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Abstract

Carbonaceous matter in the atmosphere has an important influence on climate change.
Currently, the deposition of carbonaceous matter is one of the largest uncertainties in the
climate system. This phenomenon is common in remote regions, such as the Himalayas and
Tibetan Plateau. In this study, for the first time, we reported in situ measurements of wet and
dry deposition rates of carbonaceous matter at three remote stations: Nam Co, Lulang, and
Everest. The results showed that the annual wet deposition rates of water-insoluble organic
carbon (WIOC) and black carbon (BC) were 60.2 and 5.8 mg m2 yr?, 330 and 34.6 mg m
yrt and 47.0 and 2.6 mg m? yr! at the Nam Co, Lulang, and Everest stations, respectively.
Seasonal variations in the wet deposition rates of WIOC and BC were controlled by
precipitation amount and their atmospheric concentrations. In addition, the wet scavenging
ratios-of WIOC and BC at Nam Co Station were close to those observed in other remote areas.
The total BC deposition at Nam Co Station (15.3 mg m? yr?') was higher than that from
chemical transport models, implying a dominant role of dry deposition of BC in the total
deposition at this station and an urgent need to improve the aerosol deposition in models for
the Himalayas and Tibetan Plateau. It was found that the deposition rates of carbonaceous
matter in the Himalayas and Tibetan Plateau had large spatial variation; thus high-resolution

models need to be applied in the future.
1. Introduction

Aerosols 'in the atmosphere contain a large portion of carbonaceous matter, which
generally consists of two components: organic carbon (OC) and black carbon (BC) (Petzold
et al;, 2013). The former component can be further divided into water-insoluble OC (WIOC)
and dissolved OC (DOC). BC is mainly derived from incomplete combustion emissions.
Carrespondingly, OC is produced from multiple sources, including combustion emissions,
the natural release of organic matter (e.g., plant debris, pollen, spores, sea spray and soil), and
the —atmospheric oxidation of volatile organic compounds emitted from natural or
anthropogenic processes (Seinfeld & Pankow, 2003). Carbonaceous matter has been

identified as one of the most important anthropogenic agents of climate forcing (Bond et al.,
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2013; Jacobson, 2004; Ramanathan & Carmichael, 2008). BC acts as a warming element in
the atmosphere by absorbing solar radiation (Ramanathan & Carmichael, 2008). OC exerts
both cooling and warming effects on the climate (Andreae & Gelencsér, 2006). When
deposited on ice and snow surfaces, both BC and OC absorb solar radiation and reduce the
albedo of snow and ice, making these components important triggers of glacier retreat (Dou

& Xiao, 2016; Kaspari et al., 2011; Li et al., 2017c; Quinn et al., 2011; Xu et al., 2009).

Despite the significance of carbonaceous matter in climate forcing and cryosphere
evolution (Kang et al., 2019), there are still large uncertainties about its deposition and
lifetime (Sharma et al., 2013; Wang et al., 2014; Yasunari et al., 2010; Zhang et al., 2015b).
Wet deposition plays an important role in the global removal of carbonaceous matter from the
atmosphere (Cerqueira et al., 2010; Dou & Xiao, 2016; Garrett et al., 2017; Jurado et al.,
2008). However, the wet deposition of carbonaceous matter is still poorly constrained
worldwide, mainly due to the limited availability of in situ data (Custodio et al., 2014; Zhang
et al., 2015a; Zhang et al., 2015b). Different wet scavenging ratios and lifetimes of WIOC
and BC are applied in different models (Cooke, 2002; Textor et al., 2006). These differences
are an important limitation in validating global aerosol models and simulating the
concentrations and transport of carbonaceous matter in the atmosphere and in the predictions
of the climate forcing of carbonaceous aerosols. Currently, several studies have evaluated the
wet deposition of carbonaceous matter. For example, the wet deposition of particulate carbon
has been measured at a remote marine site in the Azores (Custodio et al., 2014), a coastal site
in Portugal and a continental site in Switzerland (Zhang et al., 2015a). The wet deposition of
BC has been investigated by both observations and modeling in the remote Arctic (Qi et al.,
2017a, 2017b; Sharma et al., 2013). However, related data are still scarce in remote regions

with extreme terrain variations.

