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South Asian smog is an annually recurring air pollution event that is characterized

by high concentrations of air pollutants, low visibility, and severe socio-economic

disruptions. It is most frequently observed across the north-western parts of the

Indo-Gangetic Plains (IGP). Since 2016, it has become so frequent and pervasive

that they are colloquially referred to as “the fifth season” in the region. During this

season populations residing in this area including cities such as Lahore, Amritsar,

Faisalabad, Multan, Delhi etc. are exposed to hazardous levels of air pollution.

This study attempts to understand the reasons for the recent increase in the

intensity and frequency of intense air pollution episodes by utilizing ground-based

and satellite observations. Time-series analysis, seasonal and annual variations in

PM2.5 and AOD were carried out. Satellite data of UVAAI, CO, and fire count were

used to determine the fire incidences and aerosol characterization. The results

indicate that during the last decade, there has been an increase in air pollution

sources while crop residue burning, and motor vehicles have greatly contributed

to the increased frequency and intensity of such events. The meteorological

and topographical data analysis revealed that the IGP provides ample cloud-

condensation nuclei and optimum conditions for the accumulations of pollutants,

especially in the post-monsoon and winter periods. The Mann-Kendall test was

performed to confirm the annual and seasonal trends of PM2.5. The major cities

of South Asia such as Lahore, Delhi, Kathmandu, and Dhaka have recently shown

a decreasing trend with respect to annual AOD. However, an increase has been

observed for the period of post-monsoon especially for cities of Lahore and

Delhi. To distinguish potential sources of air pollutants during extreme smog

episodes in the region, Analytical Hierarchy Process (AHP) was conducted to

estimate the most contributing factors to the annual smog episodes. According

to the data, the transboundary pollution resulting from open-field agriculture fires

has been assigned moderate importance over vehicular emissions. A HYSPLIT

trajectory model coupled with ground observations and satellite data shows

that the agricultural fires do have a profound impact on the air quality of the

region. It highlights the importance of transboundary pollution and cooperation

among cities, regions, and countries across the shared airshed of the Indo-

Gangetic Plains.
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1 Introduction

South Asia is one of themost polluted, densely packed, and least

integrated regions in the world. Its population of 1.8 billion has

endured some of the most unprecedented crises in human history

and now they are confronted with the challenges of air pollution in

both the socio-economic and environmental context. The extensive

human activities and stable meteorological conditions trigger a

remarkable increase in aerosol loads that have been observed over

this region. South Asia has officially outpaced China as the world’s

most polluted region. According to recent studies, an increase

in aerosol loads over South Asia is witnessed, contrary to the

observed decrease over East Asia (China) (Ramachandran et al.,

2020; Ratnam et al., 2021). South Asian cities are regularly reported

among the world’s most polluted cities (Khokhar et al., 2021, 2023).

In 2021, 43 of the world’s 50 most polluted cities were located in

India, Pakistan and Bangladesh (IQAir, 2021).

The meteorological and topographic features of the study

region also support the accumulation and retention of air

pollutants. The highly irrigated region of the Indo-Gangetic

Plain (IGP) provides abundant cloud condensation nuclei (loose

alluvial sediments and high anthropogenic activities), plenty of

moisture for the accumulation of air pollutants (Mishra et al.,

2020; Ojha et al., 2020; Verma et al., 2022). This is further

strengthened by the stable meteorology and the “valley effect”

created by the topographical features (Hindukush-Karakoram-

Himalaya Mountain ranges) and is most prominent during the

post-monsoon and winter seasons (Resmi et al., 2019).

Since the past few years, the recurring air pollution episodes

have devastated the lives of citizens across South Asia and due

to frequent occurrences have been labeled as “the fifth season” in

the region. The “fifth season” is a new addition to the region’s

climatology and has been observed most prominently during the

post-monsoon season (October to November). During this period

across the IGP, the extreme air pollution episodes manifest most

commonly as conditions of low visibility, driven by increased

concentration of atmospheric pollutants (Khokhar et al., 2017;

Morawska et al., 2021). The winter fog and smog episodes depend

largely on regional and local meteorological conditions such as

relative humidity, wind patterns, and dew point temperature. At

the time of crop residue burning, prevailing winds support air

pollution dispersion as compared to stable atmospheric conditions

in the foggy winter season (Bilal et al., 2022). The hygroscopic

growth of aerosol is favored by high relative humidity (RH) which

increases the concentration of aerosols in the environment. High

RH is also conducive to the formation of new aerosol particles

through the secondary reaction of gases increases pollution levels

by PM mass concentration and reduces visibility (Tao et al.,

2015). Literature highlights that approximately 88% of RH has

been observed during the morning hours and is responsible for

increased aerosol concentration by photochemical reactions and

secondary particulate matter formation (Zhang et al., 2023). In

Pakistan and India, the haze and fog conditions are higher in areas

where the rate of anthropogenic emissions is high due to urban-

industrial activities, which increases the loads of aerosol pollution.

The emission of smoke from vehicular and agricultural burning

activities during wintertime gives rise to the formation of fog near

the ground due to temperature inversion and weather conditions,

as observed in a study conducted in Punjab and Haryana of India

that resulted in intense smog in Lahore (Bilal et al., 2022). In

Pakistan, the reduced visibility incidences cause socio-economic

disruptions along the plains of Punjab province, most prominently

in major cities like Lahore, Faisalabad, Gujranwala, and Multan.

