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Response to editor:

Dear Dr. Wang et al

Comment 1: Thank you for submitting a revised draft of your manuscript. You have
adequately addressed the major science concerns that were raised by reviewers, but
before the manuscript can be accepted for publication in The Cryosphere it will need
careful editing for English grammar and consistency.

R: This manuscript has been edited by the Stallard Scientific Editing company
(https://www.stallardediting.com). Although we have paid for this manuscript, we only
get the invoice of this manuscript instead of the statement due to the new year’s vacation

(See Author’s Response in Page 1).

Comment 2: The abstract states that "Although the mineral dust was assumed to be the
highest contributor to the mass loading of ILAPs...", and yet the prior sentence reports
larger mean mass concentrations for OC than for mineral dust. So why is it assumed
that mineral dust is the highest contributor to mass loadings? These two sentences seem
inconsistent. This is one example of why the manuscript needs careful examination
from multiple people to ensure that the results are reported consistently.

R: Corrected as suggested.

Comment 3: Table 1 is cut off at the edge of the page and cannot even be read in its
entirety.

R: Corrected as suggested.

Comment 4: English grammar:

R: See comment 1.

Comment 5: The paper needs careful editing by one or more people who are fluent in
English. Readers will discover grammatical errors starting with the first sentence of the
Introduction.

R: See comment 1.
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Comment 6: Data sharing policy: Please read the journal's data policy at:
https://www.the-cryosphere.net/about/data_policy.html. Prior to publication, your data
should be posted in a publicly-accessible repository, and a link to the data should be
provided in the Data Availability section of the manuscript. This is particularly
important for new measurements such as those reported here.

R: We have provided the data sharing contents as suggested.

I do not plan to send out your manuscript again for additional peer review. After your
manuscript is *carefully* cleaned up, I expect we will be able to publish it in The

Cryosphere.
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[ﬂﬂﬂ BRAYA A Amounts

(AR

7 [ﬂﬂﬂ BRAYAZA: deposited on the surface of

Abstract. (R

L mmAm

surfaces can significantly reduce albedo, thereby accelerating the melting process. In this study, 67

:

MR AIA A the snow

[ﬂﬂﬂl%’? YN A and accelerate

| (R [10]
(ISSW) system, which assumes, that the light absorption of MD, is due to iron oxide. Our, results t“!’ [ﬂﬂﬂ]@%ﬁ’\] A ZA: snow

i
Jindicate, that the mass;mixing ratios of BC, OC, and MD gxhibit considerable variability (BC:, || | [ﬁ*ﬁﬁg’\] [9]

BRI A A over

attributed to the average, light absorption of BC (50.7%) and OC (33.2%). Chemical, elements and 1:

1 \
selected carbonaceous particles were also janalyscd, for source attributions of particulate light 31 ‘[ I F R A from

absorption, based on a positive matrix factorisation (PMF) receptor model. Our findings indicate | [ﬁ*ﬁﬁﬂ"]

that on, average, industrial pollution (33.1%), biomass/biofuel burning (29.4%), and MD, (37.5%

constitute the principal, sources of ILAPs deposited on, TP glaciers. ,

N g GBI A: ratio

A was

N SREYA A using

[19]
MIERAIAR A associated with the chemical . [20]
: . [21]
5 The
[22]
: indicated
[23]
2
[24]
7 showed a large variation of

i . [25]

HIBREI A -
HRRA [26]

| MBREIR R
I HRRA [27]

HBREIAE:
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1 Introduction

AR TUEY

)
. [38])
)
)

... [39]

JThe absorption efficiency of black carbon (BC) is higher in snow than in the atmosphere {ﬂﬂﬂlﬁéﬁ'\]ﬂ\]@' is largely dominant by black carb[%b
because of the higher degree of sunlight scattering in the former (Chylek et al., 1984), and (ﬁ*ﬁﬁﬂ"] [41})
a wealth of evidence confirms that the snow albedo is dominated by BC at visible wavelengths / iy [ﬂﬂﬂl%f‘ R
(Warren and Wiscombe, 1980, 1985; Brandt et al., 2011; Hadley and Kirchstetter, 2012). For - HAER [42])
instance, a mixing ratio of 10 ng g of BC in snow can reduce albedo by 1%, an amount /Eﬂﬂﬂﬁé AR }
SREYA & snow
equivalent to the impact, of 500 ng g !, of dust at 500 nm (Warren and Wiscombe, 1980; Warren, (m s )
L b ... [43]
1982; Wang et al., 2017), and Conway et al. (1996) yeported, a reduction in snow albedo of 0.21 b ] .
©o | MIBREY A which has a similar effect
and concomitant, 50% increase in ablation due to 500 ng g of BC contamination, Similarly, in 'y\ bR
their experiments using, a geometric-optics surface-wave approach, Liou et al. (2011) [ﬂﬂij]ﬁﬂ’\] R that }
described an, albedo reduction of as much as 5-10% caused by, small amounts of BC mixed | R [44])
Jinternally with snow grains. Overall, BC accounts for 85% of the total absorption by jinsoluble light- [ﬂﬂﬂ BRERA: }
absorbing impurities (ILAPs) in snow at wavelengths, of 400,700 nm (Bond et al., 2013). |\ EERE [45])
. L . HRRA . [46])
JFurthermore, the ‘efficacy’, of this BC, forcing is twice as effective as that of CO, due to snow
. SRAIRIA: ). Chylek et al. (1984) indicated
albedo change _and may have contributed to fhe large-scale, warming of the Northern || | {ﬂﬂﬂl@ﬂ’] AE:). Chy ) t[l}la}]
. (R . [48])
Hemisphere over the last century (Hansen and Nazarenko, 2004).
\ [ﬂﬂﬂlﬁﬁ’sjﬁ\]!@: measured }
The Tibetan Plateau (TP) and neighbouring uplands together contain, the largest area, of | HRE [49])
b~
snow and ice outside the polar regions (Qin et al., 2006). However, over the last decade, ~82% of \{ﬂﬂﬂl@%ﬂ’\] A% snow albedo }

e

P, glaciers have retreated, and 10% of the permafrost arca 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

menE

snow and ice surfaces has potentially led to an earlier onset of the melting season, whereas M [ﬂﬂﬂ]ﬁﬁ’xjp\]%‘-: the }

consequent loss of ice js projected to impact atmospheric circulation and ecosystem viability at HIRTH [51])

regional and global scales and ;in multiple ways (Qian et al., 2011; Skiles et al., 2012; Sand et al., | (ﬁ*ﬁ =Y [52])

2013). Therefore, BC is considered fo.be a significant factor,in fhe recent shrinkage, of TP glaciers | . [ﬂﬂﬂfﬁ%ﬂ’ﬂ A A: rate of natural snow attributed to }

(Xu et al., 2006, 20092; Qian et al., 2015; Li et al., 2016), XA . [53])
MBREI AR -

In addition to BC, organic carbon (OC) and mineral dust (MD) have also been identified, M9 % Liou et al. (2011) developed }

as JLAPs contributing to springtime snowmelt and surface warming through snowdarkening | e =t [54])

effects (Painter et al., 2010, 2012; Huang et al., 2011; Kaspari et al., 2014; Wang et al., 2013, 2014; A [55])

3 [ﬂﬂﬂ[ﬁ%ﬁ’sj A Z: to demonstrate the snow }

(ﬁ*ﬁﬁﬂ’\] [56])

BBEHE by )

LN 57])

B
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|
|
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, [ﬂf}ﬂlﬁﬂ’\] A7 absent due to }
[ﬁ#ﬁﬁﬂ"] [92]]

Iy [ﬂﬂﬂ]ﬁ%ﬂ’\] A A small-scale }
Yasunari et al., 2015). However, the optical properties of OC in snow are still Jargely unknown = .f"(%*ﬁﬁﬂ"] [93])
because of limited field data and technical limitations. For instance, pre-industrial OC . [ﬂﬂulﬁﬂ’\] KA campaigns }
concentrations derived from sites in Antarc i relative to . [ﬁ*ﬁﬁﬂ"] [94])
those reported frorm, Greenland (10-40 s v ]
Preunkert et al., 2011). Furthermore, there yemain, significant uncertainties in estimating the light: ‘«\ \ ‘ [ﬁ#ﬁﬁﬂ’\] [95])
absorption capacitics of different types of OC i \\ \\\ [ﬂﬂﬂ]ﬁ%ﬂ’\] R A extracted at Antarctic }
samples jn, western North America (Dang et al., 2014), Although the contribution of OC to \\ HIE M [96])
climate warming is generally lower than that of BC, the impact of OC is nonetheless significant, 1, \\\ [ﬂﬂ{“gﬁﬂf\] 7 higher ranging from }
particularly, over southeastern Siberia, northeastern East Asia, and western Canada (Yasunari | \\\ [ﬁ*ﬁﬁﬂ"] [97]]
et al.j 2015.)“ As summarized by Flz‘mner eAt al. (2009, in rclati.on to. modclli‘ng futurc‘climatcj ‘\ ‘ \\[ﬂﬂﬂ]ﬁ%ﬂ/\]mg: to }
conmd#ratlon of the 'O.C ontent of snow- is key, Petter estimating the jmpact of ILAPs’ | 1‘1\ ('&mﬂ'*ﬁiﬂl\] [98])
absorption of solar radiation, from the ultraviolet to visible wavelengths.,, \\1 [ MR RE }
| (R . 199])
It is well established, that the light.absorption capacity of MD js linked to the iron oxides “ \“\1\ [ﬂﬂﬂ]ﬁ% B than }
(hereafter referred to as Fe) (Alfaro et al., 2004; Lafon et al., 2004, 2006; Moosmuller et al., 2012). ! \M
The yellow-red colour of Fe (primarily hematite and goethite) affects the ability of mineral dust to “ ” [ﬂf}ﬂl@%ﬂ’? A: for }
absorb sunlight at short wavelength: Iters jts radiative properties, potentiall E L [100%
L C ..[101])
)
. [102])
grasslands, of Inner Mongolia and, northern China, Jight absorption is dominated by OC, whereas, || ‘ B9 % ) for pre-industrial ice }
the snow;particulate light absorption js provided primarily, by local soil and desert dust derived I \1?‘ %*ﬁiﬂ"] [103])
from, the northern TP, (Wang et al., 2013). | @(ﬁ#ﬁiﬂ'\] [104])
) [ﬂﬂﬂl?,%ﬂ’\] KA [Please check that this is your [ O5]j
To date, numerous surveys have to : ption capacity of ILAPs (Xu et HEREI R are still
al., 2009a, b; Doherty et al., 2010; Huang et al., 2011; Wang et al., 2013; Dang et al., 2014), and l\ R [106])
their potential source attribution in snow and ice (Hegg et al., 2010; Zhang et al., 2013a; Doherty (ﬁ*ﬁiﬂ"] [107])
et al., 2014; Jenkins ct al., 2016; Li et al., 2016; Pu et al., 2017). In their 2000 study. Hegg etal. ||| | [W%E"]W@ }
{2010) used a positive matrix factorisation (PMF) receptor model to establish, that ILAPs deposited FHERN [108])
MBREIAA: by
4 | (B .. [109])
| MBREIAN A associated with both
A .. [110])
MR AN A analyses from
FRAE [111]]
| HIBRAY R across
HERN [112]]

% EIARA: the global

ﬁﬁg,_.
H# =
ot

o

F

. [113])
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, [ﬁ}ﬂlﬁﬂ’\] AIZ: is mainly originated }
(mHRE . [156])
_/'[ﬂﬂﬂ]ﬁ%ﬂ’\] KA based on a positive matrix [158]}
jin Arctic snow priginate predominantly, from biomass burning, pollution, and marine sources, . ) [ﬁ*ﬁﬁﬂ"] [157])
Similarly, Doherty et al. (2014) assessed chemical and optical data from 67 North American sites [ﬁ*ﬁiﬂ"] [159])
and concluded, that the source attribution of particulate light absorption in seasonal snow is MEREIAF: found }
dominated by biomass/biofuel burning, soil dust, and fossil fuel pollution, , [ﬁ#ﬁﬁﬂ'\] [160])
. [ﬂﬂﬂ]%’? EYA A based on the chemical and Optlff% 1]}
Until, now, JLAP, light absorption and emission sources for the TP have been, poorly understood. \: o EERE [162])
Increasing the in_gsitu measurement, of ILAPs in snow and ice is therefore crucial to assessing the ; [ﬂﬂﬂ BRI A Up to }
Jactors driving ongoing glacier retreat, Between 2013 and 2015, we collected, ice samples from, § kk[ﬂﬂﬂ]ﬁﬁ’\]m.”é‘.: understand. }
seven TP glaciers during both the wet and dry, seasons, By using an integrating sphere/integrating 4 (ﬁ*ﬁiﬂ"] I 63])
sandwich spectrophotometer (ISSW) system coupled, with chemical analysis, we evaluated the | [w]g% IR A the }
particulate light absorption of BC, OC, and MD before exploring the relative contributions of their [ﬁ#ﬁﬁﬂ"] 16 4])
respective emission sources via a PMF receptor model, L [ W B9 9 A of ILAPs remain }
| (R .. [165])
2 Site description and methods ﬁ\{w@%mgm%%“m¢mmmuwwru%g
2.1 Site description and sample collection 1%1 \ \(%’ frry [167])
1

Figure 1 depicts the fopography and sampling locations of each glacier included in our study (Liu \\

=
%
T
>
1

et al., 2014), arranged along a roughly north—south transect, and Figure S1 provides photographs
i

I .. [168])
of each sampling site. To minimise potential ILAP contamination from local sources, sampling | |
|| B EI I A measurements
sites were located, at least 50 km from the main road and adjacent city areas. During our 2013-2015 ‘ Eol
E\ \ (ﬁ*ﬁiﬂ'\] [169])
field seasons. we collected a total of 67 columnar, ice samples from the seven glacier surfaces. | i [ -
| MiER 75 most urgent task to explore the }
(ﬁ*ﬁiﬂ’\] [170])
[ﬂﬂﬂl@%ﬁ’{l RZA:, especially in the TP regions. Here }
. : i (R 71
Samples 119 were collected from fhe centre of Qiyi (QY,) Glacier (39°]4'N, 97°45'E) (Fig. 1a) | ||
i SR A performed a large survey on
during the 2013-2015 wet seasons. QY Glacier,is a small valley glacier, (area 2.98 km?, length 3.8 ||| | \\[M{JI@EI] AP gesuveyon [172]}
km,), located in the Qilian Mountains on the northern, TP and, is classified, as a typical ;wet jsland’, | \(‘Fﬁ'*ﬁiﬂ"] [173])
bR o
in an otherwise arid region on account of jts multiple landcover, types (e.g,, forests, bush/scrub, ||+ i[ﬂﬂ'“%ﬂ’]ﬁ\]ﬁ. on }
steppes,, and meadows), Further south, samples 2022 were collected from the southeastern, | [ﬁﬁim [174])
Qiumianleiketage (QM) Glacier (36°70'N, 90°73'E) during the dry season. Located in the [M@E{]Wﬁ': in the TP regions }
l [ﬁﬂﬂ BRAYAZA: monsoon }
P
%l(?ﬁ'*ﬁitﬂ"] [176])
> i[ﬁ}l] B9 A A non-monsoon }
—
\ll[m#ﬁitﬂ’ﬂ .. [175])
e . [177)
|
g[mmmg; from 2013-2015, j
P
(*Fﬁ'*ﬁiﬂ’\] [178])
| WIREIAR: }
Hk s
BB . 1z
(R ... [180])
%(ﬂﬂﬂl@%ﬂ’\] A2 associated W
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(R . [238])
[ﬂﬂﬂ]?% B A Qinghai-Tibet Plateau (Fig. 1b)[ﬂ§ﬂ

=

MR EIRZA: [In other cases, you use ‘Tibetar[)2 a1
HERE .. [242]
ﬂ)}l BRAYAIZA: the QM glacier is

Kunlun Mountains of the TP, (Fig. 1b), OM Glacier has a length of 2.6 km, and jan, area pf, 1.7:
ka

&

According to Wang et al. (2015), the mean annual accumulation of snow/ice at our TP drilling

ﬁﬂﬂl@ﬁ’]ﬁ\]éi The

sites is approximately, 2 m, Therefore, for each glacier sampled between 2013 and 2015, we used a

... [257]

1.2-m-long vertical tube lined with a clean, 20-cm-diameter plastic bag to collect ice deposited, via

