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be used for the analysis instead of just validation specifically for our study region. Hence,
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after comparing MODIS AOD with MISR AOD, only MISR AOD dataset is used for further
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analysis. The results show a decreasing trend of AOD in summer season, a positive relation-
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ship between temperature and AOD during winter and spring seasons whereas a positive
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relationship between wind speed and AOD in winter and spring seasons over eastern and
western routes. Periodic analysis of MODIS AOD and MISR AOD depicts May-Aug as the peak
period of aerosol concentration over central Pakistan. The inter-annual analysis shows the
aerosol trend remained higher during summer season however rainfall shows the washout
effect. Eastern route has higher standard deviation and larger values for aerosol prevalence
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as compared to western route. The trajectory analysis using the HYSPLIT model suggests
the bias of air mass trajectory caused deviation in the aerosol trend in the year 2014.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Environmental degradation in the process of economic growth
is a major problem facing by many countries, and Pakistan is
no exception. Emissions from anthropogenic activities in the
form of aerosols are significant indicators of degraded environmental quality. Aerosols are significant components found
in earth’s atmosphere dispersed worldwide, which mainly
comprise of soil dust, sulfate, sea salt and carbonaceous material. Atmospheric aerosols impact the earth’s radiative balance directly through scattering and absorbing solar radiation,
and indirectly through affecting cloud properties. Aerosols
are strictly linked with human health and climate change
(Solomon et al., 2007; Alam et al., 2011a).
Because of growing concerns over climate change and atmospheric pollution, aerosols turned into a significantly debated issue recently (IPCC, 2013; Huang et al., 2014). Concentration of aerosols in Asian region is mainly influenced
by industrialization, urbanization, population growth and
increased traffic (Ghrefat and Howari, 2013). Meteorological variables affect the variability of spatio-temporal atmospheric particulate matter (PM) concentration and its elements (Bardouki et al., 2003; Dawson et al., 2009).
Rapid urbanization caused drastic increase in anthropogenic aerosols emission in South Asia since the past decade
(Ramanathan et al., 2001). Aerosols play an important role in
rainfall over a specific place or in a season and clouds formation (Indira et al., 2013). If the concentration of aerosol
increases, it can cause negative impacts on various natural processes such as suppression of precipitation rate, various health impacts and reduce visibility (Lohmann and
Freighter, 2005; Kosmopoulos et al., 2008). As 20% of world
population relies on monsoon rainfall, the potential impact
of aerosols on the South Asian monsoon becomes an important concern (Bollasina et al., 2014). Regional precipitation and
surface fluxes of solar radiations are affected by differences in
aerosols’ source, type and amount. For example, large concentration of aerosols over the Ganga Basin has changed the monsoon system over India (Niogi et al., 2007). Ali et al. (2020) has
also found shifts in the South Asian monsoon onset over Pakistan. Schwanghart and Schütt, (2008) analysed the connection between dust aerosol and meteorological factors and concluded that dust aerosol mobilization during the Harmattan
season depends highly on variations in atmospheric pressure
in the Mediterranean region.
Yang et al., (2013) conducted a study in central China and
concluded that aerosol radiative effects inhibit orographic
precipitation through variations in wind speed. Tarmizi et al.,
(2014) found that in Malaysia the monsoon season and meteorological conditions strongly influence the air pollutants
distribution. Several studies have been conducted on impacts and trends of meteorological conditions and variations of PM suggest a strong correlation between air pollutants and meteorological parameters (c.f., Turahoglu et al.,
2005; Saha et al., 2005; Deng et al., 2012; Schwanghart and
Schütt, 2008; Habib et al., 2019).
Currently, China Pakistan Economic Corridor (CPEC) project
is in progress. The projects involved in the CPEC portfolio
amount to $38.7 billion. However, the two governments have
signed a long-term plan ranging from 2017 to 2030 with $60