The onset of the fifth season is followed by large-scale socio-

economic disruptions, the closure of schools and businesses, traffic

accidents, and poor health conditions. An estimated 128,000 deaths

in Pakistan and around 1.2 million deaths in India have been linked

to exposure to the worst air pollution annually (Fuller et al., 2019).

The unprecedented increase in anthropogenic activities has

resulted in high levels of aerosol particles such as PM2.5 and its

precursors in the atmosphere which can greatly influence the air

quality, ozone layer, and climate (precipitation and radiation) on

local to regional and global scales (Savee et al., 1979; Zhang et al.,

2014). The organic carbon (OC) and elemental carbon (EC)/black

carbon fraction of PM2.5 play a great role in climate forcing

through their scattering and absorbing characteristics (Bollasina

et al., 1979; Hansen et al., 2005; Sjogren et al., 2007; Bond et al.,

2013). The global warming effect of EC and the cooling effect of

OC make the carbonaceous aerosols with a lower OC/EC ratio

have a greater warming effect (Zhu et al., 2014). However, the

sulfate and nitrate constituents of PM2.5 have a cooling influence

on climate due to their chemical and optical properties (Ali et al.,

2019). Also, some toxic heavy metal elements are often attached to

particulate matter (including Cd, Pb, As, and Sb), which even in

low quantities can cause adverse human health effects (Onat and

Stakeeva, 2013). Among all water-soluble inorganic ions in PM2.5,

the three secondary ions (sulfate–nitrate–ammonium) are the most

abundant one (Tao et al., 2013; Yin et al., 2014). During colder

months, the hygroscopic constituents of PM2.5 may facilitate the

development of fog, haze, or smog under favorable meteorological

conditions. Literature indicated that fog of different densities has

been observed in the Delhi region for the months of post-monsoon

and winter which extends over the whole IGP region (Ali et al.,

2019; Khokhar et al., 2023). This has resulted in socioeconomic

disruption due to low visibility that affects transportation and

aviation on a large scale. According to the data made available

by the air quality monitoring stations by US Consulate Offices in

Lahore and Delhi, periods of low visibility are linked with high

concentrations of atmospheric pollutants such as PM2.5 and other

reactive gases. This is most prominent during the post-monsoon

season when the high-intensity agricultural residue burning in the

Indo-Gangetic plains acts as the main driver of air pollutant loads.

According to the data presented in Figure 1, the peak intensity of

the agricultural burning activities has been recorded during the

period of late October to mid-November (i.e., from 25 October

to 14 November). Most of the fires are in the Indian plains of

Punjab and Haryana as a result of the annual rice paddy clearing.

This is most likely due to the high levels of mechanized agriculture

practices in these regions which result in the production of ample

amounts of stubble around 15 cm in height which is too labor and

cost-intensive to remove without burning. According to estimates

made by Gupta (2012) around 90% of the area harvested through

combined harvesters in (Indian) Punjab is burned, which results in

severe degradation of regional air quality. Additionally, as depicted
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FIGURE 1

Daily long-term average MODIS fire counts detected over Indian region (Punjab & Haryana) and Pakistani region (Punjab and Sindh) from 2015 to

2020. Only fire counts were selected with more than 80% confidence interval over both regions. While dotted lines are representing the 10 days

moving averages for respective region. Based on occurrence of fire the fifth season can be attributed to period of 25 October to 14 November period.

in Figure 1, there is an offset of 2 weeks between Pakistan and

Indian fires in October-November most likely because of the

difference in rice cultivars, their maturity phase, andmeteorological

parameters at time of clearing. A time series of daily averages of

PM2.5 concentration from US embassy stations of Lahore, Delhi,

Dhaka, and Kathmandu show the values of PM2.5 far exceeding the

permissible limit ofWHO (which was 25µg/m3 before 2021 and 15

µg/m3 since 2021 onwards for 24-h average), presented in Figure 2.

During this period of intense fire activities, the air quality

of the region significantly deteriorates as depicted in Figure 3,

where the air quality of the cities closest to the high-intensity

agriculture residue burning (i.e., Delhi, Lahore and Kathmandu)

show a noticeable decline in overall air quality except during post-

monsoon, whereas Dhaka a city far away from these agricultural

emissions does not show any noticeable difference compared to the

rest of the year. Another interesting aspect highlighted by Figure 3,

is that during the rest of seasons the air quality of the selected

cities of South Asia also remained very poor having<1% good days

(PM2.5 < 25 µg/m3, WHO limits). For Lahore and Delhi, the air

quality levels were ranked as “hazardous” and “very unhealthy” for

the post-monsoon season.

