE VG (9) API
(-0.02) (0.005)

M-T vs A 0.72 1.067 822 0.03 CA OE (6.7) SOE S (0.69) G&G SOE VG (9.8) API
(-0.08) (0.02)

OMI vs A 0.32 1.047  59.6 0.05 SUE OE (4.7) SOE P (0.04) S&G SOE VG (8) API
0.9) (0.02)

A = AERONET, M-A = MODIS-Aqua, M-T = MODOS-Terra, CA = close agreement, SOE= slight overestimation), SUE = slight underestimation,
U.E. = underestimation, S = satisfactory, G = Good, P = Poor, VG = very good, P.B. = 95% prediction bound, and API= All points included in P.B.
Numbers in brackets under ‘slope’ represent the percent O.E. or U.E. while the ones under RMSE represent the percent error of AOD.

OMI sensors, whereas MODIS-Terra demonstrated good
performance for both R? and slope. The RMSE statistical
test indicator showed values (of 0.06, 0.03, 0.05) that are
close to zero, but MODIS Terra exhibited the least value.
The E.E. values are all 60% or more. Here again, MODIS-
Terra showed a superior value of 82%, followed by MODIS-
Aqua. A study by Ashraf (2018) on MODIS, MISR, and
AERONET climatology comparison across the Middle East
and North Africa showed the performance of MODIS to be
similar over the entire region, with ~68% of AOD within
the confidence range. In this study, all the points are almost
within the confidence interval. Gupta et al. (2018) found that
62.5 and 68.4 % of AODs retrieved from Terra MODIS and
Aqua MODIS, respectively, fall within previously published
expected error bounds of + (0.05 + 0.2 x AOD), with the
coefficient of determination (R%) of = 0.5), which is in
agreement with this study. In the study by Bibi (2015) where
they made intercomparisons of MODIS, MISR, OMI, and
validation against AERONET, they obtained results similar

to this study. The study of Kazuhisa et al. (2022) revealed
that the localized uncertainties, particularly surrounding
a humid coastal city, are exacerbated by heterogeneous
surface reflectance, mixed aerosol optical characteristics,
and strong meteorological variability, and as Dire Dawa is
located in such a location this might affect the variation of
AOD retrieval among the sensors.

Inter-comparison of MODIS-Aqua, MODIS-Terra,
MISR, and OMI

Fig. 3(a) shows the inter-comparisons of data sets retrieved
over Dire Dawa by the four sensors from 2009 to 2020.

As shown in Fig. 3a — 3f, the linear curve fits are
done with intercepts (dashed lines) and without intercepts
(solid lines). Considering the linear curve with intercepts,
none (except the fit between MODIS T and OMI) gave
even satisfactory correlations, as seen from the R’
values. However, the slopes can be considered good.
The tabular values of model tendencies and performance

Table 3a: Statistical parameters, model tendencies, and performance tests of the three AOD regression models over Dire Dawa for the linear fit with intercept.

Correlation Statistical parameters Model tendency by Model performance by
R?>  Slope Intercept RMSE CRM Slope [%]  1:1 MBE CE R’& MAPE PB
line slope [%]

M-Avs M-T 024 0347 0.148 0.068 UE(0.02) U.E.(653) Mixed UE(-0.02) S(038) P &P G MPI
(19.96)

M-AvsOMI  0.14 0.335 0.174 0.081  OE(-0.06) U.E.(66.5) Mixed UE(-0.05) P(-0.15) P &P S MPI
(30.94)

M-Avs MISR 0.07 0.238 0.183 0.151 OE(-0.03) U.E.(76.2) Mixed O.E.(0.19) P(-024) P &P G MPI
(13.79)

M-TvsOMI  0.33 0.719 0.088 0.060 OE(-0.09) U.E.(28.1) Mixed UE(-0.02) G095 S &G G MPI
(19.78)

M-Tvs MISR  0.04 0299 0.173 0.147  UE(0.2) UE.(70.1) Mixed OE(0.05) G(093) P &P S MPI
(21.82)

OMIvs MISR 0.02 0.156 0.200 0.159  OE(-0.02) U.E.(84.4) Mixed UE(-0.07) P(-088) P &P S MPI
(24.54)

M-A = MODIS-Aqua, M-T = MODOS-Terra, SUE = slight underestimation, P.O. = perfect overlap, SO = slight overlap, O.E. = overestimation, SOE

= slight overestimation, MPI = most points included in P.B.

