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11 Abstract

12 The Indo Gangetic Plain (IGP) is facing serious environmental and public health
13 challenges due to severe particulate matter (PM10) pollution, aggravated by smog and
14 agricultural burning. In this study, airborne saccharides are characterized from Faisalabad,
15  Pakistan throughout four different seasons. Seventy-nine 24-hour (PM10) samples were
16  analyzed for saccharides including anhydrosugars, sugar alcohols, and primary sugars by
17  HPAEC-PAD. The average PM10 value was 658 + 304 g m, exceeding the safety limits by
18  Pak-EPA, USEPA, and WHO. The highest concentrations were observed during low
19  temperature months. During Autumn and Winter, the pyrolytic regime was dominant due to
20  regional agricultural fires, having highest contributions from anhydrosugars (81.1 % and 76.2
21 %, respectively). In contrast, summer samples showed an enhanced input from biological
22 sources where primary saccharides and sugar alcohols gave the highest relative contribution
23 (34.0 % and 25.7 %, respectively). CWT analysis showed that biomass burning emissions
24 were transported by slow moving, transboundary air masses from the east and southeast. PCA
25 isolated combustion sources (38.9 % variance) from that of biogenic sources (18.9 %
26 variance). NMF analysis identified five saccharide sources: biomass burning (68.1 %), plant
27  detritus (10.0 %), fungal spores (9.5 %), airborne pollen (6.5 %) and soil biota and dust
28  resuspension (6.0 %). MODIS fire data revealed that biomass burning tracers are mainly
29  controlled by transboundary agricultural burning and winter boundary layer stagnation along
30 the main regional air corridors. The results show a clear seasonal separation and necessitate

31  the seasonal air quality mitigating measures in the region.
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37 1. Introduction

38 Airborne particulate matter (PM) is a mixture of solid and liquid particles that are
39 complex in nature and has a significant role in the Earth’s radiative balance and regional
40  climate dynamics (Adam et al., 2021; Vincenti et al., 2022). PM10 (particles with an
41 aerodynamic diameter <10 pum) is a vital air quality indicator since it can be suspended for
42 extended periods and propagate over great distances (Valavanidis et al., 2008; Islam et al.,
43 2020). These particles affect climate directly through reflecting and absorbing solar energy
44  and indirectly as cloud condensation nuclei (CCN) and hence influence cloud albedo and
45  precipitation patterns (Andreae and Rosenfeld, 2008; Theodosi et al., 2018; Fu et al., 2024).
46 In addition to environmental effects, exposure to PM10 is a serious public health hazard.
47  These particles are small enough to penetrate deep into the human respiratory and circulatory
48  systems, causing asthma, bronchitis, rhinitis, pneumonia, chronic obstructive pulmonary
49  disease (COPD), lung cancer, hypertension, myocardial infarction, cardiac arrhythmias,
50 stroke, renal failure, disruption of the endocrine system, infertility, and pre-mature infant
51  deaths (Pope and Dockery, 2006; Kampa and Castanas, 2008; Valavanidis et al., 2008;
52  Burnett et al., 2018; Manojkumar and Srimuruganandam, 2021; Pardo et al., 2022; Ramteke
53 et al., 2022; Ramteke et al., 2025; Kolawole et al., 2026). Fine particulate matter is
54  considered as the fourth leading cause of deaths worldwide, causing 8 % of all global deaths.
55  According to the World Health Organization (WHO), the vast majority of the 4.2 million
56  global air pollution deaths in 2016 occurred in low to middle income countries within South
57  Asia, East Asia, and the Western Pacific (Islam et al., 2020, 2022).

58 South Asia in general and Indo-Gangetic Plain (IGP) in particular has emerged as one
59  of the most polluted and crowded regions of the world (Bhattarai et al., 2019; Saikawa et al.,
60  2019). This region including Pakistan, India, Nepal and Bangladesh has often PM levels
61 many times higher than the air quality limits of the WHO. In 2016, the WHO listed several

62  major Pakistani cities, including Lahore, Rawalpindi, Karachi, and Peshawar, among the top

3
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63 50 most polluted cities worldwide. The topographical vulnerability of this region is also
64  attributed to its proximity to the Himalayas (Islam et al., 2020, 2021). Reports by the Pakistan
65  Environmental Protection Agency (Pak-EPA), the World Bank, and the Economic Survey of
66  Pakistan, identify high particulate matter concentrations, expanding industrial operations, and
67 rapid vehicular growth as key drivers of ambient air degradation (Gheorghe and lon, 2011;
68  Adrees et al., 2016). To manage air pollution, the Pakistani government established the
69  Pakistan Clean Air Program (PCAP) and drafted National Environmental Quality Standards
70  (NEQS) for industrial emissions in 1997 and vehicular emissions in 1999. Although these
71  standards were later reviewed by Pak-EPA, assessments by the World Bank highlight that
72 current NEQS thresholds remain outdated and exceed WHO safety guidelines and United
73 States Environment Protection Agency (USEPA) National Ambient Air Quality Standards
74 (NAAQS) (Table 1). While PCAP outlined short and long term control strategies, no
75  substantial actions have been executed.

76 One of the major issues for the IGP is the frequent severe smog and haze events
77  throughout the post-cultivation and winter seasons (Rajput et al., 2011; Fu et al., 2024). Large
78  scale post-harvest burning of crop residues (e.g. rice and wheat straw) between October and
79 November generates large volumes of carbonaceous aerosols (Bhattarai et al., 2019; Fu et al.,
80  2024). These emissions, together with the burning of domestic wood and animal dung for
81 heating and cooking, cause recurring spells of smog, with the air visibility often dropping
82  below 1 km during severe peaks (Shahzad et al., 2013). Data from the 7" Population and
83  Housing Census 2023 revealed traditional biomass as the dominant household cooking fuel
84  (56.6 %) across Pakistan. This high reliance is closely tied to the country's demographic
85  distribution, with 61 % of the population living in rural areas. Further, the situation is
86  aggravated by by factors such as “meteorological trapping”, during which the planetary
87  boundary layer (PBL) height decreases dramatically (often below 1000 m or even 100 m),

88
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Table 1 Summary of the air quality standards established by Pak-EPA, US-EPA and WHO

NEQS by Pak-EPA NAAQS by US-EPA WHO
Pollutants Average  Concentration  Average . Average .
Time 2009 2012 Time Concentration Concentration
Sulphur Dioxide (SOz) 24 Hrs® 120 120 24 Hrs 1409 24 Hrs 20
ug m3 1Year® 80 80 1 Year 309 1 Year 50
Oxides of Nitrogenas 24 Hrs®? 40 40 B B B B
(NO) pg m 1Year® 40 40
. - b)
Oxides of N|trog_|3en as 24 Hrsb 80 80 1 Year 539 1Hr 200
(NO2) ug m 1Year® 40 40 1 Year 40
1Hr 1209
3
O3 ug m 1Hr 180 130 8 Hrs 809 8 Hrs 100
Suspended Particulate 24 Hrs® 550 500
Matter (SPM) g m® 1 Yeard 400 360 - - 24 Hrs 120
Respirable Particulate 24 Hrs® 250 150 24 Hrs 150 24 Hr 50
Matter (PM10) uygm?® 1 Year® 200 120 1 Year 50 1 Year 20
1Hr 25 15 1Hr 1
24 Hrs 65
Reparable Particulate b)
Matter (PM2.5) g m® 24 Hrs' 40 35 24 Hrs 25
1 Year 15
1Yeard 25 15 1 Year 10
24 Hrs® 2.0 15
-3
Lead (Pb) pg m 1 Yeard 15 1.0 3 months 15 1 Year 0.5
Carbon Monoxide 8 Hrs? 5.0 5.0 1Hr 359 1Hr 30
(CO) mg m® 24 Hrs? 10 10 8 Hrs 99 8 Hrs 10

a) Annual arithmetic mean of minimum 104 measurements in a year taken twice a week 24 hourly at uniform
interval, b) 24 hourly/8 hourly values should be met 98 % of the year. 2 % of the time, it may exceed but not on

two consecutive days, ¢) Value in ppm, d) Value in ppb
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94  stagnant wind speeds, and temperature inversions which prevent vertical mixing of pollutants
95 (Huangetal., 2014).

96 It is crucial to identify the origins of these aerosols with molecular tracers in order to
97  design appropriate mitigation methods. Saccharides (sugars) are widespread water-soluble
98 organic molecules accounting for 13-26 % of the detected organic mass in continental
99  aerosols (Simoneit et al., 2004; Jia et al., 2010; Wang et al., 2021; Vincenti et al., 2022).
100 These markers are divided into Anhydrosugars, Sugar Alcohols and Primary Sugars.
101 Cellulose and hemicellulose pyrolysis produces anhydrosugars, such as Levoglucosan,
102  Mannosan and Galactosan (Suciu et al., 2019; Ankit et al., 2026). Levoglucosan is the
103  definitive tracer for biomass burning and the Levoglucosan/Mannosan ratio is a reliable
104  molecular proxy to identify either burning of crop residue or combustion of softwood and
105  hardwood (Simoneit et al., 1999; Bhattarai et al., 2019; Vincenti et al., 2022). Similarly,
106  sugar alcohols such as Mannitol and Arabitol are specific tracers of airborne fungal spores are
107  (Bauer et al., 2008; linuma et al., 2009). Primary Sugars such as Glucose, Fructose, Sucrose
108 and Trehalose are of biogenic origin, e.g. from pollen, microbes and resuspended soil
109  (Simoneit et al., 2004).

