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14  Abstract

15 Animal dung was widely used for rural heating and cooking on the Qinghai-Tibet
16  Plateau (QTP), its contributions to climate-relevant and health-related aerosol
17  properties remain poorly understood. In this study, water-soluble organic matter
18  (WSOM), which separated into neutral humic-like substances (HULIS-n), acidic
19  humic-like substances (HULIS-a), and highly polar WSOM (HP-WSOM), in PM; s
20  fromyak and sheep dung on the QTP were conducted to evaluate their radiative forcing
21  and oxidative potential (OP). It showed that HULIS-a and HULIS-n exhibited the
22 highest emission factors under heating (0.80+0.46 g/kg) and cooking (0.35+0.36 g/kg)
23 scenarios, respectively. HULIS-n exhibited the strongest light absorption compared to
24 the highest OP for HP-WSOM. Total WSOM-C emissions from animal dung
25  combustion on the QTP were 7.5 Gg and 2.0 Gg for heating and non-heating season,
26  with sheep dung for heating contributing the largest (40.6%). Spatial distributions of
27  radiative forcing and OP were highly correlated with the intensity of sheep dung. The
28  estimated radiative forcing of WSOM corresponded to 10.9-34.7% of black carbon,
29  suggesting that WSOM may be an important contributor to regional atmospheric
30  warming and cryosphere change on the QTP. Scenario analysis showed that replacing
31 50% of sheep dung combustion with yak dung could reduce regional radiative forcing
32  and OP by 2.4x10* MW/km? and 948.8 (AU s”'g")/km?. These findings highlight the
33  importance of animal dung combustion to light-absorbing and redox-active organic
34  aerosols on the QTP and provide scientific support for cleaner household energy

35  strategies and fuel-use optimization in the region.

36  Key words: Qinghai-Tibet plateau, Animal dung, Water-soluble organic matter,
37  Radiative forcing, Health effect
38

39 1. Introduction
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The Qinghai-Tibet Plateau (QTP) is one of the most climatically sensitive regions
in the world and plays a critical role in regulating the Asian water cycle and regional
climate. Covering approximately 26.0% of China's total land area, the QTP is
characterized by high elevations, low atmospheric pressure, and a cold climate (Chen
et al., 2015). In the agricultural and pastoral areas of the QTP, animal dung, primarily
from yak dung and sheep, remains an important household fuel for cooking and heating
because of its widespread availability and low cost (Chen et al., 2018; Hu et al., 2016).
Due to limited access to modern energy sources and the long heating season, large
quantities of animal dung are burned annually, making residential combustion a major

source of atmospheric pollutants on the QTP (Sun et al., 2021; Zhang et al., 2022a).

The unique high-altitude environment of the QTP can substantially influence
combustion processes. Reduced oxygen availability often leads to incomplete
combustion, resulting in elevated emissions of particulate matter (PM), black carbon
(BC), brown carbon (BrC), polycyclic aromatic hydrocarbons (PAHs), and other
hazardous pollutants (Guan et al., 2017; Sun et al., 2021). These emissions can affect
regional air quality, human health, and climate. In particular, light-absorbing
carbonaceous aerosols deposited on snow and glacier surfaces can reduce albedo and
accelerate glacier melting, thereby influencing hydrological processes and regional

climate change across the plateau.

Among carbonaceous aerosol components, water-soluble organic matter (WSOM)
represents an important fraction of BrC. WSOM contains numerous chromophoric
compounds capable of absorbing solar radiation and contributing to atmospheric
warming. Humic-like substances (HULIS), which constitute a major fraction of WSOM,
have been widely identified in emissions from biomass burning, coal combustion, and
ambient aerosols (Caoetal.,2021; Fanet al.,2016; Huo et al.,2021; Zhang et al., 2021).
Previous studies have shown that HULIS can account for a substantial fraction of
WSOM light absorption and contribute significantly to the radiative effects of organic

aerosols (Chung et al., 2012; Mo et al., 2018). In addition to their climatic impacts,

3
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68  HULIS and other WSOM components can participate in redox reactions and generate
69  reactive oxygen species (ROS), thereby contributing to the oxidative potential (OP) of
70  atmospheric particles (Campbell et al., 2021; Charrier and Anastasio, 2012a; Xu et al.,
71 2020). Elevated OP has been linked to oxidative stress and adverse respiratory and

72 cardiovascular outcomes associated with particulate matter exposure.