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

@ @ | This publication is licensed under a Creative
Commons Attribution 4.0 International License


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:zoologist.rehan@gmail.com
mailto:zoologist.rehan@gmail.com

TREND OF AEROSOL OPTICAL DEPTH AND ITS IMPLICATION ON AIR QUALITY 7

« Daw  ———-- Linear (1:1 ling) | L
0.60 0.50
MODIS T AOD = 0.914 (MODIS A AOD)
0.50 Rio _44% J| ________ 0.40 |
0.40 | 030 4
a | eannt
So.30 - D020 +
<020 | = . =
[ ¥ & =010 ¢
w =0
el ik 0.3474x + 01477 ©
¥=03474x 7
go,oo = R 241 0.00
010 w010
005 010 015 020 025 030 0335 040 0.10 0.15 020 0.25 0.30 035
MODIS A AOD MODIS T AOD
(a) (d)
T Tal = Linea (11 o) | [ - Datm  ———==- Linear (1-1 i)
0.50
OMI AOD = 1,000% MODIS A AOD) 045 |
NIt RF=0.488 |
e 0.40
040 | 2 035 |
030
30 |
g" 2025 -
020 - gum 4
0.15 |
10 - 4
'E" (7= 02 O | =010
0.00 B2 =0 1454 0.05 4
010 0.00
005 010 015 020 025 030 035 040 010 0.15 0.20 025 030 035
MODIS A AOD ST DA
e
(b) &
onEn = ST Eesee Limear (11 lme) 4 [ r
g _ 0.60
MISR AOD = 0.9551 (MODIS A AOD)
. RF=0.716 . 0.50
oso4{ L R=0TE | ..
0.40 4 0.40
gojo 1 g 030 -
Bo20 - <E 020 - o
So10 = 010 4
0.00 — seeett 0.00
o010 " -0.10
005 010 015 020 025 030 035 040 005 010 015 020 025 030 035 040
MODIS A AOD OMI AOD
», O o
() ® _

Fig. 3: Comparisons between (a) MODIS-Aqua vs MODIS-Terra, (b) MODIS-Aqua vs OMI, (c) MODIS-Aqua vs MISR, (d) MODIS-Terra vs OMI,
(e) MODIS-Terra vs MISR (f) OMI vs MISR. The linear fit equation with and without intercept and coefficient of determination (Rz) are also given.

Table 3b: Statistical parameters, model tendencies, and performance tests of the three AOD regression models over Dire Dawa for fit line without intercept.

Correlation Statistical parameters Model tendency by Model performance by

R? Slope RMSE CRM Slope 1:1 MBE CE R>& MAPE [%] PB

[%] line slope

M-A vs 0.465 0914  0.068 UE(0.02) UE (8.6) SUE  UE(-0.02) S (0.38) S&G G (19.96) MPI
M-T
M-A vs 0.488 1.001  0.081 OE(-0.06) O.E.(0.1) P.O. UE(-0.05) P(-0.15) S&G S (30.94) MPI
OMI
M-A vs 0.716 0.955  0.151 OE(-0.03) UE (4.5) SO OE (0.19) P(-024) G&G G (13.79) MPI
MISR
M-T vs 0.246 1.080  0.060 OE(-0.09) OE.(8.0) O.E. UE-0.02) G(@09) P&G G (19.78) MPI
OMI
M-T vs 0.271 1.047  0.147 UE(0.28) OE (4.7) SOE  OE(0.05) G(093) P&G S (21.82) MPI
MISR
OMI vs 0.594 0.920  0.159 OE(-0.02) U.E.(8.0) SUE UE(-0.07) P(-0.88) S&G S (24.54) MPI
MISR

M-A = MODIS-Aqua, M-T = MODOS-Terra, SUE = slight underestimation, PO = perfect overlap, SO = slight overlap, OE = overestimation, SOE =
slight overestimation, MPI = most points included in PB
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Fig. 4: Annual distribution of AOD retrieved using MODIS-Aqua (M A), MODIS-Terra (M T), OMI, and MISR from 2009 to 2020.

tests for the fitted line with intercept are shown in
Table 3a.

The study of Ashraf (2019) revealed that Both MISR
and MODIS provide a decent representation of the AOD
climatology, in the Middle East and North Africa. Moreover,
the study of Kazuhisa et al. (2022) revealed that the localized
uncertainties, particularly surrounding a humid coastal city,

are exacerbated by heterogeneous surface reflectance, mixed
aerosol optical characteristics, and strong meteorological
variability. As Dire Dawa is located in such a location,
this might affect the variation of AOD retrieval among the
Sensors.