110 There is a need to characterize airborne sugars in the PM10 fraction, which has a
111  greater proportion of biogenic debris and crustal materials (Ramteke et al., 2022). The study
112 seeks to analyze these unique chemical fingerprints that not only reveal specific pollution
113 sources like crop burning, soil dust, and fungal spores, but also their typical concentrations
114  and seasonal changes in the IGP, will provide insights into the complex interplay between

115  agricultural fires and the biogenic background of the region.

116 1. Materials and Methods

117 2.1 Site Description
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118 Faisalabad is the third largest city in Pakistan, situated in the north-western part of the
119  Indo-Gangetic Plain (31.4191° N, 73.0730° E), at an elevation of 184 m above mean sea
120  level. The population of Faisalabad District was 9.076 million in 2023 with a population
121 density of 1,550 persons per km? (Pakistan Bureau of Statistics, 2024). Faisalabad is a major
122 hub of the China Pakistan Economic Corridor (CPEC), situated on an important transit link
123 between Islamabad and the Chinese border with the ports of Karachi and Gwadar. According
124  to the Punjab Revenue Department, Faisalabad has 441 thousand hectors of cultivated land,
125  which produces major commodities including wheat, rice, cotton, sugarcane, fruits, and
126  vegetables (Bureau of Statistics, 2026). Faisalabad contributes 5 % of the national GDP of
127  Pakistan and 21 % of its contribution from the agriculture sector (Punjab Board of Investment
128 and Trade, 2024). There are around 65,590 industrial units functioning in the city and its
129  surrounding areas such as food processing industries (flour, sugar, seed oil, beverages, ghee
130  or clarified butter), textile and fabric manufacturing of silk and cotton, hosiery, fertilizers,
131 chemicals, dyes, paper & pulp, agricultural equipment, engineering works, and railroad repair
132 yards (Alvi et al., 2018). Based on the vehicle registration data of the Excise and Taxation
133 Department Punjab (2024), the mobile fleet of Faisalabad is dominated by two-wheelers
134 (91.34 %), while private passenger vehicles (4.69 %) constitute the second largest category.
135  The remaining 3.97 % consist of commercial, transport and agricultural vehicles.

136 Air pollution in Faisalabad is worsened by unplanned industrial growth, dusty
137  unpaved road edges, poorly maintained vehicles, inefficient use of energy, ineffective
138  treatment of air emissions, open solid waste incineration (including plastics), and emissions
139  of ozone depleting substances (Waheed et al., 2006). Moreover, economic growth is given
140  priority over environmental regulation in developing countries due to financial constraints
141 and political preferences, which results in weak policy frameworks, inadequate air quality
142  management systems and lack of continuous air monitoring stations in the city (Omanga et

143 al., 2014; Lurie et al., 2019; Ma et al., 2019). Consequently, there is a lack of baseline

7
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144  empirical data on air pollutant profiles, source contributions and implications on human
145  health and vegetation. Aziz and Bajwa (2004) attributed the increase in local pulmonary and
146  cardiac illnesses to air pollution and suggested limitations on traffic pollution, efficient traffic

147  management and the development of alternative energy solutions.

148 2.2 Sampling

149 Airborne particulate matter (PM10) was collected on Quartz® membrane filters (47
150 mm, Pall Life Sciences) utilizing an automated high precision air sampler with a PM10 inlet
151 head. The system was run at a nominal volumetric flow rate of 25 L min“’. Flow stability was
152 continually maintained by an in line electronic flow sensor, digital feedback controller and
153  adjustable control valve, to keep volumetric flow within + 0.1 L min%. Operational sampling
154  parameters and total flow volumes were monitored and confirmed by a wireless user
155 interface, and an integrated power loss recovery module automatically saved system logs and
156 resumed sampling after an interruption.

157 Samples were collected from the roof top of one story school building at Kotwali
158  Road near Clock Tower in central Faisalabad (Figure 1). A total of 79 round the clock (24-h)
159  PM10 samples were collected at the frequency of two samples per week for four different
160  seasons, i.e., winter, spring, summer and autumn. Prior to and following sampling, filters
161  were equilibrated in a climate controlled room (20 £ 2 °C; 40 % relative humidity) for at least
162 24 h. Gravimetric mass measurements were performed using a microbalance (Sartorius
163  CPAZ2P-F; readability 0.001 mg). To account for potential background contamination during
164  transport and handling, field and laboratory blank filters were processed following identical
165  conditioning routines, and sample net masses were blank corrected accordingly. After
166  weighing, individual filters were stored in sealed Petri dishes, wrapped with Parafilm®, and

167  refrigerated at 4 °C prior to chemical analysis.

168 2.3 Chemical Analysis
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169 Cation (K*) and saccharides (Levoglucosan, Mannosan, Galactosan, Arabitol,
170 Mannitol, Erythritol, Inositol, Trehalose, Glucose, Galactose, Fructose, Sucrose, Cellobiose)
171 were extracted from 10 mm filter tickets using 38 mM methanesulfonic acid (MSA; Merck,
172 99 %) for K* and Milli-Q® ultrapure water (18.2 MQ) for saccharides, followed by 30
173 minutes of ultrasonic agitation (VWR®), 10 minutes centrifugation at 4000 rpm (Sigma 2-6®)
174  to precipitate insoluble carbon and filter residues, and filtration through 0.45 pum syringe
175 filters (Pall Acrodisc®) prior to injection. Cation quantification (K*) was performed via
176  isocratic high performance cation exchange chromatography on a Dionex ICS-3000 system
177  equipped with a Spark Marathon® autosampler, guard column, lonPac™ CS16 analytical
178  column (4 x 250 mm), column heater, self-regenerating suppressor (CSRS-500), and
179  conductivity detector using 38 mM MSA as the eluent. Saccharides were determined via high
180  performance anion exchange chromatography with pulsed amperometric detection (HPAEC-
181  PAD; Dionex ICS-3000) using a dual head gradient pump, gradient mixer, CarboPac™ MA 1
182  analytical column (4 x 250 mm), and an electrochemical detector with gold working and
183  reference electrodes under basic gradient elution (1 M NaOH; Carl Roth®). All
184  chromatographic operations, system pressure, and baseline integrity was monitored using

185  Chromeleon™ software.
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187  Figure 1 The geographical location of sampling site and Faisalabad district in the political
188  map of Pakistan
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190 2.4 Meteorology

191 The regional climate is classified as subtropical with extreme temperature fluctuations
192 and seasonal variations. Summer extends from April through July, with the highest
193  temperatures recorded between May and July, where daily averages range from 27 °C to 39
194 °C and peak temperatures reach up to 48 °C. Winter starts in November and continues
195  through to February. The coldest temperatures are between December and February, with
196  average daily temperatures between 6 °C and 21 °C and minimum temperatures between -1
197 °C and 1 °C. The average annual rainfall in the region is 300 mm of which half is received
198  during the monsoon season of July to August (Pakistan Environmental Protection Agency,

199 2006).

200 2.5 HYSPLIT Air Mass & Concentration Weighted Trajectories

201 To identify the regional air mass transport channels and probable long range source
202  regions that influence the receptor site, 72-h backward trajectories were estimated using the
203  NOAA-HYSPLIT model (Wang et al., 2021; Werden et al., 2023). The trajectories were

204  computed using GDAS meteorological data at an arrival height of 500 meters above ground

205 level utilizing https://www.ready.noaa.gov/HYSPLIT.php. To cluster the trajectories, we
206  used a k-means clustering technique that reduced the total spatial variance which resulted in
207 three different trajectory clusters. Seasonal Concentration Weighted Trajectory (CWT)
208 analysis was performed to systematically investigate the seasonal fluctuations, regional
209 origins and relative strengths of PM10 sources affecting Faisalabad. The CWT model
210 combines backward air mass trajectories with ground level PM10 observations to estimate
211 weighted concentrations for each grid cell (Shao et al., 2026), which represent the influence

212 of meteorology, agricultural cycles, and PBL dynamics on seasonal transport.