billion investment by China. This involves the largest sectoral investment in 17 projects in energy to produce 11110MW,
of this 74 per cent is based on coal. This energy generation is expected to boost industrial investment and production. It is understandable that the increased coal-fired energy
projects, transportation, industrialization and subsequent urbanization could result into aerosol emissions that may consequently influence human health as well as agro-economic
sector of Pakistan. The heavy traffic, energy development and
running industries will lead to the production of gaseous and
particulate emissions (Baldauf et al., 2008) that may negatively influence the people’s health, lifestyle, biota, agriculture field, crops and local weather. CPEC- a major project of
Pakistan and China is 3,000 km long, comprising network of
railways, roads, and pipelines that would track through Pakistan starting from Gwadar in Baluchistan Province in the
south and ending in Kashgar in north western China. There
are two major routes of CPEC i.e., eastern route and western
route. The eastern route runs through Makran coastal highway, Karachi, Hyderabad, Sukkur, Multan, Lahore, Islamabad,
Mansehra, Thakot, Ranikot to Khunjarab while the western
route will pass through Gwadar, Turbat, Bismah, Surab, Qalat,
Quetta, Zhob, Dera Ismail Khan, Bannu, Kohat, Peshawar, Islamabad and Gilgit Baltistan (Fig. 1) (Sarwar, 2016).
Several studies conducted for different cities of Pakistan
have validated various satellite data sets for aerosols (e.g.,
MISR, MODIS, CALIPSO, SeaWifs etc.) against ground-based
observations i.e., AERONET. Few studies are present in the
scientific literature carried out particularly on aerosols optical properties in Pakistan (e.g., Alam et al., 2007; 2010; 2011a;
2011b; 2011c; 2015; Butt et al., 2018). Most of these studies are conducted only on mega cities like Karachi and Lahore (c.f., Butt et al., 2018; Bibi et al., 2015; Ali et al., 2014;
Alam et al., 2011a; 2011b; 2011c; 2012; Iftikhar et al., 2018;
Tariq et al., 2015; Gupta et al., 2013). There is no comprehensive
study undertaken on AOD and to ascertain definite relationship between aerosols and meteorological parameters over
vast regions of Pakistan. Butt et al., (2018) conducted study
for two cities namely Karachi and Lahore validated satellite based AOD against the ground station data of AERONET
AOD. Khokhar et al., (2016) mapped the spatial distribution of
aerosols, their types, and origin in special weather conditions
in Pakistan e.g., fog. The study of Khokhar et al., (2016) also included ground monitoring of PM concentration which constituted the 2014–2015 winter periods only. On most of the occasions, mass concentration of PM10 at all sampling sites within
Lahore city, Pakistan exceeded the National Environmental
Quality Standards (NEQS). Another study by Yasmeen et al.,
(2012) found that maximum fog was observed in many cities
of the provinces of Punjab and Sindh during 2008-2010 and the
reason was as a result of high concentration of aerosols.
This study is aimed to analyze the prevailing concentration of aerosols over the eastern and western routes of CPEC
by utilizing the data set of validated satellite for different cities
of Pakistan i.e., MISR & MODIS. The importance of this study
is to find the association of aerosol with meteorological conditions instead of finding the difference between two satellite datasets. This study is carried out by using MISR data set
mainly for over taking the conventional view of the purpose of
existing satellite datasets i.e., to validate for improvement in
the observation platforms or data modelling itself. This study
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Fig. 1 – Map of study area showing the western route starting from Gwadar in the south of Pakistan, moves northward
passing through Qalat, Quetta, Zhob and meets with the eastern route near Kohat and Peshawar. The western route starts
from Gwadar and moves in the direction of Karachi, passes through the Hyderabad, Multan, Islamabad and ends at
Khunjerab. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
takes on to the concept that validated satellite data sets rather
should be viewed as existing to create analysis for general
wellbeing. Furthermore, this study investigated the relationship of AOD with meteorological parameters like temperature
(°C), rainfall millimeter (mm) and wind speed (m/s) for the
time period (2000-2016). This study considers the inter annual
and inter seasonal variations of AOD prevalence in Pakistan.

1.

Data and methods

1.1.

MODIS

MODIS (MOD08_M3_v6.1) is a key instrument on board the
Terra with daytime 10:30 am crossing at equator (also known
as EOS AM-1) and the Aqua having crossing time 13:30 pm
(also known as EOS PM-1) satellites as a part of NASA’s earth
observing system mission (EOS). These satellites are uniquely
designed with high spatial resolution, wide spectral range and
daily global coverage to monitor changes in the earth’s atmosphere. Terra (EOS AM) passes from north to south in the
morning while aqua (EOS PM) passes south to north in the
afternoon over the equator around the earth. MODIS aerosol
optical properties are retrieved over both land and ocean.
MODIS sensor has 36 spectral bands ranges between 0.415and 14.235-micron meters (m) with a swath of 2330 kilometers (km) and has spatial resolution of 0.25 km, 0.5 km and 1
km. The MODIS deep blue products are preferred to conduct
this study due to the availability of valid AOD pixels and high
temporal resolution (1-2 days). Deep blue product of MODIS

is used for desert and land regions. Deep blue algorithm has
greater sensitivity over bright surfaces because it uses 2 blue
channels (0.41- 0.47μm), the surface reflectance is relatively
small to infer the aerosol properties (Hsu et al., 2006).

