Interactive comment on “Concentrations and source regions of light absorbing particles in snow/ice
in northern Pakistan and their impact on snow albedo”

by Chaman Gul. C et al.
Anonymous Referee# 2
Major issues:

This study is valuable because it describes measurements of black carbon in snow from the
Karakoram/Himalayan region of Pakistan. To my knowledge these are the first such
measurements to be reported from this region. Moreover, the reported concentrations of BC
in snow are extremely large, indicative of pollution being a major source of snow/ice albedo
reduction in this area. The study is also comprehensive in the sense that it applies CALIPSO
observations of aerosol type, back-trajectory analysis, and regional chemistry/climate
modeling to ascertain dominant sources of pollution to the snow and glaciers in the study
area. Despite the value of having new measurements from the Karakoram, a region with a
paucity of environmental data, the study has some weaknesses that are described below.
Ultimately, I believe these issues lead to conclusions which are somewhat vague. | suppose
the main take-home message, however, is that there is a lot of BC in low elevation glaciers
and snow of northern Pakistan, and perhaps this is a sufficient conclusion in and of itself for
publication. Below, however, are the major issues | see with the current draft of the paper.

Response:

We thank the reviewer for their comments that significantly contributed to improving the original
manuscript. Please see below our comment-by comment-responses to each of the reviewer’s
comments and suggestions.

Reviewer Comments in black
Responses in blue

Modified text in the revised manuscript is in green.

1. (1a) The CALIPSO aerosol source identification analysis indicates that "'smoke™ is
the most frequently-occurring type of aerosol over this region during both summer
and winter. As the authors acknowledge, however, biomass burning sources were not
included in the WRF-STEM modeling, and thus the dominant source regions
identified through the WRF modeling may not be representative at all for the BC that
was measured.

(1b)Moreover, were biomass burning sources included in the RCP emission inventory
that was utilized with the back-trajectory analysis? (Please include more information
about the RCP emissions that were used.)



(1c)A third question related to the source attribution analysis is: Potentially how
important are local (e.g., within _10km) sources occurring within the same "*grid cell*
of the WRF and HYSPLIT models? Contributions of such local (sub-grid scale)
sources may be severely underestimated by coarse-resolution models. Some of the
discussion suggests that local sources may have been very important, but these
sources did not really enter into the assessment (via HYSPLIT and WRF) of source
attribution.

Response:
(1a). Major part from biomass burning sources (biofuel) were included in the WRF-STEM
modeling, and we think the dominant source regions identified through the WRF modeling
should represent majority of the BC (pollutants) regions that was measured. Apologies for
not mentioning these important information in our initially submitted manuscript.

The sentence related to biomass burning has been modified in the revised manuscript (lines
260-266), given below for your reference.

“The Hemispheric Transport Air Pollution (HTAP version 2) emission inventory was used in our
WRF-STEM modeling. The HTAP version 2 dataset consists of multiple pollutants including
black carbon and organic carbon. All type of biomass burning (such as energy, industry, transport,
residential etc...) are included in HTAP emission inventory (except large scale open agricultural
and open forest fire burning). The simulations applied in our study used the anthropogenic
emissions from HTAPV2 inventory (available from http://edgar.jrc.ec.europa.eu/htap_v2/). So the
results indicate the amount of pollutants reaching the study area from day-to-day planned and
recurring activities in domestic, transport, industrial, and other sectors.”

(1b) Yes biomass burning sources were included in the RCP emission inventory that was
utilized with the back-trajectory analysis. Related information about the used RCP
emissions has been added in the revised manuscript (line 230-239), quoted below for your
reference.