73 Recent studies have demonstrated that WSOM is chemically heterogeneous and
74  can be separated into fractions with distinct physicochemical properties. Mukherjee et
75 al. (2020) classified WSOM into neutral humic-like substances (HULIS-n), acidic
76  humic-like substances (HULIS-a), and highly polar WSOM (HP-WSOM). These
77  fractions differ substantially in their molecular composition, optical characteristics,
78  hygroscopicity, and redox activity (Chen et al., 2016a, b; Zhou et al., 2021). For
79  example, HULIS-n has been reported to dominate the light absorption of WSOM,
80  whereas highly polar fractions often contain oxygenated compounds that may
81  contribute disproportionately to oxidative activity. However, most previous studies
82  have focused on urban aerosols or emissions from conventional biomass and coal
83  combustion, while information on polarity-resolved WSOM emitted from animal dung
84  combustion remains very limited. Although several studies have characterized
85  emissions of PM, PAHs, volatile organic compounds, and carbonaceous aerosols from
86  yak and sheep dung combustion on the QTP (Hu et al., 2016; Sun et al., 2021; Zhang
87 et al., 2022a), the optical and oxidative properties of different WSOM fractions have
88  not been systematically investigated. Furthermore, the regional implications of these
89  emissions for climate-relevantradiative forcing and health-related OP remain poorly
90 quantified. Given the extensive use of animal dung fuels and the environmental
91  sensitivity of the QTP, a comprehensive assessment of polarity-resolved WSOM

92  emissions and their potential impacts is urgently needed.

93 In this study, field combustion experiments were conducted to characterize HULIS -
94 n, HULIS-a, and HP-WSOM emitted from yak and sheep dung burning under

95 representative heating and cooking conditions on the QTP. The optical properties,

4
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96  chemical functional groups, and OP of these WSOM fractions were investigated. Based
97  on measured emission factors and county-level activity data, regional inventories of
98  WSOM emissions, radiative forcing potential, and OP were developed for the QTP.
99  The specific objectives of this study were to: (1) characterize the emission profiles and
100  physicochemical properties of polarity-resolved WSOM from animal dung combustion;
101 (2) quantify the spatial and temporal distributions of WSOM emissions, radiative
102  forcing potential, and OP across the QTP; and (3) evaluate the potential environmental
103  and health implications of animal dung combustion and explore possible mitigation

104  strategies.

105
106 2. Experiments and Methods

107 2.1. Sample collection

108 The field experiment was conducted in herder's home in Gangcha County, a major
109  breeding area for yaks and Tibetan sheep. The heating season lasted from September to
110  May of the following year. The yak and sheep dung used in this study were air-dried,
111 and the bituminous coal was purchased from the local market (H: heating, C: cooking,
112 YD: yak dung, SD: sheep dung). The stoves used in this study had both cooking and
113  heating functions and were controlled by an intake valve. Detailed elemental
114  composition of the three fuels and the stove settings for heating and cooking scenarios
115  can be found in the study by Sun et al. (2021). PM, s samples were collected with a
116  quartz fiber filter membrane (Whatman Inc, Clifton, NJ, USA) at a flow rate of 5 L min~
117 ' using a Mini-sampler (Air metrics, Eugene, OR, USA). Following collection, PM, s
118  samples were stored at -4°C for subsequent experiments and analysis. The separation
119  and extraction methods for the three types of WSOM are described in detail in Text S1.
120  2.2. Determination of optical properties

121 A USB2000+UV-vis-es spectrometer equipped with a 100 cm long liquid
122 waveguide capillary cell 3100 (LWCC-3100, World Precision Instruments, Sarasota,
123 FL, USA) was used to determine the light absorption of the three types of WSOM in

124  the UV-visible range (200-800 nm). The detailed calculation process of the mass
5
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125  absorption efficiency (MAE), baps365, and simple forcing efficiency (SFE) for HULIS-
126  n, HULIS-a, and HP-WSOM is documented in detail in Text S2.

127  2.3. Determination of chemical composition and OP

128 The chemical functional groups of WSOM were analyzed by Fourier transform
129  infrared spectroscopy (FT-IR) equipped with an attenuated total reflection module
130  (Perkin Elmer, model Spectrum one) to determine the molecular structure
131  characteristics of the three types of WSOM. HULIS-n, HULIS-a, and HP-WSOM were
132 loaded on KBr pellets and fully ground to obtain the mean value of 64 scans in the
133  spectrumrange of 300-4000 cm™ (resolution4 cm™). The detailed operation procedure
134  was found in the previous study (Huang et al., 2022; Zhang et al., 2022c¢).

