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Abstract. The deposition of insoluble light-absorbing par-
ticles (ILAPs) on snow and ice surfaces can significantly re-
duce albedo, thereby accelerating the melting process. In this
study, 67 ice samples were collected from seven glaciers lo-
cated on the Tibetan Plateau (TP) between May 2013 and
October 2015. The mixing ratios of black carbon (BC), or-
ganic carbon (OC), and mineral dust (MD) were measured
with an integrating sphere/integrating sandwich spectropho-
tometer (ISSW) system, which assumes that the light ab-
sorption of MD is due to iron oxide (Fe). Our results in-
dicate that the mass-mixing ratios of BC, OC, and Fe ex-
hibit considerable variability (BC: 10-3100ng g~"; OC: 10—
17000ng g~ !; Fe: 10-3500ngg~") with respective mean
values of 220 +400ngg~!, 13604+ 2420ng g~ !, and 240 +
450ng g~! over the course of the field campaign. We ob-
served that for wavelengths of 450—600 nm, the measured
light absorption can be largely attributed to the average light
absorption of BC (50.7 %) and OC (33.2 %). Chemical el-
ements and selected carbonaceous particles were also an-
alyzed for source attributions of particulate light absorp-
tion based on a positive matrix factorization (PMF) recep-
tor model. Our findings indicate that on average, industrial
pollution (33.1 %), biomass or biofuel burning (29.4 %), and
MD (37.5 %) constitute the principal sources of ILAPs de-
posited on TP glaciers.

1 Introduction

The specific light absorption of black carbon (BC) is higher
in snow than in the atmosphere because of the higher degree
of sunlight scattering in the former (Chylek et al., 1984),
and a wealth of evidence confirms that the snow albedo is
dominated by BC at visible wavelengths (Warren and Wis-
combe, 1980, 1985; Brandt et al., 2011; Hadley and Kirch-
stetter, 2012). For instance, a mixing ratio of 10ngg~! of
BC in snow can reduce albedo by 1%, an amount equiva-
lent to the impact of 500ng g~ of dust at 500 nm (Warren
and Wiscombe, 1980; Warren, 1982; Wang et al., 2017), and
Conway et al. (1996) reported a reduction in snow albedo
of 0.21 and concomitant 50 % increase in ablation due to
500ng g~! of BC contamination. Similarly, in their experi-
ments using a geometric-optics surface-wave approach, Liou
et al. (2011) described an albedo reduction of as much as
5 %—-10 % caused by small amounts of BC mixed internally
with snow grains. Overall, BC accounts for 85 % of the total
absorption by insoluble light-absorbing impurities (ILAPs)
in snow at wavelengths of 400700 nm (Bond et al., 2013).
Furthermore, the efficacy of this BC forcing is twice as ef-
fective as that of CO; due to snow albedo change and may
have contributed to the large-scale warming of the Northern
Hemisphere over the last century (Hansen and Nazarenko,
2004).

The Tibetan Plateau (TP) and neighboring uplands both
contain the largest area of snow and ice outside the polar
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regions (Qin et al., 2006). However, over the last decade,
~ 82 % of TP glaciers have retreated, and 10 % of the per-
mafrost area has been lost as a result of climate warming
(Qiu, 2008; Yao et al., 2012). Xu et al. (2009a, b) reported
that the deposition of BC on snow and ice surfaces has po-
tentially led to an earlier onset of the melting season, whereas
the consequential loss of ice is projected to impact atmo-
spheric circulation and ecosystem viability at regional and
global scales and in multiple ways (Qian et al., 2011; Skiles
etal., 2012; Sand et al., 2013). Therefore, BC is considered to
be a significant factor in the recent shrinkage of TP glaciers
(Xu et al., 2006, 2009a; Qian et al., 2015; Li et al., 2016).

In addition to BC, organic carbon (OC) and mineral dust
(MD) have also been identified as ILAPs contributing to
springtime snowmelt and surface warming through snow-
darkening effects (Painter et al., 2010, 2012; Huang et al.,
2011; Kaspari et al., 2014; Wang et al., 2013, 2014; Ya-
sunari et al., 2015). However, the optical properties of OC
in snow are still largely unknown because of limited field
data and technical limitations. For instance, preindustrial OC
concentrations derived from sites in Antarctica are unexpect-
edly high (80-360ngg!) relative to those reported from
Greenland (10-40ngg™") and alpine sites (45-98ngg™")
(Federer et al., 2008; Preunkert et al., 2011). Furthermore,
there remain significant uncertainties in estimating the light-
absorption capacities of different types of OC from the chem-
ical and optical analysis of new snow samples in western
North America (Dang and Hegg, 2014). Although the con-
tribution of OC to climate warming is generally lower than
that of BC, the impact of OC is nonetheless significant, par-
ticularly over southeastern Siberia, northeastern East Asia,
and western Canada (Yasunari et al., 2015). As summarized
by Flanner et al. (2009) in relation to modeling the future cli-
mate, consideration of the OC content of snow is key to better
estimating the impact of ILAPs’ absorption of solar radiation
from the ultraviolet to visible wavelengths.

It is well established that the light-absorption capacity of
MD is linked to the iron oxides (hereafter referred to as
Fe) (Alfaro et al., 2004; Lafon and Lee, 2006; Lafon et al.,
2004; Moosmuller et al., 2012). The yellow-red color of Fe
(primarily hematite and goethite) affects the ability of MD
to absorb sunlight at short wavelengths and alters its radia-
tive properties, potentially influencing climate (Takahashi et
al., 2011; Jeong et al., 2012; Zhou et al., 2017). For ex-
ample, Painter et al. (2007) concluded that the duration of
seasonal snow cover in alpine regions is shortened by 18—
35 days owing to the redeposition of disturbed desert dust.
On the TP, goethite constitutes the dominant form of Fe
(81 %98 % mass) deposited on glacier surfaces (Cong et
al., 2018). Over the grasslands of Inner Mongolia and north-
ern China, light absorption is dominated by OC, whereas the
snow-particulate light absorption is provided primarily by lo-
cal soil and desert dust derived from the northern TP (Wang
et al., 2013).
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To date, numerous surveys have sought to evaluate the
light-absorption capacity of ILAPs (Xu et al., 2009a, b; Do-
herty et al., 2010; Huang et al., 2011; Wang et al., 2013;
Dang et al., 2014) and their potential source attribution in
snow and ice (Hegg et al., 2010; Zhang et al., 2013a; Do-
herty et al., 2014; Jenkins et al., 2016; Li et al., 2016; Pu
et al., 2017). In their 2009 study, Hegg et al. (2010) used a
positive matrix factorization (PMF) receptor model to estab-
lish that ILAPs deposited in Arctic snow originate predomi-
nantly from biomass burning, pollution, and marine sources.
Similarly, Doherty et al. (2014) assessed chemical and opti-
cal data from 67 North American sites and concluded that the
source attribution of particulate light absorption in seasonal
snow is dominated by biomass or biofuel burning, soil dust,
and fossil fuel pollution.

