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Abstract

The ice-nucleating particles (INPs) modulate the microphysics and radiative properties of clouds. However, less is known

concerning their abundance and sources in the most pristine and climatic sensitive regions, such as the Tibetan Plateau

(TP). Here, to our best knowledge, we conduct the first investigation on INPs in rainwater collected in the TP region under

mixed-phase cloud conditions. The INP concentrations vary from 0.002 to 0.675 L-1 Air over the temperature range from

-7.1 to -27.5 °C, being within the INP spectra derived from precipitation under worldwide geophysical conditions, and are

also comparable to those in the Arctic region. The heating-sensitive INPs account for 57%±30% of the observed INPs at -20

°C, and become increasingly important at warmer temperature regime, indicating biogenic particles as major contributors to

INPs above -20 °C over the TP, especially, on the day with additional input of biogenic materials carried by dust particles.

Chemical analysis demonstrates the rainwater components are mixture of dust particles, marine aerosol, and anthropogenic

pollutants. Dust particles transported from the surrounding deserts and originated from ground surface of TP may contribute

to the heating-resistant INPs at temperatures below -20 °C.
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Abstract 33 

The ice-nucleating particles (INPs) modulate the microphysics and radiative 34 

properties of clouds. However, less is known concerning their abundance and sources 35 

in the most pristine and climatic sensitive regions, such as the Tibetan Plateau (TP). 36 

Here, to our best knowledge, we conduct the first investigation on INPs in rainwater 37 

collected in the TP region under mixed-phase cloud conditions. The INP concentrations 38 

vary from 0.002 to 0.675 L
-1

 Air over the temperature range from -7.1 to -27.5 
o
C, being 39 

within the INP spectra derived from precipitation under worldwide geophysical 40 

conditions, and are also comparable to those in the Arctic region. The heating-sensitive 41 

INPs account for 57%±30% of the observed INPs at -20 
o
C, and become increasingly 42 

important at warmer temperature regime, indicating biogenic particles as major 43 

contributors to INPs above -20 
o
C over the TP, especially, on the day with additional 44 

input of biogenic materials carried by dust particles. Chemical analysis demonstrates 45 

the rainwater components are mixture of dust particles, marine aerosol, and 46 

anthropogenic pollutants. Dust particles transported from the surrounding deserts and 47 

originated from ground surface of TP may contribute to the heating-resistant INPs at 48 

temperatures below -20 
o
C. 49 

Plain Language Summary 50 

Ice-nucleating particles (INPs) can catalyze the ice crystal formation through 51 

heterogeneous ice nucleation, thus play a profound role in the aerosol-cloud interaction. 52 

Tibetan Plateau (TP) is one of the most vulnerable climate systems in the word, but we 53 

have very less knowledge on INPs over the TP, impeding our understanding of the 54 

aerosol-cloud interaction. Here, the INP concentrations and sources are quantified and 55 

identified over the TP under conditions relevant to mixed-phase cloud on a basis of 56 

comprehensive study on chemical composition and INP properties of rainwater. We 57 

found biogenic particles are dominant contributor of INPs at temperatures above -20 58 
o
C. The rainwater chemical components are mixture of dust, marine aerosol, and 59 

anthropogenic pollutants. Dust particles may contribute to the heating-resistant INPs in 60 

temperatures below -20 
o
C. The obvious differences in INP concentrations between TP 61 

and the Arctic region are not observed. 62 

1 Introduction 63 

Tibetan Plateau (TP), also known as the third pole, is one of the most pristine 64 

and climatic sensitive regions in the earth [Qiu, 2008]. Due to its complex terrain and 65 

extremely high elevation (~4000 m above the sea level) [Yao et al., 2012], TP has been 66 

recognized as a driving force and amplifier for the reginal and global climate change 67 