Because of the repeated manifestation of poor air quality events

the Governments of Pakistan and India have shown an interest

toward dealing with the issue of poor air quality, which until this

period has been largely ignored by the politicians, policymakers,

and even the public. However, after the swift resurgence of the

issue following the devastating smog episodes of 2016 and 2017, it

became difficult to overlook the impact of this emerging regional

challenge. The monitoring of air quality in Pakistan is quite

challenging due to limited ground monitoring stations. Although

satellite-based atmospheric pollutant monitoring techniques can

be used to assess the level of air pollution to certain extent

but it cannot be the an alternative to ground-based air quality

monitoring networks. Further, very few studies are available on

air pollution over smog-affected regions of India-Pakistan that can

assist in solving the mysteries behind these intense air pollution

events (Jabeen and Khokhar, 2019; Javed et al., 2019; Ali et al.,

2021; Anjum et al., 2021; Anwar et al., 2021; Razi et al., 2022;

Khan et al., 2023). Literature indicates that agricultural residue-

burning activities are the prime reason for the Delhi-2016 smog

event (Sawlani et al., 2019). However, studies also found that

the dispersion or retention of smoke between India and Pakistan

can be due to the prevailing meteorological conditions such as

wind patterns and air stagnation (Kanawade et al., 2020; Bilal

et al., 2022). Most of the studies utilized satellite data to identify

the causes of smog events. This study intends to use the data

available from monitoring stations and satellites to identify the

potential sources of air pollution, transboundary effect, and role

of meteorology in repetitive intense air pollution events referred

as fifth season in the region. This research also highlights the

existing knowledge gaps through analysis of the currently available

data and resolves the mysteries of the recurring post-monsoon

smog episodes.

2 Materials and methods

2.1 Data collection

A detailed method flow diagram is presented in Figure 4. Air

quality data for particulate matter (PM2.5) was obtained from US

Air Now air quality monitoring sensors (Beta ray Attenuation

Mass Monitor by Met One Instruments, Inc. USA) installed at US

embassies/consulates in the cities of Lahore, Delhi, Dhaka, and

Kathmandu (https://www.airnow.gov/international/us-embassies-

and-consulates/).

Meteorological data, including temperature, humidity, wind

speed, and wind direction were obtained from the Lahore

Meteorological station located at Allama Iqbal International

Airport by the Pakistan Meteorological Department.

Aerosol absorbance product UVAAI (ultraviolet aerosol

absorbing index) retrieved from OMI (Levelt et al., 2006).

UVAAI product was obtained from the NASA Earthdata tool

Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/#servicewhile
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FIGURE 2

Time series graph showing daily average of PM2.5 concentration observed by US Embassy station in various South Asian cities.

the MOPITT CO daily product was obtained from: https://subset.

larc.nasa.gov/mopitt/.

The MODIS Aerosol Optical Depth (AOD) (Aqua and Terra

combined product MCD19A) was extracted using Google Earth

Engine, and the MODIS fire counts were obtained using FIRMS

(Fires Information for Resource Management system) (https://

firms.modaps.eosdis.nasa.gov/) fire product MCD14ML.

AERONET (AErosol RObotic NETwork) program is a

federation of ground-based remote sensing aerosol networks

established by NASA and PHOTONS (PHOtométrie pour

le Traitement Opérationnel de Normalization Satellitaire;

Univ. of Lille 1, CNES, and CNRS-INSU) and is greatly

expanded by networks (e.g., RIMA, AeroSpan, AEROCAN,

NEON, and CARSNET) and collaborators from national

agencies, institutes, universities, individual scientists, and

partners (Holben et al., 1998). It provides globally distributed

observations of spectral aerosol optical depth (AOD),

inversion products, and precipitable water in diverse aerosol

regimes. AERONET AOD inversion product at 550 nm

version 3 Level 2.0 (quality-assured) product was used in

this study.

2.2 Data processing and analysis

Time-series analysis, seasonal and annual variations in PM2.5

and AOD were carried out at MS-EXCEL from 2015 to 2023 for
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FIGURE 3

AQI of various South Asian cities in post-monsoon season and the rest of the year.

FIGURE 4

Methodological work-flow of the present study.

Lahore, Delhi, Dhaka and Kathmandu. Satellite data of UVAAI,

CO, and fire count was processed using ArcMap 10.7 to determine

fire incidence and aerosol characterization.

The Hybrid Single-Particle Lagrangian Integrated Trajectory

(HYSPLIT) Model version 4 was used to generate back trajectories.

Back trajectories were calculated mainly at 50, 100, and 200 meters
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above the ground level for the first 7 days of November from

2016–2020 at Lahore Site. The first 7 days of November were

chosen because they represent the highest period of agriculture

burning and correspond with very high AOD values as shown in

Figure 6.

To estimate the most contributing factors to the annual

smog episodes, an Analytical Hierarchy Process (AHP) was

conducted. It is a multi-dimensional decision-making method

for investigating compound problems involving several criteria

(Saaty, 1987). This multi-criterion decision-makingmethod is well-

proven and reliable, widely used in various studies (Hacioglu

et al., 2016; Banerjee et al., 2018; Sahin et al., 2020; Saini

et al., 2023). The process was carried out using the AHP

online software tool, AHP-OS (https://www.ahp-os.com/). The

pairwise comparisons were made for the factors contributing

to smog episodes using a nine-point scale from 1 (equally

important) to 9 (extremely important). The consistency ratio

for the study was calculated to ensure good consistency

in the matrix. The resulting weights were then used to

calculate the overall weight of each factor contributing to

smog episodes. The AHP process allowed for discrimination

among potential sources of air pollutants during extreme

smog episodes in the region, and the results are presented

in Supplementary Tables S1–S3. While satellite observations are

helpful, they are no substitute for ground-based observations.

Therefore, to complement satellite data, ground-based monitoring

stations should be established across the region for more accurate

and comprehensive data.

