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17 Abstract:

18  Global warming and surface albedo reduction by black carbon (BC) in glacier jointly
19  accelerated glacier melting, but their respective contributions remain unclear. This
20  study developed a dynamic deposition model of light absorbing particles (LAPs), which
21 coupled with a surface energy and mass balance model. Based on the coupled model,
22 we further assessed atmospheric deposited BC effect on glacier melting for a period of
23 September 2011 — August 2012 on the Laohugou glacier No. 12 in the western Qilian
24 Mountains. It was found that BC in glacier surface caused 13.1% of annual glacier-
25  wide melting, of which atmospheric direct deposited BC reduced albedo with 0.02 and
26  accounted for 9.1% of glacier melting. The air temperature during recent two decades
27  has increased by 1.5 °C relative to that during 1950s, which accounted for 51.9% of
28  current glacier melt. Meanwhile, based on the BC emission increased by 4.6 times
29  compared to the early Industrial Evolution recorded in an ice core, the increased BC
30 accounted conservatively for 6.7% of current glacier melting. Despite the importance
31  of LAPs regarding glacier melting, their variation on the ice surface remains unclear,
32  and relevant observations are urgently needed to improve simulation of the process.

33  Keywords: Glacier melting; Black carbon; Simulation; Laohugou Glacier No. 12
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34 1 Introduction

35  Light absorbing particles (LAPs), consisting primarily of mineral dust (MD) and black
36  carbon (BC), strongly absorb solar radiation, reduce surface albedo, and intensify
37  glacier melting (Bond et al., 2013; Zhang et al., 2018; Qian et al., 2015). The major
38  sources of BC are human activities related to combustion of fossil and solid fuels,
39  burning of biomass for domestic purposes, while the minor sources are predominantly
40  natural, such as forest fires and volcanic eruptions (Bond et al., 2013). Considering the
41  close link between human activities and BC, a number of studies have investigated the
42  impact of BC on glacier melting (Kang et al., 2020; Ming et al., 2008; Xu et al., 2009;
43 Kaspari et al., 2015).

44 Over the past 100 years, High Mountains Asia glaciers have generally been retreating
45  slowly (Azam et al., 2018; Yao et al., 2012; Farinotti et al., 2019), but their rates of
46 melting and retreat have been accelerating since the 1990s (Maurer et al., 2019; Brun
47  etal., 2017; Hugonnet et al., 2021; Li et al., 2011). Rapid rise in the global temperature
48 is regarded as the major cause of the accelerating glacier melting since the 1990s;
49  however, the amount of deposited atmospheric BC in northwest of China has also
50 increased dramatically (Wang et al., 2015; Han et al., 2015). Many studies have
51  simulated glacier melting using the temperature index method (Liu et al., 2009; Hock,
52 2003; Zhang et al., 2006), owing to its applicability and availability of input data. the
53  melting index is a mathematical expression that reflects glacier surface conditions and
54  the state of the atmosphere, and BC is one of the variables that affect the melting index.
55  Given the synchronous increases in global temperature and BC emission, it is important
56  to ascertain the contribution of each to the current accelerated glacier melting.

57  Previous related research on glacier melting generally focused on assessing the impact
58 attributable to the total amount of BC in surface snow and ice, rather than that
59  attributable to simultaneous direct deposited atmospheric BC (Li et al., 2016; Li et al.,
60  2019c; Li et al., 2019a; Zhang et al., 2017a), this part of BC was directly associated
61  with current human activities and policymaking. However, results obtained through

62  analysis of snow and ice samples using the conventional Environics method, are
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63  transient and discrete with high uncertainty, and it is not possible to separate the BC
64  associated with current human activities from the total historical accumulated BC
65 content in a snow and ice sample. Therefore, we developed a parameterization of a
66  process-based simulation of LAPs deposition, which we coupled with a surface energy
67  and mass balance model. The model was applied to Laohugou Glacier No. 12 (LHG
68  glacier) in the western Qilian Mountains to assess the effect of atmospheric deposition
69 of BC on the current accelerated glacier melting. The purpose of this research is to
70  reveal potential contribution of atmospheric deposited BC to glacier melting in the
71  context of current human emissions, rather than accurate value of it on a certain year.
72 Therefore, we collected BC measurements in snow, ice and atmosphere as complete as
73 possible, though those measurements collected in different year.

