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ARTICLE INFO ABSTRACT

Keywords: Black carbon (BC), dust, and organic carbon (OC) aerosols, when deposited onto the surface of glaciers, can
Snowpack absorb light and decrease the snow albedo. These impurities in snow are referred to as ILAIs (i.e., insoluble light
Black carbon absorbing impurities). Atmospheric chemical models have been extensively used to simulate the transport and
gzitIPSO deposition of atmospheric aerosols in glacierized areas. However, systematic investigations of ILAIs in snowpack

of glaciers on the Tibetan Plateau (TP) are rare. In this study, observations of ILAIs in snow and simulations of
ILAIs of atmospheric aerosol at surface over four glaciers on the TP have been analyzed. Strong correlation
between BC and dust was found in surface aged-snow, and their correlation significantly varied with snowpit
depth. BC and OC concentrations in snowpit tended to decrease with depth. Significant differences of ILAI
concentrations among depth intervals reflect their diverse hydrophilicities, physiochemical properties and post-
depositional processes in snowpit, offering important observational constraints on the related processes. Monthly
variation of atmospheric ILAIs at surface over glaciers is characterized by distinct spatial heterogeneity. The
statistical results show higher ILAI concentrations in the summer of 2015 than 2014, which is in qualitative
agreement with CALIPSO observations, likely reflecting the effects of inter-annual variation of summer monsoon
on snow ILAI loadings. Optical attenuation (ATN) of BC is gradually decreased with depth of snowpit, whereas
the trend of mass absorption cross-section (MAC) of BC throughout the profile of snowpit is opposite to that of
ATN. The scanning electron microscopy (SEM) imaging demonstrates that calcium and silicon rich particles
dominate over biological, quartz and flying ash particles in the cryoconite, providing additional constraints on
the sources of dust-in-snow and can facilitate better understanding of the physicochemical properties and cli-
matic effects of particles in the glacial cryoconite.

Tibetan Plateau

focused on BC and other light-absorbing impurities (e.g., dust, brown
carbon (BrC), insoluble organic carbon (OC)) in the cryosphere and
atmosphere because of their strong climate effects and radiative for-
cings (e.g., Kaspari et al., 2014; Li et al., 2017, 2018; Lee and Kim,

1. Introduction

Black carbon (BC) is a major component of tiny soot particles gen-
erated by the incomplete combustion of raw coal, diesel oil, gasoline

and biomass fuel, which largely absorbs sunlight radiation (Bond et al.,
2013; Hadley and Kirchstetter, 2012). The deposition of BC on snow
and ice impacts the local and regional climate by altering solar radia-
tion balance through snow albedo change and associated albedo posi-
tive feedback effects (Ramanathan and Carmichael, 2008; Flanner
et al., 2007; Doherty et al., 2013; Qian et al., 2015; Schuckmann et al.,
2016; Niu et al., 2017a). Recently, there has extensive studies been

2010; Wang et al., 2015; Zhang et al., 2017, 2018; Kang et al., 2019).
Those impurity particles, primarily denotes insoluble light-absorbing
impurities (abbreviated as ILAISs), significantly contribute to snow and
glacier melt through various mechanisms, such as snow albedo decrease
and atmospheric warming caused by BC and other agents/particles. BC
has been demonstrated to be the third most important agent in clima-
tology behind carbon dioxide (CO,) and methane (CH,) (IPCC, 2013),
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with the estimated gross global anthropogenic-emissions of 7500 Gg
yr~! (uncertainty interval 2000-29,000 Gg yr~ ') and global radiative
forcing of approximately 1.1 W m™2 with large-uncertainty
(0.17-2.1 W m~2) (Bond et al., 2013; Jacobson, 2001; Gertler et al.,
2016; Liu et al., 2017). Dust particles originates from both anthro-
pogenic and natural sources, with anthropogenic activities which in-
volve agriculture, road, building industry, deforestation, etc. (Tegen
et al.,, 2004; Kaspari et al., 2015). Dust usually acts as efficient ice
nuclei in the polar ice/glacier (Si et al., 2018) and potentially influences
solar radiation (Bergin et al., 2017; Lee et al., 2013). Episodic deposi-
tion of mineral dust on alpine glaciers, much like BC decreases snow
albedo and inevitably possess impacts on water resource availability for
people residing downstream (Immerzeel et al., 2010) and meltwater
runoff (Qian et al., 2015; Skiles and Painter, 2018; Zhang et al., 2018),
and increase of snow melt in snow covered and glacierization areas
(Jacobson, 2005; Kaspari et al., 2014; Lau et al., 2010).

In recent years, a growing number of studies have evaluated the
effects of melt amplification of surface snow due to BC and OC de-
position (Aamaas et al., 2011; Doherty et al., 2013; Xu et al., 2012), and
particularly, examined their enrichment factors and scavenging effi-
ciencies (Niu et al., 2017b; Li et al., 2017; Yang et al., 2015), as well as
the vertical redistribution of BC (Flanner and Zender, 2006; Flanner
et al., 2007; Skeie et al., 2011) resulted from post-depositional pro-
cesses (e.g., sublimation, perturbation, infiltration, wind-driven
drifting) during the snowmelt season. The absorption of solar radiation
caused by ILAIs in snowpack facilitates snow grain size growth and
induces an earlier spring ablation (Flanner et al., 2007; Lee et al., 2013;
Niu et al., 2017b). A larger snow grain size would cause albedo re-
duction of surface snow at all wavelengths (Hadley and Kirchstetter,
2012; Warren and Wiscombe, 1980). Once snowpack starts to melt,
ILAI concentrations enriched at the snow surface (mostly within 4 cm in
depth) with BC and other impurities mixed inside (Conway et al., 1996;
Doherty et al., 2010; Doherty et al., 2013), further darkening snow,
transforming the absorbed energy into internal heat in snowpack, thus
largely warming the snowpack and driving glacial melt (Flanner et al.,
2007; Qian et al., 2015; Li et al., 2019). As snow melting progresses,
impurities in snow cover may be scavenged downward by the melt-
water to a specific depth, or left at the top of the snowpack, however,
the detailed mechanism of physiochemical processes (i.e. the rate and
processes of chemical changes (at the atomic level) in the snowpack due
to the disturbance of chemical or physical factors) of ILAIs in snowpack
is yet to be fully understood and is still a topic of active research.

