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Abstract. Aerosols play a major role in atmospheric solar radiation budget, air quality degradation and
climate change. In order to accurately evaluate aerosols effects, we require an in-depth knowledge of
spatio-temporal distributions of their parameters. The focus of this paper is to analyze spatio-temporal
distributions and trends of aerosol parameters over Pakistan. In present study, Terra-MODIS data have
been used during April 2000-March 2014 to analyze AOD (550 nm), Angstrom exponent (470-660)
(AE470-660), Small mode fraction (SMF) and mass concentration (MC). Values of coefficient of
determination (R?) between Terra-AOD and AERONET-AOD are found to be 0.718 and 0.745 for Lahore
and Karachi respectively. Terra-AOD has also been compared with other satellite-based observations
obtained from Aqua, MISR and SeaWiFS. A notable spatial variability in mean annual Terra-AOD values
(0.15-0.87) has been observed with high values (~0.8) over northeastern and southern Pakistan. AE 470660
ranges from 0.56 to 1.44 showing high values (greater than 0.8) over northern Pakistan and relatively low
values (less than 0.8) over southern Pakistan. MC is found to be in the range from 7.6 pg/cm’ to 56.2
pg/cm2 with spatial distribution quite similar to AOD. Overall mean values of AOD, AE 470.660, SMF and
MC are found to be 0.43 + 0.16, 0.68 + 0.06, 0.11 + 0.05 and 28.2 + 9.71 pg/cm? respectively.
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Introduction

Aerosols contribute to atmospheric climate forcing, air quality degradation,
hydrological cycle and precipitation processes (Charlson et al., 1992; Ramanathan et al.,
2001; Lohmann and Feichter, 2005; Kosmopoulos et al., 2008). They are also
recognized as a major factor that affects the global climate change (IPCC, 2007). It is
well established fact that aerosol particles affect the climate directly by scattering and
absorption of incoming solar radiation and indirectly by serving as cloud condensation
nuclei (Forster et al., 2007; Carslaw et al., 2010; Arneth, A. et al., 2010; Mahowald,
2011). All types of aerosols except black carbon cause cooling at top of the atmosphere
and reduce the warming caused by greenhouse gases (Forster et al., 2007). In order to
achieve better air quality, reduction in anthropogenic emissions may weaken this useful
effect (Arneth, et al., 2009; Mickley et al., 2012; Makkonen et al., 2012).

Aerosols also have harmful effects on human health and ecosystem services (Smart
et al., 2011). Long term and detailed studies have shown a significant relationship
between aerosol concentrations and human health. The studies have been conducted
over various regions of the world and the results have established considerable effects
on human health due to aerosols. Due to human health and environmental implications,
knowledge of properties and spatio-temporal distribution of aerosols is essential.

Insufficient observations of aerosols have caused dominant uncertainties in the
climate modeling (Koukouli et al., 2010; Bennouna et al., 2013). In order to accurately
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evaluate the climate forcing, an in-depth knowledge of optical and physical properties
of aerosols at different spatial and temporal scales is required (He et al., 2012; Luo et
al., 2014). Different types of aerosols affect the sign and magnitude of climate forcing
distinctively (Kaskaoutis et al., 2007). For instance, black carbon aerosols emitted from
biomass burning cause positive climate forcing (Jacobson, 2001; Penner et al., 2003),
while mineral dust particles show negative forcing at shortwave by scattering the solar
radiations (Sokolik and Toon, 1996).

Although ground based observations provide more detailed and authentic
information about the atmospheric aerosols, they do not have large-scale spatial
coverage (Tarig and Ali, 2015; Tarig, 2017). Aerosol concentrations are extremely
variable in both time and space. Satellite remote sensing has the ability to monitor
aerosols burden and their properties at large scales (Tariq and Ali, 2015). A number of
studies have discussed spatio-temporal variability and trends of aerosols concentrations
over the study region and its adjoining areas of Indian subcontinent (Prasad et al., 2006;
Alam et al., 2011; Dani et al., 2012; Gupta et al., 2013; Sreekanth, 2013). Prasad et al.
(2006) and Dani et al. (2012) found a sharp increase in aerosol optical depth (AOD)
over Indian region, due to enhanced urbanization and industrialization. Alam et al.
(2011) discussed seasonal variability of MODerate resolution Imaging Spectro-
radiometer (MODIS, Chu et al., 2003; Wang and Christopher, 2003) derived AOD for
different areas of Pakistan during 2002-2008. They found the highest AOD values
during summer season linked to high dust/sand aerosols. Sreekanth (2013) reported an
increasing trend in MODIS-AOD during 2002-2011 over Bangalore (India) due to
sustained increase in the seasonal averaged AOD during summer. Gupta et al. (2013)
analyzed the spatial and temporal patterns of aerosols over two megacities of Pakistan
namely Karachi and Lahore by using MODIS data for the period 2001-2010. The major
aim of their study was to evaluate the standard of MODIS data for air quality and
climate applications. Tariq et al. (2015, 2016) have analyzed the optical properties of
aerosols over Lahore using multi-sensor data during intense biomass burning events.

