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Key Points: 12 

 Two mountain-top studies were explored to characterize aerosol and CCN on the QLM in 13 
the northeastern TP of China. 14 

 An overall low NCCN values were observed in these mountain areas, but the concentration 15 
at the east was 2-3 times higher than the west. 16 

 Elevated NCCN occurred at these two sites when anthropogenic pollutants were 17 
transported upslope. 18 

 Aerosol size played a dominant role in CCN activity, but the role of chemical properties 19 
increased during orographic cloud formation.   20 



 

 

Abstract 21 

In this study, we conducted field studies at two mountain-top observatories on the Qilian 22 
Mountains (QLM) in the northeastern Tibetan Plateau of China, which plays a vital role in 23 
sustaining water resources for the downstream arid and semi-arid regions. The objectives of this 24 
study were to examine the properties of atmospheric aerosols, CCN concentrations (NCCN) at 25 
varying supersaturation levels (SS = 0.2%–1.0%), and the hygroscopic nature of aerosols, 26 
especially during the formation of orographic cloud. The two observatories, Waliguan Baseline 27 
Observatory (WLG) and Laohugou station (LHG), are situated on the eastern and western edge 28 
of the QLM, respectively. Notably, the average NCCN was approximately 2–3 factors higher at 29 
WLG compared to LHG. The chemical compositions of aerosols were primarily dominated by 30 
sulfate and organic aerosol (OA) at these two sites. Due to the more pristine location, highly 31 
aged OA and higher contribution of sulfate were observed at LHG. A very high hygroscopicity 32 
parameter of aerosol calculated using chemical composition was observed at these two sites 33 
(0.37 ± 0.03 at LHG vs. 0.30 ± 0.04 at WLG). High aerosol loading episodes impacted by 34 
anthropogenic emission were observed at two sites. Exploration on high-loading case studies at 35 
each site, we found that the CCN activity was dominated by aerosol size, but the ratio of NCCN 36 
between 0.2% and 1.0% was increased during the formation of orographic cloud. These findings 37 
collectively underscore the significant impact of anthropogenic air plumes on CCN 38 
concentrations in the QLM and their potential influence on precipitation patterns. 39 

 40 

Plain Language Summary 41 

The Qilian Mountains (QLM), situated in the northeastern Tibetan Plateau of China, have 42 
been designated as a national park, dedicated to protecting its fragile ecological environment. 43 
Renowned for its “wet island” effect, the mountains serve as a crucial water resource for the 44 
downstream residents in northwest China. Orographic clouds, a primary source of precipitation 45 
in these mountains, heavily rely on the presence of cloud condensation nuclei (CCN), typically 46 
dominated by natural mineral dust due to its arid and semi-arid regions around. In recent years, 47 
rapid urbanization and heavily human activities has introduced a significant influx of 48 
anthropogenic aerosols. However, the impact of anthropogenic aerosol on the orographic cloud is 49 
unclear, especially during summer season when natural mineral dust emissions are limited. To 50 
unravel this mystery, we conducted studies at two mountain-top observatories to explore the 51 
impact of anthropogenic aerosol transport from low elevation regions during summer season to 52 
mountain areas. Our findings highlight the substantial impact of anthropogenic aerosols on CCN 53 
concentrations, which offer valuable insights into the understanding the interaction of aerosol 54 
and cloud, and potential impact on precipitation in this mountain region. 55 

1 Introduction 56 

Aerosols play a critical role in the Earth’s climatic system, influencing both atmospheric 57 
radiative forcing and cloud formation. The latter process, associated with the hydrological cycle 58 
and radiation budget, remains highly uncertain due to its complex processes IPCC (2023). The 59 
activation of aerosols into cloud condensation nuclei (CCN) and the subsequent cloud formation 60 
depend on their physical and chemical properties, including chemical composition, number 61 
concentration, size, mixing states, and prevailing atmospheric conditions (McFiggans et al., 62 
2006; Andreae & Rosenfeld, 2008; Farmer et al., 2015 and references therein; Riemer et al., 63 



 

 

2019). Recent studies from urban, rural, and remote locations have consistently underscored the 64 
influence of atmospheric chemistry on aerosol growth, composition, hygroscopicity, and mixing 65 
state, ultimately affecting CCN activity, although these parameters can be associated with 66 
different underlying mechanisms (Slade et al., 2017; Kuang et al., 2021; Tao et al., 2021; Liu & 67 
Matsui, 2022; Zaveri et al., 2022). 68 

Orographic clouds represent an important composition of clouds that form in response to 69 
the forced ascent of air masses by sloping terrain over their travel from lower to higher 70 
elevations. As air ascends along sloping terrain, its temperature decreases, and beyond the lifting 71 
condensation level, water vapor condensates onto CCN, facilitating the formation of orographic 72 
clouds (Lynn et al., 2007; Choudhury et al., 2019). Orographic clouds serve as a vital source of 73 
precipitation in many parts of the world (Choudhury et al., 2019). The Qilian Mountains (QLM), 74 
located on the northeastern edge of Tibetan Plateau (TP), cover an area of approximately 75 
200,000 square kilometers, with dimensions of roughly 800 kilometers east to west and 300 76 
kilometers north to south, and an average elevation of 3,600 meters. Thanks to the unique wet-77 
island effect (Zhang et al., 2021), the QLM serves as a critical ecological barriers in 78 
northwestern China, supplying water to around five million people downstream. During the 79 
summer season, the QLM experiences a pronounced water vapor convergence and cloud cover. 80 
Precipitation within these mountain regions is determined by prevailing weather conditions, 81 
cloud properties, and the availability of CCN. Since the concentrations of natural aerosols (such 82 
as mineral dust) are at their lowest level during the summer season compared to other seasons, 83 
artificial enhancement of precipitation via hygroscopic cloud seeding is a routine practice to 84 
enhance precipitation and has been carried out since the 2000s (Zhang et al., 2009). 85 
Simultaneously, comprehensive campaigns have been conducted to explore the cloud physical 86 
properties over the QLM (Zhang et al., 2008). Orographic clouds are found to play a critical role 87 
in precipitation in this region, with water vapor predominantly concentrated at lower elevation 88 
(3500 – 6500 m)  (Chen et al., 2010; Qi et al., 2022).  89 