The Himalayas and Tibetan Plateau is a typical remote region, and the area has the
largest glacier area in the middle latitudes. Currently, research on carbonaceous matter in the
Himalayas and Tibetan Plateau has become a hotspot due to its important role in the climate

system and the effect on the albedo of ice and snow in the glacier region after deposition (He
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et al., 2014a, 2014b, 2018; Kaspari et al., 2011; Qian et al., 2015; Ming et al., 2013). To date,
many studies related to carbonaceous matter have been conducted in this area, with a focus
on sources, concentration variations (Cong et al., 2015; Ming et al., 2008, 2009; Zhang et al.,
2017; Xu et al., 2018; Cao et al., 2011; Chen et al., 2019), optical properties (Li et al., 2016c,
2017b; Wang et al., 2015; Yan et al., 2016; Niu et al., 2018), carbon isotopic compositions
(Huang et al., 2010; Li et al., 2016a, 2018a) and historical profiles (Kaspari et al., 2011).
Nevertheless, direct measurements of the wet and dry depositions of carbonaceous matter in
this remote and sensitive region are limited. At present, except for several studies on the wet
deposition of the precipitation DOC in typical urban cities and remote areas (Li et al., 2017b,
2016d), only three studies have discussed the wet deposition of particulate carbon in the
Himalayas and Tibetan Plateau. One study estimated the total deposition of BC at Nam Co
Station and glacial regions using aerosol and snow pit samples (Li et al., 2017a), while the
other two studies evaluated BC deposition in the Himalayas and Tibetan Plateau by chemical

transport models (Bauer et al., 2013; Zhang et al., 2015b).

In-this study, the WIOC and BC in the precipitation of three remote stations in the
Himalayas and Tibetan Plateau (i.e., the Nam Co, Lulang and Everest stations) were
investigated from 2015 to 2017. This study is the continuation of our previous studies on the
wet deposition of precipitation DOC (Li et al., 2017b) and the total deposition of BC at Nam
Co Station and glacial regions (Li et al., 2017a). The primary goals of this study include (1)
investigating the temporal and spatial variations in the WIOC and BC in the precipitation at
three remote stations; (2) estimating the wet and dry deposition of WIOC and BC at the three
stations and comparing these estimates with those from model simulations; and (3) achieving

in situ wet scavenging ratios of WIOC and BC in the study area.
2. Materials and methods
2.1. Sampling site

The precipitation samples were collected at Nam Co Station (Nam Co Monitoring and

Research Station for Multisphere Interactions), Lulang Station (South-East Tibetan Plateau
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Station for integrated observation and research of alpine environments) and Everest Station
(Qomolangma Station for Atmospheric and Environmental Observation and Research) from
2015 to 2017 (Figure 1, Table S1 and Text S1). The precipitation was monitored continually
with automatic weather stations established at the three stations. The annual precipitation
amounts were 313.2 mm, 1009.5 mm and 189.8 mm at Nam Co, Lulang and Everest stations,

respectively, with a distinct wet monsoon season (Figure 2).
2.2. Sample collection and analysis

In total, 71, 48 and 14 precipitation samples were collected at Nam Co, Lulang and
Everest stations, respectively, from 2015 to 2017 using a prebaked aluminum basin (Table S1
& Text S1). According to the hourly precipitation amount recorded by the rain gauge, the
precipitation amounts of the study samples accounted for 52%, 47% and 29% of the total
precipitation amounts during the sampling period at Nam Co, Lulang and Everest stations,
respectively. Dry deposition samples were collected monthly at Nam Co Station during the
non-monsoon period (from January to May 2017 and from October to December 2017) with a
stainless steel bucket; samples were pretreated following the protocols in Han et al. (2007a)

(Text S1).

After filtration, the dry and wet deposition filter samples were dried at 60°C for 2 hours
to remove water and subsequently equilibrated in a desiccator for 24 hours before weighing
(Taorres et al., 2013). The WIOC and BC concentrations of all samples were analyzed by the
Desert Research Institute (DRI) Model 2001 thermal/optical reflectance (TOR) carbon
analyzer following the IMPROVE-A protocol (Text S2; Chow & Watson, 2002).

2.3. Blank test and artifact
2.3:1. Blank test

Four blank samples from each station were prepared by adding 200 mL ultrapure water
to the aluminum basin, which was placed outside at the station for 2 h without the
precipitation; these samples were then subjected to the same processes as those of the

precipitation samples. The average WIOC and BC concentrations of the blank samples were
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0.054+0.002 and 0.0 pug mL™?, respectively, supporting the clean sampling and analysis
processes. Meanwhile, three blank samples were prepared by adding 200 mL ultrapure water
into a pre-cleaned stainless steel bucket and treated by the same processes with collected dry
deposition samples. The average WIOC and BC concentrations of these blanks were
0.036+0.019 and 0 pug mL?, respectively, which were far lower than those of the dry
deposition samples. The reported results of the samples were corrected by the blank values.
New aluminum basins and new buckets were used for every sampling event during the study

