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Response to Referee #2

We greatly appreciate this referee’s critical comments and suggestions, which have
helped us improve the paper quality substantially. We have addressed all of the
comments carefully as detailed below in our point-by-point responses below. Our re-
sponses start with “R:”.

Due to all of the formulas and special characters in our responses can’t be added in
text perform for the submission of interactive comments, we suggested that it should
be better to look through the responses by the corresponding PDF files.
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Due to the high amounts of industrialization in China, there is a need for studies of
impurities in seasonal snow. This study is on a Chinese snow survey conducted in
2014. However, it is not clear how much of the data presented in this study has already
been published. The authors are recommended to clarify, in much more detail, what
data has been previously published, and what are novel results from this study and
included in this manuscript. For example, it is not clear whether this study presents new
snow chemistry data, or if this data has been published in another manuscript, such
as Wang 2015. It is also unclear why the 2010 Chinese Snow survey data is included
in the study. Averaging results from the 2010 and 2014 surveys seems inappropriate,
especially because the snow conditions/depths appear to vary widely since so many
sites did not even have enough snow to resample in 2014. The paper does not appear
to be ready for publication in this submission, even with the following revisions. Major
restructuring is needed.

R: We admit that the ILAPs and the chemical species in seasonal snow across northern
China have already been investigated in previous studies (Huang et al., 2011; Wang et
al., 2013a, 2015; Ye et al., 2012, Zhang et al., 2013a). Similar experiments on measur-
ing ILAPs in seasonal snow have also been conducted on the Arctic, Greenland, North
America, even in Loess Plateau in recent years (Doherty et al., 2010; 2014; Ming et
al., 2009). For instance, a similar paper on the mixing ratios of ILAPs in Arctic snow
(Doherty et al., 2010) has been widely used for validating modeled snow BC mixing
ratios. There are also heavy loadings of mineral dust in present snow, which could also
lead a rapid snow albedo reduction (Yasunari at al., 2015). However, the ability to test
model representation of ILAPs in snow via climate modeling is still critical. According to
the model simulations by Qian et al. (2014) and Zhao et al. (2014), although the model
simulates reasonably well the magnitude of BC mixing ratios in the middle latitudes, the
models generally moderately underestimates BC in snow in the clean regions but sig-
nificantly overestimates BC in some polluted regions. We thus realized that the snow
albedo could be reduced remarkably due to the large variations of ILAPs in seasonal
snow in those regions across northern China, which could lead large biases of the
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radiative forcing of ILAPs in seasonal snow due to the model simulations. Based on
the above mentioned studies, we think there is a need to investigate the spatial and
vertical variations of BC in seasonal snow and attribute the light absorption to BC, OC
and mineral dust. Another purpose of the study is to reveal the snow albedo reduced
by ILAPs in snow between surface measurements and model simulations using a stan-
dard spectroradiometer, two snow/ice radiative models of the Snow, Ice, and Aerosol
Radiation (SNICAR) model, and a new radiative model (Spectral Alboedo Model for Dirty
Snow, or SAMDS).

Based on the comments from all the reviewers, we have made the following major
revisions to improve the quality and clarity of the paper:

(1) The title has been changed to “Observations and model simulations of snow albedo
reduction in seasonal snow due to insoluble light-absorbing particles during 2014 Chi-
nese survey”.

(2) The abstract has been rewritten to accurately reflect the new results.

(3) We have deleted the part of discussion in the Introduction related to radiative forcing
of ILAPs. We, however, have added discussion on the internal/external mixing state of
BC in snow and different snow grain shapes in affecting snow albedo, which is more
correlated with the scope of this manuscript.

(4) The result section was changed from “section 3.1-3.6” to “section 3.1-3.4” as fol-
lows:

3.1 The spatial distribution of AOD

3.2 Contributions to light absorption by ILAPs

3.3 Simulations of snow albedo

3.4 Comparison between the observed and modeled snow albedo

(5) We have deleted the Figure 6 and section 3.3, whih discussed the emission sources
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by using the chemical species in previous version.

(6) We have added analysis on the uncertainty of the snow albedo reduction by the
mixed BC in snow by different snow grain shapes. Therefore, a new figure is added
as Figure 10 in the revised manuscript to present the snow albedo change due to the
internal/external mixing of BC in snow and the snow grain shapes by using the SAMDS
model compared with previous studies (He et al., 2014; Liou et al., 2011, 2014).

(7) We have revised the “Conclusions” to better reflect the revised contents.

The novelty of the paper appears to begin in the model comparisons with the albedo
surface observations made in 2014. The reader suggests the authors significantly re-
vise the paper to focus solely on the 2014 observations (unless the reader is confused
by the text and the 2010 data has not yet been published?).

R: The 2010 snow survey datasets used in this study was deleted. We noted that most
of the chemical datasets used in this study were to retrieve the new datasets of sea salt
and depending on the previous studies, which were not shown by Wang et al. (2015).
However, only , and data from Wang et al. (2015) were reused in the present study
to indicate the mass contribution of the ILAPs with the other chemical species in snow
across northern China. To make this clear, we have added a section to explain the
datasets published by Wang et al., (2015) used in this study.

Additionally, according to the methods used, the reader asks the authors to report the
BC as equivalent black carbon (eBC) rather than black carbon. If there is a reason
otherwise to report as BC, please explain.

R: We have modified “BC” as “” or “” in the revised manuscript.

It appears (though clarification is needed from the authors) that a new model, SAMDS,
similar to the SNICAR model, is applied here. However, only a small portion of this
very long paper is devoted to this section. A short discussion/conclusion at the end
needs further expansion. Then for the authors to focus on the observed vs. modeled
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albedo, as well as provide more information and justification for applying the SAMDS
model more widely. The SAMDS model appears to be the main highlight of the paper.
The title and paper could be restructured around the SAMDS model.

R: The title of this manuscript has been modified as “Observations and model sim-
ulations of snow albedo reduction in seasonal snow due to insoluble light-absorbing
particles during 2014 Chinese survey”. The manuscript has also been restructured
around the SAMDS model throughout the revised manuscript (See abstract, introduc-
tion, results, and the conclusions).