[Jin et al., 2005; Liu and Chen, 2000]. Over the last half century, TP has experienced 68 

ongoing warming [Kang et al., 2010; Liu and Chen, 2000; Niu et al., 2004], with the 69 

rate of 0.45°C/decade [Pepin et al., 2015], which is almost double of the global 70 

average. The climatic warming over the TP has profound impacts on the global 71 

hydrological cycle and climatology, thus gains great concern. 72 
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As an integral part of Earth’s atmosphere, clouds affect the energy balance of 73 

the Earth by absorbing or reflecting the solar and terrestrial radiation. The importance 74 

of cloud properties [Duan and Wu, 2006; Hua et al., 2018] and aerosol-cloud feedback 75 

processes [Zhao et al., 2019] in causing the climatic warming over the TP has been 76 

pointed out. Aircraft observations showed that the majority detected clouds in summer 77 

were in mixed-phase state and accompanied by active ice processes [Chang et al., 78 

2019]. The cirrus clouds formed through deep convective activities during the Asia 79 

monsoon periods were associated with thicker, larger and non-spherical ice crystals in 80 

comparison to in situ formed cirrus [He et al., 2019]. Despite the importance of 81 

ice-related clouds in climate system over the TP [Duan and Wu, 2006; Hua et al., 2018; 82 

Yang et al., 2012], the formation mechanism and microphysics of these clouds are still 83 

not well presented due to lack of relevant observations. 84 

Primary ice formation in clouds can be initiated by atmospheric ice-nucleating 85 

particles (INPs) through heterogeneous ice nucleation. Four pathways have been 86 

proposed for the heterogeneous ice nucleation in mixed-phase clouds, and immersion 87 

freezing has been widely recognized as the most important ice nucleation mechanism 88 

[Z. A. Kanji et al., 2017; Murray et al., 2012]. Therefore, INPs play a key role in 89 

affecting the lifetime and radiative properties of clouds. However, compared to the 90 

Arctic or Antarctic areas, INPs get much less attention over the TP. To the best of our 91 

knowledge, no INP measurement was so far carried out in this region.  92 

Atmospheric aerosols over the TP originate from multi-sources [Huang et al., 93 

2006; Li et al., 2016; Y Liu et al., 2015]. The dust particles from the Taklamakan Desert 94 

[Huang et al., 2007; Ramanathan and Carmichael, 2008] and the anthropogenic 95 

pollutants, such as black carbon (BC) from South Asia and north-western China [Li et 96 

al., 2016] could affect the aerosol concentrations and chemical compositions in this 97 

region. In addition, TP has diverse natural underlying surfaces including glaciers, lakes 98 

and grassland [Kang et al., 2010], which could serve as sources of bioaerosols. As been 99 

identified by many laboratory and field studies, dust, biogenic particles and BC were 100 

potential INPs to nucleate ice under different conditions [Hoose and Möhler, 2012; 101 

Kanji et al., 2017; Murray et al., 2012].  102 

Up to now, less is known about the concentrations, sources and the ice 103 

nucleation efficiency of INPs, impeding our understanding of cloud formation, and the 104 

subsequent precipitation and dissipating process. In this study, INPs in rainwater at 105 

temperatures relevant to mixed-phase cloud were detected for the first time in Nam Co, 106 

a representative central site over the TP. The possible sources of INPs were furtherly 107 

identified by combining the chemical composition and source apportionment analysis.  108 

2 Materials and Methods 109 

2.1 Sampling site and rainwater collection 110 

The Nam Co Station (30.7
o
 N, 90.0

o
 E, 4730 m above sea level) (Fig. S1) for 111 

Multisphere Observation and Research locates at central part of the Tibetan Plateau. 112 

With very sparse population density and limited anthropogenic atmospheric 113 
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pollutants, the average aerosol optical depth (AOD) in Nam Co was 0.05 at the 114 

wavelength of 500 nm [Cong et al., 2009] and comparable to that of Arctic [Pokharel 115 

et al., 2019]. Therefore, Nam Co represents a clean continental background site. The 116 

geophysical characteristic in Nam Co region include mountains, glaciers, lakes, rivers 117 

and grassland, which are representative of the main geophysical features over the TP. 118 

A total of 34 rainwater samples was collected at Nam Co Station from January 119 

to October in 2018, covering 58.7% of the rainfall events during the sampling period. 120 

The detailed sampling information was given in Table S1 in Supporting Information 121 