Until now, ILAP light absorption and emission sources for
the TP have been poorly understood. Increasing the in situ
measurements of ILAPs in snow and ice is therefore cru-
cial to assess the factors driving ongoing glacier retreat. Be-
tween 2013 and 2015, we collected ice samples from seven
TP glaciers during both the wet and dry seasons. By using
an integrating sphere/integrating sandwich spectrophotome-
ter (ISSW) system coupled with chemical analysis, we eval-
uated the particulate light absorption of BC, OC, and MD
before exploring the relative contributions of their respective
emission sources via a PMF receptor model.

2 Site description and methods
2.1 Site description and sample collection

Figure 1 depicts the topography and sampling locations of
each glacier included in our study (Liu et al., 2014), arranged
along a roughly north—south transect, and Fig. S1 in the Sup-
plement provides photographs of each sampling site. To min-
imize potential ILAP contamination from local sources, sam-
pling sites were located at least 50 km from the main road and
adjacent city areas. During our 2013-2015 field seasons, we
collected a total of 67 columnar ice samples from the seven
glacier surfaces. Owing to their broad geographic distribu-
tion, our glacial data set represents climatic and land-surface
conditions ranging from semiarid in the northern TP to hu-
mid in the southern.

Samples 1-19 were collected from the center of Qiyi
(QY) Glacier (39°14' N, 97°45" E) (Fig. 1a) during the 2013—
2015 wet seasons. QY Glacier is a small valley glacier (area
2.98km?, length 3.8 km) located in the Qilian Mountains on
the northern TP and is classified as a typical wet island in an
otherwise arid region on account of its multiple land-cover
types (e.g., forests, bush or scrub, steppes, and meadows).

Further south, samples 20-22 were collected from the
southeastern Qiumianleiketage (QM) Glacier (36°70'N,
90°73’E) during the dry season. Located in the Kunlun
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Figure 1. Geographical locations of (a) Qiyi Glacier (39.24° N, 97.76° E), (b) Qiumianleiketage Glacier (36.70° N, 90.73° E), (c¢) Meikuang
Glacier (35.67° N, 94.19° E), (d) Yuzhufeng Glacier (35.65° N, 94.23° E), (e) Hariqin Glacier (33.14° N, 92.09° E), (f) Xiaodongkemadi
Glacier (33.07° N, 92.07° E), and (g) Gurenhekou Glacier (30.19° N, 90.46° E). The black dots indicate sampling locations.

Mountains of the TP (Fig. 1b), QM Glacier has a length of
2.6km and an area of 1.73 km?.

Samples 23-32 were collected from the northern part of
Meikuang (MK) Glacier (35°42' N, 94°12’ E), located in the
eastern Kunlun Mountains, during both the wet and the dry
seasons. This region is characterized by alluvial deposits and
sand dunes. MK Glacier is 1.8km long and 1.1km? in area
(Fig. 1c).

Immediately east of MK Glacier, samples 33—44 were col-
lected from the southwestern reaches of Yuzhufeng (YZF)
Glacier (35°38'N, 94°13'E), located on the highest peak
(6178 m) of the eastern Kunlun Mountains. This high-
altitude region is characterized by a cold, arid climate and
by fern, forest, and scrubby vegetation.

Samples 4549 were obtained from the center of Hariqin
(HRQ) Glacier (33°14'N, 92°09’ E), a north-facing system
located on the northern flank of the Tanggula Mountains,
central TP (Fig. 1le). HRQ Glacier drops from an elevation
of 5820 m above sea level (a.s.l.) to its terminus at 5400 m,
where it forms the headwaters of the Dongkemadi River.

To the southwest of HRQ Glacier, the 2.8 km long Xi-
aodongkemadi (XD) Glacier (33°04' N, 92°04' E) covers an
area of 1.77 km? and descends from 5900 m elevation to its
terminus at 5500 m (Fig. 1f). The surrounding landscape is
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predominantly cold steppe and tundra. Samples 50-60 were
collected from the southern reaches of XD glacier.

Gurenhekou (GR) Glacier (30°19’N, 90°46’E) is a rela-
tively small (area: 1.4 km?; length: 2.5km; width: 0.6 km)
cold-based alpine glacier located approximately 90 km north
of Lhasa in southern Tibet (Fig. 1g). The glacier ranges in
elevation from 6000 m to its terminus at 5600 m. Both Kang
et al. (2009) and Bolch et al. (2010) suggested that GR is in-
fluenced by both the continental climate of central Asia and
the Indian monsoon system. Samples 61-67 were collected
from the eastern part of the glacier.

According to Wang et al. (2015), the mean annual accu-
mulation of snow and ice at our TP drilling sites is approx-
imately 2m. Therefore, for each glacier sampled between
2013 and 2015, we used a 1.2 m long vertical tube lined with
a clean, 20 cm diameter plastic bag to collect ice deposited
via both wet and dry deposition (Fig. 2). Owing to their rel-
atively high altitude, wet deposition over these glaciers is
dominated by fresh snowfall, with considerably less derived
from rainfall. Nonetheless, the majority of samples consist
of ice rather than snow, reflecting the prevalence of multiple
melting processes. Following collection, ice samples were
maintained at a temperature of —20 °C during transportation
to the State Key Laboratory of Cryospheric Sciences, Cold
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Figure 2. The equipment for collecting new snow samples from the
surfaces of the seven studied TP glaciers.

and Arid Regions Environmental and Engineering Research
Institute in Lanzhou, China.