HERN ... [258]
1B& B9 R A in length with an area of

[
w
\1[ R A glacier
#
‘[

w#ﬁﬁﬂ’] .. [259]
- 6o

—

HERE .. [261

[

| HIBREIREA: -

E

{w@%wgnn
(HER .. [262
s .. [263

i (nmlrIA I A T

|

[

)

)

o, )

7 the }

B is }

[240))

[243)

\( [244])

| . [245])

cold, arid climate and by fern, forest, and scrubby vegetation. . \ . [246])
[ty . [247))

Samples 45,49 were pbtained fron, the gentre, of Harigin (HRQ) Glacier (33214, 92%09F), 2 | [ﬂﬂﬂ el }
north-facing system, located, on the northern flank, of the Tanggula Mountains, central Qinghai- \\[ﬂﬂﬂ BREIK A in }
Tibetan Plateau (Fig. 1e). HRQ Glacier drops from an elevation of 5820 m a.s.l. to its terminus af, ‘(ﬁ*ﬁﬁg’\] [249])
5400 m, where it forms the headwaters of the Dongkemadi River. To the southwest of HRQ [ﬂﬂﬂ %9 A glacier during both monsoon .%50]}
Glacier, the 2.8-km-long Xiaodongkemadi (XD) Glacier (33°04'N, 92°04'E, an area [*‘rﬁ*ﬁﬁﬂ'\] [248])
of 1,77, km? and descends from 5900 m elevation, to its terminus at 5500 m (Fig. 1f). The | (ﬁ*ﬁﬁﬂ"] [251])
surrounding landscape is predominantly cold steppe and tundra. Samples 50-60 were | [ﬂﬂﬂl?,%ﬂ’\] RE:, }
collected from the southern reaches of XD glacier, | (ﬁ#ﬁﬁﬂ’\] [252])
: | (muns o )
Gurenhekou (GR) Glacier (30%19'N, 90°46'E), is a relatively small 1.4 km?, length; 2.5 | (ﬁ#ﬁﬁﬂ’\] [253])
km;_width;, 0.6 km) cold-based alpine glacier located approximately 90 km north of Lhasa in [ﬂﬂ{“@%ﬁ'\] N 12° }
southern Tibet (Fig. lg).,The glacier ranges in elevation from 6000 m to its terminus at 5600 (R . [254])
i Both Kang etal. (2009) and Boleh etal. (2010) suseested hat G isinfluenced by boh he ||y pyn: ). The MK glaceris )
continental climate of central Asia and the Indian monsoon system. Samples 61-67 were collected | (ﬁ*ﬁﬁﬂ"] . [25 5])
from the eastern part of the glacier., MBS B A where is characterized }
FRAE [256])

)

)

)

)

)

)

)

)

)

)

)

)
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, [ﬂ}}IJI?%E’] A7 during monsoon and non-monsaon. }
(#t [337])
[ﬂﬂi B EY A altitudes of these glaciers, the }
both wet and dry deposition (Fig. 2). Owing, to their relatively, high altitude, wet deposition pver, x " [ﬁ}, IR in }
these glaciers is dominated, by fresh snowfall, with considerably, less derived from, rainfall, |
e &, ﬂﬂﬂli%ﬁ’]?\]é: Due
Nonetheless, the majority of samples consist of ice rather than snow, reflecting the prevalence of ( s )
. it .. [340]
multiple melting processes. Following collection, ice samples were maintained at a temperature | i
, ; [Méﬁ:aﬁ RZ: the }
of =20 °C during transportation to, the State Key Laboratory of Cryospheric Sciences, Cold and || [”Fﬁ:‘:tﬂ’] )
(e .. [339
Arid Regions Environmental and Engineering Research Institute in Lanzhou, China (ﬁ fra {341})
[*m"#ﬁﬁlﬁ(] [342])
. . . . . - [~
In the laboratory. samples were cut vertically into four pieces following established clean- [‘Fﬁ'*ﬁiﬂ"] . [343])
sampling protocols,(Fig. S2). after which one of the four pieces was cut at 10-cm resolution. Where ‘ [ﬂﬂﬂlﬁﬁ’\] KA areas were predominant }
multiple melting events have produced a non-uniform surface layer (e.g.. sites 13 and 26). we cut [ﬁ*ﬁiﬂ"] [344])
samples to be Jonger or shorter than the average. Any dirty layers were cut and analysed separately. [ |BR YA A new fallen snow, while much }
A total of 189 samples sed in this study. To minimise the loss of ILAPs to th tai
otal o samples were used 1n 1S study O minimise the 10SS, O s to € container | [ﬂﬂﬂl@ﬁﬁ"\]ﬂ\]@ formed by j
walls, each sample was placed in, a clean glass beaker and melted quickly in a microwave oven, | (ﬁ*ﬁiﬂ"] [346])
immediately after which the water was filtered through Nuclepore filters (pore size 0.2 um) : [ 1K BRI precipitation j
following the procedure reported in Doherty et al. (2010). Further details of the filtration process | \ R [345])
are given,in Wang et al. (2013) and Doherty et al. (2014),, ; {%*ﬁiﬂ"] 3 47])
BR A9 R A However, most of the samples
1 V548
.2 Optical analysis | i
2 P Y [ﬂﬂﬂ B&HY A A [Please note that snow is a form[ggg]}
To calculate the mass-mixing ratio of BC in our samples, we employed an updated —
N A o ez . [350])
integrating sphere/integrating sandwich spectrophotometer (ISSW,). Although this instrument is
| [ﬂﬂﬂ B&B9 A Z: Then, the column
similar to that developed by Grenfell et al. (2011), a chief, difference is that we used two integrating —
BT . [351])
spheres to reduce diffuse radiation during measurement jnstead of the integrating sandwich diffuser |
MR AIR A kept frozen under -
employed by those authors. The ISSW spectrophotometer measures the light-attenuation spectrum ||
FRAE . [352])
from 400 to 700 nm, with the total light-attenuation spectrum being, extended by linear |
SRAYN 7 °C and transported to laborato
extrapolation to cover, the full spectral range (300,750 nm). Nominally. light attenuation is IR S P Iy[353
2k
sensitive solely to ILAPs trapped on the filter as a result, of the diffuse radiation field and the AR )
SRAYA A . Firstly, each 1
sandwich structure of the two integrated spheres in the ISSW (Doherty et al., 2014). Specifically, ‘ #IEREIPI%: - Firstly, each sample was }
ETYI
the system detects the light transmitted by an ice sample, S(A), and compares this value fo that f kit [355])
transmitted by, a blank filter, Sp(A). The, relative attenuation (Atn) is then expressed as;, ERI9PAA: from the top to the bottom as Sh&‘?ﬁ& }
BT . [357 )
BRI A , resulting in a total of 189 sam
Bteir:)
7 I gAY 13591
‘ HIBRAI A A due to the multi-melting procesig%o }
BRI [361))
BRI A2 other samples (e.g. sites 13 and E;%)Z }
BHRK .. [363])
MIRRA P92 put into }
FRAE . [364 ]
| MIBRAEINA: . The melted water then }

. [365])
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Atn, = In[Sy(M)/SM (1),

B -
(

able to estimate the following parameters; equivalent BC (¢ ‘chmv) maximum BC (Cg

BC (ACESCA) the fraction of light absorption by non-BC ILAPs Q‘jl o BCY>

the absorption Angstrém ||\

exponent of non-BC ILAPs (A0n-8c), and the total absorption Angstrom exponent (4s0,). These

parameters are defined as follows:,

1. 5™ (ng gV): equivalent BC is the amount of BC that would be needed to produce

absorption by all insoluble particles in snow for wavelengths of 300750 nm.

2, C& (ng g h): maximum BC is the maximum possible BC mixing ratio in snow, assuming that

all light absorption is due to BC at wavelengths of 650,,700 nm.,,

3, Cat.(ng g 1): estimated BC is the estimated true mass of BC in snow derived by separating the

spectrally resolved total light absorption and non-BC fractions,,

ijfl on—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. Aponpc: non-BC absorption Angstrom exponent, derived from the light absorption by

non-BC components for wavelengths of 450—600 nm.

6, Ao absorption Angstrim exponent, calculated for all insolub]e particles deposited on the filter

between 450 and 600 nm,,

Both, the composition and the size distribution of acrosols are well-known, parameters jnfluencing,

the absorption Angstrém exponent, Doherty et al. (2010) reported that the absorption

(HHR
_ BHRAN

@), estimated |\

—

N

A
=

H| H
o o
s
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=
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R [400]
MERE KA

[398]
[401]

MIBREIA A the
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{ﬂﬂﬂ BREYA A used
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MR AR A this study could be found in

| MIBB9AA: By using

[ BR A9 A A [Please consider spelling this teﬁﬁﬂ

HHR 14081
{ﬂﬂﬂl%ﬂ’x]?\]@ﬁ can
\(‘%’#ﬁﬁﬂ’\] [406]
HHR 1400]
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is due to the mix state of

A, and the calculations

HEREI R A

The

. [462]

E

FRESAA:

could be found in the study of

Ason-se,-Foc, Aoci, F

=
®
o
>
B

. due to

;/L/L/\_/\_/;/;/L/L/\_/

2.3 Chemical analysis

~
o)
&}
=

Major, metallic elements (Al, Cr, Mn, Fe, Ni, Cu, Zn, Cd, and Pb) were analysed on an X-7

BRESAR:,

and the equation is listed as follows

N

Thermo Electrical jnductively coupled plasma, mass spectrometer, (ICP-MS) at the Institute of

_[466])

! for Al, 0.075 n,

=

RESAA:

H
ot
o
F

... [469]

=
®
T
>
B

.. [470]

=
®
o
=
P

.. [471]

v

=
R
=
ey
0%

We used a Dionex 320 ion chromatograph to measure, major anions ( CL, | “\(ﬁ*ﬁﬁﬂ"] [467]
NO,,NO;, and SO?{ and cations (Na', NH,, K, M2+ and Ca’") jn filtrated water samples ‘\‘\\‘ (ﬁ*ﬁiﬂ"] . [472]
The apparatus, which is housed at the Institute of Tibetan Plateau Research in Beijing, is equippe (ﬁ*ﬁiﬂ"] . [468]
with a CS12 column for cations and an AS11 column for anions and has a detection limit for al \‘\(‘Fﬁ'*ﬁiﬂ"] [473]
- \[ IBRH9 A 2 The major
measured jons of I yig - "', We also measured concentrations of Seasalt, MD, and biosmoke K l&i | - )
ﬁ [ W:g
(K siosmoke) to assess the mass contributions of the major components in purice samples. Specificall : \Ezzii .. [474]
‘ L b ... [475]
Sea salt was estimated according to the protocol described by Pio et al. (2007);, |
+ LA 2+ 2, 2. \[ﬂﬂﬂ BRB9M A : analyzed by
Seasalt = Nagy+ CI' + Mg~ + Cag +Kg +SOjg, —
+ - + + ) + + \(‘Fﬁ'*ﬁiﬂ"] .. [476]
=Nag, + ClI" +0.12 X Nag,,+0.038 X Nagg, +0.038 x Nagg,+0.25 x Na,
BisHE -
(3)
Nag,= Napo — Al X (Na/AD g [ﬂﬂﬂl&%ﬁ’\] M spectrometry
@) (HR .. [ATE]
] BBEAE: -
(#iERN ... [479]

HERE R A

, X-7 Thermo Elemental

Li: g0

.. [477

[~

# H

3

=Y

.. [480

e

=

RESAA:

in

=Y

... [481]

=

FRESAA:

Al,

Li: =N
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.. [482
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where (Na/Al) . = 0.33 and represents the Na/Al ratio in the dust material (Wedepohl, 1995).

The MD content js calculated assuming

MD,= A/0.07 ,

NG

We determined Kg;osmokeiccording to the following equation, (Pu et al., 2017):

J(Bin'mnkc:K'l'm']l . KDu‘t - KS'

.;, [ﬂﬂﬂ BRI A was estimated as

HHRE .. [530])
f[ﬂﬂﬂl‘%ﬁ’\]?\]-”é‘: ,
HFERE [531]]
[ﬂﬂﬂl@%ﬂ’\] A2 materials }
[ mmsma )
FRAE [533])
HFER [534%
)

LN

... [535]

;\gw@mm@wm
\

(6) R .. [536])
Kpug,~ AL x_(K/AL) . \ [ﬂﬂﬂl@%ﬁ’\] A A: by a straightforward method, ai 37]
@) \ \ wHERH .. [538]
Keo Now, %,0.038 [ mamz: i
(8) \ (R ... [539]
\ WAL . [540]
A (‘%’*ﬁﬁﬂ‘] . [541]
| | | I [ e
where (K/AD) . is 0.37, representing the K/Al ratio of the dust material (Wedepohl, 1995). and | —
o A A L e ... [542]
Nag,, is estimated using Equation, (4).,
[ BRI AR
FRAE .. [543]

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 Farth’s, crust, The primary uncertainty in these l
|
|
]

calculations priginates from differences jn chemical composition between snow and the reference

crustal material. The EF is defined as the concentration ratio of a given metal to that of Al, which

is a reliable measure of crustal dust, normalised, to the same concentration ratio characteristic of the

upper continental crust (Wedepohl, 1995). EF is calculated by, the, equation:,,

(X/AD)
EF = ——now (9) <
(X/AD)

v crusta A A

10

... [544]

... [545]

FRAE ... [546]
[ﬂﬂ'l“g% EI‘] V‘] ‘vé" KBiosmoke:KTolal'KDust'KSs [547]
[‘fm"#ﬁﬁﬂ’\] ... [548]
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—
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e
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... [583]

7 The Positive Matrix Factorization (

&)

2.5 Source apportionment

7 generally accepted

PMEF 5.0,is a receptor model used to determine ILAP source apportionment when source emission 1

... [585]

profiles are unavailable (Paatero and Tapper, 1994). We employed a PMF procedure similar to;Lm

A considered as

in_which mass .

described by Hegg et al. (2009, 2010). i

concentrations and chemical species |

uncertainties are provided, as the input. Our, final data set contained 189 samples with 18 elements;, |

only those elements with high recovery were used, for PMF analysis. For each sample, uncertainty |i
i

values (Unc) for individual variables were estimated from an empirical equation expressed as:,

Unc = /(o % ¢)? + (MDL?) (10)

MJB,%E’J A ZA: of the ILAPs

)
)
)
)
)
)
)
)
)
)
)
Where o_is the standard deviation, ¢ represents the mass concentrations of the relative | FREYK & unknown }
species, and the MDL depicts the method detection limited. * gAY (589] )
Although we ran the PMF model for between three and six factors, including six random seeds, ywe MR B R A Details of the }
found that the most meaningful results for our TP sites were generated by a three-factor solution. MBS A used in this study are }
Indeed, O values (modified values) for this three-factor solution (both robust and true) were closest | I [591])
to the theoretical yalues, of any factor number, for which the model was run, I 8 2 the previous work as discussed in }
HRE [590])
3, Results and discussion, iR [592])
3.1 Aerosol optical depth, MR Z: ). Generally, the }
Aerosol optical depth (AOD) represents both the transport pathways and deposition of dry | ( B [593])
aerosols, which in turn provide vital information on potential ILAP sources. As shown in ‘ [ B9 concentration }
Figure 3, QY, QM, MK, and YZF glaciers are located on, the northern TP, whereas XD, HRQ, and \ (ﬁ*ﬁim [594])
GR glaciers are located in the plateau’s southern yegions, Therefore, to elaborate on the sources of [ﬂﬂﬂ]?,% B9 P2 the uncertainties of the }
ILAPs for each TP study site, we assessed the spatial distribution of averaged 500 nm AOD, derived (ﬁ*ﬁiﬂ'ﬂl [595])
from Aqua-MODIS between 2013 and, 2015. According to Ramanathan et al. (2007), anthropogenic [ Bty A were used }
AOD.—also yeferred to, as atmospheric brown cloud (ABC)—on the south, side of the Himalayas, is (ﬁ B [596])
greater than 0.3. Consequently, AOD (500 nm) values of >0.3 and <0.1 are considered | [ﬂﬂﬂl@%ﬂ'ﬂ A% The }
Jepresentative of, anthropogenic haze and background conditions, respectively.,
[ﬂﬂﬂ BB A A used for the PMF analysis }
We observed considerably higher AOD over, the western TP than over, the central TP, For [ﬂﬂﬂl%ﬂ"]?\]@ﬁ whereby }
(ﬁ*ﬁﬁﬂ’\] [597])
(ﬁ*ﬁﬁﬂ"] [598])
FRAE [599])
11 [ﬂﬂﬂ BRAYAA: that have }
FRAE [600])
BB 9PV . The )
B . [601])
HBR AR A For each sample, uncertainty .\./.a[lgﬁZ]
HERA [603])
[ﬂﬂﬂlﬁﬁ‘] A7 was run
e .. 1604])
3t06