(SI). Samples were collected by disposable Whirl-Pak bags (5L, Nasco, Ft. 122 

Wilkinson, Wis.) during each rain event. After the collection, samples were 123 

immediately transferred into polycarbonate bottles (Thermo Fisher Scientific MA, 124 

USA) and kept frozen at -20 
o
C until analysis. The meteorological parameters 125 

including air pressure, relative humidity (RH), temperature, wind speed and direction 126 

were recorded by an automatic weather station, and were specifically discussed in 127 

section 3.1.  128 

2.2 Ice nucleation experiments 129 

A cold-stage based instrument named Peking University Ice Nucleation Array 130 

(PKU-INA) was applied for measuring the ice nucleation activity of rainwater samples 131 

following the protocol described in Chen et al. [2018]. Briefly, for each experiment, 90 132 

droplets from each sample were pipetted onto a hydrophobic glass slide located on the 133 

cold stage, and separated by a spacer with 90 compartments. The top of the spacer was 134 

sealed by a cover glass to avoid the Wegener-Bergeron-Findeisen process. The cold 135 

stage was cooled down to -35 
o
C with a cooling rate of 1 

o
C/min and monitored by a 136 

CCD (charge-coupled device) camera every 6 seconds. The recorded images were 137 

analyzed by a MATLAB program to identify the freezing of droplets based on the 138 

change of the gray values upon phase transition. Together with the recorded 139 

temperature, the number of frozen droplets at each temperature can be determined.  140 

The frozen fraction (ƒice) can be defined as Eq. (1): 141 

𝑓𝑖𝑐𝑒 =
𝑁𝑓𝑟𝑜𝑧𝑒𝑛

𝑁𝑡
                                   (1) 142 

Where Nfrozen was the number of frozen droplets under certain temperature and 143 

Nt was the total number of droplets (90 in this study). In the following data reduction 144 

and analysis, a time independent freezing of the supercooled droplets was assumed. 145 

The cumulative INP number concentrations per water volume (NINP_water) can be 146 

obtained from Eq. (2): 147 

𝑁INP_water =
−ln(1−𝑓𝑖𝑐𝑒)

𝑉𝑑𝑟𝑜𝑝
                                 (2) 148 

where Vdrop is the volume of one droplet (1 μl in this study). 149 

Conversion of INP per water volume to INP per air volume (NINP_air) is achieved 150 

by assuming that the cloud condensed water content (CWC) to be 0.15 g m
-3

, according 151 
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to the mean value of the CWC reported over the TP by an aircraft measurement [Chang 152 

et al., 2019]. CWC is defined as cloud droplets of 1pL disperse in 1 m
3
 of air weigh 153 

about 0.15 g, and the corresponding volume of cloud water per volume of air (Fcloud_air) 154 

was 1.5*10
-7

 m
3

water m
-3

air [Gong et al., 2020]. The cumulative number concentration of 155 

INPs per unit air (NINP_air) can be obtained from Eq. (3): 156 

𝑁INP_air = 𝐹cloud_air ∗ 𝑁INP_water                     (3) 157 

The estimation of confidence intervals for the number of NINP_water was followed 158 

the methods in Barker [2002] and O’Sullivan et al. [2018], and furtherly used to 159 

calculate the confidence intervals for NINP_air. Other uncertainties such as the impacts of 160 

dissolved solutes and chemical aging on the INP concentrations of rainwater were 161 

pointed out by Petters and Wright [2015], which were likely to contribute less than one 162 

order of magnitude in INP concentration.  163 

2.3 Chemical analysis and source apportionment 164 

Water-soluble ions (K
+
, Mg

2+
, Ca

2+
, NH4

+
, NO3

-
, SO4

2- 
and Cl

-
) and 165 

water-soluble organic carbon (WSOC) in rainwater were measured by an ion 166 

chromatograph (DIONEX, ICS-2500/2000) [Guo et al., 2012] and a TOC analyzer 167 

(SHIMADZU, TOC-L CPH CN200), respectively. The Inductively Coupled 168 

Plasma-Mass Spectrometry (ICP-MS) (Bruker, aurora M90) was used to determine the 169 

metal element concentrations (Na, Mg, Al, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Pb and Ba). 170 

