Oct10, 2017

Dear editor,

The manuscript: Black carbon and mineral dust in snow cover on the Tibetan Plateau by Zhang
Y.L. etal.

The manuscript number: tc-2017-111

We greatly appreciate the reviewers’ constructive comments to improve the paper. We have revised
our manuscript according to these comments (blue color in the main text), and hope the revised
manuscript is suitable for publication in The Cryosphere.

The “point to point” response to comments are listed as below.

Sincerely yours,
Yulan Zhang and Shichang Kang

Response to Referee #1

General opinion: The authors report the observation of light-absorbing impurities in snow over
Tibetan Plateau. Based on these field observed data, they calculated the albedo reduction induced
by black carbon and mineral dust, and the corresponding impact on snow energy budget. The field
data reported in this work are valuable for quantifying the impact of light-absorbing particles on
snow albedo and the analysis based on this field data are informative. However, some discussion
and conclusions given in this paper are not accurate and need to be modified. This manuscript also
contains a lot of types/grammar errors (some obvious errors are listed below) that need to be
corrected before this manuscript can be considered for publication. Here are the
suggestions/comments that the authors may find useful.

Answer: Thank you very much for the comments. We have carefully revised according to the
comments. The manuscript has also been improved by a native speaker to reduce the types/grammar
errors.

Comments and Questions

Page 1 Line 30-32: BC is recognized as an important climate forcer not only because it absorbs
sunlight, but also because a large fraction of BC are emitted from anthropogenic sources. Please be
more accurate at here.

Answer: We have revised as following in the main text (Page 1-2):

Atmospheric BC is a distinct type of carbonaceous material from incomplete combustion of
biomass/biofuel and fossil fuel. A large fraction of BC is emitted from anthropogenic activities



(Bond et al., 2013). Because BC can absorb solar radiation, influence cloud processes, and alter the
melting of snow cover and glaciers, it has been considered to be the second most important climate
forcer in the Earth’s climate system only after carbon dioxide (Andreae and Ramanathan, 2013;
Bond et al., 2013; Ramanathan and Carmichael, 2008).
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Page 2 Line 16: “: : : snow covered range” ! snow covered region?
Answer: It is “snow covered region”. (Page 2, Line 26)

Line 20: “Confirming radiative transfer modeling”. It is not very clear to readers what does the
authors mean. Please consider revise this.

Answer: The sentence has been revised as following (Page 2, Line 23-31):

In the European Alps, observed reflectance provided evidence that seasonal input of dust can
strongly decrease the spectral properties of snow, in particular, from 350 to 600 nm (Di Mauro et
al., 2015, 2017). In a study of two sites on Claridenfirn of the Swiss Alps, Gabbi et al. (2015) showed
that mineral dust lowered the mean annual albedo by 0.006-0.011, depending on the location on the
glacier, causing a reduction of approximately 142-271 mm in annual mass balance. In the San Juan
Mountains of the USA, snow cover duration in a seasonal snow-covered region, was found to be
shortened by 18 to 35 days during ablation through surface shortwave RF caused by deposition of
disturbed desert dust (Painter et al., 2007). In the upper Colorado River Basin, the daily spring dust
RF ranged from 30-65 W m, advancing melt by 15-49 days (Skiles et al., 2015). A study of the
Mera glacier on the southern slope of the Himalayas even indicated that, when dust concentrations
are high, dust dominates absorption, snow albedo reduction, and RF, and the impact of BC may be
negligible (Kaspari et al., 2014). The presence of dust in snow suggests a relevant role for BC in
darkening the glacier surface.
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Cryosphere Discuss., doi:10.5194/tc-2017-66, 2017.
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Line 24: “..., but also to” ! but also important/crucial to
Answer: Has been revised. (Page 2, Lin35)

Line 26: “: : : is the most sensitive” how could tell it is the most sensitive? Please remove most or
provide supporting data.
Answer: Removed the “most”.

Line 33: “: : : and result in perturbation in” ! : : :and perturb
Answer: Has been revised. (Page 3, Line 7)

Line 34: “5 — 25 mm in the snow water equivalent: : :”15-25 mm snow water equivalent
Answer: Has been revised. (Page 3, Line 8)

Page 3 Line 1: “snowpack on the TP is associated with the : : :” by associated you mean the
snowpack on the TP is influenced by summer monsoon? Or the snowpack will influence summer
monsoon? or both? Please be more accurate here.

Answer: Changes in snow cover over the TP have attracted much attention in recent years owing
to climate change (Xu et al., 2017). Previous studies have indicated that changes in snow cover
across the TP can markedly affect summer monsoons and precipitation over the Indian Ocean (Bai
and Feng, 1994; Chen et al., 2000; Vernekar et al., 1995). Through the analysis of spatial and
temporal variability of Tibetan snow cover and its relationship with the Indian summer monsoon,
Zhao and Moore (2004) showed that there existed an east-west dipole-like correlation pattern
between snow cover over the TP and Indian monsoon rainfall that underwent a change in sign
around 1985. They also argued that variability in the TP monsoon was responsible for the spatial
and temporal variability in the relationship between Tibetan snow cover and the Indian summer
monsoon.

The relationship between TP snow cover and the East Asian summer monsoon indicated that
winter snow cover played an important role in cooling local air temperature through the snow—
albedo effect (Xiao and Duan, 2016). However, data analysis demonstrated that persistent effects of
winter snow cover were limited to the period from winter to spring over most parts of the central
and eastern TP. Therefore, the preceding snow cover over these regions exerted little influence over
either the in situ summer atmospheric heat source or the East Asian summer monsoon, because of
its short duration. In contrast, the effects of winter or spring snow cover anomalies over the western
TP and the Himalayas can last until summer, and these anomalies further influenced the East Asian



summer monsoon by modulating moisture transport to eastern China and favoring eastward-
propagating synoptic disturbances that were generated over the TP.
Here in the main text has been revised as following (Page3, Line 10-13):

Changes in snow cover over the TP have attracted much attention in recent years owing to climate
change (Xiao and Duan, 2016; Xu et al., 2017). Snow cover on the TP plays an important role on
the Asian summer monsoon, and serves as a crucial water source for several major rivers of Asia
(Bai and Feng, 1994; Lau et al., 2010; Vernekar et al., 1995; Yao et al., 2012a; Zhao and Moore,
2004).
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Line 4-5: “Simulation studies of BC in snow over TP have inherent uncertainties because of the lack
of large-area observations of BC data in seasonal snow cover”. This is not correct. Model
simulations have inherent uncertainties due to the physics/chemistry/transport schemes used in the
models - such as uncertainties in BC emissions sources or deposition rate. Large-area observation
of BC in TP will be useful for model evaluation, but it will not help with the inherent uncertainty of
the model simulation. Please revise it here.

Answer: We agree that large-area observation of BC in TP will be useful for model evaluation. The
sentence has been changed to be as following (Page 3, Line15-23):

Simulation studies of BC in snow over the TP have inherent uncertainties due to the
physics/chemistry/transport scheme used in the models (Gertler et al., 2016; Yasunari et al., 2010,
2013). For example, Kopacz et al. (2011) estimated RF of 5 to 15 W m~2 due to BC within the snow-
covered areas of Himalaya and the TP, whereas Flanner et al. (2007) and Qian et al. (2011) estimated
peak values of BC effects exceeding 20 W m2 for some parts of the TP. Menon et al. (2010) and
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Ménégoz et al. (2014) proposed that during the last decade BC in snow caused a significant part of
the decrease of the snow cover extent or duration observed on the TP during the last decade. Ji et al.
(2016b) found a positive surface RF was induced by dust, which caused a decrease of 5-25 mm w.e.
over the western TP, Himalayas, and Pamir Mountains from December to May. Large-area
observations of BC data in snow cover, which are still seldom in the TP, can be useful for model
evaluation and calibration in the future.

Page 4 Linel0: “ : : : and is dominated by the Indian monsoon” ! A region cannot be dominated by
monsoon. Do you mean “affected by”?
Answer: It should be “affected by”. The sentence has been changed in the main text (Page4, Line27).

Line 11: “Region Il has one site (LHG) is located in the northeastern part of the TP”! “Region Il
has one site (LHG) that is located in the northeastern part of the TP”

Answer: Has changed in the main text as following (Page4, Line28-29).

Intensified sampling has been carried out in the LHG region within Region 11, which is located in
the northeastern part of the TP.

Line 15: it seems the snow samples were only collected from the top 5 cm, so how did you calculate
the snow albedo for snowpacks thicker than 5 cm? Did you assume the BC/MD mass mixing ratio
is constant through the entire snow column? Please clarify this.

Answer: We did not measure the BC/MD mass mixing ratio through the entire snow column. Usually,
snow samples were collected from the top 5—10 cm. In general, the snow cover is vertically
inhomogeneous, and sometimes it is optically thin (\Voisin et al., 2012). The stratified structure of
snow cover will lead to the discrepancy between computed spectral albedo from semi-infinite snow
cover and measured albedo (Grenfell, 1994; Aoki et al., 2000; Zhou et al., 2003; Kuipers Munneke
et al., 2008). Recently, the propagation of light in snow with impurities has been extensively
investigated with different physical-based numerical models: WW (Grenfell et al., 1994; Jin et al.,
2008; Nair et al., 2013), SNICAR (Flanner et al., 2005), PBSAM (Aoki et al., 2000; 2012),
GOSWIM (Yasunari et al., 2012; 2014), TARTES (Libios et al., 2013).

In this study, we use SNICAR model to simulate the albedo. This simulator is a single-layer
implementation of the Snow, Ice, and Aerosol Radiation model (Flanner et al., 2007, 2009), which
utilized the two-stream radiative transfer solution (Toon et al., 1989). Therefore, in this study, we
only focused on the surface albedo based on SNICAR model which requests a snow depth of 5 cm.
When the snow cover was thicker than 5 cm, the input parameter of “snowpack thickness” (Fig. R1)
was the observed snow cover depth.

In the main text (section 2.5), we have added the related information. (Page7, Line24-28):

In general, the snow cover is vertically inhomogeneous, and sometimes it is optically thin (Moisin
et al., 2012). The stratified structure of snow cover will lead to the discrepancy between computed
spectral albedo from semi-infinite snow cover and measured albedo (Grenfell, 1994; Aoki et al.,
2000; Zhou et al., 2003; Kuipers Munneke et al., 2008). In this study, we usually collected snow



samples from the top 5—10 cm. Because the SNICAR model is a single-layer implementation model
(Flanner et al., 2007, 2009), the input parameter of “snowpack thickness” was the observed snow
cover depth.

SNICAR Online: Snow albedo simulation
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Figure R1. The information of SNICAR model input parameters.
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Line 17: how did you measure snow grain size in the field? Please clarify this.

Answer: In the field, the snow grains were sprayed on the MIG paper. Then we took a photo by
using portable digital microscope (Anyty 3R-MSV500) (Fig. R2a). In the lab, we can measure the
snow grain shape and obtain the lengths of a and b (Fig. R2b). Mugnai and Wiscombe (1987)
demonstrated that a collection of unoriented non-spheroids produce the same scattering results as
spheres, and Grenfell and Warren (1999) showed that the radius of a non-spherical particle was
equal to that of a spherical particle that has the same volume-to-surface-area (V/A) ratio.
Consequently, VV/A ratio was used to transfer the measured snow grain size into the effective grain
size.

On this basis of field measurement, Hao (2009) proposed two assumptions: 1) The snow
particle is an inequilateral spheroid; and 2) The major axis, minor axis, and height of the
inequilateral spheroid is denoted by a, b, and c, respectively, in such a way that the relationship a =
2b exists. According to Kokhanovsky and Zege (2004), the effective snow grain radius (Ref) can be
calculated equal to the radius of the volume-to-surface equivalent sphere by the following equation

(2):
3V

= 4 = . .
Where, V = E"r3 and A = nrr?, are the average volume and the average cross-section (geometric

shadow) area of the snow grains, respectively. And, r is the radius of geometric optics, r = “TH’.

Thus, R.f =~ 0.35a
Eq.1 was then employed to calculate the effective snow grain size.

We have added related information in the main text (Page 5, Line2-12):

For the snow grain size observation, we sprayed the snow grains on MIG paper and took a photo
using a portable digital microscope (Anyty 3R-MSV500) to calculate the major and minor axis (Fig.
S2). Based on field measurements from previous studies (Mugnai and Wiscombe, 1980; Grenfell
and Warren, 1999), two assumptions were proposed: 1) The snow grain particle is an inequilateral
spheroid, and 2) The major axis (a), minor axis (b), and height (c) of the inequilateral spheroid are
denoted by a, b, and c, respectively, in such a way that the relationship a=2b exists (Hao, 2009).
According to Kokhanovsky and Zege (2004), the effective snow grain radius (Ref) can be calculated
as equal to the radius of the volume-to-surface equivalent sphere by the following equation (1):
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where V = 5”3 and A = mr?, are the average volume and the average cross-section (geometric

shadow) area of the snow grains, respectively. In addition, r is the radius of geometric optics, r =

a+b

=
Thus
Rer ~ 0.35a 2
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Figure R2. Snow grain size observation in the field (a) and measurement in the lab (b).
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Line 24-26: what is the accuracy of the weight you used to measure filter before and after filtration?
It seems the author assume BC/OC/MD are the only insoluble particles deposited on the quartz filter,
could you please provide more evidence about this? If MD were the only other particle in snow
(besides OC and BC), do all MD absorb sunlight? It might be a good idea to include these
discussions in the uncertainty analysis.
Answer: The accuracy of the weight for measurement of filter before and after filtration is less than
+5%.

