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Abstract Using field observations, we perform radiative transfer calculations on snowpacks in the Arctic,
China, and North America to quantify the impact of light-absorbing particles (LAPs) on snow albedo and
its sensitivity to different factors. For new snow, the regional-averaged albedo reductions caused by all LAPs
in the Arctic, North America, and China are 0.009, 0.012, and 0.077, respectively, of which the albedo
reductions caused by black carbon (BC) alone are 0.005, 0.005, and 0.031, corresponding to a positive
radiative forcing of 0.06, 0.3, and 3 W m�2. For the same particulate concentrations, the albedo reduction for
old melting snow is larger than that of new snow by a factor of 2; this leads to 3–8 times larger radiative
forcing, in part due to higher solar irradiance in the melting season. These calculations used ambient
snowpack properties; if all snowpacks were instead assumed to be optically thick, the albedo reduction
would be 20–50% larger for new snow in the Arctic and North America and 120–300% larger for old snow.
Accounting for non-BC LAPs reduces the albedo reduction by BC in the Arctic, North America, and China by
32%, 29%, and 70%, respectively, for new snow and 11%, 7%, and 51% for old snow. BC-in-snow albedo
reduction computed using a two-layermodel agrees reasonably with that computed using amultilayer model.
Biases in BC concentration or snow depth often lead to nonlinear biases in BC-induced albedo reduction.

Plain Language Summary The presence of certain particles in snow darkens the snowpack by
increasing sunlight absorption, which leads to earlier snowmelt. This darkening can also affect regional
climate. In this work, we use field observational data gathered from the Northern Hemisphere (the
Arctic, China, and North America) and a physical model to quantify the impact of these particles on snow
reflectivity, and we examine the dependence of these impacts on different factors such as snow depth
and particle concentration.

1. Introduction

Over the past decade, our group and collaborators have carried out multiple large-area snow surveys in the
midlatitudes and high latitudes of the Northern Hemisphere, specifically in the Arctic [Doherty et al., 2010],
Northern China [Huang et al., 2011; Wang et al., 2013], and North America [Doherty et al., 2014; Dang and
Hegg, 2014; Doherty et al., 2016]. The objective was to quantify the concentrations of light-absorbing particles
(LAPs) in snow across these regions.

LAPs, by definition, absorb solar radiation. In contrast to light-scattering particles like sulfate aerosols, which
cool the atmosphere and surface by reflecting incoming solar radiation or increasing cloud reflectivity
[Charlson et al., 1992], LAPs in the atmosphere absorb solar radiation and heat the absorbing aerosol layer.
Depending on the vertical profile of LAPs, the imposed heating may evaporate clouds, enhance or suppress
vertical motions, and change the climate dynamics [Koch and Del Genio, 2010]. These LAPs can be removed
from the atmosphere by dry and/or wet deposition [Bond and Bergstrom, 2006]. After LAPs are deposited on
bright surfaces like snow, they reduce the albedo [Warren and Wiscombe, 1980].

One of the major LAPs in snow is black carbon (BC). BC is a unique carbonaceous aerosol that absorbs
strongly across the ultraviolet (UV) and visible wavelength bands [Bond et al., 2013]; a small amount of BC
can reduce snow albedo significantly because ice itself is almost nonabsorbing at these wavelengths
[Warren and Wiscombe, 1980]. BC results from incomplete combustion; its dominant emitters vary by
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location. Globally, about 60% of BC is emitted from energy-related combustion and the rest from biomass
burning [Bond et al., 2013]. A large fraction of BC is emitted from anthropogenic sources, and it has a high
mass-absorption coefficient. Because of this, BC is recognized as an important forcing agent in regional
and global climate. The impact of BC on snow was first highlighted by Warren and Wiscombe [1980, 1985],
and it was later incorporated into climate models by Hansen and Nazarenko [2004], who estimated the BC-
in-snow/ice radiative forcing in the Northern Hemisphere. In a recent assessment, the globally averaged
BC-in-snow effective forcing (i.e., including rapid adjustments) is estimated to be 0.1 W/m2 [Bond et al., 2013].

Besides BC, there are other types of light-absorbing particles in snow, most notably brown carbon (BrC) and
mineral dust (MD) [e.g.,Moosmüller et al., 2009; Bond et al., 2004; Kirchstetter et al., 2004]. At the regional scale,
especially in areas downwind of desert and semiarid regions, MD can dominate the light-absorption by LAPs,
for example, in Colorado [Painter et al., 2007], Inner Mongolia [Wang et al., 2013], and Japan [Aoki et al., 2006].
The so-called brown carbon (BrC) is the light-absorbing portion of primary organic carbon or secondary
organic aerosols. Primary BrC is often coemitted with BC from combustion sources or is present in soil
(humic-like substances [Dang and Hegg, 2014]), plants, and other natural noncombustion sources.
Secondary BrC is formed from the atmospheric transformation of organic species [Andreae and Gelencsér,
2006]. The contribution of BrC to snow-albedo reduction is smaller but also significant [Wang et al., 2015].
In this work, we will refer to BrC and MD as non-BC LAPs collectively.