In the mountain regions of northwestern China, the aerosol composition is primarily 90 
dominated by natural mineral dust owing to the widely distributed arid and semi-arid regions 91 
(Liu et al., 2022). However, there has been a noticeable increase in anthropogenic aerosols in 92 
recent years attributed to initiatives such as the “Go West” strategy and the rapid urbanization in 93 
China (Cui et al., 2016; Li et al., 2021). This shift in aerosol loading and changes on composition 94 
have the potential to exert important impacts on aerosol properties and the local climatic and 95 
environmental conditions in the QLM. This kind of effect has been observed in Indian 96 
Himalayas, which aerosol can significantly modulate the precipitation in mountain regions 97 
(Choudhury et al., 2020; Adhikari & Mejia, 2023). In the QLM, previous studies pertaining to 98 
orographic clouds primarily centered on the properties of cloud (Zheng et al., 2011). Lack of the 99 
link of aerosol and orographic cloud in this region can, in part, be attributed to the geographical 100 
remoteness and logistical challenges in this mountain region. In recent years, aircraft-based, in-101 
situ measurements have been conducted to investigate the interaction of aerosols and clouds have 102 
been conducted (Ma et al., 2021). However, due to its excessive cost, aircraft based in-situ 103 
measurements of CCN activation limit its feasibility to widely field studies. In recent years, 104 
several observatories have been established in high mountain areas within the QLM to 105 
comprehensively monitor environmental and climatic variations in these remote regions (Xu et 106 
al., 2013) and can also be utilized to in-situ measure the interaction of aerosol and cloud on the 107 
ground.  108 



 

 

In this study, we conducted field studies at two observatories in the QLM during the 109 
summertime for monitoring the physical and chemical characteristics of aerosol and evaluating 110 
the variation of CCN and potential impact from the anthropogenic aerosol. Our hypothesis is that 111 
variations in chemical composition of aerosols could impact the hygroscopicity and subsequently 112 
affect CCN activity in the mountain regions of the QLM. Meanwhile, the two sites located at the 113 
most east and west of the QLM and representing different weather conditions and natural 114 
environments are favorable for us to elucidate the upper limit and lower limit of anthropogenic 115 
emissions influence. 116 

2 Materials and Methods 117 

2.1 Sampling site 118 

Field studies were conducted at two observatories: the Waliguan Baseline Observatory 119 
(WLG; 36.28° N, 100.90° E; 3816 meters above sea level (a.s.l.)) and the Qilian Shan Station of 120 
Glaciology and Ecologic Environment (LHG; 39.50° N, 96.51° E; 4180 meters a.s.l.) (Figure 1). 121 
These two sites are situated in east and west of the QLM, respectively, which have distinct 122 
geomorphic features. The eastern region, characterized by more precipitation, is covered with 123 
expansive grassland, whereas the western counterpart, receiving less precipitation, is 124 
predominantly covered by barren land (Li et al., 2022; Zuo et al., 2022).The study at WLG was 125 
performed from July 1st to July 31st, 2017, while the study at LHG was conducted from August 126 
4th to August 29th, 2020. These periods coincided with the typical warm and rainy season in the 127 
QLM. Details on the observatories can be found in our previous publications (Xu et al., 2013; 128 
Zhang et al., 2019). Here, only brief descriptions are shown: WLG is situated on the mountain 129 
top of Waliguan Mountain and serves as one of the baseline stations of Global Atmosphere 130 
Watch (GAW); On the other hand, LHG is situated at the terminus of Laohugou No. 12 Glacier, 131 
which is the largest mountain glacier in the region. The topography surrounding LHG is 132 
characterized by a gradual slope, stretching from approximately 1000 m to 4000 m over 133 
approximately 80 km. In contrast, the terrain surrounding WLG is relatively steep, with Mt. 134 
Waliguan rising around 600 meters above the ground. The capital urban center of Xining is 135 
located approximately 85 km to the northeast at an elevation of 2300 meters a.s.l.. 136 
Comparatively, the nearest city to LHG is situated northeast more than 120 km away and 137 
boasting a substantially lower population density than that of of WLG (Figure 1).  138 

2.2 Instruments 139 

In both studies, we employed specialized instruments: an Aerodyne high-resolution time-140 
of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc.), a cloud 141 
condensation nuclei counter (CCNC: CCNC-100, DMT Inc.), and a photoacoustic extinctiometer 142 
(PAX, DMT Inc.,). In addition, during the study conducted at WLG, gaseous pollutants of 143 
carbon monoxide (CO) and ozone (O3) were also measured using Thermo gas analyzers (model 144 
48i and 49i, Thermo Scientific). During the study at LHG, a scanning mobility particle sizer 145 
(SMPS) composed with a differential mobility analyzer (DMA, model 3926, TSI) and a 146 
condensation particle counter (CPC, model 3772, TSI) was also used for measuring the number 147 
concentration and size distribution of particles ranging from 10.9 to 478.3 nm in mobility 148 
diameter (Dm). All the instruments in each study were shared an inlet equipped with a cyclone 149 
for PM2.5 selection and were then passed through a Nafion dryer to eliminate water vapor (RH < 150 
20%). The inlet at LHG extended approximately 1.5 m above the roof of the trailer and about 4 151 



 

 

m above the ground, while the inlet at WLG was situated on the top of the observatory’s 152 
observation room roof and was about 5 m above the ground. In addition, meteorological 153 
parameters were recorded by a Vantage Pro2 weather station (Davis Instruments Corp.,) during 154 
each study. The operation for each instrument is shown below. 155 