135 In this study, the OP of the three types of WSOM was determined using a
136  dichlorofluorescein diacetate (DCFH-DA) probe (Sigma-Aldrich, Saint Louis, MO,
137 USA). A certain volume of WSOM was added to a 96-well plate for both the samples
138  and controls, along with Hanks balanced salt buffer and DCFH, and incubated for 10
139  min at room temperature under dark conditions. A microplate reader (Gene Company
140  Limited, Synergy LX) was used to characterize the OP of the three types of WSOM by
141  measuring the fluorescence intensity for 0 min and 30 min at 485 nm and 538 nm
142  excitation emission wavelengths (Zhang et al., 2022b).

143 2.4. Calculation of emission inventories

144 The EF used in this study is based on our field measurements and estimated for
145  HULIS-n, HULIS-a, HP-WSOM content, SFE»00-700, and OP. The emissions, health
146  effects and environmental effects of the three types of WSOM produced by animal dung
147  combustion at county level were calculated by using the amount of animal dung

148  combustion and the corresponding EF.

149 The calculation formula for the heating season is as follows:

150 Epiny =@ =1)X@ XAy XEFgy;+ (1 =1) X (1= @) X Ay X EFy (1
151 The calculation formula for the non-heating season is as follows:

152 Ecikj=1XA X EF; 2)
153 where E is the pollutant emission, ton (t) t; » is the share of yak/sheep dung
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154  combustion consumption in the non-heating season to the total annual consumption; 4
155 is the total yak/sheep dung consumption, Gigagram (Gg); EF is the EF of pollutant
156  content, SFE00-700, and OP; ¢ is the proportion of dung consumed for cooking in the
157  heatingseason; C denotes cooking activity; His heating activity; C denotes non-heating
158  season; H denotes heating season; / denotes county. K represents animal type (yak or
159  sheep); j represents pollutant type. » and ¢ values were determined based on studies by
160  (Huetal., 2016) and were set at 31.0% and 51.2%, respectively.

161 A Monte Carlo simulation was used to analyze the uncertainty in the emission
162  inventory. Activity data and EFs were the determinants of uncertainty and they are
163  assumed to be normally distributed. The activity data and the input parameters of the
164  EFs with their corresponding measurements were entered into the Monte Carlo
165  framework using the Crystal Ball software. A total of 20,000 runs were performed for
166  each data set to ensure a valid simulation for analyzing uncertainty. In this study,
167  uncertainty refers to the 95% confidence interval of the mean estimate.

168

169 3. Results and Discussion

170  3.1. General characteristics of WSOM emissions from animal dung combustion

171 During the combustion of yak and sheep dung, HULIS-a-C and HULIS-n-C
172  exhibited the highest EFs, averaging 0.80+0.46 g/kg and 0.35+0.36 g/kg from heating
173 and cooking scenarios, respectively, whereas HP-WSOM-C showed the lowest EF
174  (Figure 1a). Light absorption analysis revealed that HULIS-n possessed the strongest
175  light absorption capacity, with the highest MAE;¢s (8.01£6.66 m?/g) and EF of baps.36s
176 (219.39+212.81 m?/g) for both heating and cooking (Figure 1b), while HULIS-a and
177  HP-WSOM had the lowest MAE3¢s5 and EF of baps.ss, respectively. In terms of potential
178  health risks, HP-WSOM displayed the highest OP among all combustion scenarios
179  except C-SD. Its OP was 1.3~3.0 and 4.0~11.4 times higher than those of HULIS-n and
180  HULIS-a, respectively. This trend contrasts sharply with their light absorption
181  characteristics, suggesting thatdifferences in functional group composition govern their