BBHE
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thus contribute

)

(mHRE . [655])

[ mmeoma: e )

(<0.125). Although the elevated AOD over the western TP might serve, to enhance glacial, retreat : [ﬁ*ﬁiﬂ"] [656])
there (Engling and Gelencser, 2010), we note that, AOD over the TP jn general, was significantly, [ﬁ*ﬁiﬂ"] [657])
lower than jn southern Asia, particularly, over the Indo-Gangetic Plain during the cold season. This Y‘L [ﬂﬂﬂ BRE9AA: of Himalayan glaciers }
pattern aligns closely with previous measurements (Cong et al., 2009; Ming et al., 2010; Yang et \ k’[ﬂﬂﬂ&% HIRI%: ). In contrast, the lower values of; 911
al., 2012; Liithi et al., 2015), %‘;’ | [ﬂﬂﬂl%%ﬂ’\] A% regions }
3.2 Regional averages of optical parameters, [w@ HIP9E: much }
I iy st ) (HERA [658])

Table | compiles the ice Cpe, Ch&, Coor s for o Aror, and Anon-c data for each glacier. The A 650
Jowest, median C3¢, (2326 ng g ') was observed on HRQ and GR glaciers, southern TP, during, || - [ﬁ*ﬁﬁﬂ"] [661])
the et season, whereas the Jiighest values (187,165 ng g ) occurred on, MK and YZF glaciers on | [ #4&%89 [662])
the central TP. Relative to the wet season, the measured concentrations, Ofgéséwcrc markedly i\l [ﬂﬂﬂl?,%ﬂ’\] K2 that over Southern }
higher during the dry season for all seven glaciers, The lowest overall BC concentration was \ [ﬂﬂﬂlﬁﬂ'\]?\]@ - especially }
recorded on, XD Glacier (C5(,=~10 ng g). whereas the maximum values of Ci¢, (3100 ng ¢ ') “ \1\ [ﬁ*ﬁiﬂ"] [663])
Aqg?;x (3600ng g™, and ‘B%mﬂ(‘4700 ngg 1) all corresponded to GR Glacier. Median A typically | (’%#ﬁi’cﬂ’\] [664])
exceeded 1.0 at all seven sites (Fig. 4, Table 1). [ﬂﬂﬂl@%ﬂ"] & is close to }
| [ﬂﬂﬂl@%ﬁ’«] KA over the TP regions }

The ice samples exhibited, 4 “ ‘1\ (ﬁ#ﬁﬁﬂ"] [665])
S1). As shown in Figure 4a, the median values of Ay for QY. MK, XD, and GR glaciers were ﬂ‘ ' ‘\ (ﬁ*ﬁiﬂ"] [666])
2.62, 2,64, 2,18, and 2.46, respectively, and the estimated contributions of non-BC ILAPs o | \\ [*m’#ﬁﬁﬂ’\] [667]]
absorption were approximately 41%, 44%, 36%, and 48%, respectively. Relatively high, values ‘ ‘[ﬁ#ﬁﬁﬂ'\] [668])
were pbserved,in samples from, QM (2.76), YZF (2.95), and HRQ (2.87) glaciers. Accordingly, the \l[ﬂﬂﬂ FBRESA A the }
estimated /' s, Values for those regions were 44%, 48%, and 48%, respectively. With the HHE TR [669])
exception of HRQ Glacier, our data set exhibits a clear south-to-north increase in A},on.gc,,over the MBRAIAIZA: The general information of }
TP (Fig. 4b). Histograms depicting A by yegion are shown in Figure, 5., HHE TR [670])
HFERM [671])

XD Glacier exhibited the greatest degree of A, variability, not only in the higher values izii Eg;;g
(~2-4), but also at the lower end of the range, (<2). This broad, distribution is indicative of the | [ﬂﬂﬂ]@% ERIZ: of the ice samples are given 1n "J[" gl?lﬁ}
complicated sources of particulate light absorption. For instance, Wang et al. (2013) yeported, that ( T [675])
higher A, values (approximately 3.5.4.5) are strongly, correlated with Jocal soils, whereas, fossil | [ﬂﬂﬂl@%ﬂ’\] K2 lower }
fuel combustion has an absorption Angstrom exponent of <2 (Millikan, 1961; Fialho et al., 2005). | ( T [676])
12 HIBR AR A values of }

FRAE [677])

[ﬂﬂﬂ BREIA A could be }

(ﬁ#ﬁﬁﬂ@ [678])

BBONE: e )

(ﬁ*ﬁﬁﬂ’\] [679])

[ﬂ)‘]ﬂlﬁ%ﬁ’\] M Z: " during the monsoon season in the }

(ﬁ#ﬁﬁﬂ@ [680])

BBHHE: on )

TS
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Therefore, a

L

was not only

(R

A, significant fraction of the total absorption on XD Glacier, therefore, is attributed not only to BC ////<%*§:_Btﬂ"]

(49%: Fig. 7). but also to non-BC absorbers (51%) linked to OC and MD, In contrast, '/I o values .~ [ﬂf}ﬂl?,%ﬂ’\] A

%, shown in

for all other sites typically ranged from 2 to 3. The valuesofduen-scand Ay for each site are also i \(ﬁ*ﬁiﬂ"]

. [748]

given_in Figure S3_ A [ IBRBRAE:

),

N

HERE R A

[Fig. 6 does not yet seem to hav[f*7 49

Figure 6 shows the regional yariability in BC, OC, and Fe concentrations, during fhe wetand dry, |

seasons. Although we observed clear, differences jn, median and average JLAP concentrations ||

ﬂﬂ*JB?E’JV\]é:

contributed by

among, the seven glaciers, we also note that pverall, ILAPs exhibited a similar pattern of variability

ﬁﬂﬂlﬁﬂ‘ﬂﬁ\]é:

accounting for

throughout our study area. With the exception of QY and OM glaciers, we collected jce samples

pillES: ST AR

in the XD glacier.

during both fhe wef and the dry, seasons, On average, BC and OC concentrations af, HRQ, XD, and

/—\/—\\/—\/ﬁ\

MR AIA A a common feature in the
| (*#ﬁtm
0 i__ (#ER
(W
Jhan that of the wef season, despite similar air mass pathways. [ﬂﬂﬂ BREYRE: due
(R [753]
Liithi et al. (2015) demonstrated that the atmospheric brown cloud over Southern Asia can || L‘[ﬁﬁﬁ#‘] 754
cross the Himalayas, transporting polluted air masses to the TP and potentially impacting | [MB%EI‘]W"@: depicted as red dots and blue . [759
regional glacier mass balance. In our data set, however, there is no apparent difference in | .[755

JLAP, mixing ratios between fhe we @Hd&ﬁ?ﬁ?ﬁ!ﬂ,@&MQ,,@QEQ91!!,,,(1541&,?HQ,,XZE),EIESEES;, We |

(#IER
[wmqmg:

regions was that the major

LN

can, also jmpact ILAP availability on, the central TP, , For instance, although the prevailing, air ||

BBsHE

in each site

www@@wwwwuuwwww@wwwwwww

Cievy

masses pver, the MK and YZF glaciers priginate, from the arid western TP and Taklimakan Desert,

~
ul
]
N,

regions, Huang et al. (2018) concluded thaf the concentration of trace elements at, YZF Glacier, and

thus that YZF Glacier is, less influenced by human activity. In close agreement with Ming et al.

and Cpc, (referred to as the mass concentration of OC) exhibit ¢

(2013), our, median values of C5¢.

| B also given }
BHRRE . [760])
BB IRE: Fie 53 )

gradually, decreasing trend from porth to south, and the mass concentrations of BC are higher for,

HBREIAE: .

[Please consider putting this m[.}]éiJ

northern TP glaciers than for their southern counterparts.,

LN

762

(

‘ [ﬂf}ﬂ BREYA A variations of }

To hel

[}]ﬂﬂ B BRI A concentration in each glacier }
(ﬁ*ﬁﬁﬂﬁ [765 )
[ﬂf}ﬂ B&EY A 2 monsoon
[ﬁ*ﬁiﬂ'] [766])
[ﬂﬂﬂ BB A 2 non-monsoon }
(HER [763])
(ﬁ*ﬁﬁﬂ"] [764])
e [767])
[ﬂﬂﬂ BRAYA A there were significant }
(ﬁ*ﬁﬁﬂﬁ [768])
[ﬂﬂﬂ BRAYA A between the
crEyn U
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, [ﬁ}ﬂlﬁﬂ’\] A7 this field campaign,
[ﬂ)‘}ﬂlﬁ AR A: were collected in the YZF glanc?ifzg3 0l
BGLETS .. [828]
glaciers. During our visit to YZF Glacier, we collected twelve ice samples from depths between 15 .1,,', o [ﬁ#ﬁﬁﬂ"] ... [829]
and 45 cm (Table S1). As shown in Figure, S4, Ci¢, values for, this region typically ranged from | ‘[ﬁ*ﬁﬁﬂ"] .. [831]
~100,t0,1000 ng g \ BRI A of these ice samples collectedmirtégs]
selatively high Cpe* L (R . [833]
Judging by the high value off;";”ﬁ( (0.56) for this site, we suggest that these data indicate that light i k[ﬂﬂﬂ]%’?ﬁ’\] R to
absorption at this site js influenced not only by BC but also potentially, by OC and MD, | . ‘[ﬁ*ﬁﬁ#‘] .. [834]
BBsHE: Fie
For YZF Glacier, ‘A}g,‘ typically varied between ~2 and 3.7, and the average jjf(’m scds, close i | [ﬁ*ﬁﬁﬂl‘l ... [835]

to 50%, which together suggest that ILAPs at this site are heavily influenced by anthropogenic air MBRAIA A most values of
pollution. We also observed large, variations jn, Cpc, with values ranging from ~10 to 17.000, ng : FRAE ... [836]
i
g L. With the exception of site 23, Cge,values for MK Glacier, were considerably, lower than those I '\[%JI?,%E’\] RZA:in
|
Of YZF Glacier (range 20,670 ng g |, median 130 ng g ;. Fig. 85). MK Glacier gave a median || \ (R ...[837]
Coc.0f~600 ng g | whereas, the, fraction of total particulate light absorption attributable to non- ||}| [ﬂﬂﬂ]@%ﬁ’\] N -
i
BC constituents was typically ~16° 0*6Wnon-BCA(5~ 12) at, this gsite is very, similar to that of, YZF Il \\ [ MR KA
Glacier, (5.06)., \ (i
| ELETY ... [838]
- | | Wt fov
Cacuwvalues for QY Glacier (Fig. S6) arg similar jo those of MK Glacier, ranging from ~20,t0 | g
(#mR .. [839]

720 ng

! (excluding the highest value of 1900 ng g/, at site 13), The fraction of total particulate |

$: lower than

light absorption due to the non-BC constituent ﬁ;n e vas typically ~20%-70%, with a median

... [840]

.. [841]

we ot that the vertical ILAP profiles,on QY Glacier, were collected during the 2014 and, 2015 wet |

.. [842

[t

seasons (Table S1). The mixing ratios of OC and Fe yvere, 80-10.100,ng g and 20340 ng gl

: One notable

respectively. Figure, S7 shows that the vertical profiles of the mass;mixing ratios of BC, OC, and

... [843]

Fe vere more variable for XD Glacier than for the other six glaciers, With the exception of the

: that

surface layer at sites 53 and 54, Ci¢, typically ranged from 10 to 280 ng g indicating that XD

... [844]

Glacier is the cleanest site in our study. At sites 5658, ﬁ;ﬂ s Was less than 38%, and {‘fi"& ranged

S highest concentrations of

from 1,to 2.5, consistent with the combustion of fossil fuels, due to industrial activity,,

... [846]

3.3 Scavenging and washing efficiencies

: for the surface layer were 1600 &%g]

... [848]

14

.. [845

—

... [849

—

: We pointed out

... [850]

: the

... [851]

: in the surface glacier

... [852]

(nmlnAAA.—H-r}a.
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[ﬂﬂﬂ BRAYAZA: what happens

exception of those sites included in Figure S8d-—e, i, and h, the sampled glaciers exhibit the

N\ (R o)
trapping and scavenging effects of a higher surface-layer BC content resulting from melting 1} \\ '
| MBRAY R vertical

processes,

[ﬁ}ﬂ BREYA A illustrated that the }

[ﬁ}ﬂ FREYR A could }

o (wmRm . [914])

Previous studies have demonstrated hov, ILAPs become trapped and integrated jnto the snowpack [ #H#LA .. [915])
as a result of melting and sublimation, thereby enriching surface concentrations of these particles . [ﬁ*ﬁﬁﬂ'\] [916])
(Conway et al., 1996; Painter et al., 2012; Doherty et al., 2013). For instance, Doherty et al. (2013) i‘; - | BIBREYRA: at the surface of }
Jreported, that JLAP scavenging by, snow meltwater Jeads to elevated concentrations of BC in the \\\: 1 \ [ﬁ*ﬁﬁﬂ'\] [917])
surface layer. Similarly, Flanner et al. (2007, 2009) concluded that amplified ablation due to the Y HIEREIA A due to }
concentration of BC in jnelting snow serves to further reduce the snow albedo, thus providing a ’ 1\\\ [%*ﬁ B [918])
positive feedback to radiative forcing. However, fhe impact of multiple melting processes on ILAPs \E% \\\x MIBRAIA A to enrich the }
located at greater depths in the glacier surface, remains unclear, 1 (ﬁ*ﬁﬁﬂ'\] [919])
| mawE o )

On QY Glacier, we observed a marked increase in ILAP mixing ratios with depth. 1 (ﬁ*ﬁﬁﬂ'\] [920])
Although this result may appear inconsistent with those of Doherty et al. (2013), we note 1 [ﬂﬂﬂl?,%ﬂ’\w\jﬁ-: the ILAPs could be scavenge(li”\t@'%]}
that Xu et al. (2012) observed high concentrations of BC at the snow surface and at depth ; [ﬂﬂﬂ]?,‘fﬁﬂ’\] M to lead to a much higher }
which those authors attributed to meltwater percolation and the deposition of superimposed “‘ (ﬁ*ﬁﬁﬂ'\] [922])
ice in the snowpack. A further prominent feature in our data set is the elevated surface [ﬁ*ﬁﬁg’\] [923])
mixing ratio of Cj(- at sites 52-54 on XD Glacier, relative to deeper layers, which we [ﬂﬂ{”}%ﬁ'\]p\] 2 the surface snow. Flanner et al [924]}
attribute, to the dry/wet deposition of BC on the surface samples. We propose that the clear ‘ [ﬁ*ﬁﬁﬂ"] [925])
difference in vertical profiles between QY and XD glaciers is a function of ILAP deposition. MR B9 A A would amplify snow- }
Specifically, QY Glacier was sampled during the wet season, when higher temperatures and [ﬁ*ﬁﬁﬂ"] [926])
stronger melting potentially serve to concentrate, ILAPs in the basal layers. In contrast, because we [ MBI RA: reduction, and therefore provide }
sampled XD Glacier during both the wet and dry seasons, ILAP concentrations decrease with depth (%*ﬁﬁﬂ"] [927])
during the dry season as a function of scavenging (Figs. S7a—g) but increase during the wet season [ﬂﬂﬂl@%ﬁ'\] R it still }
because of the concentration effect (Figs. S7h-j),Because the single-layer samples are not shown,, (ﬁ*ﬁﬁﬂ'\] [928])
)

)

)

)

; (ﬁ*ﬁﬁﬂ’\] ... [930]
HIERAI RN A: d. £, h-j... but increase during ﬂf§31

(EBHEN 3]
(R .. [932

v

3.4 JLAP contributions to particulate light absorption,

The fractional, contributions pf BC, OC, and Fe in the form of goethite) fo total §

oA

absorption (450 n WA (o33
R [ﬁ}ﬂlﬁﬂ’\] A7 deeper layer of snow and ice dufé'%%]

15 | (e ... [935]

[ﬂﬂﬂ]ﬁ% YA A In this study, the mixing ratios ng 6]

- AN J

2 _E#% [3]: the vertical profiles of Che: }
iz [937]]
WA . [938])
[ﬂﬂﬂ BRAYAZA: are plotted in Fig. S8 for all i(.:? (93 9]}
(e [940%
{

| (EEME By o411
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are

mBmE

played

(R

... [952]

Fe goncentrations given in Table S1. BC plays a dominant role in particulate light absorption, with ‘;;/{%*ﬁﬁﬂ"]

... [953

—

average values ranging from ~44% to 54% across, all seven glacier sites. Although OC represents, [ﬂﬂﬂl@%ﬁ"] N %-

the second highest absorber, we noted significant variability (between 25% and 46% on average) \ [ﬁ#ﬁiﬂ'\]

... [954]

in its contribution to total light absorption during the 2013-2015 field campaign, For those glaciers

T

n

(R

... [955]

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%) was jneasured on QM 1

{w@mmg

regions.