We assumed BC/OC/MD are the only insoluble particles deposited on the quartz filter. Not all
MD absorb sunlight. Iron oxide minerals are efficient light scattering and absorption materials which
can enhance absorption at UV and visible wavelengths (Di Mauro et al., 2015; Moosmuller et al.,
2012; Zhang et al., 2015). Goethite and hematite are the most abundant forms of iron oxides in dust
and the major light absorbers in the shortwave spectrum in snow (Wu et al., 2016a). The light
absorption by mineral dust in snow is thought to be due to iron oxides (Wang et al., 2013). Two
peaks in the first derivative value of the spectra at 430 and 560 nm were determined to be goethite
and hematite, respectively. When the iron content reaches a threshold, the iron oxides have little or
no impact on the reflectance spectra (Wu et al., 2016a). The fine fraction of glacier dust has a greater
abundance of iron (2016b), and the first derivative values of hematite are higher than goethite,
indicating that hematite might be concentrated in the fine fraction (2016a).



Dust optical properties depend strongly on source material and these properties are designed
to represent "global-mean™ characteristics as closely as possible (Flanner et al., 2007). The SNICAR
model applies the Maxwell-Garnett approximation for combining indices of refractions, assuming
a mixture of quartz, limestone, montmorillonite, illite, and hematite. We agree that some dust
particles (e.g., those containing a large proportion of strongly-absorbing hematite) can have a larger
impact on snow albedo than the dust applied in this work (Aoki et al., 2006; Painter et al., 2007).

We have added related discussion in the section 3.4 as following (Pagel2, Line25-33):

We also have to pay attention to the fact that dust optical properties depend strongly on source
material and their properties are designed to represent “global-mean" characteristics as closely as
possible (Flanner et al., 2007). The light absorption by mineral dust in snow is thought to be due to
iron oxides (Wang et al., 2013), which are efficient light scattering and absorption materials that can
enhance absorption at UV and visible wavelengths (Di Mauro et al., 2015; Moosmuiller et al., 2012;
Zhang et al., 2015). Goethite and hematite are the most abundant forms of iron oxide in dust and
the major light absorbers in the shortwave spectrum in snow (Wu et al., 2016). The SNICAR model
applies the Maxwell-Garnett approximation for combining indices of refractions, assuming a
mixture of quartz, limestone, montmorillonite, illite, and hematite. We should note that some dust
particles (e.g., those containing a large proportion of strongly absorbing hematite) can have a larger
impact on snow albedo than the dust applied in this work (Aoki et al., 2006; Painter et al., 2007).
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Page 5: Line 6: what is the filter blank for? is this a blank filter? It seems there is some particles on
filter blank as well since it weighs more than 0 C/cm-2.

Answer: We used the filter blank to detect the sampling and storage processes. It is a blank filter.
The blank filters were brought to the field and stored with the filters together. The results showed
that the filter blank is much less (1.23+0.38 pg C cm~?) than those in the sampled filters (more than
10 pg C cm?), indicating the OC/BC data were reasonable.

Line 8: “separately analyzed” ! analyzed separately
Answer: Has been changed.( (Page6, Line2)

Line 18: “: : : is or not influenced by BC emissions” ! is influenced by BC emissions or not
Answer: Has been changed.( (Page6, Line21)

Line 23: what is “down-sun”?

Answer: It’s type wrong. Spectral albedo measurements were collected using an ASD FieldSpec 4
(FS4) standard-resolution spectroradiometer in the range of 350-2500 nm using the ASD Remote
Cosine Receptor (RCR) foreoptic. The RCR foreoptic was mounted to the end of a 91.4-cm
rectangular aluminium boom and levelled at a height of 80 cm above the snow surface using a
bubble level located at the observer’s end of the boom, collecting sky irradiance when pointed
upward and snow irradiance when pointed downward. Spectral albedo was obtained by dividing
snow irradiance by sky irradiance from ten consecutive upward and downward measurements
collected at site around local solar noon determined using the NOAA SolarNoonCalculator.

We have changed in the main text (Page7, Line2-9).

For the selected sites, a general-purpose spectroradiometer (Analytical Spectral Devices (ASD),
FieldSpec 4, Inc.), was used to measure the reflectance of snow cover. The ASD FieldSpec 4
instrument is a general-purpose spectroradiometer that is useful for applications requiring the
measurement of reflectance, transmittance, radiance, or irradiance. The instrument is specifically
designed for field environment remote sensing to acquire visible and near-infrared and shortwave
infrared spectra. It has 3 nm spectral resolution on the visible/near infrared detector (350-1050 nm,
silicon photodiode array), and 10-12 nm resolution on the shortwave infrared detectors (900-2 500
nm, InGaAs). In the field, reflectance was measured at two sites (24K and MD in Table S1) with
FieldSpec 4 under clear-sky conditions. These measurements of reflectance were calculated using
the standard solar irradiance to get the albedos, which were then used for comparison with simulated
albedos.

Line 24: “when the weather was clear”! when the sky was clear. It seems the albedo measurement
were made for clear sky only, but later in the albedo comparison, the measured albedo is compared
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against the albedo calculated using SNICAR for all-sky case. Is this a typo or this is wrong?
Answer: Has been changed.

The “all-sky” is a type wrong (see Table S2 in supplementary material), we have changed in the
main text.

Line 28: “e.g. Doherty et al., 2010”: Doherty et al 2010 did not use SNICAR, it only reported the
observation in the Arctic. Please remove this citation.
Answer: Has removed.

Page 6: Line 9-11: Please revise this sentence. Is this a model or is this just the method you used to
calculate snow water melt in this work?

Answer: It is a method we used to calculate snow water melt. We have changed the sentence in the
main text (Page7, Line31-32).

To estimate snow melt due to BC and dust, a method was constructed in which the absorptivity of
the snow was multiplied by the daily average incoming shortwave radiation from the automatic
weather stations (AWS) set up at the meteorological stations near the sampling sites (Fig. S3)
(Schmale et al., 2017).

Line 16: “for clean snow: : :” what is cause of albedo reduction for clean snow case? A different
snow grain size due to snow aging? Please be more accurate here.

Answer: Yes. For clean snow, different snow grain size played an important role on the albedo
reduction. We have revised the sentence in the main text (Page8, Line7-8):

Aa is the albedo reduction caused by BC and dust, for clean snow mainly by different snow grain
sizes due to snow aging;

Line 18: “assumed snow depth” what is the assumed snow depth? How did you assume it?
Answer: In the following analysis, we assumed the snow depth to be consistent (which is not the
reality) for estimating the variations of snow cover durations days in section 3.3. This assumption
was based on the snow depth observations from the TP in previous studies (Che et al., 2012; Xu et
al., 2017; Zhong et al., 2016).

We have changed this sentence in the main text (Page8, Line8).

References:

Che, T., Dali, L., Wang, J., Zhao, K., Liu, Q.: Estimation of snow depth and snow water equivalent distribution using
airborne microwave radiometry in the Binggou Watershed, the upper reaches of the Heihe River basin, Int. J.
Appl. Earth Obs. Info., 17, 23-32, doi:10.1016/j.jag.2011.10.014, 2012.

Xu, W., Ma, L., Ma, M., Yuan, W.: Spatial-temporal variability of snow cover and depth in the Qinghai-Tibetan
Plateau, J. Clim., doi:10.1175/JCLI-D-150732.1, 2017.

Zhong, X., Zhang, T., Zheng, L., Hu, Y., Wang, H., Kang, S.: Spatiotemporal variability of snow depth across the
Eurasian continent from 1966 to 2012, Cryosphere Discuss., doi:10.5194/tc-2016-182, 2016.
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Line 22: “older wind-packed snow” ! old wind-packed snow
Answer: Has been changed.( Page8, Linel2)

Page 7: Line 2: Please consider cite paper Doherty et al., 2016. It also reports LAIs in snow in North
America.

Doherty,S. J., D. A. Hegg, J. E. Johnson, P. K. Quinn, J. P. Schwarz, C. Dang, and S. G. Warren,
(2016), Causes of variability in light absorption by particles in snow at sites in Idaho and Utah. J.
Geophys. Res. Atmos., 121, no. 9: 4751-4768.

Answer: Agree, and has cited this paper.

Line 6-8: How could you tell the LAIs in snow over TP were generated from biomass burning in
surrounding region from Table 2? And from Table 2, how could you tell if the fraction of LAls
emitted by biomass/fossil fuel burning in TP is larger than that in the other regions? Please provide
more explanations.

Answer: Table 2 shows the concentrations of LAls in snow cover in the TP and other regions. These
comparisons indicate deposition of LAIs in the snow over the TP have higher values than other
regions. In this section, we will not to discuss their fraction and different sources. Thus, we have
revised this sentence in the main text as following (Page8, Line27-29):

In comparison (Table 2), the LAIs in snow cover of the TP showed larger values which can be
attributed to more deposition from nearby regions around the TP (e.g., South Asia, East Asia, and/or
western China) (Lu et al., 2012; Ramanathan and Carmichael, 2008), or to impacts by the soil/dust
near the sampling sites.

Line 9-11: How could the ratio of OC/BC be used as a standard to determine the emission sources
of biomass burning? What is the OC/BC ratio if all LAls were emitted from biomass burning or
non-biomass burning sources?

Answer: Usually, the aerosols emitted from biomass burning have higher OC/EC ratios. For
example, Watson et al. (2001) have reported an OC/EC ratio of 14.5 for forest fires; while for the
fossil fuel, OC/EC ratio was about 1 (Watson et al., 2001).

The OC/EC ratios at Mt. Everest station range from 1.91 to 43.8 with an average of 6.69. Such
high ratios are considered to be mainly affected by the strong influence of biomass-burning
emissions (Cong et al., 2015a), which is also evidenced by the atmospheric organic acids (Cong et
al., 2015b).

In the southeastern TP, OC was found to be more abundant during the monsoon  season (with
OCI/EC ratios are 17.67) than in other seasons (e.g. pre-monsoon and winter with OC/EC ratios of
6.29 and 6.45, respectively). These trends can be explained by the emission of plant spores and
pollen as well as the formation of greater quantities of secondary organic carbon (SOC) in the
periods with the higher OC loadings (Zhao et al., 2013).

We have added related information in the main text as following (Page8, Line30-32):
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Ratios of OC to BC (OC/BC) were used to represent the possible impact of biomass burning in
previous studies (Watson et al., 2001; Bond et al., 2013; Cong et al., 2015a, 2016b). Usually, the
aerosols emitted from biomass burning have higher OC/EC ratios. For example, Watson et al. (2001)
reported an OC/EC ratio of 14.5 for forest fires; whereas for fossil fuel, the OC/EC ratio was
approximately 1.

References:

Cong, Z., Kawamura, K., Kang, S., Fu, P.: Penetration of biomass-burning emissions from South Asia through the
Himalayas: new insights from organic acids, Sci. Rep., 5, 9580, doi:10.1038/srep09580, 2015b.

Cong, Z., Kang, S., Kawamura, K., Liu, B., Wan, X., Wang, Z., Gao, S., Fu, P.: Carbonaceous aerosols on the south
edge of the Tibetan Plateau: concentrations, seasonality and sources, Atmos. Chem. Phys., 15, 1573-1584,
2015a.

Watson, J. G., Chow, J. C., Houck, J. E.: PM2.5 chemical source profiles for vehicle exhaust, vegetative burning,
geological material, and coal burning in Northwestern Colorado during 1995, Chemos., 43, 1141-1151,
2001.

Zhao, Z., Cao, J., Shen, Z., Xu, B., Zhu, C., Chen, L.-W. A, Su, X., Liu S., Han, Y., Wang, G., Ho, K.: Aerosol
particles at a high-altitude site on the Southeast Tibetan Plateau, China: Implications for pollution transport
from South Asia, J. Geophys. Res-Atmos., 118, 11360-11375, 2013.

Line 15: “LHG3 AND LHG®6 (Figure 3)”, do you mean Figure 1b?
Answer: Yes, it should be Figure 1b.

Line 15-21: It seems Figure S2 is an important figure for discussions in this part. If there is no
restriction on the number of figures, please consider include this figure in the paper.
Answer: Agree, we have included this figure in the main text as Figure 3.

Line 28: “Open burning sourced BC”! BC emitted from open burning sources. Does the BC emitted
from open burning sources contain BC emitted from biomass burning? or are they the same? Please
be more specific about what you mean by “open burning”.

Answer: They are not exactly the same. Here in this study, the results was based on the data of FINN
fire emission. Thus, we mean “fire spots or open fire”, kind of biomass burning. We have changed
this sentence in the main text as following (Page9, Line19-23):

Contributions of BC from open fire burning (a kind of biomass burning) decrease from the southern
to the northern TP (Fig. 5). In the Himalayan region, BC from biomass burning sources accounts
for half of the BC deposition on snow cover, reflecting the proximity to large sources in South Asia.
In the central TP, BC from open fire burning accounts for approximately 30 % of the total, less than
from biomass burning evidence from aerosols and glacial snow (Li et al., 2016), maybe indicating
a lack of biofuel contributions from our calculation.