The mass concentrations of BC in rainwater were measured by a Single Particle Soot 171 

Photometer (SP2, Droplet Measurement Technologies, Inc., Boulder, Colorado) 172 

[Kaspari et al., 2011; Stephens et al., 2003]. The rainwater was nebulized by a 173 

nebulizer (CETAC, U-5000AT, WA, USA) and then introduced into an interaction 174 

region, which was created by the jet stream containing BC particles and the intracavity 175 

beam emitted from Nd: YAG laser. The peak intensity of incandesce is proportional to 176 

the mass concentration of BC. The concentrations of chemical components in 177 

rainwater, including water-soluble ions and organic carbon, metal elements and BC 178 

were respectively shown in Fig. S2(a) and Fig.S2(b).  179 

The Positive Matrix Factorization Model developed by Environmental 180 

Protection Agency (EPA-PMF) [Norris et al., 2014] was performed to identify the 181 

sources of chemical components in rainwater on the basis of the measured chemical 182 

components. The working principle and the resulting source profile of PMF (Fig.S3) 183 

were detailed in Text S1 and Text S2 of SI, respectively. Overall, four sources were 184 

identified by PMF model and averagely contribute the following percentage of 185 

chemical compounds in rainwater (Fig. S4): dust (14%), marine and salt-lake (27%), 186 

long-range transport anthropogenic pollutants (24%) and biomass burning (34%) 187 

(Fig.S4), indicating the impacts from diverse aerosol sources over the TP. The 188 

contributions of the four identified sources for all samples were displayed in Fig. S5. 189 
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2.4 Backward trajectories and Geographic Information System analysis 190 

The 10-day backward trajectories were calculated using the NOAA HYSPLIT 191 

(HYbrid Single-Particle Lagrangian Integrated Trajectory) model [Rolph et al., 2017; 192 

Stein et al., 2016], with one trajectory related to each sample. Trajectories were in 1-h 193 

time resolution and ended at an altitude of 1000 m above the ground level (AGL). The 194 

trajectories were then coupled by land cover dataset obtained from Geographic 195 

Information System (GIS) to examine which kind of land cover the airmass has passed 196 

over before reaching the sampling site. The details of the land cover analysis 197 

methodology are given in Pinxteren et al. [2010]. During the sampling period, the land 198 

cover over which air masses has been passed are categorized into 5 types: water/ice, 199 

natural vegetation, agricultural area, urban area and bare area.  200 

3 Results and discussion 201 

3.1 Overview of meteorology 202 

 203 

Figure 1. Time series of meteorological parameters including ambient relative 204 

humidity (RH) and temperature in panel (a), wind speed/direction and pressure in panel 205 

(b), and rainfall in panel (c). The dates on which rainwater was collected were marked 206 

by black lines in panel (c).  207 

The time series of the meteorological parameters during the entire sampling 208 

period is shown in Fig.1. Over the TP, there are two distinguished seasons, i.e. dry 209 

season (October-April) with lower temperature and RH and humid monsoon season 210 

(June-September) with higher temperature and RH (Fig. 1(a)). On average, the wind 211 

speed was 3.4±1.2 m/s (mean±1 standard deviation), with southernly prevailing wind 212 

(See Fig. 1(b) and Fig. S6). Most of precipitation fell in monsoon season under the 213 

strong influence of Indian summer monsoon after June (Fig. 1(c)). In dry season, 214 

westerlies dominate the large‐scale air circulation with less precipitation [Li et al., 215 

2007; Xu et al., 2008] (Fig. 1(c)).  216 
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 217 

Figure 2. 10-day backward trajectories with 1 h time-resolution ended at 1000 m AGL. 218 

Backward trajectories during dry season (January 03
rd

, April 1
st
, June 14

th
, October 3

rd
, 219 

4
th

 and 5
th

) and monsoon season (June 14
th

 - September 22
nd

) are shown in red and blue 220 

lines, respectively.  221 

The 10-day backward trajectories were depicted in Fig. 2. Approximately 82% 222 

air masses after June 14
th

 originated from Indian ocean, passed over India and 223 

Bangladesh, and reached the inland of TP (marked by blue). The rest of six trajectories 224 