Glacier, on, the western TP,

INEET

... [956]

‘\[M@mmﬁ

was

(AR

... [957]

|

influenced by Fe. According to our data. the average fraction of total light absorbed by Fe

[ mmeme

in glacier regions, and there arf958]

ranges from approximately 11% to 31% across all seven glaciers, with the highest values |

(wHERE

... [959]

recorded on GR Glacier. This finding indicates that MD, plays, a key role in the spectral

of OC

absorption properties of ILAPs on TP glaciers. The relative contributions of BC, OC, and BRE

| mBwnE:

... [960]

Fe to total light absorption for all surface-ice samples are presented in Figure S9 and Table i

: (~25%-46%

1, Li: =N

.. [961]

¥: average). The

3.5 Enrichment factor,

... [962]

EF values ranging from 0.1 to 10 yepresent significant input from crustal sources, whereas values

: due to BC and OC were relativeté

63

(S

©f>10,indicate, major contributions from anthropogenic activity. According to our, EF analysis (Fig.

... [964]

), 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 northern China (Wang et al., 2013) and |

MR AR

accounting for 54% in the

Cie

... [965]

North America (Doherty et al., 2014), which indicate, that light-absorbing particles in snow are

mBsHE

glaciers, which is located in

dominated by local soil dust. Similar to Fe, other trace metals with mean EF values of =5.0 are
) io— A Y—a

Cies

... [966]

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

BBsHE

regions. So the

Cie

.. [967

[

which is also a primary,source of Cu, Pb and Zn, however, are linked, to, traffic-related combustion,

iy

.. [968

—

and coal burning (Christian et al., 2010; Contini et al., 2014), In summary, the high EF yvalues for |

[MJIE%E’JW@:

due to ILAPs in the TP glaaerm [969]

anthropogenic pollution, ,

BBsHE

The

i

.. [971]

[ﬁﬂﬂl@%ﬁ‘]?\]@i

absorption due to Fe was ~11%-

16 CET

.. [970]

i

.. [972

[

BBsHE

n

(BHRR

... [973]

 msenE:

light absorption of Fe in the GRyg,

(WERE

A A WA A W WA W W, /A WA WA W) 4 WA A W) D W W, W A WA A W, A WA W WA 7 W, A W, N, W A A W )

.. [975]

[ﬂﬂﬂl@%ﬁ‘]ﬁ\]@i

mineral dust

i

... [976]
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3.6 Source apportionment

We employed, mass concentrations of principal elements_and JLAPs, together, with fheir =

respective uncertainties, to populate the PMF 5.0 model, the, details of swhich 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 fhree-factor solution of gach, source |

profileare shown, in Figure 9, both as measured mass concentrations, and the % total mass allocated \

igh loadings of CL_, Cl salt, SO

) exhibits relativel

v

(ke [1012])

[ﬂﬂﬂ BRAYAA: Given the importance of the c]ﬂf&fg }

[ﬂﬂﬂ BRAYA A the chemical components }
(a0 [1015])

[ mmamE: e ]
[}]ﬂﬂ BREIAZA: in ice associated }

1 \[ﬂﬂﬂl??ﬁ’] A A the uncertainty datasets were used }
(R [1014])
(R [1016])
(HR [1017])

HERE R A

and NO3, which are well_known markers for urban and/or local industrial pollution (Alexander et (ﬁ*ﬁﬁﬂ"] [1018]
al., 2015). Although Cl, and, Na', are usually considered potential products of sea salt, high [ﬂﬂﬂ]ﬁgl\] MZA: run }
Joadings, of CI , relative to Cl salf, reflect a further, source, such as industrial gmissions or, coal ||| [ﬁ*ﬁiﬂ"] ) [1019])
H HH . H ioh ¢ o ati 9 + 3 N .
combustion (Hailin et al., 2008; Kulkarni, 2009). High concentrations of NHy, are, also Jinked to, | [ﬂﬂﬂlﬁ%ﬁ'{l HZA:  The }
coal combustion (Pang et al., 2007). (m fra ) [1020])
iR [1022])
Compared with the first factor, Al (90.3%) and Fe (87.3%) are regarded as chicf | [ﬂﬁ BBy A The }
indicators of, urban and/or regional MD, (Pu et al., 2017). and, the second factor gcan therefore be [ﬂﬂﬂ K2 [Please check that this is your [1023J
readily interpreted as a natural MD, source. We note, that Cpe,exhibits a high mass loading —

. , . R . , | (#HA [1024])
this factor. Since both K, and Kgjosmoke, are primary, indicators of biomass burning (Zhang et al., ]‘] [ﬂﬂi T }
2013a). we attribute_the highest loadings of K, and Kgiesmoke 40 this source (Fig. 9c). | b

""""""""" 1 [ﬂﬂﬂ]ﬁ*—ﬁ’mé the }
Nonetheless, the lowest mass loading of Cp(-, in this factor was unexpected, as Cp¢, is related not e
| (R [1025])
only to biomass burning but also fo local MD, associated with industrial activity (Bond et al., \ | (*#ﬁﬁﬂ’] )
) 1026
2006). Consequently, we,interpret the third factoras representing primarily the burning of biomass. | ‘ | [ ]
\l | [ﬂﬂﬂ BREY A profiles based on the PMF 5.0 model
i
L Eao
L EEY
Figure 10 illustrates the chemical composition and mean ILAP source apportionment for, the . ( [1027])
YA oi
seven, TP glaciers, We reiterate, that the apportionment yefers to the amount, of light absorbed, by § [ﬂﬂﬂl@%ﬂ’]?\]ﬁ- given
insoluble particles pn, the glacier; surface, On average, the observed source apportionment by MD, :’ (‘Fﬁ'*ﬁiﬂ"] [1028])
. o . L . . I ‘ [ﬂﬂﬂ[ﬁ,%ﬂ’x]ﬁ\]%“-: Fig.
s, close, to 37.5%, with industrial gmissions and biomass burning contributing 33.1% and 29.4%, i |
| 1 N
respectively. Specifically, the largest biomass contribution (o, light, absorption Js, found on, QY § \&(‘Fﬁ'*ﬁiﬂ"] [1029])
| 2. (i
Glacier, which is located close to centres of human Jand use, (Guan et al., 2009; Li et al., 2016). For, | R[ﬂﬂﬂl?,%ﬂ’\] A& (in
MK, QM, GR, and XD glaciers, the MDD, contribution js significantly,larger (>47.9%) than those, of | (‘Fﬁ'*ﬁiﬂ"] [1030])
[ﬂﬂﬂ BRA9 R A concentration
17 (R .. [1031])
[ﬂﬂﬂ BRAYAA:). It was evident that the
0 .. [1032])
HiIBR AR A was obviously characterized by
FRAE [1033]]
FEAE [1034])
[ﬂﬂﬂ BRI A }
(R .. [1036])
| B he
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, [ﬁ}ﬂlﬁ MR A especially }
(R . [1103])
i tr: slcie )
industrial pollution and biomass burning, particularly, in the case of MK Glacier, In these regions, / (ﬁ*ﬁﬁﬂ"] [1104])
the percentage, of Jight absorption due to soil dust ranges, from 20.4% to 31.1%, whereas, light - [ﬂf}ﬂl?,%ﬂ’\] KA percent }
absorption due to, biomass burning js 18.5% to 35.8%. \5’ [ﬁ*ﬁiﬂ"] [1105])
g e
Industrial pollution js a major component of apportionment for both YZF and MK glaciers, where k (ﬁ#ﬁiﬂ’\] L[ 106])
the attribution of total anions by chloride, nitrate, and sulphate js significantly, higher than that of, ‘ k[ﬂ)]ﬂ]g%ﬁ’\] N A ranged
other chemical species, On,HRQ Glacier, the largest contribution of sulphate js,45.4%. As depicted, i‘ [ﬁ#ﬁﬁg@ L[ 107])
in Figure, 10, the primary sources, of Jlight absorption by insoluble surficial particles are MD, and ] MR -
Jndustrial pollution, The sole exception js, YZF Glacier, which exhibits, a relatively, large (ﬁ*ﬁiﬂ"] e 108])
contribution from the burning of biomass. Together, these, results are, highly consistent with jhose | [w]g%gg 2 while the
of previous studies (Andersson et al., 2015). which reported, that BC deposited on TP glaciers is i (’%&*ﬁiﬂl\] [1109])
derived overwhelmingly from the combustion, of coal., MR EIRZA: by

=

4 Conclusions

FRESAA:

was in the range of

=Y

.. [1110]

We employed, the ISSW technique, coupled, with chemical analysis, to assess ILAPs at seven

H| H
ot o

=Y

. [1111]

. . . . . L. I
glacier sites on the Tibetan Plateau. Specifically, we analysed, 67 vertical profiles jn, ice samples

=

FRESAA:

collected during both the wet, and dry, seasons between, 2013, and 2015, Our findings from HRQ

=Y

.. [1112]

H| H
ot o

. . |
XD. and GR glaciers show that on, average, BC and OC concentrations were several orders of

=Y

.. [1113]

magnitude higher during the dry season than during the wet season. It remains unclear, however, |

=

BRESRA:

constituted

whether, the ILAPs in the MK and YZF glaciers were comparable during the monsoon and non-

=Y

.. [1114]

monsoon seasons, and thus we suggest this as a suitable focus for future research. JThe lowest, |

=

BRE AR

fraction in the YZF glacier.

concentrations of BC jin our data set originate from, XD, HRQ and GR glaciers, svhich give median |

concentrations of 33 ng g,’1 24 ng g, and 28 ng g/, respectively, Moreover, we observed 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

characterises the warmer wet season,

Both BC and OC play central roles in particulate light absorption on TP glaciers, with average |
values of ~44%0_54% and ~252 46

2o, respectively, By using a PMF receptor model, we §

ascertained, that the JLAP budget of porthern TP glaciers reflects a significant portion of

.. [1115]
R . [1116])
MBREYA A were much similar. The }
R 117
MBI A A the }
HRRA . [1118])
MBRAIR A were }
IR KR the )
(R .. [1119])
(R [1120])

18

B

in the YZF and MK glaciers. In the

mBsmE

[Please check that this is y"}?r[llzl]j

i

BBsnE

: glacier

iy

[ﬂﬂﬂl%ﬂ’x]ﬁ\]%“:

=

i

mBsnE

. was up to

Cie

)

)

. [1123))
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[ﬂﬂﬂlﬁ% A ZA: the light absorption by

(R ... [1186]
- msor s in
anthropogenic pollutants. The largest contributors of light-absorbing, insoluble particles for, TP . ' [ﬁ*ﬁiﬂ"] .. [1187]

glaciers, however, include, local MD, and industrial pollution sources, followed by the burning of -

[ﬂﬂﬂlﬁ AYNA: originated from the

biomass. In summary. both, natural MD, and anthropogenic emissions constitute, non-negligible

[}]ﬂﬂ BREY A mineral dust

sources of ILAPs for, TP glaciers.,

(R

\‘. .. [1189]
x ! %b"; ; [ﬂﬂljl?,%ﬂ’\] KA biomass
Data availability. All datasets and codes used in this study can be obtained by contacting 1\"‘ ;
i ; i [WJI@E’\]V\]E: source. Therefore, the
Xin Wang (wxin@Izu.edu.cn). I
e .. [1188]
| e ... [1190]
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Table 1. Statistics of the ILAPs in each glacier measured using an ISSW spectrophotometer associated with the chemical analysis.

quiv

max

st

St

Region Latitude  Longitude e B S onBC Ape  OC Al Fe
Qivi glacier 39°14'28”  97°4527°  average 414 299 238 (116,313) 42 (15, 66) 259 121 019 0.18
median 176 128 94 (29.124) 41 (17.70) 262 0.66  0.08 0.09
minimum 26 29 25 (13.35) 21 (—.53) 08 008 001 0.02
maximum 2651 2230 l?zz\ 1182, 73 41, — 3.73 11.59 335 2.41
%ﬂleﬂ‘e‘ag@ 36°41°477  90°43°44”  average 421 296 238 (139, 402) 44 (24.81) 280 143 021 023
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) 245 054 0.09 011
maximum 995 662 558 (143, 678) 56 (27,86) 3.08 3.97 0.55 0.63
Meikuang glacier 35°40°24”  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) 264 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 2202 (109.2938) 62 (23.85) 3.56 1689 136 1.22
Yuzhufeng glacier 35°38°43”  94°13°36” ‘;/erage 457 312 233 (94,295) 51 (—,37) 2.84 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) 182 007 002 0.05
maximum 2630 1608 1169 (72,1603) 110 (6,49) 3.7 9.16 0.81 3.51
Harigin glacier W 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) 2.87 022 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) 350 964 LIl 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




quiv

Region Latitude  Longitude g Cp&t Cot . ”i;”_BC Ao 1SOC Al Fe
™) E) (ng g (ng g (ng g % (ppm)  (ppm) (ppm)
median 62 47 53 (37.65) 36 (13,59) 218 019  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°177  90°27°23”  average 382 292 247 (212,591) 46 (16,71) 2.42 0.62 0.15 0.18
median 61 46 30 (19, 44) 48 (18.75) 246 013 005 0.10
minimum 28 23 15 (10,24) 27 (7,52) 1.34 0.02 0.01 0.03
maximum 4674 3634 3080 1876. 61 (26,85 292 522 135 91

n004
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Table 2. Statistics of the ILAPs in snow and ice in the studied TP glaciers and other related glaciers.