1.2.

MISR

The MISR is a sensor on a polar orbiting sun – synchronous
NASA’s Terra satellite, at an altitude of 705 km. MISR consists
of 9 cameras, each with 4 spectral bands (blue, green, red, near
infrared) along flight path 70.51°, 60.01°, 45.61°, 26.11°. The
multiple angular views of surface and atmosphere are used to
retrieve aerosol microphysical properties (shape and size) and
number of physical parameters of aerosols (Martonchik et al.,
2004). The coverage time of MISR around the globe is nine
days with repeated coverage 2-9 days depending upon the latitude. The main aim of the MISR sensor is to detect solar radiation which is deflected and absorbed by the Earth. When
solar radiation strikes with dust particles (aerosols) or clouds,
depending upon the physical properties of surface, the energy
is partially scattered and absorbed. The aerosol retrieval algorithm is totally dependent upon the surface type i.e., dark
water bodies, dense vegetated areas and high contrast terrains
(Kahn et al., 2005). This function is used to describe the surface
reflectance contribution to the radiance in the upper layers of
atmosphere.
In this study, the area of interest comprises of eastern and
western routes of CPEC. Geographically the grid of eastern
route extends from 27°N-31°N and 68°E-72°E while grid for
western route extends from 30°N-34°N and 66°E-72°E (Fig. 1).
The areas under eastern route of CPEC are the provinces of
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Sindh and Punjab whereas the western route comprises of the
provinces of Baluchistan and Khyber Pakhtunkhawa (KPK) of
Pakistan.
The eastern route, falling in tropical to sub-tropical region,
consists of deserts and plains. It has an arid continental climate. This region is hot in summer and cold in winter. Eastern route comprises of the eastern belt of Pakistan that receives the first monsoon rainfall (Ali et al., 2020). This region
receives ˜137 mm total monsoon rainfall. Here summer is very
hot having temperature ˜48°C and winter is cool as temperature drops to −2°C. Several rivers flow covering the vast lands
of the eastern route of CPEC e.g., River Indus and its large tributaries. This is densely populated region of the country. Most
of the human settlement is along the rivers.
The western route has an extensive plateau of rough terrain divided into basins by ranges of enough heights and
ruggedness. Throughout, most of the topography is extremely
rough and mountainous. Vast plains covered with black gravel
surface and broad expanses of sand dunes are also found.
Western route has an arid continental climate, cold in winter and hot in summer. From December to March, the temperature at night usually drops below freezing (0°C), but during the day, it normally exceeds ˜10°C. In summer months, the
temperature reaches ˜40°C despite the high altitude. Northern
part of western route has a climate referred as local steppe.
The temperature averages ˜22.7°C. Total monsoon rainfall in
this region is ˜65 mm. In the northern part of western route
rains are plentiful that are related to western disturbances
and the summer monsoon. To study the seasonal variability of aerosols, the data of MISR AOD 555 nm (MIL3DAE v4),
0.5o spatial resolution on monthly basis, and MODIS Angstrom
Exponent, MODIS AOD 550nm (MODIS/Terra Deep blue/ Land
only (MOD08_M3_v6.1)) with 1o spatial resolution on monthly
basis has been used which is retrieved from Giovanni website (https://giovanni.gsfc.nasa.gov/giovanni/) for the period
of March 2000 to December 2016.
Simulated climate data of mean monthly wind speed in
m/s, mean monthly temperature in °C and total monthly rainfall in mm of ERA interim at 0.75 degrees spatial resolution
was downloaded from ERA-Interim ECMWF website (https:
//www.ecmwf.int/) to carry out the analysis. For validation,
mean AODs (550 nm) from MODIS was interpolated to a common wavelength of 555 nm using the following power law as
defined by Alam et al., (2011a).
AOD555nm = AOD550nm (555/550)−α , where α is an Angstrom
exponent.
Seasonal analysis for MODIS AOD and MISR AOD and climate parameters was performed for four seasons i.e., winter
season as December-February (DJF), spring season as MarchMay (MAM), summer season as June-August (JJA) and autumn
season as September-November (SON).
The Mann-Kendall (MK) trend analysis and linear regression of both data sets (MODIS & MISR) was carried out and
compared. This study compares the MODIS AOD and MISR
AOD results first and then takes on MISR AOD data for further analysis. It is found that MISR produces better results
when compared to AERONET for different cities of Pakistan
(c.f., Butt et al., 2018; Bibi et al., 2015; Alam et a., 2011a;
Tariq et al., 2018). MK test is a non-parametric test and one
of the most commonly used tools for detecting change in
climatic and hydrologic time series/trends. This test is the
result of the development of nonparametric trend test first
proposed by Mann (1945). This test was further studied by
Kendall (1975) and improved by Hirsch et al., (1982, 1984), who
allowed to consider seasonality. It is used to identify a trend in
a series, even if there is a seasonal component present in the
data. The Sen’s slope in MK test determines the real slope of
the trend in the time series (Sen, 1968). The null hypothesis in
the MK test is that the data is independent and randomly or-
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dered. The MK trend analysis is computed on seasonal MODIS
AOD and MISR AOD data sets from March 2000 to December
2016.
Linear regression was computed for seasonal analysis of
MODIS AOD and MISR AOD with climate parameters to find
the relationship between them. Furthermore, the three periods were identified for the prevalence of AOD over the study
region i.e., pre-peak, peak and post peak periods of AOD
each comprising of four months (i.e., Jan-Apr, May-Aug, SepDec). Three periods were considered to determine the periodic
trend of AOD concentration on eastern and western routes of
CPEC (c.f., Habib et al., 2019). In this study, monthly average
AOD of MODIS and MISR from 2000-2016 was computed and
plotted graphically for their periodic analysis and comparison. The monthly and inter-annual analysis of the time series, the seasonal standard deviation and the backward trajectory models of the study region is also presented. The trajectories were achieved using Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model of NOAA. The HYSPLIT
model is a computer model designed for diagnostic case studies and climatological studies using gridded data, atmospheric
emergencies, compute trajectories of air parcels, deposition of
trace and atmospheric gases/pollutants. The HYSPLIT model
calculates the forward and backward trajectories at different locations and altitude. Meteorological input for the HYSPLIT trajectory model is from National Centres for Environmental Prediction/National Centre for Atmospheric Research
(NCEP/NCAR), global reanalysis meteorological data. Figs. 2–5
show the comparison of MISR AOD with MODIS AOD, Figs. 6–
23 and supplementary material Figs. S1-S33 presents analysis
by using MISR AOD, and Fig. 34 presents the HYSPLIT model.