period to avoid any contamination.
2.3.2. Collection efficiency

The collection efficiency of particulate carbon could be altered by the following major
aspects: the adhesion, evaporation, settling of particulate carbon to the collector and filtering
efficiency. To avoid the influence of dry deposition, evaporation, and adhesion of particles
and to meet the analysis requirements, samples were mainly collected during heavy
precipitation. Moreover, the settling of particles was minimized by washing the basin using
the supernatant of each precipitation sample during the process of transferring the sample to
the bottle. To improve the filtering efficiency, a coagulant, NHsH2PO4, was added to the
collected . precipitation samples (Text S1; Li et al., 2016a; Torres et al., 2013). Thus, the
filtering efficiency could be increased to 95% (Torres et al., 2013), resulting in a slight

underestimate of the WIOC and BC concentrations.
2.3.3. BC recovery during pretreatment and analysis

The methods for the pretreatment and analysis of the dry deposition samples were
adopted from a previous study (Han et al., 2007a). A national standard (n-hexane soot) was
used to test the protocols in this study, and the recoveries were 92-105%, indicating that the
protocols we used were reliable for separating mixtures in deposited materials (Han et al.,
2007b). Meanwhile, the sucrose solution was measured with the samples to ensure a stable

condition of the instrument and the IMPROVE-A protocol during analysis. The concentration
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deviation of sucrose solution was within 5%, suggesting that the analytical method was
credible and repeatable.
2.4. Wet and dry deposition rates of WIOC and BC

The annual wet deposition rates of the WIOC and BC in the precipitation were
calculated using the volume-weighted mean concentrations of WIOC and BC and the average
annual precipitation amount at each station because not every precipitation event was
sampled at the study stations. The wet deposition rate was calculated based on the following
equations:

Fc=CixPi Q)

C._z}i? CjxPj
1= Zj:nP .
j=1"J

)
where Fc (g C m2 yrl) expresses the WIOC or BC wet deposition rate, Ci (mg L) represents
the volume-weighted mean concentrations of WIOC or BC in the precipitation at station i, Cj
(mg L) stands for the concentration of WIOC or BC in individual precipitation sample j, Pi
(mm yr) is the average annual precipitation at station i, and Pj (mm) is the precipitation
amount corresponding to the precipitation sample j.

The dry deposition rates at Nam Co Station were calculated based on the concentrations
of WIOC and BC of the collected dry deposition sample. The dry deposition rates at Lulang

and Everest stations were calculated using the method from Fang et al. (2015). The total

deposition rate was calculated by summing dry and wet deposition rates throughout the year.
2.5.Calculation of wet scavenging ratios

The scavenging ratio is commonly used to quantify the tendency of the removal of a
species or component from the atmosphere by precipitation (Cerqueira et al., 2010). This
ratio. is defined as the ratio of the concentration of a species in the precipitation to the
concentration of the species in the atmosphere and can be calculated according to the

following equation (Ducret & Cachier, 1992):

S — [X]precipitation (3)
[X]atmosphere
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where [X1,recipitation @A [X]armospnere are the concentrations of a species in the
precipitation (ug L (water)) and atmosphere (ug m= (air)), respectively.

3. Results and discussion
3.1. WIOC and BC concentrations in precipitation

After removing of the potential influence of carbonate carbon on the concentrations of
WIOC and BC (Figure S1; Text S3; Chow et al.,, 1993), the volume-weighted mean
concentrations of WIOC and BC were 192+234 and 18.5+30.4, 327+263 and 34.3+41.7, and
2484197 and 13.5+22.9 pg Lt at Nam Co, Lulang and Everest stations, respectively. It was
expected that these values at the three sites would be lower than those located in urban cities,
such as Paris, France and Tokyo, Japan (657 to 851 pg L™ for WIOC, 78.9 to 333 ug L™ for
BC; Ducret & Cachier, 1992; Huo et al., 2016), but comparable with those at remote and
mountainous sites (145 to 274 pg L for WIOC and 5.2 to 26 pg L for BC; Cerqueira et al.,
2010; Huo et al., 2016) due to the clean atmosphere over the study stations (Table 1).
However, the volume-weighted mean concentrations of WIOC and BC at the Lulang and
Everest stations were higher than those observed at the adjacent glaciers of Demula and East
Rongbuk. Correspondingly, the volume-weighted mean WIOC and BC concentrations of
Nam Co Station were lower than those at the Zhadang glacier (Table 1). The high WIOC and
BC concentrations of the Zhadang glacier were mainly attributed to two reasons. First, the
pollutants originating from nearby Lhasa city reached the Zhadang glacier first, so that the
influence on Nam Co was relatively weak. Second, the strong melting of the snow pit in the
Zhadang glacier caused the enrichment of WIOC and BC resulting in their high
concentrations. The above phenomena have been presented in previous studies (Huang et al.,
2013; Ming et al., 2013). The BC concentration in the precipitation at Nam Co Station in this
study was approximately 2.3 times higher than the average value of 8+7 pg L™ reported in a
previous study (Ming et al., 2010). This difference might be first because the precipitation
samples-in the previous study were limited (N=11) and were mainly collected during the