182  optical and oxidative properties.
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183 Analysis of functional groups (Figure S1) showed that HULIS-n contains higher
184  abundances of organic nitrates (1634 cm™ or 833 cm'), aromatic hydrocarbons and
185  phenolic hydroxyl compounds (1260 cm™). Organic nitrates and aromatic compounds
186  are known chromophores in organic aerosols and contribute strongly to light absorption.
187  In particular, nitrogen-containing aromatic compounds have been reported to account
188  for 55% of WSOM absorbance (Desyaterik et al., 2013). The organic nitrate and
189  aromatic structures render HULIS-n the most light-absorbing substance in WSOM. HP-
190 WSOM exhibited the strongest polarity and was enriched in carboxylic acids,
191  polysaccharides, and other hydrophilic compounds (1220 cm™ and 1053 cm™). The
192  weak light absorption of carboxylic acids, coupled with the lowest EF of HP-WSOM,
193  resulted in its low light absorption. Nevertheless, HP-WSOM contains substantial
194  amounts of redox-active aromatic compounds, including quinones (Figure Slc, 1716
195  cm) and transition metals. Organic compounds can generate oxidative stress through
196  redox of quinone-based radicals, and metals can directly support electron transfer to
197  generate OP while reducing antioxidant levels. Quinones can induce oxidative stress
198  through redox cycling and formation of semiquinone radicals, while transition metals
199 facilitate electron-transfer reactions that enhance reactive oxygen species (ROS)
200  generation and deplete antioxidants (Charrier and Anastasio, 2012b; Gonzalez et al.,
201 2017; Guo et al.,2020; Lin and Yu, 2019a, b; Linand Yu, 2020; Winet al., 2018). These
202  components likely account for the elevated OP of HP-WSOM despite its weak optical
203  absorption. In contrast, HULIS-a was characterized by a higher abundance of carboxyl-
204  containing compounds and a lower proportion of strongly light-absorbing components,
205  such as aromatic and nitrate-containing species. Consequently, HULIS-a exhibited both

206  lower light absorption and lower oxidative potential than the other WSOM fractions.

207
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Figure 1. Emission factors (EFs) and concentrations (a), MAE3¢s and EFs of baps-365 (b),
and OP and EFs of OP (c) for HULIS-n, HULIS-a, and HP-WSOM emitted from sheep

and yak dung combustion under heating and cooking scenarios.

3.2. Emission inventory and spatial distribution of HULIS

The total emissions of WSOM from yak and sheep dung combustion on the QTP
were estimated (Figure 2a). Total WSOM-C emissions during the heating and non-
heating season were 7.5 and 2.0 Gg, respectively. During the heating season, annual
emissions of HULIS-n-C, HULIS-a-C, and HP-WSOM-C reached 2.6, 3.9, and 0.9 Gg,
respectively, representing increases of 1.5-, 6.1-, and 2.8-fold compared with the non-

9
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219  heating season. The highest emissions of HULIS-n, HULIS-a, and HP-WSOM were
220  observed in Gonghe county.

221 Among the four combustion scenarios, yak dung for heating, yak dung for cooking,
222  sheep dung for heating, and sheep dung for cooking contributed 13.7%, 27.9%, 40.6%,
223  and 17.8% of total WSOM emissions, respectively. Sheep dung for heating was the
224  primary source of WSOM-C, accounting for 26.7%, 53.4%, and 35.4% of the total
225  emission of HULIS-n-C, HULIS-a-C, and HP-WSOM-C, respectively. Zhang et al.
226 (2022) and He et al. (2024) showed that sheep dung for heating was the largest source
227  of PAHs and intermediate volatile organic compounds (IVOCs) from animal dung
228  combustion on the QTP. These findings highlight the critical role of sheep dung
229  combustion during the heating season in the emission and formation of air pollutants
230  across the region.

231 Spatial differences in emissions among counties are more clearly illustrated by
232  WSOM emission densities (Figure 2b). The annual emission density of WSOM-C was
233 4.8 kg/km?, with heating season emissions being 3.8 times higher than those during the
234  non-heating season. Among the WSOM fractions, HULIS-a exhibited the highest
235  emission density (2.3 kg/km?), accounting for 47.8% of the total WSOM-C emissions.
236  During both the heating and non-heating seasons, the highest emission densities of
237  HULIS-n, HULIS-a, and HP-WSOM were observed in Huangyuan and Huangzhong
238  counties. Huangyuan has a well-developed livestock industry with a grassland
239  vegetation coverage of 64.5%. In addition, sheep dung combustion during the heating
240  season accounts for 58.2% of the total animal dung used in Huangyuan. The
241  combination of intensive livestock production and substantial sheep dung use for
242  residential heating results in the highest WSOM-C emission density in Huangyuan.
243