The inlet was connected to HR-ToF-AMS at a flowrate of ~0.09 L min–1. Particles were 156 
focused by an aerodyne lens system into a narrow particle beam and transmitted through a 157 
chopper for size selection (50 nm to 1 µm). After selection, the particle beam was flash 158 
vaporized at ~600 °C with tungsten oven and ionized by a 70 eV electron impact ionizer. The 159 
ions were detected by a time-of-flight mass spectrometer at V-mode and W-mode for each 2.5 160 
min, respectively (Jayne et al., 2000; DeCarlo et al., 2006; Canagaratna et al., 2007). The time 161 
resolution for each datapoint was then 5 min. The dataset of HR-ToF-AMS includes the mass 162 
concentration and size distribution of five species (sulfate, nitrate, ammonium, chloride, and 163 
organics) of non-refractory sub-micro particle matter (NR-PM1), and mass spectrum of organics 164 
which can be used to calculate the elemental ratios and further positive matrix factorization 165 
(PMF) for source decomposition. 166 

The inlet was connected to CCNC at a flowrate of 0.5 L min–1 and used to measure the 167 
concentration of cloud condensation nuclei (NCCN). The water vapor supersaturation (SS) 168 
condition setting of the CCNC was periodically changed from 0.2, 0.4, 0.6, 0.8, 1.0% with a time 169 
interval of 10 min for SS = 0.2%, and 5 min for other SS conditions (a total of 30 min for each 170 
cycle). The SS calibration of the CCN counter was conducted using ammonium sulfate particles 171 
at the start, middle and end of the campaign. The inlet was also shared by PAX with a flowrate 172 
of 1 L min–1. The PAX was used to monitor the light absorption and scattering coefficients of 173 
particles at 405 nm and the mass concentration of black carbon could be obtained through a 174 
constant mass absorption efficiency value of 10.18 m2 g–1. The time resolution of the dataset was 175 
1 second. The SMPS was operated at a flow rate of 0.3 L min–1 and the sheath-to-sample flow 176 
ratio of 10:1 and sampled at 5 min resolution. The number concentration measured by SMPS 177 
represents aerosol condensation nuclei (CN). Although the size upper limit was not included all 178 
the size range, this part of aerosol can only contribute a small fraction in number. All the datasets 179 
from different instruments were integrated into 5 min resolution for inter-comparison.  180 

2.3 Data processing 181 

The dataset analysis for HR-ToF-AMS was routinely operated using standard software of 182 
SQUIRREL to determine the mass concentrations and size distribution of  NR-PM1 species and 183 
the high-resolution data analysis software of PIKA to analyze the ion-speciated mass spectra, 184 
components and elemental compositions (e.g., oxygen-to-carbon (O/C), hydrogen-to-carbon 185 
(H/C), nitrogen-to-carbon (N/C) and organic-mass-to-carbon (OM/OC) ratios using the 186 
improved-ambient method) of organics (Aiken et al., 2008; Canagaratna et al., 2015). The 187 
chemical composition of organics was conducted by PMF analysis using the PMF2.exe 188 
algorithm and PMF Evaluation Tool (PET) in robust mode on the high-resolution organic mass 189 
spectrum (Ulbrich et al., 2009). 190 

Hygroscopicity parameter (κ) can be derived using the HR-ToF-AMS chemical 191 
composition measurements (κchem) using the Zdanovskii-Stokes-Robinson mixing rule. 192 

 193 
κchem= ∑ εiκin ሺ1ሻ 194 

 195 



 

 

where κi and εi mean the κ and volume fraction for each component, respectively, and n is the 196 
number of the component in the mixture. A simplified ion pairing scheme is used to convert the 197 
HR-ToF-AMS ion mass concentration to the corresponding composition of inorganic salts, i.e., 198 
NH4NO3, (NH4)2SO4, NH4HSO4, and H2SO4 (Gysel et al., 2007). The organic composition is 199 
obtained from PMF analysis. Note that the contribution of water insoluble particles (κ = 0) 200 
including mineral dust and BC are also considered with their total mass contribution being a 201 
constant value of 10% at WLG and 20% at LHG. The contribution of these two type aerosols 202 
was estimated by the mass contribution BC (11%) and calcium carbonate (~20%) (Xu et al., 203 
2014; Xu et al., 2020). The densities and κ for each inorganic species are adopt from Wu et al. 204 
(2019). The hygroscopicity parameter for organics κorg estimated based on the equation below 205 
(Mei et al., 2013):  206 

κorg=2.1 ൈ f44  െ  0.11 ሺ2ሻ 207 

where f44 is the ratio between the mass-to-charge ratios (m/z) at 44 and the total organics signal 208 
in the organic mass spectrum. 209 

The data processing for CCN is shown below. To ensure stable thermal conditions within 210 
the instrument, data collected during the first 5 min for SS=0.2 and the first 2 min for other SS 211 
set-point were discarded. Furthermore, it was ensured that (1) the instrument’s internal thermal 212 
stability control reported thermally stable conditions, and (2) the absolute difference between set 213 
and read temperature of the optics was smaller than 2 K. The remaining data were aggregated 214 
into 5 min intervals which results in one NCCN value per half hour and supersaturation.  215 

The activation diameters used for each SS values were determined by using half of the 216 
maximum activated fraction of CCN concentration and SMPS number concentration 217 