(marked by red) came from the west or the north. The resulting backward trajectories 225 

correspond well to the atmospheric circulation in TP, i.e. air masses were impacted by 226 

Indian monsoon and westerlies in humid and dry season, respectively. Therefore, the 227 

rainwater samples were categorized into two groups, i.e., monsoon (from June 14
th 

- 228 

September 22
nd

) and dry season samples (others), based on the meteorological 229 

conditions and backward trajectory analysis. Notably, the sample collected on April 1
st
 230 

was impacted by the air masses from the north, passing over Taklimakan desert. 231 

The INP concentrations in the rainwater droplets (NINP_water) and cloud air 232 

(NINP_air) were depicted in Fig. 3. The NINP_air was derived from NINP_droplet assuming 233 

cloud water content (CWC) of 0.15 g m
-3 

(Eq.3), a mean CWC value of mixed-phase 234 

cumulus clouds reported by an aircraft measurement over the TP in summer [Chang et 235 

al., 2019]. This CWC value was also consistent with that estimated in precipitating 236 

convective clouds over the TP using multiyear satellite observation [Chen et al., 237 

2020]. The NINP_air varied from 0.002 to 0.675 L
-1

 over the temperature range from 238 

-7.1 to -27.5 
o
C. Most of the observed NINP_water values were within the ranges of INP 239 

spectra summarized by Petters and Wright [2015] (Fig.3). Exceptions are few 240 

measured NINP_air out the lower limitation of the spectra (Fig. S7), but no less than one 241 

order of magnitude, due to the lower CWC value reported in TP resulted from high 242 

elevation than those obtained in thicker clouds (0.2 and 0.8 g m
-3

, [Petters and 243 

Wright, 2015; Rangno and Hobbs, 2005]).  244 

 245 
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3.2 Ice-nucleating particle concentrations 246 

 247 

Figure 3. The INP spectra obtained from rainwater in Nam Co in dry (red dots) and 248 

monsoon (blue dots) seasons. The enveloped area by two black dashed lines represent 249 

the INP concentrations in precipitation samples summarized by Petters and Wright 250 

[2015]. The first and secondary y axes represent the spectra per volume of water 251 

(NINP_water) and the spectra per volume of air (NINP_air) assuming the cloud condensed 252 

water content (CWC) of 0.15 g m
-3

 which can be referred to Chang et al. [2019]. 253 

The NINP_air in Nam Co spanned three orders of magnitudes over the 254 

determined temperature ranges, indicating a large variety of the INP concentrations 255 

observed in different days. Such wide freezing temperature of INPs can be attributed 256 

to INPs originated from complex aerosol sources, as verified by source apportionment 257 

of rainwater components (Fig.S4). No significant differences of NINP were observed in 258 

dry and monsoon seasons (Fig.3), exceptions were one dry season sample (April 1
st
) 259 

and three monsoon samples (August 17
th

, 30
th 

and 31
st
) with evidently higher NINP 260 

concentrations (>0.2 L
-1

 Air) and onset temperatures (>-10 
o
C) (Fig. S7). Already at a 261 

first glance, the shape of ice nucleation curves and the higher onset temperatures of 262 

these four samples hinted the INPs from biogenic sources (Fig.S7). Details about the 263 

origins of INPs for these samples will be furtherly explained in the next section. 264 

The comparison of the observed NINP_air at -20 
o
C (NINP_air-20) with those 265 

reported in Arctic region was given in Table 1. The maximum discrepancy between 266 

NINP_air-20 over the TP and those in Arctic is only one order of magnitude [Creamean et 267 

al., 2018; Hartmann et al., 2020; Irish et al., 2019; Mason et al., 2016; Prenni et al., 268 