2.3 Statistical analysis

To determine whether PM2.5 has a monotonic upward

or downward trend in the selected South Asian cities, the

Mann–Kendall test has been used in this study. It is a well-

proven used by various researchers (e.g., Mann, 1945; Barzeghar

et al., 2020; De Jesus et al., 2020; Yun et al., 2022). Mann–

Kendall test uses the following equation for a time series units

xi,.., xn:

S =
∑n−1

i=1

∑n

j=i+1
sgn (xj− xi)

Where xj and xi are values in j and i days, however, i is less than

j respectively.

The data points numbers are denoted by n here.

sgn (xj – xi) calculated as:

sgn
(

xj− xi
)

=











+1, if xj− xi > 0

0, if xj− xi = 0

−1, if xj− xi < 0

The increasing and decreasing trend is

identified by the S value either + or -. For more

than 10 data values, S-Statitics show normally

distributed. Then, the test is achieved with normal

distribution.

The mean and variation are calculated by:

E(S) = 0

Var (S) =

n (n− 1) (2n+ 5) −
∑ n

i = 1 ti (ti− 1) (2ti+ 5)

18

Zmk =











S− 1/Se, if S > 0

0, if S = 0

S+ 1/Se, if S < 0

where Se is the square root of Var(S)

Sen’s slope estimation is a non-parametric test to analyze the

magnitude of trend either increasing or decreasing in a time-

series data.

Q = Q[(n+1)/2], if N is odd

Q = 1/2 (Q[(n)/2] + Q[((n+2)/2)]), if N is even

Qi (+)= increasing trend

Qi (−)= decreasing trend.

3 Results

3.1 Role of meteorological factors in smog
formation

Winter fog is a natural meteorological phenomenon

constituted by water vapors and is a common occurrence

during winter months throughout this region and the world.

However, since the year 2016, consistent periods of dense haze

have been observed during the last week of October toward

the mid of November, with the subsistence of this trend it

is being established as a new phenomenon labeled “the fifth

season”. This new phenomenon has been linked to frequent

disruptions of road, air, and railway traffic, leading to accidents.

The dense and persistent fog also leads to winter crop loss

and accompanying cold waves, resulting in various illnesses

and deaths.

According to Donald Ahrens and Henson (2015), the essential

parameters for fog formation are;

1. Visibility should be <1000 m

2. Availability of aerosols (AOD should be >0.4 a proxy indicator)

3. Humidity should be >75%

4. Dew point temperature difference (ambient - dew point

temperature) should be ≤10◦F.

According to the Pakistan Meteorological Department (PMD),

fog is further characterized into the following categories based on

visibility conditions (see Yasmeen et al., 2012):

- Very dense Fog: visibility < 50 meters

- Dense Fog: visibility < 200 meters

- Moderate Fog: visibility < 500 meters

- Shallow Fog: visibility < 1000 meters

- Haze and Mist: visibility > 1000 meters

The meteorological parameters have been compiled for the

first 7 days of November from Lahore station (2015–2020) and
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TABLE 1 Meteorological parameters for the first seven days of November during the time period of 2015–2020.

Year Variables 1-November 2- November 3- November 4- November 5-November 6- November 7- November

D N D N D N D N D N D N D N

2015 T (◦K) 299 293 298 292 298 292 294 292 295 291 296 290 297 290

H (%) 45 71 53 71 53 78 72 79 55 82 49 71 49 74

1T (◦F) 25 10 19 10 19 7 10 7 17 6 21 9 22 9

WS(mph) 3.1 0.1 2.8 0.0 1.7 0.6 8.5 5.8 8.5 5.8 4.7 5.0 2.3 1.6

BLH (m) 356.9 401.5 394.6 517.5 294.7 324.4 264.6

DF (%) 0% 0% 0% 0% 0%

2016 T (◦K) 295 293 296 294 297 293 297 294 297 293 296 293 296 292

H (%) 67 76 68 79 62 79 66 77 61 74 60 77 56 75

1T (◦F) 13 7 12 6 16 6 15 7 16 9 16 7 13 7

WS(mph) 3.0 1.7 2.1 1.8 4.9 0.1 5.3 0.4 4.5 0.8 11.0 6.7 12.5 8.1

BLH (m) 346 334 330 219 327 343 296

DF (%)

2017 T (◦K) 294 292 295 292 294 292 295 293 296 293 292 290 292 290

H (%) 75 81 79 87 77 87 77 87 77 87 84 94 85 96

1T (◦F) 9 6 7 3.9 8.9 3.8 0.9 6.7 11 5.5 5.6 1.5 4.9 1.1

WS(mph) 5 2 3 0 5 1 1 0 0 0 2 1 3 1

BLH (m) 395 351 278 297 393 337 292

DF (%)