To the best of our knowledge, no detailed study has been conducted so far to analyze
the spatio-temporal distributions of aerosol parameters such as mass concentration
(MC), small mode fraction (SMF) and Angstrom exponent (AE) over Pakistan. The
main objective of this paper is to investigate the spatio-temporal distributions and trends
in aerosol parameters over Pakistan using long-term (15 years) data. In the present
study, Terra-MODIS data is used for the period April 2000-March 2014 to analyze the
AOD (550 nm), Angstrom exponent (470-660) (AE470-660), SMF and MC. AOD from
different satellite sensors have also been compared with ground-based AOD.
Furthermore, Terra-AOD has also been compared with other satellite-based
observations obtained from Aqua, MISR and SeaWiFsS.

Material and methods
Study area

Pakistan is a South Asian country with estimated population exceeding 191 million
and an area of about 796100 km?. It is bordered by India to the east, China to the
northeast, Afghanistan to the west and Iran to the southwest (Fig. 1a). It also has a
coastline of about 1046 km along the Arabian Sea and Gulf of Oman. Ranging from the
coastal areas of the south to the glaciated mountainous areas of the north, Pakistan’s
land-cover varies from plains to deserts (i.e. Cholistan and Thar), forests, hills and
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plateaus. These different landscapes together with extremely variable climatic
conditions make Pakistan a distinctive country for studying spatio-temporal patterns of
aerosols (Alam et al., 2011). Major sources of anthropogenic aerosols in Pakistan are
petroleum refineries, power plants, fertilizer plants, industries, crop residue burning and
fossil fuels combustion in vehicles (Ghauri et al., 1994; Biswas et al., 2008; Tariq and
Ali, 2015). High amounts of aerosols are released from industrial areas and biomass
burning in northeastern Pakistan and regions across the border in India such as
Amritsar, Chandigarh and Bathinda (Raja et al., 2010). Figure 1b shows fire aggregates
retrieved by MODIS-Terra and MODIS-Aqua during April 2000-March 2014. The
figure clearly exhibits high frequency of fire events in Indo-Gangetic plain (IGP).
Transboundary aerosols also contribute to the aerosol burden over Pakistan (Tariq et al.,
2015, 2016). Winds transport aerosols released from coal based power plants in India to
northeastern Pakistan. Dust/sand aerosols are the major source of natural aerosols in
Pakistan. High amounts of desert dust dominate the central and southern parts of
Pakistan due to comparatively low humidity and high temperature (Tariq and Ali, 2015)
(Fig. 2). Dust storms in the region are largely associated with the easterly movements of
low-pressure systems (Tarig and Ali, 2015).

In order to show prevailing meteorological conditions, specific humidity at 850 mb,
wind speeds at 850 mb and surface temperature have been mapped during April 2000-
March 2014 using NCEP-Reanalysis-2 data from NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA (Fig. 2). It can be noted from Figure 2a that central and southeastern
parts of Pakistan have high temperatures (above 20 °C). Figure 2b shows that
northeastern parts of Pakistan are characterized by relatively high values of average
specific humidity (> 6 g/kg), whereas central and southeastern areas have relatively dry
air (specific humidity < 6 g/kg). In Figure 2c strong winds (~3 ms™) can be observed
over southern parts of Pakistan.
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Figure 1. (a) True color MODIS-image of Pakistan showing major cities, and (b) fire
aggregates retrieved from MODIS Terra and Aqua during April 2000-March 2014
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Figure 2. Maps of (a) surface temperature (°C), (b) specific humidity (g/kg) at 850 mb, and (c)
vector wind speeds at 850 mb over Pakistan during April 2000 to March 2014
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Methodology and datasets

In the present study we have used Terra-MODIS data for the period April 2000-
March 2014 to analyze AOD (550 nm), Angstrom exponent (AEazo60), Small mode
fraction (SMF) and mass concentration (MC) of aerosols over Pakistan. AOD from
different satellite sensors have also been compared with ground-based AOD. Spatail
maps of AOD, AEs70-660, SMF and MC have been produced uding MATLAB software.
The trends in seasonal-mean latitudinal and longitudinal averaged values of Terra-AOD
are simulated with the help of linear equations. Linear trend parameters, correlation
coefficients and relative changes (%) per year for AOD, AE, SMF and MC on seasonal
and annual basis are also calculated.