“The data file used as a RCP emission inventory was “RCPs_anthro BC 2005-2100 95371.nc”.
This comprises emissions pathways starting from identical base year (2000) for multiple pollutants
including black carbon and organic carbon. According to the description of the file, biomass
burning sources were included in the RCP emission inventory that were utilized with the back-
trajectory analysis. RCP had the same emissions sectors as for HTAP emission inventory used in
the molding part. The emission sectors includes fuel combustion, industries, agriculture and
livestock. The difference in HTAP and RCP emission inventories is the resolution. HTAP had
relatively high resolution (0.1 x 0.1 degree) as compared to RCP (0.5 x 0.5 degree). Some
discussion related to the inventory and the sectorial detail (12 sectors), which was used for the base
year calibration of the RCPs is given in Lamarque et al., 2010.”

(1c) Local sources and local emissions may have importance, but based on available options it was
hard to capture. We are expecting minor impact of local emissions due to below reasons.


http://edgar.jrc.ec.europa.eu/htap_v2/

» There were limited transport on Karakorum highway and sparse residential houses in
surrounding region (within_10km), near the glaciers.

» The glaciers in the surrounding region had relatively high altitude and away from main
urban emission sources and urban areas.

There may be the slight effect of local transport, house cooking but we were unable to capture that
local scale emissions. The chemical transport model (WRF-STEM) and RCPs were based on
emission inventories and does not capture/does not collect the local emissions. In order to reduce
uncertainty in source region high resolution BC tracer will be used in our next publication in near
future.

Source contribution regions of pollutants identified using an emissions inventory (Representative
Concentration Pathways) are shown in Figure 1 below. Lower part of the figure indicating
local/regional source regions within 221Km x 276 Km region. As the resolution of RCP emission
data is 0.5 x 0.5 degree so there is no change within 55 x 55 km? area. Using global emission
inventories we are unable to capture emissions at local scale (within 10 km region). High resolution
models and emission inventories at local scale are required to capture local emissions. Below text
has been added in lines 675-678.

“While using global emission inventories we were unable to capture emissions at local scale.
Contributions of local sources may be underestimated by coarse-resolution models. Therefore high
resolution models and emission inventories at local scale are required to capture local emissions.”
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Figurel: Source contribution regions of pollutants identified using an emissions inventory
(Representative Concentration Pathways). Red stars indicating sampling locations.

2. (a) The values of BC in snow that were found are extremely large, but it is also

acknowledged in the paper that the measurements were taken close to sources of
pollution, namely roadways and villages.
(b) I am left wondering how representative the reported snow pollution values are of
the broader Karakoram cryospheric region. The answer to this may not be known,
but some discussion, even if speculative, about this issue would be appreciated. Do
these measurements suggest that the glaciers of the Karakoram, in general, are being
substantially darkened by BC, or do they simply mean that the ablation zones of a
few glaciers near to obvious BC sources are quite polluted?



Response: (a) High concentration of BC in snow and ice:

The value of BC in snow and ice that was found relatively high and we justified it in our manuscript
as given below for your reference.

» Sampling locations were relatively at lower elevation as compared to other studies in the
past (lines 446-447). Li et al. (2017) showed a strong negative relationship between the
elevation of glacier sampling locations and the concentration of light absorbing particles
(lines 365-366).

» Majority of samples were from the ablation zone of the glaciers. Strong melting of surface
snow and ice in the glacier ablation zone could also lead BC enrichment which causes high
BC concentrations as Li et al., 2017 observed in the Southern Tibetan Plateau glacier (lines
447-448).

» In most cases snow and ice samples were collected quite a long time after snow fall, and
the concentration of pollutants would also have increased in the surface snow and ice due
to dry deposition (lines 352-353).

» In the past almost similar high concentration were reported by multiple authors in the
region such as Xu et al. 2012 in the Tien Shan Mountains, Li et al. 2016 in the northeast of
the Tibetan plateau, Wang et al. 2016 in northern China, Zhang et al., 2016 in southeastern
Tibetan plateau and Zhang et al. 2017 in western Tien Shan, Central Asia (lines 341-343).

(b) Glaciers of the Karakoram, in general, are being substantially darkened by BC?