The scientific methods used could be explained in a more logical way throughout the
methods section of the paper. Also, in the site description, an explanation why the site
numbers begin at 90 in 2014 should be given. Also, a map including GPS coordinates
and the sampling sites would aid the reader. Additionally, it is stated that the same
volume of snow was not collected at all sites. How much volume was filtered at each
site? This leads the reader to believe that if the same top volume of snow was not
collected at each site, the integrated mass concentration of BC in each snow sample
would be different?

R: The site numbers during the snow survey in 2014 have been labeled in Figure 1. We
noted that the site numbers beginning at 90 in this study are numbered in chronological
order following Wang et al. (2013a) and Ye et al., (2012). Therefore, we have modified
the captions in Table 1 and Figure 1 to make this clear. We need to clarify this question
about the volume of snow samples. Firstly, enough snow samples have been collected
during field campaigns. Secondly, we quickly melt the snow samples in the lab, and
filtrated the snow samples by using different liquid snow volume, which depended on
the degree of contamination for snow samples. The calculation of , , and are listed as
follows:

(ng g-1): maximum BC is the mass of BC per mass of snow, if all aerosol light absorp-
tion at 650—700 nm is due to BC.
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(ng g-1): estimated BC is the estimated true mass of BC per mass of snow, derived by
separating the spectrally resolved total light absorption.

: Fraction of light absorption by true mass of BC per mass of snow.

Yes, the volume is a very important parameter in collecting the ILAPs on the nuclepore
filter. However, due to the mass loading of BC () can be measured by using the ISSW
instrument, we note that the mixing ratios of and for each snow samples are definitely
comparable based on above calculation. Then, the averaged for each vertical profile
of snowpack is calculated by using following equation:

where i is the number of snow layer, are the estimated BC mixing ratio, snow density
and snow depth, respectively, at the layer i.

In conclusion, much of the intro and re-presenting of previously published data from
the 2010 and 2014 Chinese snow surveys could be removed. And/or better sup-
port/clarification for the reason for including it could be included.

R: We have deleted the previously published datasets from 2010 and 2014 in conclu-
sion, and focused more attention on the model simulations, especially for the descrip-
tion of SAMDS model.

Suggestions for Revisions:

The abstract is not currently sufficient. The first sentence states that 92 samples were
collected in 2014, however, the 92 points appear to be presented as fewer averages
later. The abstract should state how many average values are presented in the study
and if the 92 samples were collected across X sites, X snowpits, and at X resolution
within the snowpit. Additionally, only surface sample average concentrations are pre-
sented in the abstract, how many samples were collected at the surface? And how
many in snow pits, and integrated pit samples?

R: We have modified the abstract. The first sentence has been revised as “A snow
survey was carried out to collect 13 surface snow samples (10 for fresh snow, and 3
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for aged snow), and 79 sub-surface snow samples in seasonal snow at 13 sites in Jan-
uary 2014 across northeastern China. A spectrophotometer and the chemical analysis
were used to separate snow particulate absorption by insoluble light-absorbing par-
ticles (ILAPs, e.g. black carbon, BC; mineral dust, MD; and organic carbon, OC) in
snow, and the snow albedo was measured using a field spectroradiometer during this
period.”

First of all, at the end of the introduction, previous data published from the 2010 and
2014 Chinese snow survey must be presented clearly. Then, a paragraph outlin-
ing what is specifically novel about this study must then be stated. Throughout the
manuscript, when previously published data is presented, a reference must be cited for
where that data has been published.

R: We have removed all of the datasets from 2010 snow surveys throughout the revised
manuscript except for Figure 5, and in the last paragraph we have added discussion on
the novelty of this study. We have added the citation and the explanation in the figures
very carefully, when used the published datasets by Wang et al., (2015).

Additionally, is this paper the first presentation of the SAMDS model? This should be
more clearly stated in the abstract, as this appears to be the main point/novelty of the
paper. In general, the paper could be edited to more clearly explain what new data is
presented in the study. There are pervasive run-on sentences; the manuscript should
be edited to make the language more concise.

R: Yes, the SAMDS model is the first time to be used to reveal the effects of ILAPs, the
internal/external mixing of BC and snow, and the snow grain shapes on snow albedo
reduction. We have also rewritten the abstract to better illustrate the new SAMDS
model. The revised manuscript is also reconstructed to make the language more con-
cise following the reviewer’s comments and suggestions.

The discussion should be expanded to support a more widespread use of the SAMDS
model. Also, stating how the model will be disseminated, would aid readers in applying
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it to their own research. Is there a plan to do so?

R: Yes, the SAMDS model will be definitely disseminated, and we are glad to release
the source code after the publication by Zhang et al. (2016). Except the discussion of
SAMDS used in this study, the SAMDS model also consider the following processes:
(i) mixing states between impurities and snow grains, (ii) the irregular morphology of
snow grains and aerosol particles, (iii) specific mineral compositions and size distribu-
tions of MD in snow, (iv) aging processes of snow grains and soot aggregates, and (v)
multilayers for studying vertical distributions of snow grains and impurities. A detailed
description of the SAMDS model will be presented by Zhang et al. (2016). We also
note that the SAMDS model can be used to couple with the global climate model (e.g.
NCAR Community Atmosphere Model, CAM) to simulate the radiative forcing due to
ILAPs in snow and the multiple internal/external mixing of BC in various types of snow
grains, which is similar with the previous studies (Flanner et al., 2009; He et al., 2014;
Zhao et al., 2014). Overall, the paper needs major restructuring and revision to portray
a logical flow of information. The main weakness is that it is very unclear what is new
data and what has previously been published from the 2010 and 2014 surveys and this
paper should focus only on what is new.

R: As shown in our responses to the general comments above, we have reconstructed
the paper substantially. The main purpose of this manuscript focuses on the spatial
variations of ILAPs in seasonal snow during less snow year in 2014, and the discrep-
ancy of snow albedo change by ILAPs in snow and the shapes of snow grains between
model simulations and observations.