Page 8 Line 3-4: “In the southern TP: : :. due to influence of BC sources in the south Asia”. This
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statement is too vague. Do you mean the total emission is larger in southern Asia? or the BC
deposition rate is larger ? or both? This is a major conclusion you have in this work, please be more
specific.

Answer: Here we mean the total emission is larger in southern Asia (see from the AOD in Fig. R3)
rather than the BC deposition rate. We have changed this sentence in the main text (Page9, Line28-
33):

In the southern TP (MYL), the amount of BC deposition is larger than in the northern TP (NETP)
due to the nearby BC sources in south Asia, known to be a regional hotspot of BC-induced
atmospheric solar heating (Ramanathan and Carmichael, 2008). Whereas in the central TP (NMC),
the amount of BC deposition was higher than in the NETP. This may be because pollutants from
the southern side of the Himalayas can traverse the high mountain range not only through the
major north-south river valleys but also by being lifted and advected over the Himalayas to reach
to the inland TP (Cong et al., 2015b; Lithi et al., 2015).

(a) Summer
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Figure R3. MODIS atmospheric optical depth (AOD) fields derived using dark target algorithms
over the TP and its surroundings. (http://giovanni.sci.gsfc.nasa.gov).

Line 8: You used SNICAR model to calculate snow albedo for all-sky cases, but the model set up is
not stated. For example, what is the cloud fraction for all sky case? As mentioned in the previous
comments, the albedo measurement was performed under clear sky, so in what accuracy do you
expect this to agree with the SNICAR calculation (Figure 5)?
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Answer: Here is not the all-sky cases, it should be clear sky. We have changed in the main text.

Line 14: “The deviation between measured and simulated reflectance by MD may be a result of the
upper boundary of the SNICAR model in particle dimension”. This does not make sense, is the
deviation due to upper boundary condition (and what upper boundary condition)? or MD particle
size? Please revise.

Answer: The difference between measured and simulated reflectance by MD may be caused by the
upper boundary of particle size (as shown in Fig. R1, the dust concentrations) in the SNICAR model
(Flanner et al., 2007).

Thus, we have changed this sentence in the main text (Pagel0, Lin10-11).

Line 18-19: “This result is import, showing that the SNICAR model simulations can represent
albedo changes of snow cover in the Third Pole region”. This is a really strong conclusion. | don’t
think the authors can make this conclusion based on the results shown in this paper. Especially it is
unclear to the readers that how did the authors set up the SNICAR calculation. Please remove this
or include more details about SNICAR calculation.

Answer: Agree, and removed this sentence.

Line 26. As the author said, the BC snow albedo forcing over TP is highly uncertain partly due to
the uncertainty in simulated BC concentration. But it is also important to point out that a large
fraction of such uncertainty is resulted form uncertainty in simulated snow-cover fraction/snow
depth. Please consider including this in the discussion.

Answer: Agree, we have added this section in the discussion (Pagel3, Linel-10).

It is further important to note that a large fraction of such uncertainty can also result from uncertainty
in the simulated snow-cover fraction/snow depth across the plateau. The TP covers a large area
(more than 2.5 million km?) with an average elevation exceeding 4000 m a.s.l. (Yao et al., 2012a).
Considerable heterogeneity in the topography and climate has led to complex spatial and temporal
snow cover patterns (Xu et al., 2017). Most studies on the snow cover distribution were based on
satellite-based observations (Che et al., 2008, 2012). Surface observations of snow depth showed
an increase over the TP from 1957-1998 (Ma and Qin, 2012). However, snow cover depth and the
number of snow covered days during the current decade under intense climate warming showed a decreasing
trend mainly occurring in the southeast TP in winter. Whereas in spring, snow cover depth showed an
increasing trend in the eastern TP (Xu et al., 2017). These differences can also affect the estimation in
this study. Nevertheless, the method provides a theoretical approach for evaluating how the presence
of LAIs affects the lower parts of the glacier subjected to summer melt.

References:

Che, T., Dali, L., Wang, J., Zhao, K., Liu, Q.: Estimation of snow depth and snow water equivalent distribution using
airborne microwave radiometry in the Binggou Watershed, the uppwe reaches of the Heihe River basin, Int.
J. Appl. Earth Obs. Info., 17, 23-32, d0i:10.1016/j.jag.2011.10.014, 2012.

Che, T, Li, X., Jin, R., Armstrong, R., Zhang, T.: Snow depth derived from passive microwave remote-sensing data
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in China, Ann. Glaciol., 49, 145-154, doi:10.3189/172756408787814690, 2008.

Ma, L., Qin, D.: Temporal-spatial characteristics of observed key parameters of snow cover in China during 1957—
2009, Sci. Cold Arid Reg., 4, 384-393, doi:10.3724/SP.J.1226.2012.00384, 2012.

Xu, W., Ma, L., Ma, M., Zhang, H., Yuan, W.: Spatial-Temperal variability of snow cover and depth in the
Qinghai-Tibetan Plateau, J. Clim., 30, 1521-1533, doi:10.1175/JCLI-D-15-0732.1, 2017.

Yao, T., Thompson, L.G., Mosbrugger, V., Zhang, F., Ma, Y., Luo, T., Xu, B., Yang, X., Joswiak, D. R., Wang,
W., Joswiak, M. E., Devkota, L. P., Tayal, S., Jilani, R., Fayziev, R.: Third Pole Environment (TPE),
Environ. Development, 3, 52-64, doi: 10.1016/j.envdev.2012.04.002, 2012a.

Page 9 Section 3.3: Why did you pick SW flux of 220, 270 and 310 W m-2?

Answer: We selected short-wave radiation from several automatic weather stations (Fig. R4) near
the snow sampling sites in region 1, I1, and I11. Table R1 showed monthly short-wave radiation from
automatic weather stations near the snow sampling sites during the snow melting season (March-
May) when the temperature began to increase. On average, shortwave radiations in March, April,
May, and June is about 238, 269, 292, and 271 W m™2, respectively. Short-wave radiation showed
the minimum value in March in Tanggula (210 W m, lower than the average) and the maximum
value in May in Namco (314 W m~2, higher the average). Thus, in order to estimate the impact of
input short-wave radiation on the snow cover duration, we gave a range of short-wave radiation
from 220 to 310 W m™2,

We have added related information in the main text as following (Pagell, Linel14-23):
Changes of snow cover duration are calculated using a model documented by Schmale et al. (2017)
(section 2.6). In Eq. (4), monthly shortwave radiation (SW) input data were obtained from the
Automatic Weather Station (AWS) near the snow sampling sites across the TP (Fig. S3). Table S3
shows monthly shortwave radiation data from AWS during the snow melting season (March-May)
when the temperature began to increase. On average, shortwave radiation in March, April, May, and
June is approximately 238, 269, 292, and 271 W m~2, respectively. Short-wave radiation in March
showed the minimum value in Tanggula of the central TP (210 W m, lower than the average),
whereas in May it showed the maximum value in Namco (314 W m~2, higher the average). Based
on these data during the melt season, three scenarios (220, 270, and 310 W m~?)were defined as the
minimum, median, and maximum scenarios of input shortwave radiation to estimate its impact on
changes of snow cover duration.

We have added these information in the supplementary material as Table S3.
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Figure R4. Automatic weather stations selected in the Tibetan Plateau.
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Table R1. Monthly short-wave radiation from automatic weather stations near the snow sampling
sites during the snow melting season.

Monthly Short-wave Monthly Shortwave
Sites  Month of the year o Month of the year o
radiation (W m2) radiation (W m?)
Southeastern
Tibetan Plateau
March in 2014 248 March in 2015 237
April in 2014 288 April in 2015 259
May in 2014 305 May in 2015 280
June in 2014 265 June in 2015 250
Namco
March in 2015 264
April in 2015 276
May in 2015 306
June in 2015 314
Tanggula
March in 2014 210
April in2014 226
May in 2014 245
June in 2014 271
Laohugou
March in 2014 229 March in 2015 238
April in2014 269 April in 2015 294
May in 2014 311 May in 2015 305
June in 2014 258 June in 2015 269
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Line 27: “SD plays an import role” ! SD plays an important role? What do you mean by SD plays a
role here? Deeper snow is supposed to melt slower given the same amount of radiative forcing; it is
not because snow depths play a role here. Please clarify this point.

Answer: We agree that deeper snow is supposed to melt slower given the same amount of radiative
forcing. In this study, we calculated the changes of snow cover duration days rather than the total
days of snow cover duration. We mean that SD plays an important role on our estimation of numbers
of snow cover duration days. Thus, we have changed the sentence in the main text as following
(Pagell, Line28-29).

The result indicated that estimation of changes of snow cover duration days caused by the same
level of LAIs was also affected by different SD.

Page 10: Line 13: “However, the results presented in this study : : :. for which these assumptions
are not critical”: This is not true. All the quantities listed in this paragraph will influence the snow
albedo and most of them will influence the albedo reduction induced by BC. For example: BC-snow
internal mixing increases the albedo forcing by 40-60% compared with external mixing (He et al.
(2014). The author should discuss the uncertainty of this study resulted from the assumptions they
made, instead of claim these quantities will not impact their results.

References: He, C., Q. Li, K. N. Liou, Y. Takano, Y. Gu, L. Qi, Y. Mao, and L. R. Leung, 2014:
Black Carbon Radiative Forcing over the Tibetan Plateau. Geophy. Res. Lett., 41, 7806-7813, doi:
10.1002/2014GL062191.

Answer: Agree, and we have added related discussion in this section in the main text as suggested.

Line 32: “Our study confirms that : : :.. and further reduces snow albedo,: : :.”: this is not true. BC
and other LAI can reduce the snow albedo even if the snow aging process is not accelerated. Please
revise this.

Answer: Agree, and have changed (Pagel3, Line26).

Our study confirms that BC and other water-insoluble LAIs in snow on land and ice can darken the
surface, and further reduces snow albedo, and increases the speed of snow cover melt

Figures3: Is the color bar showing height? Please define the color bar and unit.
Answer: Yes, the color bar shows the height. We have added the information in the figure caption.

Figure 4: Footprint analyses for six selected sites over the Tibetan Plateau during the winter season (Nov
2015-Feb 2016). LHG and NETP in the northern Tibetan Plateau (Region I11), TGL and NMC in the central
Tibetan Plateau (Region Il), and MYL and SETP in the southern Tibetan Plateau (Region 1). (The right color
bar means the height (m a.s.l.). The trajectories starting below 500 hPa were taken into account. Black dots:
the air parcel did not pass near a fire during the 96 h prior to arrival at the studied site; Green dots: the air
parcel did pass by a fire between -96 h and -48 h, but not afterwards, i.e., the ‘contact’ to a fire lies back at
least 48 h before the air parcel arrived at Renlongba glacier; Magenta dots: contact with fires occurred
between -48 h and 0 h before arriving at site; Red dots: contact with a fire before and after -48 h.)

18



Figure 5: Are MA1-4 measured albedo? Are the dashed lines albedo calculated using SNICAR?
Please clarify these details and modify the corresponding text.

Answer: In this figure, MA1-4 (solid lines) are measured albedo. Dashed lines mean the albedo
calculated using SNICAR. We have added the information in the figure caption.

Figure 6: Measured albedo by ASD (solid lines, MA1-4) and simulated effects of BC and dust on albedo

(dashed lines) at the selected snow site on the Tibetan Plateau.

Figure 6-8: please clarify the figure convention in each figure. Do the boxes represent average values
from central estimate? For example, in Figure 6, you say the rectangles are central estimate, so what
does the box mean? standard deviation of central estimate? maximum and minimum of central
estimate?

Answer: We have added related information and legend for each figure in the main text.
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Oct10, 2017

Dear editor,

The manuscript: Black carbon and mineral dust in snow cover on the Tibetan Plateau by Zhang
Y.L. etal.

The manuscript number: tc-2017-111

We greatly appreciate the reviewers’ constructive comments to improve the paper. We have revised
our manuscript according to these comments (blue color in the main text), and hope the revised
manuscript is suitable for publication in The Cryosphere.

The “point to point” response to comments are listed as below.

Sincerely yours,
Yulan Zhang and Shichang Kang

Response to Referee #2

This manuscript presents results from snow sampling, laboratory analysis, and related modeling
efforts for the presence and impact of light absorbing impurities in the Tibetan Plateau region.
Although the manuscript is not wrong in stating more measurements are valuable in constraining
our understanding of the spatial and temporal variability of light absorbing particulates, the
techniques presented in this paper are unclear and as written does not contribute to the state of
knowledge of light absorbing particulates in snow. Major changes are needed before this paper can
be reviewed again for publication. | will not, at the point, do line by line corrections because they
are numerous. The authors need to revisit the writing in each section for editing and to clarify there
justification, methods, and results. Particularly, snow sampling and automatic weather stations need
to be described in significantly more detail.

Answer: Thank you very much for the comments and suggestions. We have tried to improve the
methods and results in the main text (in blue color). Snow sampling and automatic weather stations
are also described in detailed (Section2.2, Section3.3, in blue color).