2018 T (◦K) 298 294 297 293 293 291 292 288 294 288 295 288 296 288

H (%) 68 81 62 76 75 76 69 79 50 72 48 63 42 64

1T (◦F) 11.8 5.8 13.6 7.8 8.4 8.04 11 6.04 20.6 9.3 21.6 12.5 26 12.5

WS(mph) 6 2 8 7 6 5 7 3 6 3 6 2 2 2

BLH (m) 522 445 368 405 400 276 206

DF (%) 0 0% 0% 0% 0%

2019 T (◦K) 297 293 297 292 298 293 299 292 299 293 299 292 293 290

H (%) 74.9 83.7 76.6 91.1 77.5 90.8 72.1 90.2 68.3 90.0 83.7 95.9 83.6 99.5

1T (◦F) 16.5 8.5 17.3 8.0 13.3 6.7 22.8 7.6 25.3 13.2 24.9 10.4 8.9 7.8

WS(mph) 3 2 2 2 5 0 5 0 5 1 11 7 13 8

(Continued)
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are represented in Table 1. It is readily apparent that there is

no constant role of meteorological parameters in driving these

reduced visibility incidences during post-monsoon. In some of

the most intense periods of reduced visibility, most prominently

in the year 2016, the meteorological parameters did not support

the formation of fog (at least not during the day). There has

been no consistent behavior in the fog incidences observed in

Lahore during the selected period as seen in Figure 5. However,

there have been very few radiation fog incidences seen during

the months of October and November which can be attributed

to factors other than radiation fog events such as fire smoke.

The frequency of fog incidents escalates with a decrease in

temperature and results in reduced visibility in the study area. In

Lahore, the month of December shows high values of moderate

to dense fog for the years 2016 and 2019 while minor values

during the rest of the years. November has shown high numbers

during 2017. The month of January displays a consecutive high

value in 2017, 2018, and 2020, with a relatively visible large

number in 2016 as well (Figure 5). Similarly, the relationship

of meteorological parameters i.e., temperature, windspeed, and

humidity with visibility incidences for the period of 4 months

are shown in the Supplementary Figure S1. In the case of Lahore

(see Supplementary Figure S1) during 2015 being the normal year,

the reduced visibility started during the first week of November,

however over the years, the number of reduced visibility incidences

started moving toward the last week of October. There is one-

week earlier initiation of the occurrence of reduced visibility

incidences. However, the number of fog/smog incidences has been
inconsistent over the years as there is no exact pattern. Most
of smog incidences occurred during the month of December in

each year, which is further supported by meteorological conditions
and reduced boundary layer height. In the years 2016 and 2017,

the first seven days of November showed transboundary smoke
and haze conditions whereas no such smog events were reported
in 2018 (Supplementary Figures S2, S3). Based on visibility data,
the studied period (25 October−12 November 2017) was divided

into three pollution episodes (Figure 6), in which late October
2017 (Episode 1) was observed to have haze and smoke due to
transboundary pollution. It can be attributed to the primary smoke

of rice paddy fires in India and Pakistan, which have hampered the
visibility on either side of the border. Smoke/smog incidences were
observed in the second and third episodes in which shallow to dense

fog was also reflected at the end of the first week of November.With

a closer look into this data for all 4 criteria, it can be concluded

that during the months of October and November, the reduced

visibility is not due to radiation fog (the usual phenomenon in

winter), as the humidity was quite low, with warm temperature,

wind speed, and relatively normal BLH condition. To validate

this hypothesis, the smoke product was estimated for the period

of 2017 (a period with the large number of reduced visibility

incidences), highlighted in Figure 7. It can be clearly observed

during the period of 23 October to 12 November 2017, a layer

of dense smoke is visible over the IGP region. It is further

supported by the satellite-based (MODIS Fire Count product)

observation of fire incidences (red circles in Figure 7) concentrated

over the western and central parts of IGP during the period of

intense agricultural burning and resulting smoke episodes across

the region.
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FIGURE 5

Monthly averages of Haze, Shallow fog, Moderate fog, and Dense fog over Lahore for 6 years based on visibility conditions only.

FIGURE 6

Visibility and meteorological data from Lahore during severe smog/smoke episode (October 25–November 12, 2017).

3.2 Analysis of aerosol load of various
South Asian cities

In Lahore and other cities, the air quality remains poor

throughout the year and aerosol loads continue to rise.

Meteorological parameters such as boundary layer dynamics

have a definite role in driving the change in aerosol loads over any

region. However, the role of anthropogenic emissions, especially

vehicular emissions and other activities can be linked to the rising

aerosol loads in South Asia. In Pakistan, the number of registered

vehicles in the country has shown more than a 400% increase

from 2006 to 2020. The industrial emissions in the country have
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FIGURE 7

Fire incidences and Aerosol characterization (types and spatial distribution) over South Asia.

also rapidly increased with a 1000% increase in CO2 emissions

from 1970 and a 20% increase in NOx from 2005 (Zeb et al., 2019;

EDGAR, 2022). The increase in background concentration of

pollution throughout the years is indicated by the increase in the

frequency of pollution sources (vehicles, fuels, etc.) and can be

represented through the increase in AOD and PM2.5 as highlighted

in Figures 8, 9, respectively.

The major cities of South Asia such as Lahore, Delhi,

Kathmandu, and Dhaka have recently shown a decreasing trend

with respect to annual AOD. The selected cities follow similar

seasons that are used in this study i.e., Pre-monsoon (March-May),

Monsoon (June-Sept), Post-monsoon (Oct-Nov), and Winter

(Dec-Feb). Both AOD and PM2.5 show similar trends for all the

selected cities irrespective of AOD is columnar data and PM2.5 is

the surfacemeasurement (Figures 8, 9). An increase in aerosol loads

has been observed during the period of post-monsoon especially

for the cities of Lahore and Delhi. This is most likely because

of the role of agricultural emissions which have a major role in

defining the air quality of the region. This is most prominent in the

western part of the IGP, where cities like Lahore and Delhi show

a significant increase in air pollutants, also discussed by Anjum

et al. (2021). While in the city of Kathmandu, there is an increase

in unhealthy days during the pre-monsoon season mainly due to

transport of surface aerosol above boundary layer because of strong

convective storms that occur in pre-monsoon. However, it is less

influenced by the rice paddy fire cycle in the IGP region as the

aerosol loads remain low and there is most likely a local pattern

in aerosol loads consistent for the whole year. Becker et al. (2021)