monsoon period when the atmospheric BC concentration was low; second, the difference
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may be because the use of NH4H>PO4 in this study improved the BC collection efficiency of

the precipitation samples (Li et al., 2016a; Torres et al., 2013).

The relative ratios of WIOC, DOC and BC can provide some insights into the sources
and removal of atmospheric carbonaceous matter (Custodio et al., 2014; Huo et al., 2016).
The relative contributions of BC, WIOC and DOC in the aerosol, precipitation and snow pit
samples of the three stations are shown in Figure 3. It is obvious that BC accounts for the
smallest fraction of carbonaceous matter in the precipitation at the three study stations. The
average WIOC/DOC ratio of the precipitation at the three stations was 0.29, which was
comparable to that of remote and rural sites in Japan (0.24 at Sado and 0.33 at Niigata; Huo et
al., 2016) and rural sites in Europe (0.27 at K-Puszta, Hungary and 0.22 at Aveiro, Portugal;
Cerqueira et al., 2010). However, this value was lower than that in an urban city (0.46 in
Tokyo; Huo et al., 2016), which was probably because the carbonaceous matter in the urban
city was primarily influenced by local emissions, while the carbonaceous matter in the
Himalayas and Tibetan Plateau was affected by both local emissions and long-range transport
pollutants from severely polluted South Asia (Li et al., 2016a, 2018a, and 2018b). During
transport, the carbonaceous matter becomes aged and hydrophilic with the conversion from
WIOC to DOC, resulting in a relatively low WIOC/DOC ratio. Overall, the higher WIOC to
BC ratios in the precipitation samples than in those in the aerosol samples at the three study
stations (Figure S2) indicate that WIOC is more hydrophilic and much easier to remove by
precipitation than BC. Compared to nearby snow pit samples, the most obvious characteristic
of the precipitation samples was the low fraction of WIOC (Figure 3), which may have been
be due to the additional contributions from the dry deposition of mineral dust to glacier

regions in winter.

1. (Ming et al:; 2010); 2. (Li et al., 2016a); 3. (Li et al., 2016b); 4. (Huo et al., 2016); 5. (Ducret and Cachier, 1992); 6. (Cerqueira et al., 2010); 7.
(Cadle & Dasch, 1988). Note: The units of concentrations in scavenging ratio calculation are (ug L (water)) for precipitation and (ug m™ (air)) for

the atmosphere.
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3.2. Deposition mechanisms and rates of WIOC and BC
3.2.1. Dry and wet deposition mechanisms

The dry deposition rate is mainly controlled by metrological factors (e.g., wind speed,
temperature lapse rate) and the vertical distribution of the particles (Ogren, 1982). Brownian
diffusion and gravitational settling within a few centimeters of the surface are the most
efficient mechanisms for particle transport through the near-surface layer (Ogren, 1982).
Deposition velocities are also influenced by the surface nature to which particles deposit via
affecting the micrometeorological environment near the surface and the retention efficiency
of the particles. Thus, it is quite difficult to obtain the real deposition velocity. In this study,
we estimated the WIOC and BC deposition amounts by measuring the WIOC and BC

concentrations in monthly collected dry deposition samples.

Wet deposition mechanisms of incorporating particulate carbon in precipitation can be
classified into two categories: rainout process, where particles act as nucleating agents in
cloud droplets or ice crystal formation, and washout process, where particles collide with the
existing droplet or crystal. Generally, washout and rainout processes are both incorporated in
a precipitation event, as presented by Ishikawa et al. (1995). The washout process is
important: at the beginning of a precipitation event, while the rainout process is more
important from the middle to the end of the precipitation event. A reverse relationship has
typically existed between the precipitation amount and concentration in many previous study
areas, which has been partly ascribed to the effect of the washout process of particulate
aerosol (Prado-Fiedler, 1990). However, this pattern was not obseved in the current study
(Figure 4). Although it is difficult to determine the dominant mechanism in the scavenge
process at the three study stations, this type of relationship should be a general phenomenon
in the remote Himalayas and Tibetan Plateau because of the low particle concentrations in the
atmosphere. The frequently used parameter to study wet deposition in modeling and flux
calculation is the scavenging ratio (Fang et al., 2015; Sandnes, 1993), which conceals the

complexities of the process involved and the occurring mechanisms (Harrison and Allen,
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1991). Although it cannot explicitly account for the aforementioned properties, it does

provide a method to approximately evaluate the ranges of the wet deposition rates.
3.2.2. Scavenging ratios of WIOC and BC