Comment 1: My first and foremost concern is that samples were collected in November and
December, and yet they are attempting to quantify the impacts of light absorbing particulates on
melt. This does not make sense to me and if | misunderstood this it is because it is hot made clear
in the manuscript. Although the sample collection timing may be after the summer monsoon, these
samples do not represent the impurities that are present during the ablation season- and therefore it
is inappropriate to use these values to quantify reduction in snowpack duration. Particularly for dust,
which tends to deposit in the spring when source regions dry out (peak radiative forcing by dust in
snow is observed from MODIS imagery over the Himalayan region in April and May).



Answer: Agree, these samples were collected during winter season when the snow cover were more
stable and continuous, which might not represent the true impurities as these during the ablation
season. However, during melting season, because of the poor accessibility on the snowpack in the
TP, it was hardly to collect the snow cover samples. Besides, considerable heterogeneity in the
topography and climate has led to complex spatial and temporal snow cover patterns (Xu et al.,
2017). Discontinued snow cover during melting season may be a problem to represent the true
impurities in snow. Thus in our study, we gave an estimation based on the different snow grain size
and density, rather than the fixed data. We have to admit there existed uncertainties at present. In
the future, we should do more related works to fill in gaps.

Comment 2: The backtrajectory footprint modeling was also very unclear to me, how the model
runs were carried out needs to be described better, but it is unclear to me why the model runs were
only completed for the winter. And were they run continuously? Typically particulates are deposited
in episodic events so running it continuously does not inform the source region, it just informs of
the regional synoptics. | suggest seeing Skiles et al., 2015 (Hydrological Processes) for how that
study produced and described backtrajectory footprints.

Answer: We agree. Since most of the snow cover will not exist during summer season in the TP,
thus we only calculated the model runs in winter when the snow cover accumulated. The calculation
is continuous in the winter season since we did not know the exact snow events during the periods.
It is an estimation of all air mass which can be transported to the sampling sites.

We have learned the recommended reference (Skiles et al., 2015), and tried to improve the
descriptions in the main text as following (Page6, Line6-34).

Calculation of air parcel trajectories is a widely used approach in different areas of atmospheric
research. Conceptually, footprint analysis was considered as changes in concentration at the receptor
site that can be attributed to different upwind source areas along the backward trajectories (Skiles
et al., 2015). To determine the potential origins of the LAIls deposited on the snow cover of the TP,
back trajectory analyses were performed using the European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis fields with the Lagrangian analysis tool LAGRANTO (Sprenger and
Wernli, 2015), launched every six hours for six selected sampling sites as receptors (including three
sites of MYL, NMC, and SETP in region I, two sites of TGL and NETP in region Il, and LHG in
region I11) during the winter season. The ECMWF fields (horizontal and vertical wind components)
were retrieved on 137 model levels and then interpolated onto a 0.25°x0.25° latitude-longitude grid.
Trajectory starting positions can be defined easily and flexibly based on different geometrical and
meteorological conditions; after the computation of the trajectories, a versatile selection is offered
based on single or combined criteria (Sprenger and Wernli, 2015). First, starting positions are
initialized with a suitable domain over the TP at 12:00 UTC on November 1, 2015 (or 2014). For
this case, a domain from 0 to 75 and 60 °E to 120 °E was chosen. We choose starting positions in
this domain that are horizontally equidistant with 80 km horizontal spacing and extend vertically
from 1030 to 790 hPa with 30 hPa vertical spacing. Then, the trajectories are calculated from all
starting positions 96 h backward in time. Finally, biomass burning emission data is traced along the
calculated trajectories to estimate whether an air parcel at the receptor site is influenced by BC fire
emissions or not. In this study, the Fire INventory from NCAR (FINN) v1.5 global fire emissions
flux in 2012-2014, speciated with the GEOS-chem mechanism, was used to estimate contributions



of BC fire emission at the six selected receptor sites. FINN emission estimates are based on the
framework described by Wiedinmyer et al. (2011). FINN used the satellite observations of active
fires and land cover, together with emission factors and estimated fuel loadings to provide daily,
highly resolved (1 km) open biomass burning emissions estimates for use in regional and global
chemical transport models. Then, the same calculation was performed for the Eclipse V5 inventory
for the anthropogenic contributions of BC. The Eclipse V5 inventory was widely used in the
simulations. The historical data for the period 1990—-2010 were revised compared to preceding sets
using the latest IAE (the International Energy Agency) and FAO (the Food and Agriculture
Organization) statistics extending to 2010, as well as recent country reporting where available. Note
that this analysis was not exactly quantitative and did not take into account wet and dry deposition.
We also assumed that the anthropogenic emissions have not changed significantly from 2010
compared to the period from 2012—-2014. Thus, the comparison of natural and anthropogenic BC
contributions was reasonable. The relative differences between the BC contributions can provide
information on regional differences in this study.
References:
Skiles, S. M., Painter, T. H., belnap, J., Holland, L., Reynolds, R. L., Goldstein, H. L., Lin, J.: Regional variability
in dust-on-snow processes and impacts in the Upper Colorado River Basin, Hydrol. Process.,
doi:10.1002/hyp.10569, 2015.

Comment 3: The albedo measurements need to be better described. And how was snow effective
grain radius retrieved? This should be an optically equivalent grain size, not an observable grain
size. If an effective/optical grain size was used, the retrieval should be described. If observed grain
sizes were used, the large error introduced by this (see Painter et al., 2007 in Journal of Glaciology)
needs to be mentioned. Estimates of changes in snow cover duration should be removed or
significant more detail and justification needs to be made for the timing of sample collection.
Answer: In this study, we used an optically equivalent grain size, not an observable grain size.

In the field, the snow grains were sprayed on the MIG paper. Then we took a photo by using portable
digital microscope (Anyty 3R-MSV500) (Fig. R1a). In the lab, we can measure the snow grain
shape and obtain the lengths of a and b (Fig. R1b). Mugnai and Wiscombe (1987) demonstrated that
a collection of unoriented non-spheroids produce the same scattering results as spheres, and Grenfell
and Warren (1999) showed that the radius of a non-spherical particle was equal to that of a spherical
particle that has the same volume-to-surface-area (\VV/A) ratio. Consequently, V/A ratio was used to
transfer the measured snow grain size into the effective grain size.

On this basis of field measurement, Hao (2009) proposed two assumptions: 1) The snow
particle is an inequilateral spheroid; and 2) The major axis, minor axis, and height of the
inequilateral spheroid is denoted by a, b, and c, respectively, in such a way that the relationship a =
2b exists. According to Kokhanovsky and Zege (2004), the effective snow grain radius (Ref) can be
calculated equal to the radius of the volume-to-surface equivalent sphere by the following equation

():

3V
Ref - 1)
Where, V = %nr3 and A = nr?, are the average volume and the average cross-section (geometric
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shadow) area of the snow grains, respectively. And, r is the radius of geometric optics, r = aTH)

Thus, R.f =~ 0.35a
Eq.1 was then employed to calculate the effective snow grain size.

We have added related information in the main text (Page 5, Line2-12):

For the snow grain size observation, we sprayed the snow grains on MIG paper and took a photo
using a portable digital microscope (Anyty 3R-MSV500) to calculate the major and minor axis (Fig.
S2). Based on field measurements from previous studies (Mugnai and Wiscombe, 1980; Grenfell
and Warren, 1999), two assumptions were proposed: 1) The snow grain particle is an inequilateral
spheroid, and 2) The major axis (a), minor axis (b), and height (c) of the inequilateral spheroid are
denoted by a, b, and c, respectively, in such a way that the relationship a=2b exists (Hao, 2009).
According to Kokhanovsky and Zege (2004), the effective snow grain radius (Ref) can be calculated
as equal to the radius of the volume-to-surface equivalent sphere by the following equation (1):

Ref - (l)

= 4 - . .
where V = 5711”3 and A = mr?, are the average volume and the average cross-section (geometric

shadow) area of the snow grains, respectively. In addition, r is the radius of geometric optics, r =
a_+b
1
Thus
Res ~ 0.35a )

"".'/‘v\
(a) Observe snow grain sjze (b) Measure snow grain size

Figure R1. Snow grain size observation in the field (a) and measurement in the lab (b).

For the estimates of changes in snow cover duration days, we have tried to improve the related
details in the main text.

References:



Grenfell, T. C., and Warren, S. G.: Representation of a nonspherical ice particle by a collection of independent sphere
for scattering and obsorption of radiation, J. geophys. Res., 104(D24), 31697-31709, 1999.

Hao, X.: Retrieval of alpine snow cover area and grain size basing on optical remote sensing. PhD thesis, Cold and
Arid Regions Environment Engineering Research Institute, Lanzhou, China, pp. 103-104, 2009.

Mugnai, A., and Wiscombe, W. J.: Scattering of radiation by moderately nonspherical particles. J. Atmos. Sci., 37,
1291-1307, 1987.

Comment 4: Section 3.3 and 3.4 are generally confusing- was shortwave radiation (uplooking and
downlooking pyranometers) actually measured? This analysis seems far too simplified. Furthermore,
the discussion of snow depth is misleading. This is a straightforward energy balance calculation, so
less snow will melt faster than more snow for an equal amount of forcing- this is basic mass balance.
So snow depth does not itself play an important role in the reduction of snow cover by particulates.
This is a mixing up of forcing and state functions. The citations are also outdated or incorrect in
many cases, and | suggest the authors revisit these.

Answer: Shortwave radiation data used in this study was actually measurement by automatic
weather station at different selected site near the snow sampling sites in region I, 11, and 111 of the
TP (Fig R2). Table R1 showed monthly short-wave radiation from automatic weather stations near
the snow sampling sites during the snow melting season (March-May) when the temperature began
to increase. On average, shortwave radiations in March, April, May, and June is about 238, 269, 292,
and 271 W m~2, respectively. Short-wave radiation in March showed the minimum value in Tanggula
(210 W m2, lower than the average). Short-wave radiation in May showed the maximum value in
Namco (314 W m=, higher the average). Thus, in order to estimate the impact of input short-wave
radiation on the snow cover duration, we gave a range of short-wave radiation from 220 to 310 W
m-2,

We have added related information in the main text as following (Pagell, Line14-23):

In Eqg. (4), monthly shortwave radiation (SW) input data were obtained from the Automatic Weather
Station (AWS) near the snow sampling sites across the TP (Fig. S3). Table S3 shows monthly
shortwave radiation data from AWS during the snow melting season (March-May) when the
temperature began to increase. On average, shortwave radiation in March, April, May, and June is
approximately 238, 269, 292, and 271 W m, respectively. Short-wave radiation in March showed
the minimum value in Tanggula of the central TP (210 W m~2, lower than the average), whereas in
May it showed the maximum value in Namco (314 W m2, higher the average). Based on these data
during the melt season, three scenarios (220, 270, and 310 W m-2)were defined as the minimum,
median, and maximum scenarios of input shortwave radiation to estimate its impact on changes of
snow cover duration.
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Figure R4. Automatic weather stations selected in the Tibetan Plateau.
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Table R1. Monthly short-wave radiation from automatic weather stations near the snow sampling
sites during the snow melting season.

Monthly Short-wave Monthly Shortwave
Sites  Month of the year o Month of the year o
radiation (W m2) radiation (W m?)
Southeastern
Tibetan Plateau
March in 2014 248 March in 2015 237
April in 2014 288 April in 2015 259
May in 2014 305 May in 2015 280
June in 2014 265 June in 2015 250
Namco
March in 2015 264
April in 2015 276
May in 2015 306
June in 2015 314
Tanggula
March in 2014 210
April in2014 226
May in 2014 245
June in 2014 271
Laohugou
March in 2014 229 March in 2015 238
April in2014 269 April in 2015 294
May in 2014 311 May in 2015 305
June in 2014 258 June in 2015 269




We agree that the equation for changes of snow cover duration is a straightforward energy balance
calculation. Thus in this study, it means the duration days of less snow will be less than the more
snow for an equal amount of forcing. So under the same level of LAIs in snow, the reduction of
snow cover duration days can be affected by different snow depth. We have tried to revise in the
main text (section 3.4).

Comment 5: | take issue with the use of the "Third Pole’ term, this is not universally recognized
and is somewhat politicized, why not just use Tibetan Plateau or High Mountain Asia? Also light
absorbing impurity is an outdated term, the community has moved toward the use of light absorbing
particulates. Also mineral dust and the acronym MD are confusing you can simply say dust- which
needs no acronym. Similarly, please be consistent in terminology, for example, albedo and
reflectance are not the same thing.

Answer: We have changed the term “Third Pole” to be “Tibetan Plateau”.

We have used the term “light-absorbing particulates” in the main text.

We have changed the “MD” as “dust” in the main text.

Albedo and reflectance are not the same thing. Albedo is defined as the ratio of irradiance reflected
to the irradiance received by a surface. The proportion reflected is not only determined by properties
of the surface itself, but also by the spectral and angular distribution of solar radiation reaching the
Earth's surface. Unless given for a specific wavelength (spectral albedo), albedo refers to the
broadband spectrum of solar radiation.

Reflectance of the surface of a material is its effectiveness in reflecting radiant energy. It is the
fraction of incident electromagnetic power that is reflected at an interface. The reflectance spectrum
or spectral reflectance curve is the plot of the reflectance as a function of wavelength. When we use
ASD, we get the reflectance. In order to compare the albedo simulated by SNICAR model in this
study, we have to calculate the reflectance based on the standard solar irradiance.