In the laboratory, samples were cut vertically into
four pieces following established clean sampling protocols
(Fig. S2), after which one of the four pieces was cut at 10 cm
resolution. Where multiple melting events have produced a
nonuniform surface layer (e.g., sites 13 and 26), we cut sam-
ples to be longer or shorter than the average. Any dirty lay-
ers were cut and analyzed separately. A total of 189 sam-
ples were used in this study. To minimize the loss of ILAPs
to the container walls, each sample was placed in a clean
glass beaker and melted quickly in a microwave oven, im-
mediately after which the water was filtered through poly-
carbonate filters (Whatman Nuclepore track-etched mem-
brane, pore size 0.2 pm) following the procedure reported in
Doherty et al. (2010). Further details of the filtration process
are given in Wang et al. (2013) and Doherty et al. (2014).

2.2 Optical analysis

To calculate the mass mixing ratio of BC in our samples,
we employed an updated ISSW. Although this instrument is
similar to that developed by Grenfell et al. (2011), a chief
difference is that we used two integrating spheres to reduce
diffuse radiation during measurement instead of the integrat-
ing sandwich diffuser employed by those authors. The ISSW
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spectrophotometer measures the light-attenuation spectrum
from 400 to 700 nm, with the total light-attenuation spec-
trum being extended by linear extrapolation to cover the full
spectral range (300—750 nm). Nominally, light attenuation is
sensitive solely to ILAPs trapped on the filter as a result of
the diffuse radiation field and the sandwich structure of the
two integrated spheres in the ISSW (Doherty et al., 2014).
Specifically, the system detects the light transmitted by an
ice sample, S(X), and compares this value to that transmitted
by a blank filter, So(A). The relative attenuation (Atn) is then
expressed as

Atn = In[So(L)/S(M)]. (1)

The mass absorption efficiency (MAE) and absorption
Angstrém exponents (A) employed here for BC, OC, and
Fe are described in detail by Wang et al. (2013). Using
this technique, we are able to estimate the following param-
eters: equivalent BC (CE%HV), maximum BC (Cgg*), esti-
mated BC (Cgsé), the fraction of light absorption by non-
BC ILAPs (fS% ¢)» the absorption Angstrsm exponent of

non-BC ILAPs (Aqon-Bc), and the total absorption Angstrbm
exponent (Ay). These parameters are defined as follows.

1. CE%“V (ngg™!): equivalent BC is the amount of BC
that would be needed to produce light absorption by
all insoluble particles in snow for wavelengths of 300-
750 nm.

2. Cg& (ng g~ !): maximum BC is the maximum possible
BC mixing ratio in snow, assuming that all light absorp-
tion is due to BC at wavelengths of 650—700 nm.

3. Cgsé (ng g~ ): estimated BC is the estimated true mass
of BC in snow derived by separating the spectrally re-
solved total light absorption and non-BC fractions.

4. ffg;_BC (%): the fraction of light absorption by non-
BC light-absorbing particles is the integrated absorption
due to non-BC light-absorbing particles. This value is
weighted by the down-welling solar flux at wavelengths
of 300-750 nm.

5. AHOH_BC: non-BC absorption Angstrﬁm exponent is de-
rived from the light absorption by non-BC components
for wavelengths of 450-600 nm.

6. Ao absorption ;\ngstrém exponent is calculated for all
insoluble particles deposited on the filter between 450
and 600 nm.

Both the composition and the size distribution of aerosols are
well-known parameters influencing the absorption Angstrém
exponent. Doherty et al. (2010) reported that the absorption
Angstrom exponent of OC is close to 5, consistent with the
previously reported range of 4-6 (Kirchstetter et al., 2004),
and several studies have included absorption Angstrom ex-
ponents of 2-5 for MD (Fialho et al., 2005; Lafon and Lee,
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2006; Zhou et al., 2017; Cong et al., 2018). Typical ab-
sorption Angstrém exponents for urban and industrial fos-
sil fuel emissions fall within the range 1.0-1.5 (Millikan,
1961; Bergstrom, 2007), which is slightly lower than that of
biomass-burning aerosols (1.5-2.5) (Kirchstetter et al., 2004;
Bergstrom 2007). In this study, we note that the absorption
Angstrom exponent (Atot) comprises both BC and non-BC
impurities trapped on the filters. Calculations of A and of
Anon-Be are described by Doherty et al. (2014). Specifically,
/inon_Bc is calculated as a linear combination of the contribu-
tions to light absorption made by OC and Fe:

Anon-BC = Foc % AOC + Fpe X AFe« 2
2.3 Chemical analysis

Major metallic elements (Al, Cr, Mn, Fe, Ni, Cu, Zn, Cd, and
Pb) were analyzed on an inductively coupled plasma mass
spectrometer (ICP-MS, X-7; Thermo Elemental, USA) at the
Institute of Tibetan Plateau Research, Beijing, China. The
detection limits are 0.238ngmL~" for Al, 0.075ngmL"~!
for Cr, 0.006ng mL~! for Mn, 4.146 ng mL~! for Fe,
0.049 ng mL~! for Ni, 0.054 ng mL~! for Cu, 0.049 ng mL~!
for Zn, 0.002ngmL~! for Cd, and 0.002ngmL~!' for
Pb. Prior to measurement, melted samples were acidified
(pH < 2) with ultra-pure HNOj3 and left to settle for 48 h.
The relative deviation between most of the measured values
and the standard reference values is within 10 %. Details of
these procedures are given in Li et al. (2009) and Cong et
al. (2010).