also noticed the similar AOD and PM2.5 trends over Kathmandu in

which pre-monsoon AOD was observed to be higher than other

seasons whereas, PM2.5 levels were observed to be elevated in

winters (due to strong nighttime temperature inversion). Similarly,

in the case of Dhaka City, the air quality is not affected by the

agriculture fires in the western parts of IGP but rather mostly

influenced by the local sources and partially from transboundary

sources. Similar outcome has been reported by a study conducted

in Dhaka by Ali et al. (2022). Further, enhanced AOD and PM2.5

during winter months in the all selected cities is primarily due to

stable meteorological conditions, and consequently local emissions

are accumulated. As during the winter period, the phenomenon

of temperature inversion occurs, and the large concentration of

pollutants observed in the atmosphere leads to more hazardous
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FIGURE 8

AOD of various South Asian cities in post-monsoon and the rest of the year.

FIGURE 9

Seasonal variation of PM2.5 of various South Asian cities.

levels of air quality and consequent health and socio-economic

disturbances (Li et al., 2017).

The Mann-Kendall test was performed on the available dataset

that further confirmed the annual and seasonal trends of PM2.5.

The results are presented in Table 2 that shows significant upward

or downward trends and the magnitude of change. Based on Sen’s

Slope estimation, an annual decline in PM2.5 levels was obtained for

Delhi (72 µg m−3/year), Lahore (49.5 µg m−3/year), Kathmandu
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TABLE 2 Mann-Kendall Test for the significance of trends of PM2.5 in

various South Asian cities.

MK Test Alpha p-value Z Tau Sen’s
slope

Delhi

Annual 0.05 1.60E-10 −6.3958 −0.0780 −72

Winter 0.05 < 2.2e-16 −12.897 −0.3263 −82.5

Post-monsoon 0.05 < 2.2e-16 9.2293 0.2828 +39

Monsoon 0.05 8.62E-16 −8.0451 −0.1670 −29.5

Pre-monsoon 0.05 0.000957 −3.3029 −0.0789 −28

Lahore

Annual 0.05 0.04356 −2.0183 −0.0354 −49.5

Winter 0.05 2.77E-13 −7.3049 −0.2647 −35

Post-monsoon 0.05 0.000863 3.3318 0.1601 +7

Monsoon 0.05 0.1787 −1.3447 −0.0380 +10

Pre-monsoon 0.05 0.08865 −1.7026 −0.0606 −4

Kathmandu

Annual 0.05 1.45E-11 −6.7533 −0.0945 −67

Winter 0.05 0.5403 −0.6123 −0.0181 −6

Post-monsoon 0.05 1.05E-14 7.7334 0.2763 +27.5

Monsoon 0.05 3.46E-15 −7.8732 −0.1874 −19

Pre-monsoon 0.05 < 2.2e-16 −12.402 −0.3323 −92

Dhaka

Annual 0.05 1.20E-07 5.294 0.0689 −92

Winter 0.05 0.0729 1.7935 0.0479 −4

Post-monsoon 0.05 < 2.2e-16 11.964 0.4042 +69

Monsoon 0.05 0.2394 1.176 0.0264 +16

Pre-monsoon 0.05 < 2.2e-16 −13.72 −0.3407 −72

Bold values show significant values at alpha= 0.05.

(67 µg m−3/year) and Dhaka (92 µg m−3/year). All four cities

show a significant upward trend in post-monsoon whereas, a

significant monotonic decline in PM2.5 concentration can be seen

in winter (p <0.05). No trend exists in monsoon and winter

for Dhaka, monsoon and pre-monsoon in Lahore and winter in

Kathmandu. However, it can be concluded that the policies and

regulations are not strictly enforced in these regions as compared

to Delhi where declining trends in all seasons can be seen due to

stringent laws during the past few years. Another reason for lack of

significant upward/downward trend is the inter-annual variability

of PM2.5 due to change in meteorological conditions and local

emission patterns.

3.3 Source attribution of air pollutants
during intense air pollution episodes

The lack of substantial ground-based monitoring across the

region and the limitations of long-term satellite data, the role of

seasonality and type of sources cannot be adequately explored.

To discriminate among potential sources of air pollutants during

extreme air pollution episodes in the region, an Analytical

Hierarchy Process (AHP) was conducted to estimate the most

contributing factors to the annual smog episodes. AHP is a multi-

dimensional decision-making method for investigating compound

problems involving several criteria. It is used to make the best

decision via multiple criteria by assessing the relative importance

of factors to the event mathematically (Sahin et al., 2020). Using the

multi-criteria evaluation procedure, it uses pairwise comparison

and expert judgment. Pairwise contrast of factors allows one to

weigh the significance of a contributing factor compared with

other factors, and it determines the values for each of these

factors mathematically. A pairwise comparison matrix is generated

by assigning a value of 1 to 9 to each pairwise comparison.