The Tibetan Plateau, also named as “the Third Pole” (Yao et al.,
2012), is one of the most isolated and remote regions in the world,
which is an ideal and pristine research site for cryosphere and atmo-
spheric environments (Fig. 1). Glaciers and their meltwater in the
southeast of Tibetan Plateau (TP) play an important role in feeding
downstream rivers (Immerzeel et al., 2010; Gertler et al., 2016) and
snowmelt runoff (Lau et al., 2018; Qian et al., 2011), which sig-
nificantly impact the availability of fresh water resources and even food
security and livelihood of millions of residents living downstream of
those rivers. Therefore, a comprehensive study/comprehend of a series
of physicochemical related snow aging and post-depositional processes
is indispensable for a successful estimate of BC concentrations in gla-
ciers over the TP cryosphere (Xu et al., 2012; Ming et al., 2013; Ji,
2016; You et al., 2010), direct in-situ field observations and measure-
ments of ILAIs in snow and ice on glaciers in this region are still scarce
and very limited due to its harsh environment and severe logistic dif-
ficulties.

This study based on extensive field observations and measurements
of ILAI concentrations in snow/ice from four glaciers on the TP,
combing with modeled atmospheric ILAIs at surface over the four gla-
ciers in 2014 and 2015 using updated atmospheric chemical model, to
robustly evaluate model performance, post-depositional processes of
ILAIs in snow/ice, spatio-temporal pattern of ILAIs, optical properties of
BC in snowpack, as well as chemical composition and morphology of

Atmospheric Research 243 (2020) 105002

individual particles in glacier cryoconite, and tentatively propose pos-
sible schemes for the parameterization improvement and optimization
of atmospheric chemistry models.

2. Regional setting

The TP is the highest plateau in the world, with an area of over 3.6
million km? and the mean altitude of above 2500 m a.s.l. (Zhang et al.,
2014). Numerous mountain glaciers are widely distributed on the TP.
The southeast TP has two seasons: the rainy or monsoon season (Ju-
ne-September) and the non-monsoon season (October-May) (Niu et al.,
2014; Niu et al., 2016; Niu et al., 2018; Li et al., 2015, 2016), its climate
also has seasonal variations, i.e., the mean temperature in the monsoon
season is higher than that in the non-monsoon season; large amount of
annual rainfalls (more than 80%) occur during the monsoon season.
Largely, the seasonal pattern of temperatures at four glacier sites (see
below) on the TP is similar.

Mt. Yulong (26°59’-27°17’ N, 100°04’-100°15" E) in the southeast
TP, is also located in the transition region of altitude in China between
the first level and the second level, and in the joint zone of a three-river
fold system, the Songpan-Ganzi fold system. Sandstone and limestone
are the main lithologies in the Mt. Yulong region. Baishui glacier
(27°06’16” N; 100°11’44” E) is a typical temperate glacier on Mt.
Yulong that generally has higher energy/heat fluxes compared with
continental glaciers in the northern TP, especially at lower elevations of
the snow-covered and/or glacierized areas. The length and the area of
Baishui glacier is 1.90 km and 1.32 km?, respectively. The height of the
balance line of Baishui glacier is 4850 m, and the glacial melting rate is
9.20-9.90 cm d ™! during the ablation period (mainly in Jun.-Sep). The
climate of Mt. Yulong is affected by multiple circulation systems, such
as the South Asian monsoon, plateau monsoon, and westerly wind.
Winter in Mt. Yulong is mainly controlled by the westerly circulation,
forming a dry climate with little rainfall; during the summer monsoon,
the warm and humid air from the Indian Ocean in the southwest is
blocked by the Hengduan Mountains, and then the air mass detours
from the southeast and arrives at Mt. Yulong. Annual precipitation in
the Mt. Yulong exceeds 2000 mm. Zhadang (ZD) glacier (30°28’ N,
90°38’ E) lies in the southern TP, with its length of 1.8 km, area of
2.58 km? and the highest elevation of 5980 m a.s.l.. Based on the
physical properties of this glacier, it can be classified as a continental
glacier. Recent study has shown that the terminal of the ZD glacier is
shrinking with a rate of 10.0 m yr‘1 (Li et al., 2018). Xiaodongkemadi
(XDKMD or XDK) glacier (33°04’ N, 92°04’ E) located on Mountain
Tanggula, in the central of TP, is a typical continental and valley gla-
cier, with the average atmospheric temperature above 0 °C during Ju-
ne-September each year and large amount of rainfall occurs at this
period (Li et al., 2017). The area of XDK glacier is about 1.6 km? and its
mean elevation is approximately 5500 m asl. Laohugou (LHG) glacier
(39°30’ N, 96°32’ E) located at the west of Qilian Mountain, and the
northern edge of TP. There are many continental glaciers in Qilian
Mountain and they have been experiencing rapid retreat during the last
50 years (Wang et al., 2011). LHG No. 12 glacier is one of the largest
valley glaciers on Qilian Mountain, which has an area of 21.9 km?. The
terminal elevation of LHG No. 12 is 4260 m asl.

3. Materials and methods
3.1. In-situ snow sampling

The measured ILAI data used in this work was absolutely based on
extensive field observations and sample collection during the pre-
monsoon (e.g., April, May) or spring and monsoon season (Jun.-Sep.) in
2015, 2016, 2017, and 2018 (Table S1). The measured samples pri-
marily include snowpit samples and surface aged-snow samples from
Baishui glacier on Mt. Yulong and other three glaciers (ZD, DKMD,
LHG) on the TP. Snowpits were excavated consecutively during each
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Fig. 1. The location of Mt. Yulong, Laohugou (LHG), Xiaodongkemadi (XDKMD), and Zhadang (ZD) glaciers on the Tibetan Plateau.

field campaign of 2015-2018, mostly at the same site (27°06'16.3” N;
100°11’44.4” E) at an altitude of 4700 m asl. Snowpit samples were
collected continuously at an interval of 10 cm from the top to the
bottom of snowpit profiles, snow samples were collected immediately
each time after the pit was dug. Finally, 13 snowpits and 190 snowpit
samples were measured and used in this study. Surface aged-snow
samples (about 7 cm in depth on glacier surface) were collected broadly
from multiple elevations (in the range of 4600-4780 m asl) of Baishui
glacier in the spring season in 2015-2018. In addition, cryoconite
samples were collected according to elevation gradient (50 m) on
Baishui glacier during field campaigns. A total of 160 surface aged-
snow samples were analyzed in this study. The maximum depth/
thickness of snowpit that occurred in the early spring season in Mt.
Yulong was nearly 3.5 m.