The scavenging ratios of WIOC (0.42x10°, 0.08x10° and 0.22x10°, respectively) were
higher than those of BC (0.24x10°, 0.06x10° and 0.09x10°, respectively) at the three study
stations, indicating that WIOC was more hydrophilic than BC; thus the WIOC could
preferentially be scavenged by precipitation. This result has been reported in a number of
previous studies. For example, the mean scavenging ratios of WIOC and BC were 1.24x10°
and 0.08x10°, respectively, at a remote site in Japan (Huo et al., 2016). The scavenging ratios
of European background sites were 0.06x10°-0.63x10° and 0.02x10°-0.18x10° for WIOC
and BC, respectively (Cerqueira et al., 2010) (Table 1). The large spatial variations in the
WIOC and BC scavenging ratios have a noticeable implication in modeling their atmospheric
concentrations. For example, it was estimated that a 3.5-fold increase in the wet scavenging
ratio would cause the modeled BC concentrations to decrease by 30-40% in the remote
regions of Scandinavia (Tsyro et al., 2007).

Due to the calculation assumption of uniform atmospheric aerosols, the high scavenging
ratios of BC are expected at high mountains with a low vertical gradient of atmospheric
aerosol concentrations (Cerqueira et al., 2010). The BC scavenging ratios at Nam Co Station
were consistent with this expectation. The high BC scavenging ratios at this station could also
be explained by the aging of aerosols during the long-range transport from South Asia (Luthi
et al., 2015; Li et al., 2016a; Yang et al., 2018). The scavenging ratios for both WIOC and
BC at the Lulang and Everest stations were relatively low compared to those at Nam Co
Station because the atmospheric concentrations of WIOC and BC at the former two stations
were much higher than those at Nam Co Station (Table S2) due to the large influence of local
emissions (Chen et al.,, 2018; Li et al., 2018; Wang et al., 2018). In contrast, the
concentrations of WIOC and BC in precipitation at these two stations were slightly higher
than or comparable to those at Nam Co Station (Table 1). It is acknowledged that this

approach has some limitations and uncertainties of this approach. First, most scavenging
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ratios were estimated from near-surface atmospheric concentrations, which may be quite
different from those at the precipitation cloud altitude and cloud formation sites. Second, the
atmospheric concentrations of WIOC and BC at the Lulang and Everest stations were
adopted from other studies that were not conducted in the same period as that of the
precipitation (Cong et al., 2015; Zhao et al., 2013). However, the uncertainty was minor
because the annual particle variations at Lulang and Everest stations were small (Liu et al.,

2017).
3.2.3. Deposition rates of WIOC and BC

The annual wet deposition rates of WIOC and BC at Nam Co Station during the study
period were 60.2 and 5.8 mg m yrl, respectively, which were between those at Lulang and
Everest stations (Table 2). The largest wet deposition rates at Lulang Station were caused by
multiple reasons, e.g., Lulang Station had the largest annual precipitation amount, and
pollutants emitted from seriously polluted South Asia could be easily transported to this
station through the Yarlung Zangbo Grand Canyon with penetrating moisture (Zhao et al.,
2013). This phenomenon has also been reported by research studies on major ions and DOC
of precipitation at Lulang Station (Li et al., 2017b; Liu et al., 2013). Recently, a study on
atmospheric BC sources further found that emissions from local residential activities and
vehicles primarily contributed to BC at Lulang Station (Wang et al., 2018). Therefore, we
propose that local emissions may account for a large part of the WIOC and BC wet
deposition rates at this station. This pattern also explains why Lulang Station had the highest
atmospheric WIOC and BC concentrations among the three stations (Table S2), despite
having the largest precipitation amount (Table. S1). Consequently, the total deposition rate of
BC at Lulang Station (58.9 mg m yr') was approximately 4-fold and 2-fold higher than that
observed.at Nam Co Station and that simulated by model in the southeastern Himalayas and
Tibetan Plateau (Zhang et al., 2015b), respectively. This result is also in good agreement with
the higher surface BC concentrations from in situ observations than those from the model
conducted at Lulang Station (Zhang et al., 2015b), implying that the model used by Zhang et

al. (2015b) mainly underestimated the BC concentrations and total deposition at Lulang
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Station because of the large contribution of local combustion emissions. Among the three
stations, Everest Station had the lowest WIOC and BC wet deposition rates, which could be

attributed to the sparse precipitation amount.