MODIS

MODIS sensor was launched by NASA onboard Terra satellite in 1999 and Aqua
satellite in 2002. MODIS is primarily designed to monitor aerosol fields, cloud cover
and radiation budget (King et al., 1992). Terra satellite crosses the equator from north to
south in the morning (10:30 local time) while Aqua satellite crosses it from south to
north in the afternoon (13:30 local time). The orbits of Terra and Aqua are so designed
that they image the whole globe in one to two days. MODIS instrument has a swath
width of ~2330 km and acquires data in thirty-six spectral bands. It provides a high
radiometric resolution (12 bits) data in all the thirty-six spectral bands from 0.4 um to
14.4 pm, with spatial resolution of 1 km, 0.5 km and 0.25 km depending on the
wavelength band. In the present work Terra-MODIS derived AOD (550 nm), AE470-660,
SMF and MC have been analyzed for a period from 2000 to 2014. We have used
monthly gridded MODO08_M3.051 data product with spatial resolution of 1° x 1°
obtained from NASA Goddard Earth Sciences Data and Information Center. These
datasets are available via Giovanni website: http:/giovanni.gsfc.nasa.gov. Missing
values are not considered while calculating annual/monthly means and standard
deviations. Due to difference in the surface characteristics, aerosol retrieval algorithms
of MODIS are different for oceans (Tanré et al., 1997) and land (Kaufman et al., 1997).
The aerosol retrieval algorithms have recently been greatly improved to correct the
systematic biases (Remer et al., 2005; Levy et al.,, 2007). Detailed description of
MODIS sensor, data products, retrieval algorithms, retrieval accuracy and validation
can be found elsewhere (e.g., Remer et al., 2005 and references therein).

AERONET

The AErosol RObotic NETwork (AERONET) is a network of ground based remote
sensing instruments administered by NASA (Holben et al., 1998). It provides detailed
data of optical and physical properties of aerosols. AERONET data are processed at
three different quality levels: level 1 (unscreened), level 1.5 (cloud screened) and level 2
(quality assured). AERONET instrument measures the direct sun and sky radiances
within spectral ranges of 340 nm — 1020 nm and 440 nm — 1020 nm respectively
(Holben et al., 1998). AOD and AE are calculated from direct sun radiances while
single scattering albedo, asymmetry parameter and refractive index are computed from
sky radiances (Dubovik and King, 2000). Currently, there are only two operational
AERONET sites in Pakistan: Lahore (a central location in Pakistan) and Karachi (a
coastal city of Pakistan). Lahore has a semi arid climate with hot and long summers and
cool winters (Ali et al., 2014). From May to September temperatures are high with dust
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storms followed by rainfall. Karachi is the most densely populated city of Pakistan and
located in southern region adjacent to Arabian Sea. Being a coastal city, Karachi has
relatively mild climate. It has one of the busiest ports of the region and is a hub of
industrial and economic activity in Pakistan. In this study Terra-AOD observations have
been compared with level-2 AERONET-AOD values over Lahore and Karachi.

MISR

The MISR (Multi-angle Imaging Spectroradiometer) onboard Terra satellite was
launched by NASA in 1999 at an altitude of 705 km. It has variable spatial resolutions
of 1 km, 275 m and 250 m and temporal resolution of 16 days. It can view the Earth at
nine different angles and hence it has the capability to measure the amount of sunlight
scattered in different directions (Diner et al., 2001). It is primarily designed to monitor
trends and types of aerosol particles produced from natural and anthropogenic activities.
In this study we have used MISR AOD at 555 nm and prepared at level 3 version 004
available from NASA Goddard Earth Sciences Data and Information Center. Detailed
information of MISR instrumentation, retrieval algorithms and methodology can be
found in Diner et al. (2001) and Kahn et al. (2005, 2010).

SeaWiFS

The SeaWiFS instrument onboard SeaStar satellite was launched in 1997. It has a
swath width of 1502 km and provides global coverage in approximately 2 days. It was
primarily designed to measure ocean color parameters and has a very accurate and
stable calibration to measure small contribution of the ocean to the reflected solar
radiance at top-of-atmosphere (TOA) (Eplee Jr. et al., 2011). The high quality of
calibration and long-term data of SeaWiFS make its AOD more reliable. Its deep blue
aerosol retrieval algorithm over land was developed by Hsu et al. (2004, 2006).
SeaWiFS SWDB_L3M10_HDF4.004 AOD product at 550 nm is used which can be
downloaded from NASA Goddard Earth Sciences Data and Information Center.

Results and discussion
Comparison of satellite sensed AOD with ground based AOD

Ground-based observations are used to validate satellite aerosol products. Daily
Terra-AOD, Aqua-AOD, MISR-AOD and SeaWiFs-AOD have been compared with
ground based interpolated AERONET-AOD for Lahore and Karachi during 2006-2013
(Fig. 3). For the validation of AOD derived from Terra, Aqua, MISR and SeaWiFs,
AERONET observations taken at 15-min intervals under cloud free conditions are used
(Holben et al., 1998). For the purpose of comparison, only those data pixels have been
considered that fall within a radius of about 27.5 km from the selected AERONET site
(Petrenko et al., 2012). In order to have observations closest in time, only those
observations are taken that fall within +30 min (30 min before and after) of satellite
overpass time (Petrenko et al., 2012).