According to our understanding all the glaciers of the whole Karakoram region, may not
besubstantially darkened by BC, as in case of our selected glaciers. On the basis of limited samples
from selected glaciers, it is hard to conclude a general statement to represent the whole Karakorum
region. Further research based on in-situ observations, satellite based observation and high
resolution modeling and emission inventories are required. We are expecting that ablation zones
of the debris covered glaciers which are relatively at low elevation and near to pollution sources
may be quite polluted, especially during melting seasons (we have updated this information in
lines 372-374, given below for your reference).

“According to our understanding all the glaciers of the whole Karakoram region, may not
besubstantially darkened by BC. Ablation zones of the debris covered glaciers which are
relatively at low elevation and near to pollution source may be quite polluted.”

3. The authors report that ""there was no clear correlation between BC and OC
concentrations' (line 269), which | found a bit worrisome given that the two species
usually originate from common sources and have common transport pathways. The
authors do provide some potential reasons for why we could find more BC than OC
in the snow (e.g. ,greater melt scavenging of OC), which was also a bit surprising, but
I would appreciate seeing some more discussion on why concentrations of BC and OC
would be uncorrelated.

Response:



Yes the concentration of BC and OC was uncorrelated. In most cases the concentration of OC was
greater than the concentration of BC. In few cases the concentration of BC was greater than the
concentration of OC concentration. We add an additional text in revised manuscript lines 303-315,
given below for your reference.

“In most cases the concentration of OC was greater than the concentration of BC. In few cases the
concentration of BC was greater than the concentration of OC, which might indicates the
contribution of coal combustion and/or biomass burning to the emissions. The reported OC
concentration was water-insoluble OC. Including the water soluble OC could dominate the
temporal variation of the OC/BC ratio. One important factor was post-deposition process, melt
water can bring dissolved organic carbon away but not for BC. Low OC/BC ratio may also be
possible due to the fact that OC and BC had redistributed primarily under the control of strong
melt water rather than sublimation and/or dry/wet deposition. The spatio-temporal variability of
OC/BC ratio may also indicate the contribution of various sources, seasonal variation and frequent
change in wind directions. The OC vs BC correlation in snow and ice samples depend on OC vs
BC ratio/concentrations in the atmosphere, post deposition process and then scavenging,
enrichment and melt rate of snow/snow after deposition. According to our understanding the
analysis method and amount of dust loading on the sample can also alter OC/BC ratio.”

Beside this, the OC to EC ratio was also affected by both emission source variability and
processing during long-range transport in the atmosphere. EC is a nonvolatile and very stable
species, whereas OC contains either many semi volatile species that partition between gas and
particle or polar compounds that are preferentially washed out (Granat et al., 2010). So at receptor
site the concentration of OC may be less especially during wet seasons.

4. (a) Related to the point above, how precisely was OC differentiated from BC in the
thermal optical technique?
(b) What temperature threshold or thermal evolution profile was applied to separate
the two species?
(c) Could this have had anything to do with the high BC/OC ratios that were found
in the snow samples?

Response:

a. There are some uncertainties while differentiating OC from BC in thermal optical
techniques. Level of uncertainty depend on amount of dust loading on the sample,
temperature protocol, analysis method, and sample type. In our case we adapted IMPROVE
protocol (Cao et al., 2003; Chow et al., 2004), and measured the amounts of BC and OC
on the quartz filters by using a DRI® Model 2001A thermal optical carbon analyzer.
BC/OC ratio may be altered due to below possible reasons.

» The different thermal optical methods used to measure OC/BC ratios often produce
significantly different results (for same sample) due to variation within the temperature
programming and optical techniques followed by each method (Karanasiou et al., 2015).

» The OC/BC split point is different for different method and also depend on sample type
(residential cook stoves, diesel exhaust, rural aerosols, urban aerosols) (Khan et al., 2011).