10
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245  Figure 2. Spatial distributions of the concentrations of HULIS-n, HULIS-a, and HP-
246 WSOM from the combustion of yak dung and sheep dung on the QTP.
247
248 3.3 Spatiotemporal distribution of environmental effects and health impacts
249 WSOM emitted from animal dung combustion can contribute to regional radiative
250  forcing through its light-absorbing properties. The highest SFE2p0-700 values for the
251  combustion of yak dung and sheep dung were observed for HP-WSOM and HULIS-n,
252  respectively (Table 1), whereas HULIS-a exhibited the lowest SFE2g0-700 among the
253  four combustion scenarios. The emission inventory shows that the total WSOM-
254  induced radiative forcing during the heating season was 1.4 times that during the non-
255  heating season (Figure S2). HULIS-a and HULIS-n were the largest contributors to
256  radiative forcing during the heating and non-heating season, accounting for 35.1% and
257  40.0% of total WSOM radiative forcing, respectively. On the QTP, radiative forcing
258  associated with HULIS-n, HULIS-a, and HP-WSOM during the heating season was 1.1,
259 1.3, and 2.1 times higher, respectively, than during the non-heating season.
260
261  Table 1. The SFE of HULIS-n, HULIS-a, and HP-WSOM from the combustion of yak

262  dung and sheep dung for heating and cooking.

SFE Yak dung- Yak dung-  Sheep dung-  Sheep dung-
Sample
(W/g) heating cooking heating cooking

SFEzg0- HULIS-n  21.8+21.5  21.3+23.8 433+39.8 83.8+16.6
11
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700 HULIS-a 7.8+1.9 22.4+£26.2 9.1£0.6 76.8 +7.6

HP-
31.3+£19.8 30.7+15.1 282+7.4 32.7+6.5
WSOM
263
264 Spatially, the radiative forcing per unit area from WSOM was highest in

265  Huangyuan county and lowest in Medog county, reflecting regional differences in
266  livestock density and dung-fuel consumption. Among the four combustion scenarios,
267  yak dung for heating, yak dung for cooking, sheep dung for heating, and sheep dung
268  for cooking contributed 6.3%, 15.2%, 13.7%, and 64.7% to the total WSOM radiative
269  forcing, respectively (Figure 3c1). Radiation forcing from the combustion of yak dung
270  and sheep dung for cooking was 2.4 and 4.7 times higher, respectively, than that for
271  heating. Sheep dung combustion contributes 72.5% and 80.9% to total radiative forcing
272  during the heating and non-heating season, respectively, representing contributions 2.6
273 and 4.2 times higher than those from yak dung combustion. These results indicate that
274  sheep dung combustion, particularly for cooking, is the dominant source of WSOM -
275  induced radiative forcing on the QTP and therefore poses a greater environmental

276  burden than yak dung combustion.

277 Earlier studies have demonstrated that both modeled and measured OP of PM; 5
278  areassociated with cardiovascular and respiratory health effects (Abrams et al., 2017).
279  Moreover, OP has been shown to correlate more strongly with adverse health effects
280  than PM, s mass concentration, highlighting its value as an indicator of aerosol toxicity
281  (Janssen et al., 2015). The total OP of WSOM emitted from yak dung and sheep dung
282  combustion during the heating season was 1.7 times higher than that during the non-
283  heating season (Figure S3). HP-WSOM and HULIS-a were the dominant contributors
284  to OP during the heating and non-heating season, accounting for 38.6% and 37.7% of
285  the total WSOM OP, respectively. During the heating season, the OP associated with
286  HULIS-n, HULIS-a, and HP-WSOM was 1.7, 1.2, and 2.2 times higher, respectively,

287  than during the non-heating season.

12
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288 The spatial distributions of OP for HULIS-n, HULIS-a, and HP-WSOM closely
289  resembled those of WSOM emissions and radiative forcing, with the highest values
290  observed in Huangyuan county and the lowest in Medog county (Figure 3b). However,
291  yak dung for heating, yak dung for cooking, sheep dung for heating, and sheep dung
292  for cooking accounted for 3.4%, 13.6%, 16.4%, and 66.6% of the total WSOM OP,
293  respectively (Figure 3c2). These results clearly indicate that the health impacts
294  associated with WSOM are dominated by sheep dung combustion for cooking. The
295  combustion of sheep dung contributed 82.9% and 83.0% to the total OP during the
296  heating and non-heating season, respectively, which is 4.9 times that of yak dung. The
297  OP from the combustion of sheep dung accounted for 84.9%, 93.3%, and 72.0% of the
298  OP of HULIS-n, HULIS-a, and HP-WSOM, respectively, which is 5.6, 13.9, and 2.6
299  times higher than that from yak dung combustion. These findings suggest that the
300 environmental and health impacts of WSOM from animal dung combustion exhibit
301  similar spatial and seasonal patterns and are strongly associated with the extent of sheep

302  dung combustion.