All the samples were packed in Whirl-Pak® bags (500 ml in capa-
city) and filtrated immediately after melting at ambient temperature.
The melted samples were evenly shaken before they were filtered
through the pre-baked quartz filters (baked earlier for 6 h at 550 °C)
(Whatman® quartz filter, 47 mm in diameter) using a vacuum pump.
Afterwards, the filtered samples were wrapped in aluminium foil and
kept frozen, and then transported to the State Key Laboratory of
Cryospheric Science in Lanzhou for the final lab analysis. The sampling
glass bottles, and mini snow shovels were baked prior to they were used
in sample collection to avoid possible contamination to snow samples.
The analysis method of ILAIs and other relevant measurements are
provided in the supplementary material. Snow OC and BC on the quartz
filters were measured using a Desert Research Institute (DRI) Model
2001 Thermal/Optical reflectance Carbon Analyzer (Atmoslytic Inc.,
Calabasas, California). Accurate measurement of ILAIs concentrations
in snow is crucial for the assessment of their climatic impacts. Actually,
there are some biases in the measurement of BC and OC in snow, using
a thermal-optical transmittance method. This method can cause the
underestimation of BC concentrations in snow because the efficiency of
the quartz fiber filter decreases with decreasing BC diameter. On the

other hand, the thermal-optical method causes the overestimation of BC
concentrations partly due to pyrolyzation of some OC in snow samples
during the initial heating steps, and finally the pyrolyzed OC was de-
termined as BC due to BC-like light absorption (Lim et al., 2014). In
addition, dust concentrations in snow samples were measured using a
gravimetric approach by weighing the dried quartz fiber membranes
with a high precision scale (Liangping-FA2004, uncertainty: 0.1 mg) to
get the mass difference before and after the filtration of snow samples.

3.2. WRF-Chem model

A fully online meteorology-chemistry model (WRF-Chem), updated by
PNNL scientists, is used to conduct multiyear quasi-global simulations with
360 x 145 grid cells (180° W-180° E, 67.5° S-77.5° N) at 1° horizontal
resolution. The simulation is configured with 35 vertical layers up to
50 hPa. For model physics, we used a set of selected schemes including the
Noah land surface scheme, MYJ (Mellor-Yamada-Janjic) planetary
boundary layer scheme, Kain-Fritsch cumulus scheme, Morrison 2-mo-
ment microphysics scheme, and RRTMG longwave and shortwave radia-
tion schemes. National Center for Environmental Prediction final analysis
(NCEP/FNL) data at 1° horizontal resolution and 6 h temporal intervals is
used for the meteorological initial and lateral meridional boundary con-
dition as well as for nudging u and v winds every 6 h. Periodic boundary
conditions in the zonal direction are employed.

We used the MOSAIC (Model for Simulation Aerosol Interactions
and Chemistry) aerosol module (Zaveri et al., 2008) coupled with the
CBM-Z (carbon bond mechanism) photochemical mechanism (Zaveri
and Peters, 1999) for aerosol simulation in this study. The MOSAIC
aerosol scheme includes physical and chemical processes of nucleation,
condensation, coagulation, aqueous phase chemistry, and water uptake
by aerosols and simulates all major aerosol components in eight size
bins. The details of these aerosol process parameterizations are pro-
vided in Zhao et al. (2013a). REanalysis of the TROpospheric (RETRO)
chemical composition inventories (Schultz et al., 2007) is used for
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Fig. 2. Correlations between measured BC, dust concentrations in surface aged-snow and five depth bins of snowpit from Mt. Yulong.

anthropogenic emission fluxes globally; except over East Asia and the
United States. China emission inventory for 2010 described by Lu et al.
(2011) at a 0.1° x 0.1° horizontal spatial resolution and a monthly
temporal resolution for the simulation period is used over China for BC,
organic matter (OM), and sulfate emissions in the simulations. The
Asian emission inventory described by Zhang et al. (2009) at
0.5° x 0.5° horizontal resolution for 2006 is used for other particulate
emissions over remaining regions of East Asia. Anthropogenic emissions

from the National Emission Inventory (NEI) 2011 are used over USA.
Biogenic emissions are calculated following Guenther et al. (1994).
Biomass burning emissions are obtained from the Global Fire Emissions
Database, version 3 (GFEDv3) and updated every day. Sea-salt emission
follows Zhao et al. (2013b). Goddard Chemical Aerosol Radiation
Transport (GOCART) dust emission scheme (Ginoux et al., 2001) is used
to calculate dust emissions. The simulated meteorology and detailed 3-
D aerosol distribution over Asia are evaluated with various reanalysis
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Fig. 3. Regression analyses between measured BC, OC concentrations in surface aged-snow and three depth bins of snowpit from Mt. Yulong.

and observational data sets (Hu et al., 2016; Sarangi et al., 2019).
Three-hourly, simulated surface concentrations of BC, OC and dust in
atmospheric aerosol from this Quasi-global channel WRF-Chem simu-
lation are used for analysis over the four study sites (100° E, 90° E, 92°
E, 96° E and 27° N, 30° N, 33° N, 39° N; 4700 m, 5750 m, 5600 m,
4137 m) during summer season (May to August) of 2014 and 2015.

3.3. CALIPSO detects of aerosol

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite measures global aerosol profile data.
CALIPSO offers the global measurement of the three-dimensional dis-
tribution of aerosol (Niu et al., 2019). It has a series of 16-day orbit
repeat-cycle (Ziskin, 2016). The CALIOP data set has been gridded in a
3-D grid of 1° latitude x 1° longitude X 200 m altitude in this study.
The particulate depolarization ratio (from the 532 nm channel) and
aerosol extinction coefficient at 1064 nm are used to investigate vertical
distribution and structure of aerosol and/or aerosol layer over this re-
gion.

4. Results and discussion

4.1. The correlation of ILAI concentrations in snowpit and surface snow
Correlation analysis between measured BC and dust in snowpit was

extensively conducted. The results indicated that there exist strong

relations between BC and dust (R> = 0.78, p < .05) (Fig. 2). This
finding suggests that BC and dust in surface snowpack are closely co-