213 2.6 Source Ildentification of Sugar Compounds

11
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214 A Spearman correlation analysis was carried out between PM10, K*, anhydrous
215  sugars, sugar alcohols, and primary saccharides to assess co-emissions and possible sources
216  (Emygdio et al., 2018; Kolawole et al., 2026; Shao et al., 2026). To investigate the seasonal
217  variability and origins of primary biogenic aerosol particles (PBAPs) and biomass burning
218 tracers in Faisalabad, we applied Principal Component Analysis (PCA) on 13 sugar
219  compounds found in PM10 (Li et al., 2021; Chen and Liu, 2024; Rabhi et al., 2024).
220 Diagnostic concentration ratios of tracer compounds (e.g. Levoglucosan to Mannosan (L/M)
221 and Levoglucosan to water soluble Potassium (L/K*) were used as robust geochemical
222  fingerprints to differentiate specific biomass burning source types (e.g. hardwood, softwood,
223 crop residues or grasses) (Li et al., 2021; Wang et al., 2021; Ankit et al., 2026). Non-negative
224  matrix factorization (NMF) analysis was applied to identify potential emission sources and to
225  estimate their contributions to atmospheric saccharides. Lee and Seung (1999) proposed
226  NMF, which is similar in spirit to positive matrix factorization (PMF). Both methods
227  decompose an input data matrix (V) into two non-negative matrices, a contribution matrix
228 (W) and a source profile matrix (H) such that V = WH, subject to the non-negativity
229  constraints (W > 0 and H > 0). However, PMF penalizes negative values to force non-
230 negativity. NMF inherently keeps only non-negative factors. In addition to minimizing the
231 ordinary least squares error, NMF also minimizes the generalized Kullback-Leibler
232 divergence (Shang et al., 2018), leading to more sensitive resolved profiles to the intrinsic
233 features of the input dataset and typically extracting less factors (Zhang et al., 2019). Values
234  below the detection limit (DL) were replaced by half of the DL. NMF was performed on
235  species such as Levoglucosan, Mannosan, Galactosan, Arabitol, Mannitol, Erythritol, Myo-
236  Inositol, Trehalose, Glucose, Galactose, Fructose and Sucrose. Cellobiose was not considered
237 as it was under the detection limit in most of the samples. Measurement uncertainties were
238  estimated to be 0.3 + analytical detection limit (c = 0.3 + DL) according to Xie et al. (1999).

239  The constant 0.3 is the logarithm of the geometric standard deviation calculated from the

12
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240  normalized concentrations of all measured species, considering measurement variability. A
241  systematic assessment of synoptic transport pathways and regional combustion sources
242 controlling air quality in Faisalabad was performed by combining 72-hour backward air mass
243  trajectories (K-Means cluster analysis, k = 3) with Moderate Resolution Imaging
244  Spectroradiometer (MODIS) active fire counts and trajectory mean Levoglucosan (Levo, ng
245  m®) concentrations in four seasons. MODIS active fire detections are received via NASA’s
246 Fire Information for Resource Management System (FIRMS) at

247  https://earthdata.nasa.gov/firms.

248

13
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250  Figure 2 NOAA-HYSPLIT mean clustered 72-h air mass back trajectories arriving at the
251 sampling site (Faisalabad) at 500 m AGL
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253 2. Results and Discussion

254 3.1 HYSPLIT Air Mass Back Trajectory Analysis

255  Figure 2 presents the individual trajectories (thin lines) and the average trajectory for each
256  cluster (bold lines). Cluster 1 (9 %; red trajectory lines) reflects long range, fast moving
257  marine and coastal air masses from Arabian Sea. These air masses moved from the southwest
258  to the receptor location across western India and southeastern Pakistan. The fast speed and
259  vast distance they traveled in that 72-hour period suggests they were carried along by strong
260  synoptic scale air circulation and hence may have transported marine aerosols.

261 Cluster 2 (18 %; green trajectory lines) includes air masses traveling slower from the
262  southeast and east, originating from the IGP in northern and northwestern India. These routes
263 cross across strongly industrialized, densely populated and intensively farmed areas and
264  hence represent an important route for transboundary contamination. Such air masses are
265  quite likely to bring large amounts of agricultural emissions, biomass burning residues (e.g.
266  crop residue burning), and secondary inorganic aerosols to the receptor site.

267 Cluster 3 (73 %; blue trajectory lines) is the dominating air mass channel across the
268  study period and is responsible for almost three quarters of all assessed trajectories. These air
269 masses come from the northwest and west and travel over portions of Central Asia,
270  Afghanistan and northern/western Pakistan (particularly Khyber Pakhtunkhwa and
271  Balochistan) before arriving at Faisalabad. The high density of short, closely spaced
272 individual trajectories around the receptor site indicates stagnant, slow moving air conditions
273 in the lower troposphere. This stasis favors the buildup of local urban emissions, vehicle and
274 industrial pollution, and crustal dust from neighboring arid regions. These trajectory
275  characteristics collectively suggest that while local source control is important for air quality
276  management in Faisalabad, regional and transboundary atmospheric movement is an

277  important driver of episodic pollution surges.

278
15
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279 3.2 Concentration Levels of PM10 & K*

280 The PM10 concentrations ranged from 169 to 1177 pg m=3, averaging 658 + 304 ug
281  m™ across the entire sampling campaign. The particulate levels displayed a pronounced
282  seasonal cycle, peaking during Autumn (940 + 167 pg m=) and Winter (853 + 183 pg m),
283  while Spring (510 + 257 pg m=3) and Summer (399 + 192 pg m=3) were markedly lower as
284  given in Figure 3. All seasonal means were 2.7 to 6.3 folds above the 24-h limit of NEQS
285 (150 pg m?) by Pak-EPA and NAAQS (150 pg m) by USEPA. The total mean was 13 folds
286  above the 24-h guideline (50 pug m=3) by WHO. Reported PM10 concentrations from national,
287  South Asian and international research in the regional and global context are summarized in
288  Table 2. The high concentrations of Autumn and Winter were mostly associated with post
289  harvest agricultural residue burning and home or commercial biomass heating (Chakraborty
290 and Gupta, 2010; Pakbin et al., 2010; Alvi et al., 2018). These emissions were aggravated by
291  poor atmospheric dispersion or stagnant air masses that are characterized by low boundary
292 layer heights and frequent fog spells that also favor secondary aerosol generation (Biswas et
293 al, 2008; Sharma et al., 2014; Shahid et al., 2015). Conversely, the dominant species of
294  Summer PM10 were crustal and road dust resuspension due to high temperatures, dry
295  conditions, winds and dust storms (Stone et al., 2010). The lowest levels of PM10 in general
296  were seen during the precipitation events due to wet deposition and atmospheric scavenging
297  (Budhavant et al., 2009; Shah et al., 2012). Elemental potassium (K*), a well-known
298 inorganic tracer of biomass burning, paralleled PM10 closely. Concentrations were
299  significantly greater in Winter (14 + 6 pg m?) and Autumn (13 = 5 pg m™) compared to
300 Spring (7 £ 4 pg m3) and Summer (4 + 3 ug m>) due to increased post harvest residue
301  burning and residential biomass burning during the colder months. Unique seasonal dynamics
302 were seen in general for all chemical species investigated, driven by differences in
303  conventional farming methods, boundary layer mechanics, ambient temperature and biogenic

304  activity.
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306  Figure 3 Observed PM10 concentration levels during the sampling campaign in comparison
307  with NEQS and WHO air quality guidelines
308
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309 Table 2 Comparison of the concentrations of PM10 of current study to the nation-wide, regional, and international studies

Concentration of

EGUsphere\

Sampling Site/Location Country Sampling Duration Sampling Year PM10 (ugm~) Reference
Nazria Pakistan Square, Faisalabad Pakistan 24 h 2016-2017 800 Aslam et al., 2020
Lahore Urban Area Pakistan - 2007 996 Ghauri et al., 2007
Industrial Area, Lahore Pakistan 10h 2020 300 Rehman et al., 2023
Canal Bank Road, Lahore Pakistan 24 h 2018-2019 284 Khan et al., 2024
Lahore City Center Pakistan Dec-Feb 2019 105 Ahmad et al., 2025
Southern Lahore Pakistan 24 h 2021 80 Shahzadi et al., 2024
Gujranwala Pakistan - - 201 Ashraf et al., 2022
Rawalpindi Pakistan 8h 2019 311 Tabinda et al., 2019
Islamabad Pakistan 24 h 2016 121-184 Bulbul et al., 2018
Nowshera Pakistan 24 h 2018 505 Zeb et al., 2022
Peshawar Pakistan 24 h 2016 638 Zeb etal., 2018
Charsadda Pakistan - 2019 254 Ahmad et al., 2019
Quetta Pakistan - 2015 700 Ishtiaq et al., 2015
Karachi Pakistan 24 h 2017 302 Ghauri et al., 2007
Manali India Nov 2014-May 2016 2014-2016 103-131 Panda and Nagendra, 2018
Gurugram India - 2017 440 Rahman et al., 2020
o Delhi India 24 h 2020 826 Singh et al., 2025

Ne m Ghaziabad India Seasonal 2018-19 384 Gupta et al., 2021

w m Kanpur India Seasonal 2015-16 96-401 Rajput et al., 2019

% ..m w Ahmedabad India Dec 2006-Jan 2007 2006-2007 171 Rengarajan et al., 2011

S L g Varanasi India 24h 2014-2017 268 Murari et al., 2020

w "M m Patna India Jan-Dec 2018 2018 90-238 Devi et al., 2024

.m. s M Bharatpur India 24h 2022-23 638 Pradhan et al., 2025

Mc S Murshidabad India 24h 2018-2019 539 Arif and Parveen, 2021

< 5 w Pune India Yearly 2012 121 Yadav et al., 2015

220 Kolkata India 24h - 445 Kumar et al., 2024
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Brahmaputra Valley
Bengaluru
Lalitpur
Rajshahi West
Khulna

Savar

Dhaka
Postogola
Tehran

Qom

Ahvaz

Ilam city
Across UAE Cities

Doha

Kuwait City Centre
Qassim region
Jeddah

Beirut

Across Egyptian Cities

Zhengzhou

North China Plain

Beijing

Huangshi City
Guangzhou

Shanghai

Shenyang, Northern China
Mae Sai

Hanoi

India
India
Nepal
Bangladesh
Bangladesh
Bangladesh
Bangladesh
Bangladesh
Iran
Iran
Iran