» Some OC is pyrolytically converted to BC (char) when the sample is heating in inert
atmosphere (Zhi et al., 2008).

» In thermal optical methods it is hard to avoid the charring of OC and considered as a big
challenge to BC and OC measurements (Chow et al., 2004; Schmid et al., 2001).

> In general, BC concentrations derived from the IMPROVE method are 1.2-1.5 times
higher than those derived from the NIOSH method (Chow et al.,2001; Reisinger et al.,
2008), and BC concentrations from the EUSAAR_2 temperature protocol are
approximately twice as high as those derived from the NIOSH protocol (Cavalli et al.,
2010).

So according to our understanding it may be possible to alter OC/BC ratio by the analysis method,
mentioned in lines 313, 315 in the revised manuscript, given below for your reference.

“According to our understanding the analysis method and amount of dust loading on the sample
can also alter OC/BC ratio. Further details about OC and BC splitting in thermal optical method
are available in Wang el al., 2012”.

(b) What temperature threshold was applied to separate the two species?

The IMPROVE_A temperature protocol defines temperature plateaus for thermally derived carbon
fractions of
e 120 °C for OC1,
e 250 °C for OC2, Organic carbon.
e 450 °C for OC3,
e 550 °C for OC4
in a helium (He) carrier gas
Total OC was calculated as OC = OC1+ OC2+ OC3+ OC4. Similarly

e 550 °C for ECL1,
e 700 °C for EC2, Elemental carbon (black carbon).

e 800 °C for EC3
in a 98% He 2% oxygen (O2) carrier gas.
Total EC was calculated as EC = EC1+ EC2+ EC3.

These information are provided in Wang et al., 2012 and we have indicated it in lines 154-155 in
the revised manuscript as given below for your reference.

“The temperature threshold that was applied to separate the two species is mentioned in Wang et

al., 2012.”

(c) Could this have had anything to do with the high BC/OC ratios that were found in the snow
samples?

Yes, based on above explanations there may be slight effect on BC/OC ratios. This effect may be
more visible in high dust loading samples. We had relatively high dust loading in few samples,



which can affect the BC/OC measurement. We have added related information in lines313-315,
quoted below for your reference.

“According to our understanding the analysis method and amount of dust loading on the sample
can also alter OC/BC ratios.”

5. More generally, please describe and if possible quantify, sources of uncertainty in the
measurements of BC, OC, and dust in snow.
Response:

Agreed. We have introduced a separate section to describe the possible sources of uncertainty in
the measurements (lines 660-671, given below for your reference).

“The overall precision in the BC, OC and TC concentrations was estimated considering the
analytical precision of concentration measurements and mass contributions from field blanks.
Uncertainty of the BC and OC mass concentrations was measured through the standard deviation
of the field blanks, experimentally determined analytical uncertainty, and projected uncertainty
associated with filter extraction. According to our understanding the major uncertainty in our study
was the dust effects on BC/OC measurement. Warming role of OC was also not included in the
current research, which was low but significant in several regions (Yasunari et al. 2015). Beside
this we think snow grain size (snow aging) and snow texture were larger sources of uncertainty in
the albedo reduction / radiative forcing calculations than indicated. The measured grain size was
usually different from the effective optical grain size used in the SNICAR modeling. Snow grain
shape was measured with the help of snow card, but was not used in the online SNICAR albedo
simulation model and assumed a spherical shape for the snow grains which may slightly affect the
results, because albedo of non-spherical grain is higher than the albedo of spherical grains (Dang
etal., 2016).”

(6a) My sense is that snow grain size and snow texture are larger sources of
uncertainty in the albedo reduction / RF calculations than indicated. Although snow
grain size was measured with a hand lens (with reported accuracy of 20um), this
determination of grain size is usually different from the effective (surface area-
weighted) / optical grain size used in the SNICAR modeling. The true uncertainty in
effective/optical grain size is likely much larger than 20um, and | think the paper
should include greater acknowledgment of this issue.