Given the potentially significant impact of LAPs on snow albedo, many model simulations have been done to
estimate the climate forcing induced by BC in snow and some on the impact of non-BC LAPs. These model
studies either (1) prescribe fixed snow-albedo reductions across large areas in different regions [Hansen
and Nazarenko, 2004] or (2) simulate the BC deposition in snow and calculate their induced albedo reductions
[Jacobson, 2004; Flanner et al., 2007, 2009; Qian et al., 2009, 2011; Zhao et al., 2014; Namazi et al., 2015].
However, the complex nature of LAPs (diverse emission sources, chemical species, and transport scales) adds
difficulty and uncertainty to model simulations of LAP concentrations [Moosmüller et al., 2009; Bond et al.,
2013]. The aforementioned field campaigns are thus useful sources of observational data sets on light-
absorbing particles in snow across these areas.

During the field campaigns, snow samples were collected, processed, and measured using the same
techniques across all campaigns; the major outputs are snow depth, BC concentration, and fractional
absorption by non-BC LAPs. Vertical profiles of LAPs were obtained at most of these sites. The data from
these campaigns are publicly available in publications [Doherty et al., 2010; Wang et al., 2013; Doherty et al.,
2014] for scientific studies and can be downloaded from the websites http://www.atmos.washington.edu/
articles/BCArcticSnow/ and http://www.atmos.washington.edu/articles/BC_LAP_Snow_FieldData/. So far,
the major use of these data has been for model evaluations.

In the Arctic, the modeled BC in snow by Koch et al. [2009] was generally lower by a factor of 0.3–1 than that
observed by Doherty et al. [2010], while the modeled BC mixing ratio by Flanner et al. [2009] was lower in
some locations and higher in others, being different from the observations by factors of 0.6 to 3.4. These
results, as well as the results of other measurement/model comparisons in the Arctic, are summarized in
Table 21 of Bond et al. [2013]. In China, compared with the observations of Wang et al. [2013], Zhao et al.
[2014] found that Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) underesti-
mates the surface-layer BC in the clean regions but significantly overestimates it in polluted regions. In North
America, Zhang et al. [2015] pointed out that the Community Atmosphere Model version 5 (CAM 5) has a sig-
nificant low bias in the predicted mixing ratio of BC in snow. Namazi et al. [2015] simulated the BC-in-snow
mixing ratio using the Canadian Atmospheric Global Climate Model, concluding that the model agrees with
observations within an order of magnitude across the Northern Hemisphere. Almost all these validations
focused on BC, some on MD, and only one on BrC.

In general, the modeled BC agrees with observations within an order of magnitude. Constrained by the
temporal and spatial resolutions of model simulations, most of these comparisons suffer from mismatches
in time and/or locations, complicating interpretation of these comparisons [Qian et al., 2015]. Depending
on the research purpose, the impact of such uncertainty on modeling results can be either major or minor.
For model simulations aiming for a better evaluation of radiative forcing induced by LAPs in snow, compar-
ison with the measured BC concentration is just the first step. For a given BC concentration the simulated
BC-induced radiative forcing might also be affected by other factors and processes.
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First, the direct albedo reduction caused by LAPs in snow is influenced by factors other than LAP concentra-
tion, including snow depth, snow grain size and shape, cloud cover, and cloud optical depth [Warren and
Wiscombe, 1980; Aoki et al., 2011; Dang et al., 2015, 2016]. Incorrect simulation of these factors can yield errors
in snow albedo similar to or greater than the albedo reduction caused by LAPs. Model validation should
include these factors as well. Second, the impact of these factors on the direct LAP-in-snow albedo reduction
varies depending on the LAP concentration. For example, 10 ng/g BC can reduce the broadband albedo of
new snow and old snow (snow grain radius of 100 and 1000 μm) by 0.004 and 0.01, respectively; the differ-
ence in albedo reduction between these snow types for a given BC concentration is 0.006. For the same
snowpack, but with 100 ng/g BC, the difference in albedo reduction between old and new snow is much lar-
ger: 0.04 [Dang et al., 2015]. Thus, a shift in grain size does not lead to a fixed albedo reduction with different
LAP concentrations. Therefore, uncertainties in the effects of these factors need to be considered in conjunc-
tion with uncertainties in the concentrations of LAPs in snow.