We also carefully use the words consistent in the main text.

Comment 6: Uncertainties in modeling are not only due to lack of observations, and increasing our
number of sampling points alone will not reduce our model uncertainty. To state this is misleading.
Answer: Agree, and we have tried to revise this section in the section3.4 of the main text.


https://en.wikipedia.org/wiki/Sunlight
https://en.wikipedia.org/wiki/Wavelength
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Abstract. Snow cover plays a key role for sustaining ecol@gyl society in mountainous regiorisght-absorbing
particulateq(including black carbon, organic carbon, and mihdtst) deposited on snowan reduce surface albedo and
contribute to the near-worldwide melting of snoweoand ice. This study focused on understandiegrtte of black
carbon and other water-insolubllght-absorbing particulatei the snow cover of the Tibetan Plateau (TP). Téwslts
found that the black carbon, organic carbon, argl doncentrations in snow cover generally rangethf202—17 468 ng'g
!1/491-13 880 ngg and 22-846 pg§respectively, with higher concentrations in thetrairto northern areas of the TP.
Footprint analyses suggested that the northern 3®imfluenced mainly by air masses from CentrabAgith some Euro-
Asia influence, and air masses in the central aimdaldyan region originated mainly from Central éoluth Asia. The
biomass burning sourced black carbon contributaetseased from ~50 % in the southern TP to ~30 #ie@morthern TP.
The contribution of black carbon and dust to sndlvedo reduction reached approximately 37 % and 15e%pectively.
The effect of black carbon and dust reduced theageechanges of snow cover duration by 3.1+0.1 ttays4+0.2 days.
Meanwhile, the black carbon and dust had impottaptications for snowmelt water loss over the TReTindings indicate
that the impacts of black carbon and mineral destdnto be properly accounted for in future regiariamhate projections,

particularly in the high-altitude cryosphere.

1 Introduction

Black carbon (BC), organic carbon (OC), and minehast (hereafter: dust) are the main constituehtsgbt-absorbing
particulates (LAPs)n snow (Andreae and Gelencsér, 2006; Bond ef@l.3; Di Mauro et al., 2015; Doherty et al., 2010;
Painter et al., 2010). LAPs can reduce snow andalbedo and trigger positive feedbacks that couteilto the near-

worldwide melting of snow cover and ice (Dumongkt 2014; Flanner et al., 2007; Hadley and Kiretist, 2012; Hansen
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and Nazarenko, 2004; Painter et al., 2013; Zharad. e2017).Atmospheric BC is a distinct type of carbonacemagerial
from incomplete combustion of biomass/biofuel andsfl fuel. A large fraction of BC is emitted froemthropogenic
activities (Bond et al., 2013). Because BC can dbsolar radiation, influence cloud processes, altel the melting of
snow cover and glaciers, it has been considerbe the second most important climate forcer inBagh’s climate system
only after carbon dioxide (Andreae and RamanatB@t3; Bond et al., 2013; Ramanathan and CarmicR86i8).Model
studies in recent decades indicated that BC inos@hsnow may be responsible for a significant ichmm warming and
albedo reduction over the Arctic (Flanner, 2013rQet al., 2014), Greenland (Dumont et al., 20th&) Alps (Painter et al.,
2013; Yasunari et al., 2015), and théetan Plateau (THHe et al., 2014; Jacobi et al., 2015; Ji et24l15; Ménégoz et al.,
2014). The snow albedo feedback of BC may alsorbenaortant driver accelerating glacial retreat andw cover melt
(Painter et al., 2013; Skiles et al., 2015; Xulgt2D09).

Light-absorbing OC in snow can contribute signifitg to the absorption by ultraviolet/visible ligifandreae and
Gelencsér, 2006; Yan et al., 2016). Bahadur €R8all2) studied aerosol optical properties derivechfthe Aerosol Robotic
Network (AERONET) measurements and estimated thatalifornia, the OC absorption at 440 nm was agjpnately 40
% of the BC absorption. Measurements of hundredsnofv samples revealed that approximately 40 %hef light
absorption from impurities in Arctic snow and sea is due to non-BC constituents (Doherty et &11(. In western North
America, Dang and Hegg (2014) suggested that OCresgonsible for more than 10 % of the total lighsorption. A
global model by Lin et al. (2014) estimated theerof OC in the reduction of snow albedo and theuktron showed that
the radiative forcing (RF) of OC deposited in lambw and sea ice ranges from +0.0011 to +0.0031 ¥mnas large as 24
% of the forcing caused by BC in snow and itkee RF of snow pit dissolved organic carbon (DOGjf a Tibetan glacier
was calculated to be 0.43 Wnindicating that DOC in snow needs to be taken wunsideration in accelerating glacial
melt on the TP (Yan et al., 2016).

Mineral dust, another important LAP component inwgrcover, can change the cryospheric environmedthgdrological
cycle due to its light-absorbing properties (Di Maet al., 2015; Ji et al., 2016a; Painter et2410, 2013; Wu et al., 2016;
Zhang et al., 2015)n the European Alps, observed reflectance praviedidence that seasonal input of dust can strongly
decrease the spectral properties of snow, in pdaticfrom 350 to 600 nm (Di Mauro et al., 201512 In a study of two
sites on Claridenfirn of the Swiss Alps, Gabbi kt(2015) showed that mineral dust lowered the maamual albedo by
0.006-0.011, depending on the location on the @taciausing a reduction of approximately 142—271 imrannual mass
balance. In the San Juan Mountains of the USA, stmwer duration in a seasonal snow-covered regi@s, found to be
shortened by 18 to 35 days during ablation throsigtiace shortwave RF caused by deposition of distlrdesert dust
(Painter et al., 2007). In the upper Colorado RBasin, the daily spring dust RF ranged from 30¥65n 2, advancing melt
by 15-49 days (Skiles et al., 2015). A study of bMera glacier on the southern slope of the Himadagraen indicated that,
when dust concentrations are high, dust dominditssrption, snow albedo reduction, and RF, andrimact of BC may be
negligible (Kaspari et al., 2014). The presencalwst in snow suggests a relevant role for BC irkelsing the glacier

surface.
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As an important component of the hydrology, snowecglays a key role for sustaining ecology andetgdén mountainous
regions (Beniston et al., 2017). Snowpack changesiat only crucial for estimating impacts on watesources but also
important toanticipate natural hazards related to snow avhksidisasters (Beniston et al., 2017; Brown andelV2909).
Covered by a large volume of snowl/ice in the mid-latitudes,the TP is considered to lzesensitive and readily visible
indicator of climate change (Yao et al., 2012a)cdely, the TP cryosphere has undergone rapid @safigang et al.,
2010), including glacial shrinkage (Xu et al., 200%0 et al., 2012b), permafrost degradation (Chemd) Wu, 2007), and
reduction in the annual duration of snow cover d§énégoz et al., 2014; Xu et al., 2017). Studieshe TP indicate that
BC has been a significant contributing factor te tibserved cryospheric change (Li et al., 2017;gMihal., 2009; Niu et
al., 2017; Xu et al., 2009;Yang et al., 2015; Zhahgl., 2017), and a major forcer of climate cle(@ian et al., 2015; Ji,
2016a). Observations and simulations also fountdhst deposition on snow/ice can change the saiditedo angerturb
the surface radiation balance (Ji et al., 2016bgQai., 2014), causing a decrease of 5+2% snow water equivalent (mm
w.e.)over the western TP and Himalayas (Ji et al., BD16

Changes in snow cover over the TP have attracteth ratiention in recent years owing to climate clea@ao and Duan,
2016; Xu et al., 2017). Snow cover on the TP plysmportant role in the Asian summer monsoon, serdes as a crucial
water source for several major Asian rivers (Bal &eng, 1994; Lau et al., 2010; Vernekar et al951¥ao et al., 2012a;
Zhao and Moore, 2004Atmospheric heating related to BC and dust déjooscan lead to widespread enhanced warming
over the TP and accelerated snowmelt in the westermnd Himalayas (Lau et al., 2010; RamanathanGarthichael,
2008; Zhang et al., 2015%imulation studies of BC in snow over the TP hamberent uncertainties due to the
physics/chemistry/transport scheme used in the hled@ertler et al., 2016; Yasunari et al., 2010130 For example,
Kopacz et al. (2011) estimated RF of 5 to 15 W due to BC within the snow-covered areas of Himalapd the TP,
whereas Flanner et al. (2007) and Qian et al. (R64timated peak values of BC effects exceeding/2@ ™ for some parts
of the TP. Menon et al. (2010) and Ménégoz et 2014) proposed that during the last decade BC awscaused a
significant part of the decrease of the snow cadent or duration observed on the TP during tls¢ decade. Ji et al.
(2016b) found a positive surface RF was inducedilst, which caused a decrease of 5-25 mm w.e.theewestern TP,
Himalayas, and Pamir Mountains from December to Nlayge-area observations of BC data in snow caovkigh are still
seldom in the TP, can be useful for model evaluadiod calibration in the future.

To further understand the role of BC and dust insfiBw cover, more measurements and an extendedlafsBet of snow
cover properties is needed to study their effentsrgospheric change in future of this regi®his study is an attempt to fill
this gap. Snow cover samples were collected a¢hes$P in winter seasons (Fig. 1, Table S1), whidhprovide the first
large-area survey of BC and dust in seasonal srawgrcover the TP, investigate albedo reduction RRdand estimate
changes of snow cover duration days caused by LE8etprint analysis coupled with BC fire emissiowantory will
approximately constrain BC natural/anthropogeniatidbutions.The results of this study will increase understagdf BC
and dust in snow cover across the TP and enablmimg climate modeling, and this is also helpful figtigation actions

around the Tibetan cryospheric region.
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2 Methodology
2.1 Study area

The TP covers an area of more than 2.5 milliofi Wwith an average elevation greater than 4000 rh éYso et al., 2012a).
The TP exerts profound influences on atmospheraulgtion and climate through mechanical and théeffacts because
of its large area, unique topography, and geogeaplocation in the earth system (Yanai and Wu,820Bxtended glacial
coverage (over 100,000 Rjrand snow cover have the potential to modify regichydrology and trigger natural hazards
that can impact local populations, agriculture, am=der resources in and around the region (e.gndrreel et al., 2010; Xu
et al., 2009; Yao et al., 2012a).

Moderate Resolution Imaging Spectroradiometer (M&Ddata from 2000-2006 showed that the spatiatiloligsion of
snow cover is quite variable over the TP becaugheotomplex terrain (Pu et al., 2007). Maximumvgra@cumulation and
melting times vary over the year but are genelatigr as the elevation increases. Additionallygdainterannual variabilities
occur in the late autumn and winter months. Hedbiyngight-absorbing aerosols produces an atmosplgriamic feedback,
which increases moisture, cloud cover, and deepeamion over northern India, and enhances theaftmow melt in the
Himalayas and the TP (Lau et al., 2010; Ramanatim@nCarmichael, 2008). The accelerated meltinghofvsis confined
mostly to the western TP, beginning slowly in eaklyril and then progressing more rapidly from eadymid-May; the
snow cover remains reduced from mid-May throughyedune (Lau et al., 2010). The decadal changd&énspring snow
depth over the TP can impact on the Asian summemnsoan and a close relationship exists between ritexdiecadal
increase of snow depth over the TP during March#tAjrcreased summer rainfall over the Yangtze Riwvalley, and a
dryer summer along the southeast coast of Chinatend¢hdochina peninsula (Zhang et al., 2004). Base observations
from 103 meteorological stations across the TPdtiration of snow cover exhibited a significant@asing trend (1.2 days
per decade), which was jointly controlled by adateow starting time (1.6+0.8 days per decade)aamdarlier snow ending

time (-1.9+0.8 days per decade) consistent wittsspanse to climate change (Xu et al., 2017).

2.2 Sample collection

For this study, snow cover samples were collecte87asites (Fig. 1a) and one glacial river basiadlugou region,
including 10 sites as in Fig. 1b) across the TPé@tember 2014 and November 2015 (Table S1). As showigure la,
these field campaigns can be grouped into thremmegas was done in previous studies (Yao et28i13). Region |
(Southern TP) includes 27 sites andnisinly affectechby the Indian monsoon. Region Il (Central TP) con#td O sites that
are affected by both the westerlies and the Inchansoon.Intensified sampling (10 sites) has been carrigiddmothe LHG
region within Region Ill, which is located in thentheastern part of the TBeasonal snow samples (34) were also collected
from the 10 sites in the LHG region of Qilian Moaint (Fig. 1b) from December 2015 to June 2016.