The discussion of albedo variability associated with snow grain size (or snow aging)
should also more clearly indicate the ranges in snow grain size that were assumed for
the albedo modeling.

(6b)Furthermore, references to ""snow age' are sometimes used when *‘snow grain
size™ would be more appropriate, since snow grain size does not always increase
monotonically with snow age, and it is really the snow grain size that matters for
optical/radiative considerations. Examples of this is are on line 364: ""The estimated
reduction in snow albedo by dust and BC compounded by the age of snow..."" and line
386: "... exact snow age ..."".



Response: (6a)
We agreed with the reviewer comment. The discussion of albedo variability associated
with snow grain size (or snow aging) has been added in the revised manuscript as suggested
(lines 463-474), quoted below for your reference.

“According to our understanding, snow grain size (snow aging) and snow texture were larger
sources of uncertainty. The effect of snow grain size is generally larger than the uncertainty in
light absorbing particles which varies with the snow type (Schmale et al., 2017). For an effective
snow grain radius of 80 um, 100 um, 120 um, the albedo reduction caused by 100 ng g—1 of BC
was 0.017, 0.019 and 0.021 respectively. As snow grain size was measured with a hand lens (with
reported accuracy of 20 um), so at least 0.002 uncertainty is present in our albedo results. Snow
grain shape was measured with the help of snow card, however grain shape was not used in the
online SNICAR albedo simulation model and assumed a spherical shape for the snow grains.
Albedo of non-spherical grain is higher than the albedo of spherical grains (Dang et al., 2016). The
shapes of snow grains and/or ice crystals is significantly changing with snow age and
meteorological conditions during and after snowfall (LaChapelle 1969). Besides this, a number of
recent studies (e.g., Flanner et al., 2012; Liou et al., 2014; He et al., 2014, 2017) have shown that
both snow grain shape and aerosol-snow internal mixing play important roles in snow albedo
calculations.”

(6b) Agreed. The “snow age” were removed in the identified locations, lines 419 and
435.
Similarly we made necessary changes in few other locations including lines 457 and 435.

6. (7a) Snow albedo and perturbations to albedo are modeled and used heavily in this
study to derive radiative forcing estimates, but no observations of snow or ice albedo
are reported. Are there any observations of snow and ice albedo from this region that
could be utilized to help verify or support the modeling?

(7b)I worry in particular that debris could strongly reduce albedo of the glaciers but
is neglected in the model, potentially leading to bias in the modeled albedo
perturbations.

Response:

7(a) Observations based snow or ice albedo were not estimated in current study. According to our

knowledge these are the first such albedo measurements to be done from this region.

7(b) Agreed. The debris could strongly reduce albedo of the glaciers, but the albedo estimated in
this study were not from the surface of glaciers or debris covered area. Albedo were only estimated
for the snow samples collected from the open mountain valleys as indicated in lines 126-127 and
113.

In current study we estimated the snow albedo through SNICAR model only and there is no in-
situ albedo observation. In our next coming paper we are using spectrometer to measure in-situ
albedo in this region and to compare it with model results and satellite based snow albedo.



Minor issues:

line 211: *... were put in the above equation and got a c extinction..." - grammar issue.
Response: Corrected, lines 245, given below for your reference.

“Height of individual trajectory points was put in the above equation and got a normalized
extinction profile by assuming surface extinction =1".

line 251: *... with the generally lower deposition on the Gulkin glacier more affected by other
factors™ - Which factors?

Response: Other factors has been added in line 295 of revised manuscript. The whole sentence
is given below for your reference.

“The marked difference on the Sachin glacier may have reflected the difference in the direction of
air, which comes from Iran and Afghanistan in summer and the Bay of Bengal via India in autumn,
with the generally lower deposition on the Gulkin glacier more affected by other factors (such as
slope aspect of the glacier and status of local emission near the glacier).”

line 257: "'is considering as'* -> "‘considered as"
Corrected, line 301.

line 274: ... low OC/BC ratios can result from a reduction in OC, greater contributions from
BC enrichment..." - It is unclear to me which processes "'reduction in OC"™ and "BC
enrichment™ refer to. Could the authors please elaborate on these processes?