It can be seen in Figure 3a-h that the values of coefficient of determination (R?) for
Lahore are found to be slightly lower than Karachi which is in partial agreement with
Bibi et al. (2015). Slope and intercept of linear regression calculated from the
comparison of collocated datasets are of great importance (Levy et al., 2010). The slope
of linear regression equation demonstrates the closeness of the assumed aerosol type to
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the local aerosol type over a particular region, and the intercept reveals error due to
surface reflectance (Tripathi et al., 2005; Hyer et al., 2011). The slope = 1 and
intercept = 0 indicate a perfect correlation between satellite observations and ground-
based AOD (Tripathi et al., 2005). Slope > 1 indicates over estimation while slope < 1
refers to under estimation. Non-zero intercepts are linked with the errors in calibration
or in surface reflectance (Chu et al., 2002; Tripathi et al., 2005).
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Figure 3. Validation of daily (a, b) Terra-AOD, (c, d) Aqua-AQD, (e, f) MISR-AOD and (g, h)

SeaWiFs-AOD with ground based interpolated AERONET-AOD over Lahore and Karachi for

the period 2006-2013. The coefficient of determination (R%) and equation of linear fit are also
given

All the satellite sensors exhibited under estimation over Lahore while for Karachi all the
satellite sensors except MISR showed over estimation. In the present study, values of
intercepts for Lahore are found to be 0.107, 0.126, 0.196 and 0.146 for Terra, Aqua,
MISR and SeaWiFs respectively. For Karachi, values of intercepts are found to be
0.044, -0.021, 0.089 and -0.05 for Terra, Aqua, MISR and SeaWiFs respectively.

Comparison of Terra-AOD with Aqua, MISR and SeaWiFS observations

To achieve accuracy in measurements and realize the remote sensing capabilities,
numerous studies have compared MODIS observations with MISR data (Prasad and
Singh, 2007; Xiao et al., 2009; Kumar et al., 2015). Comparison of monthly Terra-AOD
with available observations of Aqua-AOD (550 nm), MISR-AOD (555 nm), and
SeaWiFS-AOD (550 nm) during the study period has been shown in Figure 4. The
highest correlation (R? = 0.968) observed between Terra-AOD and Aqua-AOD is due to
the fact that both Terra and Aqua have the same type of sensor and algorithms for
aerosol retrieval (Remer et al., 2005). Also slope of 1.044 and y-intercept of -0.011
indicate very slight difference in the observed AOD from these platforms. This small
inconsistency is associated with different overpass times of Terra (10:30 local time) and
Aqua (13:30 local time). The coefficient of determination (R?) between Terra-AOD and
MISR-AQOD is found to be 0.919. Slope (0.680) and y-intercept (0.018) of linear fit
between Terra-AOD and MISR-AOD show that the MISR under-estimates the values of
AOD as compared to Terra. These differences are attributed to different algorithms and
wavelengths used for the retrieval of aerosols (Martonchik et al., 1998; Diner et al.,
1998; Remer et al., 2005). The lowest coefficient of determination (R? = 0.750) is found
between Terra-AOD and SeaWiFS-AOD. Values of slope (0.359) and y-intercept
(0.117) of linear fit for SeaWiFS-AQOD also exhibit under estimation. Despite of having
same wavelength of operation, the different aerosol model assumptions and instrument
calibrations of Terra-MODIS and SeaWiFS cause this under estimation (Hsu et al.,
2004, 2006; Remer et al., 2005).
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Figure 4. Comparison between (a) Terra-AOD (550 nm) and Aqua-AOD (550 nm), (b) Terra-
AQOD (550 nm) and MISR-AOD (555 nm) and (c) Terra-AOD (550 nm) and SeaWiFS-AOD (550
nm) over Pakistan during the study period. The equation of linear fit and coefficient of
determination (R?) are also given

Spatial distributions of aerosol parameters

Spatial distributions of Terra-AOD, AEs70660, SMF and MC for the period 2000-
2014 have been shown in Figure 5. White spaces in the figure represent no data/fill
values. A significant spatial variability in Terra-AOD values (0.15-0.87) has been
observed as shown in Figure 5a. It can also be noted from Figure 5a that high values
(~0.8) of mean annual Terra-AOD exist over northeastern and southern Pakistan.
Several studies have reported heavy air pollution due to intense crop residue burning in
Pakistan and adjoining regions (Ul-Haq et al., 2015a, b, 2016, 2017). Tarig and Ali
(2015) highlighted high aerosol burden over northeastern Pakistan due to open field
crop residue burning. Also elevated concentrations of aerosols are associated with the
activities at industrial areas in northeastern Pakistan and regions across the border in
India such as Amritsar, Chandigarh and Bathinda (Raja et al., 2010). Wind patterns
favor transport of aerosols released from anthropogenic activities such as biomass
burning and fossil fuel combustion in power plants in India to northeastern Pakistan. On
the other hand, high AOD values over the southern Pakistan are mainly contributed by
desert/dust aerosols largely transported from local areas including Thar and Cholistan
deserts (Tariq and Ali, 2015). Influx of desert/dust aerosols from desert regions of
Arabia and Africa (Middleton, 1986; Prospero et al., 2002; Singh et al., 2004; Prasad