We used a Dionex 320 ion chromatograph to measure ma-
jor anions (C1”, NO, , NO;" and SO 7) and cations (Na™T,
NH/, K*, Mg?" and Ca2+) in ﬁltrated water samples. The
apparatus, which is housed at the Institute of Tibetan Plateau
Research in Beijing, is equipped with a CS12 column for
cations and an AS11 column for anions and has a detection
limit for all measured ions of 1 ugL~'. We also measured
concentrations of sea salt, MD, and biosmoke K (KBiosmoke)
to assess the mass contributions of the major components in
our ice samples. Specifically, sea salt was estimated accord-
ing to the protocol described by Pio et al. (2007):

Sea salt = Nagz +ClI™ + Mggj + Cagjr + K;rs + SOZg
=Nad +CI” +0.12 x Nag +0.038 x Nag_
+0.038 x Nag +0.25 x Nag. 3)

Nas, = Nagoa — Al x (Na/Al)cpys 4)

where (Na/Al)crust = 0.33 and represents the Na/Al ratio in
the dust material (Wedepohl, 1995).

The MD content is calculated assuming an Al concentra-
tion for dust of 7 % (Zhang et al., 2013b):

MD = Al/0.07. 5)
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We determined Kgjosmoke according to the following equa-
tions (Pu et al., 2017):

KBiosmcke = KTotal - KDust - KSS , (6)
Kpust = Al x (K/ADcrust, @)
KsS = Nass X 0.038, (8)

where (K/Al)crug is 0.37, representing the K/Al ratio of the
dust material (Wedepohl, 1995), and Nag; is estimated using

Eq. (4).
2.4 Enrichment factor

To evaluate the relative contributions of trace elements from
natural (e.g., mineral and soil dust) versus anthropogenic
sources (e.g., fossil fuels and vehicle exhaust), we conducted
an inter-annual comparison of enrichment factor (EF) values,
which represent the enrichment of a given element relative to
its concentration in Earth’s crust. The primary uncertainty
in these calculations originates from differences in chemical
composition between snow and the reference crustal mate-
rial. The EF is defined as the concentration ratio of a given
metal to that of Al, which is a reliable measure of crustal
dust, normalized to the same concentration ratio character-
istic of the upper continental crust (Wedepohl, 1995). EF is
calculated by the equation:

_ (X/ADgnow

— . 9
(X/AD et ®

2.5 Source apportionment

PMF 5.0 is a receptor model used to determine ILAP source
apportionment when source emission profiles are unavail-
able (Paatero and Tapper, 1994). We employed a PMF proce-
dure similar to that described by Hegg et al. (2009, 2010), in
which mass concentrations and chemical species uncertain-
ties are provided as the input. Our final data set contained 189
samples with 18 elements; only those elements with high re-
covery were used for PMF analysis. For each sample, uncer-
tainty values (Unc) for individual variables were estimated
from an empirical equation expressed as

Unc = \/(a x ¢)2 + (MDL?), (10)

where o is the standard deviation, ¢ represents the mass con-
centrations of the relative species, and the MDL depicts the
method detection limited.

Although we ran the PMF model for between three and
six factors, including six random seeds, we found that the
most meaningful results for our TP sites were generated by a
three-factor solution. Indeed, Q values (modified values) for
this three-factor solution (both robust and true) are closest
to the theoretical values of any factor number for which the
model was run.
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Figure 3. Spatial distribution of the averaged AOD over the TP be-
tween 2013 and 2015, retrieved from Aqua MODIS at 500 nm. The
red stars represent sampling locations (see also Table 1).
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Figure 4. Spatial distribution of the median absorption Angstrém
exponent for (a) total particulate constituents (Atot) and (b) non-BC
particulate constituents (A,on-gc) for each glacier.

3.2 Regional averages of optical parameters

3.1 Aerosol optical depth

Aerosol optical depth (AOD) represents both the transport
pathways and deposition of dry aerosols, which in turn pro-
vide vital information on potential ILAP sources. As shown
in Fig. 3, QY, QM, MK, and YZF glaciers are located on the
northern TP, whereas XD, HRQ, and GR glaciers are located
in the plateau’s southern regions. Therefore, to elaborate on
the sources of ILAPs for each TP study site, we assess the
spatial distribution of averaged 500 nm AOD, derived from
Aqua MODIS between 2013 and 2015. According to Ra-
manathan et al. (2007), anthropogenic AOD - also referred
to as atmospheric brown cloud (ABC) — on the southern side
of the Himalayas is greater than 0.3. Consequently, AOD
(500nm) values of > 0.3 and < 0.1 are considered repre-
sentative of anthropogenic haze and background conditions,
respectively.

We observe considerably higher AOD over the western TP
than over the central TP. For example, values for QY, QM,
MK, and YZF glaciers range from 0.25 to 0.3, suggestive of
anthropogenic influence, whereas values for HRQ, XD, and
GR glaciers are considerably lower (< 0.125). Although the
elevated AOD over the western TP might serve to enhance
glacial retreat there (Engling and Gelencser, 2010), we note
that AOD over the TP in general is significantly lower than in
southern Asia, particularly over the Indo-Gangetic Plain dur-
ing the cold season. This pattern aligns closely with previous
measurements (Cong et al., 2009; Ming et al., 2010; Yang et
al., 2012; Liithi et al., 2015).

The Cryosphere, 13, 309-324, 2019

Table 1 compiles the ice CSL, Coax, Cpd™, fost o Ao, and

BC ~

Anon_Bc data for each glacier. The lowest median Cgsé (23—
26ng g ') is observed on HRQ and GR glaciers, southern
TP, during the wet season, whereas the highest values (187-
165ng g~ ") occur on MK and YZF glaciers on the central TP.
Relative to the wet season, the measured concentrations of
Cgsé are markedly higher during the dry season for all seven
glaciers. The lowest overall BC concentration is recorded on
XD Glacier (Ci¢ =~ 10ng g~ 1), whereas the maximum val-

ues of CSL (3100ngg™"), C4* (3600ngg~"), and CEM™

BC

(4700ng g~ 1) all corresponded to GR Glacier. Median Ay
typically exceeds 1.0 at all seven sites (Fig. 4, Table 1).