2009; Si et al., 2019; Tobo et al., 2019], indicating comparable NINP_air-20 in these two 269 

pole aeras. As indicated by chemical analysis, the rainwater components came from 270 

both natural (mainly marine and dust) and anthropogenic sources (biomass burning 271 

and anthropogenic pollutants) (Fig. S4). Resemble to TP, the previous field studies 272 

carried out in Arctic region (Table 1), have recognized dust particles [Creamean et 273 
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al., 2018; Irish et al., 2019; Tobo et al., 2019], marine [Creamean et al., 2018; 274 

Hartmann et al., 2020; Irish et al., 2019] and bioaerosols [Wex et al., 2019] as 275 

potential INP sources. 276 

 277 

Table 1. Comparison of atmospheric NINP at -20 
o
C observed over the TP and the 278 

Arctic regions. 279 

Site Time Particle Size NINP_air(-20) (L
−1

)  INP Sources Reference 

Nam Co, Tibetan Plateau Jan.-Oct., 2018 - 0.11±0.16 Bio, D This study 

High Arctic Mar.-Apr., 2018 - <0.1 Bio, M [Hartmann et al., 2020] 

Alert, Ny-Ålesund, Barrow, 

Svalbard, Villum Research 

Station  

Varied in 2012-2016 - 0.008~0.04 

Bio for highly 

active INPs  [Wex et al., 2019] 

Alert, Nunavut, Canada  Spring 2016 < 10 μm  0.020±0.004  D [Si et al., 2019] 

Arctic marine boundary layer Summer 2014 TSP 0.044 D, M [Irish et al., 2019] 

An outwash plain near Svalbard 

Jul., 2016 

Mar., 2017 

< 5μm 

2016:0.02~0.24 

2017:0.004~0.02 

D [Tobo et al., 2019] 

 Alert, Nunavut, Canada  Mar.-May., 2017  TSP 0.22 - [Mason et al., 2016] 

Alaska, Arctic oilfield location  Mar.-Jul., 2014  <12 μm 0.006~0.03 D, M [Creamean et al., 2018] 

Alaska Oct., 2004 <1.5 μm 0.4 BB, VA [Prenni et al., 2009] 

*D refer as dust aerosol; M refer as marine aerosol; BB refer as biomass burning aerosol; Bio refer as 280 

biogenic aerosol; VA refer as volcanic ash; TSP refer as total suspended particulate 281 

3.3 Contribution of biogenic ice-nucleating particles  282 

INPs being sensitive to heat were inferred as protein-based biogenic INPs 283 

[Christner et al., 2008b]. Thus, to quantify the concentrations of biogenic INPs in 284 

rainwater, the experiments with samples being heated to 95
o
C for 10 minutes were 285 

conducted (refer to Joly et al. [2014]). Figure 4 depicts the reduction ratio of NINP_air at 286 

different temperatures (-15 
o
C, -18 

o
C, -20 

o
C and -22

 o
C). On average, the reduction 287 

of NINP_-15 due to heat was 84%±17% (mean ± standard deviation), indicating a large 288 

fraction of the observed INPs at -15 
o
C were in biogenic origin. The reduction ratio 289 

down to 57%±30% (mean ± standard deviation) at -20 
o
C, as expected, the lower 290 

contribution from biogenic INPs with decreased freezing temperatures. Such results 291 

indicate the prevalence of biogenic INPs in the rainwater and these INPs would 292 

become more important in higher temperatures [Christner et al., 2008a; Christner et 293 

al., 2008b; Gong et al., 2020; Hill et al., 2014; Joly et al., 2014; Stopelli et al., 2014] 294 

 295 
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 296 

 Figure 4. Boxplot of the reduction ratio of NINP_air at different temperatures (-15
 o

C, 297 

-18
 o

C, -20
 o

C and -22 
o
C) after being heated to 95 

o
C for 10 minutes. The boxes 298 

represent the interquartile range. The whiskers represent the 10
th

 and 90
th

 percentiles. 299 

The squares represent the mean values. 300 

Moreover, the reduction ratio kept constant at temperatures below -20 
o
C, for 301 

example, a value of 57%±30% (mean ± standard deviation) and 58±22% (mean ± 302 

standard deviation) was observed at 20 
o
C and -22 

o
C, respectively. This can also be 303 

seen in Fig. S8, the elimination of NINP_air after being heated mainly occurred at 304 

temperatures warmer than -20 
o
C. The combined results indicate the INPs in biogenic 305 

origin dominated the NINP_air at temperatures above -20 
o
C, while the heating-resistant 306 