(NCCN NCN⁄ ) assuming that the particles were a homogeneous internal mixture, that large 218 
particles were activated first and that the number of particles out of the measured particle size 219 

range was negligible in NCCN. The cut-off diameter (Dcut) required for the CCN activation with 220 

the activity ratio (AR) was calculated using Eq. (3): 221 

AR= 
NCCN

NCN
= 

NCCN

׬ nሺDሻdlnD
Dupper

Dcut

ሺ3ሻ 222 

 223 

where Dupper is the upper limit of size bin of SMPS. The corresponding kappa (κcut) was then 224 

calculated by Eq. (4) (Petters & Kreidenweis, 2007), which represents the effective average 225 

hygroscopicity of CCN-active particles in the size range above 𝐷௖௨௧. 226 

κcut = 
4A3

27Dcut
3 ln2ሺ1+ SS 100⁄ ሻ

ሺ4𝑎ሻ 227 

 228 
with 229 

𝐴 ൌ  
4σsolMW

RTρw

ሺ4𝑏ሻ 230 

 231 

where SS is the saturation ratio, Dcut is the dry diameter for the critical diameter, MW and 𝜌௪ are 232 

the molecular weight  and density of water (MW = 0.018 kg mol–1, ρw = 1000 kg m–3), R is the 233 

ideal gas constant, σsol is the surface tension of the solution/air interface (here we use the water 234 

surface tension of 0.072 J m–2), and T is temperature of 298.15 K.  235 
Closure study was conducted to determine the mixing state of aerosol at LHG. Two 236 

assumptions of mixing state were applied: (1) internal mixing (INT-BK) and (2) external mixing 237 



 

 

(ENT-BK) with bulk chemical composition. Due to the low signal to noise ratio, the size-238 
resolved chemical composition was not suitable for this closure study. Therefore, only bulk 239 
chemical composition was applied. For INT-BK, all particles within the size range of the SMPS 240 
measurement were assumed to have identical bulk composition as determined by the HR-AMS, 241 
while for ENT-BK, the aerosols were characterized by a particle population consisting by pure 242 
sulfates, nitrate, mineral dust, black carbon, and organic particles within each size bin of the 243 
SMPS. The hygroscopicity contribution of mineral dust and BC are negligible in these two 244 
assumptions.  245 

The INT-BK was achieved by using the κchem and each SS to calculate Dcut using 246 
equation (4) and further perform a stepwise integration of sizes for particles with Dp > Dcut of 247 
SMPS to obtain Npred-INT-BK as follows:  248 

Npred-INT-BK= න n൫logDp൯dlogDp

Dupper

Dcut

ሺ5ሻ 249 

where Dcut is the critical diameter, Dupper is the upper size limit of the SMPS measurement, and 250 
n(logDp) is the function of the aerosol number size distribution of SMPS. 251 

The ENT-BK was achieved by using the κi of each compound and SS at each level to 252 
calculate its Dcut, i using equation (4) and then calculate its CCN number concentration. Note that 253 
all the individual compounds are assumed to have the same size distribution. The final Npred-EXT-254 

BK was summed by all the CCN number concentration of the compounds using equation (6). 255 
Note that the number concentration of each compound was calculated using its averaged volume 256 
fraction. The contribution of BC and mineral dust to the SMPS aerosol number concentration 257 
was assumed to be evenly distributed in each size bin. The total SMPS number concentration 258 
was then factored to 0.8 and further calculated the predicted CCN concentration. 259 

Npred-EXT-Bk=෍ቆන n൫logDp൯dlogDp×fi

Dupper

Dcut, i

ቇ
i

ሺ6ሻ 260 

where i represents each compound and fi is the number fraction of each compound, and other 261 
parameters are the same with equation (5). 262 

 263 

3 Results and discussion 264 

3.1 Meteorological conditions 265 

The meteorological conditions at two sites during the study periods were overall cold and 266 
wet owing to the typical Asia summer monsoon climatic system (Figure 1a). At LHG, the 267 
average air temperature (T) and relative humidity (RH) during the sampling period were 4.4 ± 268 
3.6 °C and 57.2 ± 20.5 %, respectively. Precipitation events or foggy days occurred 269 
approximately three times every ten days. Wind conditions were overall mild with an average 270 
speed of 2.7 ± 1.4 m s–1 and displayed distinct diurnal patterns with northerly winds dominating 271 
during the day (valley breeze) and southerly winds prevailing during the night (mountain breeze) 272 
(Figure 2a). In contrast, WLG experienced warmer, wetter, and windier conditions, with average 273 
temperatures of 11.0 ± 2.0 °C, RH of 66.6 ± 5.7 %, and wind speed of 4.4 ± 2.8 m s–1, 274 
respectively. Precipitation events were more frequent at WLG compared to LHG, primarily due 275 
to its eastern location, which received a greater influx of moist airmasses from the summer 276 
monsoon (Figure 1a). Wind directions at WLG predominantly shifted from west during the 277 
morning to east during the other time (Figure 2b). 278 



 

 

3.2 Bulk properties of aerosol particles and cloud condensation nuclei 279 

Temporal variations of aerosol species within PM1 (NR-PM1 + BC) exhibited dynamic 280 
changes at LHG, with an averaged PM1 mass concentration of 2.7 ± 1.3 µg m–3. The composition 281 
was predominantly composed of sulfate (45.6%), organics (22.1%), ammonium (14.3%), BC 282 
(10.7%), nitrate (6.2%), and chloride (1.1%). The NCCN values showed a synchronous change 283 
with PM1 concentration for different SS value (Figure 2a), where the averaged NCCN at SS of 284 
0.2%, 0.4%, 0.6%, 0.8%, 1.0% were 120.5 ± 59.4, 340.1 ± 164.3, 417.8 ± 212.0, 468.0 ± 244.8, 285 
and 504.5 ± 264.5, respectively. Three distinct high loading episodes (marked as E1, E2, and E3 286 
in Figure 2a) were observed at LHG, each lasting one to two days. Notably, these events 287 
exhibited more significant increase in NCCN during high and medium SS conditions. The average 288 
CCN concentration during these three episodes at SS of 1.0% was 2.0 times of that during other 289 
periods. Back trajectory analysis on air mass origination during these high loading periods 290 
revealed the prevailing air mass from the east of LHG (Figures 1a and 2a). Furthermore, LHG 291 
displayed a clear dependence of NCCN on wind direction, with higher NCCN values associated with 292 
northward winds (valley breeze) and lower values with southward winds (mountain breeze). It’s 293 
important to note that local wind directions were shaped by the valley terrain. Similar patterns 294 
were also observed for meteorological conditions (wind, RH, and T) and the concentrations of 295 
PM1 species at LHG. Consequently, distinct diurnal variations in these parameters were evident 296 
at LHG (Figures 3a, b, and c). In general, higher values were observed during the valley breeze 297 
conditions, while lower values prevailed during the mountain breeze conditions. 298 