Iran
United Arab Emirates

Qatar
Kuwait
Saudi Arabia
Saudi Arabia
Lebanon

Egypt
China
China
China
China
China
China
China
Thailand
Vietnam

Dec 2010-Oct 2014
24h
23h
24h
24h
24h
24 h
Yearly
24h
24h

Annual

24 h
Jul 2020-June 2021

Annual

Monthly
Annual
12h
Apr 2018
Aug-Sep 2004
Yearly
1998-2009
24h

Annual

2010-2014

2018

2018-2020
2024
Nov 2018-Aug 2019
2016
2009
2012-2013

2008-2016

Oct 2017-Nov 2019
2020-2021

2008-2016

2020
2015
2014
2018
2004
2013-14
1998-2009
2020
2001-2004

19

22-96
96
174-377
250-300
415
699
73-416
341
180
90
320
344

122-153

145
137
152
87
51

249-284

97
120
200
115
138
109
154
396
162

Bhuyan et al., 2018
Sowmya et al., 2024
Islam et al., 2022
Majumder et al., 2025
Saju et al., 2023
Begum et al., 2009
Pabel et al., 2025
Gulshan et al., 2021
Yunesian et al., 2019
Nadali et al., 2020
Hamidi et al., 2025
Amarloei et al., 2020

World Health Organization,
2018

Javed et al., 2019
Hopke et al., 2026
Alnagran et al., 2023
Khodeir et al., 2012

Farah et al., 2018

World Health Organization,
2018

Liang et al., 2022
Zhai et al., 2023
Linetal., 2016
Zhang et al., 2022
Wang et al., 2006b
Zhang et al., 2015
Dong et al., 2012
Supasri et al., 2023
Kim Oanbh et al., 2006



Taiwan Taiwan 18 years 1995-2013 62 Chen et al., 2017

Seoul South Korea 24 h 2015 89 Allabakash et al., 2022
Yeongam South Korea 24 h 2015-2017 80-150 Son et al., 2020

Kota Samarahan Malaysia 24h 2019-2020 196 Othman et al., 2022

Manila Philippines Annual 2001-2004 55 Kim Oanbh et al., 2006
Jakarta Indonesia - 2000-2016 38-112 Kusumaningtyas et al., 2018
Bandung Indonesia - 2001-2004 106 Kim Oanbh et al., 2006

West Surabaya Indonesia 24 h 2019-2020 27 Wen et al., 2023
Switzerland Switzerland 9 years 2003-2012 23 Fleury et al., 2021
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314 3.3 Concentration Weighted Trajectory (CWT) Analysis

315  During Winter, a shallow continental PBL and frequent thermal inversions severely limited
316  atmospheric dispersion, trapping emissions locally to yield extreme CWT values of 700-800
317  pg m?® (red) directly over Faisalabad and exceeding 900 pg m™ (deep maroon) to its
318  southwest as shown in Figure 4. Upwind transboundary air masses arriving at the receptor
319  from northwestern India (traveling along the Indo-Gangetic Plain) carried heavy industrial,
320  brick kiln, and secondary aerosol emissions to Faisalabad, resulting in high CWT values of
321 600-800 pg m (orange/red). Concurrently, backward trajectories tracking northwest show
322 that clean air masses originating in Central Asia (~200 pug m) contained substantial crustal
323 dust while passing over the hyper arid terrains of Balochistan and southern Afghanistan,
324 arriving at the receptor with moderate CWT values of 300-500 pg m™ (green/yellow).

325 As spring transitioned with rising temperatures and an expanding PBL, the extreme
326  source hotspots contracted closer to the east and northeast of Faisalabad (Figure 5). Long
327  range back trajectories arriving from the west and northwest (across Iran and Afghanistan)
328  became exceptionally clean with CWT values < 200 pug m (blue), indicating a minimal role
329  for long range western dust. Instead, moderate spring contributions from 300-500 pg m
330 (green) were dominated by air masses passing over localized wheat harvesting and land
331  preparation activities in central Punjab.

332 Summer exhibited the lowest overall CWT values, as a deep and well mixed PBL
333 along with monsoonal wet scavenging kept regional upwind corridors below 200 pg m3
334 (deep blue) (Figure 6), confining moderate contributions ranged from 300 to 500 pg m?
335  (green/yellow) to short range air masses, traversing the immediate vicinity of Faisalabad,
336  where convective dust storms resuspended dry local soil.

337 In autumn, regional pollution experienced a dramatic resurgence; falling temperatures
338 and intensive crop residue burning across Pakistani and Indian Punjab heavily loaded

339 incoming air masses from the east and southeast, driving CWT values to 700-900 pg m™

22
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340  (orange/red/maroon) (Figure 7). Additionally, slow moving air masses tracking northward
341 along the lower Indus basin collected regional dust and industrial emissions with CWT values
342 300-500 pg m™ (green), while clean northwestern back trajectories (200-300 pg m)
343  confirmed that the autumn crisis was overwhelmingly driven by regional biomass combustion

344  rather than long range transport of crustal dust.
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355 3.4 Concentration Levels of Sugars

356 Among the analyzed organic compound classes, Anhydrosugars were the most
357 dominant category, representing 72 % of total quantified sugar species. Levoglucosan, the
358  most specific biomass burning marker, was highest in Autumn (3283 = 1334 ng m) and
359  Winter (2530 = 964 ng m3), roughly 3.5 to 8.5 times its Summer (386 + 207 ng m™®) and
360  Spring (874 + 526 ng m™) levels respectively, as illustrated in Figure 8. Mannosan followed
361  the same order (Autumn 101 % 47 ng m=; Winter 99 + 36 ng m; Spring 29 + 20 ng m™3;
362  Summer 26 *+ 23 ng m*). Galactosan was strongly seasonal to the point of near absence in
363  warm months: 71 + 32 ng m~ in Winter and 87 + 45 ng m™ in Autumn, but only 11 + 19 ng
364 m™ in Spring and entirely below detection in all Summer samples, consistent with the near
365 total suppression of open burning during the hot, and wet season. The overwhelming
366  prevalence of Levoglucosan suggests the thermal breakdown of cellulose during biomass
367 burning as the single most important source of aerosol bound organic carbon in this agro-
368  industrial region.

369 Primary saccharides were the second most abundant class, making up 17 % of total
370  sugars. Glucose, the predominant primary sugar, was highest in Winter (250 £ 92 ng m) and
371 lowest in Spring (96 + 83 ng m?), with Summer (147 * 143 ng m™) and Autumn (168 + 188
372 ng m™) intermediate but highly right skewed. Galactose ranged from 15 + 12 ng m™ in
373 Winter and down to 3 + 6 ng m in Summer. Fructose peaked in Winter (87 £ 41 ng m3) and
374  was lowest in Summer (34 + 32 ng m3). Sucrose showed no strong seasonal ordering
375  (Summer 78 = 90 ng m™ highest; Autumn 46 + 57 ng m= lowest), consistent with a mixed
376  plant debris or pollen source active across seasons. Trehalose, associated with soil or fungal
377  resuspended biological material, was highest in Autumn (126 * 46 ng m>) and lowest in
378  Summer (76 £ 30 ng m3). Cellobiose was the most sporadically detected species overall with
379  means ranging from 9 £ 20 ng m™ (Summer) to 43 + 69 ng m~® (Autumn).

380
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382  Figure 8 Mass concentrations of anhydrosugars, primary sugars, and sugar alcohols recorded

383  in PM10 samples during the study period
384
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385  Sugar Alcohols constituted the 3™ fraction with 11 % of total sugar mass. Fungal spore
386  tracers such as Arabitol and Mannitol showed unique seasonal trend, peaking in Autumn
387  (Arabitol 114 % 54 ng m=; Mannitol 110 + 56 ng m™), while Spring was lowest for both
388  (Arabitol 61 £ 31 ng m3; Mannitol 66 + 3 ng m). Myo-Inositol mirrored the anhydrosugar
389  pattern with Autumn (86 £ 46 ng m2) and Winter (76 £+ 38 ng m™) highest, and Summer
390  lowest (21 + 14 ng m™3). Erythritol, in contrast stayed relatively flat across seasons (48-52 ng
391  m™). The relatively narrow Winter to Autumn spread for these species (compared to the 3 to
392 8 times seasonal swing in the Anhydrosugars) supports the conclusion that Summer is the
393  most biologically (fungal spore or bioaerosol) driven season. Concentrations of various sugar
394  compounds of this study are given in Table 3, while reports from the regional and global

395  context are summarized in Table 4 for comparison.