A value of 1 in the pairwise comparison matrix means both

factors are equally important, 3 means moderate importance,

5 means strong importance, 7 means very strong importance

over the other, and 9 means one of the factors is extremely

important compared with the other. Values of 2, 4, 6, and 8

express intermediate importance values on a scale of 1–9. It is

possible to evaluate the consistency of the decision/judgments by

computing the consistency ratio (CR) based on the eigenvalues

of the factors’ matrix. The consistency ratio < 0.1, in general, is

acceptable. If the value of the consistency ratio is>0.1, then serious

inconsistencies prevail and the AHP may not give meaningful

judgments. According to the data, the transboundary pollution

resulting from open field burning activities in Indian Punjab

has been assigned moderate importance over vehicular emissions,

while strong and very strong importance over thermal power

generation sources and brick kilns. The results of the AHP process

are presented in Supplementary Tables S1–S3, where the greatest

weightage is assigned to transboundary open burning, followed by

vehicular emissions, followed by thermal or industrial emissions,

and then brick kilns. The consistency ratio for the study was

significantly below 0.1 showing good consistency in the matrix.

According to the results presented in Supplementary Tables S1–S3,

it can be concluded that a large portion of the smog episodes is

a result of transboundary air pollution followed by vehicular and

thermal power generation sectors.

3.4 Role of transboundary emissions in air
pollution episodes

Transboundary emissions can take place throughout the year

over the region of the IGP. Because of the topography of the area,

the monsoon, and westerly winds, the movement of pollutants can

take place easily and pollutants are locked within this region. As

regional fire activities are a major source of air pollution their

transboundary impacts might also occur. In order to explore these

transboundary impacts, the backward HYSPLIT Trajectory model

was used to assess the direction of wind vectors reaching the city

of Lahore in addition to MODIS and AERONET-based retrieved

AOD to assess the pollution loads according to Figure 10.

Since the year 2016, there have been severe episodes of

smog during the first 2 weeks of November in both India and
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FIGURE 10

HYSPLIT Back Trajectories calculated over the region and ending up in the City of Lahore (encircled Black Star), Pakistan for the year 2015 to 2022.

Graphs in each panel of figure show the comparison of AOD derived from AERONET and MODIS observation on respective days. While background

colors in maps are MODIS derived AOD over the study region averaged over first 7 days of November for the respective year.
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Pakistan. The extension of smog has been observed for hundreds of

kilometers over the Punjab region on either side of the international

border. Here, we have discussed the smog observed during the

first week of November from the year 2016 to 2020 in the city

of Lahore. Satellite observations of AOD have also indicated

a substantial increase in aerosol loads over the study region

during these smog episodes. To explore the reason behind such

high levels of AOD, the aerosol transportation over 96 h was

studied using back trajectories produced via Hybrid Single-Particle

Lagrangian Integrated Trajectory (HYSPLIT) Model version 4.

Back trajectories from HYSPLIT were generated for the first seven

days of November for the years 2016 to 2020 at the Lahore Site

(AERONET station site in Lahore was chosen, as shown by the

black star in Figure 10). Back trajectories were calculated mainly

at 50, 100, and 200 meters above the ground level. For 2016, the

results show that the highest values of AOD were recorded in an

order of 2nd, 4th, 1st, and 3rd November, respectively on which

the back trajectories were coincidently coming from India passing

over the agriculture fires (red dots). Thus, these high AOD values

could be a result of the emissions from agriculture fires combined

with industrial activities and vehicular emissions winds carrying

them across the border. The remaining trajectories that reached the

study site through inland areas exhibited significantly lower AOD

columns as compared to cross-border trajectories. This trend is

consistent throughout the first seven days of November from 2015

to 2020 with slight variations.

Again, higher AOD values were observed in Lahore during

the first week of November 2017. Maximum AOD values were

observed in an order of dates i.e., 6th, 2nd, 1st, 4th, and 3rd

November. Trajectories for these days originated from India and

coincided with intense agricultural fires observed during this

period. During the following year 2018 and 2019, a similar trend of

higher AOD was observed consistent with back trajectories passing

over the fire region on the eastern side of the international border

and exhibiting relatively lower AOD values when the trajectory was

passing our inland areas of Pakistan.

During the year 2020, no significant contribution from

transboundary emissions was identified as during the first 7 days

of November, the trajectories passed over the countryside.

In the last 2 years i.e., 2021 and 2022, a notable change

was observed in transboundary pollution as seen in Figure 8.

In 2021, AOD levels were high in the studied period and

high agricultural residue-burning was noticed in the Indian

region whereas after the strict compliance and implementation

of the National Clean Air Programme (NCAP) by India, a

remarkable reduction in fire activities can be observed in 2022.

AOD was found to be higher only on 5th of November and

the rest of the studied period observed lower levels. In the

past, transboundary volcanic SO2 has also been reported in the

upper tropospheric region (Khattak et al., 2014). Overall, it can

be speculated that smog episodes experienced in the city of

Lahore over the years are primarily caused by the transboundary

agriculture fire in India, and satellite observation in association

with other analysis tools (HYSPLIT Model). It can help to a

certain extent in discriminating the origin of air pollutants in

a country like Pakistan without having a proper air quality

monitoring infrastructure but demands a need of regular air

quality monitoring network across the region supplemented by

satellite observations.