74 2 Study Site and Data

75  The LHG glacier (39°26.4°N, 96°32.5°E) is the biggest valley-type glacier with an area
76  of 21.08 km? in the western Qilian Mountains in the northeast of the Tibetan Plateau.
77 The glacier descends over the range of elevation from 5481 to 4260 m a.s.l. (Fig. 1).
78  Mean annual equilibrium line altitude (ELA) was 5050 m, and annual glacier mass
79  balance was — 213 mm w.e. during 2010-2012 (Chen et al., 2017). An automatic
80  weather station (AWS), installed in 2009 at the site of confluence of two branches,
81  records meteorological variables of air temperature, relative humidity, wind speed,
82 incoming shortwave and longwave radiation, outgoing shortwave and longwave
83  radiation, precipitation. Full details of the AWS and rain gauge instruments can be
84  found in Chen et al. 2018 Data from the AWS acquired between September 2011 and
85  August 2012 was used to initiate the surface energy and mass balance model. Data
86  quality was strictly controlled through test of threshold and extreme value and through
87  ensuring consistency of meteorological variables. Moreover, erroneous data were
88  manually checked, validated, and either corrected or removed.

89 A snow pit (depth: 105 cm) was dug in the accumulation zone (5040 m a.s.l) of LHG
90 glacier in 2016, and the BC concentration was measured at 5 cm intervals (Fig. 2a), the

91  analyses could be seen in Li et al. 2019c. Additionally, an ice pit was also dug in 2016
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(Li et al., 2019b), and its surface and interior concentrations were used as initial
conditions for the model (Table 1). Daily BC concentration in the atmosphere was
measured using an AE-31 aethalometer built at a natural moraine platform
approximately 2 km from the glacier terminal (Fig. 1), the data acquisition spanned
from May 2009 to March 2010 (Zhao et al., 2012). The monthly variation of

atmospheric BC concentration is shown in Fig. 2b.
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Fig.1 Location map of Laohugou Glacier No. 12 and the distribution of sites for
collecting samples of light-absorbing particles.
3 Methods
3.1 Model of atmospheric dry and wet deposition of LAPs
We used the BC concentration in fresh snow on the LHG glacier in 2016 (Li et al.,
2019¢) as reference for the BC concentration in precipitation. The content of BC

deposited by a precipitation event was obtained by multiplying the BC concentration in
4
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106  precipitation by the precipitation amount. In the case of atmospheric dry deposition of
107  BC, we assumed that adding the BC lost in melted snow to the total content of BC in
108  the snow pit reflected the total content of BC deposited by the atmosphere in a year.
109  Thus, subtracting the BC content of precipitation from the total content of BC provided
110  the total content of atmospheric dry deposition of BC in a year. The monthly deposition
111  rate was obtained according to the total content of atmospheric dry deposition and
112 distribution of monthly atmospheric BC concentration. The same overall method was
113 adopted for the deposition rate of MD; however, the only difference was that MD would
114  not be removed by meltwater owing to its larger particle size (Gabbi et al., 2015; Dong
115  etal,2014).

116 At the depth of 65-70 cm in the snow pit, an extremely dirty layer with the highest
117 concentration of BC (1746 ng g!) indicated that the layer was formed by the intense
118  melting at the end of summer in 2015. Therefore, the snow pack above this layer
119  accumulated during the hydrological year of 2015/2016. The total accumulated BC in
120  the snow pit (5763 ng cm™) was determined according to the BC concentration and
121 density of each snow layer. The total measured amount of precipitation between
122 September 2015 and August 2016 was 502 mm w.e.; therefore, according to the BC
123 concentration in precipitation, the amount of BC accumulated from precipitation was
124 1094 ng cm 2. The amount of BC lost in melting snow was obtained by first subtracting
125  the accumulation of snow from the total precipitation. Then, the content of lost BC (786
126 ng cm2) was determined according to the amount of melted snow, average BC
127  concentration, and the removal efficiency. Finally, we obtained the total dry deposited
128  BC content (7204 ng cm™!) in terms of the total amounts of BC in the snow pit,
129  precipitation, and loss in meltwater. During the model run, we assigned the dry
130  deposited BC content to the surface at the end of each day according to the distribution
131  ofthe monthly variation of atmospheric BC concentration. The right-hand ordinate axis
132 in Figure S1b represents the computed range of the daily deposition rate, with values