2.

Results

The MK test was computed on seasonal AOD data for the
eastern and western routes of CPEC, the results are shown in
Table 1. For eastern route, the results of trend test for MODIS
AOD shows that the null hypothesis is accepted for winter,
spring and autumn seasons hence, there is no trend in the
these seasons. However, significant decreasing trend was observed during summer season. The trend test for MISR AOD
shows that the null hypothesis is accepted for all the four seasons and no significant trend was observed for eastern route
of CPEC (Fig. 2). For the Western route of CPEC, the MK trend
test for MODIS AOD shows that there is a decreasing trend during spring and summer seasons whereas no trend was found
during winter and autumn seasons. No trend was observed for
MISR AOD over western route in all four seasons (Fig. 2).
The values of seasonal R2 obtained by linear regression are
shown in Table 2. For Eastern route of CPEC, the regression
analysis shows positive relationship between MODIS AOD and
temperature in winter and spring seasons. No relationship
is found between MODIS AOD and temperature in summer
and autumn seasons. No relationship is found between MISR
AOD and temperature in winter, summer and autumn seasons however a positive relationship is found for spring season. A positive relationship is observed between MODIS AOD
and rainfall during winter whereas an inverse relationship is
shown during spring, summer and autumn seasons. A positive
relationship is found between MISR AOD and rainfall in winter and summer whereas an inverse relationship is found in
spring and autumn seasons. A positive relationship was observed between MODIS AOD and wind speed during winter
and spring seasons, no relationship is found in summer season and an inverse relationship is found during autumn season. No relationship is shown between MISR AOD and wind
speed in winter and summer seasons whereas positive relationship in spring season and an inverse relationship in autumn season (Fig. 3).
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Fig. 2 – Seasonal variations in MODIS AOD (a-h) and MISR AOD (i-p) over Eastern and Western routes of CPEC from
2000-2016 with Mann-Kendall trend analysis.