Glacier Sampling Season Altitude/ BC ocC MD Sample type References
— 3 -1 -1 -1
name time ma.s.l (nggh) (nggh) (nggh
Qiyi 2005.7 Monsoon 4850 2242 — — Snow pit Ming et al., 2009
2001.7-8 Monsoon 4600 6.65+3.3 87.52+37.59 — Fresh snow Xu et al., 2006
2001.7-8 Monsoon 4600 52.644+17.83 195.54+85 — Aged snow Xu et al., 2006
2013.8-9 Monsoon 4700 2384349 121042023 1.42+1.17 Ice This study
Qiumianleiketage 2014.5 Non-monsoon 5300 238+168 143141130 2.92+2.09 Ice This study
Meikuang 2001.7-8 Monsoon 5200 446 124 — Surface snow Xu et al., 2006
2015.10 Monsoon 5050 2904241 3745+5100 5.27+6.81 Ice This study
2015.5 Non-monsoon 5050 2504468 171843639 1.854+2.38 Ice This study
Yuzhufeng 2014,2015.10 Monsoon 5350 2654270 1596+2052 2.93+3.19 Ice This study
2014.5 Non-monsoon 5350 213+188 1421+1173 1.9+1.77 Ice This study
Harigin 2015.10 Monsoon 5650 91+126 930+1880 1.23+1.77 Ice This study
2015.5 Non-monsoon 5650 107741489 4860+6759 8.38410.59 Ice This study
Xiaodongkemadi  2014.8-2015.7 Monsoon 5400-5750 41.77+6.36 157.97+42.3 1.89+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 333543767 9857+10923 880+1038 Granular ice Lietal., 2017
2015.10 Monsoon 5600 57437 2504233 0.68+0.3 Ice This study
2013-2015.5 Non- monsoon 5600 1784381 117442014 1846.15 Ice This study
Gurenhekou 2015.10 Monsoon 5610 '85+177 330+648 1.17+1.49 Ice This study
2014.5 Non-monsoon 5610 111641700 214842668 7749.99 Ice This study
Palong-Zanbu- 1998-2005 Monsoon 4800-5600 5274223 70.8439.3 T Ice core Xuet al., 2009a
No.4 Non-monsoon  4800-5600 1151447 97.5449.9 _ Ice core Xu et al., 2009a
Zuogiupu 1956-2006 Monsoon 5100-5400 2374155 11.55+11.5 — Ice core Xu et al.. 2009b
Non-monsoon  5100-5400 8.3343.29 26.71+13.74 - Ice core Xu et al.. 2009b
Zhadang 2012.8 Monsoon 5500-5800 519472 o 6.38+1.54 Snow pit Quetal., 2014
2014.6 Monsoon 5800 79 515.08 I Snow pit Lietal., 2016
2015.5 Non-monsoon 5790 303 %00 — Snow pit Lietal., 2018
2015.6-9 Monsoon 5570-5790 281 743 — Surface snow Lietal., 2018
Urumgi No.1 2004.7-8 Monsoon 4130 500 1200 - Surface snow Xuetal., 2012
2013.8 Monsoon 3800-4100 3045 I 1746 Fresh snow Ming et al., 2016
Muji 2012.6-10 Monsoon 4700-5500 3__+3 175?5 [ Snow pit Yang etal., 2015
Qiangyong 2001 — 5400 rfﬁ 1173 — Surface snow Xu et al., 2006
Kangwure 2001 — 6000 m ﬁ — Surface snow Xu et al., 2006
Namunani 2004 — 5780-6080 44421 51?0.6 — Surface snow Xu et al., 2006
Demula 2014.5 Non-monsoon 5404 1___ 185 — Snow pit Lietal., 2016




Yulong 2015.5 Non-monsoon 4400-4800 372458 20034308 9.47+2.36 Aged snow Niu et al., 2017
2015.8 Monsoon 4400-4800 2309+125 3211+168 97.124+50.78 Aged snow Niu et al., 2017
Laohugou No. 12 2015.8 Monsoon 4400-4800 219841004 219041203 114467 Aged snow Zhang et al., 2017
2015.10 Non-monsoon  4400-4800 12184212 50445 63+2 Aged snow Zhang et al., 2017
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Figure 1, Geographical locations of (a) Qiyi Glacier (39.24°N, 97.76°E), (b) Qiumianleiketage ,(llauuﬁg/ [)])]i |BRAIAR A glacier (92.09° E

(36.70°N. 90.73°E), (c) Meikuang Glacicr (35.67°N. 94.19°E), (d) Yuzhufeng Glacier (35.65°N, 94.23°E), |

(e) Harigin Glacier (33.149N. 92.09°E), (f) Xiaodongkemadi Glacier (33.07°N, 92.07°E), (g) Gurenhekou

Glacier (30.199N. 90.46°E). The black dots indicate sampling locations. ,
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Abstract. AmountsThe deposition of insoluble light-absorbing particles (ILAPs) depesited
on-the-surface-ofon snow and ice surfaces can significantly reduce the-snevw-albedo-and-aceelerate,

thereby accelerating the snrew-melting process. In this study, 67 ice samples were collected infrom

seven glaciers everlocated on the Tibetan Plateau (TP) frembetween May 2013 teand October
2015. The mixing ratieratios of black carbon (BC), organic carbon (OC), and mineral dust (MD)
waswere measured usingwith an integrating sphere/ / integrating sandwich spectrophotometer
(ISSW) system-asseciated-with-the-chemieal-analysisby-assuming, which assumes that the light
absorption of MD is due to iron oxide. TheOur results indicatedindicate that the mass—-mixing
ratios of BC, OC, and MD shewed-a large variation-ofexhibit considerable variability (BC: 10—

3100 ng g ';; OC: 10-17000-17.000 ng g '.: MD: 10--3500 ng g ') with respective mean
values of 220+ £ 400ng g ', 1360+ + 2420 ng g ', and 240+ £ 450 ng g ' en TP glaciers during
over the course of the entire—iee—field campaign;—respeetively=. We notedobserved that the

averagedfor 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%)—wastarselyrespensibleforthe

Chemical elements and the-selected carbonaceous particles were also anabyzedanalysed for the

source attributions of the—particulate light absorption, based on a positive matrix

faetorizationfactorisation (PMF) receptor model. ©rOur findings indicate that on average,—the

industrial pollution (33.1%), biomass/biofuel burning (29.4%), and mineral-dustMD (37.5%)

wereconstitute the majerprincipal sources of the-ILAPs indeposited on TP glaciers.
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1 Introduction

Ample The absorption efficiency 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 indicatedconfirms that the snow albedo is dominated by BC at

visible wavelengths istargely-dominantby-blackearbon(BE)(Warren and Wiscombe, 1980, 1985;
Brandt et al., 2011; Hadley and Kirchstetter, 2012). For instance, a mixing ratio of 10 ng g ' of

BC in snow can reduce saow-albedo by 1%, which-has-a-similareffectan amount equivalent to

thatthe impact of 500 ng g~ ' of dust at 500 nm (Warren and Wiscombe, 1980; Warren, 1982;

Wang et al., 2017)- Chylek et al. (1984) indicated that the absorbing efficiency of BC is higher in

v. ), and Conway et al. (1996)
measuredreported a snew-atbedo-reduction in snow albedo of 0.21 and aconcomitant 50% increase
in the-ablation rate of natural snew-attributed to-due to 500 ng g ' of BC contamination. Licu-et

al—(20H-developedSimilarly, in their experiments using a geometric-optics surface-wave

approach-te-demenstrate-the-snow, Liou et al. (2011) described an albedo reduction byof as much

as ~5-10% due—tocaused by small amounts of BC mixed internally mixed-with snow grains.
FetalyOverall, BC accounts for 85% of the total absorption by aH-insoluble light-absorbing
impurities (ILAPs) in snow at the-wavelengthwavelengths of 400—700 nm (Bond et al., 2013). Bue
to-the-impactof BC-on-snow-andice-albedeosthe “effieaey”Furthermore, the ‘efficacy’ of this BC-
snew forcing is twice as effective as that of CO,; atmeltine snowdue to snow albedo change

and may have contributed to slebalthe large-scale warming of the past-eenturyin-the Northern

Hemisphere over the last century (Hansen and Nazarenko, 2004).

The Tibetan Plateau (TP

eentains) and neighbouring uplands together contain the largest storearca of snow and ice
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outside the polar regions (Qin et al., 2006). {Pleasecheekthatthisis—vyeourintended -meaning]
However, over the last decade, ~82% of the-platean'sTP glaciers have retreated, and 10% of #sthe

permafrost has-degraded-in-the-past-deeade-area has been lost as a result of climate warming (Qiu,
2008; Yao et al., 2012). Xu et al. (2009a, b) indicatedreported that the deposition of BC on snow

and ice surfaces has potentially led to an earlier onset of the melting season, whereas the BC

d@pggit@d_in_gmandcongequent loss of ice pntpnti'ﬂ]) lead the mP]ting seasons earlier, and the
large—retreat—of these—glaciers—aeross—the TP resions—may—affeettheis projected to impact

atmospheric circulation and ecosystem viability at regional and global scales and in multiple

ways (Qian et al., 2011; Skiles et al.,, 2012; Sand et al., 2013). Therefore, the-BC eontent-is

considered ene-ofthe-major-abserbers-to lead great-deereasebe a significant factor in length-and
areathe 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) recognizedhave also been
identified as the-ethertypes—of ILAPs that-substantially—eontributecontributing to springtime
snowmelt and surface warming through the-snow--darkening effects (Painter et al., 2010, 2012;
Huang et al., 2011; Kaspari et al., 2014; Wang et al., 2013, 2014; Yasunari et al., 2015). However,

the optical properties of OC in snow are still absent-due-te-largely unknown because of limited

smal-seale—field eampaignsdata and technical limitations. For instance, the—pre-industrial OC
concentrations extracted—at-Antaretie—derived from sites in Antarctica are unexpectedly higher
ranging from-high (80-t6—360 ng g 'than-) relative to those reported forfrom Greenland (10—
40 ng g ") and Alpinealpine sites (45-98 ng g')for pre-industrial-ice ') (Federer et al., 2008;
Preunkert et al., 2011). {Please-cheelkthatthisisyveur-ntended-meaning}Furthermore, there are

stilremain significant uncertainties in estimating the light-—-absorption by-capacities of different

types of OC asseciated-with-bothfrom the chemical and optical analyses—frem-analysis of new
snow samples aerossin western North America (Dang et al., 2014). Although the contribution of

OC to theglebalclimate warming is generally lower than that of BC, butstilithe impact of OC is

nonetheless significantmainky, particularly over southeastern Siberia, northeastern East Asia,
and western Canada (Yasunari et al., 2015). As summarized by Flanner et al. (2009;) in

relation to modelling future climate, consideration of the OC incontent of snow is a-key approach

forto better estimating the elimate effeetsin-clobalmodelsduete-theimpact of I[LAPs’ absorption
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of solar radiation-by-ether H-APs from the ultraviolet to visible wavelengths.

It is well knewnestablished that the light-absorption capacity of MD mainty-depends-on-is linked
to the iron oxides (hereafter referred to as Fe) (Alfaro et al., 2004; Lafon et al., 2004, 2006;
Moosmuller et al., 2012). The yellow-red colour of Fe (primarily hematite and goethite) imparted
ayelovwred-colorisamajorcomponentwhich-affects the ability of mineral dust to absorb sunlight
at short wavelengths;then and alters the-dust’sits radiative properties-and-may-inflience-the,
potentially influencing climate (Takahashi et al., 2011; Jeong et al., 2012; Zhou et al., 2017). Ceng

among-the-glaciersin-the TRPregions:For example, Painter et al. (2007) peinted-outconcluded
that the duration of seasonal snow cover duration—in-aseasonallysnow-covered-mountain—wasin

alpine regions is shortened by 18-t6—35 days dueowing to the depesitienredeposition of disturbed

desert dust. Wane

thegrasslandOn 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 aeressand northern

China, whilelight absorption is dominated by OC, whereas the snow--particulate light absorption
was—mainly—eontributedis provided primarily by local soil and desert dust atderived from the
northern boundary-of-the-TP regions—(Wang et al., 2013). {Please-cheekthatthisis—yeur
R e e e

To date, numerous snow-surveys have beenconductedsought to investigateevaluate the light—

absorption capacity of ILAPs (Xu et al., 2009a, b; Doherty et al., 2010; Huang et aal., 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; Doherty et al., 2014; Jenkins et al., 2016; Li et al., 2016; Pu et al., 2017).
In their 2009 study, Hegg et al. 2009 ) -indieated(2010) used a positive matrix factorisation (PMF)
receptor model to establish that the-tight-abserptionby-ILAPs deposited in Arctic snow is-mainly

originatedoriginate predominantly from biomass burning, pollution, and marine sources-based-en

a—pesttive—matrix—factorization (PME)—reeeptor—medel.. Similarly, Doherty et al. (2014)

foundassessed chemical and optical data from 67 North American sites and concluded that the

source attribution of particulate light absorption in seasonal snow is dominated by biomass/biofuel
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burning, soil dust, and fossil fuel pollution-based-on-the-chemical-and-optical-datafrom-67 Nerth
Up to

Until now, thelLAP light absorption and emission sources of H-APs remainfor the TP have been
poorly snderstand-understood. {Please-cheekthat-this-is-yourintended-meaning}-Increasing the
In- situ measurementsmeasurement of ILAPs in snow and ice is therefore crucial to assessing the
rmesturgenttaskto-explore-the-factors driving ongoing glacier retreat;-espeetaly-in-the TP regions:

Here. Between 2013 and 2015, we performed a large survey on collecting columncollected ice
samples onfrom seven TP glaciers in the TP regions during both the monsconwet and non-

monsoondry seasons from 2013-2015.. By using an integrating sphere/~/—integrating sandwich
spectrophotometer (ISSW) system asseeiatedcoupled with the-chemical analysis, we evaluated the
particulate light absorption byof BC, OC, and MD n-FP-glaciers—was—evaluated—Finally before
exploring the relative contributions of their respective emission sources in-these glaciers was
explored based onvia a PMF receptor model.

2 Site description and methods

2.1 Site description and sample collection

AeecordingtoFigure 1 depicts the second-Chinese-glacierinventory-dataset, Fig. 1 exhibits the
aphical maps in each glacier associated with the topography and sampling locations of each
glacier included in our study (Liu et al., 2014). Eig—S1shews-the pictures-of the samplinsloecations
in-al-seven—glaciers;—and-all-theseglaciers—are), arranged from north to south according to their
latitude and longitude in this study.-Basically, the sampling locations are selected to_bealong a

roughly north—south transect, and Figure S1 provides photographs of each sampling site. To

minimise potential ILAP contamination from local sources, sampling sites were located at least 50

km apart from the main road and the cities to minimize the effects of local sources. ~67

columnadjacent city areas. During our 2013-2015 field seasons. we collected a total of 67 columnar
ice samples were gathered during-mensoon-andnon-menseon-seasons along a south-north transect
over the TPregions—from 204320451t is worth noting that the seven-glaciers can represent

different climatethe seven glacier surfaces. Owing to their broad geographic distribution, our glacial

dataset represents climatic and land -surface types graduallyconditions ranging from the dry area
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to wet area along semi-arid in the northern to the southern over the TP regions. TP to humid in the

southern. [Please check that this is your intended meaning.]

Samples 1 to —19 were collected from 2013 to 2015 during the monsoon season in the center of
the the centre of Qiyi glacier (QY5) Glacier (39°44-14'N, 97°45-45'E) (Fig. 1a). The Q¥ glacier)
during the 20132015 wet seasons. QY Glacier is a small valley glacier;-with-the- (area 6£2.98 km?

and-the, length 3.8 km-1tis) located in the Qilian Mountains on the nerth-berderof thenorthern

TP regions—This-glaeterand is recognizedclassified as a typical “‘wet island”island’ in an otherwise
arid region due—to—on account of its muli-tandmultiple landcover types (e.g-.. forests,

bushesbush/scrub, steppes, and meadows).

Samples- Further south, samples 20-te—22 were collected during the non-monsoon season-in-the
seutheastfrom the southeastern Qiumianleiketage glaeier(QM;—) Glacier (36°76—70'N, 90°73>
73'Eywhichis-eriginated-frem-the-) during the dry season. Located in the Kunlun Mountains
of the b o Lo T e Dl
Platean” or the-abbreviation—TP> Please eheele] (Fig. 1b), OM Glacier has a length of the-QM
glaeteris-2.6 km; and thean area isof 1.73 km?.

Samples 23--32 were collected #rfrom the northern part of Meikuang glaeierduring both monsoon
and non-monsoon season-(MK;-) Glacier (35°42>42'N, 94°12>-12'E)—TFhe- MK-glacieris), located
in the eastern Kunlun Mountains, whereis-characterizedduring both the wet and the dry seasons.
This region is characterised by alluvial deposits and sand dunes. The-MK glaeierGlacier is 1.8 km
inlength-with-an-area-of long and 1.1 km? in area (Fig. 1c).

As-shown-inFig—td Immediately east of MK Glacier, samples 33-—44 were collected #from
the seuthwestsouthwestern reaches of Yuzhufeng glaeier-(YZF;-) Glacier (35°38-38'N, 94°43>

13'Ey-The YZFE glacieris-adjacent to M glacierwith-), located on the highest peak o£(6178 m
aeross) of the eastern Kunlun Mountains-at-the-northem-margin-of the TPregions—Theglacieris

e e s s s R Seanns poe e s cne we b T high--altitude s

well-asthe-region is characterised by a cold, arid climate and by fern, forest, and arid-chmate:
scrubby vegetation. [Please-check thatthisis-yourintended-meaning]
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Samples 4549 were eollected—inobtained from the eentercentre of Harigin glacier—(HRQ;-)
Glacier (33°44-14'N, 92°09-09'E), whichisa north-facing system located-at-the-headwaters-ofthe
Dengkemadiriver on the northern slepeflank of the Tanggula Mountains-in-the, central region-of
the-Qinghai—Tibetan Plateau (Fig. 1e). The- HRQ glacierfacenorthwith-ameuntainpeak Glacier

drops from an elevation of 5820 m a.s.l. to its terminus efat 5400 m-a-s--

Samples—50-60—were—coHected—in—the—southern—, where it forms the headwaters of the
Dongkemadi River. To the southwest of HROQ Glacier, the 2.8-km-long Xiaodongkemadi
elacier (XD5) Glacier (33°042-04'N, 92°0404'E). The XD glacier is adjacent to HRQ glacier, with)
covers an area of 1.76777 km* and 2.8-km-inlength-(Fig—descends from 5900 m elevation+H-
The-elevations-of the-glacierfrom-the-peak to its terminus are-5906-andat 5500 m (Fig. 1f). a5

respeetively—Jt-has—a-The surrounding landscape is predominantly cold steppe landseape
mainby-surrounded-by-and tundra. Samples 50-60 were collected from the southern reaches of XD

glacier.