existed, probably by/in the forms of internally or externally mixed,
which is largely associated with snow/firn grain metamorphism and
densification (e.g., Bond et al., 2006; Cappa et al., 2012; Dang et al.,
2016; Liou et al., 2014). To evaluate the evolution of BC and dust
concentrations, and their physiochemical processes in snowpack, we
further performed a detailed regression analysis of BC and dust con-
centrations in vertical profiles of snowpack. The whole profile of each
snowpit was divided into several depth bins at an interval of 50 cm and
correlation of BC and dust in each depth bin were investigated step by
step. Because the depth of snowpits was mostly less than 3 m, so we
only statistically processed data for snowpits within 3 m. It is noticeable
that the correlation between BC and dust varied with increasing depth
of snowpit (Fig. 2); R*> = 0.69 (for 0.0-0.5 m depth), R*> = 0.66
(1.5-2.0 m), R?> = 0.53 (2.0-2.5 m), while the lowest correlation
coefficient value (R?> = 0.26) was obtained for 1.0-1.5 m depth which
suggests the leaching and percolation processes (e.g., Wipf et al., 2015;
Tranter et al., 1992; Xu et al., 2009) might have played a discernable
role in snowpit when its depth is deeper than 1.5 m. Generally, BC is
emitted from anthropogenic sources, while dust particles are emitted
from anthropogenic and natural sources. Moreover, the sizes of dust
particles are larger than BC particles, which can be efficiently removed
by dry deposition. Taking these factors into account, poor correlations
between BC and dust in snow layer are caused by not only leaching and
percolation processes, but also the differences of their sources and de-
position processes (wet and dry processes). Therefore, evolution of the
correlation between BC and dust in vertical snowpack during the
snowmelt season actually cannot be revealed by prevalent atmospheric
models. The difference in the extent of correlation between BC and dust
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Fig. 4. Vertical distribution of BC and dust in snowpits collected on 14 June 2017 (a, b) and 22 June 2017 (c, d).

was primarily due to their different water solubilities and scavenging
efficiencies (by the snowmelt). Besides the correlation between BC and
dust in diverse snow samples, we conducted regression analyses for BC
and OC in surface aged-snow and snowpits. Results revealed that there
is apparent difference between the extents of correlation of BC-OC in
surface aged-snow and in snowpits. BC and OC in surface aged-snow
have strong correlation with coefficient R? =0.89 (Fig. 3), similar with
correlation between BC and dust found in surface aged-snow. High
correlation between BC and OC in surface aged-snow of glaciers reflects
their common emission-sources (Wang et al., 2015; Niu et al., 2017b).
However, for snowpit samples, correlation between BC and OC varied
significantly in different depth bins/intervals. In contrast to the ob-
served correlation between BC and dust in snowpits, the correlation
between BC and OC in vertical snowpit is very weak when the depth of

snowpit less than 2.0 m. At the same time, the correlation between BC
and OC is even as strong as found in surface aged-snow (R? = 0.89,
p < .01) for snowpit samples at 2.0-2.5 m and 2.5-3.0 m depth in-
tervals (Fig. 3). This is an interesting and novel finding, which clearly
manifests the evolution of correlation between BC and OC in the profile
of snowpits, and indirectly reveals the physiochemical processes of BC
and OC in snowpit. Therefore, combing with correlation analysis of BC,
dust, and OC in snowpack, it is notable that at the bottom/lower frac-
tions of snowpits, there exist strong correlations between BC and dust,
BC and OC, which were probably resulted from a series of post-de-
positional processes in snowpits, such as extensive leaching, percola-
tion, and meltwater scavenging effects during the snow melting season;
while also partially indicating about their common source in snowpack.
Moreover, previous studies demonstrated that the scavenging



H. Niu, et al.

BC (ngg™)

Atmospheric Research 243 (2020) 105002

OC (ng g-l) Dust (ppm)
0 500 1000 1500 0 1300 2600 3900 0 I5 30 45 60 75
0‘0 1 1 1 00 1 1 1 00 1 1 1 1
1 14 1 -
20] 21 24
37 L 3 o 3 o
A4 1 44 4 4
5 urs 5 5
’E .6 \7 _ .6 ~ .6
= A r = 7 o =
g 8- ( B 8- & 8-
a o
9 4 \—‘ SR 9 4
1.0 — 1.0 1 1.0
1.1 4 I:1 1.1 4
1.2+ L2 4 12 4
1354 1.3 4 13 4
1.4 1.4 1.4
1.5 135 135
5| .
BC(ngg ) OC(ngg I) Dust (ppm)
0 400 800 1200 1600 0 800 1600 2400 0 15 30 45 60
0.0 1 1 L 0.0 1 1 1 0.0 /[ 1 1
I 7 1 1A
Yig 2 1 2 9
.3 ] 3 5 3 A
4 1 4 1 4
E s E 5 E 5
E= 5 =
g; 6 1 g 6 Q& 6
MEL ‘ i 7
8 —— 8 - 8 1
9 1 9 4 9 1
1.0 1.0 1.0
1.1 1.1

1.1

Fig. 5. Vertical distribution of BC, dust, and OC concentrations in snowpits collected on 3 June 2016 (upper panel) and 17 April 2018 (lower panel) from Mt. Yulong.

efficiencies of BC and OC in vertical snowpack are closely associated
with their hydrophilicity (e.g., Doherty et al., 2010; Niu et al., 2017b).
It is important to understand the re-distribution of ILAI particles into
the snowpack by physiochemical processes and post-depositional pro-
cess. Based on field observations, the surface temperature of snowpack
on Mt. Yulong has been measured for several times during the sampling
campaign (mostly in May-June), the average surface temperature of
snowpack was 0.26 + 0.18 °C (Table S2). Thus, the surface snow melts
and physiochemical processes and post-depositional processes might be
occuring, and the re-distribution of ILAI particles in the snowpack was
dominated by extensive snow melting.

In addition, vertical distribution of BC and dust in snowpit has been
performed and the results are shown in Fig. 4. By taking the profile of
each snowpit as a unity, the concentration of impurities in snowpit
consecutively distributed along the vertical profile. As demonstrated in
Fig. 4, the profile of BC and dust concentrations in snowpit is consistent
with each other, particularly, the high and low values of BC and dust
resultant of the enrichment and scavenging effects are in phase. Similar

results can also be found in snowpit sampled in May and June 2016
(Fig. S1). Therefore, strong correlation between BC and dust in snowpit
(showed in Fig. 2) can be further verified by their vertical distribution.
The robust correlations and consistent profiles between BC and dust
emphasize their common origin sources or similar post-depositional
enrichment and scavenging/leaching processes in snowpit. Exceptional
high BC and dust contents in snowpit at depths of 1.5 m and 2.2 m
measured on 14 June 2017 (Fig. 4a, b), and 0.6 and 1.7 m measured on
22 June 2017 (Fig. 4c, d) might be result of dust/firn storm layers and/
or the outcome of post-depositional enrichment effect.