INPs become more important at temperatures below -20 
o
C.  307 

Figure 5 exemplarily illustrates the NINP_air at -18 
o
C (NINP_air(-18)) in rainwater, 308 

comprised of heating-sensitive biogenic INPs (biogenic NINP_air(-18)) and 309 

heating-resistant INPs (HR-NINP_air(-18)). We note that heat lead to a significant 310 

reduction in INPs (~86%) at -18 
o
C for the above-mentioned four samples (April 1

st
, 311 

August 17
th

, 30
th 

and 31
st
) with unusual high INP concentrations (Fig. 5), implying the 312 

bioaerosols elevated NINP_air in these samples to extremely high level.   313 
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 314 

Figure 5. The INP concentrations at -18 
o
C (NINP_air(-18), blue squares), comprised of 315 

heating-sensitive biogenic (green bars) and heating-resistant (orange bars and red 316 

squares) INPs. The error bars represent the confidence interval of 95%. D and N refer 317 

as the samples collected during daytime and nighttime in the same day. 318 

One interesting thing is that the rainwater collected on April 1
st
 showed 319 

obvious signs from dust particles. The air mass backward trajectory on this day passed 320 

over the northern Taklimakan desert (Fig.2) and spent a large percentage of time over 321 

bare areas (Fig.S9). Enriched crustal elements (Ca, Mg, Al and Fe), 9 times higher 322 

than average, were detected accordingly (Fig. S2(b)). The strong influences of dust 323 

can also be seen from source apportionment (Fig. S5). As we know, dust particles can 324 

solely act as INPs at temperatures below -20 
o
C [Kanji et al., 2017] or become ice 325 

active in warmer temperature by carrying ice-active biogenic macromolecules [Conen 326 

et al., 2011; O'Sullivan et al., 2016]. Thus, biogenic materials carried by dust particles 327 

bring additional heating-sensitive biogenic INPs, as a result, lead to the improvement 328 

of ice nucleating activities of dust particles and high INP concentration on April 1
st
. 329 

Backward trajectories and Geographic Information System (GIS) analysis 330 

showed that the air masses averagely spent considerable time over the natural 331 

vegetation (54.3%) and agricultural areas (32.2%), but less time over water/ice 332 

(10.8%), bare (2.6%) and urban (0.1%) aeras during the sampling period (Fig. S9). 333 

The agricultural soil [Conen et al., 2011; O'sullivan et al., 2014] was found to 334 

contribute to the atmospheric biogenic INPs. So, the long residence time of air masses 335 

over natural vegetation and agricultural areas, indicating such underlying surfaces can 336 

priorly serve as sources of biogenic INPs. While the water/ice surface may not 337 

contribute to the INPs significantly, due to limited residence time and low ice 338 

nucleating efficiency of INPs when air mass passed over the open water and ice 339 

[Gong et al., 2020; Irish et al., 2019; Si et al., 2019]. The source apportionment based 340 

on chemical compositions of rainwater on July 29
th

 and August 26
th

 showed strong 341 
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impacts from marine and salt-lake sources (Fig. S5), but these days were not 342 

associated with high biogenic or total NINP_air(-18) (Fig. 5). Thus, bioaerosols from 343 

continental source were more likely to be major contributor of the INPs and resulted 344 

in the elevation of INPs other than those from the open water source (marine and 345 

salt-lake source).  346 

3.4 Ice-nucleating particles from abiotic sources 347 

As shown in Fig. 4, the HR-NINP_air became more important with the 348 

decreasing temperature. The contribution of HR-NINP_air to total NINP_air reached up to 349 

40% at temperatures below -20 
o
C. The chemical composition analysis showed that 350 

almost all the detected samples consisted of crustal elements (Ca, Mg, Al and Fe) 351 

(Fig.S2), indicating the presence of dust materials in rainwater. The effects of dust 352 

particles on rain samples can also be confirmed by source apportionment (Fig.S4). 353 