For the Western route of CPEC, the values of seasonal R2
obtained by linear regression are shown in Table 2. The regression analysis shows positive relationship between MODIS
AOD and temperature during all seasons. A positive relationship is shown between MISR AOD and temperature during
all seasons. An inverse relationship of rainfall is shown with
MODIS AOD and MISR AOD in winter, spring and autumn seasons whereas no relationship is found during summer season. A positive relationship is found between MODIS AOD and
wind speed in winter, spring and autumn seasons whereas no
relationship is found during summer season. No relationship
is found between MISR AOD and wind speed during winter
and summer seasons, and a positive relationship is found for
spring and autumn seasons (Fig. 4).

Trend analysis of pre-peak, peak and post peak periods for
both MODIS AOD and MISR AOD was carried out on monthly
averaged data from 2000-2016 over the eastern and western
routes collectively. Both satellite’s data show pre-peak period
during January-April, peak period during May-August and post
peak period during September-December. The AOD starts to
increase after April, peaks during July and persists till August,
after that it starts to decline (Fig. 5). It is noteworthy that Figs.
2–5 show results in our study region in accordance to the previously published results of MISR studies conducted only for
a few cities of Pakistan (c.f., Butt et al., 2018; Bibi et al., 2015;
Alam et a., 2011a; Tariq et al., 2018), therefore only MISR AOD
data is used further for analysis in this paper.
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Table 1 – MK Trend Analysis of MODIS and MISR Seasonal AOD Data for Eastern and Western Routes of CPEC from 20002017
MODIS AOD for eastern route
Winter

Spring

Summer

Autumn

0.276 > 0.05
0.004 ⊂ [0.003,0.005]
Accepted

0.069 > 0.05
-0.005 ࣬ [-0.006, -0.005]
Accepted

0.036 < 0.05
-0.013 ⊂ [-0.014, -0.012]
Rejected

0.434 > 0.05
-0.003⊂ [-0.003, -0.002]
Accepted

MISR AOD for eastern route
p-value
0.235 > 0.05
Sen’s slop value
0.003࣬ [0.002, 0.003]
Null hypothesis
Accepted

0.762 > 0.05
2.789E-4 ࣬ [0.000, 0.001]
Accepted

0.537 > 0.05
0.002 ⊂ [0.001, 0.003]
Accepted

0.387 > 0.05
0.001⊂ [0.001, 0.002]
Accepted

MODIS AOD for western route
p-value
0.344 > 0.05
Sen’s slope value
0.002 ࣬ [0.001, 0.002]
Null hypothesis
Accepted

0.019 < 0.05
-0.005 ࣬ [-0.006, -0.005]
Rejected

0.027 < 0.05
-0.009 ⊂ [-0.009, -0.008]
Rejected

0.013 < 0.05
-0.003 ⊂ [-0.003,-0.003]
Rejected

MISR AOD for western route
p-value
0.902 > 0.05
Sen’s slope value
-2.428E-4 ࣬ [-0.001, 0.000]
Null hypothesis
Accepted

0.343 > 0.05
-0.002 ⊂ [-0.002, -0.002]
Accepted

0.499 > 0.05
-0.002 ⊂ [-0.004, -0.001]
Accepted

0.499 > 0.05
-6.047E-4 ࣬ [-0.001, -0.000]
Accepted

p-value
Sen’s slop value
Null hypothesis

Table 2 – Linear Regression of MODIS and MISR Seasonal AOD data by temperature, rainfall and wind speed for eastern
and western routes of CPEC from 2000-2016
R2 for eastern route
Regression
MODIS AOD by temperature
MODIS AOD by rainfall
MODIS AOD by wind speed
MISR AOD by temperature
MISR AOD by rainfall
MISR AOD by wind speed
R2 for western route
MODIS AOD by temperature
MODIS AOD by rainfall
MODIS AOD by wind speed
MISR AOD by temperature
MISR AOD by rainfall
MISR AOD by wind speed

Winter (DJF)

Spring (MAM)