The vertical distribution of BC, OC and dust concentrations was
further investigated for snowpits excavated on 3 June 2016 and 17
April 2018. Results demonstrate that the relative change of those im-
purities along the profiles of snowpits is uniform (Fig. 5), their vertical
distribution along the profiles of snowpits is nearly identical, which is
somewhat different from the results of correlation and statistical ana-
lyses of ILAIs in different depth intervals of snowpit.
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Table 1
Statistical results of multiple comparisons for BC concentrations in five depth-intervals of snowpit using LSD method.
[0))] (8)) Mean difference (I-J) Std. error Sig. 95% confidence interval
Lower bounder Upper bounder
0.0-0.5m 0.5-1.0 86.9481 214.796 0.687 —342.157 516.053
1.0-1.5 341.171 214.796 0.117 —87.933 770.276
1.5-2.0 650.002* 214.796 0.004 220.897 1079.107
2.0-2.5 525.529* 218.888 0.019 88.249 962.808
0.5-1.0 0.0-0.5 —86.948 214.796 0.687 —516.053 342.157
1.0-1.5 254.223 214.796 0.241 —174.882 683.328
1.5-2.0 563.054* 214.796 0.011 133.949 992.159
2.0-2.5 438.581* 218.888 0.039 1.301 875.859
1.0-1.5 0.0-0.5 —341.171 214.796 0.117 —770.276 87.933
0.5-1.0 —254.223 214.796 0.241 —683.328 174.882
1.5-2.0 308.831 214.796 0.155 —120.274 737.936
2.0-2.5 184.357 218.888 0.403 —252.922 621.636
1.5-2.0 0.0-0.5 —650.002* 214.796 0.004 —1079.107 —220.897
0.5-1.0 —563.054* 214.796 0.011 —992.159 —133.949
1.0-1.5 —308.831 214.796 0.155 —737.936 120.274
2.0-2.5 —124.473 218.888 0.572 —561.753 312.805
2.0-2.5 0.0-0.5 —525.529* 218.888 0.019 —962.808 —88.249
0.5-1.0 —438.581* 218.888 0.049 —875.859 —1.301
1.0-1.5 —184.357 218.888 0.403 —621.636 252.922
1.5-2.0 124.474 218.888 0.572 —312.806 561.753

Bold indicates the mean difference is significant at the 0.05 level.
* The mean difference is significant at the 0.05 level.

4.2. Statistical analysis of ILAIs in snowpit

In this section, statistical analysis of the average BC, OC, and dust
concentrations in snowpit have been conducted. The average ILAI

According to the correlation analysis of BC, dust, and OC in snowpit, concentrations in surface aged-snow were almost five folds higher than
their correlations were significantly varied with the depth of snowpit. those in snowpit, thus, in order to make it convenient for the
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comparison, we only compare the average ILAI concentrations in six
depth-intervals of snowpit as presented in Fig. 6. Statistical results show
that the average dust concentrations sharply decreased in snowpit for
the depth deeper than 2.0 m. At the bottom of snowpit (depth in the
range of 2.5-3.0 m), snowpit samples have the lowest average impurity
concentration (Fig. 6a, b, c). The average BC concentrations in six depth
intervals were dynamically varied; higher BC concentrations were de-
tected in depth intervals of 0.5-1.0 m and 1.0-1.5 m in snowpit, which
might be due to post-depositional enrichment processes. However,
below the depth of 1.5 m, BC concentrations significantly decreased.
Mean OC concentrations consecutively decreased from top to bottom of
snowpits because of strong melt-scavenging effect. In addition, photo-
lysis effect of dissolved OC in snowmelt causes considerable decrease of
OC contents in snowpit during the snow melting season (Anderson
et al., 2008; Molot and Dillon, 1997; Niu et al., 2017b). The ratio of OC
to BC (OC/BC) in snowpit nearly has no apparent variation, its highest
value was found in snow samples of 1.5-2.0 m interval in snowpit
(Fig. 6d). The OC/BC ratio in snowpit was significantly lower than that
in surface aged-snow (3.61 = 0.28) on Mt. Yulong, this can be attrib-
uted to different melt strengths of surface snow and snowpit samples as
well as different water-solubilities (and/or enrichment, melt-scaven-
ging efficiencies) of BC and OC. Moreover, the ILAI concentrations in
snow are also strongly influenced by their transport, precipitation
amount, and deposition process, which might pose positive effects on
the characteristics of ILAIs in six-depth intervals of snowpit. However,
there is no quantitative information on these processes currently. Ex-
tensive in-situ field observations and measurements over the mountain
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glaciers are needed to get more robust conclusions.

To make sure whether significant difference exists in between BC,
OC and dust concentrations at different intervals of snowpit, plentiful
research and statistical analysis have been specifically conducted in this
sub-section. Results indicate that BC concentrations in snowpit samples
of five depth intervals were significantly different (Table S3).
Particularly, significant difference of BC concentrations was found be-
tween depth intervals of 0.0-0.5 m and 1.5-2.0 m (p = .004), between
0.0 and 0.5 m and 2.0-2.5 m (p = .019). For BC concentrations in
snowpit samples of 0.5-1.0 m depth interval, there was significant
difference with those of 1.5-2.0 m (p = .011) and 2.0-2.5m (p = .039)
(Table 1). However, no significant difference among five depth inter-
vals was found for dust concentrations in snowpit by statistical ANOVA
method (Table S4). Statistical results of multiple comparisons for dust
concentrations in five depth intervals of snowpit are shown in Table S5.
Moreover, OC concentrations in snowpit of different depth intervals
have significant difference (p = .04) as demonstrated in Table S6.
Multiple comparisons for OC concentrations in five depth intervals of
snowpit have been conducted to further investigate significant differ-
ence among depth intervals. Results show that the mean difference of
OC concentrations between depth intervals of 0.0-0.5 m and 1.5-2.0 m
(p = .012), 0.0-0.5 m and 2.0-2.5 m (p = .046) was significant (Table
S7), respectively. In addition, between depth intervals of 0.5-1.0 m and
1.5-2.0 m of snowpit, OC concentrations were significantly different
(p = .015). Therefore, discrepancies in significant difference of BC and
OC, and dust concentrations among different depth intervals reflect
their different hydrophilicities, physiochemical properties, and post-
depositional processes in snowpit.