Senphe b epe o lesiad b oo e

Gurenhekou glacier(GR;-) Glacier (30°49°-19'N, 90°46™-46'E).-The GR-glacier) 1s a relatively
small and-ecold-alpine-type—valey—elacierin-thecentral part-of thesouthern TP —whichis-seated

about-90-km-nerthwest-of Lhasa;the-eapital-city-of Tibet(Fig—(arcadg)—The glacier areais 1.4
km? with-a; length-and-width-of: 2.5 km-and; width: 0.6 km) cold-based alpine glacier located

in elevation from 6000 m to its terminus at 5600 m. Both Kang et al. (2009) and Bolch et

al. (2010) indieatedsuggested that the-GurenhekeuglacierGR is-mainly influenced 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) pointed out that), the mean annual accumulation of snow/ice at
theour TP drilling site over the TP glaciers was aroundsites is approximately 2 m-on average.

Therefore, ¢

a-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 the-ice samplesdeposited via both wet and dry deposition during
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these areas—were-predeminantglaciers is dominated by new-fallensnow;-while-muehfresh snowfall,

with considerably less formed-byderived from preeipitationrainfall. However,-most-ofthesamples

vou mean—rainfall> here?] Nonetheless, the majority of samples consist of ice rather than snow,

reflecting the prevalence of multiple melting processes. Then;-the-eelumnFollowing collection, ice

samples were kept frozen under -maintained at a temperature of —20 °C and transported to
laboratory facilities at®°C during transportation to the State Key Laboratory of Cryospheric Sciences,

Cold and Arid Regions Environmental and Engineering Research Institute in Lanzhou. Firstly each
sample was ., China.

In the laboratory, samples were cut vertically into four pieces from the top to the bottom as

olution following

which one of the four pieces was cut at 10-cm resolution. Where multiple melting events have

produced a non-uniform due to

surface layer (e.g., sites 13 and 26). we cut samples to be longer or shorter than the other samples

(e.g.sites 13 and 26). To minimize the lossesaverage. Any dirty layers were cut and analysed

separately. A total of 189 samples were used in this study. To minimise the loss of ILAPs to the
container walls, each sample was put-intoplaced in a clean glass beaker and melted quickly in a

microwave oven. The melted water then, immediately after which the water was filtered through

Nuclepore filters with a (pore size of 0.2-p1, as were used by um) following the procedure reported

in Doherty et al. (2010). Further details for filtrate processing can be foundof the filtration process
are given in Wang et al. (2013) and Doherty et al. (2014).

2.2 Optical analysis
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An-To calculate the mass-mixing ratio of BC in our samples, we employed an updated

integrating sphere~/-integrating sandwich spectrophotometer (ISSW3-was-used-to-ealeulatethe
mass-mixing ratio-of BCinthe-iee-samples;-which-is-similar with-the-). Although this instrument is
similar to that developed by Grenfell et al. (201 1)—Cempared-with-the ISS\W-speetrephotemeter
developed-by-Grentelet-al (20 )the-major), a chief difference is that we used two integrating

spheres to reduce diffuse radiation during measurement instead of the integrating sandwich diffuser

to-reduce-the-diffuse radiation-during the- measuring process—Fhis-employed by those authors. The

ISSW spectrophotometer measures the light--attenuation spectrum from 400 to 700 nm—+he, with

the total light--attenuation spectrum isbeing extended everby linear extrapolation to cover the full

spectral range bytnear—extrapolationfrom—400—+to—(300—and—from—700—+te—750 nm-—Light-).
Nominally, light attenuation is neminaly—enly-sensitive solely to ILAPs trapped on the filter

beeauseas a result of the diffuse radiation field and the sandwich structure of the two integrated
spheres in the ISSW (Doherty et al., 2014). Briefly—the[Pleasecheekthatthisisyeur-intended
meanine]-Specifically, the system detects the light transmitted light-detected-by thesystemfor-an

ice sample, S(1), is-compared-with thesignal deteetedforand compares this value to that transmitted
by a blank filter, So(A);-and-the). The relative attenuation (Atn) is then expressed as:

Atn= = In[So(R)/S(V)] (1)

The mass absorption efficiency (MAEYMAECSs and the-absorption Angstrom exponents (A)

employed here for BC, OC, and Fe usedare described in thisstady-could-befoundin-detail by Wang
et al. (2013).

Using this technique, we eanare able to estimate the following parameters-ineluded: equivalent BC

(C;qgiv), maximum BC (C3&), estimated BC (Cy(), the fraction of light absorption by non-BC
ILAPs (/%

non—-BC

), the absorption Angstrdm exponent of non-BC ILAPs (4uon-5¢)). and the total

absorption Angstrém exponent (4.:). These parameters are defined as follows: [Yeurlistof

1. Ci" (ng gV): equivalent BC is the amount of BC that would be needed to produce

absorption by all insoluble particles in snow for wavelengths of 300—750 nm.
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2+. C& (ng g 1): maximum BC is the maximum possible BC mixing ratio in snow-5v, assuming
that all light absorption is due to BC at the-wavelengths of 650-—700 nm.

32. C3é (ng g V): estimated BC is the estimated true mass of BC in snow derived by separating
the spectrally resolved total light absorption and non-BC fractions.

4. 1 (%): the fraction of light absorption by non-BC light-absorbing particles is the

non—BC

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. Auon-ac: non-BC absorption Angstrom exponent, derived from the light absorption by

non-BC components for wavelengths of 450600 nm.

64. A absorption Angstrom exponent-is, calculated for all insoluble particles deposited on the

filter between 450 and 600 nm.

Both the aerosel-composition and the size distribution of acrosols are keywell-known parameters

that-affeetinfluencing the absorption Angstrém exponent. [¥eu have already defined this-as
“d 2 ' . and in insta - »
values™ i needed-to-fit the-varieus-instanees-| Doherty et al. (2010) reported that the walue
of the-absorption Angstrdm exponent of OC wasis close to 5, which-is-consistent with previous

studies-with-valaesrangingfrem4-the previously reported range of 4-6 (Kirchstetter et al., 2004)-
Several), and several studies indieated—that—thehave included absorption Angstrém

i

expenentexponents of 2-5 for minera

=MD (Fialho et al., 2005;

Lafon et al., 2006; Zhou et al., 2017; Cong et al., 2018). The—variation-eftheTypical absorption

11
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Angstrém exponents for urban and industrial fossil fuel emissions istypically-infall within the range
of1.0—1.5 (Millikan, 1961; Bergstrom et al., 2007), which is slightly lower than that of biomass--
burning aerosols;—which—primarity—fals—in—therange—of- (1.5-2.5) (Kirchstetter et al., 2004;
Bergstrom et al., 2007). In this study, we notednote that the absorption Angstrom exponent (407
is-due-to-the-mixstate-efcomprises both BC and non-BC impurities trapped on the filters;-and-the
ealeulations, Calculations of A and of Anon-Bc could-befound-inthestudy-ofare described by
Doherty et al. (2014). TheSpecifically. Anon-sc is calculated as a linear combination of the

contributions to light absorption due-temade by OC and Fe-and-the-equation-ististed-astolows:

Anon-sc = Focx - Aoc+ Frex « Ae (2

2.3 Chemical analysis
The—majorMajor metallic elements (Al, Cr, Mn, Fe, Ni, Cu, Zn, Cd, and Pb) were analyzed
byanalysed on an X-7 Thermo Electrical inductively coupled plasma- mass

speetremetryspectrometer (ICP—MS;=7ThermoElemental) at the Institute of Tibetan Plateau
Research-in, Beijing, China. The detection limits are A%-0.238 ng ml™ '+ Cx for Al, 0.075 ng ml

=M for Cr, 0.006 ng ml':Fe for Mn, 4.146 ng ml": Ni for Fe, 0.049 ng ml™":Cu for Ni,
0.054 ng ml™":-Zs_for Cu, 0.049 ng ml':+-Cd for Zn, 0.002 ng ml':Pb; for Cd. and 0.002

ng ml~'-Brieflywe-acidified-all- for Pb. Prior to measurement, melted samples directly-to
were acidified (pH= < 2) with ultra-pure HENO,-thentetsettled HNO; and left to settle for 48h48

hours. The relative deviation between most of the measured values and the standard reference

values is within 10%. Details enof these procedures are given in Li et al. (2009) and Cong et al.
(2010).
b abile e e Dol L e e Ll

We wused a Dionex 320 ion chromatograph to measure major anions ( CI,

NO;, NO3, $05) and SO7 ) and cations (Na*, NH;, K*, Mg®", €a®" and Ca” ') with-an ien

hromatooranh (Dione 0 Dione NN a A no O ~n fo 1on nd
a a S, d VV-a t a H a a

ASH column-foranions-in filtrated water samples. The apparatus, which is housed at the Institute

of Tibetan Plateau Research in Beijing—AH-the-, is equipped with a CS12 column for cations and

an AS11 column for anions and has a detection limit efthe-for all measured ions wasof 1 pg—{==:
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Laedditsn oo s o the e e ento e e cleene o - I"!. We also measured
concentrations of Sea-€} salt,; {Please-definethis-abbreviation] MD, and biosmoke K (Kygsemois)
were-determined-Kgiosmoke) to assess the mass contributions of the major components in theour ice

samples. Specifically, €FSea salt was estimated asfollows-in-aceordance-with-according to the

————=Nag+CI+ChggSea salt = Nag,+ CI' + Mg + Cag, +Kg_ + SOjs,

S

=Nag, + Cl" +0.12 x Nag++0.038 X Nag++0.038 x Nag,++ 0.25 x Nag;

3)

Nag,=Napgm-AbNaAD camr =Narya — Al X ~(Na/Al) ¢y

4)

Where
where (Na/Al), =0.33~ and represents the Na/Al ratio in the dust materialsmaterial
(Wedepohl, 1995).

The MD content wwasis calculated by—astraichtforward method,—andthe-assuming an Al
concentration infor dust was-estimated-asof 7% (Zhang et al., 2013b):

MD= = Al/0.07

)

We determined Kg;osmoke @5 foHowsaccording to the following equation (Pu et al., 2017):

K =K K K (&)
TSBiesmoke T~Ttotal TDust oS VJ

KBiosmoke:KTolal - I<Dusl - KSS

(6)

Kpyse= = Al X = (K/AD

(7)
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Kg—Naw = Nag, X +0.038

where (K/AD),, i 037, which—representsrepresenting the K/Al ratio inof the dust
materialsmaterial (Wedepohl, 19955), and Nag; is estimated by-E¢g-using Equation (4).

2.4 Enrichment factor-(EF)
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 theEarth’s crust-efthe-earth-. The primary uncertainty
in these calculations is—atiributed—to—theoriginates from differences betweenin_chemical
compeositions—in-the-composition between snow and the reference crustal eompesitien-material.
[Pleasecheek that thisisyeurintended meanine | The EEEF is defined as the concentration ratio

of a given metal to that of Al, which is a reliable measure of crustal dust, rermalizednormalised to

the same concentration ratio characteristic of the upper continental crust (Wedepohl, 1995%;). EF is
calculated wwithby thefolewing equation:

- - (X/AL)_
EF= D ew — Snow (9)
eHAD (X/AD)

crust

2.5 Source apportionment

The Positive MatrixFactorization {PMF 5.0) is considered-as-a generally-aceepted-receptor model
used to determine ILAP source apportionment ef-the-H-APs-when source emission profiles are
wrknewnunavailable (Paatero and Tapper, 1994). Details—ot+theWe employed a PMF procedure

used-in-this-stady-are-similar to the-previeus—workas-diseussed-in-that described by Hegg et al.
(2009, 2010)—Generallythe-), in which mass eoneentration-concentrations and the-tneertaintiesof

the-chemical species were-tseduncertainties are provided as the input. FheOur final data set used
for-the PME-analysis-contained 189 samples with 18 elements—whereby; only those elements that
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havewith high recovery were used—1he- for PMFE analysis. For each sample, uncertainty values

(Unc) for individual variables were estimated from an empirical equation expressed as:

Unc = /(o X ¢)? + (MDL?2) (10)

Where o is the standard deviation, ¢ represents the mass concentrations of the relative

species, and the MDL depicts the method detection limited.

this2}-Although we ran the PMF model swas—+un-for 3-te-6between three and six factors—with-6,

including six random seeds, but-onlya-threefactorselution-ecould-provide-the-we found that the
most meaningful results efthe HEAPS s P glaciers—Thefor our TP sites were generated by a three-

factor solution. Indeed, Q values (modified values) for the3this three-factor solution (both robust

and true) were closest to the theoretical O—valuevalues of any ef-the-factor numbersnumber for
which the model was run;sugsestingthatthe 3-factor seolution-was-optimal,

3: Results and Piseussiendiscussion

3.1 Aerosol optical depth-(AOD)

Aerosol optical depth (AOD) represents both the transport pathways and deposition of dry

aerosols, which in turn provide vital information on potential ILAP sources. As shown in
Fig-Figure 3,-the QY, QM, MK, and YZF glaciers are located #on the northern part-ofFibetan
PlateanwhileTP, whereas XD, HRQ, and GR glaciers are located in the plateau’s southern part-of

sources—ofthe H-APs-inthe-TP-glaeiers-regions. Therefore, to elaborate on the sources of ILAPs

for each TP study site, we assessed the spatial distribution of the-averaged A0B-at-500 nm AOD,

derived from Aqua-MODIS wereretrieved-overthe TP regions-and-its-adjacentareasfrom-between
2013 teand 2015. Felewing thework—of {Please—che hat-this—is—your—intended-meaning
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According to Ramanathan et al. (2007), the-anthropogenic AOD;~whichis—also ealedreferred to
as atmospheric brown eloudscloud (ABC),—wastargerthan-0-3-)—on the seutherasouth side of the
Himalayas—Fherefore is greater than 0.3. Consequently, AOD (500 nm) values of >0.3 and <0.1

are considered te—present—therepresentative of anthropogenic haze and background conditions,

respectively.

We found-thatobserved considerably higher AOD over the AOD-was-muchlargeracross-the

western TP than that+nover the central part-of-TP—regions—As-aresulsthe AOD. For example,
values #-thefor QY, QM, MK, and YZF glaciers were-intherange-efranged from 0.25 to 0.3-ceuld

, suggestive of anthropogenic

influence, whereas values for HRQ, XD, and GR glaciers were considerably lower (<0.125).

Although the elevated AOD over the western TP might thus-eontributeserve to theenhance glacial
retreat of Himalayan-glaciers-there (Engling and Gelencser, 2010)—tr—centrast-thetowervalaesof
R seepesbeereed e the U0 T8l O wlneden Lloseeces the) we note (hat
AOD over the TP regiensin general was muehsignificantly lower than that-ever—Seuthera—in

southern Asia, espeetathyparticularly over the Indo-Gangetic Plain during the cold season. This is
elesete-pattern aligns closely with previous measurements everthe-FPrestons(Cong et al., 2009;
Ming et al., 2010; Yang et al., 2012; Liithi et al., 2015).

3.2 Regional averages of theoptical parameters
The general-information-of Table 1 compiles the ice C3¢, CRE, Cap, £ 20 Ator, and Anon-sc
of the-ice samples aregivenin-Table-1-data for each glacier. The tewerlowest median valses-of

e could-be(23-ng 26 ng g'-during the monseon-season-inthe— ') was observed on HRQ
and GR glaciers-en, southern TP, during the seuth-efwet season, whereas the FPregtonswhile-the

higherhighest values of (187-ng £ and 165 ng g ' found-inthe ') occurred on MK and YZF
glaciers on the central part-eftheFPregions—Compared-with-the-menseonTP. Relative to the wet
season, the eeneentrationmeasured concentrations of Che inereased—verysignificantly—in-were
markedly higher during the dry season for all seven glaciers-than-these-vatues-during the-non-
rmensoenseason—We-found-that the. The lowest overall BC concentration ef BC-in-the-icesamples

was found-intherecorded on XD glacier—with-a—value-of CheGlacier (Cht = ~10 ng g~'—1n
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eontrast;), whereas the highestmaximum values of Cie; (3100 ng ¢ ), Cpé5.(3600 ng g 1), and

AUV swere—3100—ng—o - 3600ng g '—and—(4700 ng g respeetively—taken—in—the—") all
corresponded to GR glacier—Generally;the-median-ofGlacier. Median Ay, typically exceeded 1.0
at all leeatiensseven sites (Fig. 4, and-Table 1).