Summer (JJA)

Autumn (SON)

0.350
0.001
0.000
0.013
0.003
0.002

0.266
0.216
0.131
0.205
0.070
0.032

0.001
0.050
0.000
0.004
0.007
0.004

0.005
0.249
0.043
0.007
0.080
0.181

0.025
0.369
0.080
0.044
0.063
0.001

0.317
0.432
0.168
0.303
0.216
0.041

0.113
0.005
0.016
0.189
0.000
0.006

0.017
0.262
0.044
0.184
0.165
0.062

Average monthly analysis is shown for the years 2000-2016
for eastern and western routes in Figs. S1-S12 (Supplementary material). The aerosol prevalence over eastern route remained higher as compared to western route throughout the
study period. In January and February, the aerosol prevalence
remained between 0.1-0.2 and 0.3-0.4 during these months in
the following years until 2016 with a peak in February 2014, on
western and eastern routes respectively (Figs. S1-S2). Aerosol
prevalence started to increase during March-April 2000-2016
on both routes (Figs. S3-S4) with the values fluctuating between 0.1-0.3 and 0.3-0.5 on western and eastern routes respectively. Aerosol prevalence continued to rise in the following months i.e., May (0.2-0.5 for western; 0.4-0.6 for eastern), June (0.3-0.6 for western; 0.5-0.7 for eastern), July (0.4-0.6
for western; 0.5-0.9 for eastern) and August (0.4-0.7 for western; 0.5-0.8 for eastern) on both routes during 2000-2016; except a peak is observed in July 2014 where the aerosol prevalence is ≥0.8 on the eastern route and ≥ 0.7 on the western
route (Figs. S5-S8). The aerosol prevalence started to decrease
in the months of September-October on both routes (i.e., 0.20.4 for western; 0.4-0.6 for eastern) (Figs. S9-S10). NovemberDecember experienced the lowest amount of aerosol preva-

lence over both routes (i.e., < 0.2 for western; < 0.3 for eastern)
during the studied period with a sudden decrease in the prevalence over the eastern route in the year 2016 (Figs. S11-S12).
The annual averages of 2000-2016 show a consistent trend
over both routes with eastern route having higher values than
western route (Fig. S13). Similarly, inter-annual trend analysis
on monthly basis is also shown in the Figs. S14-S31 (Supplementary material).
The standard deviation of MISR AOD is shown in Fig. 6 for
the years 2000-2016. The seasonal standard deviation analysis (Fig. 6) shows that the aerosol prevalence over the western route has lower but larger range as compared to the eastern route during winter season. Eastern route has narrow
but higher range of aerosol prevalence during winter season.
During summer season, western route has lower and narrow
range of aerosol prevalence whereas eastern route has narrow but higher range of aerosol prevalence. In summer, narrow range of aerosol prevalence is observed which started to
widen but with lower values during autumn season. During
spring season, both routes show the similar trend of aerosol
prevalence however eastern route with higher values and
western route with lower values. The aerosol prevalence over
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Fig. 3 – Seasonal regression of MODIS and MISR AOD by temperature, rainfall and wind speed over Eastern route of CPEC
from 2000-2016.

the eastern route started to prevail during MAM and reached
at its peak during JJA and again decreased during SON (Fig.
S32). An overall larger range with higher values is shown over
the eastern route whereas western route has shown a narrow
range with lower values during the study period (Fig. S33).
The area averaged histograms are showing the range of
the aerosol prevalence in Figs 7(a-b) for eastern and western routes respectively. The eastern route has more frequent
data ranges as compared to the western route whereas the
histogram shows higher frequency over the western route

as compared to the eastern route. The area averaged time
series of aerosol prevalence (AOD) for eastern and western
routes collectively is shown in Fig. 8 for the years 2000-2016.
It shows a peak in year 2014 and a continuous decreasing
trend in the following years until 2016. Fig. 9 shows the area
averaged precipitation analysis where the aerosol prevalence
(AOD) and precipitation are showing almost opposite trends
to each other. The trajectory analysis for the study region is
shown in Fig. S34 (Supplementary material). The trend of tra-
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Fig. 4 – Seasonal regression of MODIS and MISR AOD by temperature, rainfall and wind speed over Western route of CPEC
from 2000-2016.

jectory is northwest to east during winter and spring seasons
whereas north to south during summer and autumn seasons.

3.