Notably, dynamic fluctuations in the mass concentration of PM1 species were also 299 
observed at WLG with an average PM1 concentration of 9.1 ± 5.3 µg m–3. This composition was 300 
predominantly composed of sulfate (38.1%), organics (34.5%), ammonium (15.2%), nitrate 301 
(8.1%), BC (3.0%), and chloride (1.1%). The significant contribution of sulfate has been 302 
attributed to the high emissions of sulfur dioxide from coal combustion in Western China (Zhang 303 
et al., 2019). The NCCN values at different SS were 233.7 ± 144.2 (0.2%), 857.8 ± 593.0 (0.4%), 304 
1138.7 ± 882.7 (0.6%), 1313.1 ± 1147.5 (0.8%), and 1407.0 ± 1163.7 (1.0%), respectively. A 305 
pollution episode (E4), lasting more than ten days and characterized by elevated PM1 306 
concentrations was observed. The average CCN concentration during E4 at SS of 1.0% was 307 
about 1.75 times of that during other periods. This episode was influenced by northeastern 308 
originated air mass based on back trajectory analysis (Figure 2b). The NCCN was also closely 309 
correlated with PM1 concentration. Furthermore, distinctive variations in NCCN dependent on 310 
wind direction, were also evident at WLG, with higher values prevailing from the east during 311 
late afternoon to nighttime (Figures 3d, e, and f). Comparatively, the PM1 concentrations and 312 
NCCN at WLG were approximately 2–3 times higher than those at LHG for each SS value. This 313 
difference can be attributed to WLG’s eastern location within the QLM, which is in proximity to 314 
urban areas (Figure 1b). Since the significant spatial variations on weather conditions and land 315 
cover conditions at these sites, their results on CCN number concentration can be regarded as 316 
representative of the NCCN range in the QLM during summer. 317 

The CCN spectrum defined as a function of NCCN to SS was fitted for these two sites 318 
using Twomey power law relationship determined through the least-squares method (Twomey, 319 
1959): 320 

NCCN ሺSSሻ=C ൈ (SS)k ሺ5ሻ 321 

where 𝑁େେ୒ ሺ𝑆𝑆ሻ is the NCCN at a specified SS, and C and k are two fitting coefficients. The C 322 

value commonly represents NCCN at the SS of 1.0%, and the shape of the CCN spectrum is 323 

determined as the k value. A lower k value indicates a more robust aerosol activation ability, and 324 



 

 

vice versa. The fitting results for our datasets, along with those from previous studies, are 325 

presented in Figure 4. The k values at these two sites are comparable (0.70 vs. 0.66). These 326 
values are lower than those typically observed in urban area (> 1) and comparable with other 327 
remote sites in China, but higher than those found in polar regions (Figure 4). This suggests a 328 

moderate degree of aerosol activation ability at both LHG and WLG. The C values are 536 and 329 

1477 for LHG and WLG, respectively. These results are all within or close to the values for 330 

continental aerosol (C: 600 – 3500 cm–3 and k: 0.4 – 0.9) (Seinfeld & Pandis, 2016). Notably, the 331 
isolated points in the fitting equations at SS of 0.2% can be attributed to the smaller size of 332 
aerosol particles generated by new particle formation (NPF) events at the pristine regions or 333 
transported anthropogenic aerosol which can only be activated at high SS conditions (see next 334 
section) and dominated for CCN activity. This phenomenon was also observed at other remote 335 
site in the world during summer (Wang et al., 2022). 336 

3.3 Influence of anthropogenic emissions on CCN concentration 337 

The variations of 𝑁େେ୒ observed at both sites exhibited significant correlations with 338 

various chemical species, including BC, organics, and sulfate (R2 = 0.1 – 0.65; Figure S1), 339 
highlighting the apparent influence of anthropogenic emissions on the NCCN in the QLM. 340 
Quantitively, the concentration of NCCN at SS of 0.2% and 1.0% increased approximately 1.3 341 
factor and 5.5 factor during high BC periods (> 0.4 µg m–3) and low periods (< 0.1 µg m–3) at 342 
LHG and WLG, respectively (Figure 5). Correspondingly, the average PM1 concentration 343 
increased by 1.6 times at LHG and 5.9 times at WLG during the two BC periods. These results 344 
indicate the significant impact of anthropogenic emissions on CCN in the QLM, with a more 345 
pronounced effect observed in the eastern region.  346 

The chemical composition at each site also exhibited variations during high and low PM1 347 
loading periods. At LHG, the contribution of organics increased from 20% during low loading 348 
periods to 25% during high loading periods. Conversely, sulfate exhibited the most substantial 349 
increase, rising by 20%, at WLG (Figure 5). The average κchem, derived from the chemical 350 
composition of PM1 was also found to be comparable between WLG (0.30 ± 0.04) and LHG 351 
(0.37 ± 0.03). These values are higher than those observed in central and southern TP (~0.12), 352 
where organics dominated the chemical composition (55% – 80% in mass) (Tang et al., 2023), 353 
but similar to values observed in the Arctic during summer (0.39) . At LHG, the primary 354 
contributors to κchem were NH4HSO4 (33%), followed by NH4SO4 (30%), OA (12%), NH4NO3 355 
(10%), and H2SO4 (2%), with κorg at 0.20. In contrast, the major contributors to κchem at WLG 356 
were (NH4)2SO4 (50%), followed by OA (14%), NH4NO3 (15%), and NH4HSO4 (12%), with κorg 357 
at 0.11. At both sites, κchem displayed a weak diurnal fluctuation, likely attributed to the overall 358 
consistent aerosol composition at each location (Figures S2 and S3a). A slight decline in κchem 359 
during the afternoon at each site coincided with the increased contribution of OA to the 360 
prevalence of valley breeze. The κchem value at each site during periods of high PM1 loading was 361 
kept consistent due to the relatively consistent chemical composition (Figure 5). When 362 
examining the average size-resolved κchem at both sites obtained from HR-ToF-AMS 363 
measurement (ranging from 90 to1200 nm for vacuum aerodynamic diameter), a gradual 364 
increase from smaller to larger sizes was observed (Figure S3b). The relatively lower values in 365 
the smaller size range were influenced by a greater contribution from OA (Zhang et al., 2019). 366 
Note that the size range measured by HR-ToF-AMS did not entirely align with that of SMPS. 367 
Collectively, these results above suggest a similarity in aerosol and CCN characteristics between 368 
WLG and LHG.  369 