4.3. Changes in optical properties of BC in vertical snowpack

The absorption signal of thermal EC (also termed as BC) can be
reflected by optical-attenuation (ATN), based on the transmittance
signal during the filter measurement. Compared with the ATN of blank
filter (0.00 = 0.01) (Cheng et al., 2011), the derived ATN value of
particle-loaded filter is usually attributed to the existence of BC parti-
cles. The mass absorption cross-section (MAC) of BC is calculated
through the ATN and the amount of EC loaded on the quartz filter, the
uncertainty in estimating MAC was = 7%. Detailed information on ATN
and BC MAC is given in the Supplementary Information. ATN and MAC
of BC have been statistically determined for surface aged-snow and
snowpit samples. Results indicate that from the surface to the bottom of
snowpit, ATN values were gradually decreased vertically with depth.
Surface aged-snow has the highest ATN value (0.25 + 0.012), whereas
snow samples from the bottom of snowpit (2.0-2.5 m) have the lowest
ATN value (0.16 + 0.018) (Fig. 7). However, for MAC of BC, it in-
creased with depth increment from the surface to the bottom of
snowpit. Snow samples of 2.0-2.5 depth interval have the highest BC
MAC value (5.20 + 1.05 m? g™ 1. Thus, the trend of BC MAC
throughout the profile of snowpit is opposite to that of ATN in snow-
pack. This is an interesting scientific phenomenon which reflects the
variation of optical properties of BC in snowpack/snowpit. Lower BC
MAC values detected in surface aged-snow are probably due to strong
photo-chemical reactions (one of the post-depositional processes),
which is caused by the absorption of photons by BC molecules, when BC
was exposed at the surface of glaciers during glacier ablation season
(Mopper and Kieber, 2002). Variations of the optical properties of BC in
vertical snowpack might have occurred due to the different melt
strengths of snowpack at various depths. In addition, external coating
by non-carbon components (e.g., dust, sulphate, and nitrate) can en-
hance BC MAC which can be termed as absorption amplification/en-
hancement (e.g., Schnaiter et al., 2005; Knox et al., 2009; Niu et al.,
2018). The extent of internal-mixing of BC with other species can also
affect BC MAC value (Cappa et al., 2012; Jacobson, 2001). BC MAC is
an important parameter for predicting climate forcing of BC-in-snow.
The findings of this study indicate that current estimations of climate
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Fig. 8. Spatial difference of ILAIs concentrations in atmospheric aerosol at surface over the four glaciers (a, b, ¢) and in the surface-aged snow of glaciers (d, e, f) on
the TP. The average ILAI contents in surface-aged snow of ZD glacier (Li et al., 2018), XDKMD glacier (Li et al., 2017), LHG glacier (Zhang et al., 2017), and Baishui

glacier on Mt. Yulong (YL) are presented in the figure.

forcing induced by BC might be overestimated because usually larger
BC MAC value (7.5 m? g~ 1) is employed in radiative transfer models
(e.g., Aoki et al., 1999; Nordmann et al., 2013; Jacobi et al., 2015). The
multiple variations of ATN and MAC in vertical profile of snowpack
suggest it is necessary for a proper parameterization/optimization of
light absorption property of BC, particularly in estimating BC radiative
forcing on a regional/global scale.

4.4. Spatial and annual difference of ILAIs in snow of glaciers

Based on simulated and measured ILAI concentrations in atmo-
spheric aerosol and surface-aged snow, spatial difference of ILAIs in
snow and atmospheric aerosol over the four glaciers on the TP has been
performed. Results indicate that BC and OC concentrations of atmo-
spheric aerosol over the surface of the four glaciers are sharply de-
creased from the south (Mt. Yulong) to the north (LHG glacier) of the
TP (Fig. 8a, b). Whereas atmospheric dust concentrations over the
surface of glaciers are rapidly increased from the south to the north of
the TP, this is relatively easy to comprehend because glaciers located in
the north of the TP, are close to arid or semi-arid regions, where are
well-known as dust source regions. Additionally, the measured ILAI
concentrations in surface aged-snow over the measurement locations
(Fig. 8d, e, f) present distinct spatial pattern, which is consistent with
the pattern derived from the modeled results (Fig. 8a, b, c). The spatial
distribution of ILAI contents in surface-aged snow show that LHG gla-
cier has the highest BC, OC, and dust concentration among the four
investigated glaciers, followed by high BC and OC contents in snow of
Yulong glacier. Deposition of atmospheric pollutants from local an-
thropogenic activities at Mt. Yulong and long-range transport from
south Asia account for relatively high impurity contents in surface-aged
snow on Mt. Yulong.

Simulated Atmospheric BC, dust and OC concentrations at surface
over the four glaciers in May-August 2014 and 2015 have been em-
ployed to investigate monthly variation and annual difference.
Statistical results show that from May to August, concentrations of ILAIs
were significantly decreased both in 2014 and 2015 (Fig. 9).

10

Atmospheric aerosol at surface over the Mt. Yulong in May 2014 and
2015 has the highest ILAI concentration and sharply decreased in June,
whereas from June to August, ILAI concentrations were gradually de-
creased, in August snow samples nearly have the lowest ILAI con-
centration, especially in 2014. Monthly variations of atmospheric BC,
OC, and dust concentrations at surface over the four glaciers were
consistent with each other either in 2014 or in 2015. Additionally,
monthly variation of atmospheric ILAIs at surface over ZD, DKMD, and
LHG glaciers has also been investigated. Compared to monthly trend of
ILAIs at Mt. Yulong, similar monthly variation of ILAIs can be detected
at DKMD glacier (Fig. S2) and ZD glacier (Fig. S3), i.e., ILAI con-
centrations have been significantly decreasing from May to August both
in 2014 and in 2015. However, monthly variation of atmospheric ILAIs
at surface over LHG glacier was different from that over Mt. Yulong and
the other two glaciers (Fig. S4). There was no decreasing trend of at-
mospheric ILAI contents from May to August at surface over the LHG
glacier, except dust content. This phenomenon indicates that the sea-
sonality of ILAIs in atmosphere at surface over the glaciers on the TP is
characterized by distinct spatial heterogeneity, particularly for those
glaciers located in the south and north of the TP. Numerous factors can
interpret this phenomenon, such as the geo-location, topography, pre-
cipitation, as well as the intensity of local anthropogenic activities, etc.
Furthermore, atmospheric ILAI concentrations at surface over the gla-
ciers in May-August 2015 were apparently higher than those in 2014
(Figs. 9, S2, S3), which suggests much stronger deposition of carbo-
naceous aerosol and/or airborne dust particles in 2014 on snow/ice of
glaciers over the TP, probably because of annual changes in emission
sources of carbonaceous aerosol and/or annual changes in the con-
tribution of diverse emission divisions or sources (Wang et al., 2015).