Specific Line Comments:
Comment 1: Jaffe 1999 cited on Page 3 Line 4 is not included in the bibliography.
R: We have added this reference in the bibliography as follows:

Reference:
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Jaffe, D., Anderson, T., Covert, D., Kotchenruther, R., Trost, B., Danielson, J., Simpson,
W., Berntsen, T., Karlsdottir, S., Blake, D., Harris, J., Carmichael, G., and Uno, |.:
Transport of Asian air pollution to North America, Geophys. Res. Lett., 26, 1999.

Comment 2: Page 4 Line 3: Writing edit: ‘, with India at’ => “and * 76.1% in India’
R: revised as suggested.

Comment 3: Page 4 Line 13: ‘Among its main light-absorbing impurities’ This sentence
introduction does not make sense. Could just remove the intro and start with ‘1ng g-1
of BC'. . ..

R:Revised as suggested.
Comment 4: Page 4 Line 14: ‘on the albedo’ => ‘on the albedo of snow and ice’.
R: Revised as suggested.

Comment 5: Page 4 Line 17: ‘owing to’ doesn'’t read well... please alternate words
here, as well as multiple other locations in the manuscript. Other suggestions could
be, ‘due to’, etc.

R: We have replaced “owing to” as “due to”, “because of”, and “Assumption” throughout
the revised manuscript.

Comment 6: Page 4 Line 20, first word. Include citation(s) for the previous sentence.
R: Three citations have been added after the first sentence as follow:

Brandt, R. E., Warren, S. G., and Clarke, A. D.: A controlled snowmaking experiment
testing the relation between black carbon content and reduction of snow albedo, J.
Geophys. Res.-Atmos., 116, 2011.

Hadley, O. L., and Kirchstetter, T. W.: Black-carbon reduction of snow albedo, Nat.
Clim. Change, 2, 437-440, 2012.

Warren, S. G. and Wiscombe, W. J.: Dirty Snow after Nuclear-War, Nature, 313, 467-
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470, 1985.

Comment 7: Page 4 Line 21: In the Bond 2013 paper, sub-title 0.2.3 Synthesis of
black carbon climate forcing terms, number 2: “The best estimate of industrial-era
climate forcing of black carbon through all forcing mechanisms is +1.1 W m-2 with 90%
uncertainty bounds of +0.17 to +2.1 W m-2.” Rather than 90 % confidence interval as
listed in this manuscript.

R: The sentence has been revised as “Bond et al. (2013) estimated the industrial-era
climate forcing of BC through all forcing mechanisms to be approximately +1.1 W m-2,
with 90% uncertainty bounds of +0.17 to +2.1 W m-2.”

Comment 8: Page 5 Line 9: ‘in situ’ => ‘in situ’ and elsewhere in the manuscript.

R: We have removed “in situ” throughout the manuscript, and instead using “field cam-
paigns”. Similar corrections have also been made throughout the revised manuscript.

Comment 9: Page 5 Line 20: ‘involve’ use different word such as ‘present’ or ‘include’
R: We have changed “involve” as “present” in Page 6, line 24.

Comment 10: Page 5 Line 21: Begin new sentence with ‘Previously, . . .we analyzed’
if some data from the Chinese snow survey in 2014 was already published and include
citation. The reader is confused if some of this data has already been published, or
if this data is all unpublished and included in this study. If all the data is unpublished,
could start the sentence with, ‘Here’ instead of ‘previously’, such as ‘Here we analyze...
instead of ‘analyzed’ to convey to the reader this is new data being presented.

R: The introduction has been mostly reconstructed, and the datasets of the chemical
species used in this study have been carefully rewritten in section 2.2.

Comment 11: Page 5 Line 21: Here you could explain how this study is different than
what has already been published from the Chinese snow survey in 2014.

R: We have rewritten this paragraph in revised manuscript as “To our knowledge, there
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are only a few studies that compare modeled and observed snow albedo reduction due
to ILAPs in snow (Dang et al., 2015; Flanner et al., 2007, 2012; Grenfell et al., 1994;
Liou et al., 2014; Warren et al., 1980). In this study, a 2014 snow survey was performed
across northeastern China to analyze light absorption of ILAPs in seasonal snow, and
the comparison of snow albedo reduction due to internal/external mixed BC in snow
and different snow grain shapes. In section 2, we present the experimental procedures,
including a new radiative transfer model (Spectral Albedo Model for Dirty Snow, or
SAMDS). After describing our methods (Sect. 2), we demonstrate the light absorption
by snowpack containing ILAPs across northeastern China for less snow fallen year
through a Chinese survey in 2014 following the snow surveys held in 2010 and 2012
across northern China carried out by Huang et al. (2011) and Ye et al. (2012). Then,
a comparison of the snow albedo reduction under clear sky conditions measured by
using a field spectroradiometer and simulated by the Snow, Ice, and Aerosol Radiation
(SNICAR) model and SAMDS model based on two-stream radiative transfer solution
is present. The SAMDS model is also used for the computation of light absorption
by complex ILAPs in snow for application to analyze the effects of snow grain shapes
(fractal grains, hexagonal plates/columns, and spheres) and internal/external mixing of
BC and snow on snow albedo. Finally, conclusions are given in section 4.”.

Comment 12: Page 6 Line 11: | think it is a bit misleading to say ‘we explore climatic
effects of ILAPs’ as far as the reader can see, albedo reduction is explored, but climate
models are not employed. Please rephrase or clarify.

R: See our reply to comment 11 above.

Comment 13: Page 6 Line 13, ‘Therefore’ => ‘Here’. Or clarify if something else is
meant.

R: See our reply to comment 11 above.

Comment 14: Page 6 Line 14: Create two sentences. ‘campaign. Snow albedo is also.
. . Also, when was the snow campaign? 2014? Please include year for clarity.
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R: See our reply to comment 11 above.

Comment 15: Page 6 Line 15: Is this the first presentation of SAMDS? If so rephrase
sentence to explain ‘SNICAR and ‘the new’ SAMDS. . !