Discussion

Trend analysis of MODIS AOD and MISR AOD over eastern
route of CPEC from March 2000 to December 2016 shows the
decreasing trend for summer season whereas there is no trend

found during other seasons (Figs. 2–5). The eastern belt of
Pakistan is considered receiving higher monsoon rainfall as
compared to rest of the country (Salma et al., 2012). Hence,
less aerosol prevalence may be the effect of monsoon rains’
washout process. Lower summer AOD values are the effect of
monsoon rains that tend to washout the aerosols and thus reduce their concentration mostly in eastern and south-eastern
parts of Pakistan.
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Fig. 5 – Pre peak, peak and post peak periods of MODIS and MISR AOD for Eastern and Western routes of CPEC from
2000-2016 and their comparison.

Fig. 6 – Seasonal standard deviation (MISR AOD) for eastern and western routes of CPEC for the years 2000-2016 in Pakistan.

AOD and temperature shows positive relationship between
them over eastern and western routes. The relationship between AOD and temperature may be due to the formation of
inversion layer during winter that causes the accumulation
of aerosols over this region. The relationship between AOD
and rainfall may be attributed to heavy rainfall that leads to
wash out of aerosols from the atmosphere thus causing decrease in its concentration. A relationship of AOD with wind
speed shows the increased dispersion of aerosol and prevention of accumulation over the study region. Wind speed is
also a reason of huge quantity of trans-boundary aerosols

from the neighboring areas and deserts in Afghanistan, Iran,
and Baluchistan. The results are consistent with the study of
Indira et al., (2013) who reported that local meteorological parameters play a major role in the aerosol and rainfall variations over India.
Highest values of AOD are observed during the month of
July for both satellite’s data. It may be because of the hygroscopic growth of the water-soluble aerosols in the presence
of high moisture in the atmosphere during summer monsoon
months. Slightly lower AOD variability and magnitudes occurred in the post peak and pre peak periods as compared
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Fig. 7 – Area averaged histogram (2000-2016) showing the range and spread of AOD (MISR) prevalence over CPEC in Pakistan
(a) the eastern route (b) the western route.

Fig. 8 – Time series for area averaged (eastern and western routes collectively) prevalence of AOD (MISR) over the study
region for the years 2000-2016.

Fig. 9 – Time series for area averaged precipitation (eastern and western routes collectively) over the study region for the
years 2000-2016.
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to peak period, which are probably attributed to the rare dust
events and sand air masses from Afghanistan in the investigated region during peak times.
Annual mean MODIS AOD values are greater than the MISR
AOD values since the retrieval algorithm and sampling characteristics of MODIS are completely different from MISR. The
prevalence of aerosol in winter may be due to emissions from
burning of crop remains, transportation, urbanization, and
cold weather that form blanket around the region. The observed highest monthly MODIS AOD value is recorded in August 2002. The maximum aerosol prevalence was observed
in August 2004, September 2013 and July 2014. It may be attributed to hygroscopic growth of the water-soluble aerosols
in the presence of high moisture in the atmosphere during
these months, burning of Kharif (autumn) crops, and movement of regional dust from Thar Desert. For the month of July,
similar trends have been reported by Saha et al. (2005) and
Taneja et al. (2016) over the Indo-Gangetic plain and Delhi. Initially the MISR gave us the satisfactory results when compared
to other studies conducted for few cities of Pakistan. Hence,
MISR AOD dataset was further used for the analysis.
The inter-annual analysis and monthly analysis showed
the consistent higher values and range of aerosol for eastern
route as compared to the western route (Figs. S1-S31). It may
be because most of the Pakistan’s population lives here and
the anthropogenic activities take place in the eastern side of
the country. Mega cities like Lahore, Faisalabad, and Multan
etc. lies in the eastern part of the country. Cities in the western route are lagging in social living standards and lifestyle
as compared to other provinces and has less anthropogenic
activities and human population (Pakistan Bureau of Statistics, 2015; Census Report 2017) and is mostly comprising of
high rocky mountainous region e.g., Sulaiman Range. Similarly, the eastern route shows earlier increase in aerosol prevalence i.e., in MAM whereas the aerosol prevalence started to
increase noticeably over the western route by JJA (Figs. 6, S32S33). Eastern route is showing more bars than western route in
histogram which shows the mixed and more types of aerosol
prevalence over this region due to variety of anthropogenic activities. Western route may have fewer types but higher range
of aerosols in the similar range due to less anthropogenic activity or because of mostly similar kind of aerosol prevalence
in this region (Fig. 7). An additional analysis of area averaged
precipitation is done to assist the results of Fig. 8. The less
aerosol prevalence in the year 2010 can be observed in the
Fig. 8 whereas Fig. 9 shows high amount of precipitation in
the year 2010. Since Pakistan receives highest monthly rainfall during the summer monsoon season from July-Aug (Ali
et al., 2020), the lower fluctuation and smaller range of AOD
prevalence is seen during July-Aug over eastern and western
routes (as depicted in the Fig. 6). The peak aerosol prevalence
in the year 2014 may be because Pakistan received less than
normal average precipitation which in turns shows the high
aerosol prevalence over the study region.
In Fig. S34 (Supplementary material) the trajectory analysis is presented. Winter 2008 and 2012-2015 is showing a deviating trend over the study region. Summer season shows less
aerosol prevalence over the Pakistan region during studied period however deviating trend is shown in the year 2003. The
trend during winter and spring seasons also deviated in the
years 2012-2015 and returned to normal by 2016. A deviated
trend is observed during autumn 2012. The trajectory analysis shows an overall deviated trend during the year 2014. The
deviated pattern of trajectory during the year 2014 may be because of the abnormal rainfall climatology in the region.
Air mass trajectory analysis performed by Alam et al.,
(2011a) for selected cities of Pakistan show that winter winds
travel long distances and reach Pakistan from south-west, carrying dust particles and pollutants resulting in increased AOD