Variations in the WIOC and BC deposition rates combined with the precipitation
amounts . can indicate the potential sources of WIOC and BC. For instance, although the
heaviest precipitation occurred in August, the deposition rates of WIOC and BC in this month
were lower than those in July and September at Nam Co Station (Figure 5), indicating the
washout and dilution effect of long-range transport pollutants before reaching the remote
Nam Co Station due to the relatively large amount of precipitation in the monsoon season.
The largest WIOC and BC wet deposition rate at Lulang Station occurred in April, the
pre-monsoon period, which was also a heavily polluted period in South Asia (Bonasoni et al.,
2010). Thus, the WIOC and BC wet deposition rates were influenced by both the

precipitation amount and their atmospheric concentrations at the three stations (Figure 5).

The wet deposition rates of WIOC and BC at the three study stations were lower than or
comparable to those of other regions in the world. For example, the wet deposition rates of
WIOC (60.2, 330, and 47 mg m2 yrt, respectively, for Nam Co, Lulang and Everest stations)
and BC (5.8, 34.6, and 2.6 mg m™ yr?, respectively) at the three stations were lower than
those at Tokyo, an urban site (676 and 59.8 mg m yr!; Huo et al., 2016). Meanwhile, the
wet deposition rates of WIOC and BC at Nam Co Station were comparable to those at Aveiro,
a rural city (61 and 7.5 mg m?2 yrl; Cerqueira et al., 2010). The wet deposition rates at
Lulang Station were comparable to those at a remote site in Asia (314 and 26.3 mg m? yr;
Huo et al., 2016) and a mountainous site in Europe (378 and 38 mg m yr; Cerqueira et al.,
2010) (Table 2). The total BC deposition rate of Nam Co Station was within the range of 6—
26 mg m2 yr'! observed in Svalbard, an Arctic site (Ruppel et al., 2014), but much lower than
that of the nearby Nam Co Lake core (260 mg m yr'!; Cong et al., 2013) because the lake
cores are mainly composed of sediment from the lake basin and addition to atmospheric

deposition (Li et al., 2017a).
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Regarding the nearby glaciers, the total deposition rate of BC at Nam Co Station (15.3
mg-m? yr') was comparable to that of the Zhadang glacier (20.0 mg m2 yr?) (Table 2).
However, the total deposition rate of WIOC at this station (329.2 mg m? yr') was
approximately 2 times higher than that of the Zhadang glacier (153 mg m? yr?), mainly
because this station is located at a relatively lower altitude than the glacier and experiences
lighter precipitation; thus, mineral dust sourced from the Himalayas and Tibetan Plateau
made relatively large contributions to the dry deposition rate of particulate carbon, especially
during the nonmonsoon period (Liu et al., 2017). Correspondingly, Lulang Station and its
nearby glacier, Demula Glacier, are located in the forest regions of the Southeast Himalayas
and Tibetan Plateau, with heavy precipitation (Lulang Station: 1010 mm; Demula Glacier:
842 mm (L. et al., 2016b)), and only a few dust storms occur every year. Therefore, the dry
deposition rates of WIOC and BC at Lulang Station are not as large as the rates of wet

deposition (Table 2).

3.3. Comparison between in situ and CAM5 model-derived BC deposition rates at Nam

Co Station

It is obvious that the dry deposition rates of WIOC and BC account for a large part of the
total deposition rates at Nam Co Station, especially during the nonmonsoon period when
precipitation is sparse (Figure 6). For example, the average ratio of the BC dry/wet deposition
rate at Nam Co Station was 1.6, which was far higher than that estimated by the Community
Atmosphere Model version 5 (CAMS5, ~0.1). Meanwhile, the BC dry, wet and total deposition
rates at Nam Co Station in this study were approximately 11, 0.7 and 1.7 times the results from
the CAM5 model (Zhang et al., 2015b), respectively, which suggested that CAMS5 probably
overestimated the wet deposition rate and underestimated the dry deposition rate. These different
results were attributed to a number of reasons. First, the model represents the mean
concentrations in the grid box and at the grid-mean elevation (1.9°x2.5°) (Zhang et al., 2015b),
which is-different from our in situ data based on one given site. Second, the model was based on
data from 2001, while our study was conducted from 2015 to 2017. Third, although the model

considered internal mixing between BC and fine-mode dust, it did not include BC from
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mineral dust of the Himalayas and Tibetan Plateau; rather, only BC from combustion
emissions. was considered (Zhang et al., 2015b), which we think was the most important
reason for the underestimation of dry deposition.