133 spanning from 8.3 ng d”' em ™ in November to 30.3 ng d”! cm™ in July (Fig. 2b).
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Fig. 2 (a) BC concentration at 5 cm intervals in the snow pit (red frame shows the snow
layers accumulated during September 2015 to August 2016). (b) Distribution of
monthly BC concentration in the atmosphere (left) and daily sedimentation rate (right).
3.2 Snow layer and impurity model

We divided the entire snow pack into three layers: top 2 cm, middle layer represented
by recent snowfall, and rest of snow pack. The thickness, concentration of LAPs (BC
and MD), specific surface area (SSA), and water content of each snow layer were
recorded by the model. In the case of snowfall greater than 2 cm, the first 2 cm of fresh
snow was set as the top layer, the remainder of the fresh snow was set as the middle
layer, and the old snow pack was set as the rest of the snow pack layer. All snow
parameters were recalculated homogeneously according to the thickness, concentration,
and water content of each old layer. In the case of snowfall of less than 2 cm, the top
layer was mixed uniformly with the fresh snow.

The middle snow layer was depleted by ablation. If the second snow layer disappeared
completely, then the snow in the third layer began to become depleted. To avoid
increasing the concentration of LAPs infinitely, the LAPs in the snow layer were
gradually mixed with LAPs in the ice surface when the depth of the entire snow layer
was less than 2 cm. Water content was calculated by the model; if the water content
reached the maximum value, any remaining water percolated into the next layer below.
The LAPs contained in evaporated or sublimated snow were all enriched in the surface,
whereas a proportion of the LAPs contained in meltwater was removed with the

meltwater, while the remainder was enriched in the surface. According to previous

6
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157  studies, larger particles (>5 um) generally remain in the snow (Conway et al., 1996),
158  whereas smaller snow impurities (~0.2 pm) are washed out by approximately 10%-30%
159  per mass of melt(Doherty et al., 2013). The observed diameter of BC mass was centered
160  on0.18 um in summer and on 0.22 um in winter (Zhang et al., 2017b); thus, we adopted
161  a removal efficiency of 20% for BC, as suggested both by Gabbi et al. 2015 and by
162  Flanner et al. 2007. Given the larger size of MD on the LHG glacier (Dong et al., 2014),
163  we assumed that MD was unaffected by wash-out of meltwater.

164  When glacier ice was exposed, we considered the meltout of englacial LAPs, except in
165  the case of atmospheric deposition (Goelles and B@ggild, 2017). The LAPs from
166  meltout and the atmospheric deposition enriched in the surface. Data on LAP
167  concentrations in glacier ice were obtained from the ice pit at the site of the AWS in
168  August 2016 (Li et al.,, 2019b); the concentration in the surface was the average
169  concentration in the top 5 cm of the ice pit, and the LAP concentration in the englacial
170  ice was the minimum concentration of the ice pit.

171 3.3 Surface energy and mass balance model

172 To assess glacier melting caused by LAPs, a surface energy and mass balance model

173 was used, which can be expressed as follows:

174 B= J-( +_+Cen Psnow ’ (1)

175  where B is the net mass balance (mm w.e.), Owm is melt energy, LE is turbulent latent
176  heat flux; Lm is the latent heat of ice melting (3.34 x 10° J kg'!); L, is the heat of
177  evaporation/sublimation (2.51 x 10%/2.85 x 10 J kg™!), which is determined by glacier
178  surface temperature; Cen is refreezing of meltwater; Psnow is accumulation of solid

179  precipitation; and QOw is calculated from the surface energy balance model equation:

= —a)+L"+L +H+LE+
8o Qu=sitd L'+ +H+LE+Q,

(2)

181  where S' is the incoming solar radiation; a is the surface albedo; 7' and L are the

182  incoming and outgoing longwave radiation, respectively; the sensible (/) and latent
183  heat (LE) fluxes are calculated using the acrodynamic method (Chen et al., 2017); and

184 (g is the subsurface heat flux, which is estimated from the temperature—depth profile
7
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185  (Sun et al., 2014). On the right-hand side of Eq. (2), all energy components are defined
186  as positive when they are directed toward the surface and negative when they are
187  directed away from the surface.

188  The surface energy and mass balance model were driven using surface meteorological
189  measurements with 30-min temporal resolution. The surface energy and mass
190  components were simulated by the model at intervals of 100 m in elevation, and the
191  lapse rates of temperature and precipitation were determined using measurements
192  obtained by two AWSs (Chen et al., 2017). All parameters adopted in model are shown
193  in Table 1.