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):2615-2637.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_26152637
© 2018, ALOKI Kft., Budapest, Hungary



Tariq et al.: Spatio-temporal distributions and trends of aerosol parameters over Pakistan using remote sensing
-2624 -

and Singh, 2007; Kumar et al., 2012; Alam et al., 2014; ul-Haq et al., 2016) also
contributes to the aerosol burden over this region.

Furthermore, the spatial distribution of Terra-AOD follows the Sulaiman—Kirthar
range pattern that acts as a barrier for the desert/dust aerosols coming from the Thar and
Cholistan deserts (Tariq and Ali, 2015). Alam et al. (2011) also found high AOD values
over southern Pakistan due to high population, increased urbanization, heavy
industrialization, and nearness of Thar and Cholistan deserts (Qureshi, 2010). We
observe low values of Terra-AOD over northern and northwestern parts of Pakistan due
to the fact that most of the areas in northern and northwestern Pakistan are agricultural
and less populated in agreement with Alam et al. (2011).
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Figure 5. Mean annual spatial distributions of (a) Terra-AOD, (b) AE470.660, () SMF and (d)
MC of aerosols over Pakistan from April 2000 to March 2014

Since AOD only describes the overall aerosol burden without any information of
aerosol composition, we have also analyzed other parameters such as Angstrom
exponent and small mode fraction to differentiate the fine mode and coarse mode
aerosol particles. The Angstrom exponent (AE) is an important qualitative parameter to
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assess the size of aerosol particles (Angstrom, 1929). It is inversely related to the size of
aerosol particles; values of AE less than or equal to 1 indicate the dominance of coarse
mode aerosol particles (radii > 0.5 um) such as dust and sea-salt, while AE > 1 indicates
the dominance of fine mode aerosol particles (radii < 0.5 um) such as urban pollution
and biomass burning (Westphal and Toon, 1991; Eck et al., 1999). The AE has been
used in various studies to assess the size distribution and classify different types of
aerosols (Eck et al., 1999, 2001; O’Neill et al., 2001; Schuster et al., 2006; Kalapureddy
and Devara, 2008; Kedia and Ramachandran, 2009). Figure 5b shows spatial
distribution of mean annual AE470660 OVer Pakistan during the study period. Wide range
of AEsz0660 (0.56 to 1.44) indicates considerable variability in the size of aerosol
particles. The northern Pakistan is characterized by high values (greater than 0.8) of
AEs70660 due to dominance of fine mode aerosols (i.e., anthropogenic aerosols),
whereas relatively low values (less than 0.8) over southern Pakistan indicate the
dominance of coarse mode aerosols (i.e., sand/dust). Various epidemiological studies
have reported a significant correlation between exposure to fine particles in the
atmosphere and adverse health effects. Therefore, people residing in the northern parts
of Pakistan may experience more harmful health effects due to fine mode aerosol
particles.

SMF is the ratio of small mode AOD to the total AOD (Kaufman et al., 2005a, b).
High values of SMF are associated with small aerosol particles such as those released
from anthropogenic sources (i.e. biomass burning) while low values of SMF indicate
naturally occurring large aerosol particles such as sea-salt and dust (Bellouin et al.,
2005). The spatial distribution of mean annual SMF (Fig. 5c) is found to be almost
similar to that of AE470660 i.€., high values over northern Pakistan and low values over
southern Pakistan. It can further be noted from Figure 5c that fine mode aerosols are
dominating over Arabian Sea. The high values of SMF over Arabian Sea are possibly
associated with the presence of sea-salt aerosols. Figure 5d shows the spatial
distribution of mean annual MC of aerosols over Pakistan. It can be noted that the
spatial distribution of MC is quite similar to that of AOD. The MC showed a significant
spatial variability (i.e., 7.6 to 56.2 pg/cm?). The high values of MC over south and
northeastern Pakistan indicate heavy aerosol loading.