R: Yes, this is the first presentation of the SAMDS model, therefore, we have revised the
abstract, results, and the conclusions for the SAMDS model. For the revised paper, the
sentence has been revised as “In section 2, we present the experimental procedures,
including a new radiative transfer model (Spectral Albedo Model for Dirty Snow, or
SAMDS). After describing our methods (Sect. 2), we demonstrate the light absorption
by snowpack containing ILAPs across northeastern China for less snow fallen year
through a Chinese survey in 2014 following the snow surveys held in 2010 and 2012
across northern China carried out by Huang et al. (2011) and Ye et al. (2012). Then,
a comparison of the snow albedo reduction under clear sky conditions measured by
using a field spectroradiometer and simulated by the Snow, Ice, and Aerosol Radiation
(SNICAR) model and SAMDS model based on two-stream radiative transfer solution
is present. The SAMDS model is also used for the computation of light absorption
by complex ILAPs in snow for application to analyze the effects of snow grain shapes
(fractal grains, hexagonal plates/columns, and spheres) and internal/external mixing of
BC and snow on snow albedo. Finally, conclusions are given in section 4.”

Comment 16: Page 6 Line 19: Include sub-heading for ‘Site Introduction’. Also, include
the time range the samples were collected in this paragraph, was each site visited once
over the month?

R: This sentence has been revised as “In 2014, there was less snowfall in January
than in previous years (e.g., 2010), and only 92 snow samples (13 surface snow, and
79 sub-surface snow samples) at 13 sites were collected during this snow survey.” The
sub-heading has also been revised as “Snow field campaign in January 2014”.

Comment 17: Page 7: In the site introduction, please explain why only sites 90 —102
were visited. Why do the numbers begin at 90? Where there 90 sites in 2010 where
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there was not snow in 20147

R: We have collected snow samples in 86 sites in the 2010 and 2012 campaigns across
northern China (Figure 1 in Ye et al., 2012), and three snow samples were collected in
Lanzhou in 2013 winter, which weren’t shown in this study. As a result, the sampling
sites in this manuscript are numbered in chronological order beginning at 90 followed
Wang et al. (2013a), and Ye et al., (2012). We have added one sentence as “The snow
sampling sites in this study began at 90, which are numbered in chronological order
followed by Wang et al. (2013a) and Ye et al. (2012).”

Comment 18: Page 7: This is troubling to the reader. If different volumes of sample
were collected based on how dirty a site was, does this make the measurements com-
parable? When the sample is filtered, does the volume not matter? How much volume
was filtered? The total sample? Please explain.

R: We need to clarify this question. Yes, the volume is a very important parameter
in collecting the ILAPs on the nuclepore filter. We recorded the filtration volume (V)
and the surface area of the filter loaded by ILAPs (A), and measured the mass loading
of BC () by using the ISSW instrument, Then, the calculation of , , and are listed as
follows:

(ng g-1): maximum BC is the mass of BC per mass of snow, if all aerosol light absorp-
tion at 650—700 nm is due to BC.

(ng g-1): estimated BC is the estimated true mass of BC per mass of snow, derived by
separating the spectrally resolved total light absorption.

: Fraction of light absorption by true mass of BC per mass of snow.

Therefore, the calculation of the mixing ratio of BC in snow needs to use the volume to
convert the mass loading of BC as mixing ratio of BC in snow; details could be found
by Grenfell et al. (2011) and Doherty et al. (2010). Another issue is that there were
most of drifting sampling sites in Inner Mongolia and Qilian Mountains as indicated by
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Wang et al. (2010). Drifted snow is wind-blown, and is more likely to have mixed with
locally wind-blowing soil during the drifting process. We thus collected “left” and “right”
samples at all sites, and all of the datasets from table 1 are the average values from the
two adjacent samples through the whole depth of the snowpack. For the above reason,
the dirty layers and new fallen snow were collected in all sites separately, and we think
the dirty snow for the single layer has not affected the results, even for the filtration
processes. Doherty et al. (2010) also indicated that if there was obvious layering, for
example a thin top layer of newly fallen snow or drift snow, that layer was collected
separately, however thin.

Comment 19: Page 7 Line 13: Wang 2015 => It appears some of the 2014 Chinese
snow survey data has been previously published. A more in depth explanation in the
introduction section should explain how this study builds on previously published results
of the same snow study, and what data is new. Also, please state what chemistry was
analyzed in Wang 2015, just stating it was ‘similar’ to other studies by Hegg et al., is
not sufficient. Also, it is not clear with the next sentence, were the major ions described
in Wang 2015? This paragraph needs to be re-written to clearly state what has been
published and what is new data being presented here. Or if results from Wang 2015
are being applied here in a new analysis.

R: We thank the reviewer for this helpful suggestion. We have added more explana-
tions about the chemical analysis to clarify the difference between this study and the
previous study by Wang et al. (2015). The paragraph has been rewritten as follows:
“The major water-soluble ions and trace elements in surface snow samples during this
snow survey have already been investigated by Wang et al. (2015). However, the
ILAPs in seasonal snow during this survey have not shown yet. For the importance
of the ILAPs in snow, we will present the contribution and the emission sources of the
ILAPs together with suites of other corresponding chemical constituents in seasonal
snow. For instance, Hegg et al., (2009, 2010) analyzed the source attribution of the
ILAPs in arctic snow by using a positive matrix factorization (PMF) model consisted
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with trajectory analysis and satellite fire maps. Briefly, major ions (, , Cl-, Na+, K+, and
) were analyzed with an ion chromatograph (Dionex, Sunnyvale, CA), and trace ele-
ments of Fe and Al were measured by inductively coupled plasma mass spectrometry
(ICP-MS). These analytical procedures have been described elsewhere (Yesubabu et
al., 2014). In this paper, the major ions are used to retrieve the sea salt and biosmoke
potassium (), which datasets were not shown by Wang et al. (2015). However, only
, , and were reprinted from Wang et al. (2015) to reveal the mass contribution of the
ILAPs and the chemical constituents in seasonal snow during this snow survey.”

Comment 20: Page 8 Line 11: The first sentence should be rewritten as its not clear
to the reader how iron would originate from mineral dust in seasonal snow. Please
explain in the text why this assumption is made.