396 3.5 Seasonal Relative Contribution of Sugars

397 The proportional distribution of sugar compounds in PM10 changes noticeably with
398 the seasons due to shifts in emissions, farming practices, and weather (Figure 9).
399  Anhydrosugars overwhelmingly dominate during the cooler months, making up 81.1 % of
400 total sugars in Autumn and 76.2 % in Winter, which directly tracks with the highest PM10
401 levels. Autumn's high levels are driven by widespread rice straw burning across the Indo-
402  Gangetic Plain, which releases Levoglucosan, Mannosan, and Galactosan from burning
403  cellulose (Rajput et al., 2014; Nirmalkar et al., 2015a; Fu et al., 2024). In Winter, this high
404  share persists due to residential wood heating, biomass fired brick kilns, and cold air
405  inversions that trap pollution near the ground (Gongalves et al., 2021; Islam et al., 2021; Shao
406 et al., 2026). Anhydrosugars decrease to 65.8 % in Spring and a minimum of 40.3 % in
407  Summer due to declining open burning and increasing temperatures allowing biological
408  sources to grow. Primary saccharides are highest in Summer at 34.0 %, driven by vigorous

409  plant growth, pollen release and soil dust thrown up by wheat harvesting and tilling.
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410  Table 3 Statistical data about PM10, K* and sugar compounds during Winter, Spring, Summer, and Autumn

EGUsphere

Specie Overall Winter 2023-24 Spring 2024 Summer 2024 Autumn 2024

Avg = SD Range Avg + SD Range Avg + SD Range Avg + SD Range Avg = SD Range
PM10* 658 + 304 169 - 1177 853 +183 480 - 1072 510 + 257 169 - 981 399 + 192 197 - 803 940 + 167 635 - 1177
K** 9+6 1-25 14+6 1-22 7+4 2-14 4+3 1-10 13+5 7-25
Sugars**
Levo 1668 + 1438 124 - 6172 2530 + 964 653 - 4638 874 £ 526 263 - 2064 386 + 207 124 -790 3283 + 1334 920 - 6172
Arab 83+51 BDL - 247 82 +26 24-133 61+31 11-136 78 + 64 BDL - 229 114 +54 47 - 247
Mans 62 +49 BDL - 217 99 + 36 31-177 29+20 5-75 26 +23 BDL - 103 101 + 47 22-217
Treh 97 +39 32-245 110 £ 29 68 - 175 80+ 30 35-147 76 +30 32-172 126 + 46 58 - 245
Mant 93+ 67 20 - 425 75+ 27 29 - 140 66 + 31 28-134 113+97 20 - 425 110+ 56 52 -251
Galn 40 + 46 BDL - 165 71+32 17 - 165 11+19 BDL - 60 BDL BDL 87+44 BDL - 161
Gluc 170 + 143 BDL - 777 250 + 92 72 -484 96 +83 BDL - 377 147 + 143 33-540 168 + 188 BDL - 777
Gals 9+10 BDL - 53 15+12 BDL - 53 9+7 BDL - 24 3+6 BDL - 20 14+8 2-31
Fruc 53 £45 BDL - 161 87 +41 BDL - 161 43 £37 BDL - 157 34+32 BDL - 135 48 +48 BDL - 143
Sucr 65+ 84 BDL - 389 75 +98 BDL - 389 49 + 69 BDL - 255 78 +90 BDL - 360 46 £ 57 BDL - 173
Inos 50 £ 43 BDL - 211 76 +38 BDL - 153 25+18 BDL - 75 21+14 BDL - 46 86 + 46 22-211
Eryt 46 + 40 8-199 45 + 27 10-128 33+£33 14 - 150 51 +53 8-199 52 +32 18-120
Cell 22+42 BDL - 252 28 +33 BDL - 115 13+31 BDL - 122 9+20 BDL - 80 43 +69 BDL - 252

411 Levo = Levoglucosan, Arab = Arabitol, Mans = Mannosan, Treh = Trehalose, Mant = Mannitol, Galn = Galactosan, Gluc = Glucose, Gals = Galactose, Fruc = Fructose, Sucr = Sucrose, Inos = Inositol, Eryt = Erythritol,
412 Cell = Cellobiose, BDL = Below Detection Limit

413
414 *Values in ug m
415  **Values in ng m?
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416  Table 4 Comparison of the concentrations of sugar compounds of current study to the regional, and international studies

EGUsphere

Study Area Study Period PM10 Levo Arab Mans Treh Mant Gals Gluc Galn Fruc Sucr Inos Eryt Reference
Lahore, Pakistan 13 Mar to 16 Apr, 2006 459 9% — — — — — — — — — — — Zhang et al., 2008b
Dal Lake, Srinagar, Mar, 2023 — 716 + 64 — 292 +51 — — — — 280 + 46 — — — — Ankit et al., 2026
NewDelhi, India  Nov,2006to Feb, 2007 ~ 440+95% 1977£971 51422 179+156 76%45 45£24  — 173112 2624207 4431 485+520 20+11  — Lietal, 2014
Lumbini, Nepal 20 Dec, 2017 to 1 Jan, 2018  157.8 +66.0 3747 + 1106 — — — — — — — — — — 11.0+29 Islam et al., 2022
Kathmandu, Nepal 18-27 Jan, 2018 194-309 1700-2536 — — — — — — — — — — — Islam et al., 2022
Central Himalayas  Aug, 2009 to Jul, 2010 — 19+38 19+17 13+23 18+13 16+13 — 6.6 +57 085+15 35+33 23+40 030+0.26 0.64+0.60 Fuetal, 2026
mwﬁﬁ__ ndia 2014 240463  2210+2381 29.8+189 148.1+130.9 36.9+238 265+336 — 4744226 594+50.7 108+112 38.6+46.1 9.3+144 — Ramteke et al., 2022
Chhattisgarh, Jan to Dec, 2006 246468 0311031000 — 0.01t04180 9.0 — — a0 16103600 — 1980 210 — Giri etal., 2013
Chhattisgarh, India Dec, 2019 — 140 + 107 4+2 18+17 2%2 7+5 — 16 +22 24£25 6+4 13+17 30+33 — Ramteke et al., 2022
W\__w”wm_w Basin  OcttoNov, 2011 388.9 3250 440 — 1840 3300 800 5840 — — — 320 240 Nirmalkar et al., 2015b
Chennai, India 23 Jan to 6 Feb, 2007 — 112 1.05 134 1.22 0.54 — 3.86 8.07 1.51 2.06 0.48 274 Fuetal., 2010
Lincang, China 8 Mar to 9 Apr, 2019 41.8 (TSP) 287.7 5.8 316 13.8 14.7 — 31.2 2555 246 86.4 5.8 11.1 Wang et al., 2021
Baoji, China 8-10 Apr, 2008 410 261 16 15 20 13 — 112 30 120 473 7.6 — Xie etal., 2010
Chongging, China  Jun to Jul, 2003 404 (TSP) 2519 0.2 — 20 14,18 — 52.0,51.0 — 6.3 200 0.1 — Wang et al., 2006a
Inland China 19 May to 10 Jun, 2004 — 44 — — 1 2 — 5 — 1 — — — Wang et al., 2007
Xi'an, China Jan to Feb, 2009 531+ 156* 576 +99 38+18 130+ 69 93+43 17+79 — 74 +35 172+ 77 44 +£18 60 + 63 63+35 — Lietal., 2014
Xi’an, China 13 to 14 Jan, 2003 — 2915 0.7 — 42 3.2 — 75 — 12 191 0.1 — Wang et al., 2006a
% Wﬂhﬂ:ﬁhﬁﬁ_r I:EE.NN Jan, 2009 54 +24 65+ 30 30+20 78+54 25+22 22+18 — 55+4.6 12+6.8 54+50 28+26 03+03 — Lietal., 2012
Nel=) Beijing, China 3-31 Aug, 2007 — 34-149 2.8-56 7.8 0.1-1.6 2.2-63 — — 53 — — — — Yang et al., 2016
F\SJ ﬁ“ Beijing Jul, 2002 to Jul, 2003 169+108 307 +345 1 — — 11 — — — — — — — Zhang et al., 2008a
rﬂ m . Urban Beijing Nov, 2012 to Jan, 2013 — 54.43 — 6.14 — — — — 5.47 — — — — Liang et al., 2016
m pmv pmu Guangzhou, China  Jun-Jul, 2003 247 (TSP) 872 0.1 — 35 0.8 — 15 — 2.4 75 — — Ma et al., 2009
7_~ W % Hong Kong, China Jun-Jul, 2003 71(TSP) 133.2 0.1 — 13 04 — 12 — 0.2 11.6 — — Wang et al., 2006a
m Z h Selangor, Malaysia 7 to 13 Jan, 2009 48.3 +14.3* 389.98 +57.98 — — — — — — — — — — — Latif etal., 2011
Lﬂ_n...v w o Nanjing, China 12-24 Oct, 2007 226 + 66* 689 + 243 21+36 — 17+19 24+42 — 44 +8.3 — 32+13 31+19 70+28 — Wang et al., 2011
m.. ] <t East coast China 25 Dec, 2002 to 06 Jan, 2003 — 41 — — 0 0 — 36 — 18 17 2 — Wang et al., 2007
aou.vb m M Changzhou, China  1-18 Jan, 2017 — 1845+1289 44+28 171+110 — 426+39.0 — 6.7+37 84+40 — — — 30+17 Shao et al., 2026
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417
418
419
420
421