The ice samples exhibit Atm and I&non-BC values of 1.4—

3.7 and 1.9-5.8, respectively (Table S1 in the Supplement).
As shown in Fig. 4a, the median values of Ator for QY, MK,
XD, and GR glaciers are 2.62, 2.64, 2.18, and 2.46, respec-
tively, and the estimated contributions of non-BC ILAPs to
absorption are approximately 41 %, 44 %, 36 %, and 48 %,
respectively. Relatively high values are observed in samples
from QM (2.76), YZF (2.95), and HRQ (2.87) glaciers. Ac-
cordingly, the estimated flfgrtl-BC values for those regions are
44 %, 48 %, and 48 %, respectively. With the exception of
HRQ Glacier, our data set exhibits a clear south-to-north in-
crease in Anon-BC over the TP (Fig. 4b). Histograms depicting
Aot by region are shown in Fig. 5.

XD Glacier shows the greatest degree of Ay variability,

not only in the higher values (~ 2—4), but also at the lower
end of the range (< 2). This broad distribution is indicative of
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Figure 5. Histograms of the frequency of Ao (450-600nm) in ice from each glacier. Samples from all vertical profiles are included.

the complicated sources of particulate light absorption. For
instance, Wang et al. (2013) report that higher Atot values (ap-
proximately 3.5—4.5) are strongly correlated with local soils,
whereas fossil fuel combustion has an absorption Angstrﬁm
exponent of < 2 (Millikan, 1961; Fialho et al., 2005). A sig-
nificant fraction of the total absorption on XD Glacier, there-
fore, is attributed not only to BC (49 %; Fig. 7), but also to
non-BC absorbers (51 %) linked to OC and MD. In contrast,
Aot values for all other sites typically ranged from 2 to 3.
The values of finon_BC and /itot for each site are also given in
Fig. S3.

Figure 6 shows the regional variability in BC, OC, and
Fe concentrations during the wet and dry seasons. Although
we observe clear differences in median and average ILAP
concentrations among the seven glaciers, we also note that
overall, ILAPs of BC, OC, and MD exhibit a similar pattern
of variability throughout our study area. With the exception

www.the-cryosphere.net/13/309/2019/

of QY and QM glaciers, we collect ice samples during both
the wet and the dry seasons. On average, BC and OC con-
centrations at HRQ, XD, and GR glaciers are several orders
of magnitude higher during the dry season than during the
wet season. This pattern is consistent with the findings from
the Middle Himalayas of Cong et al. (2015), who reported
that the dry season is characterized by a distinctly higher car-
bonaceous aerosol level than that of the wet season, despite
similar air mass pathways.

Liithi et al. (2015) demonstrated that the atmospheric
brown cloud over southern Asia can cross the Himalayas,
transporting polluted air masses to the TP and potentially im-
pacting regional glacier mass balance. In our data set, how-
ever, there is no apparent difference in ILAP mixing ratios
between the wet and dry seasons for two adjacent (MK and
YZF) glaciers. We attribute this pattern to the fact that with
the exception of long-range pathways, local air pollutants can

The Cryosphere, 13, 309-324, 2019
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Table 1. Statistics of the ILAPs in each glacier measured using an ISSW spectrophotometer associated with the chemical analysis.

Region Latitude Longitude C eB%nv Cpe* Rt e Aot oC Al Fe
(N) (E) (mgg=h) (mgg™hH (ngg™h) (%) (ppm)  (ppm)  (ppm)

Qiyi Glacier 39°14/28"  97°45'27" average 414 299 238 (116,313) 42 (15,66) 2.59 1.21 0.19 0.18
median 176 128 94 (29, 124) 41 (17,70) 2.62 0.66 0.08 0.09

minimum 26 29 25 (13, 35) 21 (-, 53) 0.8 0.08 0.01 0.02

maximum 2651 2230 1877 (1182, 2109) 73 (41,-) 3.73 11.59 3.35 2.41

Qiumianleiketage 36°41'47"  90°43'44" average 421 296 238 (139,402) 44 (24,81) 2.80 1.43 0.21 0.23
Glacier median 307 215 172 (64,218) 44 (24,81) 2.76 1.06 0.15 0.18
minimum 139 93 62(19,93) 37(12,64) 2.45 0.54 0.09 0.11

maximum 995 662 558 (143,678) 56 (27,86) 3.08 3.97 0.55 0.63

Meikuang Glacier 35°4024”  94°11'10” average 493 328 260 (119,331) 42(15,37) 2.65 2.14 0.19 0.22
median 197 156 133 (76, 153) 44 (16,69) 2.64 0.61 0.09 0.13

minimum 24 23 19 (17, 24) 16 (-, 17) 1.37 0.13 0.02 0.03

maximum 4696 2817 2292 (109, 2938) 62 (23,85) 3.56 16.89 1.36 1.22

Yuzhufeng Glacier 35°38/43"”  94°13/36” average 457 312 233 (94, 295) 51(-,37) 284 1.51 0.17 0.44
median 317 201 160 (116,204) 48 (26,87) 2.95 1.02 0.10 0.21

minimum 52 35 24 (8, 35) 15(-,37) 1.82 0.07 0.02 0.05

maximum 2630 1608 1169 (72, 1603) 110 (6, 49) 3.7 9.16 0.81 3.51

Hariqin Glacier 33°08/23"  92°05'34” average 476 327 256 (100, 385) 48 (26,82) 2.79 1.59 0.17 0.17
median 54 37 23(9,30) 48(26,82) 2.87 0.22 0.04 0.05

minimum 36 24 13 (4,22) 19 (- 41) 1.96 0.08 0.01 0.03

maximum 3990 2702 2131 (682,2784) 64 (32,84) 3.52 9.64 1.11 1.05

Xiaodongkemadi 33°04'08"  92°04/24” average 253 171 152 (76,177) 37 (15,63) 2.28 0.95 0.13 0.17
Glacier median 62 47 53 (37,65) 36(13,59) 2.18 0.19 0.03 0.06
minimum 13 12 9 (6, 18) 8(-19) 1.08 0.01 0.01 0.01

maximum 2770 1849 1637 (596, 2031) 86 (25,90) 3.63 6.97 2.40 2.13

Gurenhekou Glacier 30°11'17”  90°27/23” average 382 292 247 (212,591) 46 (16,71) 242 0.62 0.15 0.18
median 61 46 30(19,44) 48(18,75) 2.46 0.13 0.05 0.10