Latitudinal and longitudinal gradients in seasonal AOD

Figure 6 shows latitudinal and longitudinal gradients in seasonal Terra-AOD during
2000-2014 over the study region. The latitudinal AODs are averaged over a longitude
range of 60.5°E-78.5°E, and longitudinal AODs have been averaged over a latitude
range of 22.5°N-38.5°N. Figure 6a shows that Terra-AOD remained relatively high on
all the latitudes during summer and low during the winter. Unstable atmosphere in
summers uplifts the aerosols causing enhanced values of AOD. On the contrary, stable
atmosphere during winters entraps the aerosols to lower heights resulting in small
values of AOD in agreement with Prasad et al. (2007), Alam et al. (2010) and Ali et al.
(2014). Prasad et al. (2007) analyzed the aerosol variations over IGP and they found
higher AOD in summer and lower AOD in winter. Alam et al. (2010) found higher
values of AOD in summer and lower values in winter over ten different cities of
Pakistan. Similarly, Ali et al. (2014) reported high value of AERONET derived AOD
over Lahore, a northeastern megacity of Pakistan, due to increased temperatures and
frequent dust storms. As a general rule the Terra-AOD in all the four seasons has
increased northward from 22.5°N with a maximum value at 28.5°N and then it

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):2615-2637.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_26152637
© 2018, ALOKI Kft., Budapest, Hungary



Tariq et al.: Spatio-temporal distributions and trends of aerosol parameters over Pakistan using remote sensing
- 2626 -

decreases towards 35.5°N followed by a little increase between 35.5°N-38.5°N. The
maximum decrease (0.63) in latitudinal Terra-AOD is observed during summer season.
It showed averaged peak values of 0.52, 0.92, 0.57 and 0.47 during spring, summer,
autumn and winter seasons, respectively, at a latitude of 28.5°N. The peak values at
28.5° N is linked to biomass burning in IGP covering northeastern Pakistan and regions
across the border in India (Fig. 1b; Tariq et al., 2016; ul-Haq et al., 2016). The lowest
AOQODs are observed to be 0.29, 0.30, 0.20 and 0.19 during spring, summer, autumn and
winter seasons, respectively, at a latitude of 36°N.
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Figure 6. Seasonal variation in Terra-AOD over different latitudes (a) and longitudes (b) in
Pakistan during April 2000-March 2014

Figure 6b shows seasonal variations in Terra-AOD over different longitudes in the
study region. It is observed from the Figure 6b that longitudinal Terra-AOD remains
higher in summer than all the other seasons. During summer and spring, peak values of
longitudinal Terra-AOD have been observed over 69°E, while for winter and autumn
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peak values of Terra-AOD are observed over 72°E. The peak values of longitudinal
Terra-AOD are found to be 0.48, 0.74, 0.43 and 0.38 during spring, summer, autumn
and winter respectively. The peak values at 69°E and 72°E are associated with biomass
burning and dust activity in part of IGP in Pakistan (see Figs. 1b and 5a) (Tariq et al.,
2016; ul-Haq et al., 2016). It is noticed that the trends in seasonal-mean latitudinal and
longitudinal averaged values of Terra-AOD are better simulated with the help of
following linear equations (Egs. 1 and 2):

AOD=axLat+b (Eq.1)
AOD =axLong+b (Eq.2)

Table 1 shows the values of constants a and b, and coefficient of determination (R%)
for different seasons over Pakistan during April 2000-March 2014. Some important
conclusions drawn from the Table 1 are as follows:

(1) For latitudinal AOD, the slope a is negative during all the seasons showing a
decrease in Terra-AOD values towards northern Pakistan. Relatively large
values of slope and R? in summer indicate less scatter in the linear fit with the
largest south to north gradient for latitudinal AOD.

(i) For longitudinal AOD, positive values of slopes during all the seasons
indicate an increasing trend towards eastern Pakistan. Comparatively greater
values of slopes and R? in winter season indicate less scatter in the linear fit
with greatest west to east gradient for longitudinal Terra-AOD.

Table 1. Values of the a and b coefficients in the equation AOD = a x Lat + b for latitudinal
Terra-AOD and AOD = a x Long + b for longitudinal Terra-AOD averaged over the
longitudinal region 60.5°E-78.5°E and latitudinal region 22.5°N-38.5°N, respectively,
applied to the seasonal-mean values over Pakistan during the study period. The coefficient
of determination R? represents the scatter of the data values from the fitting linear form

Season | a | b | R?
For latitudinal AOD
spring -0.0052 0.4545 0.1564
summer -0.033 0.9325 0.5977
autumn -0.0085 0.4321 0.1548
winter -0.0049 0.3358 0.1141
For longitudinal AOD

spring 0.0021 0.382 0.085
summer 0.0003 0.6111 0.0007
autumn 0.0032 0.3082 0.174
winter 0.007 0.222 0.5844