Shanghai, China 23 Oct, 2011 to 20 Aug, 2012 — 111 8.5 174 — 148

Shanghai, China Dec, 2013 to Jan, 2015 — 232 — — — 5-160
East China Sea

(Huaniao Island) 23 Oct, 2011 to 20 Aug, 2012 — 315 1.9 7.8 — 25
M__d,_\wﬂoo::? 21 Jun to 08 Jul, 2007 124 1116 — 83 — —
Taiwan 2010 46.3 +2.68* 21.7 — 15 — —
Krakow, Poland 21 Apr, 2018 to 19 Mar, 2019 38.3-107.4 1950 — — —_ —
Seoul, South Korea April 2010 to April 2011 — 387.49 — — — —
Jeju Island, Korea ~ Apr, 2001 to Mar, 2002 — 38 6.7 — 15 55
Daejeon, Korea 8 Oct to 3 Dec, 2012 — 180 + 110 — 27+16 — —
Vienna, Austria 2004 — 15-200 15-45 — — 20-80
Cosenza, Italy — 83.10* 9430 — 1850 — —
mwﬂ@cccm_“o Spring, 2004 to Spring, 2005 — 4958+54  — 1005+16 — —
Rome, Italy — 170.2 (TSP) 40260 1680 2240 — 2740
mwfﬂ%ﬂﬂmz 2012-2013 34.6 (TSP) 2529+110.7 — 615+272 53+56 63+4.9
Germany Feb, 2008 — 299 3.8 52 — 57
Norway 30 Jan to 15 Mar, 2002 — 605 53 167 13 4.2
m%ﬂ%: Jpan L May10231ul,2005 12.48% 16 19 _ 12 16
Hokkaido, Japan 13-15 Aug, 2001 — 7.3 16 1.0 3.7 13
Bouismail, Algeria Jul to Nov, 2012 — 117.3+8.3 317452 172+1.2 — 21.0+27
Coimbra, Portugal  Dec, 2018 to Mar, 2019 323 692 36.4 115 — 42.3
Ogijo, Nigeria Oct 21-27, 2021 109 + 38 126 +99 — 212+29 — —
Maine, USA 25 Jun to 9 Jul, 2002 — 55.1 5.4 10.4 6.8 6.7
Sao Paulo, Brazil 16 May, 2015 to 9 Jul, 2015 28.2 231.9 11.7 218 — 233
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426  In Summer, Sugar Alcohols too have their largest share at 25.7 %, as warmer and humid

427  weather promotes fungal sporulation and microbial activity.

428 3.6 Inter-Species Correlations

429 The most significant feature of correlation matrix is a very large positive cluster
430  encompassing PM10, K* and anhydrosugars as shown in Figure 10. Levoglucosan was most
431  highly associated to both PM10 (r = 0.77) and K* (r = 0.76). Levoglucosan is formed only
432 during the thermal degradation of cellulose and is closely connected with biomass burning,
433 indicating that it is a major contributor to particle increases (Cheng et al., 2013; Gongalves et
434 al., 2021; Rabhi et al., 2024; Ankit et al., 2026). The three biomass burning tracers are highly
435  correlated with each other (Levoclucosan vs. Mannosan, r = 0.88, Levoglucosan vs.
436 Galactosan, r = 0.94, and Mannosan vs. Galactosan, r = 0.84), indicating a highly consistent
437  co-emitted tracer profile emitted into the air from regional agricultural crop residue burning
438  and residential wood combustion (Li et al., 2016a, b; Wang et al., 2021). Further, Myo-
439  Inositol showed significant positive correlation with Levoglucosan, Mannosan, Galactosan
440 and K* (r = 0.88, 0.83, 0.83 and 0.72, respectively) which implies that its atmospheric
441  pathway is closely associated with thermal volatilization during open field burning (Fu et al.,
442  2010; Li et al., 2012; Nirmalkar et al., 2015b; Wang et al., 2021; Vincenti et al., 2022).
443  Simultaneously, the second independent correlation framework describes the behavior of
444  PBAPs and fungal spores. Arabitol and Mannitol, commonly used as fungal spore tracers,
445  show a strong co-variance (r = 0.81) indicating a comparable source as metabolic storage
446 molecules in airborne fungal communities (Gongalves et al., 2021; Rabhi et al., 2024). These
447  sugar alcohols have moderate to large positive relationships with Glucose (r = 0.61) and
448  Fructose (r = 0.39) suggesting a mixed biogenic source profile of fungal activities, pollen
449  discharge and plant fragments (Goncalves et al., 2021; Shahid et al., 2025). Arabitol and
450  Mannitol are both weakly or non significantly related with PM10, K* and the anhydrosugars

451  suggestive of biogenic emissions independent of seasonal biomass burning sources. Moderate
34
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456  and statistically significant correlations were observed between Trehalose and PM10 (r =
457  0.55) and Levoglucosan (r = 0.55) implying that regional biomass burning events and wind
458  generated dust storms re-suspend top soil particles as well as surface agricultural dust
459  (Nirmalkar et al., 2015a, b). Glucose was closely linked with Fructose (r = 0.59) indicating
460 their co-existence in living plant matter (Fu et al., 2012; Li et al., 2016a). Cellobiose is an
461  intermediate breakdown product of cellulose from mechanical agricultural harvesting and low
462  temperature smoldering and correlates weakly to moderately with the anhydrous sugars (r =
463  0.29 to 0.37) (Wang et al., 2021; Michalski and Konczyk, 2024). Finally, Sucrose (r = 0.11
464  with PM10) and Erythritol (r = 0.44 with Arabitol) demonstrate independent behavior in most
465  categories, suggesting of highly specialized or confined seasonal emission events, e.g.
466 localized pollen or microbial blooms rather than massive regional inputs (Nirmalkar et al.,

467  2015a).

468 3.7 Principal Component Analysis (PCA)

469 The biplot displays the distribution of the samples and the variable loading vectors
470 along the first two principal components that account for 57.8 % of the total variance (PC1=
471  38.9 %, and PC2 = 18.9 %). Figure 11 displays that the principal component space clearly
472  distinguishes geochemical clusters and seasonal segregation of the samples. The Autumn and
473 Winter samples are a broad group in the positive quadrant of PC1 with strong and tight
474  loading vectors for anhydrosugars namely Levoglucosan, Mannosan and Galactosan together
475  with Myo-Inositol, Galactose, Trehalose and Cellobiose. The alignment along PC1 is due to
476  the dominant pyrolytic origin, which is driven by the intense agricultural biomass burning
477  (rice straw harvesting in autumn) and residential wood combustion or heating in winter (Li et
478 al., 2021; Vincenti et al., 2022). Myo-Inositol and Trehalose are co-emitted or thermally
479  volatilized with pyrolytic anhydrosugars (Nirmalkar et al., 2015b).

480 However, samples of Summer constitute a separate cluster in the upper left quadrant

481  with positive loadings on PC2 and negative loadings on PC1. This orientation is in good
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486  alignment with the vectors of fungal spore tracers such as Mannitol, Arabitol, Sucrose,
487  Glucose, and Fructose. The high positive PC2 projection of Mannitol and Arabitol indicates
488 increased biogenic activity, active fungal sporulation, and vegetation metabolic activities
489  during the warm and humid summer monsoon (Pietrogrande et al., 2014; Emygdio et al.,
490 2018; Ramteke et al., 2025). Spring samples occupy an intermediate position, mostly
491  clustered around the origin, suggesting a transitional geochemical condition with moderate
492  biogenic inputs and muted combustion signals. In general, the PCA biplot reveals a simple
493  seasonal dichotomy of atmospheric sugar composition over Faisalabad: a pyrolytic and soil
494  resuspension regime dominant in Autumn and Winter (PC1 driver) and an active biogenic or

495  fungal sporulation regime that governs the summer months (PC2 driver).

496 3.8 Diagnostic Ratios of Tracer Compounds

497 Figure 12 depicts diagnostic scatter plot showing association with
498  Levoglucosan/Mannosan and Levoglucosan/K+ and distinct combustion signatures in
499  different seasons in Faisalabad. In all four seasons most data points are in the upper left
500 quadrant labeled “Crop residuals & US-Grass” (Levoglucosan/Mannosan > 10 and
501  Levoglucosan/K+ < 1.0). Levoglucosan/Mannosan concentrations were generally high
502 throughout the year with seasonal averages of 34 + 8, 26 + 7, 40 + 35, 19 £ 22 in Autumn,
503  Winter, Spring, and Summer respectively. Distinctive markers for agricultural wastes
504 including rice straw, wheat straw, and herbaceous grasses have elevated
505 Levoglucosan/Mannosan ratios (> 25-30) due to their unique hemicellulose structures (Wang
506 et al., 2021; Vincenti et al., 2022; Rabhi et al., 2025). One Winter data point falls in the
507 Hardwood domain (Levoglucosan/Mannosan > 1.0) suggesting localized wood burning for
508 heating during extreme cold spells (Islam et al., 2021; Li et al., 2021). The observed
509 Levoglucosan/K* ratios remained low across most samples, averaging 0.27 + 0.12 in
510 Autumn, 0.24 + 0.28 in Winter, 0.14 £ 0.07 in Spring, and 0.10 * 0.04 in Summer.

511  Agricultural residues and crop byproducts are rich in inorganic nutrients including K*,
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516  resulting in lower Levoglucosan/K* ratios compared to burning of forest wood where K* is
517  emitted at lower levels than pyrolytic anhydrosugars (Vincenti et al., 2022; Paris et al., 2023).
518 In the Summer samples, variability in the lower range of Levoglucosan/Mannosan is higher.
519 The distribution reveals less open combustion activity, lower total anhydrosugar
520 concentrations and a relative rise in baseline contributions of inorganic dust and biogenic

521  aerosols in warmer months.