R: As Alfaro et al, (2004) indicated that the light absorption by mineral dust should be
highly sensitive to their content in iron oxides (hematite, goethite, etc.) based on Mie
theory. Sokolik and Toon, (1999) also pointed out that computations performed with
optical models show that the absorbing potential of mineral dust is more sensitive to
the presence of strongly absorbing iron oxides such as hematite and goethite than to
other minerals. Thus it is now possible to assess the absorption properties of mineral
dust by using iron oxide content (Bond et al., 1999). In this study, the sampling sites
were positioned 50 km from cities and at least 1 km upwind of approach roads or
railways to prevent contamination.

For the above reason, the first sentence has been rewritten as “Recent studies indi-
cated that the light absorption by MD should be highly sensitive to the presence of
strongly absorbing iron oxides such as hematite and goethite than to other minerals
(Alfaro et al., 2004; Sokolik and Toon, 1999).. Thus it is now possible to assess the
absorption properties of MD by using iron oxide content (Bond et al., 1999). In this
study, the iron (Hereinafter simply “Fe”) in seasonal snow is assumed to be originating
from MD during this survey.”
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Comment 21 Page 9 Line 5: Why is it stated that the Microtops Il Sun Photometer was
used instead of the CE318? Please explain the significance for stating this and the
difference between the two. What does the Microtops Il do that the CE318 does not?

R: We indicate that Microtops Il and CE318 are both effective instruments on measur-
ing aerosol optical depth (AOD) ( More et al., 2013; Porter et al., 2001; Zawadzka et
al., 2014). However, the major difference between Microtops |l and CE318 is that the
Microtops |l is portable for the field experiments, but CE318 is immovable. For it's a
snow survey, it is better to use the Microtops Il instrument instead of CE318 to measure
aerosol optical depth.

Comment 22 Page 9 Line 14: include ‘ in this study’. . . during the 2014 Chinese
survey. (If that is what the authors mean, otherwise please clarify).

R: Right, we have replaced this sentence as “To better understand the background
weather conditions in the local atmosphere during this snow survey, we used a portable
and reliable Microtops II Sun photometer at wavelengths of 340, 440, 675, 870, and
936 nm instead of the CE318 sun tracking photometer to measure the surface AOD in
this study.”

Comment 23 Page 9 Line 24: Spectroradiometers have been used in a number of other
studies than listed here. Please include ‘e.g. and then the citations.

R: We have modified this sentence as “Snow albedo plays a key role in affecting the
energy balance and climate in the cryosphere (e.g. Hadley and Kirchstetter, 2012;
Liou et al., 2014; Warren and Wiscombe, 1985). Wright et al. (2014) indicated that
the spectral albedo measured by using an Analytical Spectral Devices (ASD) spectro-
radiometer at 350-2200 nm is in agreement with albedo measurements at the baseline
Surface Radiation Network (BSRN). Wuttke et al. (2006a) pointed out that the spectro-
radiometer instrument is considered as the more capable, rapid, and mobile to conduct
spectral albedo measurements during short time periods, especially in the very cold
regions (e.g. in the Arctic). The major advantage is the more extensive wavelength
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range, and the cosine error is less than 5% for solar zenith angles below 850 at the
wavelength of 320 nm (Wuttke et al., 2006a, b).”

Comment 24 Page 10 Line 5: How was the spectroradiometer held level? What was
the field of view? How did you minimize shadows from the leveling device? What were
the solar zenith angles? This data should all be included in the text and solar zenith
angles should be presented in a table.

R: Normally the relative position of the sighting laser spot is at a distance of 1m from
the optical element for the active field of view for the instrument in strict accordance
with the user manual of the SVC HR-1024 spectroradiometer (Figure 6 Setup for FOV
map). The nominal filed of view (FOV) lens is 80 to enable the instrument to look at
different size targets. The measured solar zenith angles and the other datasets used
to simulate snow albedo have been labeled in Figure 11. The direction of the instru-
ment was oriented to the Sun Horizon angles in order to receive more direct solar
radiation. The small size of the fore optics greatly reduces errors associated with in-
strument self-shadowing. Even when the area viewed by the fore optic is outside the
direct shadow of the instrument, the instrument still blocks some of the illumination (ei-
ther diffuse skylight or light scattered off surrounding objects) that would normally be
striking the surface under observation for measuring full-sky-irradiance throughout the
entire 350-2500 nm wavelengths. This spectroradiometer is used for measuring the
direct component of solar irradiance because of the minimized relative radiometric er-
rors between total and direct irradiance measurements. For instance, Bi et al., (2013)
used a set of broadband radiometers and sun/sky photometers during 2013 field cam-
paign in the middle latitude across northern China to measured the direct and diffuse
solar irradiance, and the result indicated that the diffuse solar radiation is lower than
10% compared with the total solar irradiance. Therefore, we indicated that the spec-
troradiometer in the clean sky condition mainly measured the direct solar irradiance
during 2014 snow campaign. Therefore, the above paragraph was added to present
the relative parameter of the spectroradiometer in section 2.4.
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Comment 25 Page 11 Line 3: Is this the first presentation of the SAMDS model in
publication? If so this needs to be highlighted more in the abstract, title, and especially
the text here. Otherwise please include a citation for the SAMDS model.

R: Yes, the SAMDS model is the first time to be presented in open publication. So,
we have addressed more information about the snow albedo reduction by the SAMDS
model throughout the revised manuscript.

Comment 26: In general it seems this paper could be more focused around the SAMDS
model as this appears to be the novelty of the paper.

R: We agree with the reviewer, therefore, we have changed the focus to investigating
ILAPs, the internal/external of BC with snow, snow grain shapes in affecting the snow
albedo reduction between surface measurements and model simulations.

Comment 27: Page 14 Line 13: This sentence is confusing and needs to be revised.
For example: Delete ‘For’ and begin sentence with ‘Most of the snow samples were
collected in the afternoon corresponding to the Aqua-MODIS (13:30LT) overpass time.
Then the next sentence starting with ‘The averaged. . ”

R: The sentence has been revised as: “Most of the snow samples were collected in
the afternoon at the Aqua-MODIS (13:30 LT) overpass time in order to compare the
local AODs in sampling sites by using an spectroradiometer with the satellite remote
sensing. The AOD spatial distribution derived from the Aqua-MODIS satellite over
northern China associated with sampling site numbers is shown in Figure 1 during this
snow survey.”