The ice samples exhibited Aror and Anon-pc for-altice samples-were-intherange-of values of 1.4-
~3.7 and 1.9--5.8, respectively (Table S1). As shown in Fig.-Figure 4a, the median values of 4

for QY, MK, XD, and GR glaciers were 2.62, 2;.64, 2:.18, and 2.46-in-the- QY- MK, XD;-and
GR-glaeiers;—asseeiated—with, respectively, and the estimated contributions of non-BC [LAPs to
absorption byren-BCH-APsintheseregions-were ~approximately 41%, 44%, 36%, and 48%,

respectively. Compared-with-these-glaciers-the-higherRelatively high values of median—,.~were
feundobserved in thesamples from QM (2.76), YZF (2.95), and HRQ (2.87) glaciers.

CeorrespondinglyAccordingly, the estimated 7 ¢ Values irfor those regions is—were 44%, 48%,

non-B

and 48%, respectively. ExeeptWith the exception of HRQ glacier—the-otherslaciersshowed-an
increased-trend-of the-Glacier, our data set exhibits a clear south-to-north increase in Anon-8c from
the-south-tonorth resionsin-over the TP resions(Fig. 4b). Histograms efthedepicting Ao by
regionsregion are shown in Eig-Figure 5. We found-that there-was-a-large variation-of A4, inthe

XD glaciesGlacier exhibited the greatest degree of A, variability, not only in the higher
values (~2-4), but also forat the lower valuesend of the range (<2). The broadness-of the A4, This

broad distribution is indicative of the complicated sources of particulate light absorption. For
instance, Wang et al. (2013) indicatedreported that the -higher 4, values of4,,(~(approximately
3.5—4.5) was-highlyare strongly correlated with the-local sei-seuree—whilesoils, whereas fossil
fuel burning may-havecombustion has an absorption Angstrdm exponent lewer than-of <2 (Millikan,
1961; Fialho et al., 2005). ThereforeaA significant fraction of the total absorption wasnetentyon
XD Glacier, therefore, is attributed not only to BC (49%;-shewn-in%: Fig. 7)), [Fig-6-deesnot

in-the-textand-that the first mentions-are-inaseending numerical-order-but also contributed byio

non-BC absorbers (aceountingfor-51%) duelinked to OC and MD-in-theXD-glaeier-. In contrast,
a-commonfeature-in-the 4, values for all other regions-wasthat the major dominated-values-ofA,,

17



10

15

20

25

30

rangefrom sites typically ranged from 2 to 3. The valuesofdnon-ac and Ay for each site in-each

rmalso given in Fig-S3:-Figure

Figure 6 shows the regional wariatiens-efvariability in BC, OC, and Fe eoncentrationin-each
glaeterconcentrations during menseenthe wet and nen-menseondry seasons. Although there—were

stentficantwe observed clear differences between—thein median and average walues—ofILAP

concentrations among the H-APsecencentrationin-eachglaeterseven glaciers, we feundalso note
that alldnds—efoverall, ILAPs exhibited a similar variation—from—the nerthern— QY glacierto
southern-GR-glaciertn-additienpattern of variability throughout our study area. With the exception
of QY and OM glaciers, we collected the-ice samples during both menseenthe wet and nen-
renseenthe dry seasons-infrveglaciers;only-exceptthe Q¥Y-and- QM-slaciers—. On average, the

BC and OC concentrations #+-theat HRQ, XD, and GR glacier during nen-menseenseasen-glaciers
were several orders of magnitude higher then—these—in—monseon—seasons—Fheresult—was

highbrduring the dry season than during the wet season. This pattern is consistent with the previeus

study-byfindings from the middle Himalayas of Cong et al. (2015), who found-that-altheush-the

were—stmilarreported that the dry season is characterised by a distinctly higher carbonaceous

aerosol level swasfeund-enbyinthan that of the nen-menseenwet season—, despite similar air mass

pathways.

Liithi et al. (2015) alse-—exhibited-demonstrated that the atmospheric brown cloud over

Southern Asia

are—notreferring to—a political or offictal area of Astal Asia can cross the Himalavyas,

transporting polluted air masses to the TP and potentially impacting regional glacier mass

balance. [Please-check that thisis-yvourintendedmeantne - In our data set, however, there

is no apparent difference in thel LAP mixing ratios ef H-APs between monseenthe wet and non-

rmenseendry seasons #for two adjacent (MK and YZF) glaciers. Fhis-ean-be-mainbyexplained-that;
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exeept-theWe attribute this pattern to the fact that with the exception of long-range transpert-of
HoAPspathways, local air pollutants eeuldcan also affeet-the HoAPstnimpact ILAP availability on
the central TP-regions.. Please-checkthatthisis-yourintended-meaning] For instance, Huanget

alk—(201-8)investigated—thatthealthough the prevailing air masses aeressover the MK and YZF
glaciers were-originatedoriginate from the arid western TP and Taklimakan desertDesert regions,

andHuang et al. (2018) concluded that the concentration of trace elements i-theat YZF glacier

wasGlacier, is—eloserto-those—of thedust sources—indicatine that compared—with 3OO [Plea
complete-the-comparisonat2X2t-and thus that YZF glaeier—-wasGlacier is less influenced by
human aetivities—Fheactivity. In close agreement with Ming et al. (2013), our median values of the

% -and Coc (referred to as the mass concentration of OC) ebvicuslyshowed aslightlyexhibit a

gradually decreasing trend from thenorth 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 H-APs-in-each glacier, theTable 2 contains statistics
of the HEAPsinon snow and ice in-the-studied TP glaciersand-other related glaciersby-samples

collected both during our present investigation and during previous studies are-shown-inTable 2:

of TP glaciers. During this—field—eampaign—our visit to YZF Glacier, we collected twelve ice

samples were-coHeetedinthe YZFE glacier—The-from depths efthese-icesamples—ecolectedinthe

YZE glacterwereransingfrom-between 15 teand 45 cm (Table S1). As shown in Fig-Figure S4,
mostvalues of Cye invalues for this region typically ranged from ~100- to 1000 ng g !, with a

fewseveral values tewerthan-of <100 ng g’:l. One-netableA striking feature of this data set is that

the highest-coneentrations-of relatively high C3&" (1600 ng g ") and Cy¢ for-thesurfacelayer

were1600-ng-g¢-and (9160 ng g~') in the surface layer at site 41. We peinted-eutludging by

. St
the high value of Do BC

(0.56) for this site, we suggest that the-these data indicate that light

absorption -the-surfaceglacierat this site 44-wasis influenced not only influencedby BC but also
potentially by BC;-but-alse-pessiblyrelatedto-the-OC and MD-due-to-the high-valueof £ e
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For YZF glacierGlacier, A generallytypically varied between ~2 and 3.7, and the average

valueof ;;n-BC wasis close to 50%, se-theseresults-alserevealedwhich together suggest that the

ILAPs in—iee—samplesat this site are heavily influenced by anthropogenic air pelutants:
Largepollution. We also observed large variations efin Cpo—were—also—observed;, with values

ranging from ~10 to 1700017.000 ng g '. ExeeptWith the exception of site 23, the values of Cpe
in-thevalues for MK glaeierGlacier were muchconsiderably lower than those in-the-¥YZFE glacier;
whichwere inthe rangesof —~of YZF Glacier (range 20—670 ng g 's-with-a; median value of 130
ng g '¢; Fig. S5). The MK Glacier gave a median Cpc wasof ~600 ng g '-in, whereas the MK

glaeter—The fraction of total particulate light absorption ekueattributable to non-BC constituents was
typically ~16-%—62%and%. Anon-pc (5.12) inat this regionwas hishlysite is very similar to that
found-in-theof YZF glaeierGlacier (5.06).

e were-muchvalues for QY Glacier (Fig. S6) are similar withto those in-theof MK glacier;
withvaluesGlacier, ranging from ~20- to 720 ng g '-whichdidnotinelude ' (excluding the highest

value of 1900 ng g ' at site 13-). The fraction of total particulate light absorption due to the non-
BC constituent jff; npc Was typically ~20-%-70%, with a median value of 41%. Fhis-intormation
alongTogether with the lower A (2.6)-indicated), this information indicates that BC played
theplays a dominant role in influencing the-light absorption in this region. Compared with the other
TP glaciers, we notednote that the vertical ILAP profiles efH-APsintheon QY glacterGlacier were
collected induring the menseen-—seasenfrem-2014 teand 2015 wet seasons (Table S1). {Orde-you
rrean—In-econtrast te’? H sopleaseconsider replacine ] The mixing ratios of OC and Fe ranged
fromwere 80-10100-10.100 ng g ' and 20340 ng g ', respectively. Fig.Figure S7 shows that

the vertical profiles of the mass-—-mixing ratios of BC, OC, and Fe forthe-icesamplesinthe XD
glaeter-were more variable for XD Glacier than these-for the other regienssix glaciers. With the

exception of the surface layer at sites 53 and 54, mestvalues of Cg( typically ranged from 10 to

280 ng g*—'m—th%ﬁl, indicating that XD glaeier:-thereforethisglacier-wasGlacier is the cleanest
region-amengall-the studied-glaeiers:site in our study. At sites 56—58, ;;n-BC was tewerless than
38%, and Aror ranged from 1- to 2.5-Theseresultswere, consistent with the fessi-fuel-combustion

seureeof fossil fuels due to industrial aetivitiesactivity.
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3.3 Scavenging and washing efficiencies
Previous studies have iustratedthat-thedemonstrated how ILAPs eeuld-become trapped and
integrated atthesurface-ofinto the snowpack due-te-as a result of melting and sublimation-te-enrich

the-, thereby enriching surface concentrations of these particles (Conway et al., 1996; Painter et al.,

2012; Doherty et al., 2013). For instance, Doherty et al. (2013) foundreported that the H-APseeuld
be-seavenged—with-thelLAP scavenging by snow meltwater tetead—te—a—muchhigherleads to

elevated concentrations of BC in the surface layer. Similarly, Flanner et al. (2007, 2009) concluded

that amplified ablation due to the concentration of BC in the surface-snovwFlanneret-al (2007

009)-indicated-that-the- melt-amplification-due-to-conecentrated BCin-melted-melting snow serves

to further reduce the snow weuld-amplifi—snew-albedo—reduction,—and-thereforeprovide—, thus

providing a positive feedback to radiative forcing. However, #-stilthe impact of multiple melting

processes on ILAPs located at greater depths in the glacier surface remains unclear-what-happens.

On QY Glacier, we observed 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

ice in the snowpack. A further prominent feature in our data set is the elevated surface

mixing ratio of C%% at sites 52-54 on XD Glacier, relative to deeper layers, which we
BC

attribute to the vertiealdry/wet deposition of BC on the surface samples. We propose that the clear

difference in vertical profiles between QY and XD glaciers is a function of ILAP deposition.

Specifically, QY Glacier was sampled during the wet season, when higher temperatures and

stronger melting potentially serve to concentrate ILAPs in the basal layers. In contrast, because we

sampled XD Glacier during both the wet and dry seasons, ILAP concentrations decrease with depth

during the dry season as a function of scavenging (Figs. S7a—gd£-h) but increase during the wet
season because of the concentration effect (Figs. S7h--—j).—fPlease—eheckthat theseranges
correspond-correetlyto-the number of panelsinFigS7] Because the single-layer samples are not
shown.{The-meaningof this-is-unelearPlease rephrase—Sheownwhere?] the vertical profiles of

B
observationsfor QM. HRQ. and GR glaciers are plotted in Figure S8. With the exception of
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those sites included in Figure S8d—e,. 1, and h, the sampled glaciers exhibit the trapping and

scavenging effects of a higher surface-layer BC content resulting from melting processes.

3.4 Ceontributiens|LAP contributions to particulate light absorption-by H-APs

The fractional contributions te-tetalabserptionby-of BC, OC, and Fe (assumed-tebepresumably

in the form of goethite) at-to total absorption (450 nm-in-) are depicted for each glacier are

shewn-in Fig-Figure 7, andwith further details of the-concentrations—efBC, OC, and Fe are
concentrations given in Table S1. BC playedplays a dominant role in particulate light absorption,

with average values ranging from ~44%-% to 54% inacross all seven glacier regions-sites. Although
OC wasrepresents the second highest absorber-in-glacierregions,and-therearelargevariationsef,
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we noted significant variability (between 25% and 46% on average) in its contribution to total light
g

absorption ef-8€-during the 2013-2015 field campaign{~25%-46%. For those glaciers located on

average)—Thethe eastern TP (QY., YZF, and HRQ glaciers), the relative contributions of BC and

OC to total absorption
are-locatedin-theeasternFPregions-are broadly similar. The highest fraction of BC (54%) was
accounting for 54%-inthemeasured on QM glaciers-which-istocatedinGlacier, on the western TP
reglensSethe,

Complementing the BC and OC contributions, light absorption due-te-H-APs-in-the FRglacier

om-on TP glaciers is

also influenced by Fe. FheAccording to our data, the average fraction of total light
absorption-duetoFe-was—~11%-absorbed by Fe ranges from approximately 11% to 31%
nacross all seven glaciers, with the highest kghtabserptionef Feinthe GRglacierTherelative

GR Glacier. This finding indicates that mineral-dustMD playedplays a key role in affecting

the spectral absorption properties of ILAPs inicesamplesfromthe TPglaciers-on TP glaciers.

The relative contributions of BC, OC, and Fe to total light absorption for all surface-ice

samples are presented in Figure S9 and Table 1.

3.5 Enrichment factor-{EF}

Briefly-the EF values ranging from 0.1 to 10 indicaterepresent significant input from crustal
sources—Conversebyr—EE, whereas values thattarser—than—of >10 exhibit—aindicate major
eentributioncontributions from anthropogenic aetivities—Referringactivity. According to theour EF
analysis (Fig. -n—heronpde oo oo dncneb loslop cn e v o e dopaeedle sl gt
from-erustal seurees—Reeentstudieshave-also-indieated8), 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 northern 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-in—semetypical
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Cemparable—with-Fethe. Similar to Fe, other trace metals with the-mean EF values of =5.0

wereare moderately--to-highly enriched frembecause of anthropogenic emissions (Hsu et al., 2010).

For example, Pacyna and Pacyna (2001) reported that fessi—fuelCr is derived chiefly from the

combustion is-a-majerof fossil fuels, which is also a primary source of C¥—Cu-primarily-originates

hile. Pb and Zn, however

are knewnlinked to—be—drawn—frem—the traffic-related aetivitiescombustion and coal burning
(Christian et al., 2010; Contini et al., 2014). Heneeln summary, the high EF values ebserved-for
Cu, Zn, and Cd in our ice samples elearby-sugeestedprovide clear evidence that the- TP glaciers hawve
already-beenpetutedarc being affected by human-aetivities;sueh-as-biomassburning,fosstHHuel

burning,and-the-eeal burninganthropogenic pollution.

3.6 Source apportionment

glaciers—In—this—study,—theWe  employed mass concentrations of the—chemieal

compenentsprincipal elements and the-ILAPs—in—ice—assoeiated, together with theuneertainty
datasets-wereusedthelr respective uncertainties, to runpopulate the PMF 5.0 model-The, the details
of the-techniqueshave-already-beenilustratedwhich are described by Hegg et al. (2009, 2010) and
Pu et al. (2017). The{Please—checkthatthisis—yeourintended-meaning}-Model-derived factor
loadings (defined as the apportionment of species mass to individual factors) for the 3three-factor
solution of theeach source profiles—based—on—the PME 5.0-medelprofile are siveashown in
Fig-Figure 9-Gn, both as measured mass eeneentrationconcentrations and the % total mass allocated
to each factory—t—was—evidentthat-the-. The first factor (top panel) was-ebvieuslhy-characterized

byexhibits relatively high loadings of Cl , Cl salt, SO?{, and NO3, which are well--known
markers for the-urban and/or local industrial peHutienspollution (Alexander et al., 2015). Although

Cl andte Na'f“and”?]} are usually considered asapotential product of emission seureeproducts

of sea salt, but-also-a-high leadingloadings of Cl relative to Cl salt;reflecting-another reflect a
further source-in-additionto-sea-salt, such as industrial emissien-andemissions or coal combustion
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(Hailin et al., 2008; Kulkarni, 2009). Additionallythe hishestloadingHigh concentrations of NHy
isare also suggested-as-an-indieatoroflinked to coal combustion (Pang et al., 2007).