minimum 28 23 15 (10, 24) 27(7,52) 134 0.02 0.01 0.03

maximum 4674 3634 3080 (1876, 3884) 61(26,85) 2.92 5.22 1.35 091
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Figure 6. Box plots depicting the regional variability in (a) BC con-
centration, (b) ISOC concentration, and (c) Fe concentration on the
seven glaciers. The solid dots represent the average ILAP concen-
trations for each glacier, and the bars represent the 10th, 25th, me-
dian, 75th, and 90th percentiles of the data.
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also impact ILAP availability on the central TP. For instance,
although the prevailing air masses over the MK and YZF
glaciers originate from the arid western TP and Taklimakan
Desert regions, Huang et al. (2018) concluded that the con-
centration of trace elements at YZF Glacier is closer to those
of the dust sources and thus that YZF Glacier is less influ-
enced by human activity. In close agreement with Ming et
al. (2013), our median values of CES(E and Coc (referred to as
the mass concentration of OC) exhibit a gradually decreas-
ing trend from north to south, and the mass concentrations of
BC are higher for northern TP glaciers than for their southern
counterparts.

To help quantify the regional ILAP status of each glacier,
Table 2 contains statistics on snow and ice samples collected
both during our present investigation and during previous
studies of TP glaciers. During our visit to YZF Glacier, we
collect twelve ice samples from depths between 15 and 45 cm
(Table S1). As shown in Fig. S4, Cﬁsé values for this region
typically range from ~ 100 to 1000 ng g~!, with several val-
ues of < 100ng g~!. A striking feature of this data set is the
relatively high C5&* (1600ng g~!) and Coc (9160ngg™1)
in the surface layer at site 41. Judging by the high value
of £t 1 (0.56) for this site, we suggest that these data indi-
cate that light absorption at this site is influenced not only by
BC but also potentially by OC and MD.

www.the-cryosphere.net/13/309/2019/
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Table 2. Statistics of the ILAPs in snow and ice in the studied TP glaciers and other related glaciers.

317

Glacier name Sampling time Season Altitude BC oC MD  Sample type References
mas.l. (ngg™h (ngg™h (ge™
Qiyi Jul 2005 Monsoon 4850 2242 - —  Snow pit Ming et al. (2009)
Jul-Aug 2001 Monsoon 4600 6.65+3.3 87.52+£37.59 —  Fresh snow Xu et al. (2006)
Jul-Aug 2001 Monsoon 4600  52.64+17.83 195.5+85 —  Aged snow Xu et al. (2006)
Aug—Sep 2013 Monsoon 4700 238 +349 12104+2023 142+1.17  Ice This study
Qiumianleiketage May 2014 Non-monsoon 5300 238+ 168 14314+ 1130 2.92+2.09 Ice This study
Meikuang Jul-Aug 2001 Monsoon 5200 446 124 —  Surface snow  Xu et al. (2006)
Oct 2015 Monsoon 5050 2904241 3745 £ 5100 527+6.81 Ice This study
May 2015 Non-monsoon 5050 250 £+ 468 1718 £3639 1.85£2.38 Ice This study
Yuzhufeng Oct 2014-2015 Monsoon 5350 2654270 1596 +£2052 2.93+£3.19 Ice This study
Apr-May 2014 Non-monsoon 5350 213+ 188 1421 £ 1173 1.9+£1.77 Ice This study
Harigin Oct 2015 Monsoon 5650 91+£126 930+ 1880 1.23+1.77  Ice This study
May 2015 Non-monsoon 5650 1077 £ 1489 4860 £ 6759 8.38+10.59 Ice This study
Xiaodongkemadi Aug 2014-Jul 2015  Monsoon 5400-5750 41.77+6.36 157.97+42.3 1.894+0.92  Fresh snow Lietal. (2017)
Monsoon 5400-5750 246.84+118.3 611.45+467.7 39.43+24.35 Aged snow Lietal. (2017)
Monsoon 5400-5750 3335+3767 9857 £10923 880+ 1038  Granular ice Lietal. (2017)
Oct 2015 Monsoon 5600 57437 2504233 0.68+0.3 Ice This study
May 2013-2015 Non-monsoon 5600 178 + 381 1174 +2014 2.18+6.15 Ice This study
Gurenhekou Oct 2015 Monsoon 5610 85177 330+ 648 1.17£1.49 Ice This study
May 2014 Non-monsoon 5610 1116 41700 2148 +2668 7.7£9.99 Ice This study
Palong-Zanbu no. 4 1998-2005 Monsoon 4800-5600 5.27+£2.23 70.8 £39.3 —  Ice core Xu et al. (2009a)
Non-monsoon  4800-5600 11.51£4.7 97.5+499 —  Ice core Xu et al. (2009a)
Zuoqiupu 1956-2006 Monsoon 5100-5400 2.37+£1.55 11.55£11.5 — Icecore Xu et al. (2009b)
Non-monsoon  5100-5400 8.33+3.29 26.71£13.74 —  Ice core Xu et al. (2009b)
Zhadang Aug 2012 Monsoon 5500-5800 51.9+7.2 - 6.38£1.54  Snow pit Quetal. (2014)
Jun 2014 Monsoon 5800 79 515.08 —  Snow pit Lietal. (2016)
May 2015 Non-monsoon 5790 303 822 —  Snow pit Lietal. (2018)
Jun-Sep 2015 Monsoon 5570-5790 281 743 —  Surface snow Lietal. (2018)
Uriimgi no. 1 Jul-Aug 2004 Monsoon 4130 500 1200 —  Surface snow  Xu et al. (2012)
Aug 2013 Monsoon 3800-4100 30£5 - 17+£6  Fresh snow Ming et al. (2016)
Muji Jun—Oct 2012 Monsoon 4700-5500 37543 175+ 15 —  Snow pit Yang et al. (2015)
Qiangyong 2001 - 5400 43.1 117.3 —  Surface snow  Xu et al. (2006)
Kangwure 2001 - 6000 21.8 161.1 —  Surface snow  Xu et al. (2006)
Namunani 2004 - 5780-6080 44+£2.1 51.1£20.6 —  Surface snow  Xu et al. (2006)
Demula May 2014 Non-monsoon 5404 17 185 —  Snow pit Lietal. (2016)
Yulong May 2015 Non-monsoon  4400-4800 372+58 2003 £ 308 9.47+£2.36 Aged snow Niu et al. (2017)
Aug 2015 Monsoon 4400-4800 2309+ 125 3211+168  97.12+£50.78  Aged snow Niu et al. (2017)
Laohugou no. 12 Aug 2015 Monsoon 4400-4800 2198 £ 1004 2190 £+ 1203 114+£67 Aged snow Zhang et al. (2017)
Dec 2015 Non-monsoon 44004800 1218 +£212 504 £+ 50 63+2 Aged snow Zhang et al. (2017)