303 Table S1 lists the uncertainty ranges of carbon emission estimates for HULIS-n,
304 HULIS-a, and HP-WSOM, which are -52.9% — 303%, -65.7% — 319%, and -54.7% —
305  290%, respectively. Among the three fractions, HULIS-a exhibited the highest
306  uncertainty. The activity data used in this inventory were sourced from official
307  governmental statistical yearbooks, which are generally considered reliable and contain
308 relatively small uncertainties for regional emission estimation. Furthermore, the use of
309 localized and detailed activity data allows a more accurate representation of actual fuel-
310  use patterns and livestock distributions, thereby reducing uncertainty in the emission
311  inventory. Consequently, the emission estimates presented in this study are considered
312  reasonably robust and representative of WSOM emissions from animal dung
313  combustion on the QTP.

314

13
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315
316  Figure 3. The distribution of radiative forcing and OP of HULIS-n, HULIS-a, and HP-
317  WSOM from the combustion of yak dung and sheep dung on QTP, and the proportion
318  of WSOM contributed by different burning scenarios.

319

320  3.4. Implications of Environmental and health effects of WSOM on the QTP

321 The air supply for heating during the combustion of sheep and yak dung was lower
322  than that for cooking. Correspondingly, the EFs of WSOM-C from sheep and yak dung
323  combustion for heating were 1.2 and 4.5 times higher, respectively, than those from
324  cooking. This indicates that oxygen-deficient combustion enhanced WSOM emissions.
325  The MAE36s and EF of babs-365 from animal dung and bituminous coal combustion on
326  the QTP are 2.1-14.3 and 27.3-169.7 times higher, respectively, than those from
327  biomass and bituminous coal combustion on the Fen-Wei Plain (Table S2). The QTP is
328  characterized by thin air, low air pressure, and reduced oxygen availability (Cui et al.,
329  2023; Tian et al., 2023). Under such oxygen-limited conditions, generation of free

330 radicals is suppressed, hindering oxidation reactions during combustion (Jiang et al.,

14
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331  2023). Therefore, oxygen-deficient combustion is a key factor controlling WSOM

332  emissions and associated environmental impacts on the QTP.

333 More importantly, the SFE00-700 of atmospheric BC on the QTP has been reported
334  tobe 558 W/g (Wang et al., 2019). In comparison, the SFE00.700 of WSOM emitted
335  from yak and sheep dung combustion in the present study ranged from 61.0 to 193.4
336  W/g, corresponding to 10.9-34.7% of the BC radiative forcing (Table 1). Light-
337  absorbing carbonaceous aerosols, such as BC, can significantly reduce snow albedo
338  even at concentrations as low as 10 ng/g, thereby generating positive radiative forcing
339  at the snow and ice surface and increase near-surface air temperature (Flanner et al.,
340  2007; 2009). Glacier albedo has also been shown to be highly sensitive to HULIS-like
341  light-absorbing substances (Wu et al., 2016). Consequently, emissions from oxygen-
342  deficient combustion of yak and sheep dung may play an important role in influencing

343  the cryosphere and regional hydrological cycle of the QTP.

344 According to the China Health and Aging Tracking Survey, exposure to air
345  pollution from household solid fuel combustion increases the risk of developing chronic
346  obstructive disease, heart disease, and stroke (Liu et al., 2023; Qiu et al., 2019; Wang
347  etal., 2020). The OP of WSOM emitted from the combustion of yak dung, sheep dung,
348  and bituminous coal on the OTP is 4.9-43.8 times higher than that of WSOM from the
349  combustion of biomass and bituminous coal on the Fen-Wei Plain (Table S2). These
350  results indicate that WSOM generated under oxygen-deficient combustion conditions
351  may pose substantially greater health risks. Considering the long-term environmental
352 and health consequences, it is essential to develop sustainable animal-dung

353  management strategies and promote cleaner energy alternatives in the region.