With the purpose of evaluating model performance in simulating im-
purities deposited in snow and ice, regression analysis between simulated
values and measured concentrations of ILAI in atmospheric aerosol at
surface and snow from Mt. Yulong and LHG glacier No. 12 has been
conducted. Results presented in Fig. 10 show that there exists strong
correlation between simulated and measured BC concentrations
(R? 0.78), as well as between simulated and measured OC
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Fig. 9. Monthly and annual differences of the modeled BC, dust, and OC concentrations in aerosol at surface over Mt. Yulong in May-August in 2014 and 2015.

concentrations (R> = 0.67) in surface snow on Mt. Yulong. However,
correlation between simulated and measured dust concentrations
(R?> = 0.39) was not as strong as those of BC and OC. The modeled at-
mospheric ILAI concentrations were underestimated. For example, the
measured average BC and OC concentrations in Mt. Yulong aerosol were
1.51 * 0.93 and 2.57 + 1.32 pg m~ 3, respectively (Niu et al., 2018),
which significantly higher than modeled BC (0.17 + 0.01 pyg m~>) and OC
(1.11 + 0.41 ug m~>) concentrations of atmospheric aerosol over this
region. Regarding LHG glacier, close correlation is found between mea-
sured and modeled BC concentrations (R? = 0.56) and OC concentrations
(R? = 0.64) (Fig. 10). However, correlation between measured and
modeled dust concentrations in LHG glacier was relatively good, with
R? = 0.54 (p < .01), this is probably due to extensive dust emissions over
LHG region, where is close to arid and semi-arid desert region in northern
China.

Similarly, correlation analysis for the simulated BC and dust, BC and
OC concentrations in atmospheric aerosol over the study area has been
performed. Results show that there exist strong correlation between the
modeled BC and OC concentrations (R? = 0.93) at Mt. Yulong
(Fig. 11b), significantly consistent with the result found for the

11

measured BC and OC concentrations in surface aged-snow as shown in
Fig. 3. Moreover, correlation between modeled atmospheric BC and
dust concentrations at ZD, XDKMD, and LHG glaciers has also been
found (Fig. 11c, e, g). Similarly, results show correlation between them
are relatively weak, except at LHG glacier (R* = 0.47), which indicates
that the updated WRF-Chem model can well simulate dust and other
ILAI concentrations in atmospheric aerosol over glacier regions close to
or surrounded by emission sources of dust, such as arid or semi-arid
region. Previous study reported that dust deposited on glaciers has
complex sources, for example, local rock weathering is an important
process for mineral dust particles in snow of Baishui glacier (Niu et al.,
2014b). The coarse spatial resolution used in the model might also be
inherently underestimating these local emission sources. Therefore,
observation-constrained modeling is needed in future studies to reduce
model biases and/or uncertainties in simulating ILAI concentrations in
surface snow of glaciers on the TP.

CALIPSO measurements indicate that there exists a large amount of
tropospheric aerosol over the west, south and north of the TP. In the
western TP, there is a striking aerosol layer with altitude ranges from
0.5 to 6.0 km (Fig. 12a, b). Strong aerosol or dust signals are detected
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over Afghanistan, Pakistan, the north Arabian Sea, the west coast of
India, Bay of Bengal, and the northern TP. Moreover, tropospheric
aerosol vertically extended up to 8 km over the Asian Summer Monsoon
region (Fig. 12). Thus atmospheric aerosols are ubiquitously distributed
over the TP. The mean depolarization ratio of aerosol particles at wa-
velength of 532 nm in May-August 2015 was higher than that in 2014.
Similarly, values of aerosol extinction coefficient at 1064 nm in
May-August 2015 (Figs. S5b, d) were higher than those in 2014 (Figs.
S5a, c). Atmospheric aerosol in the vertical troposphere was extensively
distributed over the southern and western TP, and Asia. Therefore,
annual difference of ILAIs in aerosol at surface over the glaciers (e.g.,
Figs. 9, S4) was largely in agreement with the disparity of tropospheric
aerosol distribution in 2014 and 2015, as demonstrated from CALIPSO
measurements (Figs. 12, S5). Previous studies proposed that atmo-
spheric ILAIs transported by southwest monsoon, can reach to higher
elevations in the troposphere and deposited on the glaciers over the TP
(Qian et al., 2011; Niu et al., 2019). When ILAIs in the atmosphere
absorbs solar radiation, the surface snow of glaciers contaminated by
ILAIs absorbs more solar light and further heats the glacier surface.
These effects strengthen the upward movement of the atmosphere and
promote deep convection along the TP, whereas variations in atmo-
spheric deep convection are the primary reason for vertical distribution
of troposphere aerosol (Rajeevan et al., 2013).

4.5. Chemical composition of individual particles

SEM-EDX analysis is extensively used to observe and investigate the
morphology and chemical composition of individual particles in cryo-
conite samples from Baishui glacier. Elemental signals and composition
derived from SEM-EDX analysis for cryoconite samples are shown in
Fig. S6. It is clear that there are abundant calcium and oxygen and
diverse mineral elements in the cryoconite samples from Mt. Yulong.
Based on extensive SEM-EDX observations and measurements, particle
types and chemical composition of cryoconite particles were de-
termined and illustrated in Table 2. Results indicated that calcium and
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silicon rich particles dominate over other elements. Individual particles
can be categorized into five types according to their chemical compo-
sition and morphology derived from SEM-EDX analysis. They are
composed of different mineral substances. Apart from particles rich in
Ca, O, and Si element, Cu, C Au-rich particles are also considerably
existed in the cryoconite samples. Chemical composition of cryoconite
samples indicates the presence of carbonates, soot, tarball particles and
other minerals in the cryoconite. It was reported that soot particle
featured by the large aggregations of chain-type spherulites and clusters
(Kocbach et al., 2006), they are typical particles originated from fossil
fuel (e.g., petroleum, gasoline, diesel) and coal combustion (Frank and
Herbarth, 2002). Elements of Si, Au, Cu, and Al are mostly existed in
mineral substance (with irregular shapes and natural sources: soil dust,
re-suspension due to anthropogenic engineering construction and
transportation) in the forms of clay and feldspar particles (Cuadros
et al., 2015).

Based on extensive morphological analysis, the morphology of in-
dividual particles in cryoconite samples is identified using SEM imaging
method. Morphological characteristics can be used to distinguish dif-
ferent types of particles. Mineral particles usually have sharp edges. If
the mineral particles have been transported over a long range of dis-
tances, the particles' morphology might present a round like shape.
Biological particles usually have a similar morphology with fly ash
particles. However, the morphology of biological particles is symme-
trical, and tissue-like shape, this particular feature/trait can allow us to
effectively differentiate spherical biological particles and fly ash parti-
cles. Results from the SEM-EDX analysis demonstrate that biological
particles, quartz particles, fly ash particles and other aggregated-mi-
neral particles in the cryoconite of glacier were mainly identified
(Fig. 13), these types of particles are the predominant substances in the
cryoconite. Actually, most of the individual particles were external or
internal mixed with other kinds of particles, only a few particles were
presented as single particle in the cryoconite (Dong et al., 2017). It was
reported that different coating or mixing status and various morphol-
ogies greatly affect the absorption of BC-in-snow (e.g., Adachi et al.,
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Fig. 11. Correlations between simulated near-surface atmospheric BC and dust, BC and OC concentrations at Mt. Yulong glacier (a), (b); Zhadang glacier (c), (d);

DKMD glacier (e), (f); LHG glacier (g), (h).