Response: Below are the possible reasons

» Since BC in snow was less hydrophilic than OC and thus more OC was scavenged with
snow melt water as compared to BC. So OC/BC ratios decreased with time during the snow
melting season.

» One most important factor is post-deposition process, melt water can bring dissolved
organic carbon away but not for BC. This may be the one possible reason that we are getting
more BC than OC in the snow.

» The reported OC concentrations here from snow and ice samples was representing water
insoluble OC (lines 18, 148, 278, 306); because most of the water-soluble OC was not
captured by the filter-based method. Including water-soluble OC could dominate the
temporal variation of the OC/BC ratio.

» Higher concentration BC as compared to OC may also indicates greater melt scavenging
of OC and decline of the contribution of coal combustion and/or biomass burning to the
carbonaceous aerosol emissions in the major contributing source regions.



» In general, BC concentrations derived from the IMPROVE method are 1.2-1.5 times
higher than those derived from the NIOSH method (Chow et al.,2001; Reisinger et al.,
2008), and BC concentrations from the EUSAAR_2 temperature protocol are
approximately twice as high as those derived from the NIOSH protocol (Cavalli et al.,
2010).

We add an additional text in revised manuscript lines 307-315, quoted below for your reference.

“One important factor was post-deposition process, melt water can bring dissolved organic
carbon away but not for BC. Low OC/BC ratio may also possible due to the fact that OC and BC
had redistributed primarily under the control of strong melt water rather than sublimation and/or
dry/wet deposition. The OC vs BC correlation in snow and ice samples depend on OC vs BC
ratio/concentrations in the atmosphere, post deposition process and then scavenging, enrichment
and melt rate of snow/snow after deposition. According to our understanding the analysis method
and amount of dust loading on the sample can also alter OC/BC ratios.

line 329: "albedo of samples from the two sites simulated at a wavelength of 0.975 um ... " -
Why are 0.975 um albedo values reported here? Light-absorbing impurities exert the
strongest influence on blue or mid-visible albedo (e.g., _0.450 um). The 0.975 um albedo is
affected less strongly by impurities, and somewhat heavily by snow grain size, so it seems an
odd choice of wavelength to use for reporting albedos.

Response: Yes, the reviewer is absolutely right. Apology for using a fixed particular wavelength
in previous version of manuscript. The sentence has been modified lines 397 in revised manuscript,
given below for your reference.

“The values for average albedo of samples from the two sites simulated for MAC values of 7.5,
11, and 15 m?/g and SZA of 57.0-88.9° (day time) under a clear sky ranged from 0.39 (site S1,
BC only, midday, MAC 15 m?/g) to 0.85 (site S6, dust only, early evening, MAC 7.5-15 m?/g).”

line 336: ""The results suggest that BC was the dominant forcing factor, rather than dust, as
a result of the rapid snowmelt.” - The identification of ""rapid snowmelt' as the cause for
greater BC forcing than dust forcing is confusing here. Perhaps the sentence just needs re-
working. Otherwise, what role does snowmelt play in the determination of instantaneous
radiative forcing?

Response: Agreed. The sentence has been modified lines 406-407, as given below for your
reference.

“The results suggest that BC was the dominant forcing factor, rather than dust, which influence
glacial surface albedo and accelerate glacier melt.”

line 343: "... reduction in daily mean albedo of 1.8 t0 2.9% ... " Are these relative or absolute
reductions in albedo? If the latter, please use absolute (non-percentage) units. This also
applies to other references to percent albedo reduction in the paper.