 

 

3.4 Influence of anthropogenic emissions on CCN activities 370 

Due to the exclusive SMPS measurements at the LHG, the evaluation of CCN activity 371 
properties is limited to this site. The average CCN activity fractions (NCCN / NCN) were observed 372 
to be 0.11 ± 0.05 (median value: 0.12, the same as below), 0.32 ± 0.09 (0.34), 0.39 ± 0.09 (0.41), 373 
0.43 ± 0.09 (0.46), and 0.47 ± 0.09 (0.49) at SS of 0.2%, 0.4%, 0.6%, and 1.0%, respectively 374 
(Figure 6a). These results are lower or comparable with those in remote areas such as at high 375 
Arctic area (0.44 for SS of 0.38%) and other continental background sites in Europe (Paramonov 376 
et al., 2015; Siegel et al., 2022). The activity fractions increase slightly during higher PM1 377 
loading, such as 0.50 (BC > 0.4 µg m–3) vs. 0.46 (BC < 0.1 µg m–3) at SS of 1.0% (not shown). 378 
The CCN activity fractions was also related to the higher contribution of sulfate (0.46 for lower 379 
contribution vs. 0.51 for higher contribution for SS of 1.0%). But for E3 at LHG, the activity 380 
fractions were significantly lower (0.1 – 0.3) than other periods due to higher contribution of 381 
particle of nucleation mode (Figure S4). Nucleation mode aerosol was primarily from the 382 
transport of newly formed particles from regional or local, as illustrated by a few new particle 383 
formation (NPF) events during the study at LHG (Figure S5). This suggests that the NPF event 384 
could be an important source of CCN in this mountain region. The NPF events generally started 385 
during 14:00 – 16:00 (BJT) associated with anthropogenic aerosol transport as illustrated by the 386 
increase of BC concentration (Figure S5). The growth rate in aerosol size was relatively modest, 387 
ranging from 0.37 to 1.6 nm hr–1, comparable or lower than other remote locations (1.1 – 10 nm 388 
hr–1) (Tang et al., 2023, and references therein). The low growth rate could be attributed to the 389 
low concentration of air pollutants limiting condensation and coagulation on newly formed 390 
nanoparticles. A relatively higher growth rate of 5.1 nm hr–1 was reported at WLG during 391 
summer season (Kivekäs et al., 2009; Nieminen et al., 2018). The diurnal variations in the CCN 392 
activity fraction exhibited higher values during the early morning and lower values in the 393 
afternoon (Figure 6b). This pattern was likely associated with variations in aerosol size (Dusek et 394 
al., 2006), with larger mode size in the morning contributed by mineral dust and smaller mode 395 
size in the afternoon associated with air mass upslope transported (Figure S6). The critical size at 396 
which a 50% activity fraction ranged from 35.0 nm at SS of 1.0% to 116.5 nm at SS of 0.2% 397 

with a flat diurnal pattern at each SS (not shown). The derived 𝜅௖௨௧ values varied at different SS 398 

levels with 𝜅௖௛௘௠ comparable to that at SS of 1.0% (Figure 6c). The 𝜅௖௨௧ values were slightly 399 
higher during the early morning (4:00 – 8:00) and late afternoon (16:00 – 20:00) corresponding 400 
to their particle size variations. 401 

3.5 Case studies on CCN activity at both sites 402 

Although particle size is a critical factor impacting on CCN activity, we will check on 403 
case study (E1 and E4) at both sites to illustrate the importance of chemical composition and 404 
chemical processes on the CCN activity. The cases selected at both sites exhibited distinct 405 
chemical processes on regional transport air plumes and finally finished with precipitation event. 406 

3.3.1 LHG 407 

During E1, an increasing aerosol mass concentration was observed starting from ~17:00, 408 
accompanied by a northward air mass (valley breeze) to ~6:00 the following day (3.6 to 7.0 µg 409 
m–3), then kept stable until a fog event occurred (Figure 7). The chemical species of organics, 410 
sulfate, nitrate, and BC all showed an increase at the outset of E1, suggesting the transport of 411 
anthropogenic air plume. At the onset of the fog event, aerosol mass concentrations rapidly 412 



 

 

decreased due to aerosol activation into CCN and the formation of fog droplet which could not 413 
be detected by HR-ToF-AMS due to its large size. Furthermore, wet scavenging of fog droplets 414 
occurred after ~4 hours droplet growth, causing aerosol mass concentration to drop to less than 415 
0.5 µg m–3 around 11:00. After that, aerosol mass gradually increased during the fog dissipative 416 
phase (Figure 7c). This phenomenon was likely the result of fog droplet evaporation, 417 
transforming droplet into aerosol particles again. The mode size of aerosols increased from ~25 418 
nm to ~100 nm during the initial stage (17:00 to 6:00) of the event and remained stable during 419 
the early part of the fog period. Subsequently, it decreased to ~80 nm due to the wet scavenging 420 
of fog droplet, and then gradually increased during the dissipative phase. Correspondingly, the 421 
NCCN followed the trend of aerosol concentration. Regarding the chemical composition of 422 
aerosols, sulfate was the dominant species, constituting 47.4% of the total PM1 at the beginning 423 
of the event. However, it gradually decreased to 35.6% during the initial fog period. In contrast, 424 
OA slowly increased from 27.9% to 34.2%. The contribution of OA reached its maximum during 425 
the fog dissipative period, accounting for 47.2% of the aerosol composition. The oxidation 426 
degree of OA (O/C) was at its lowest (~0.5) during the initial fog period due to the case in which 427 
highly oxidized OA had been activities into CCN. Conversely, it reached its maximum (~0.9) 428 
during the dissipative stage of fog due to aqueous chemical processes and formation of highly 429 
oxidized OA during fog droplet evaporation (McNeill, 2015; Kim et al., 2019). 430 