The observed heating-resistant INPs in this study were found to dominate the ice 354 

nucleation in rainwater at temperatures below -20 
o
C (Fig. 4 and Fig. S8), being 355 

consistent with the typical activated temperatures for dust particles [Kanji et al., 356 

2017]. The surrounding deserts and the ground surface over the TP can be the sources 357 

of dust particles [Kang et al., 2016; Pokharel et al., 2019], contributing to the 358 

observed HR-NINP_air in rainwater.  359 

BC, another heating-resistant material, was found in the rainwater samples. Its 360 

mean concentration in the detected rainwater was 1.07±1.05 ng/ml. BC may come 361 

from South Asia with intensive biomass burning and fossil fuel combustion via the 362 

the long-range transport [Li et al., 2016]. This was evidenced by the source 363 

apportionment (Fig.S9). Assuming the CWC of 0.15 g m
-3

, the mean value of BC 364 

concentration in per volume of air was 0.16±0.16 ng/m
3
, which was remarkably lower 365 

than the mean values reported in two of our previous work (3200 and 7700 ng/m
3
) in 366 

urban areas in China [ Chen et al., 2018; Gong et al., 2016]. No obvious correlation 367 

between HR-NINP_air and BC mass concentration was found (R
2
=0.087), consistent 368 

with the INP measurement in Beijing showing no correlation between BC mass 369 

concentration and NINP_air at temperatures above -25 
o
C [Chen et al., 2018].In 370 

addition, most of the studies showed inefficient ice nucleating activities of BC over 371 

the temperature ranges relevant for mixed-phase clouds [Chou et al., 2013; Kanji et 372 

al., 2020; Mahrt et al., 2018; Schill et al., 2020; Vergara-Temprado et al., 2018]. 373 

Combined with these results, we suggest the BC generated from biomass burning and 374 

fossil fuel combustion may play a minor role in the INPs in rainwater over the TP due 375 

to low concentration and poor ice nucleating activities.  376 

4 Conclusions 377 

The abundance and the potential sources of atmospheric ice-nucleating particles 378 

(INPs) at central Tibetan Plateau (i.e., Nam Co) are quantified and identified by 379 

coupling detailed chemical composition analysis and INP measurements of rainwater 380 

samples. The observed INP concentrations varied from 0.002 to 0.675 L
-1

 over the 381 

temperature range from -7.1 
o
C to -27.5 

o
C, being within the range of INP spectra 382 
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derived by Petters and Wright [2015] and were comparable to those measured in the 383 

Arctic region.  384 

Heating experiments demonstrate that the biogenic INPs averagely accounted 385 

for 57%±30% (mean ± standard deviation) of the total INPs at -20 
o
C and became even 386 

more important at warmer temperature regime. The continental underlying surfaces 387 

over the TP, such as natural vegetation and agricultural areas could priorly serve as 388 

sources of these biogenic INPs. Chemical analysis showed the rainwater components 389 

may be influenced by mixed sources including dust particles, marine aerosols, and 390 

anthropogenic pollutants. The components associating with dust particles either 391 

transported from surrounding deserts or originated from the ground surface over the TP 392 

can contribute to the heating-resistant INPs at temperatures below -20 
o
C. BC in 393 

rainwater, with the mean concentration of 1.07±1.05 ng/ml, may come from South Asia 394 

with intensive biomass burning and anthropogenic activities via long-range transport. 395 

Due to much lower content and inefficient ice nucleating activities in the determined 396 

temperature range, BC may not be responsible for the observed heating-resistant INPs.  397 

Our work indicates the rainwater components collected in TP are impacted by 398 

unexpected multi-aerosol sources. As a result, the variations and properties of INPs are 399 

modulated by both natural and anthropogenic aerosols. Currently, the limited studies 400 

are unable to provide a full picture of INPs over the third pole regions. Thus, we suggest 401 

more INP measurements are required in this region to parse out the sources and 402 

seasonal characteristics of INPs, which would be of great help to improve our 403 

understanding of the aerosol-cloud interaction and climate change in the third pole 404 

region. 405 
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