The fit line without intercept (though not as effective
as the one with intercept) can show us the nature of the
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Fig. 5: Seasonal AOD retrieved from MODIS-Aqua, MODIS-Terra, MISR, and OMI in (a) summer, (b) autumn, (c) winter, and (d) spring seasons for
the period of 2009 to 2020 over Dire Dawa.
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correlations, as shown in Table 3b. In this case, there is no
crossing of the fit line and the 1:1 line since the fit line is
forced to pass through the origin (0, 0) point. This makes
all the slopes within the acceptable limit and four out of the
six R? values in the satisfactory range. The 95% prediction
bound (P.B.) is shown in all the figures for this fit line,
indicating most of the data points included within the bound.
In this case, best fits were obtained between MODIS-Aqua
and MISR AOD. However, this curve fit hides the correct
tendency and nature of the correlation between the data
points of the sensors.

Trend Analysis of AOD Data

Annual Variability of AOD Over Dire Dawa

The long-term linear AOD trend analysis was made using
MODIS-Aqua, MODIS-Terra, OMI, and MISR over Dire
Dawa from 2009 to 2020. The results are shown in Fig. 4.

In the figure, all the results revealed linearly increasing
trends, though only that of MODIS aqua seems to have a
satisfactory positive correlation. Such a positive trend of
MODIS aqua exhibits a change in aerosol concentration
of approximately 0.78% per year, which is the value of the
slope of the MODIS_Terra equation. That of MODIS Terra
comes to 0.47% per year. The difference between the two is
0.31%. Taking the value of MODIS terra as a representative
for Dire Dawa, it takes around 40 years to double the current
value of AOD of 0.20.

Ashraf (2019), in his study of dust-dominated sites in
China, observed positive trends between MODIS-Terra,
MODIS-Aqua, and MISR, unlike the weak correlations
observed in this study. Based on these studies, highly
concentrated aerosols in a certain region may indicate the
occurrence of secondary particles resulting from industrial
and urban pollutants, as well as biomass burning from various
agricultural activities. In Dire Dawa, the increasing annual
trend is not vivid at this time, perhaps due to the buffering
effect of the surroundings or the offsetting effect of one
season by another.

Seasonal Variability of AOD Over Dire Dawa

To see the yearly variability of AOD, seasonal differences
were determined by dividing the year into four seasons,
namely, summer (June - August), autumn (September -
November), Winter (December - February), and spring
(March-May). Using the data of a specific season and plotting
the trends over 12 years helps to visualize the change season-
wise. The plots of each season are shown in Figs. 5a-5d.

Three of the four sensors (M A, M T, and OMI) data
showed slightly positive AOD trends during the summer
season over the twelve years. The linear fits are satisfactory

@ @ This publication is licensed under a Creative
Commons Attribution 4.0 International License

for M A and OMI. This season is one of the rainy seasons
for the area and is therefore marked by increased water
vapor and cloud cover in the atmosphere. The precipitation
cleans the atmosphere and is responsible for reducing the
AOD in the air. Despite that, the increase is by 0.74%!/y for
M A and 0.57%/y for OMI, which is close to the value of
M T (0.53%/yr). The increase in AOD concentration over
the years for this season may indicate a change in climates,
such as a decline in rainfall, or it can be linked with increased
urbanization, industrial expansion, and the like. Both MODIS
sensors indicated satisfactory increasing trends for autumn,
with 0.6%/y for M A and 0.63% for M T. The result, in this
case, is close to that of the summer season.

None of the sensors’ data depicted any trend in winter.
Winter is when the atmosphere is clear (no clouds, no
precipitation, and very small water vapor in the atmosphere).
The temperature is relatively cooler, and the wind is also
calmer. Despite changes such as increased land use/cover
over the 12 years, the fact that AOD concentration remained
constant during this season over the 12 years indicates that
there is something that offsets the increment.

Increasing temperatures cause the local wind to produce
thermal variations because of unequal heating, and the
temperature difference leads to increased turbulence. The
cooler temperature, calmer wind, and the lack of pollens
(dormancy time of plants) in the winter decrease the number
of aerosol particles that get into the atmosphere. Even the
few particles that are airborne experience limited upward
movement because of a lack of turbulence in the atmosphere.
Besides, these particles take less time to return to the ground.
These reasons seem to be the causes for the reduced AOD
in the winter.