194 3.4 Albedo model

195  To quantify the effect of BC on glacier melting, an albedo model incorporating LAPs
196  was employed (Gardner and Sharp, 2010). The model approximates the physical-based
197  parameterized snow albedo as the sum of pure snow/ice albedo (assa) and the change

198  caused by LAPs (dac) and solar altitude angle (da..):

199 a = aggy + da, + dag,. (3)
200  The value of assa is calculated as a function of the specific surface area (SSA):

201  aggp = 1.48 — SSA™0-07, 4)
202  In this albedo model, BC is assumed to be externally mixed with snow grains, and

203  therefore the change of albedo can be expressed as follows:

_CO.SS

204 Da; = max (0.04 —

a
SSA’ 3167065505 11.8C055A0ZE)" )

205  where C is the concentration of LAPs (mg kg !). The MD concentration was converted
206  to an optically equivalent concentration of BC using a mass absorption coefficient
207 (MAC). Values of MACs for BC and MD were chosen as 4.28 and 0.011 m? g!, as
208  suggested by Li et al. 2021 based on measurements on the LHG glacier.

209  Here, da, is calculated as a function of solar altitude angle (8:) and assa:

210 dag, = 0.53a554(1 — (arssa + dare)) (1 — cos 6,)2. 6)
211  In calculation of albedo, SSA is a key parameter that is defined as the sum of the areas
212 per unit mass. In this paper, SSA was calculated separately depending on dry and wet

213 snow metamorphism (Roy et al., 2013; Gabbi et al., 2015). In the case of dry snow
8
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214  conditions, the variation of SSA was calculated according to Taillandier et al. 2007 as
215  alogarithmic function of snow age and snow temperature (Tsnow):

216 SSA(Y) = [0.629 - SSAinitial — 15.0  (Tsnow — 11.2)] — [0.076 - SSAipitias — 1.76 -

@)

—0.371-SSAimtal—15.0-(T5now—11.2)}

217 (Tsnow — 2.96)] - In {t + e 0.076'SSAjnjtal =176 (Tsnow=2.96)

218  In the case of wet snow conditions, we referred to the method of Gabbi et al. 2015. The

219  growth of the optical radius of snow (ARopt) can be expressed as follows:

.03
220 AR,y = Sr? (8)

2 b
Ropt4m

221 where Ci and C; are empirical coefficients with values of 1.1 x 10~ and 3.7 x 107> mm
222 d’!, respectively, and 0 is the liquid water content expressed as a mass percentage.
223 Change of the optical radius of snow is greatly influenced by 6, and SSA decreases
224 rapidly when 6 increases. The equivalent optical radius (Ropt) is derived from SSA and

225  ice density (pice):

3

226 Ropt = m

(S9)

227  When a glacier starts melting, the SSA model shifts from dry snow conditions to wet
228  snow conditions. At this moment, the initial SSA is known. Then, Eq. (8) is applied in
229  which Rop is computed using the initial value of SSA according to Eq. (9); thus, a new
230  SSA value is generated. We set a fresh snow SSA value of 1000 cm? ¢! to match the
231  measured highest albedo of fresh snow, and a minimal SSA value of 80 cm? g
232 (Taillandier et al., 2007; Gabbi et al., 2015). We used a value of SSA of 1.6 cm? g! for
233 ice (Goelles and BQggild, 2017).

234 Table 1. Initial conditions and parameters involved in the model.
Parameters Value Source
Initial BC concentration of ice surface (ng g') 1688 Lietal. 2019b
Initial MD concentration of ice surface (ug g™) 1130 Lietal. 2019b
BC concentration of englacial ice (ng g') 47.5 Lietal. 2019b
MD concentration of englacial ice (ng g™') 15.3 Lietal. 2019b
BC concentration of precipitation (ng g™') 21.8 Lietal. 2019¢
Removal efficiency of BC 0.2 Dobherty et al. 2013
Density of snow (g cm™) 0.3
Density of ice (g cm™) 0.9
Lapse rate of temperature (°C / 100 m) -0.052 Measurements
Lapse rate of precipitation (% / 100 m) 4.5 Measurements
Roughness length for ice (mm) 1.6 Sun et al. 2014
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Roughness length for firn 53 Sun et al. 2014
Refreezing rate of melt water 0.26 Optimized value