To minimize the effects of local sources, we seléctampling sites more than 1 km away from roadsuswally 30 km

from villages and cities. Generally, snow samplesencollected from the top-10cm with cleaned stainless-steel utensils,
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and placed in Whirl-Pakbags (Fig. S1)These snow samples were kept frozen until they nwvel filtration. During
sampling, snow depth, grain size, and density \aése observed-or the snow grain size observation, we sprayeditlosv
grains on MIG paper and took a photo using a ptatdlgital microscope (Anyty 3R-MSV500) to calcédahe major and
minor axis (Fig. S2). Based on field measuremerasfprevious studies (Mugnai and Wiscombe, 198@&n&il and
Warren, 1999), two assumptions were proposed: &) sifow grain particle is an inequilateral spheraij 2) The major
axis (a), minor axis (b), and height (c) of thegu#ateral spheroid are denoted by a, b, and peawely, in such a way
that the relationship a=2b exists (Hao, 2009). Aditw to Kokhanovsky and Zege (2004), the effecimew grain radius
(Rg) can be calculated as equal to the radius of then@-to-surface equivalent sphere by the follonéggation (1)

3V

— 4 _ . .
whereV = gnr3 andA4 = nr?, are the average volume and the average crossts¢geometric shadow) area of the snow

grains, respectively. In additionjs the radius of geometric opties= aT”’.

Thus,R.; ~ 0.35a 2)

2.3 LAP measurements

In the laboratory, the snow samples were melteddkg a hot-water bath to minimize the melt timenmediately after
melting, the snow samples were filtered throughhmked quartz filters (Whatm&fy using an electric pump to create a
partial vacuum. Then, sample meltwater was savelyethylene bottles, and refrozen for chemicallgsis.

Because the mineral dust mass is much larger teB€ and OC mass in the snow samples comparegfdsa samples
(Wang et al., 2012), dust concentrations were tatled by taking the difference in the weight of theartz filter before and
after filtration. Quartz filters were then usedanalyze BC and OC with a thermal-optical carbonlyeea (DRI 2001A
model, Desert Research Insitute, NV, USA) followagethodology (IMPROVE_A protocol) used in preda@tudies (Cao
et al., 2003; Chow et al., 2004; Xu et al., 200any et al., 2015). Its function relies on the thett OC components can be
volatilized from the sample and deposited in a ogigizing helium atmosphere, in which BC can be basted with an
oxidizer. The sample punch is placed in a quartddrcoriented in the direction of the carrier gasv and heated gradually
to a special temperature (typically 550 or 850 i#Ca pure helium atmosphere, which results in Vdation of the OC in
the sample. Then, the temperature rises and thehpismreheated stepwise to near 900 °C in an oxggataining
atmosphere (usually 2 % oxygen and 98 % heliunjuim out all carbon remaining (BC). The carbonasésl from each
temperature plateau is converted to methane andurezhby a flame ionization detector. Due to tlili@mce of dust on the
guantitative analysis of BC and OC in snow whemgs thermal optical method (Wang et al., 2012),madified the
method so that in a 100 % helium atmosphere, otgyrgerature plateau (550 °C) was arranged to eethectime that BC
was exposed to a catalyzing atmosphere (Yang ,e2@l5). Under ideal conditions, the minimum detectimit of total
carbon is 0.93 pug C ¢ with a range of 0.2-750 pg C @mDuring the experiments, the filter blafitetected by blank
filters) was 1.23+0.38 pg C cfa
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To identify uncertainty stemming from instrumenitatability and the uneven distribution of carbanrtjzles in the filters,
duplicates of ~30 % of the samples werglyzed separatelwith consistent results (BG=0.95, OC ¥=0.87, dust3=0.90).
Because we analyzed the filters through which tleéted snow samples passed, the OC measured irtualy was water-
insoluble OC.

2.4 Footprint analysis

Calculation of air parcel trajectories is a widelsed approach in different areas of atmospherieares. Conceptually,
footprint analysis was considered as changes igargration at the receptor site that can be ateibto different upwind
source areas along the backward trajectories (Skilal., 2015)To determine the potential origins of the LAPs dsi{mul
on the snow cover of the TP, back trajectory amasywere performed using the European Centre forilMedRange
Weather Forecasts (ECMWF) analysis fields withlthgrangian analysis tool LAGRANTO (Sprenger and mie2015),
launched every six hours for six selected sampditgs as receptors (including three sites of MYIM®| and SETP in
region |, two sites of TGL and NETP in region IhdaLHG in region IIl) during the winter seasofhe ECMWF fields
(horizontal and vertical wind components) wereieegd on 137 model levels and then interpolated @n.25°x0.25°
latitude-longitude grid. Trajectory starting posits can be defined easily and flexibly based oferdint geometrical and
meteorological conditions; after the computationtioé trajectories, a versatile selection is offebaged on single or
combined criteria (Sprenger and Wernli, 2015).tFstarting positions are initialized with a suiablomain over the TP at
12:00 UTC on November 1, 2015 (or 2014). For tlEse; a domain from 0 to 75 and 60 °E to 120 °E ehesen. We
choose starting positions in this domain that amézbntally equidistant with 80 km horizontal spagiand extend vertically
from 1030 to 790 hPa with 30 hPa vertical spacifigen, the trajectories are calculated from alltstgrpositions 96 h
backward in time. Finally, biomass burning emissitata is traced along the calculated trajectonesstimate whether an
air parcel at the receptor site is influenced byfB€emissions or not. In this study, the Fire &dtory from NCAR (FINN)
v1.5 global fire emissions flux in 2012-2014, spéed with the GEOS-chem mechanism, was used tonagsti
contributions of BC fire emission at the six sedecteceptor sites. FINN emission estimates aredbasethe framework
described by Wiedinmyer et al. (2011). FINN useel $atellite observations of active fires and laadec, together with
emission factors and estimated fuel loadings tovige daily, highly resolved (1 km) open biomassriog emissions
estimates for use in regional and global chemieaisport models. Then, the same calculation wasnpeed for the Eclipse
V5 inventory for the anthropogenic contributionsB€. The Eclipse V5 inventory was widely used ia gimulations. The
historical data for the period 1990-2010 were misompared to preceding sets using the latest(tA& International
Energy Agency) and FAO (the Food and Agriculturg@ization) statistics extending to 2010, as welftecent country
reporting where available. Note that this analygés not exactly quantitative and did not take iat@ount wet and dry
deposition. We also assumed that the anthropogamissions have not changed significantly from 26athpared to the
period from 2012-2014. Thus, the comparison of nr@tand anthropogenic BC contributions was reasendihe relative

differences between the BC contributions can pmviformation on regional differences in this study
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2.5 Reflectance measurements and albedo simulations

For the selected sites, a general-purpose spedinonater (Analytical Spectral Devices (ASD), Figh#$ 4, Inc.), was used
to measure the reflectance of snow cover. The AgiEpec 4 instrument is a general-purpose spectimmeter that is
useful for applications requiring the measuremeénteflectance, transmittance, radiance, or irrackanrhe instrument is
specifically designed for field environment rematensing to acquire visible and near-infrared angrtatave infrared
spectra. It has 3 nm spectral resolution on thibleisear infrared detector (350-1050 nm, silicérotpdiode array), and
10-12 nm resolution on the shortwave infrared deted900—2 500 nm, InGaAs). In the field, reflexta was measured at
two sites (24K and MD in Table S1) with FieldSpeantler clear-sky conditions. These measurementsflettance were
calculated using the standard solar irradianceetotige albedos, which were then used for compangitm simulated
albedos.

Albedo reduction caused by LAPs is calculated ey $iNow ICe and Aerosol Radiation (SNICAR) modeh(fer et al.,
2007), which utilizes the two-stream radiative #fan solution of Toon et al. (1989) and has beettelyi used in Arctic
snow (e.g., Flanner et al., 2007, 2009; Hadley kindhstetter, 2012). This simulator provides herhisgic reflectance of
snow for unique combinations of impurity conteniftk carbon, dust, and volcanic ash), snow grae, gind incident solar
flux characteristics. The input fields include uhent radiation, solar zenith angle, surface spkdistribution, effective
snow grain radius, snow cover thickness and denalbedo of the underlying ground, and concentnatiof impurities.
Based on our observations, the effective snow giadiius ranged from approximately 100 to 1500 pumditferent snow
samples based on calculation of Eq. (2), and srewsity ranged from 150 to 400 kginThese two factors varied in low,
medium, and high scenarios in the model runs (Tahle

In terms of the albedo calculation, RF due to B@ dust can be obtained by using Eq. (3) (Kaspaal.e2014; Yang et al.,
2015):

RF = 36325 pan E (4 0) (@) = @ imp) )AL

3

wherea is the modeled snow spectral albedo with or withike impurities (imp) of BC and/or dust; E is theectral
irradiance; r is the snow optical grain sizes wavelength (um); an@lis the solar zenith angle for irradiance.

In general, the snow cover is vertically inhomogerre and sometimes it is optically thin (Voisiragét 2012). The stratified
structure of snow cover will lead to the discrepabhetween computed spectral albedo from semi-igfisnow cover and
measured albedo (Grenfell, 1994; Aoki et al., 200Bou et al., 2003; Kuipers Munneke et al., 2008)this study, we
usually collected snow samples from the top 5-10Batause the SNICAR model is a single-layer imgletation model
(Flanner et al., 2007, 2009), the input paramettésrmowpack thickness” was the observed snow cdegih.
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2.6 Estimates of changes in snow cover duration

To estimate snow melt due to BC and dust, a mettexiconstructed in which the absorptivity of thevsrwas multiplied

by the daily average incoming shortwave radiatiamf the automatic weather stations (AWS) set uhatmeteorological
stations near the sampling sites (Fig. S3) (Scheiagt., 2017)Factors derived from meteorological stationshia adjacent
areas included daily temperature and daily solartalave insolation. Average albedo reductions favs cover by BC and
dust were derived from the SNICAR model. To caltldhe amount of snow melted based on the entta&figysion of
water (334 J ), the snow cover was assumed to be &t @nd then snowmelt was calculated by using Eq(éhmale et
al., 2017):

Meltg,ow = Nopeo X Ao X SW

4)

where Ny is the number of days with temperature greatar €h&C;Aa is the albedo reduction caused by BC and dust, for
clean snow mainly by different snow grain sizes ttusnow agingandSW is the shortwave radiation. From Eq. (4), we can
estimate changes of snow cover duratidB)(based on the observed snow depth. We exprelsa@dults for each case as

low, medium, and high scenarios, based on albedatizms.

3 Results and discussion
3.1 Distributions of LAPs

Across the TP, most of the samples we took wédievind-packed snowGenerally, the ground layer of snow was usually
depth hoar, similar to that in Arctic snhow (Dohedlyal., 2010) and central North American snow (&ohet al., 2014,
2016). For many of these sampling sites, the snowercwas intermittent (Fig. S1). During the wingsason, surface soll
can be carried aloft by strong winds and depositedgnow cover, which affects the concentrationkAPs (Wang et al.,
2013). Our results indicated that the spatial itistrons of BC, OC, and dust in snow over the TRegally ranged from
202-17,468 ng g, 491-13,880 ng ¢ and 22—-846 ug§respectively (Fig. 2). Variations in the conceritas of LAPs
were higher in the central to northern TP (Regibarid Ill) than in the southern TP (Region |) (Tald). The highest
concentrations may be related to the lower snovihdapd dirtier snow that resulted from post-depmsiprocesses (e.g.,
show at some sites was melting). In Region |, th@swas cleaner and had lower concentrations ofd éémparable to
concentrations in the old snow of glaciers (Kaspaail., 2014).

The previous studies also examined concentratibh&Bs in snow from central North America (Dohedlyal., 2014, 2016;
Skiles and Painter, 2016; Zatko et al., 2016),hwrt China (Huang et al., 2011; Wang et al., 20&8gt al., 2012), Japan
(Kuchiki et al., 2015), Europe (Chylek et al., 198the Arctic (Doherty et al., 2010; Forsstrom k&t 2013), Greenland
(Aoki et al., 2014; Zatko et al., 2013), and Antaxr¢Warren and Clark, 1990; Zatko et al., 2013)n€entrations of BC and
other water-insoluble LAPs from the TP were mostilsir to those in the snow from northern China (Weanal., 2013), but

higher than those from the Himalayas (Lim et &014) (Table 2)In comparison (Table 2), the LAPs in snow covethef
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TP showed larger values which can be attributechdoe deposition from nearby regions around the .8.,(South Asia,
East Asia, and/or western China) (Lu et al., 2@R&manathan and Carmichael, 2008), or to impactthéysoil near the
sampling sites.