The importance of mineral dust to the carbonaceous matter of the Himalayas and
Tibetan Plateau has been proven by previous studies (Kang et al., 2016; Li et al., 2009; Liu et al.,
2017; Cao et al., 2009). Due to inertness, BC is widely distributed in soil dust (mineral dust).
For instance, the BC concentrations in surface soil in the northern part of the Himalayas and
Tibetan Plateau were 1.3 mg g* (Zhan et al., 2015); thus, soil dust can be an important
contributor of BC in aerosols. This contribution widely exists in the Himalayas and Tibetan
Plateau, especially in pre-monsoon season when dust storms occur (Li et al., 2017a). During this
period, the particle size of aerosols increases dramatically due to the contribution of mineral dust
from surface soil (Cong et al., 2009). Meanwhile, the dry deposition velocity increases rapidly
with the increasing particle size for particles larger than 2 um (Zhang et al., 2001). For
example, when the particle size is 3.8 um, the dry deposition velocity can be up to 3.0 cm s,
which is much higher than the constant (0.15 cm s™) used in a previous study (Fang et al.,
2015). Moreover, the modal size of the volume-size distribution in the Himalayas and
Tibetan Plateau is 39.8-48.3 um for local mineral dust and 11.5-13.4 um for long-range
transport eolian dust (Dong et al., 2016). This evidence suggests that the dry deposition
velocity in the Himalayas and Tibetan Plateau could be larger than that which has been
generally anticipated. Nevertheless, we think the in situ results we reported are closer to the
actual values and serve as reference data for other related studies, especially for those of Nam Co
Station with sparse local sources. Another issue needs to be noted is that, although no in situ dry
deposition data are available for Everest Station, it is proposed that dry deposition accounts for a
higher ratio at this station than that at Nam Co Station due to the light precipitation at Everest
Station (Figure S3), which can also be inferred from the fact that Everest Station has higher levels

of locally sourced fine particles than those of Nam Co Station (Liu et al., 2017).
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1. (Li et al., 2016a); 2. (Li et al., 2016b); 3. (Cong et al., 2013); 4. (Han et al., 2015); 5. (Bisiaux et al., 2012); 6. (Ruppel et
al., 2014); 7. (Huo et al., 2016); 8. (Cerqueira et al., 2010).

4. Conclusions and implications

Although there were some limitations, e.g., not every precipitation event was sampled,
and the dry deposition sampling at Nam Co Station covered only the non-monsoon period,
the results reported in this study can serve as reference values for model research in the future.
The wet deposition rates of WIOC and BC at Lulang Station were the highest among the
three stations because of the heavy precipitation and high atmospheric concentrations of
carbonaceous particles. The deposition data of WIOC and BC reported in this study are more
reliable and closer to the “actual” values than those of previous work based on the CAMS
model. The scavenging ratios of the Lulang and Everest stations were lower than those of
Nam Co Station, suggesting the influences of important local emissions (e.g. those from local
residents, vehicles and mineral dust) on the high concentration of atmospheric carbonaceous

matter.

The in situ measured dry deposition rates of WIOC and BC at Nam Co Station were 269
and-9:5 ‘mg m? yr?, respectively, during nonmonsoon season, approximately 4.5 and 1.6
times the wet deposition rates due to the locally sourced mineral dust. This result emphasizes
the importance of dry deposition at the Himalayas and Tibetan Plateau (especially during the
non-monsoon season), which has been greatly underestimated by previous modeling studies,
and this is an area of research that needs to be improved in the future. Similarly, the estimated
high dry. WIOC and BC deposition rates at the Everest Station suggested the importance of
dry deposition contributions to the total carbon deposition. Therefore, contrast to the results
of the models, this study suggests that the dry deposition rates of both WIOC and BC in the
Himalayas and Tibetan Plateau (especially in the northern and western parts) are as important
as or even higher than the wet deposition rates of WIOC and BC. Furthermore, the results of
this study. provide important implications for evaluating and improving the modeling of
deposition of carbonaceous aerosols in the Himalayas and Tibetan Plateau, as both the
precipitation and atmosphere deposition rates in the models are subjected to large

uncertainties (e.g., He et al., 2014a; Zhang et al., 2015b).
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Table 1. WIOC and BC concentrations and scavenging ratios in precipitation at three study

stations in the Himalayas and Tibetan Plateau (HTP) and other study regions in the world