235 4 Results

236 4.1 Calibration and Validation

237  The surface energy and mass balance model used contained a parameterization of
238  albedo with inputs of LAPs and specific surface area for snow and ice. All parameters
239  used in the model are listed in Table 1. We assumed that the refreezing of meltwater
240  occurred in the snow layer, which was tuned to the accumulated mass balance during
241  May 1 to August 31. The procedure was repeated at the site of the AWS until the root
242  mean square error (RMSE) between the simulated and measured mass balance was
243  smallest. Finally, an optimized refreezing rate was obtained with a value of 0.26 (Table
244 1). The simulated accumulated mass balance was highly consistent with the measured
245  value with the smallest RMSE of 36 mm w.e. and less than 10% of the mass balance.
246  The modeled albedo was in reasonable agreement with the measured albedo with R?
247  and RMSE values of 0.67 (n =365, p < 0.001) and 0.01, respectively (Fig. 3a). Using
248  the calibrated refreezing rate of meltwater, the surface energy and the mass balance
249  were simulated at intervals of 100 m in elevation.

250  To further validate the model performance, the differences between the simulated and
251  measured variations of snow height at 5050 m a.s.l. and annual mass balance of each
252 elevation belt were compared (Fig. 4). Snow height at 5050 m a.s.l. was measured using
253  asonic range sensor (Chen et al., 2018). The measured snow height was 197 mm higher
254 on average than the simulated snow height, which is equivalent to a mass balance of 59
255 ~mm w.e. for snow density of 0.3 g cm™>. The discrepancy derived mainly from the
256  simulation in the non-melt season attributable to drifting snow and errors in
257  precipitation measurements. The simulated annual mass balance was also in reasonable
258  agreement with that measured at each elevation belt, with a value of RMSE of 121 mm
259  w.e. and less than 10% of the measured average mass balance (—1218 mm w.e.). This

260  simulation was referred to as “Stand Run.”

10
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265 Fig. 4 Comparisons between simulation and measurement of (a) albedo and (b)
266 accumulated mass balance at the site of the AWS.

267 4.2 Variation in surface BC and MD concentrations

268  As shown in Fig. 5, LAPs concentration was correlated negatively with surface snow
269  because the surface with high concentration was covered by fresh snow. The
270  concentration of LAPs remained low during the cold season (September—April),
271  whereas it increased substantially during the melt season (May—August) owing to
272 strong melting. The average surface concentration of BC ranged from 815 ng g ! at the
273 lowest elevation to 166 ng g ™' at highest elevation during the cold season, whereas it
274  ranged from 2091 to 477 ng ¢! at corresponding elevations during the warm season.
275  The average surface concentration of MD ranged from 329 pg g! at the lowest
276  elevation to 166 ng g ! at the highest elevation during the cold season, whereas it ranged
277  from 1068 to 266 pg g ! at corresponding elevations during the warm season. Our
278  results are in the same order with Zhang et al. 2017b, which reported that BC
279  concentrations in surface snow are in the range of 193-11040 ng g™' during four
280  expeditions on the LHG glacier, but they also showed extremely high concentration in

281  transient and single-point snow sample.
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283 Fig. 5 Monthly snow height (blue line), BC concentration (black line), and MD
284 concentration (red line) at elevation intervals of 200 m in the LHG glacier
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286 4.3 LAPs effect on surface albedo

287  To explore the effect of LAPs on glacier melting, we set a series of experiments for
288  removal of different types of LAPs (Table 2). The effect of BC and MD on the surface
289  albedo was greater during the melt season than during the cold season, and it decreased
290  with increasing elevation (Fig. 6a, b). Annually, the effect of BC was comparable to
291  that of MD, whereas the effect of BC was smaller than that of MD during the melt
292  season, and this phenomenon was more obvious in July and August with the strongest
293  melting (Fig. 6e, f). The sum of the effects of the separate removal of BC and MD on
294  albedo was much less than that of the removal of both BC and MD in the ablation zone,
295 and the difference was more obvious with intensification of melting and less obvious
296  with increasing elevation. The average albedo during the entire year and the melt season
297  was 0.76 and 0.69, respectively, in Stand Run. The effect of BC and MD on glacier-
298  wide albedo was consistent with a value of 0.02 during the entire year and values of
299  0.03 and 0.04 for BC and MD, respectively, during the melt season (Table 2). When BC
300 and MD were both removed, the increment of albedo was 0.08 during the entire year

301  and 0.13 during the melt season.