Almost all of the sensors indicated linearly increasing
AOD trends over the 12 years for the spring season. The fits
are satisfactory for M A with an increment of 1.11%/y and
almost satisfactory for M T with a trend of 0.43%/y. Spring
is a windy time and is also known for its short rainy season
for Dire Dawa. The wind occasionally covers the city in the
form of a dust storm, increasing the number of dust particles
in the atmosphere, while the rain does the reverse (cleaning
the atmosphere). The increment is, however, attributed to the
increasing trend of wind over recent years, especially from
the eastern side of the city, carrying with it dust particles
picked from arid areas.

The seasonality of AOD is evident and can be connected
to the frequent sandstorms that occur in the early spring,
as reported by Li et al. (2021). Che et al. (2012) observed
minimum AOD concentration in winter. The average AOD
during the rainy season (spring and summer) is the largest,
according to an analysis of seasonal fluctuations in the four
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Fig. 6: Twelve-year mean and standard deviations of AOD of the four seasons shown for the four sensors.

Table 4: The summary of AOD trend analysis using the M.K. test and Sen’s slope estimator in Dire Dawa from 2009 to 2020.

Sensor Period Mann-Kendall trend test parameters Decision
P Z Tau(0) Sein’s slope
MODIS-Aqua Annual 0.019 2.337 0.530 0.008 Trend(increasing)
Season Summer 0.024 2.263 0.515 0.007 Trend (increasing)
Autumn 0.011 2.537 0.576 0.006 Trend(increasing)
Winter 0.271 1.100 0.258 0.001 No trend
Spring 0.007 2.674 0.606 0.013 Trend(increasing)
MODIS-Terra Annual 0.115 1.577 0.364 0.006 No trend
Season Summer 0.064 2.537 0.576 1.851 No trend
Autumn 0.011 2.537 0.576 0.0 059 No trend
Winter 0.732 0.343 0.091 0.00 075 No trend
Spring 0.086 1.714 0.394 0.0063 Trend(increasing)
MISR Annual 0.754 -0.003 -0.313 -0.111 No trend
Season Summer 0.602 -0.521 -0.167 -0.001 No trend
Autumn 0.917 0.104 0.056 0.003 No trend
Winter 0.754 -0.313 -0.111 -0.003 No trend
Spring 0.251 1.147 0.333 0.006 No trend
OMI Annual 0.115 0.005 1.577 0.005 No trend
Season Summer 0.054 1.925 0.439 0.006 No trend
Autumn 0451 0.754 0.182 0.004 No trend
Winter 0.837 0.206 0.061 0.002 No trend
Spring 0.039 2.062 0.470 0.004 Trend(increasing)

periods. This is likely because updrafts emerge as local surfaces
warm up. In addition, wind speeds hasten the movement of
mobile dunes; the accumulation of upward air and related dust
on natural surfaces results in the highest AOD concentrations
in the wet season, and low AOD values in winter are due to
fewer sandstorms, snowfall, and decreased winter wind and
dust activity (Li et al. 2021, Humera et al. 2017). The high
AOD in summer is associated with coarse particles, and the
lower AOD in Winter is associated with fine particles. The
winter season shows low AOD values due to the presence of

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

clouds, so aerosols act as a cloud condensation nucleus along
with low wind speed, and therefore, the amount of aerosol dust
reduction leads to low AOD values. As reported by Asmarech
& Jaya (2021), the main cause of AOD in the winter due to
large emissions of smoke and soot due to biomass burning.
Biomass burning is also a frequent source of atmospheric
pollution and poor air quality (Li et al. 2015).

Even though there are no remarkable differences in AOD
among the seasons, the spring season exhibited the highest
(0.20 - 0.35) and winter the lowest (0.15 — 0.22). Summer
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and autumn had similar AOD concentrations of 0.20 - 0.29
(Fig. 6). As shown in Fig. 6, in terms of seasonal mean OMI
recorded (0.284 + 0.034) in the summer season > MODIS-
Aqua (0.28 £0.051) observed in spring season > MISR (0.278
+ 0.033) recorded in spring season > MODIS-Terra (0.262 +
0.039) observed in the summer season. On the other hand,
the maximum AOD value was observed in the spring season
(0.352) from MODIS-Aqua, and the minimum AOD value was
obtained in the winter season (0.011) with the MISR sensor.
The study revealed that the AOD values in spring and summer
are significantly higher than those in autumn and winter.