Response: The albedo reduction values presented here are relative, indicating the difference of
albedo with having certain pollutants (BC, or dust, or both) and a reference albedo (with zero
pollutants i.e. zero BC and zero dust concentration). Some related text has been added in lines
(399 - 401), given below for your reference.

“The albedo reduction values presented here are relative, indicating the difference of albedo with
having certain pollutants (BC or dust or both) and a reference albedo (with zero pollutants i.e. zero
BC and zero dust concentration).”

lines 400-401: Which environments do these RF estimates apply to?

Response: Environment and small descript of each reference (used in above mentioned line 400-
401) is given below

Zhang et al. 2017:

Study region: Kegikaer Glacier (39°N-46°N and 69°E-95°E) in western Tien Shan.
Environment: Mid-latitude winter, clearsky, cloudy, cloud amount<5 and for >5

Time period: May 2015.

Model used: SNICAR model (Flanner et al., 2007)

Radiative forcing: Obtained by equation used in Kaspari et al., 2014; Yang et al., 2015.

Nair et al., 2013:
e Study region: Selected sites/stations in Himalayas region.
Environment: mid-latitude winter atmospheric conditions.
Time period: 2005-2011 mainly in pre-monsoon and winter seasons.
Model used: SNICAR model (Flanner et al., 2007).
Radiative forcing: Using the short-wave fluxes simulated by SBDART model.

Yang et al., 2015:

Study region: Muji glacier (39.19° N, 73.74° E) in Tibetan Plateau.
Environment: Clear-sky and cloudy conditions.

Time period: During snowmelt season of 2012.

Model used: SNICAR model (Flanner et al., 2007).

Radiative forcing: SBDART model.

We have added further information in the revised manuscript lines 486-489, quoted below for your
reference.

“To estimate these radiative forcing measurements, mid-latitude winter with clear sky and cloudy
environment was used by Zhang et al. 2017; mid-latitude winter atmospheric conditions was used
by Nair et al., 2013; while clear-sky and cloudy conditions environment was used by Yang et al.,
2015.”

lines 406-410: It should be acknowledged again that dust forcing varies strongly with dust
optical properties and particle size distribution. The estimates derived here appear to have



utilized a generic representation of dust in the model that may or may no be appropriate for
the dust that was actually measured.
Response: Agreed. Below sentences has been added (lines 497-502) in the revised manuscript.

“It is important to mention here that dust forcing varies strongly with dust optical properties, source
material and particle size distribution. Properties for dust are unique for each of four size bins used
in SNICAR online model. These size bins represent partitions of a lognormal size distribution. We
used the estimated size of dust particles with generic property of dust in the model. Some dust
particles can have a larger impact on snow albedo than the dust applied here (e.g., Aoki et al.,
2006; Painter et al., 2007).”

lines 461: "BC from East Asia can potentially be lifted up high and transported to the
northeast during the summer monsoon season. Nonetheless..."" - But transport of East Asia
emissions to the northeast does not seem relevant for deposition in Pakistan.

Please clarify the relevance of this statement.

Response: The sentence has been deleted and the paragraph has been slightly modified lines 561-
564, given below for your reference.

“The results indicate that only a low level of pollutants (minor contribution) reached the study
area from Northwest China. BC particles emitted from distant low latitude source regions such as
tropical Africa barely reach the Tibetan Plateau and Himalayan regions because their emissions
are removed along the transport pathways during the summer monsoon season (Zhang et al.,
2015).”

line 463: ... low latitude source regions such as South Africa...”" - | suggest using ""tropical
Africa' or something similar here instead of "*'South Africa™ (which happens to also be the
name of a country).

Response: Agreed. Tropical Africa has been used, as suggested (line 563), given below for your
reference.

“BC particles emitted from distant low latitude source regions such as tropical Africa barely reach
the Tibetan Plateau and Himalayan regions because their emissions are removed along the
transport pathways during the summer monsoon season (Zhang et al., 2015).”

line 464: "weak emissions' - Actually, biomass burning emissions from tropical regions of
Africa constitute a substantial share of global BC emissions, so ""weak’ may not be the best
word here.