Comment 28: Page 15 Lines 5 — 10. These sentences need to be restructured and
concise.

R: These sentences have been restructured as: “Compared with the retrieved AOD by
the remote sensing, the surface measurements of AOD were also conducted during
this snow survey. Generally, the measured AOD were gradually higher from Inner

C18



Mongolia regions moved to the industrial area across northeastern China.”
Comment 29: Page 15 Line 13: Remove ‘processes’.
R: We have deleted “processes” as the reviewer’s suggestion.

Comment 30: Page 15 Line 21: Please explain ‘left and right’ samples. Do the authors
mean sample duplicates? This sentence needs restructuring.

R: Right. The sentence has been modified as “Two vertical profiles of snow samples
(“left” and “right”) were collected through the whole depth of the snowpack at all sites to
reduce the possible contamination by artificial effects during the sampling process, and
the dusty or polluted layers were separately collected during the sampling process.”,
and the caption of table 1 was added with “... All of the datasets are the average
values from the left and right snow samples.”

Comment 31 Page 15 Lines 21 - 25: Major run-on sentence, which needs revision.

R: The sentence has been modified as “In Inner Mongolia, the snow cover was thin
and patchy. The average snow depth was less than 10 cm from sites 90, 91, 93, and
94, which was significantly lower than that near the northern border of China, ranging
from 13 to 20 cm at sites 95-97. The snow samples were collected from drifted snow
in Inner Mongolia, and the mass loadings of ILAPs in seasonal snow are mainly due to
blowing soil dust. Therefore, the vertical profiles of snow samples mixed with blowing
soil from these sites are insufficient to represent the seasonal evolution of wet and dry
deposition to snow (Wang et al., 2013a). However, the light absorption of ILAPs is still
dominated by OC in these regions, which has been illustrated in the following section.”

Comment 32: Page 15 Lines 21 — 25: If the snowpack was so thin and patchy —
won’t blowing soil/dirt be an issue for the measurements? Please explain how this is
accounted for.

R: We indicated that the mass loading of blowing soil could be the dominant factor in
snow sampling in Inner Mongolia, when the snowpack was thin and patchy. However,

C19

the light absorption of ILAPs in snow is still dominated by OC in these regions.

Comment 33 Page 16: What type of snow was present? Fresh snow or old snow?
Please explain using the international snow classification. Also, how soon were sam-
ples collected after snow falls? Also, it would be assumed that since the study was
conducted in January, during Chinese winter, some sites could have fresh snow, where
others could be ‘older’ snow?

R: We have already updated this information in Figure 1 and Table 1. The fresh snow
was defined as the snow fell less than two days.

Comment 34 Page 16 Lines 14 - 19: Run-on sentence again. Please separate into two
sentences. ‘The results from the 2010 — 2014 Chinese snow surveys are shown in. . ..

)

R: The sentence has been modified as “To better understand the distribution of in sea-
sonal snow across northern China, the spatial distribution of in the surface and average
snow measured during this snow survey are shown in Figure 4. The spatial distribu-
tions of in the surface and average snow measured using the ISSW spectrophotometer
during the 2014 survey generally ranged from 50 to 3700 ng g-1 and 60 to 1600 ng g-1,
with the medium values of 260 ng g-1, and 260 ng g-1, respectively. These variations
of were very similar to those of the previous snow campaign by Wang et al. (2013a),
however, much higher than those in the Xinjiang region of northwestern China (Ye et
al., 2012), along the southern edge of the Tibetan Plateau (Cong et al., 2015), and
across North America (Doherty et al., 2014).”

Table 1: Needs to be reorganized by dates collected (i.e. 2010 and 2014). Also in-
clude the number of samples incorporated in the average values. Sample depth is
confusing. . . so the samples were collected over 5 cm and integrated into one mea-
surement? What about the surface samples were less volume was collected at sites
that were particularly dusty/polluted, i.e. Page 7 Line 4. Separate surface samples and
snow pit data. Also, it appears
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R: We need to clarify that the average snow depth in each site is measured 4 times
in nearby locations. If the snow depth is thin and patchy, the snow samples could be
collected from the drifted snow (e.g. Inner Mongolia regions), which is higher than
the average snow depth in each site. So, we noted that the site average snow depth
and the snow sampling depth for each site are both shown in Table 1. Therefore,
the sentence has been modified as “Two vertical profiles of snow samples (“left” and
“right”) were collected through the whole depth of the snowpack at all sites to reduce
the possible contamination by artificial effects during the sampling process, and we
note that the dusty or polluted layers were separately collected during the sampling
process. All of the datasets in seasonal snow from Table 1 are the average values from
the two adjacent snow samples through the whole depth of the snowpack.”.

Table 2: Include snowpack depth for each site, to see how snow pack depth varied from
2010-2014 as that may have influenced measured BC content. Also, given the method
used, should BC = eBC? And was this 2010 data published previously? If so, include a
citation. If the 2010 data has been published before, then it appears that there are only
12 new data points in this study from 2014. Why are sites 41 — 46 listed with sample
dates but no avg BC value?

R: We agree with the reviewer that the datasets of surface and everaged in snow in
Table 2 has already been published by Wang et al. (2013a). Therefore, we deleted
Table 2, and Table 4, and the manuscript mainly focused on the new results in 2014
SNOwW survey.

Table 3: Wasn't this data publishes in Wang 2015, from sub section 2.2 Chemical
Speciation Page 7 Line 137 If not, or if so clarify either way, provide references, and
explain why the data is being presented again and what is new.

R: We note that only the datasets of , , and were published in Wang et al. (2015),
but the other chemical speciation calculated by the water-soluble ion in section 2.2
was new. However, we indicated that the datasets of , , and were useful to show the

C21

attribution from different sources. We have added the following sentence in Table 2,
and Figure 6 as “We noted that the datasets of , , and were reprinted from Wang et al.
(2015).”.

Figure 4: Site numbers should be included with the map and the 2014 data should only
be presented since the 2010 data is already published? At least a distinction should
be made between the 2010 and 2014 data. They should not be averaged together
as there are many factors that would influence the differing values. Figure 5: These
data do not appear to be normally distributed as they are heavily weighted on the low
end, and just a couple larger concentrations. Also provide the p-value to show the
significance of the fit.