Monthly climatological variations in aerosol parameters

Figure 7a shows a time series of monthly mean Terra-AOD spatially averaged over
Pakistan along with standard deviations from April 2000 to March 2014. The Terra-
AOD ranges from 0.24 to 0.91 with an overall mean value of 0.43 + 0.16. The highest
value (0.91) of Terra-AOD is observed in July 2001 while the lowest value (0.24) is
found in December 2000. The broad range variations in time series of Terra-AOD
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values are attributed mainly to the high values observed over northeastern and southern
Pakistan during summer season. The major contributors of high AOD values are dust
aerosols originated from the local deserts (i.e., Thar and Cholistan) and anthropogenic
activities. Desert/dust aerosols from desert regions of Arabia and Africa (Middleton,
1986; Prospero et al., 2002; Singh et al., 2004; Prasad and Singh, 2007; Kumar et al.,
2012; Alam et al., 2014; ul-Haq et al., 2016) also contribute to the aerosol burden over
the region. An overall negative change (-15.4%) in the Terra-AOD values is observed
indicating that the total aerosol burden is decreasing over Pakistan. However, a positive
change (10.6%) has been noticed in AEszss0 Values (Fig. 7b) indicating that the
contribution of fine mode aerosol particles towards total aerosol burden is increasing.
The increasing trend in AE with time is linked to anthropogenic activates such as
industrial production, residential combustion and biomass burning.

Gupta et al. (2013), while analyzing AOD observations from MODIS during 2001-
2010, also showed a decreasing trend in AOD with slope of -0.07 over Lahore
(Pakistan). Analysis shows that AEs70-660 ranges from 0.60 to 0.86 with a mean of
0.68 + 0.06. The highest value (0.86) of AE470-660 has been detected in December 2010
and the lowest value (0.60) in June 2001. Similarly, a positive change in SMF is also
found (Fig. 7c) with an overall mean of 0.11 + 0.05.
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Figure 7. Time series of (a) AOD, (b) AE470-660, (¢) SMF and (d) MC derived from Terra-
MODIS over Pakistan during April 2000-March 2014. The error bars show standard deviations
from the corresponding mean values

Extremely low mean value of AE470-660 Signifies the dominance of coarse mode aerosols
in the atmosphere of Pakistan during the study period. Figure 7d shows time series of
MC spatially averaged over Pakistan from April 2000 to March 2014. The MC values
have been found to be ranging from 15.8 pg/cm? to 56.6 pg/cm’® with an overall mean
value of 28.2 + 9.71 pg/cm® Like AOD, MC also shows a negative change (-19.2%)
with time. We find the highest value (56.63 pg/cm?) of MC in July 2002 and the lowest
value (15.76 pg/cm?) in December 2012.

Figure 8a-d shows the variations in monthly average values of AOD, AE 470660, SMF
and MC derived from Terra-MODIS over Pakistan during April 2000-March 2014.
Error bars represent the standard deviations from the mean values. It can be observed
from Figure 8a and d that AOD and MC derived from Terra satellite have similar
behaviors. Both AOD and MC have increased from January to their maximum values in
July followed by a decrease to minimum values in December. The peak values of both
Terra-AOD (0.71 + 0.37) and MC (43.36 + 26.8 pg/cm?) have been found in July with
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corresponding values of AEsz0e0 and SMF to be 0.64 + 0.16 and 0.09 + 0.02
respectively. Elevated values of standard deviation for AOD and MC indicate that
aerosols are highly variable in space. The lowest values of standard deviation for Terra-
AOD (0.09) and MC (6.7) are found in February indicating almost uniform distribution
of aerosols over Pakistan. Our study is in agreement with the results from Alam et al.
(2010) who showed that AOD increases from April, reaching its peak value in July and
decreases afterwards to attain a minimum value in December. The increase of AOD in
summer (June, July and August) is caused by dust transported from the Thar Desert
(India) and Dasht Desert (Iran), sea-salt aerosols carried by strong south-westerly winds
and increase in humidity within this region (Alam et al., 2010, 2011). Ranjan et al.
(2007) analyzed the spectral variation of total column AOD over Rajkot (India) and
they showed that water vapor content and AOD are proportional to each other,
therefore, enhanced concentration of water vapor in summer results in higher AOD.
Figure 8b and c show the variations of monthly averaged AE70.660 and SMF during the
study period. It can be noted that both AE47¢-660 and SMF show a quite similar seasonal
pattern. Both the parameters are found to be decreasing from January to attain their
minimum values during May-June. Peak values of AEs70660 (0.73 £ 0.18) and SMF
(0.16 + 0.05) are found in January. Relatively high values of standard deviation are
linked to the higher fine mode aerosol concentration over northeastern Pakistan and
lower over southern Pakistan. Low values of AE470-660 and SMF and their corresponding
standard deviations during May-June are associated with dominance of desert dust
aerosols over the entire Pakistan.
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Figure 8. Temporal variations in monthly average values of (a) AOD, (b) AE470.¢60, () SMF and
(d) MC derived from Terra-MODIS over Pakistan during April 2000-March 2014. The error
bars show standard deviations from the corresponding mean values

Table 2 shows the linear trend parameters, correlation coefficients and relative
changes (%) per year of AOD, AE, SMF and MC on seasonal and annual basis over
Pakistan. It can be observed from the table that slopes are negative for Terra-AOD

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):2615-2637.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_26152637
© 2018, ALOKI Kft., Budapest, Hungary



Tariq et al.: Spatio-temporal distributions and trends of aerosol parameters over Pakistan using remote sensing
-2631 -

during all the seasons except winter. AOD in summer showed the greatest declining
trend of -1.170% per year. The highest values of relative change per year of AOD
(0.325%) and AE (1.115%) are found during winter while the highest value of
percentage change per year of SMF (7.427%) is found during autumn. MC shows
decreasing trend both on seasonal and annual basis. Significant (at 0.01 level) positive
correlation is found for AE (r = 0.775) and SMF (r = 0.920) on mean annual data.
Values of relative change per year are found to be negative for AOD (-0.615%) and MC
(-0.986%), and positive for AE (0.570%) and SMF (4.344%).