Ratios of OC to BC (OC/BC) were used to represeatpossible impact of biomass burning in previdusiss (Watson et
al., 2001; Bond et al., 2013; Cong et al., 201%4,6D). Usually, the aerosols emitted from biomassing have higher
OC/EC ratios. For example, Watson et al. (2001dme an OC/EC ratio of 14.5 for forest fires; wéwes for fossil fuel, the
OC/EC ratio was approximately The OC/BC ratio in our sampled surface snow rarfgeh 0.64 to 3.31 over the TP,
generally decreasing from south to north (Fig. ddje average ratios for Regions I, Il, and 11l wér82, 1.31, and 1.14,
respectively (Table 2), indicating a decreasingantf biomass-sourced aerosol deposition in snaav the TP. The little
higher OC/BC in region | may be due to its proxymid South Asian combustion sources dominated bynhss burning
(Cong et al., 2015a, 2015b; Li et al., 2016). Pample, in the LHG region, lower LAP concentratiomgresh clean snow
were observed at LHG3 and LHGBIg. 1b) whereas near the glacier at LHG1 and LHG2, thieaded wind packed, aged
snow samples were quite dirty, and had higher LéicentrationgFig. 3a, b, and cMeanwhile, OC/BC ratios were lower
at sites near the glacier (Fig. 3d), implying pmadwantly non-biomass sourced combustion. Highéosatf OC/BC were
found at the sites near human settlements (LHG7{Hi@) 3d), where there was extensive biofuel costibn (e.g., yak
dung or straw burning). Because of the variatiomssampling periods, snow types and depths, sour€etust and
carbonaceous aerosol deposition, and/or strong swititese results were expected to vary with langeerainties. In
general, however, anthropogenic activities playngmortant role in the ratios of OC/BC in snow caver

Figure 4 shows the footprint analyses arrived asédected sites across the TP in winter. The romti P sites (LHG and
NETP) are influenced mainly by air masses from €émtsia and partly by air masses from Euro-Asihjolr are similar to
the sources of dust reaching the TP (e.g., Zhaa,é2016). These results are also consistentthitbe of He et al. (2014),
Kopacz et al. (2011), and Lu et al. (2012), who &ted contributions of BC emissions in the samearedin the central
(TGL and NMC) and southern region (MYL and SETP}t&f TP, the air masses originate mainly from Gétnd South
Asia. Anthropogenic BC emissions dominate the B@salbedo as shown in previous studies (Li et2@11,6; Lu et al.,
2012).Contributions of BC from open fire burning (a kiaflbiomass burning) decrease from the southerngmorthern

TP (Fig. 5). In the Himalayan region, BC from bisadurning sources accounts for half of the BC diépa on snow
cover, reflecting the proximity to large sourcesSimuth Asia. In the central TP, BC from open fiterting accounts for
approximately 30 % of the total, less than fronmiéss burning evidence from aerosols and glaciakghoet al., 2016),
maybe indicating a lack of biofuel contributionserir our calculationWhereas in the northern TP, anthropogenic BC
emissions (more than 70 %) dominate the BC albedaation. Li et al. (2016), using thé‘C/5'*C compositions of BC
isolated from aerosols and snowpit samples in fgalso found equal contributions from biomassfasdil fuel

combustion in the Himalayan region (near the soutii®), whereas BC in the remote northern TP id@menantly derived
from fossil fuel combustion (66116 %). These diffieces can also be seen from the BC emissionsrihagdhat the selected
sites based on BC inventory data for the year aBQ®KU-BC-2013, Wang et al., 2014) in Figure B3the southern TP
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(MYL), the amount of BC deposition is larger tharthe northern TP (NETP) due to the nearby BC ssuirt south Asia,
known to be a regional hotspot of BC-induced atrhesig solar heating (Ramanathan and CarmichaeB)20@hereas in
the central TP (NMC), the amount of BC depositiaaswigher than in the NETP. This may be becaudataots from the
southern side of the Himalayas can traverse the imiguntain range not only through the major nodtts river valleys but
also by being lifted and advected over the Himadagareach to the inland TP (Cong et al., 2015bhiLét al., 2015).

3.2 Impacts of LAPs on albedo reduction and radiatie forcing

To simulate albedo change and surface RF from B¢ dust in snow cover, the multi-layer SNICAR moaels used
(Flanner et al., 2007). Effective snow grain sinel anow density was considered at the low, medamd, high scenarios
(Table 1) and the SNICAR model was run dtrar-skyconditions on the specific sampling days (Tablg S2

The SNICAR model simulated albedo (caused by BCdarsd with snow grain effective radius=150 um) rhatcobserved
reflectance in both the visible and absorptive +iefrared (Fig. 6). The BC strongly reduces visitdélectance (in
particular, from 350-800 nm) but has negligiblduahce at wavelengths beyond 1 um, since the ingfasiow grain size
is large in this wavelength range (Flanner et2flQ7; Gardner and Sharp, 2010). The presence bhtiesdecreases the
albedo in the visible wavelength, which is in agneat with a study of the impact of dust on snowatke properties
conducted in the European Alps (Di Mauro et al1®)0The difference between measured and simulateekctafice by dust
may be caused by the upper boundary of partickisithe SNICAR model (Flanner et al., 200he broadband albedo is
comparable to albedo simulated for the wavelenfytma 350—-2500 nm, with albedo differences less ha@n58 (~2.3 %)
(Table 3). For the same wavelengths (350-2500 alin¢do between measurements and simulations diffesshan 0.0155
(~4 %) (Table 3).

For different scenarios defined by the effectivevsigrain size and snow density in Table 1, cleawsalbedos resulting
from snow aging range from 0.5992 to 0.7751 (Tdbldf BC or dust is the only impurity in the snaaver, contributions
to albedo reduction can reach approximately 37 %bo¥b, respectively, with associated larger RFtduBC. On average,
BC and dust contribute to albedo reduction at apprately 0.18+0.01 and 0.06+0.004, respectivelg(F). The total
albedo reduction contributed by BC and dust is axiprately 38 %, with the associated RF of 18—-32 W (ifig. 7). This
highlights the importance of LAPs in snow whenitegstegional- to global-scale models.

Large uncertainties exist in the estimation of BGw albedo forcing over the TP. Simulation resulisng the Community
Atmosphere Model version 3.1 showed that the a¢indaced snow albedo perturbations generate sairfadiative flux
changes of 5-25 W thin spring (Qian et al., 2011). Using the SNICARd®bcoupled a general circulation model, Flanner
et al. (2007) showed that, during some spring mmrehow-only forcing exceeded 10 and 20 W awer parts of the TP. RF
in the snow-covered regions due to BC by the GE@8rCmodel induced the snow-albedo effect to varnfb—15 W ri?
over the TP, an order of magnitude larger than K& eesult of the direct effect (Kopacz et al., DORecently, simulation
results using a global chemical transport modebinjunction with a stochastic snow model and aatagi transfer model

showed an annual mean BC snow albedo forcing &®&/ m? averaged over snow-covered plateau regions, whiah
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factor of three larger than the value over globatlsnow cover (He et al., 2014). Surface RF (sitedl by a regional
climate model coupled with an aerosol-snow/ice faed module) induced by dust-in-snow showed pasitalues in the
range of 0—-6 W nf over the interior of the TP, the Himalayas, Pamnig Tienshan Mountains (Ji et al., 2016b). BC-in-
snow/ice can cause positive surface RF (3.0—4.5%)/aver the western TP in the monsoon season, hhrtaximum RF
(5-6 W m?) simulated in the Himalayas and southeastern tReémon-monsoon season (Ji et al., 2016a). Limited
measurements of LAPs in snow cover over the TP handered a more robust estimate of the forcin@6yand dust-in
show in this region (Bond et al., 2013; Qian et2015). The mean forcing of BC and dust in snowunstudy is slightly
higher than previous results from snowpits (e.gndwvet al., 2009) and comparable to some partseof P in spring (20 W
2) (Flanner et al., 2007), which indicates that nfoeguent impurity measurements in terms of diffiéngears and locations
over the TP are necessary for model validation.

Light-absorbing OC in atmospheric aerosols hasowuariorigins, e.g., soil humics, humic-like subsen¢HULIS), tarry
materials from combustion, bioaerosols, etc. (Aadrand Gelenscér, 2006). The chemical and optiogkpties of OC may
differ due to the nature of the OC source or athesp processing (Chen and Bond, 2010). In conteast in comparison
to black carbon and mineral dust, the optical prige of OC in snow/ice have hardly been examirfzge to the lack of
reliable OC optical properties that span the dirmarssof snow grain size and OC patrticle size, tNeCAR model currently
does not support the calculation of OC-in-snowifggdn the same way as BC. Thus, in this studydiga’t state the effect

of OC on albedo reduction and RF.

3.3 Changes in snow cover duration days

Changes of snow cover duration are calculated wsimpdel documented by Schmale et al. (2017) (seeti6).In Eq. (4),
monthly shortwave radiatiorS{V) input data were obtained from the Automatic Weat8tation (AWS) near the snow
sampling sites across the TP (Fig. S3). Table S®8vshmonthly shortwave radiation data from AWS dgrthe snow
melting season (March-May) when the temperatureaibeg increase. On average, shortwave radiatiddarch, April,
May, and June is approximately 238, 269, 292, arl \® m?, respectively. Short-wave radiation in March shdwiee
minimum value in Tanggula of the central TP (2101, lower than the average), whereas in May it shotiedmaximum
value in Namco (314 W T higher the average). Based on these data durengelt season, three scenarios (220, 270, and
310 W m?were defined as the minimum, median, and maximaenarios of input shortwave radiation to estimase i
impact on changes of snow cover duratibhe average Snow depth water equivalent (SD, mas) agsumed from previous
studies in this region (Che et al., 2012; Xu et2017; Zhong et al., 2016). In general, the nundfeeduction days in snow
cover duration is larger for low scenarios thanrmrdium and high scenarios (Fig. 8 and Table S}tjcuéarly whenSW
input data is lower (220 W T). If SD was 40 mm, the average snow cover duradimys would be reduced by 1.26+0.05
days GW=310 W m?) to 1.77+0.07 days (SW=220 W Hhby BC and dust (Fig. 8a, c, and e). If SD was @, the
average snow cover duration days would be shortbpegi14+0.13 days to 4.43+0.18 days from the ¢¢BC and dust,

with a maximum of approximately 9.4 days (Fig. 8band f), indicating advanced melt during abla@asonThe result
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indicated that estimation of changes of snow cakeation days caused by the same level of LAPs al&s affected by
different SD.For different scenarios, dust contributes only agjmately 1 day to the reduction of snow cover tloradays
(Fig. 8 and Table 5). These results imply that rémduction in snow cover duration related to LAPslig mainly to BC.
Note that no significant differences in reducti@fisnow cover duration are found across the TP. F4q.

Against the background of climate change, changeduration of snow cover have important consequeiice surface
energy and water budgets over a range of scalegelaas for cryospheric ecosystems (e.g., Euskinctt al., 2007; Yuan et
al.,, 2016; Zeeman et al.,, 2017). Based on measutsnad modeling, several studies have documergeeht trends
toward accelerated snowmelt and changes in snowrcduration caused by BC and dust across the HyaaldP in
response to enhanced albedo reduction (Ménégdz €04a4; Menon et al., 2010; Xu et al., 2009)etlal. (2016a, 2016b)
noted that BC and dust in snow/ice decreases sudihedo and causes the snow water equivalentcteae by 5-25 mm
over the TP. Ménégoz et al. (2014) has estimataditbth dry and wet BC depositions affect the sgower, reducing its
annual duration by 1 to 8 days, which may potelgtiaifluence sustaining seasonal water availabi{ltymerzeel et al.,
2010; Tahir et al., 2015).

3.4 Limitations and implications for snow cover andylaciers on the TP

We calculated the effect of LAPs on snow cover tlonawith a range of simplistic assumptions basadsimulations of
albedo reduction and RF. We did not consider metegical conditions, including clouds, precipitatjoetc. Snow
metamorphism was also not considered, and in thelation, snow grains were assumed to be sphedsgirevious studies
(Flanner et al., 2007; Ginot et al., 2013; Schnedlal., 2017). We also did not consider the BC molpgy and its mixing
state, and light-absorbing properties of OC andt, dwhich may also significantly affect the light sauption in the
simulation (Andreae and Gelencsér, 2006; Kaspaai.e2014; Di Mauro et al., 2015; Painter et 2010; Schmale et al.,
2017).BC in the atmosphere tended to mix with OC andganic salts during aging enhancing its absorp{®ustafsson
and Ramanathan, 2016). He et al. (2014) notedBasnow internal mixing increases the albedo fayday 40-60 %
compared with external mixing, and coated BC insesathe forcing by 30-50 % compared with uncoat€daBgregates,
whereas Koch snowflakes reduce the forcing by 20%4@lative to spherical snow grains.lack of OC simulaton due to
the limitation ofthe SNICAR model also affected the results in thiglgtiDue to its light-absorbing properties (Andreael
Gelencsér, 2006; Bahaur et al., 2012; Yan et 8lL6p OC in snow cover can also absorb solar radiatnd reduce the
surface albedo. Previous studies indicated thatv@€responsible for more than 10-40 % of the laddgorption (Dang and
Hegg, 2014; Doherty et al., 2010; Lin et al., 200¥ang et al., 2015). Not considering OC in snow wilderestimaté¢he
LAP impact on albedo reduction and RF, and thisikhoot be ignored in the future.

We also have to pay attention to the fact that dpsital properties depend strongly on source ristand their properties
are designed to represent "global-mean" charatiterias closely as possible (Flanner et al., 200f@g. light absorption by
mineral dust in snow is thought to be due to irosdes (Wang et al., 2013), which are efficient tigitattering and

absorption materials that can enhance absorptidfVaand visible wavelengths (Di Mauro et al., 20Mposmiiller et al.,
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2012; Zhang et al., 2015). Goethite and hematitetlae most abundant forms of iron oxide in dust #re major light
absorbers in the shortwave spectrum in snow (Wwalet2016). The SNICAR model applies the Maxwellx@zt
approximation for combining indices of refractiomssuming a mixture of quartz, limestone, montrianite, illite, and
hematite. We should note that some dust partides,(those containing a large proportion of stlpadpsorbing hematite)
can have a larger impact on snow albedo than teeagyplied in this work (Aoki et al., 2006; Paingral., 2007).