R: We deleted Figure 4c, 4d, and Figure 6 to concentrate the novelty of this manuscript.
We also provided the confidence test of the fit in Figure 5.

Figure 6: Again, like Figure 5, these data do not appear to be normally distributed as
they are heavily weighted on the low end, and just a couple larger concentrations. Also
provide the p-value to show the significance of the fit. Why is there one red dot at 0.25
AL and 1.5 K+?

R: We have deleted figure 6, and added a new figure in discussing the snow albedo
reduction due to internal/external mixed BC in snow and difference snow grain shapes
in Figure 10.

Figure 7: This is a nice figure. The land cover legend should be mentioned in the figure
legend.

R: We have added the land cover legend in Figure 6 & Figure 7 as “The distribution
of 17 different surface vegetation types retrieved from MODIS global land cover type
product (MCD12C1) with 0.05 spatial resolution were used in this study.”

Figure 8: As in Figure 7, the land cover legend should be mentioned in the figure
legend.
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R: See our answer to the above question.
Figure 9: Why is only the visible range presented? Please clarify in Figure legend.
R: We have already extended the spectral wavelengths from 400-1400 nm in Figure 8.

Comment 34 Page 16 Lines 14 - 19: The reader doesn’t understand this sentence. Are
these averaged values from the surface samples?

R: The sentence has been revised as “The spatial distributions of in the surface and
average snow measured using the ISSW spectrophotometer during the 2014 survey
generally ranged from 50 to 3700 ng g-1 and 60 to 1600 ng g-1, with the medium
values of 260 ng g-1, and 260 ng g-1, respectively.”. Similar mistakes were corrected
throughout the revised manuscript.

Comment 34 Page 16 Line 19: Include standard deviations with the ranges. How many
samples were in this range?

R: We have changed the sentences as “The spatial distributions of in the surface and
average snow measured using the ISSW spectrophotometer during the 2014 survey
generally ranged from 50 to 3700 ng g-1 and 60 to 1600 ng g-1, with the medium
values of 260 ng g-1, and 260 ng g-1, respectively.”.

Comment 35: Page 17 Line 5: Include a reference to the table where this data is
displayed.

R: We have indicated that the datasets are from table 1.
Comment 36: Page 17 Line 11: Where is this regression value from? Reference figure.

R: The sentence has been revised as “The two results agreed very well (R2=0.99),
indicating that Equation (7) agreed well for this measurement in Figure 5.”.

Comment 37: Page 18 Line 2: Pleas explain how photochemical reactions are related
to biomass burning contributions of OC?
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R: Actually, we didn’t separate the contributions to light-absorbing OC from primary
and secondary sources because our measurements do no provide such informa-
tion. Therefore, the emission sources of the carbonaceous aerosols and the chemical
species of Figure 6 have been deleted in the revised manuscript.

Comment 37: Page 18 Line 3: p-value? And please include for the other figures.

R: We have deleted Figure 6 and section 3.3 of emission factors. The confidence tests
have been added in Figure 5 and their corresponsive results.

Comment 38 Page 19: The reader finds this paragraph confusing. Are the percent-
ages from Figure 7? If the samples were collected in January 2014, why are there
seasonal/time references? i.e. Line 11” Sulfate peaks were found in summer. . . this
should be clearly tied to the Zhang 2013 reference. If the next sentence, line 12 —
17 (Which is a very long run-on sentence) also refers to Zhang 2013 then this needs
to be more clearly stated. The combination of presenting results from this study and
Zhang 2013 needs to be reorganized more clearly. For example a paragraph explain-
ing Zhang 2013 could come first, and then compare this study to those. Also Zhang
2013 should probably be more clearly explained in the introduction. Again, it also ap-
pears that Wang 2015 already published snow chemistry data from these results? This
needs to be more clearly referenced in the paper.

R: The results from this paragraph have been deleted, because this study will mainly
focused on the ILAPs in seasonal snow, and its optical effects on snow albedo.

Comment 39 Page 20 Line 1: Include citation for iron originating from industrial emis-
sions.

R: Two citations were added in this sentence as “however, Fe can also originate from
industrial emissions, such as the metal and steel industries (Hegg et al., 2010; Ofosu
etal, 2012)”

Comment 39 Page 20 Line 3: Is this sentence about ‘this’ study, or Doherty 20147
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R: The sentence means this study of 2014 snow survey.
Comment 39 Page 20 Line 6: ‘Here, light absorption. . .
R: We have modified this sentence.

Comment 40: Page 21 Line 4- 6: This has already been stated and should be in the
methods.

R: The sentences have been moved to the method section as the reviewer’s sugges-
tion.

Comment 41 Page 21: The reader is not sure what the authors mean by ‘Higher de-
grees of snow albedo. . " do they mean more reduction or a high albedo? ‘There was
a larger reduction in snow albedo for. . ..

R: The sentence has been revised as “A larger reduction in snow albedo by both BC
and MD-contaminated snow was found for larger snow grains. . .

Figure 10: Include labels for A, B, C. Same goes for all other figures.

R: Yes, we have replotted all of the figures in the revised manuscript, and labeled for
(a), (b)... very clearly.

Comment 42 Page 22: Why is BC now refereed to as the * BC mixing ratios’. Please
clarify where this change in terminology was introduced.

R: We have unified all of mixing ratios and BC as , which are consistent with the previ-
ous studies by Doherty et al. (2010, 2015) and Wang et al. (2013a).

Comment 43: Overall, ILAPs is not used consistently in the paper as light absorbing
aerosols is written out many times. The reader suggests to standardize this.

R: We have standardized the light absorbing aerosols as ILAPs throughout the revised
manuscript.

Comment 44 Page 23 Lines 23 — 35: Please explain why, “ . . .this study shows that
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the spectral albedo of snow reduction caused OC levels to increase?” Shouldn’t the
reduction in spectral albedo be a result of the OC levels?