WIOC (BC) concentration (ug

WIOC (BC) scavenging

Sampling site Site type Period Method Reference
LY ratio (106)
Nam Co HTP 2015-2017 192+258.6 (18.5+33.7) 0.42 (0.24) TOR This study
Lulang HTP 2015-2016 327+258 (34.3+35.3) 0.08 (0.06) TOR This study
Everest HTP 2015-2017 2484210 (13.5+14.5) 0.22 (0.09) TOR This study
Nam Co HTP 2006 4761565 (8+7) TOR 1
Zhadang glacier HTP 2013-2014 290 (37.9) TOT 2.3
Demula glacier HTP 2013-2014 198.5 (17.2) TOT 2,3
East Rongbuk HTP 2013-2014 82.9 (10.4) TOT 2,3
Tokyo, Japan Urban 2011-2012 657 (78.9) 0.81 (0.10) TOR 4
Two-step thermal
Paris, France Urban 1988-1990 851 (333) (0.15) 5
process
Sado, Japan Remote 20112012 274 (26) 1.24 (0.08) TOR 4
Schauinsland,
Mountain ~ 2003-2004 205+266 (28+38) 0.40 (0.17) Thermal-optical method 6
Germany
Sonnbick, Austria Mountain ~ 2003-2004 145 (5.2) 0.63 (0.18) Thermal-optical method 6
Auveiro, Portugal Rural 2003-2004 98456 (14+13) 0.06 (0.02) Thermal-optical method 6
K-Puszta, Hungary Rural 2003-2004 358 (24) 0.57 (0.04) Thermal-optical method 6
Northern Michigan Rural 1983-1985 (0.13) Thermal-optical method 7
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Table 2. Deposition rates of WIOC and BC at the three stations and other related sites

Annual wet (total)

Annual wet (total)

Sampling site Site type Period WIOC deposition rates ~ BC deposition rates Reference
(mg m?yr) (mg m?yr)
Nam Co HTP 2015-2017 60.2 (329.2) 5.8 (15.3) This study
Lulang HTP 2015-2016 330 (530) 34.6 (58.9) This study
Everest HTP 2015-2017 47.0 (99.1) 2.6 (9.7) This study
Zhadang glacier HTP 2013-2014 (153.0) (20.0) 1,2
Demula glacier HTP 2013-2014 (167.1) (14.5) 1,2
East Rongbuk HTP 2013-2014 (41.5) (5.2) 1,2
Nam Co Lake core HTP 1857-2009 (260) 3
Qinghai Lake core HTP 1770-2011 (270-390) 4
WDCO06A ice core West Antarctica ~ 1850-2000 ((16£2.7)*10°3) 5
DSSW19K ice core East Antarctic 1850-2000 ((13.5%2.7)*10%) 5
Holtedahlfonna ice
Svalbard, Arctic ~ 1700-2004 (6-26) 6
core
Tokyo, Japan Urban 2011-2012 676 59.8 7
Sado, Japan Remote 2011-2012 314 26.3 7
Aveiro, Portugal Rural 2003-2004 61 75 8
Schauinsland, Germany Mountain 2003-2004 378 38 8
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Figure 1. Location map of Nam Co, Lulang, and Everest stations and the nearby glaciers in

the Himalayas and Tibetan Plateau.
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Figure 2. Precipitation amounts at three study stations during the sampling periods. Note: the
red and black columns represent the collected and non-collected precipitation events,
respectively. Because Lulang Station is situated southeast of the Himalayas and Tibetan
Plateau, the monsoon period lasts longer than that at the other two stations (Tian et al., 2001;

Wuetal., 2012).
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Figure 3. Percentages of WIOC, BC and DOC in the precipitation and aerosols of three
stations-and the nearby snow pits in the study glacial region of the Himalayas and Tibetan
Plateau. Note: the concentrations of WIOC, BC and DOC in the three snow pits were from Li
et al., (2016b). The concentrations of WIOC, BC (after considering the influence of carbonate
carbon) and DOC in the Everest aerosols were from Cong et al., (2015); the WIOC and BC
concentrations in Lulang aerosols were from Zhao et al., (2013); the DOC concentration in

the Lulang aerosols was calculated from Zhao et al., (2013) and Li et al., (2016c).
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Figure 4. The relationship between WIOC and BC concentrations in precipitation with

Precipitation (mm)

precipitation amounts at the three study stations.
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Figure 5. Wet deposition rates of WIOC and BC at the three stations.
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Figure 6. Monthly variation in WIOC and BC dry and wet deposition rates at Nam Co
Station. Note: to facilitate comparisons, the wet and dry deposition rates were calculated
using a logarithmic algorithm after multiplying by 1000.
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