Response: Agreed. The sentence has been modified line 564, given below for your reference.

“BC particles emitted from distant low latitude source regions such as tropical Africa barely reach
the Tibetan Plateau and Himalayan regions because their emissions are removed along the
transport pathways during the summer monsoon season (Zhang et al., 2015).”

line 479: "'considerable™ -> "considerably"



Response: Corrected, lines 578.

line 482: "The concentration of hydrophobic BC, hydrophilic BC, ... ** - The description
earlier in Methods indicated only that CO tracers were used. Was BC also simulated with
this model? If so, were BC tags applied? Please include more description of the BC
simulation in Methods. This seems much more relevant for source attribution, since the
physics and chemistry of removal for BC and CO are quite different from each other.

Response: BC was not simulated with the model.

The purpose of showing concentration of hydrophobic BC (BC1), hydrophilic BC (BC2) was to
compare the concentration of fresh (hydrophobic) and aged (hydrophilic) BC during summer and
winter seasons over the study region. In this study we applied only CO tracer and it is mentioned
in lines 567-568.

We agreed that BC model simulation is relatively more relevant for source attribution. For this
time we have CO tracer data (which has relatively good correlation with BC tracer in dry seasons-
used by multiple authors in the past Shindell et al., 2008; Chen et al., 2009).

We will use high resolution BC tracer in our next publications in near future. Expected uncertainty
in CO tag and some recommendations are stated in lines 672-680 in the revised manuscript. The
indicated sentences given below for your reference.

“Future study (BC tracer) will evaluate the details of the different source region of BC reaching
the glaciers as compared to region tagged CO tracers.”

And

“Better-constrained measurements are required in the future for more robust results. High
resolution satellite imagery, high resolution models and continuous monitoring can help us to
reduce the present uncertainty.”

line 520: *... and increased grain size and density." - It is not clear to me how snow grain size
and snow density should affect the *concentration* of BC, as indicated in this sentence.
Please clarify.

Response: Agreed. We removed this portion from the revised sentence (Line 621), the modified
sentence given below for your reference.

“The samples from Sost contained the highest average concentration of BC in mountain valleys
snow (winter) and those from Kalam the lowest, probably due to the impact of snow age, increased
concentration of black carbon and dust (the Sost samples were aged snow and Kalam samples
fresh snow).”

Figure 2: Most of the figure is white space. | suggest shrinking the y-axis range to show the
plot values more clearly.

Response: Agreed. The figure has been modified as suggested, given below for your reference
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Revised Figure 2.

Figure 6: Please specify which emission inventory was used and how many days of back-
trajectory were simulated.

Response: Agreed. Emission inventory has been used with number of days as given below for your
reference,
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Figure 6. Source contribution regions of pollutants identified using an emissions inventory (Representative Concentration
Pathways) coupled with back trajectories (a. 77 simulated days, b. 63 simulated days). Red star indicates the position of
the study area.

Table 2: Are these relative or absolute snow albedo reductions?

Response: These albedos are relatives because these albedos were estimated with/from reference

albedos (with no dust and no BC in the sample). Some general explanation regarding to how we
estimate the albedo is given below.



Albedo were estimated using SNICAR online model by providing input parameters mentioned in
Table S1. Model was run four times for one particular sample

1. No dust and no BC (reference albedo),

2. Only dust and no BC,

3. Only BC and no dust,

4. with both dust and BC concentration)
We subtract the albedos obtained in other three options with dust and/or BC from this reference
albedo.

We have added these information in the revised manuscript indicated in lines 399-401, given below
for your reference

“The albedo reduction values presented here are relative, indicating the difference of albedo with
having certain pollutants (BC or dust or both BC and dust) and a reference albedo (with zero
pollutants i.e. zero BC and zero dust concentration).”
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