4 Discussion

Recent economic growth and consequent development

activities have given rise to episodic air pollution events in various

South Asian cities. These air pollution events occur regularly,

although with varying levels of severity. According to this study,

the severity of these events is dependent upon the frequency

and intensity of local, regional, and transboundary emissions

and specific meteorological conditions. The high-intensity and

large-scale fire activities taking place between late October and

mid-November (termed the fifth season) in the Indo-Gangetic

region, in particular, favor the formation, transportation, and

accumulation of air pollution and can be one of the major

contributing factors to the annual smoke/smog episodes observed

in Lahore and Delhi (northwestern IGP region).

Recently, consistent occurrence and hazardous impacts of air

pollution episodes have increased the political awareness and

importance of air quality in the communities of Pakistan and India.

However, several technical issues such as the lack of air quality

monitoring setup (especially in Pakistan), lack of historical data,

and accuracy of existing data have made it difficult to study the air

quality issue in-depth and understand the mysteries in a holistic

way. Based on the existing set of data sets (satellite and ground-

based observations) air quality in the region is deteriorating at a

faster rate. Very few available health surveys conducted in Pakistan,

have observed a sizable increase in patients suffering from acute

respiratory infections and cardiovascular diseases due to higher

levels of AOD and particulate matter of size<10 and 2.5µmduring

periods of severe air pollution episodes, especially in post-monsoon

and winter seasons (Ilyas et al., 2010; Gull et al., 2013; Khwaja et al.,

2013; Mehmood et al., 2021).

As agriculture burning has a key role in determining the

air quality of the region, appropriate awareness and use of

environmentally friendly technologies should be disseminated

among the farmers. In India and Pakistan, misconceptions about

the beneficial role of agriculture fires and lack of appropriate

technologies combined with maximum turnover policies through

mechanized agriculture practice are responsible for the high

intensity of agriculture burning each year.

The causes for the South Asian intense air pollution episodes

include the favorable meteorological conditions (i.e., temperature

inversion, trapping of stagnant air, etc.) leading to the formation

and accumulation of secondary pollutants and a rapid increase in

the intensity of pollution sources (in this case the increase in the

intensity of fire activities, vehicular and developmental activities,

etc.). Under certain circumstances the meteorological conditions

do not support the formation of smog/fog, however, visibility is

still affected because of the high pollution loads resulting in a

layer of smoke covering most of the region and adversely affecting

its denizens.

The data made available by the US AirNow program for the city

of Lahore and Delhi has shown that the situation is in dire need of

initiatives to abate air pollution (with <1% of days being good or
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FIGURE 11

Steps taken by Pakistan to reduce air pollution. Figures obtained from provincial disaster management authority Punjab.

safe). This also raises the issue of air quality in other cities and the

current lack of air quality monitoring infrastructure in Pakistan.

Although satellite observations are helpful, they are no substitute

for ground-based observations.

Although Pakistan has put significant efforts to the best of its

capacity to address the issue of smog; the Government of Punjab

officially launched its Policy on Controlling Smog in 2017 (last

accessed on 20 July 2023, https://epd.punjab.gov.pk/system/files/

Policy%20on%20Controlling%20Smog%20%28Final%29_0.pdf).

To its credit, the country took various tangible actions to reduce

the impact of air pollution through the introduction of low-sulfur

fuels, better vehicular standards, adoption of pollution reduction

technologies, traffic management strategies, and severe restrictions

on agricultural residue and solid waste burning (Environment

Protection Department, 2017). Figure 11 highlights the important

steps taken under the umbrella of smog policy.

However, it is important to realize that despite the intense

focus on smog reduction measures the efficiency of these steps

in reducing pollution is difficult to prove because of the lack of

monitoring infrastructure and source apportionment studies in

the country. Furthermore, the lack of impact on the annual smog

episodes primarily driven by agricultural residue burning along the

Indian border would indicate that air pollution is a transboundary

issue and Pakistan alone cannot resolve this issue without regional

cooperation (Khokhar et al., 2021, 2023).

5 Conclusions

The “fifth season” is a new addition to the climatology of IGP

and has been witnessed during the post-monsoon season (October

to November). During this period, the region experiences extreme

episodes of air pollution such as low visibility, due to increased

concentrations of atmospheric pollutants. Although yearly AOD in

the major cities of South Asia such as Lahore, Delhi, Kathmandu,

and Dhaka have shown a decreasing trend, however, an increase

has been observed for the period of post-monsoon especially for

cities of Lahore and Delhi, mainly due to agricultural burning
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emissions which have a major role in defining the air quality of

the region. The study of meteorological data indicates that during

the months of October and November, the reduced visibility is not

due to fog (which occurs during winter), as the humidity was quite

low, with high temperature, wind speed, and relatively normal BLH

conditions. Rather, it can be attributed to the primary smoke of

rice paddy fires in India and Pakistan, which have hampered the

visibility on either side of the border.

The topography and pollution sources of South Asia play an

immense role in the seasonal air quality of the IGP region, and

it is apparent that air quality in South Asia is a regional issue.

HYSPLIT trajectory model coupled with ground and satellite data

shows that the agricultural fires do have a profound impact on

the air quality of the IGP region and highlight the importance of

transboundary air pollution. Therefore, it requires strong regional

cooperation among all countries to collectively address this issue

and benefit from each other’s expertise and knowledge (beyond

the geo-political differences) to overcome this emerging challenge.

Otherwise, wellbeing of billions of South Asian people will remain

at stake.
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