354 The QTP region possesses abundant solar and wind energy resources (Fang et al.,
355  2013), which offer considerable potential for reducing both air pollutants emissions and
356  carbon emissions (Wang et al., 2023). In addition, Cai et al. (2014) reported that sheep
357  dung emits less N,O and CO, during composting than yak dung, and that emissions

358  from both dung types are lower than the default values recommended by the IPCC.
15
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359  However, the results presented in Sections 3.2 and 3.3 revealed that sheep dung
360  combustion produces stronger pollutant emission and environmental impacts than yak
361  dung combustion. Therefore, a practical mitigation strategy may involve composting a
362  larger fraction of sheep dung for agricultural application while preferentially using yak
363  dung as a household fuel for cooking and heating. Based on our calculations, replacing
364  50% of sheep dung combustion with yak dung combustion could reduce radiative
365 forcing and OP densities across the QTP by 2.4x10* MW/km? and 948.8 (AU s''g
366  ')/km?, respectively. These findings demonstrate that optimizing household fuel-use
367  patterns could effectively mitigate the environmental and health impacts associated

368  with animal dung combustion on the QTP.

369 To further investigate regional disparities, Lorenz curves and Gini coefficients
370 were used to examine the relationship between county-level per capita GDP and
371 WSOM emissions (Figure 4). The Lorenz curves for HULIS-n, HULIS-a, and HP-
372  WSOM all deviate substantially from the line of perfect equality, yielding Gini
373  coefficients of 0.603, 0.604, and 0.615, respectively. These similar Gini coefficients
374  indicate that the three WSOM fractions exhibit comparable relationships with regional
375  economic development. Huangyuan county ranks 90 in per capita GDP, yet exhibited
376  relatively high pollutant concentration, radiative forcing density, and OP densities. In
377  contrast, Mangya county, which had the second-highest per capita GDP among all the
378  districts and counties in this study area, experienced comparatively low WSOM -related
379  environmental and health impacts. These patterns suggest that pollution burdens tend
380 to be greater in economically less-developed regions. Therefore, priority should be
381  givento implementing animal dung replacement and clean-energy transition programs
382 in areas such as Huangyuan, Minhe, and Tongde, where such measures could
383  substantially reduce the environmental and health impacts associated with animal dung
384  combustion across the QTP.

385
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387  Figure4. Lorentz curves between HULIS-n, HULIS-a, HP-WSOM and GDP per capita.
388

389 4. Conclusions

390 This study quantified the emissions, radiative effects, and health implications of
391 WSOM emitted from the combustion of yak dung and sheep dung for heating and
392  cooking on the QTP. Nitrogen-containing aromatic compounds were identified as the
393  primary contributor to the light absorption of HULIS-n, while quinone aromatic
394  substances were largely responsible for the elevated OP of HP-WSOM. Among the
395  investigated sources, sheep dung for heating produced the highest WSOM emissions,
396  while sheep dung for cooking generated the greatest combined climate and health
397  impacts.

398 WSOM emissions, radiative forcing, and OP were substantially higher during the
399  heating season than non-heating season, highlighting the importance of wintertime
400  household energy use. The oxygen-deficient combustion conditions prevalent on the
401 QTP further enhanced WSOM emissions, exacerbating both climate and health risks.

402  Notably, WSOM from the combustion of yak and sheep dung accounted for 10.9-34.7%
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403  of the radiative forcing of BC on the QTP, demonstrating that WSOM is a previously
404  underappreciated driver of regional warming and may play a significant role in

405  accelerating glacier retreat on the QTP.

406 Scenario analysis showed that replacing 50% of sheep dung with yak dung as a
407  household fuel could reduce radiative forcing and OP by 2.4x10* MW/km? and 948.8
408 (AU s'g)/km?, respectively, indicating substantial co-benefits for climate mitigation
409 and public health. Given the relatively low implementation costs, such fuel-
410  substitution strategies should be prioritized in economically underdeveloped areas,
411  including Huangyuan County. In summary, the inventories of WSOM content, radiative
412  forcing, and OP from yak and sheep dung combustion generated in this study provided
413  the much-needed data for accurately assessing the impacts of household energy use on
414  climate, glaciers, and residents' health. The identified mitigation strategies provided a
415  practical pathway for reducing both environmental and health burdens in high-altitude

416  communities.
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