Table 2. Linear trend parameters of equation of the form ax + b, where a is slope and b is y-
intercept, of AOD, AE, SMF and MC over Pakistan. Correlation coefficient (r) and relative
change (%) per year are also given. ** and * represent correlation significance at the 0.01
and 0.05 levels (2-tailed) respectively

AOD AE SMF MC
a=0.001, a=0.008, a=0.007, a=-0.037,
Winter b=0.285, bh=0.658, b=0.096, b=19.96,
r=0.366, r=0.741**, r=0.789**, r=-0.135,
AAOD=0.325% AAE=1.115% ASMF=6.273% AMC=-0.172%
a=-0.004, a=0.001, a=0.001, a=-0.392,
Sorin b=0.445, b=0.618, b=0.064, b=31.00,
pring r=-0.619*, r=0.521, r=0.634* r=-0.681%*,
AAOD=-0.842% AAE=0.150% ASMF=1.420% AMC=-1.189%
a=-0.0009, a=0.001, a=0.001, a=-0.636,
Summer bh=0.723, bh=0.645, b=0.085, b=46.44,
r=-0.487, r=0.371, r=0.453, r=-0.551%,
AAOD=-1.170% AAE=0.144% ASMF=1.073% AMC=-1.289%
a=-0.001, a=0.006, a=0.007, a=-0.217,
Autumn bh=0.368, bh=0.673, b=0.080, h=24.82,
r=-0.244, r=0.850**, r=0.920%**, r=-0.681**,
AAOD=-0.253% AAE=0.821% ASMF=7.427% AMC=-0.819%
a=-0.003, a=0.004, a=0.004, a=-0.321,
Annual b=0.4586, bh=0.648, b= 0.081, b=30.55,
r=-0.454, r=0.775%*, r=0.873**, r=-0.623%,
AAOD=-0.615% AAE=0.570% ASMF=4.344% AMC=-0.986%
Conclusions

In the present study we have used Terra-MODIS data for the period April 2000-
March 2014 to analyze AOD (550 nm), Angstrom exponent (AEa7o660), Small mode
fraction (SMF) and mass concentration (MC) of aerosols over Pakistan. AOD from
different satellite sensors have also been compared with ground-based AOD. Values of
coefficient of determination (R?) between Terra-AOD and AERONET-AOD are found
to be 0.718 and 0.745 for Lahore and Karachi respectively. Terra-AOD has also been
compared with other satellite-based observations obtained from Aqua, MISR and
SeaWiFS. We find significant correlations of Terra-AOD with Aqua-AOD (R? = 0.968)
and MISR-AOD (R? = 0.919). A significant spatial variability in mean annual AOD
values (0.15-0.87) has been found with high values (~0.8) observed over northeastern
and southern Pakistan. The AEs7660 amounts from 0.56 to 1.44 with high values
(greater than 0.8) over northern Pakistan and relatively low values (less than 0.8) over
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southern Pakistan. Strong similarity in the spatial distributions of mean annual SMF and
AEs0660 has been found. The MC, ranging from 7.6-56.2 pg/cm’, has spatial
distribution quite similar to that of AOD. The latitudinal AOD shows peak values of
0.52, 0.92, 0.57 and 0.47 during spring, summer, autumn and winter seasons,
respectively, over latitude of 28.5°N. A negative change (-15.4%) in the AOD values is
observed indicating a decrease in the total aerosol burden over Pakistan. However, a
positive change (10.6%) is observed in AE470-650 Which indicates mounting contribution
of fine mode aerosol particles towards total aerosol burden. The peak mean monthly
values of both AOD (0.71) and MC (43.36 pg/cm?) are observed in July with
corresponding AEa7o660 and SMF values of 0.64 and 0.09, respectively. The overall
mean values of the AOD, AEusz0660, SMF and MC are found to be 0.43 + 0.16,
0.68+0.06, 0.11 + 0.05 and 28.2 + 9.71 pg/cm?® respectively. Trends and spatial
distributions of different aerosol parameters discussed in this study are important in
policy making for human health protection and environmental remediation.
Furthermore, the assessment of aerosol concentrations presented in this study can be
correlated with harmful effects on human health and drought indices, which can be a
possible further research topic.
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