Besides the direct radiative forcing, a large fraction of LAP-in-snow radiative forcing results from feedback
processes involving both snow metamorphism and atmosphere-snow interactions [Flanner et al., 2007;
Bond et al., 2013]. For example, as snow starts to melt, LAPs tend to accumulate at the surface: this further
enhances albedo reduction, accelerating snowmelt—a positive feedback process [Doherty et al., 2013].
Such feedback processes cannot be quantified by current observational data, but they are triggered by the
direct albedo reduction caused by LAPs in snow; thus, it is crucial to have an accurate estimate of the initial
direct albedo reduction in order to calculate both LAP-in-snow direct radiative forcing and adjusted radiative
forcing via feedback.

The dependence of BC-in-snow albedo reduction and radiative forcing on different factors has been studied
by climate models over different regions. For example, Flanner et al. [2007] simulated the impact of snow
aging rate, snowmelt-scavenging rate, BC optical properties, snow cover fraction, and BC emissions on BC-
in-snow albedo reduction globally and concluded that BC emissions are the largest source of uncertainty.
Qian et al. [2014] simulated the sensitivity of BC-in-snow albedo reduction to snow aging rate and
snowmelt-scavenging ratio over China and the Arctic; their simulated BC mixing ratios agree with the
observed BC within a factor of 10. He et al. [2014] examined the impact of snow grain shape and BC-in-snow
mixing state on BC-snow-radiative forcing over the Tibetan Plateau. These studies provide insightful informa-
tion toward a better simulation on BC-in-snow albedo reduction, but it is unclear if their results are impacted
by biases in the modeled BC concentration.

In this work, we aim to minimize the uncertainty associated with the mixing ratio of BC in snow by using
observational data from field campaigns to derive the direct albedo reduction caused by LAPs and BC, and
then to quantify the impact of various factors on albedo reduction. The results will also provide insight on
what factors should be considered when testing modeled direct radiative effect by LAPs in snow and what
processes must be included in models for accurate calculations of radiative forcing.

2. Data and Methods
2.1. Field Observations
2.1.1. Large-Area Field Observations of LAPs in Snow
As stated in section 1, our group and collaborators have carried out several large-area field campaigns in the
Arctic, China, and North America. The Arctic survey expanded the first survey carried out by Clarke and Noone
in 1983–1984 [Clarke and Noone, 1985] and reported the concentration of LAPs in snow from fieldwork done
in 1998 and the years 2005–2009 across a much larger region in the Arctic including the Arctic Ocean,
Greenland, Canada, and Siberia [Doherty et al., 2010]. In January and February of 2010, a similar large-area
survey was conducted to study the snow in north-central and northeastern China [Huang et al., 2011;
Wang et al., 2013]. This was the first large-area survey of LAPs in snow conducted in the midlatitude
Northern Hemisphere. The same research team then carried out a similar field campaign 2 years later to sam-
ple snow in Northwestern China [Ye et al., 2012]. In the winter of 2013, the first large-area field campaign on
LAPs in snow in North America was conducted across 13 states in the U.S. and three provinces in Canada
[Doherty et al., 2014]. In the winter of 2014, samples were collected at three fixed sampling locations in
Idaho over a period of about 2 months [Doherty et al., 2016]. In this work, we focus only on the large-area sur-
veys reported by Doherty et al. [2010] (Arctic survey), Wang et al. [2013] (north China survey), and Doherty
et al. [2014] (North America survey).
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The snow samples were mostly collected in seasons when the snowpack was near its maximum depth and
before the snow started to melt. The samples in the midlatitudes were collected in late winter and early
spring, while the samples in the Arctic were collected across multiple months in spring and summer.
Sampling locations were far from major roads and populated areas to avoid local contamination. The snow-
packs at these sampling sites generally represented the snow in surrounding areas. At each sampling site a
snow pit was dug and two vertical profiles obtained: snow samples were collected for multiple layers
depending on the snow stratigraphy. The collected snow samples were then melted and passed through fil-
ters. Filters loaded with particles from the snow were measured using a spectrophotometer to estimate the
concentration of BC and non-BC LAPs in the snow. The detailed procedures on snow collection and filtration
can be found in Doherty et al. [2010] and Doherty et al. [2014], and the description of photometer and optical
methods can be found in Grenfell et al. [2011] and Doherty et al. [2010]. In this work, we will mainly use the
following data acquired from these field expeditions:

1. Snow depth (cm)
2. Snow density (kg/m3) profile
3. CLAP (ng/g) profile: equivalent amount of BC if all light absorption by particles in snow was due to BC. This

quantity is given as Cequiv
BC in the studies cited above.