2016). Analysis of the elemental composition using SEM imaging
method provides accessional information for identification and classi-
fication of possible sources of various shapes of particles (Zhang et al.,
2011). The portions of elemental composition, particle characteristics,
mixing properties, and sources of different particle types are summar-
ized in Table 3. Based on their elemental composition and morphology,
the detected particles can be categorized into four types: biological
particles, fly ash, soot particles, and mineral particles. This classifica-
tion can facilitate us for better understanding of physiochemical prop-
erties and climatic effects of individual particles in the cryoconite of
glaciers (Adachi et al., 2010; Cong et al., 2018; Lau et al., 2006; Posfai
and Buseck, 2010).
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5. Conclusions

To obtain a comprehensive understanding of the physicochemical
process of ILAIs in snowpack and the performance of current-generation
3-D atmospheric chemical models in simulating the deposition of ILAIs
in surface snow, in this study, for the first time, we systematically
conducted the integrated analysis of measured and modeled con-
centrations of ILAI in snowpack and atmosphere at surface over the four
glaciers on the TP. CALIPSO measurements were applied to investigate
tropospheric aerosol and its inter-annual difference over the TP and
surrounding areas. In addition, SEM-EDX analysis was employed to
detect the elemental composition and morphology of particles in glacial
cryoconite samples. The following conclusions can be drawn:
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Table 2

SEM-EDX particle type and their chemical composition of individual particles in glacier cryoconite on Mt. Yulong.
Type Ratio (%) Mass percentage of various chemical elements (%)

Ca Au Cu C Si Al Fe K Mg Zn N

Ca-rich 45.4 45.2 6.6 1.2 - - - - - 0.2 - -
Si, Cu-rich 31.36 - 10.8 12.8 6.2 18.4 4.98 3.98 1.07 1.43 7.61 -
Si, Au-rich 33.23 - 12 - - 20.9 9.63 7.73 5.1 - - 9.3
Si, C, Au-rich 46.1 0.9 12.1 - 14.4 19.6 8.94 7.36 2.92 1.21 - -
Ca, C-rich 52.9 41.2 - 1.2 8.5 1.5 0.82 0.64 - - - -

Bold indicates the mean difference is significant at the 0.05 level.

(1) Strong correlation between BC and dust has been found in surface concentrations in the vertical snowpit were similar at 0.0-2.0 m
aged-snow samples, while the correlation significantly varied with from the surface. Mean OC concentrations were consecutively de-
the depth of snowpit. Evolution of the correlation between BC and creased from the top to the bottom of snowpits. Significant differ-
dust concentrations in snowpack indirectly emphasizes the sig- ences of BC and OC, and dust concentrations among depth inter-
nificance of inherent physiochemical and post-depositional pro- vals/bins reflect their different hydrophilicities, physiochemical
cesses inside snowpacks. properties and post-depositional processes in snowpit, offering im-

(2) BC and OC concentrations in snowpits tended to decrease with portant observational constraints on the related processes.
depth. The ratio of OC to BC was between 2 and 3 except a higher (3) Optical properties ATN of BC gradually decreased vertically with
value found at depth bin of 1.5-2.0 m. In contrast, average dust depth in snowpit. Surface aged-snow has the highest ATN value

14
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Fig. 13. Typical morphology of individual particles in the glacier cryoconite from Mt. Yulong detected using scanning electron microscopy, coupled with energy

dispersive X-ray spectrometer (SEM-EDX) method.

(0.25 = 0.012), snow samples from the bottom of snowpit
(2.0-2.5 m) had the lowest ATN value (0.11 *= 0.018). In contrast,
BC MAC significantly increased with depth increment from the
surface to the bottom of snowpit. Snow samples of 2.0-2.5 depth
interval had the highest BC MAC value (8.51 + 1.05 m?* g~ ). The
larger change of BC MAC than ATN with depth in snowpit reflects
the physical and chemical processing of BC in snowpack.

(4) Observation data showed that from May to August, monthly var-
iation of the modeled ILAI concentrations significantly decreased.
The monthly trend of ILAIs is characterized by distinct spatial
heterogeneity. LHG glacier has the highest impurity concentration
among the four investigated glaciers on the TP, followed by high BC
and OC contents in snow of Yulong glacier. ILAI concentrations in
surface snow in May-August 2015 were apparently higher than
those in 2014. CALIPSO measurements showed a striking aerosol
layer with altitude from 0.5 to 6.0 km. Tropospheric aerosol ver-
tically extended up to 8 km over the Asian Summer Monsoon re-
gion. The annual difference of ILAIs in surface snow of glaciers was
in qualitative agreement with the difference of tropospheric aerosol
distribution in 2014 and 2015. However, further in-depth field
observations are quite necessary to improve future simulations of
ILAIs in snow of glaciers on the TP.

(5) SEM-EDX observations and measurements indicated calcium and
silicon rich particles dominated over other elements. Cu, C, Au-rich
particles were also noticeably in the cryoconite samples. Biological
particles, quartz particles, fly ash particles and other aggregated-
mineral particles in the glacier cryoconite were also found. These
four types of particles were the predominant substances in the
cryoconite. The classification and SEM-EDX analysis can facilitate
better understanding of the physicochemical properties and cli-
matic effects of particles in the glacial cryoconite.

(6) The quasi-global channel WRF-Chem model can well simulate
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atmospheric dust and other ILAI concentrations over glacier regions
where are close to or are surrounded by emission sources of dust. A
few factors can be used to explain the differences between mea-
sured and grid-simulated concentrations of ILAI. Thus observation-
constrained modeling is needed for the future studies to improve
model formulation/performance and reduce model uncertainties of
the simulated ILAI concentrations in snowpack.

Data availability
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Table 3

Classification criteria of the identified particle types, mixing properties and the potential sources.

References

Potential sources

Mixing states

Element composition

Particle types

Wittmaack et al., 2005; Cong et al., 2010.
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the excrements of insect
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Thermal power plant, heavy industries, and oil refinery

Fly ash mixed with salt (nitrate, sulfate), metal oxide, silicate
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Dong et al., 2017; Li et al., 2014; Goldstein,
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C-dominant, O-rich
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