522 3.9 Non-Negative Matrix Factorization (NMF) Analysis

523 We used a 5 factor Non-Negative Matrix Factorization (NMF) model on the whole
524  data set to identify specific sources of emissions and seasonal changes in particulate organic
525  sugars. During the monitoring campaign, the model was able to distinguish pyrolytic, primary
526  hiogenic and soil microbial signatures as demonstrated in Figure 13. The dominant loadings
527  of Factor 1 (Biomass Burning) during the entire study period were Levoglucosan (90 %),
528 Mannosan (75 %) and Galactosan (40 %). These anhydrosugars are the most used molecular
529  markers of biomass burning (Caseiro et al., 2007; Scaramboni et al., 2015; Paris et al. 2023;
530 Wang et al. 2021; Sang et al., 2020) and are obtained by pyrolysis of cellulose and
531  hemicellulose. These compounds accounted for 68.1 % of the total saccharide budget. Also
532 present in the factor was Myo-Inositol (71 %) which is consistent with the fact that sugar
533  alcohols are also released during crop residue and plant material burning (Fu et al. 2010; Tsali
534 et al. 2010; Wang et al. 2021; Vincenti et al. 2022). Factor 2 (Plant Detritus; 10 %) was
535  characterized by Glucose (82 %) and Fructose (43 %). Both are released from developing
536  leaves, flowers, fruits and plant fragments and are abundant in plant materials (Rabhi et al.
537  2025; Vincenti et al. 2022; Wang et al. 2021). Factor 3 (Soil biota & dust resuspension; 6 %)
538 was characterized by Galactose (79 %) and Trehalose (40 %). Galactose is a soluble
539  carbohydrate found in the tissues of vascular plants, developing leaves, bark, fruit fragments
540 and flower buds (Wang et al. 2021; Rabhi et al. 2025). Wind, crop harvesting and plant

541  senescence mechanically abrade leaves, releasing free galactose to the ambient air (Wang et
40
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547 al. 2021; Vincenti et al. 2022). Trehalose is a stress protectant and osmoregulator of plants
548  and microorganisms, and is abundant in biologically active surface soils. Trehalose has been
549  suggested as a marker for soil biota and fugitive dust from such soils (Fu et al. 2026; Wang et
550 al 2021). Factor 4 (Fungal spores; 9.5 %) was dominated by Erythritol (79 %), Mannitol (45
551 %) and Arabitol (38 %). The presence of Arabitol and Mannitol is a commonly utilized
552 marker for airborne fungal spores (Bauer et al. 2008; Wang et al. 2021; Gongalves et al.,
553  2021). Erythritol (C4 sugar alcohol) is produced by some microorganisms like airborne fungi,
554  lichens and bacteria (Pietrogrande et al., 2014; Nirmalkar et al., 2015b; Caseiro et al., 2007),
555  which suggests that this factor may be related to other microbial or secondary biogenic
556  sources. Factor 5 (Airborne pollen; 6.5 %), dominated by Sucrose, with small contributions
557  of Galactose, Myo-Inositol and Trehalose. Sucrose is the dominant saccharide in pollen and
558  fragmented pollen grains, and is a major constituent of fine and coarse aerosol during
559  flowering seasons (Michalski and Konczyk 2024; Wang et al. 2021). During flowering
560 seasons, large amounts of fine and coarse particle-bound sucrose are released into the
561  atmosphere by the swelling and the mechanical or osmotic rupture of airborne pollen grains
562  (Fuetal., 2026).

563 The relative contributions from different sources were seasonally variable, and
564  strongly related to regional agricultural burning cycles and synoptic meteorological
565 variability. The contribution of the five factors varied among seasons (Figure 14). Biomass
566  burning contributed to 81.6 % of saccharide mass in Autumn, 78.3 % in Winter, 57.3 % in
567  Spring and 19.3 % in Summer. The high values in Autumn and Winter are consistent with
568 increased residential heating and cooking, burning of crop residues and shallow stagnant
569  boundary layers, typical of these seasons. Minor secondary inputs were plant detritus (4.4 %-
570 10.6 %), soil biota & dust resuspension (2.1 %-2.7 %), fungal spores (3.3 %-7.6 %) and
571  pollen releases (4.3 %-5.1 %) during Autumn and Winter. In Summer the contribution of

572  bhiomass burning decreased to 19.3 % and biogenic and soil sources increased, with fungal
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574  Figure 14 Seasonal contributions of the five NMF factors to the total saccharide mass during
575  different seasons.
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577  spores (27.9 %), plant detritus (20.3 %), soil biota & dust resuspension inputs (20.1 %) and
578  pollen (12.4 %) being the most important. The weaker summer contribution of Factor 1 is
579  consistent with stronger vertical mixing, wet scavenging during monsoon and photochemical
580 degradation of Levoglucosan during atmospheric transport (Hennigan et al., 2010) which
581  might lead to an underestimation of biomass burning contribution in summer. Fungal spores
582 increased with the increasing contributions in summer and autumn. Biota from the soil and
583  resuspension of dust input was also highest in Summer and lowest in Autumn and Winter as
584  expected for the hot dry pre-monsoon and monsoon-season conditions that favor the dryness
585  and resuspension of soil. These NMF findings confirm the predominance of primary biogenic
586  aerosols to the ambient sugar profiles during the warm humid season, whereas regional
587  pyrolytic emissions overwhelmingly dominate the particulate saccharide burdens during

588  severe Autumn and Winter haze episodes.

589  3.10 Regional MODIS Active Fire Occurrence

590 We combined 72-hour back trajectory clustering with FIRMS MODIS active fire pixel
591 distributions across South Asia to resolve the regional atmospheric transport pathways and
592  transboundary combustion influences affecting Faisalabad in all four seasons. In Autumn
593 (26,660 MODIS fire pixels), the annual peak in levels of biomass burning tracers was
594  dominated by extensive post-harvest burning of rice paddy straw across the agricultural belts
595  of the Indo-Gangetic Plain (IGP) as shown in Figure 15. Cluster 1 (81.2 % occurrence) had a
596 strong influence on the synoptic airflow that crossed the northern and northwestern
597 agricultural belts bringing along high concentrations of Levoglucosan (3220 ng m™).
598  Meanwhile, even higher mean Levoglucosan loadings were recorded for longer range western
599 trajectories in Cluster 2 (12.5 %) and for southeasterly flows in Cluster 3 (6.2 %) (3832 ng m-
600 ° and 3988 ng m?, respectively), illustrating that both local smoke accumulation and
601  transboundary transport along active fire belts cause severe autumn haze. Throughout Winter,

602 shallow planetary boundary layers and shorter continental air pathways encouraged regional
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607  atmospheric stagnation (20,093 MODIS fire pixels) as presented in Figure 16. Here, cluster 1
608  represented the main northwestern pathway (73.9 %; Levo: 2361 ng m) whereas slower
609 long-range air masses in cluster 2 (13.0 %; Levo: 2999 ng m™®) and southeasterly trajectories
610 in cluster 3 (13.0 %; Levo: 3368 ng m) accumulated larger amounts of tracer due to longer
611 residence times over combustion hot spots. Conversely, organic tracer concentrations
612  decreased significantly during Spring (17,451 MODIS fire pixels) and Summer (15,827
613  MODIS fire pixels) as regional open fires subsided and atmospheric dispersion increased as
614  shown in Figure 17 and 18. In spring, Cluster 1 (70.6 %) was dominated by northwestern
615  continental air masses (Levo: 903 ng m™) with secondary contributions from Cluster 2 (23.5
616  %; Levo: 814 ng m™®) and Cluster 3 (5.9 %; Levo: 778 ng m). During Summer, monsoon
617  circulation transported clean, long-range marine air from the Arabian Sea via Cluster 3 (21.7
618  %; Levo: 580 ng m?) as well as easterly flows in Cluster 2 (39.1 %; Levo: 246 ng m) and
619  northwesterly vectors in Cluster 1 (39.1 %; Levo: 475 ng m™3). During this period, the higher
620  mixing heights and wet deposition effectively suppressed the Levoglucosan concentrations to
621 the annual minimum. Overall, these trajectory dynamics confirm that the primary drivers of
622 elevated Levoglucosan in Faisalabad are transboundary crop burning and winter boundary

623 layer entrapment along major regional air corridors.

624

46



https://doi.org/10.5194/egusphere-2026-6556
Preprint. Discussion started: 16 November 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere®

Winter 2023-24

40°N

13.0%
Levo: 2999 ng m*

30°N

Latitude

By /)

20°N

625

13.0%
Levo: 3368 ngm~>

000 km

°E

Longitude

90°E

626 Figure 16 MODIS active fire occurrence overlaid with trajectory associated mean
627  Levoglucosan concentration during Winter

47



https://doi.org/10.5194/egusphere-2026-6556
Preprint. Discussion started: 16 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

B —

40°N

-
SERat

23.5%
Levo: 814 ng m~?
0

w
=]

°
z

Latitude

| W'y

20°N

- 70°E 90°E

628 Longitude

629  Figure 17 MODIS active fire occurrence overlaid with trajectory associated mean
630  Levoglucosan concentration during Spring

631

48



https://doi.org/10.5194/egusphere-2026-6556
Preprint. Discussion started: 16 November 2026
(© Author(s) 2026. CC BY 4.0 License.