During the wet season, due to a higher temperature, soil
moisture is evaporated, and heated soil due to high wind
velocities, which can increase AOD values, and a higher
concentration of water vapors leads to a higher AOD (Alam
et al. 2014; Filonchyk et al. 2019). High temperature and
humidity are favorable conditions that increase gas to the
particle conversion process and the hygroscopic growth of
aerosol. In contrast, the low value of AOD in the dry season,
particularly the winter season, is caused by the low surface
temperature, which results in the weak production of mineral
dust derived from the soil surface (Li et al. 2015).

Trend Analysis of AOD Using the Mann-Kendall
Trend Test

The M.K. analysis shown in Table 4 is calculated for annual

11

and seasonal AOD trends at a significant level of 0.05 for
all four sensors.

As shown in Table 4, by comparing the P-value with
alpha (5%). When the P-value is less than 0.05, there is a
significant positive AOD trend.

Based on this test, only MODIS-Aqua showed a positive
increasing trend in the annual period and during the summer,
autumn, and spring seasons. From Sen’s slope, the annual
magnitude is 0.008 y™' and 0.007, 0.006, and 0.013 per year
for the three seasons, respectively. Aside from MODIS
aqua, MODIS-terra and OMI showed increasing trends with
Sen’s slopes of 0.006 and 0.004, respectively. Similarly,
the study of Arfan et al. (2017) revealed that the increasing
AOD trends (95% statistical significance) are evident
in spring (0.009 y_l), summer (0.019 y_l), and autumn
(0.005 y™"), but not in winter (0.003 y'). As shown in
Table 4 above, it is observed that increasing AOD trend
values were observed during the wet season (spring and
summer), and this is due to the increase in convective
activities that enhance wind speed and surface temperature.
The speed of wind initiated and facilitated the movement of
copious amounts of soil dust aerosols into the atmosphere
from the surface of dry ground of the arid and semi-arid
regions, as reported by Asmarech & Jaya (2021) in their
study on AOD over selected areas of Northern Ethiopia. The
study of Oluwasinaayomi et al. (2018) revealed that in Dire
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Fig. 7: AOD means decadal distribution retrieved using (a) MODIS-Aqua, (b) MODIS-Terra, (¢c) MISR (d) OMI from 2009 to 2020 over Dire Dawa.
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Table 5: Mean monthly and standard deviation from 2009 to 2020 over Dire Dawa.

Tl S Dawa, the poor air quality outcomes are further compounded
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o8 8 F use planning and management, poverty, soil degradation,
S S = S loss of vegetation cover, expansion of informal settlement,
2T 2 Z and inadequate waste management system.
S S 3 S
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5 L 35 every ten days throughout 2009 — 2020. Then, we found
TS %S that trends were identical for 2009-2014 and 2015 -2020.
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Fig. 8: Monthly-averaged MODIS-terra AOD of Dire Dawa for 2009 -2020 shown with the standard deviation (stdev).

results are shown in Table 5. The result shows that the AOD
value retrieved using the MODIS-Aqua, MODIS-Terra,
MISR, and OMI ranged from 0.14 to 0.305. As shown in
Table 5, the mean monthly AOD was in the range of 0.134
—0.297 for MODIS-Aqua, 0.14-0.265 for MODIS —Terra,
0.144 — 0.293 for OMI and 0.18 — 0.305 for MISR sensor.
Since MODIS-terra represents Dire Dawa AOD better than
the other sensors, the monthly-averaged AOD of this sensor
is shown for all the months in Fig. 8.

Fig 8 shows that in the spring season (MAM) and summer
season (JJA), AOD distribution recorded relatively higher
values than the rest of the months. September, April, and
August months exhibited higher AODs, while January
exhibited the least. The variability within each month seems
to be proportional to the mean AOD itself since the standard
deviations were higher when mean AODs were higher and
lower when the mean AODs were lower (e.g., January and
February). One possibility why AOD is highest in August has
something to do with more water vapor in the atmosphere,
which is to be expected since these are the times when the
dust and black cloud events occur in the region. Since aerosol
particles serve as nucleation centers for condensation, the
more the condensation, the more the aerosol particles are
trapped in water vapors.

On the contrary, in January, there is very low water vapor
in the atmosphere, resulting in less AOD. The monthly mean
values of (MODIS) aerosol optical depth (AOD) at 550 nm
examined by Marey et al. (2011) on aerosol climatology
over the Nile Delta based on MODIS, MISR, and OMI
sensors showed significant monthly variability of AOD
to be maximum in April or May (~0.5) and a minimum in
December and January (~0.2). Similarly, in the study made
by Asmarech and Jaya (2021), the monthly mean seasonal
variations of AOD show a maximum value in (June, July,
and August). A minimum value in (December, January, and

@ @ This publication is licensed under a Creative
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February) in their study on AOD variability over the Northern
part of Ethiopia and Djibouti using MODIS sensor. The study
further revealed that the aerosol distribution over Ethiopia
is highly variable spatially and temporally.