It is further important to note that a large fraatiof such uncertainty can also result from unéestan the simulated snow-
cover fraction/snow depth across the plateau. TRec@vers a large area (more than 2.5 milliorf)kmith an average
elevation exceeding 4000 m a.s.l. (Yao et al., 201€onsiderable heterogeneity in the topograpliycdimate has led to
complex spatial and temporal snow cover patternsdiXal., 2017). Most studies on the snow covdritigion were based
on satellite-based observations (Che et al., 20082). Surface observations of snow depth showadaease over the TP
from 1957-1998 (Ma and Qin, 2012). Howevamnpw cover depth anthe number of snow covered days during the current
decade under intense climate warming showed a negatind mainly occurring in the southeast TP inta&rinWhereas in spring,
snow cover depth showed a positive trend in the ea3te (Xu et al., 2017)These differences can also affect the estimation i
this study. Nevertheless, the method provides arétieal approach for evaluating how the preserfceAd®s affects the
lower parts of the glacier subjected to summer.melt

Snow cover durations were shortened during the sealson as estimated in this study, and the giaoiesr western China
have been undergoing extensive recession, witrsamated loss of about450 kn? w.e. in volume and 10 % reduction in
area during the last 40 years (Yao et al., 201Rbently, the annual mass budget of glaciers dweP was estimated at
approximately 15-20 Gt yrbased on GRACE and ICESat (Gardner et al., 20E8ké&l et al., 2014). These melt waters
may affect water resources and social developnmetite surrounding areas, e.g., India and China @meel et al., 2010).
The total amount of snowmelt caused by LAPs caedignated over the whole TP using the model desdrib Sec. 2.6.
The number of days with average temperature abdi@ Was assumed to be 70 (x25 %) based on the \@gers from
AWS during the melting season. Thus, based on #ilg dnowmelt (0.76+0.40, 0.67+0.36, and 0.54+0cB8w.e. d for
SW at 220, 270, and 310 W nrespectively) caused by BC and dust in this sttiiy estimation shows that approximately
4.61+2.49 Gt yt* (range of 3.80+1.97 to 5.36+2.78 GtYyrof snowmelt water has been lost due to the effe®C and dust

in snow (Fig. 9). This indicates that glacial snosiihntaused by LAPs contributes ~20 % of total mzdance and that BC
and dust may play an important role in recent @reétd snow and glacial melt. However, this relsa$t large uncertainties
associated with the lack of sufficieimt situ and distributed observations of spectral albedocentrations of LAPs, and
coincident changes in glacier mass observationdisasissed by many previous studies (e.g., Ginat e2014; Ménégoz et
al., 2014; Qian et al., 2015; Schmale et al., 2017)

Our study confirms that BC and dust in snow andcaedarken the surfacend further reduce snow albedo, and increase
the speed of snow cover melt (e.g., Flanner eR@Dy; Di Mauro et al., 2015; Painter et al., 20Q¥n et al., 2015; Skiles
et al.,, 2015). Thus, the impacts of BC and othePtAneed to be properly accounted for in futureorsi climate

projections, particularly in the high-altitude cephere. It is also important to note that, withtarge scalejin situ
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observation data applied to calibrate BC forcing annstrain simulated values, the impact of BC atir LAPs on the
albedo feedback would have been marginal. Schmale @017) noted that, due to the decreasingitedrdust emissions in
Central Asia (Xi and Sokolik, 2015), dust may beeolass important, while BC deposition may increasea result of
projected increased emissions (Wang et al., 20ddpstraints on BC sources/deposition and climatarlogical effects

will provide guidance for effective mitigation aatis.

4 Conclusions

This study was a large area survey of snow cover the TP across regions with different climatolagyl sources of LAPs.
Systematically higher values of snow BC concerdretiwere observed in the central to northern TRji(Re Il and II1)

than in the southern TP (Region I). This findingyrbe related to shallower snow depths and dirtiemsin Regions Il and
[l as a result of post-depositional processes (erwdrift, or melting). In the southern TP (Regl), the collected snow
was cleaner with lower concentrations of LAPs corapke to concentrations in the glacial aged sndwe ratios of OC/BC
in the surface snow samples ranged from 0.64 tb &Boss the TP, generally decreasing from soutiotih, which may
indicate that anthropogenic activities played apadntant role on OC/BC ratios in snow cover in therégion. Footprint
analysis also indicated that anthropogenic souBs@éccounted for approximately 70 % of total BC a@&fion in the

central and northern TP. Estimates of albedo réalucbntributed by BC and dust were approximat@y@ with an
associated RF of 18-32 W

The reported shortage of snow cover duration dexssa the TP relied on single site observatiorserahan a large area
survey. For different scenarios with different Siahortwave radiation input data, the advanced dagis of snow cover
duration related to LAPs was mainly due to BC, whieduced from several days to more than one w2kt contributed
only approximately 1 day to the reduction of snawer duration days. No significant differences aghogductions in snow
cover duration were found across the whole TP.cHanging snow cover duration may potentially infloe seasonal water
availability and sustainability.

Furthermore, the estimated effects of BC and dugjlaciers and snowmelt across the TP were baséteaimulations of
albedo reduction and RF. It was found that glas@iwmelt water caused by LAPs contributed ~20 %hefotal mass
balance. These findings revealed that the effddi@itn BC and non-BC absorbers need to be propedpunted for in

future regional climate projections, in particuter the high-altitude cryosphere.
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4 Table 1 Snow effective grain sizes and snow densitged for the albedo calculation with the SNICAR moel.

Description Low scenario Central scenario High sdena
Snow effective grain radius (um) 150 500 1500
Snow density (kg ) 150 250 400
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6 Table 2 Summary of BC, OC and dust concentrations isnow over the Tibetan Plateau and other regions.

Sites BC (ng 9) Dust (ug @) OC (ng ¢") OC/BC Method References
Southern TP (Region 1) 14234242 119.8+18.97 2145+325 1.82+0.17 DRI This study
Central TP (Region II) 5624+1500 295+67.50 6119+1257  1.31+0.19 DRI This study
Northern TP (Region lll)  1484+626 93.20+27.05 97419 1.14+40.15 DRI This study
Himalayan Khumbu ]
0.1-70 SP2 Jacobi et al., 2015
Valley
Himalayas 24.3+20.1 1.32+0.84 359+185.2 ~10 Sunsdtim et al., 2014
Qilian mountain 1550 ISSW Wang et al., 2013
Border of Siberia, China 117 ISSW Wang et al., 2013
Northeast China 1220 ISSW Wang et al., 2013
Inner Mongolia, China 340 ISSW Wang et al., 2013
Northwest China 10-150 ISSW Pu et al., 2016
Sapporo, Japan 7-2800 10-1300 0.14-260 Sunset  i@thal., 2015
Central North America 5-70 ISSW Doherty et ab12
Uintah basin, Utah, USA  5-100 ISSW Zatko et2016
Sierra Nevada, North
) 11+7.7 DRI Hadley et al., 2010
America
French Alps 43145 3.06+5.25 59.6+77.6 SP2 Liralgt2014
Greenland Summit 3.1+1.4 0.262+0.117 142.6+82.6 2 SP Limetal., 2014
Greenland Sumit station: 1.4 ISSW Zatko et24l1,3
Scandinavia: 88
) Svalbard: 11-14
Arctic ) Sunset Forsstrom et al., 2013
Fram Strait; 7-42
Barrow: 9
Near Dome C: 2.1
Antarctic ISSW Zatko et al., 2013
Far from Dome C: 0.6
7 Note:
8 (1) DRI-DRI 2001A model thermal-optical carbon analysis

9 (2) SP2: Single Particle Soot Photometer

10  (@3)

ISSW- ISSW spectrophotometer

11 (4) Sunset: Sunset Lab OC-EC Aerosol Analyzer
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13

Table 3 Comparison between measured albedo by ASD désimulated albedo (SA) by the SNICAR model.

Selected site (24K) SA clean snow SABC SA Dust BEA-Dust
SNICAR: Broadband (305-4495 nm) 0.7824 0.7027 Q751 0.6892
SNICAR: Wavelength (350-2500 nm) 0.7728 0.6985 8374 0.6864
ASD measurement (350-2500 nm) 0.6709+0.0019
14
15
16 Table 4 Simulated albedo (SA) and radiative forcindRF) by BC and dust in snow cover across the Tibetan
17 Plateau.
) ) Contribution to
Different scenarios  SA clean snow SABC SA Dust E82\+Dust . RF BC RF Dust RF BC+Dust
albedo reduction
Low 0.7751+0.0193  0.6517+0.0702 0.7387+0.0250 (B&A1710 37 % 16.32+0.0931 4.78+0.0310 17.64+0.0952
Medium 0.6943+0.0313 0.5104+0.0900 0.6372+0.0382 4992+0.0900 39 % 24.20+0.1250 7.57+0.0483 25.8@8381
High 0.5992+0.0435 0.3683+0.0935 0.5197+0.0490 &r36.0889 38 % 30.96+0.1362  10.70+0.0653  32.36A4%K13
18
19
20 Table 5 Average reductions of snow cover duration b8C and dust for different short wavelengths (220,
21 270, and 310 W rif, respectively) and snow cover depth water equivaié (mm).
SD SD=40 mm SD=100 mm
Shortwav BC Dust BC+dust BC Dust BC+dust
SW=220 W nif 1.69+0.07 0.74+0.04 1.77+0.07 4.24+0.18 1.84+0.10 4.43+0.18
SW=270 W nif 1.38+0.06 0.60+0.03 1.44+0.06 3.45+0.15 1.50+0.08 3.61+0.15
SW=310 W rif 1.20+0.05 0.52+0.03 1.26+0.05 3.01+0.13 1.31+0.07 3.14+0.13
22
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25 Figure 1: Snow sampling sites over (a) the TibetaRlateau and (b) the Laohugou region.
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Figure 2

Figure 2: Spatial distributions of light-absorbing impurities in snow cover for each sampling site ovethe
Tibetan Plateau. (a) BC, (b) OC, (c) Dust, and (d)atio of OC to BC (OC/BC).

25



30 Figure 3

31

32 Figure 3. Spatial distributions of light-absorbingimpurities in snow at the Laohugou region. (a) BC,K) OC,
33 (c) Dust, and (d) ratio of OC to BC (OC/BC).
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Figure 4

Figure 4: Footprint analyses for six selected sitesver the Tibetan Plateau during the winter seasonNov
2015-Feb 2016). LHG and NETP in the northern Tibetan Rteau (Region Ill), TGL and NMC in the
central Tibetan Plateau (Region 1), and MYL and SETP n the southern Tibetan Plateau (Region 1). (The
right color bar means the height (m a.s.l.). The trgectories starting below 500 hPa were taken into @ount.
Black dots: the air parcel did not pass near a fireduring the 96 h prior to arrival at the studied ste; Green
dots: the air parcel did pass by a fire between -956 and -48 h, but not afterwards, i.e., the ‘contdtto a fire
lies back at least 48 h before the air parcel arried at Renlongba glacier; Magenta dots: contact witlfires

occurred between -48 h and 0 h before arriving atite; Red dots: contact with a fire before and after48 h.)
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Figure 5

& O
o

fire crossings (%)

N
(=]

80
60
40

LHG

100
808

N
[=] o
fire crossings

N
(=]

0 -24 48 -72 -96

fire crossings (%)

MYL

20

0 -24 —48 -72 -9
time (h)

0 -24 -48 -72 -96
time (h)

0 -24 -48 -72
time (h)

-96

time (h)

Figure 5: Different source contributions to BC depaition on the snow cover of the Tibetan Plateau.
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47 Figure 6
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48
49 Figure 6: Measured albedo by ASD (solid lines, MA1-4) and siofated effects of BC and dust on albedo
50 (dashed lines) at the selected snow site on theéb&ian Plateau.
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52 Figure 7
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53
54 Figure 7: (a) Average albedo (solid rectangles) show cover due to aging only and impurities relatig to the

55 clean snow and (b) resulting clear sky instantaneauradiative forcing (solid rectangle means the avege).

56 (Note: SA means simulated albedo, SA BC means allednly with BC in snow, SA dust means albedo only
57 with dust in snow, and SA BC+dust means albedo witBC and dust in snow. RF means radiative forcing,
58 RF BC means the RF caused by BC in snow, RF dust ams the RF caused by dust in snow, and RF
59 BC+dust means the RF caused by BC and dust in sndlihe solid rectangles are the central average estinat

60 whereas the bars show the standard deviation rangs albedo and RF)
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Figure 8

Reduction days of snowpack duration

Figure 8: Reduction in days of snow cover duratiooy BC and dust for low, medium and high scenariosukt
to albedo reduction at different snow depth (SD=4Gnd 100 mm, respectively). a and b were simulated
based on the daily shortwave at 220 W m-2. ¢ andwlere simulated based on the daily shortwave at 23
m-2, e and f were simulated based on the daily shwrave at 310 W m-2. (Solid rectangles are average
values; solid line in the box means the median; digrs of boxes are the one standard deviations ohé¢

SD=40 mm
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69 Figure 9
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71 Figure 9: Estimates of total glacial snowmelt basedn daily snowmelt caused by BC and dust for shortwee
72 radiation at 220, 270, and 310 W , respectively. The days of daily temperature abové ° C value is 100
73 (25 %).
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