load in winter months. Beside these sources, eastern route
of study area receives significant amount of biomass burning
aerosols from neighboring countries, especially from Nuristan
forest in Afghanistan. The absence of barriers for this type of
contamination in the air and their health impacts justify the
concern to identify the presence and content of these pollutants in the atmosphere.

4.

Conclusions

The purpose of this study is to investigate the prevailing
aerosol concentration over the eastern and western routes of
CPEC. The implementation of the CPEC plan will provide a
raise in country’s GDP, standard of living of the people and create thousands of jobs. The lion’s share from the budget i.e., 50
percent has been allocated for infrastructure development including energy, ports, shipping, and highways. The economic
growth due to CPEC based projects has attained a boom in
Pakistan and it will continue to grow with time in future as
the economic growth is directly proportional to the growth
of energy consumption. In the present era, it has become almost impossible to decouple energy consumption and economic growth (UN, 2012). The link of energy generation and
consumption with emissions is inevitable.
In this study the aerosols prevalence over eastern and
western routes of CPEC was analyzed using MODIS and MISR
satellite data sets of AOD from March 2000 to December 2016.
The results show seasonal variations in AOD over the study
region. For eastern route, no significant trend of AOD found
for winter, spring and autumn seasons except for summer
season. Similarly, no significant trend was found over western route except for spring and summer seasons. For eastern
route, a positive relationship is found between temperature
and AOD during winter and spring seasons for MODIS and in
spring season for MISR. A positive relationship is observed between MODIS AOD and rainfall during winter season and between MISR AOD and rainfall in winter and summer seasons.
A positive relationship was observed between MODIS AOD and
wind speed during winter and spring season. A positive relationship is shown between MISR AOD and wind speed in
spring season and inverse relationship in autumn season. For
western route, a positive relationship is shown for temperature with MODIS AOD and MISR AOD during all seasons. An
inverse relationship is shown for rainfall with MODIS AOD and
MISR AOD in all seasons except MISR AOD shows no relationship with rainfall in summer season. A positive relationship is
found for wind speed with MODIS AOD in winter, spring and
autumn seasons and with MISR AOD for spring and autumn
seasons.
For eastern route, moving averages have decreasing trend
in spring and summer seasons and increasing trends in winter and autumn seasons. For western route, moving averages
have increasing trend in winter season and decreasing trend
in spring, summer and autumn seasons. The peak period is
observed from May-Aug using seasonal standard deviation
showing highest values of AOD over the study region during
this time. The seasonal and inter-annual aerosol concentration deviation remained higher over the eastern route with
larger ranges as compared to western route. The eastern route
shows large range of values of aerosol prevalence in histogram
as compared to the western route. The 2014 irregular trajectory trends and aerosol prevalence is associated with the abnormal rainfall over the study region.
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