Compared with the first factor, Al (90.3%) and Fe (87.3%) usuallyare generally regarded
as majerchief indicators fer—theof urban and/or regional mineral-dustMD (Pu et al., 20175
Therefore;), and the second factor was-easily-interpretable-can therefore be readily interpreted as a
natural mineral-dustMD source. ftwas-neotableWe note that Cg¢ shewedexhibits a high mass

loading iron this factor. Since both K™ and Kgjogmoke are the-smajerprimary indicators of biomass
burning (Zhang et al., 2013a)—TFhereforeit-was-easibyinterpretable-that-), we attribute the highest

loadings of K™ and Kgjosmoke Were wellrepresentative for the biomass burnineto this source (Fig.
9¢c). HeweverNonetheless, the lowest mass loading of Cp¢ in this factor is-a-bitwas unexpected-

Ladeed—the, ug ngvx is related not only atiributed-to the-biomass burning emissien—but also
associated—with-theindustrial activities—assoeiated—with-theto local mineral-dustMD associated

with industrial activity (Bond et al., 2006). FhereforeConsequently, we interpret the

third factor = —as representing

primarily the burning of biomass. [Please-check that thisis yourintended meanine]
et
Figure 10 illustrates the chemical composition and mean ILAP source apportionment effor the

H-APs-to-the-threesources-in-theseven TP glaciers-weregiveninFig—0-INote. We reiterate that

the apportionment wasrefers to the amount of the-light abserptienabsorbed by insoluble particles

iron the glacier surface-glaeiers. On average, the observed source appeintment-of-the HAPsin-all
TP-glaciersapportionment by mineral-dustMD wasis close to 37.5%, while—thewith industrial
emissionemissions and biomass burning eentributedcontributing 33.1% [Please-use-one-deeimal

each-measure-}and 29.4%, respectively. Specifically, the largest biomass burning-contribution ef
theto light- absorption ef-H-APs-wasis found in-theon QY elaeierGlacier, which is located close to

thecentres of human aetivityregionsland use (Guan et al., 2009; Li et al., 2016). fa-theFor MK,

QM, GR, and XD glaciers, the mineral-dustMD contribution ef-light-abserptien—was—muehis
significantly larger (>47.9%) than thatthose of industrial pollution and biomass burning,

espeetatiyparticularly in the case of MK glaeierGlacier. In these regions, the pereentpercentage of
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the-light absorption due to soil dust rangedranges from 20.4-% to 31.1%, while-thewhereas light
absorption bydue to biomass burning was-in-therange-ofis 18.5-% to 35.8%.

Industrial pollution eenstitutedis a major fraction-in-the YZE glacier—Chemical-analysis showed

that-the-pereentages-of the chemieal speeiesin-thecomponent of apportionment for both YZF and
MK glaciers-were-muech-simiar—Fhe-, where the attribution of the-total anions by chloride, nitrate,

and sulphate wereis significantly higher than thethat of other chemical species-in-theY-ZE-and- M

- fPleasecheekthatthisis—yourintendedmeaninef HRQ | the
largest contribution of the-sulphate was—up-teis 45.4%. As showndepicted in Fig-Figure 10, the

seureeprimary sources of the-light absorption by insoluble surficial particles #n-thesurface-glaciers
was-dominated-byare mineral-dustMD and the-industrial pollution-in-mest-glaciers.. The enlysole
exception was—theis YZF glacier—whereGlacier, which exhibits a_relatively large fraction—of

contribution from the light-abserption—was-dueto-biemass-burning in—theYZE glacier—Theseof

biomass. Together, these results werearc highly consistent with thethose of previous studies

(Andersson et al., 2015)—Fheyfound), which reported that the-contributions-ofcoal-BC deposited

on TP glaciers is derived overwhelmingly from the combustion-seureed BCare-the-mestsignificant
for-the TP glaeiers of coal.

4 Conclusions

presented-usingWe employed the ISSW technique-along, coupled with chemical analysis:, to

assess ILAPs at seven glacier sites on the Tibetan Plateau. Specifically, we analysed 67 vertical

profiles efin ice samples collected during both the menseenwet and nen-menseondry seasons

frombetween 2013-_and 2015-were-anabyzed—On. Our findings from HRQ, XD, and GR glaciers
show that on average, the-BC and OC concentrations in-the HRO-XD and-GR glacier during non-

moenseon—season—were several orders of magnitude higher during the dry season than these—in

monsoon-seasons—However,itduring the wet season. It remains unclear-that, however, whether the

ILAPs in the MK and YZF glaciers were comparable during the monsoon and non-monsoon

seasons, wwhieh

some-of the-hishestand thus we suggest this as a suitable focus for future research. {Please-consider
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lowest concentrations of BC wwerefeund-in theour data set originate from XD, HRQ and GR glaciers,

with-thewhich give median concentrations of 33 ng g ', 24 ng g ', and 28 ng g ', respectively.

we observed a pronounced decline in ILAP concentration with depth on XD glacier-dueGlacier

which we attribute to the-scavenging

due-to-the-washingeffeet by -hish temperature-during the menseenwet season._An opposite trend,

driven by meltwater ‘washing’ effects, characterises the warmer wet season.

Both BC played-a-dominantreleand OC play central roles in particulate light absorption on TP
glaciers, with average values rangingfromof ~44%-%—54% in-these-glaciers;whileand ~25%-%—
46%ter-OC-%, respectively. By using a PMF receptor model, we foundascertained that the H=APs

aeross-the- ILAP budgct of northern glactersis-heavy-potuted-dueto-humanaetivities; but the major
emisstons— TP glaciers reflects a significant portion of the—tght-abserption—byanthropogenic

pollutants. The largest contributors of light-absorbing insoluble particles #for TP glaciers

originated—frem—the, however, include local mineral-dustMD and industrial pollution sources,
followed by the biemass-burning seuree—Therefore—theof biomass. In summary, both natural

mineral-dustMD seuree-and anthropogenic emission—seuree-are-bothemissions constitute non-

negligible te-thesources of ILAPs in-thefor TP glaciers.
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Table 1. Statistics of the ILAPs in each glacier measured using an ISSW spectrophotometer associated with the chemical analysis.

. . . A X St
Region Latitude  Longitude chmv Cp& Cot non-BC Ape  OC Al
) (E) (ng gh (ng gh (nggh) % (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
median 176 128 94 (29, 124) 41 (17,70 2.62 0.66 0.08
minimum 26 29 25 (13,35) 21 (—,53 0.8 0.08 0.01
maximum 2651 2230 1877\ (1182, 73 (41,) 3.73 1159  3.35
Qiumianleiketage 36°41°47°  90°43°44”  average 21 296 238 (139, 402) 44 (24,81) 2.80 1.43 0.21
1
median 307 215 172 (64,218) 44 (24, 81) 2.76 1.06 0.15
minimum 139 93 62 (19, 93) 37 (12,64 245  0.54 0.09
maximum 995 662 558 (143, 678) 56 (27, 86) 3.08  3.97 0.55
Meikuang glacier 35°40°24”  94°11°10”  average 493 328 260 (119,331) 42 (15.37) 2.65 2.14 0.19
median 197 156 133 (76, 153) 44 (16, 69) 2.64 0.61 0.09
minimum 24 23 19 (17,24 16 (—,17 1.37 0.13 0.02
maximum 4696 2817 2292 (109,2938) 62 (23,85) 3.56 16.89  1.36
Yuzhufeng glacier 35°38°43”  94°13°36”  average 457 312 233 (94, 295) 51 (—.37) 2.84 1.51 0.17
median 317 201 160 (116,204) 48 (26,87) 295 102 0.10
minimum 52 35 24 (8,35) 15 (—,37) 1.82 0.07 0.02
maximum 2630 1608 1169 (72, 1603) 110 (6. 49) 3.7 9.16 0.81
Harigin glacier 33°08'23"  92°05°34”  average 476 327 256 (100, 385) 48 (26.82) 279 159 017
median 54 37 23 (9.30) 48 (26,82) 287 022 0.04
minimum 36 24 13 (4,22) 19 (—, 41 1.96  0.08 0.01
maximum 3990 2702 2131 (682,2784) 64 (32,84) 3.52  9.64 L11
Xiaodongkemadi 33°04°08”  92°04°24”  average 253 171 152 (76, 177) 37 (15,63) 2.28 0.95 0.13
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3 H : uiv max st St
Region Latitude Longitude ngc Cie Cre f on-BC Aot

n

N) (E) (ng g (ng g (ng g %

median 62 47 53 (37,65) 36 (13,59 2.18
minimum 13 12 9 (6,18) 8 (—.19) 1.08
maximum 2770 1849 1637 (596,2031) 86 (25,90) 3.63 6.97

Gurenhekou glacier 30°11°177  90°27°23”  average 382 292 247 (212,591) 46 (16.71) 2.42 0.62
median 61 46 30 (19,44 48 (18,75 2.46 0.13
minimum 28 23 15 (10,24) 27 (7,52) 1.34 0.02
maximum 4674 3634 3080 (1876. 61 (26,85 292 522

2004\
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Table 2. Statistics of the ILAPs in snow and ice in the studied TP glaciers and other related glaciers.

Glacier Sampling Season Altitude/ BC oC MD Sample type References
—_—— : 1 1 1
name time ma.s.l. (nggh) (nggh) (uggh
Qiyi 2005.7 Monsoon 4850 2242 — — Snow pit Ming et al., 2009
2001.7-8 Monsoon 4600 6.65+3.3 87.524+37.59 — Fresh snow Xu et al., 2006
2001.7-8 Monsoon 4600 52.64+17.83 195.5+85 — Aged snow Xu et al., 2006
2013.8-9 Monsoon 4700 238+349 121042023 1.42+1.17 Ice This study
Qiumianleiketage 2014.5 Non-monsoon 5300 2384168 143141130 2.9242.09 Ice This study
Meikuang 2001.7-8 Monsoon 5200 446 124 — Surface snow Xu et al., 2006
2015.10 Monsoon 5050 2904241 374545100 5.27+6.81 Ice This study
2015.5 Non-monsoon 5050 250+468 171843639 1.854+2.38 Ice This study
Yuzhufeng 2014.2015.10 Monsoon 5350 265+270 159642052 2.934+3.19 Ice This study
2014.5 Non-monsoon 5350 213+188 1421+1173 1.9+1.77 Ice This study
Harigin 2015.10 Monsoon 5650 91+126 930+1880 1.23+1.77 Ice This study
2015.5 Non-monsoon 5650 107741489 486046759 8.38+10.59 Ice This study
Xiaodongkemadi  2014.8-2015.7 Monsoon 5400-5750 41.7746.36 157.97442.3 1.89+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 333543767 9857+10923 88041038 Granular ice Lietal., 2017
2015.10 Monsoon 5600 57437 2504233 0.68+0.3 Ice This study
2013-2015.5  Non- monsoon 5600 178+381 117442014 2.18+6.15 Ice This study
Gurenhekou 2015.10 Monsoon 5610 85+177 73304648 L17+1.49 Ice This study
2014.5 Non-monsoon 5610 111641700 214842668 7.7+9.99 Ice This study
Palong-Zanbu- 1998-2005 Monsoon 4800-5600 5274203 70.8439.3 T Ice core Xu et al., 2009a
No. 4 Non-monsoon  4800-5600 1151447 97.5449.9 I Ice core Xu et al., 2009a
Zuogiupu 1956-2006 Monsoon 5100-5400 237+1.55 11.55+11.5 - Ice core Xu et al., 2009b
Non-monsoon  5100-5400 8.33+3.29 26.71+13.74 [ Ice core Xu et al., 2009b
Zhadang 2012.8 Monsoon 5500-5800 510+72 T 6.38+1.54 Snow pit Qu etal., 2014
2014.6 Monsoon 5800 79 515.08 . Snow pit Lietal., 2016
2015. Non-monsoon 5790 303 g0 . Snow pit Lietal., 2018
2015.6-9 Monsoon 5570-5790 281 743 - Surface snow Lietal., 2018
Urumgi No.1 2004.7-8 Monsoon 4130 500 1200 - Surface snow Xuetal., 2012
2013.8 Monsoon 3800-4100 ﬁ 5 - 1746 Fresh snow Ming et al., 2016
Muji 2012.6-10 Monsoon 4700-5500 3_75_+3 175?5 — Snow pit Yang et al., 2015
Qiangyong 2001 e — 5400 El__ 1173 - Surface snow Xu et al., 2006
Kangwure 2001 — 6000 218 1611 - Surface snow Xu et al., 2006
Namunani 2004 — 5780-6080 44421 5 IE 6 - Surface snow Xu et al., 2006
Demula 2014.5 Non-monsoon 5404 1___ 185 - Snow pit Lietal., 2016
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Yulong 2015.5 Non-monsoon 4400-4800 372+58 2003+308 9.474+2.36 Aged snow Niu et al., 2017
2015.8 Monsoon 4400-4800 2309+125 3211+168 97.12+50.78 Aged snow Niu et al., 2017
Laohugou No. 12 2015.8 Monsoon 4400-4800 2198+1004 2190+1203 114+67 Aged snow Zhang et al., 2017
2015.10 Non-monsoon 4400-4800 12184212 504450 342 Aged snow Zhang et al., 2017
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Figure 1. Geographical locations of (a) Qiyi gleeier{9776°E—Glacier (39.24°-N, 97.76°E), (b)
Qiumianleiketage glacier{90.-73>E-Glacier (36.70°-N, 90.73°E), (c) Meikuang glacier{94-19°EGlacier
(35.67°N.94.19°E), (d) Yuzhufeng glaeier{94-23°E Glacier (35.65°N, 94.23°EF), (e) Hariqin glacier{92:09°

E-Glacier (33.14°-N, 92.09°E), (f) Xiaodongkemadi glacier{92.07°EGlacier (33.07°-N, 92.07°E), (g)
Gurenhekou gJaere*—(—99-4-6—EhGlac1er (30.19°-N, 90.46°E). The black detis-the-dots indicate samphng
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Figure 2. The equipment for collecting new snow samples #from the surfaces of the seven studied TP
glaciers.
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Figure 3. Spatial distribution of the averaged AOD over the TP between 2013 and 2015, retrieved from

Aqua-MODIS at 500 nm-everFibetanPlateaufrom2013te-2015-. The red stars are-therepresent sampling
locations (see also Table 13:).

35



45°N

Qiyi

40°N
Qiumianieiketage
A Meikuang

35°N Yuzhufeng
. . Hariqin
Xiaodongkemadi :
30°N
Gurenhekou
25°N ] , -
85°E 90°E 95°E 100°E 105°E

A non-BC

Qiyi

Qiumianieiketage
Meikuang

Yuzhufeng
Hariqin

Xiaodongkemadi

Gurenhekou

85°E 90°E 95°E 100°E 105°E
-200 100 500 1500 3000 7000
elevation(m)

0 200 1000 2000 5000

36



45°N

Qiyi

40°N
Qiumianleiketage
A Meikuang

35°N Yuzhufeng
. .Harigin
Xiaodongkemadi 2
30°N
25°N ] ,
85°E 90°E 95°E 100°E 105°E

(b) Anon-BC

Qiyi

Qiumianieiketage
Meikuang

35°N Yuzhufeng

3 = Hariqin
Xiaodongkemadi

30°N

~ Gurenhekou s

25°N ] ,
85°E 90°E 95°E 100°E 105°E
-200 100 500 1500 3000 7000

| [ [ [ Elevation (m)
0 200 1000 2000 5000
Figure 4. The spatialSpatial distribution of the median absorption Angstrom exponent for (a) total particulate

constituents (4y,,), and (b) non-BC particulate constituents (4,,,,,.p¢) #-each-glacier—for each glacier.
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