R: This study indicated that the snow albedo reduction is not only correlated with the
increased mixing ratios of OC in Figure 9c, but also highly correlated with the different
snow grain sizes (e.g. snow grain size of 800 xm compared to 100 xm). Therefore,
the sentence has been edited as “The radiative transfer modeling results presented
by Zhang et al. (2016) and measurement results of this study show that the spectral
albedo of snow reduction due to the increased OC mixing ratios (above 20 ug g-1) is
larger for a factor of 3 by assuming the snow grain size of 800 um compared to 100
pm.”.

Comment 45: The paper needs a lot of reorganization. For a 25 page paper, one page
of Discussion does not seem adequate. Rename Subtitle 4, “Conclusions”.

R: The conclusions have already renamed, and more discussion has been updated.-

Comment 46 Page 24 Line 4: Include the 13 sites also in the abstract. This description
from lines 3 — 7 should be included in the site description and does not need to be
repeated in the conclusion. Comment 47: Page 24 Line 22: Please state the range
in latitudes covered in this study in the site description. Did the 13 sites cover a large
latitudinal gradient?

R: The conclusion has been rewritten the same as comments 48.

Comment 48 Page 25 Line 13: The last sentence of the entire manuscript seems like an
odd conclusion, ‘to include OC as an input parameter in the SNICAR model’. Why not
argue for the use of the SAMDS model? Does it not include OC as an input parameter?
A better conclusion would be to compare the SAMDS and SNICAR models. Is the
reason the SNICAR model is suggested to incorporated OC because it is widely used?
Did the authors try incorporating OC as an input parameter in the off-line SNICAR
code? The discussion and conclusion of this manuscript needs revision.
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R: The conclusions were totally rewritten as follows: “In this study, a snow survey was
performed in January 2014, and 92 snow samples were collected at 13 sites across
northern China. We found that higher AODs measured using a sun photometer and
remote sensing devices showed that heavily polluted areas remain in industrial regions
across northern China. The measured through the 2014 survey via the ISSW spec-
trophotometer in surface and average snow of 50 to 3700 and 60 to 1600 ng g-1, with
the medium values of 260 ng g-1, and 260 ng g-1, respectively, were much larger than
those of previous snow field campaigns. The chemical composition analysis showed
that the mass contributions in seasonal snow was dominated by OC and MD. However,
assuming the MACs for BC, OC, and Fe are 6.3, 0.3, and 0.9 m2 g-1, respectively, at
550 nm, light absorption was still dominated by BC and OC in seasonal snow during
the entire campaign. The light-absorbing contribution of the MD was larger at high lati-
tudes than at low latitudes due to strong winds transporting snow. Then, we present a
new spectral snow albedo model (SAMDS) for simulating the surface albedo of snow
with deposited ILAPs by using the asymptotic analytical radiative transfer theory. Given
the measured BC, MD and OC mixing ratios of 100-5000 ng g-1, 2000-6000 ng g-1,
and 1000-30000 ng g-1 in surface snow across northeastern China, we ran the mod-
els at a solar zenith angle 6 of 60°, and the results indicated that the albedo of fresh
snow at 550 nm is generally in a range of 0.95-0.75 with Reff of 100 yum. This model
can also be used to investigate the snow albedo influenced by the internal/external
mixing of BC and snow, irregular morphology of snow grains and the vertical distribu-
tion of snow grains and impurities for multilayer snow. For a given shape (spheres,
hexagonal plates/columns, and fractal particles), it shows that snow albedo for spher-
ical snow grains is typically lower than that for the fractal snow grains and hexagonal
plates/columns snow grainswith Reff of 100 um. The internal mixing of BC and snow
absorbs substantially more light than external mixing. For fresh snow grains of hexago-
nal plates/columns with Reff of 100 xm, the difference of snow albedo between internal
and external mixing of BC and snow is up to 0.036 for 3000 ng g-1 BC in snow in the
heavy industrial regions across northeastern China, whereas by low to 0.005 for 100
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ng g-1 BC in snow in the further north China near the border of Siberia. The spectral
albedo of snow reduction caused by OC (20 ug g-1) is larger by up to a factor of 3 for
a snow grain size of 800 ym compared to 100 pm by using SAMDS model.

A comparison between measured and simulated snow albedos was conducted. Gen-
erally, the snow albedos measured from a spectroradiometer and simulated using the
SNICAR and SAMDS models agreed well at the lower mixing ratios of BC, MD, and
OC. However, a large discrepancy in snow albedo between the model simulations and
surface measurements for heavy loading of ILAPs in snow was found by using Rm. We
demonstrate that the simulated snow albedo reduction by SMDAS and SNICAR models
is significantly enhanced by using Reff of snow grains compared with Rm, especially
in the case of near-infrared wavelengths. Although the MAC of OC is much lower than
that of BC, we found that OC was a major absorber in snow due to its high mixing ratio
from human activities occurring across northeastern China. Moreover, 5000 ng g-1 of
OC was found to reduce the snow albedo by 0.016-0.059 depending on the snow grain
size and aging period. Therefore, we suggest that the mixing ratio of OC should be
added as an input parameter to the SNICAR model for determining snow albedos.

Although the SAMDS model might be useful to researchers who are conducting studies
involving ILAPs and snow interaction and feedback in snow albedo change, we indicate
that further snow surveys across northern China should be performed for the following
reasons: (1) large variations of ILAPs in seasonal snow across northern China can
lead higher uncertainties of snow albedo reduction, especially in the industrial regions,
and (2) we only measured the snow albedo at 6 sampling sites by using the spectrora-
diometer in the clear sky condition due to much less snow fallen in January 2014 than
that in previous years. Comparing model simulations with the observations, we found
that Reff could seemingly be enhanced by the high mixing ratios of ILAPs in snow,
however, we note that further snow surveys on measuring snow albedo should be con-
ducted to reveal this phenomenon. Finally, there are large uncertainties in simulating
snow albedo reduction and radiative forcing due to the ILAPs mixed with snow/ice and
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the irregular morphology of snow grains, the potential snow albedo change for aged
snow should be investigated in the following snow surveys accordingly to test the ca-
pability of SAMDS model, which will provide more valuable and useful information for
the climate models.”.
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