13
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Fig. 6 Average albedo at intervals of 100 m in elevation under scenarios of Stand Run

(black line), removal of all MD (red line), removal of all BC (blue line), and removal

of all BC and MD together during (a) the entire year, (b) May—August, (c) May, (d)

June, (e) July, and (f) August.

Table 2 Glacier-wide average albedo and accumulated melting under scenarios of

removing Laps, values in parentheses refer to ratio of LAPs effect on melting

Albedo Melting (mm w.e.)
Annual Melt season Annual Melt season
Stand_Run 0.76 0.69 960 934
Removal of all MD 0.78 0.73 820 (14.6%) 798 (14.6%)
Removal of all BC 0.78 0.72 834 (13.1%) 851 (12.3%)
Removal of BC and MD 0.84 0.82 410 (57.3%) 399 (57.3%)

4.4 LAPs effect on glacier melting

During the cold season, the effect of BC on glacier mass balance was greater than that
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312  of MD; however, the effect became very weak at elevations above ~5000 m a.s.1. (Fig.
313 7a) because of minimal melting at such elevations. The effect of BC on glacier mass
314  balance was less than that of MD during the melt season (Fig. 7b). The annual glacier-
315  wide mass balance was —361 mm w.e. in Stand_Run, whereas it was —238 mm w.e.
316  when all MD was removed and —254 mm w.e. when all BC was removed.

317  Alone, BC contributed to 13.1% of glacier melting during the full year and 12.3%
318  during the melt season, whereas MD alone contributed to 14.6% of glacier melting
319  during the full year and melt season. Glacier melting was aggravated by 57.3% under
320  the combined effect of BC and MD. The contribution of BC to melting on the LHG
321  glacier was less than that reported on the Mera glacier (16%, Ginot et al., 2014) and on
322  the Claridenfirn glacier (15%—19%, Gabbi et al., 2015). However, the combined
323  contribution of BC and MD to melting was much greater on the LHG glacier than on
324  the Mera glacier (26%). This is because there is an approximate logarithmic relationship
325  between the concentration of LAPs and albedo reduction, i.e., albedo declines rapidly
326  with increase of LAPs in the case of low concentration of LAPs, whereas it declines
327  slowly with increase of LAPs in the case of high concentration of LAPs.

328  The concentrations of BC and MD are very high in the surface ice on the LHG glacier;
329  hence, considering either BC or MD alone has a limited effect on the surface albedo.
330  Other earlier studies calculated the reduction in albedo of pure snow or ice attributable
331  to BC without contamination by MD, and assessed the impact on glacier melting caused
332 by albedo reduction using a simple melt model (Li et al., 2016; Li et al., 2019b; Li et
333 al, 2019a; Zhang et al., 2017a). Generally, the calculated albedo reduction was higher
334  for pure snow or ice than for contaminated snow or ice when the BC concentration
335 remained constant. For example, Li et al. 2016 reported contributions to melting by BC
336  alone (37%) and MD alone (32%) that were much greater than our results for the LHG
337  glacier, whereas the combined contribution of BC and MD (61%) was similar to our
338 findings. However, our findings are of greater practical importance regarding

339  implications for policies intended to abate contamination of glaciers by LAPs.
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340
341 Fig. 7 Accumulated mass balance at intervals of 100 m in elevation during (a)

342  September—April and (b) May—August under the scenarios of Stand Run (black line),
343  removal of all MD (red line), removal of all BC (blue line), and removal of all BC and
344 MD.

345 5 Discussion

346 5.1 Different mechanisms of BC impact on glacier melting

347  Inthis study, we identified three mechanisms via which BC affects glacier melting (Fig.
348  8). The BC from meltout ice and atmospheric wet deposition had little influence on the
349  glacier mass balance, whereas the BC from atmospheric dry deposition caused 68 mm
350 w.e. of glacier-wide mass balance change (Table 3). Total BC from atmospheric
351  deposition caused 9.1% of glacier melt change during the full year and 8.8% during the
352  melt season, of which dry deposited BC caused 8.3% of glacier melt change during the
353  full year and 7.9% during the melt season. Gabbi et al. 2015 reported amplification of
354  annual melt rates by 10% (12%) at the upper (lower) stake on the Claridenfirn glacier
355 in the Swiss Alps attributable to atmospheric deposited BC, which is similar to our
356  findings and demonstrates the universal effect of the emission of BC associated with