632
633

634
635

Latitude

e 4

40°N

w
o

o
2

20°N

EGUsphere®

21.7%
Levo: 580 ng m’

Faisalabad: ..

it

S TN _ -
: ’ e, N 39.1%
; 73

Levo: 246 ng m~’

000 km

°E 70°E

Longitude

49

Figure 18 MODIS active fire occurrence overlaid with trajectory associated mean
Levoglucosan concentration during Summer



https://doi.org/10.5194/egusphere-2026-6556
Preprint. Discussion started: 16 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

636 Conclusion

637 This study provides a detailed characterization of the year-round particulate matter
638 (PM10) mass, primary organic tracer speciation (sugars, anhydrosugars, sugar alcohols) and
639  synoptic transport pathways over Faisalabad, an agro-industrial hub in central Pakistan. The
640  annual mean PM10 concentration was 658 + 304 pug m= (range 169-1177 pug m) which was
641  up to 6.3 times higher than the Pak-EPA 24-h standard (150 pug m) and 13 times higher than
642 the WHO daily guideline (50 pg m?). Particulate loadings exhibited severe seasonal
643  variability: Autumn (940 + 167 pg m) > Winter (853 + 183 pug m) > Spring (510 + 257 ug
644  m3) > Summer (399 + 192 ug m ). The annual mean PM10 (658 + 304 ug m) is similar to
645 historically severe pollution hot spots in Pakistan such as Nazria Pakistan Square, Faisalabad
646 (800 pg m®), Peshawar (638 pg m?) and Quetta (700 pug m=) and regional Indo-Gangetic
647  Plain (IGP) megacities such as Delhi (826 pug m?) and Bharatpur, India (638 pg m?). In
648  comparison, these levels are much higher than the annual averages reported in East Asian
649 cities (e.g. Beijing (200 pug m) or European sites (23 pg m®)), identifying central Pakistan as
650  one of the world's most particle polluted basins. Chemical speciation showed anhydrosugars
651 accounted for 72 % of total quantified sugar mass. Levoglucosan (3283 + 1334 ng m= in
652  Autumn; 2530 + 964 ng m in Winter), Mannosan (101 + 47 ng m®) and Galactosan (87 + 44
653 ng m=) were the most abundant species. The rest of the organic sugar fraction was made up
654  of Primary saccharides (17 %, mainly Glucose and Sucrose) and Sugar Alcohols (11 %,
655  mainly Arabitol and Mannitol), with their peaks in relative shares in Summer (34 % and 25.7
656 %, respectively). The annual mean Levoglucosan concentration (1668 + 1438 ng m=) and
657  Autumn peak (3283 + 1334 ng m™) are consistent with high post-harvest agricultural burning
658  signatures reported in Lumbini, Nepal (3747 + 1106 ng m=), Mahanadi Riverside Basin,
659 India (3250 ng m), and Raipur, Central India (2210 + 2381 ng m™), and are higher than

660  urban winter levels in New Delhi (1977 + 971 ng m™®), Xi'an, China (576 + 99 ng m=), and
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661  Krakow, Poland (1950 ng m™). Fungal spore markers (Mannitol up to 425 ng m™3; Arabitol up
662 to 229 ng m®) and primary sugars (Glucose up to 540 ng m=) peaked during summer
663 indicative of high seasonal biological activity similar to agricultural regions of Central India
664  (Nirmalkar et al., 2015b) and North China Plain (Li et al., 2014).

665 The integrated geochemical, statistical and air mass trajectory framework shows a
666 distinct seasonal dichotomy controlling the organic aerosol regime over central Pakistan. The
667  anhydrosugars represented 81.1 % (Autumn) and 76.2 % (Winter) of total sugars and showed
668 a high co-variance with PM10 (r = 0.77) and inorganic potassium K* (r = 0.76). High
669  Levoglucosan/Mannosan (L/M = 26-34) and low Levoglucosan/K* (L/K* = 0.24-0.27)
670  diagnostic tracer ratios indicate that the main source of Autumn organic carbon loading is
671 open combustion of agricultural crop residues (mainly rice straw). In Winter, pyrogenic
672  inputs continue from crop residue burning, domestic wood heating and biomass fired brick
673  kilns which are severely worsened by shallow planetary boundary layer (PBL) heights and
674  thermal inversions that trap emissions near the surface. As open burning diminishes and
675  temperatures increase, anhydrosugars attain a seasonal minimum (40.3 % in Summer;
676  Levoglucosan = 386 + 207 ng m?). PCA and correlation matrices show an independent
677  biogenic mode (PC2 = 18.9 % variance) driven by active fungal sporulation (Arabitol and
678  Mannitol; r = 0.81), plant metabolic activity and wind-driven soil and crustal resuspension
679  during agricultural tilling and wheat harvesting. Summer deep convective mixing and
680  monsoonal wet deposition further reduce regional combustion plumes. Non-negative matrix
681  factorization of twelve saccharides identified five sources: biomass burning (68.1 %), plant
682  detritus (10.0 %), fungal spores (9.5 %), airborne pollen (6.5 %) and soil biota and dust
683  resuspension (6.0 %). Biomass burning was the main source of saccharide mass in autumn
684 (82 %) and winter (78 %), while biogenic sources contributed 81 % to the saccharide mass in

685 summer due to the strong decrease of biomass burning. MODIS active fire distribution
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686  (20,093-26,660 pixels in Winter and Autumn) and CWT modeling indicates that severe CWT
687 loadings (700-900 pg m) are associated with long range and transboundary IGP trajectories.
688  This confirms that the seasonal haze crisis is predominantly caused by regional agricultural
689  biomass combustion that is common across the IGP, compared to western arid mineral dust

690 inflows (300-500 pug m3).

691  Atmospheric Policy and Climate Implications

692 The above mentioned empirical insights reveal critical implications for atmospheric
693  chemistry, regional air quality management, and climate policy across South Asia. The
694  extreme abundance of anhydrosugars highlights cellulose pyrolytic breakdown as the single
695 most critical driver of aerosol organic carbon during cold seasons. Global and regional
696  chemistry transport models must account for these seasonal, high-intensity pyrogenic surges
697 to accurately simulate regional aerosol radiative forcing and cloud condensation nuclei
698 (CCN) formation. Because 73 % of back trajectories represent stagnant or regional
699  continental pathways crossing agricultural belts, local municipal emission controls alone will
700  not solve the Autumn and Winter smog crisis. Addressing regional haze in central Pakistan
701  requires regional interventions, and coordinated cross border air quality management
702 frameworks across the Indo-Gangetic Plain, specifically targeting agricultural mechanization
703 (e.g., happy seeder adoption), crop residue management alternatives, modernizing brick Kiln
704  technologies, and alternatives to domestic biomass heating. To control warm season coarse
705  particles, unpaved road stabilization, urban greening and dust suppression strategies are

706  required.

707  Limitations

708 There are certain limitations which should be considered when evaluating these

709  findings. Sampling was conducted at a single urban and industrial receptor site in Faisalabad.
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710  While trajectory analysis confirms strong regional representation, micro scale urban street
711 canyon effects and local road dust resuspension may influence specific primary sugar
712 proportions. Levoglucosan and other sugar compounds can undergo atmospheric degradation
713 via reactions with hydroxyl (OH) radicals during long range transport, potentially altering
714  diagnostic ratios (Levoglucosan/Mannosan) and (Levoglucosan/K*) under intense
715  photochemical conditions. Satellite MODIS fire counts capture open field agricultural
716  burning but undercount low temperature smoldering and indoor domestic heating and
717  cooking, which contribute to cold season anhydrosugar loadings. Future studies should
718  integrate multi-site vertical profiling, photochemical aging kinetics, and high resolution local
719  emission inventories to refine source contribution estimates.

720 Data Availability

721 The data underlying this study (NMF input matrix, air mass trajectory outputs, and

722 MODIS fire data) are available at Zenodo (https://doi.org/10.5281/zenodo.23600261) (Alvi et

723 al., 2026). MODIS active fire data and air mass trajectory outputs can also be directly

724 accessed from NASA FIRMS (https://earthdata.nasa.gov/firms), and HYSPLIT trajectories

725  were computed with NOAA’s READY system (https://www.ready.noaa.gov/HYSPLIT.php).
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759 CCN Cloud Condensation Nuclei

760 COPD Chronic Obstructive Pulmonary Disease
761 CPEC China Pakistan Economic Corridor
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763 DL Detection Limit

764  Eryt Erythritol

765  FIRMS Fire Information for Resource Management System
766  Fruc Fructose

767  Galn Galactosan

768  Gals Galactose

769  GDAS Global Data Assimilation System

770 GDP Gross Domestic Product

771 Gluc Glucose

772 HPAEC-PAD High Performance Anion Exchange Chromatography with Pulsed
773 Amperometric Detection

774  HYSPLIT Hybrid Single Particle Lagrangian Integrated

775  IGP Indo Gangetic Plain

776  Inos Inositol

777  Levo Levoglucosan

778  Mans Mannosan

779  Mant Mannitol

780 MDL Method Detection Limit

781  MODIS Moderate Resolution Imaging Spectroradiometer
782  MSA Methane Sulfonic Acid

783  NAAQS National Ambient Air Quality Standards
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