For YZF Glacier, A typically varied between ~ 2 and
3.7, and the average I‘fg;_BC is close to 50 %, which both
suggest that ILAPs at this site are heavily influenced by an-
thropogenic air pollution. We also observe large variations
in Coc, with values ranging from ~ 10 to 17000ngg~".
With the exception of site 23, CES(E values for MK Glacier
are considerably lower than those of YZF Glacier (range 20—
670ng g~ !; median 130ng g~!; Fig. S5). MK Glacier gives
a median Coc of ~ 600ng g~!, whereas the fraction of to-
tal particulate light absorption attributable to non-BC con-
stituents is typically ~ 16 %—62 %. finon.Bc (5.12) at this site
is very similar to that of YZF Glacier (5.06).

Cgsct values for QY Glacier (Fig. S6) are similar to those
of MK Glacier, ranging from ~ 20 to 720ngg~! (exclud-
ing the highest value of 1900ngg~"' at site 13). The frac-
tion of total particulate light absorption due to the non-BC
constituent £ . is typically ~ 20 %—7°0 %, with a median
value of 41 %. Together with the lower Ay (2.6), this infor-
mation indicates that BC plays a dominant role in influenc-
ing light absorption in this region. Compared with the other

TP glaciers, we note that the vertical ILAP profiles on QY

www.the-cryosphere.net/13/309/2019/

Glacier are collected during the 2014 and 2015 wet seasons
(Table S1). The mixing ratios of OC and Fe are 80-10 100
and 20-340ng g~!, respectively. Figure S7 shows that the
vertical profiles of the mass-mixing ratios of BC, OC, and
Fe are more variable for XD Glacier than for the other six
glaciers. With the exception of the surface layer at sites 53
and 54, CESC‘ typically ranges from 10 to 280ngg~', indi-
cating that XD Glacier is the cleanest site in our study. At
sites 5658, SS;-BC is less than 38 %, and A ranges from
1 to 2.5, consistent with the combustion of fossil fuels due to
industrial activity.

3.3 Scavenging and washing efficiencies

Previous studies have demonstrated how ILAPs become
trapped and integrated into the snowpack as a result of melt-
ing and sublimation, thereby enriching surface concentra-
tions of these particles (Conway et al., 1996; Painter et
al., 2012; Doherty et al., 2013). For instance, Doherty et
al. (2013) reported that ILAP scavenging by snow meltwater
leads to elevated concentrations of BC in the surface layer.

The Cryosphere, 13, 309-324, 2019
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Similarly, Flanner et al. (2007, 2009) concluded that ampli-
fied ablation due to the concentration of BC in melting snow
serves to further reduce the snow albedo, thus providing a
positive feedback to radiative forcing. However, the impact
of multiple melting processes on ILAPs located at greater
depths in the glacier surface remains unclear.

On QY Glacier, we observe a marked increase in ILAP
mixing ratios with depth. Although this result may appear
inconsistent with those of Doherty et al. (2013), we note that
Xu et al. (2012) observed high concentrations of BC at the
snow surface and at depth, which those authors attributed
to meltwater percolation and the deposition of superimposed

The Cryosphere, 13, 309-324, 2019

ice in the snowpack. A further prominent feature in our data
set is the elevated surface mixing ratio of C]egsct at sites 52—
54 on XD Glacier, relative to deeper layers, which we at-
tribute to the dry and wet deposition of BC on the surface
samples. We propose that the clear difference in vertical pro-
files between QY and XD glaciers is a function of ILAP de-
position. Specifically, QY Glacier is sampled during the wet
season, when higher temperatures and stronger melting po-
tentially serve to concentrate ILAPs in the basal layers. In
contrast, because we sample XD Glacier during both the wet
and dry seasons, ILAP concentrations decrease with depth
during the dry season as a function of scavenging (Fig. S7a—
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Figure 9. Source profiles for the three factors and sources that were
resolved by the PMF 5.0 model. The blue columns and red hori-
zontal bars depict the mass and percentage of the relative species,
respectively.

g) but increase during the wet season because of the concen-
tration effect (Fig. S7h—j). The vertical profiles of CESCt for
QM, HRQ, and GR glaciers are plotted in Fig. S8. With the
exception of those sites included in Fig. S8d-e, i, and h, the
sampled glaciers exhibit the trapping and scavenging effects
of a higher surface-layer BC content resulting from melting
processes.

3.4 ILAP contributions to particulate light absorption

The fractional contributions of BC, OC, and Fe (presumably
in the form of goethite) to total absorption (450 nm) are de-
picted for each glacier in Fig. 7, with further details of BC,
OC, and Fe concentrations given in Table S1. BC plays a
dominant role in particulate light absorption, with average
values ranging from ~ 44 % to 54 % across all seven glacier
sites. Although OC represents the second highest absorber,
we noted significant variability (between 25 % and 46 % on
average) in its contribution to total light absorption during
the 2013-2015 field campaign. For those glaciers located on
the eastern TP (QY, YZF, and HRQ glaciers), the relative
contributions of BC and OC to total absorption are broadly
similar. The highest fraction of BC (54 %) is measured on
QM Glacier, on the western TP.

Complementing the BC and OC contributions, light ab-
sorption on TP glaciers is also influenced by Fe. According
to our data, the average fraction of total light absorbed by
Fe ranges from approximately 11 % to 31 % across all seven
glaciers, with the highest values recorded on GR Glacier.
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This finding indicates that MD plays a key role in the spectral
absorption properties of ILAPs on TP glaciers. The relative
contributions of BC, OC, and Fe to total light absorption for
all surface-ice samples are presented in Fig. S9 and Table 1.