357  human activities on glacier melting.
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358  The effect of meltout BC on glacier melting was negligible with a value of 1.9% during
359 the full year and 2.2% during the melt season. This finding is different from that
360 reported by Goelles et al. 2017 who found a strong contribution of meltout BC to glacier
361  melting. The concentration of LAPs on surface ice can be very high and inhomogeneous
362 (Lietal,2016; Zhang et al., 2017b). The processes of enrichment and removal of LAPs
363  onthe ice surface are complex and remain unclear. For example, LAPs could be washed
364  away by surface flowing water with low concentration in steep areas, or enriched in a
365  cryoconite hole in a flat area. The removal efficiency of LAPs in surface ice might be
366  related to factors such as initial concentration, slope gradient, and flow magnitude.
367 However, owing to lack of available related measurements, it remains difficult to
368  establish a reasonable physical model. Using a constant removal efficiency for LAPs in
369  surface ice could elevate the surface concentration to an unrealistically high value. To
370  avoid unrealistic enhancement of LAPs concentration in a year, we assumed that all
371  LAPs were enriched and distributed evenly throughout the upper 20 cm of surface ice
372  rather than the upper 5 or 2 cm. This approach maintained the LAPs concentration
373  within a reasonable range while weakening the effects of deposited and meltout BC on

374  glacier melting.
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376 Fig. 8 Annual mass balance at intervals of 100 m in elevation under scenarios of
377 Stand_Run (black line), removal of all BC from fossil fuel (red line), removal of
378 increment of BC deposition since the 1980s (blue line), reduction of temperature by

379 1.5 °C (green line), and both removal of increment of BC deposition and reduction of

380 temperature by 1.5 °C (yellow line).
381
382 Table 3. Glacier-wide average albedo and accumulated melting under scenarios of
383 removing LAPs.
Melting (mm w.e.) Mass balance (mm w.e.)
Annual Melt season ~ Annual ~ Melt season
Stand Run 960 934 -361 -422
Removal of BC from atmosphere 873 (9.1%) 852 (8.8%) -284 -359
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Removal of BC from atmospheric 880 (8.3%) 860 (7.9%) -293 -368
dry deposition
Removal of BC from atmospheric 947 (1.4%) 922 (1.3%) -354 -413
wet deposition
Removal of BC from Meltout ice 942 (1.9%) 913 (2.2%) -348 -416
Removal of BC from industrial 911 (5.1%) 885 (5.2) -322 -379
emission
Removal of BC increment since 896 (6.7%) 875 (6.3%) -296 -361
1980s
Temperature drops 1.5 °C 462 (51.9%) 455 (51.3%) 87 11
Removal BC increment and 424 (55.8%) 417 (56.6%) 119 42

temperature drops 1.5 1.5 °C

384

385 5.2 Accelerated glacier melting caused by increments in BC emissions and air
386  temperature

387  The temperature on the LHG glacier has increased by approximately 1.5 °C since the
388  1950s (Chen et al., 2019; Qin et al., 2015). Records of BC in an ice core from the
389  Eastern Pamirs show that the average concentration of BC after the 1990s was 4.6 times
390  higher than that during the early Industrial Revolution (Wang et al., 2015). We modeled
391  the surface energy and mass balance under a scenario of reducing the atmospheric
392  deposited BC by 4.6 times (Table 3). The modeled annual glacier-wide mass balance
393  was less negative by 65 mm w.e. than the mass balance in Stand_Run, i.e., the increased
394  emission of BC by human activities accelerated current glacier melting by 6.3%.
395  However, the glacier-wide mass balance would be positive with a value of 87 mm w.e.
396  under a scenario in which the temperature was reduced by 1.5 °C, i.e., the increase in
397  temperature contributed to 51.9% of current glacier melting. Glacier melting would
398  reduce by 55.8% under a scenario without increments in BC and warming.

399  From the above analysis, we conclude that warming has been the dominant factor in
400  the current accelerated melting of the LHG glacier, while the increment of BC
401  emissions since the Industrial Revolution has further aggravated glacier melting. There
402  are no studies that directly focus on the effect of the BC increment since the early

403  Industrial Revolution on glacier melting. Gabbi et al. 2015 reported an average
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404  contribution of 10% of total atmospheric BC on glacier melting during 1914-2014.
405  Moreover, BC records from ice cores show that the peak of BC emissions in Europe
406 and North America occurred during 1900—1950 (Sigl et al., 2013; Thevenon et al., 2009;
407  Jenk et al., 2009), and that the BC concentration in recent decades has been no larger
408  than 3 times that during the early Industrial Revolution. Thus, we could infer that the
409  effect of increased BC on current glacier melting is less than 10%.