To elucidate the evolution of CCN and the underlying mechanism influencing CCN 431 
activity during E1, we present detailed variations in aerosol size, the oxidation degree of OA 432 
(O/C), and the NCCN ratio between 0.2% and 1.0% (Figure 8). The NCCN ratio is utilized to assess 433 
CCN activity ability at low SS condition. Three distinct periods (P1, P2, and P3) are defined 434 
based on the evolution of these three parameters. During P1 (before the fog and at the onset of 435 
the fog), a negative relationship between O/C and mode size is observed, likely due to the rapid 436 
partitioning and condensation of gas-phase organic species onto existing aerosol particles, as 437 
evidenced by the increased concentration and contribution of OA. During this period, NCCN 438 
increased, especially under high SS condition, resulting in a slow increasing trend of the NCCN 439 
ratio (0.023 hr–1). In the fog dissipative period (P2), aerosol size increased, exhibiting a positive 440 
correlation with the O/C of OA. Simultaneously, NCCN at each SS condition also show significant 441 
increases. The NCNN ratio between 0.2% and 1.0% increased notably (0.078 hr–1) and was higher 442 
than that in P1. The increase in aerosol size was similar between P1 and P2 (5.3 vs. 7.4 nm hr–1), 443 
suggesting that aerosol size has minimal impact on CCN activity at low SS conditions. Instead, 444 
highly oxidized aerosols appeared to favor CCN activity at low SS conditions. During the post-445 
fog period (P3), CCN activity returned to higher SS condition, with a lower slope in the NCCN 446 
ratio (0.012 hr–1) compared to P2. Overall, transport or newly formed particle could significantly 447 
enhance the CCN concentrations under relatively high SS condition. However, with further 448 
oxidation of OA at high RH condition, increased aerosol size and oxidation degree could 449 
promote aerosol particle activity at relatively lower SS condition. The other two events (E2 and 450 
E3) are also shown in figures S7 and S8. 451 

3.3.2 WLG 452 

Figure 9 shows the case study of CCN evolution at WLG (E4), which extended for more 453 
than ten days. Throughout this period, we observed a continuous increase in aerosol size and the 454 
NCCN ratio, albeit with distinct diurnal variations. The O/C of OA also increased slowly (Figure 455 
9a). Notably, on July 24th, precipitation occurred following the growth of aerosols. To clearly 456 
illustrate the impact of OA chemical oxidation on the CCN activity, the evolutions of these three 457 



 

 

parameters during the last two days were presented alone (Figure 9b). This period was chosen 458 
due to its initiation with a precipitation event, which led to aerosol scavenging, followed by a 459 
subsequent increase in aerosol concentration. This period was divided into two sections: P1 and 460 
P2. During P1, aerosol experienced rapid oxidation and growth, accompanied by an increase in 461 
the NCCN ratio between 0.2% and 1.0%. Interestingly, this phase also exhibited intermittent 462 
fluctuations in these three parameters, coinciding with a light precipitation event. The observed 463 
rise in NCCN could be attributed to both aerosol size and chemical composition of aerosol such as 464 
oxidation of OA. In contrast, during P2, aerosol size decreased, while both NCCN and O/C ratio 465 
increased correspondingly. These features further suggest the importance of OA oxidation in 466 
influencing CCN activity at low SS condition. The scatter plot between O/C and the ratio of 467 
NCCN which sized by particle mode size clearly show a positive relationship among them (Figure 468 
9c) 469 

3.7 Closure investigation on aerosol mixing state 470 

Figure 10 shows the comparison between measured and predicted NCCN under two mixing 471 
state assumptions. Overall, both assumptions yielded an overestimation of NCCN ranging from 472 
20% at SS of 1.0% to more than 90% at SS of 0.2%. The predictions at internal mixing 473 
assumption were higher than those at external mixing assumption. These results suggest that 474 
neither of the two assumptions regarding aerosol mixing state accurately represents the actual 475 
atmospheric conditions. The highest overestimation occurred at SS of 0.2% for both assumptions 476 
which was possible due to that mineral dust play a more significant role in the accumulation 477 
mode. This reason is plausible due to the increased contribution of mineral dust during upslope 478 
wind periods, where aerosols in the larger size mode were predominant (Xu et al., 2013; Xu et 479 
al., 2014). For other SS level, the predicted NCCNs consistently exhibited overestimations with a 480 
similar value of ~30% for external mixing assumption and of ~60% for internal mixing 481 
assumption. These overestimations could be due to the inaccuracy’s estimation on chemical 482 
composition in the smaller size range, which were characterized by a higher contribution of 483 
organics with lower hygroscopicity parameter. As Ren et al. (2018) has highlighted the 484 
significance of size-dependent chemical composition in predicting CCN concentration. The 485 
discrepancy between internal mixing and external mixing can be attributed to the limitation of 486 
using the bulk chemical composition. This underscores the significance of accounting for the 487 
intricate interplay of aerosol components in predicting CCN concentrations accurately. 488 