3.5 Enrichment factor

EF values ranging from 0.1 to 10 represent significant input
from crustal sources, whereas values of > 10 indicate ma-
jor contributions from anthropogenic activity. According to
our EF analysis (Fig. 8), mean values for Fe are less than 5
for all seven glaciers, suggesting a primarily crustal origin.
This result supports the findings of previous studies in north-
ern China (Wang et al., 2013) and North America (Doherty
et al., 2014), which indicate that light-absorbing particles in
snow are dominated by local soil dust. Similar to Fe, other
trace metals with mean EF values of > 5.0 are moderately-to-
highly enriched because of anthropogenic emissions (Hsu et
al., 2010). For example, Pacyna and Pacyna (2001) reported
that Cr is derived chiefly from the combustion of fossil fuels,
which is also a primary source of Cu. Pb and Zn, however, are
linked to traffic-related combustion and coal burning (Chris-
tian et al., 2010; Contini et al., 2014). In summary, the high
EF values for Cu, Zn, and Cd in our ice samples provide clear
evidence that TP glaciers are being affected by anthropogenic
pollution.

3.6 Source apportionment

We employed mass concentrations of principal elements and
ILAPs, together with their respective uncertainties, to popu-
late the PMF 5.0 model, the details of which are described by
Hegg et al. (2009, 2010) and Pu et al. (2017). Model-derived
factor loadings (defined as the apportionment of species mass
to individual factors) for the three-factor solution of each
source profile are shown in Fig. 9, both as measured mass
concentrations and the percent total mass allocated to each
factor. The first factor (top panel) exhibits relatively high
loadings of Cl™, sea salt, SOZ_, and NO3_ , which are well-
known markers for urban and/or local industrial pollution
(Alexander and Mickley, 2015). Although CI~ and Na™ are
usually considered potential products of sea salt, high load-
ings of CI™ relative to sea salt reflect a further source, such
as industrial emissions or coal combustion (Kulkarni, 2009).
High concentrations of NHZr are also linked to coal combus-
tion (Pang et al., 2007).

Compared with the first factor, Al (90.3%) and Fe
(87.3 %) are generally regarded as chief indicators of urban
and/or regional MD (Pu et al., 2017), and the second factor
can therefore be readily interpreted as a natural MD source.
We note that C5&* exhibits a high mass loading on this fac-
tor. Since both K* and Kgjosmoke are primary indicators of
biomass burning (Zhang et al., 2013a), we attribute the high-
est loadings of K™ and Kgjosmoke to this source (Fig. 9c).
Nonetheless, the lowest mass loading of Cglé" in this factor
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Figure 10. Chemical composition and source apportionment for the seven TP glaciers. Note that the apportionment applies to the light

absorbed by insoluble particles on the glacier surfaces.

is unexpected, as Cg&* is related not only to biomass burn-

ing but also to local MD associated with industrial activity
(Bond and Bergstrom, 2006). Consequently, we interpret the
third factor as representing primarily the burning of biomass.

Figure 10 illustrates the chemical composition and mean
ILAP source apportionment for the seven TP glaciers. We
reiterate that the apportionment refers to the amount of light
absorbed by insoluble particles on the glacier surface. On av-
erage, the observed source apportionment by MD is close to
37.5 %, with industrial emissions and biomass burning con-
tributing 33.1 % and 29.4 %, respectively. Specifically, the
largest biomass contribution to light absorption is found on
QY Glacier, which is located close to centers of human land
use (Guan et al., 2009; Li et al., 2016). For MK, QM, GR,
and XD glaciers, the MD contribution is significantly larger
(> 47.9 %) than those of industrial pollution and biomass
burning, particularly in the case of MK Glacier. In these
regions, the percentage of light absorption due to soil dust
ranges from 20.4 % to 31.1 %, whereas light absorption due
to biomass burning is 18.5 % to 35.8 %.

Industrial pollution is a major component of apportion-
ment for both YZF and MK glaciers, where the attribution of
total anions by chloride, nitrate, and sulfate is significantly
higher than that of other chemical species. On HRQ Glacier,
the largest contribution of sulfate is 45.4 %. As depicted in
Fig. 10, the primary sources of light absorption by insoluble
surficial particles are MD and industrial pollution. The sole
exception is YZF Glacier, which exhibits a relatively large
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contribution from the burning of biomass. Together, these
results are highly consistent with those of previous studies
(Wang et al., 2013; Li et al., 2016), which reported that BC
deposited on TP glaciers is derived overwhelmingly from the
combustion of coal.

4 Conclusions

We employ the ISSW technique, coupled with chemical anal-
ysis, to assess ILAPs at seven glacier sites on the Tibetan
Plateau. Specifically, we analyze 67 vertical profiles in ice
samples collected during both the wet and dry seasons be-
tween 2013 and 2015. Our findings from HRQ, XD, and GR
glaciers show that on average, BC and OC concentrations
are several orders of magnitude higher during the dry season
than during the wet season. However, it remains unclear that
whether the ILAPs in the MK and YZF glaciers are compara-
ble during the monsoon and non-monsoon seasons, and thus
we suggest this as a suitable focus for future research. The
lowest concentrations of BC in our data set originate from
XD, HRQ, and GR glaciers, which give median concentra-
tions of 33, 24, and 28 ng g_l, respectively. Moreover, we ob-
serve a pronounced decline in ILAP concentration with depth
on XD Glacier, which we attribute to scavenging during the
wet season. An opposite trend, driven by meltwater washing
effects, characterizes the warmer wet season. Both BC and
OC play central roles in particulate light absorption on TP
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glaciers, with average values of ~ 44 %-54 % and ~ 25 %-—
46 %, respectively.

By using a PMF receptor model, we ascertain that the
ILAP budget of northern TP glaciers reflects a significant
portion of anthropogenic pollutants. The largest contributors
of light-absorbing insoluble particles for TP glaciers, how-
ever, include local MD and industrial pollution sources, fol-
lowed by the burning of biomass. In summary, both natural
MD and anthropogenic emissions constitute non-negligible
sources of ILAPs for TP glaciers.
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