410  Painter et al. 2013 suggested that the end of the Little Ice Age in the European Alps was
411 forced by emission of industrial BC; however, Sigl et al. 2018 refuted that supposition,
412 believing instead that the 19" century glacier retreat in the Alps preceded the emergence
413 of industrial BC deposition on high-alpine glaciers. Our results cannot substantiate the
414  effect of industrial BC on glacier melting during the Little Ice Age. However, this study
415  underestimated the effect of deposited BC on glacier ice melting. Moreover, most of
416  the BC emitted in the past has enriched surface concentrations over a long period, and
417  the concentration of BC in surface ice might not be so high if there had not been
418  continuous emission of BC since the Industrial Revolution. To accurately model the
419  effect of BC emitted by human activities on glacier melting, measurements of BC
420  enrichment in and removal from surface ice are essential.

421 5.3 Significance of glacier melting mitigation

422  This study provided a conservative estimation of effect of emitted BC by current human
423 activities on glacier melting. It was concluded that the glacier melting would reduce at
424 least by 6.3% if the BC emission was brought back to pre-industrial levels. Moreover,
425  the existed BC in glacier surface might be moved down to downstream of by glacier
426  movement or washed away by melt water, if the BC emission reduction continued year
427 by year. Then the mitigation of glacier melting would be larger than 6.3%, but probably
428  not larger than 13.1%.

429 4. Conclusion

430  In this study we developed an atmospheric deposition and spatiotemporal distribution
431  model of LAPs (BC and MD) on glacier surface, and coupled the model into a surface

432  energy and mass balance model including a parameterization for albedo with
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433 parameters of concentration of LAPs and SSA of snow and ice. Using the combined
434  model forced with measured surface meteorological variables, we assessed LAPs,
435  especially atmospheric deposited BC effects on surface energy and mass balance during
436 2011 — 2012 on the LHG glacier in the western Qilian Mountains. The model was
437  calibrated by the measured surface albedo and mass balance at 4550 m a.s.l. The model
438  performance was validated by measured annual mass balance extended to the entire
439  glacier at intervals of 100 m in elevation.

440  The average surface concentration of BC ranged from 2091 ng g-1 at the lowest site in
441  elevation to 477 ng g-1 at the highest site during warm season (May — August), which
442  caused reduction of 0.03 in glacier-wide albedo and increase of 12.3% in glacier
443  melting. The average surface concentration of MD ranged from 1068 pg g-1 to 266 pg
444  g-1 during warm season, which caused reduction of 0.04 in glacier-wide albedo and
445  increase of 14.6% in glacier melting. Nevertheless, the combined effect of BC and MD
446 was 0.13 (0.08) on glacier-wide albedo and 57.3% (57.3%) on glacier melting during
447  the melt season (full year).

448  This study emphasized the BC effect on glacier melting, because it main came from
449  human activities emission. We have assessed BC from atmosphere effect on glacier
450  melting. The total effect of atmospheric deposited BC was 9.1% on annual glacier-wide
451 melting, of which BC from atmospheric dry deposition had an effect of 8.3% on melting.
452  The deposited BC from fossil fuel combustion caused 5.1% of glacier melting.

453  The temperature and BC emission by human activities all have dramatically increased
454  since the 1950s. We assessed the increased temperature and BC emission respective
455  contribution to current accelerated glacier melting. The temperature during recent two
456  decades increased by 1.5 °C compared to that during 1950s, which caused 51.9% of
457  annual glacier-wide melting. Meanwhile, the BC emission increased by 4.6 times
458  compared to the early Industrial Evolution, which caused 6.7% of annual glacier-wide
459  melting.

460  The enrichment and removal of LAPs on surface ice are really complicated, method in

461  handling them used in the research underestimated deposited BC effect on glacier
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462  melting. However, the ice melting plays a very important role in glacier melting, while
463 it is still unknown about its approach and key parameters of concentration change of
464  LAls on it. To illuminate it with accuracy and clarity, substantial observations of
465  variation of LAIs on ice surface are really needed.
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