3.8 Atmospheric applications and future research 489 

During the past decades (1960s – 2010s), a discernible trend of increased precipitation 490 
has been observed in the QLM based on meteorological station records in this region, and this 491 
trend was the most significant during summer season (Wang et al., 2019). This trend fluctuated 492 
and dropped around the 2000s but increased again after that. However, the underlying reason for 493 
the increase of precipitation in the QLM and the whole northwestern China is still an open 494 
scientific question (Shi et al., 2007; Fang et al., 2015; Li et al., 2016; Ding et al., 2022). Using 495 
model, Fang et al. (2015) emphasize the significant impact of aerosols on precipitation in the TP 496 
by intensifying CCN. While in-situ measurements of aerosol loading for past decades are 497 
unavailable, the loading of anthropogenic aerosol, such as sulfate, nitrate, and ammonium, in the 498 
mountain area of the LHG, based on ice core records reveals a steady increase since 1960s. In 499 
contrast, natural mineral dust did not show an evident trend (Dong et al., 2013). Although the 500 
interaction of aerosol, cloud, and precipitation is complex, this positive relationship between 501 



 

 

aerosol and precipitation in the QLM could not be ignored. The fluctuation during 2000s was 502 
likely corresponding to the “Go West” strategy in China carried out on the end of 1990s. 503 
Therefore, the question of whether anthropogenic emissions play an important role in enhancing 504 
precipitation within the mountain areas of the QLM, is worth further investigation. Specifically, 505 
the transport of anthropogenic species and subsequently NPF and activation into CCN could be 506 
one of the key mechanisms for enhancing precipitation. Additionally, the anthropogenic air 507 
plume contains many pollutants, including sulfur dioxide and nitrogen oxides (SO2 and NOx), 508 
which can undergo formation of inorganic acids during aqueous processes during orography 509 
cloud formation. As shown in these two studies, sulfate emerged as a predominant species in 510 
aerosol of the QLM. Notably, our studies have identified the presence of acidic species resulting 511 
in pH values as low as 2-3 in particle water (Figure S9). The potential ecological implications of 512 
acidic species deposition further underscore the need for comprehensive consideration. More 513 
observational data and modeling work are necessary in order to quantify the effects of both 514 
aerosols and global warming on it, which will allow us to make more reliable predictions of 515 
precipitation and water storage in the mountain regions in the coming decades.  516 

4 Conclusions 517 

Two mountain-top studies were conducted in the QLM. During these studies, we observed 518 
noteworthy increases in CCN concentrations when anthropogenic pollutants were being 519 
transported, with concentrations reaching about 2 times higher compared to other periods. It is 520 
worth noting that WLG exhibited higher pollutant concentrations (2 – 3 times) than LHG due to 521 
its more eastern geographical location. CCN activation is shown highly relationship with the size 522 
of atmospheric particles. However, the activation of CCN during orographic cloud formation is 523 
also influenced by chemical processes, particularly aqueous processes. These processes lead to 524 
the formation of highly oxygenated OA and inorganic acids, which can potentially have distinct 525 
impacts on the ecological environments within the QLM. It is especially noteworthy that 526 
frequent transport of air pollutants may have affected the precipitation patterns in the QLM. This 527 
hypothesis is supported by trends in precipitation and aerosol chemical composition observed 528 
over the past several decades. Further research is needed to comprehensively investigate the 529 
extent of this influence.  530 
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 541 
Figure 1. Geographic and climatic features of study area. (a) Location map of Tibetan Plateau and Qilian Mountain, 542 
and cluster results for back trajectory analysis during two field study periods. The number contribution of 543 
trajectories for each colored cluster corresponds to the origination of air mass analysis in Figure 2.  (b) Topographic 544 
map of Qilian Mountain and location map of two sampling sites (LHG and WLG) and around cities. The boundary 545 
of the Tibetan Plateau region is defined using an altitude threshold of 2500 m ASL.  546 



 

 

 547 

 548 
Figure 2. Comprehensive datasets including chemical compositions of PM1, CCN number concentration (NCCN) at 549 
different supersaturation (SS) condition, and average wind conditions colored by CCN concentration at SS = 1.0% 550 
for (a) LHG and (b) WLG.   551 
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 552 
Figure 3. Diurnal variation for meteorological conditions, NCCN, chemical components and SMPS number 553 
concentration for (a) LHG and (b) WLG.  554 



 

 

 555 
Figure 4. Comparison of NCCN at SS condition of this study and other studies.  556 



 

 

 557 
Figure 5. Comparisons of PM1 concentration, chemical composition and NCCN between high and low BC periods for 558 
LHG (up) and WLG (down). The black marker in violin plots represent the average value.  559 



 

 

 560 
Figure 6. Characteristics of CCN activity fraction and hygroscopic parameter (κ). (a) Activity fraction of CCN at 561 
different SS level, and diurnal variation for (b) activity fraction and (c) Κcut at each SS. Κchem is also shown for 562 
comparison.  563 



 

 

 564 
Figure 7. Comprehensive dataset during E1 episode including (a) air temperature (T) and relative humidity (RH), (b) 565 
wind direction and wind speed, (c) NCCN at different SS conditions, (d) the fraction of NCCN in NTotal at different SS 566 
conditions, (e) number concentrations of NTotal, N20-100nm, and N10-20nm, (f) size distribution of Dm and mode size, (h) 567 
six species (organics, sulfate, nitrate, ammonium, chloride, and BC) and KappaChem, and (i) mass fraction of size 568 
species and oxygen-to-carbon ratio (O/C) of organics. 569 
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 571 
Figure 8. Variations of oxygen-to-carbon ratio (O/C), NCCN ratio between SS = 0.2% and SS = 1.0%, and mode size 572 
determined by SMPS measurement during E1 episode. The variation trends during three periods are included. 573 
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 575 
Figure 9. Case study of CCN evolution at WLG. (a) Variations of oxygen-to-carbon ratio (O/C), NCCN ratio between 576 
SS = 0.2% and SS = 1.0%, and geometric mean diameter determined by HR-ToF-AMS during the whole E4 577 
episode, (b) E4 episode during the last two days and variation trends during two periods, and (c) scatter plot of NCCN 578 
ratio vs. O/C colored by date and sized by geometric mean diameter. 579 
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 581 
Figure 10. Comparison between predicted NCCN and measured NCCN at internal mixing with bulk chemical 582 
composition (upper panel) and external mixing with bulk chemical composition (bottom panel) for LHG. 583 
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