CONCLUSIONS

The comparison of AOD with AERONET indicated that
all three sensors showed a positive linear correlation with
AERONET data, but MODIS-Terra exhibited the best
representation. The inter-comparisons of AOD retrieved
from multi-spectral satellite sensor show that the linear curve
with intercept, none (except the fit between MODIS Terra
and OMI) gave even satisfactory correlations as seen from
the R? values. From the linear curve fit without intercept,
MODIS-Aqua and MISR AOD revealed better correlations.
This cross-comparison of several sensors is occasionally
required since bias and mistakes in retrieval methods are
present because of instrument calibration, sampling, and
algorithm correctness.

Out of the annual trends of the four sensors, only the
one with MODIS-aqua showed a satisfactory increasing
linear trend. Season-wise, MODIS-aqua and OMI exhibited
satisfactory increasing linear trends in summer, autumn, and
spring. No trend was observed in winter. This shows that the
seasonal data give better information about the AOD trend
of the area than the annual. The three seasons exhibited
almost similar AOD values, while the winter season showed
the least. The month of lowest AOD was January, whereas
August was the highest, and there seems to be a link between
AOD and the amount of water vapor in the atmosphere. As
far as decadal AOD is concerned, MODIS-terra (which best
represents AOD over Dire Dawa) revealed the difference
between the years 2009-2014 and 2015-2020 (increasing
trend). Overall, the study shows an increasing AOD trend
over Dire Dawa during the 12 years (2009 - 2020). This study
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further concludes that MODIS-Terra can be a suitable sensor
for AOD data retrieval over bright surfaces & semi-arid areas
in Dire Dawa, Ethiopia. The AOD values were observed to
be higher in summer (June to August) than during the rest of
the months due to the predominance of coarse dust and sea
salt particles and possibly also due to the higher water vapor
content of the atmosphere due to high summer temperatures,
which encourages the growth of aerosols.

Additionally, it was observed that significant AOD levels
occurred in October, which may be related to crop harvesting
and the ensuing plumes from biomass burning. From January
through April, the AOD rises, then falls until December, and
April is the month with the highest AOD. The springtime
and summertime dust aerosols might be associated with
the major contributors to AOD variations in addition to
high meteorological parameters variability (wind speed,
temperature, rainfall, relative humidity, etc.) and emissions
from biomass burning, vehicles, and factories. This study
also revealed that the deterioration of the air environment
was more prominent and severe. The study’s findings are
significant in that they serve as a guide for satellite retrieval
end users on which airborne over a specific geographic area
and AOD range, sensors might offer accurate data. Satellite
data such as MODIS, MISR, and OMI provide useful
complementary information to investigate the optical and
physical characteristics of aerosol.

The AOD collected over Dire Dawa showed notable
discrepancies in aerosol variations and trends, which may
be related to dust emissions, biomass burning, fossil fuel
combustion, and socioeconomic practices. By lowering the
burden of disease linked to air pollution and assisting in the
short and long-term mitigation of climate change, policies to
reduce air pollution offer a win-win strategy for both climate
and health. In the past, satellite remote sensing of air quality
was largely limited to monitoring at low temporal resolution
(e.g., monthly). Advances in satellite sensors and modeling
techniques enable shifts in research direction toward operational
monitoring and forecasts of air quality and incorporation of
multiple data sources to improve monitoring and forecast
skills. These efforts will, consequently, improve our responses
to public health problems and broader intercountry issues on
air pollution. Moreover, this provides tangible information that
can be helpful for policymakers, urban air quality monitors,
communities, researchers, and all other stakeholders concerned
with preventing and monitoring air quality. Therefore, these
studies have important implications for climate systems and
take a mitigation approach to monitor air quality over urban
regions.

Further work is required to quantitatively understand the
contributing factors from a natural and anthropogenic source

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

responsible for AOD variability so that regulations can target
specific factors of high priority/importance. These studies
also provide us with more specific information about the
functionality of particular sensors at the local and regional
levels. The study also strongly recommends making use of
a synergy of remote sensing and ground-installed devices,
such as sun photometers, to monitor the status of air quality
on a daily, decadal, monthly, annual, and seasonal basis over
polluted urban areas.
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