4. CBC (ng/g) profile: estimated concentration of BC in snow. This quantity is given as Cest
BC in the studies

cited above.
5. CNBC (ng/g) profile: equivalent amount of BC that would be needed to explain the absorption by non-BC

LAPs. CNBC = CLAP � CBC.

Using this optical technique, absorption by LAPs and non-BC LAPs are converted into the equivalent mass of
BC that would be needed to produce the same amount of absorption [Grenfell et al., 2011]. Therefore,
although we do not know the concentration and optical properties of non-BC LAPs, we can still derive their
impact on snow albedo as long as we know the optical properties of BC. This allows us to calculate snow
albedo reductions due to both BC and non-BC constituents, as described in section 2.3.1.

The snow depth and BC concentration in the top 5-cm snow layer at all sampling sites are shown in Figure 1.
In the Arctic and North America, snow is deeper and contains lower concentrations of BC, while in China, the
snow is shallower and contains larger concentrations of BC. In Figure 2 we show the regional variations of
these two quantities for the three regions outlined by dashed lines in Figure 1. For the Arctic, North
America, and China, the mean snow depths are 38, 26, and 14 cm, respectively, and the mean BC

Figure 1. Snow depth and black carbon concentration (top 5 cm) at sampling locations. Sites are grouped into three major
regions by dashed lines: North America (January–March 2013 [Doherty et al., 2014]), Arctic (spring and summer, 1998,
2005–2009 [Doherty et al., 2010]), and China (January–February 2010 [Wang et al., 2013]). Sampling sites in subarctic Canada
with additional snow depth data are enclosed with black solid lines [Sturm et al., 2008]. The white dots show sites where BC
concentration was indeterminate because of high dust content.
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concentrations of surface layer are 27, 29, and 760 ng/g, respectively. The range of BCmixing ratios in China is
large. As described previously, it is important to note that these snow samples were collected at the end of
snowy season of different years at different locations. If the interannual variability of snow amount and aero-
sol emissions is large at the sampling sites, the results may be unrepresentative.
2.1.2. Snow Depth Distribution in Subarctic Canada
In Figure 1, 22 snow sampling sites in subarctic Canada are grouped and boxed by a solid line. Snow samples
at these sites were collected during April of 2007 as part of a snow survey [Sturm et al., 2008]. In addition to
collecting snow samples at a given location, they also measured the snow-depth distribution in the surround-
ing area. At each sampling location, up to 600 distributed snow depths were reported [see Sturm et al., 2008,
Appendix B]. We do not have snow-depth distributions in other regions, so we will use this unique data set to
illustrate the impact of depth distribution on snow albedo, following the methods described in section 2.3.2.

2.2. Albedo Calculation
2.2.1. Single-Scattering Properties of Ice and BC
The single-scattering properties of ice and BC are calculated using Mie theory with optical constants of ice
from Warren and Brandt [2008] and optical constants of BC from Bond and Bergstrom [2006]. Following
Dang et al. [2015, 2016], the complex refractive index of BC is m = 1.95–0.79i, independent of wavelength,
and the density of BC is 1.8 g cm�3 [Bond and Bergstrom, 2006]. We assume BC has a lognormal size distribu-
tion of geometric width 1.3 and mass mean diameter 0.13 μm [Clarke et al., 1987]. The mass absorption cross
section (mass absorption efficiency) of BC is therefore 6.73 m2/g at wavelength 550 μm. We assume that the
snow grains are spherical with radii of either 100 μm or 1000 μm, which correspond to the typical effective
grain radii of new snow and old melting snow, respectively [Wiscombe andWarren, 1980]. The asymmetry fac-
tor of snow grains would be different if the grains were nonspherical. The impacts of snow grain shape on
snow albedo and the albedo reduction by BC have been examined by Dang et al. [2016]. They found that
these effects can be mimicked by using a smaller grain of spherical shape in radiative transfer calculations.
In this work, we adopt the spherical assumption because we select effective snow radii that were derived
from comparisons between radiative transfer calculations and measurements [Wiscombe and Warren, 1980;
Grenfell et al., 1994]; thus, the impact of snow grain shape on snow albedo has already been included. For
snowpacks containing BC, we assume that BC particles and ice particles are externally mixed, i.e., the
single-scattering properties of snowpacks are the cross-section-area-weighted sum of the single-scattering
properties of BC and ice separately [Dang et al., 2015].
2.2.2. Spectral Albedo
The single-scattering quantities of snow are put into a radiative transfer model to calculate the spectral
albedo, αλ, of snowpacks using the discrete ordinates method [Stamnes et al., 1988] for wavelengths of 0.2
to 4 μm. For all calculations, we use a solar zenith angle of 49.5° with a cosine of 0.65. This is the effective solar
zenith cosine for diffuse radiation under a cloud; it is close to the insolation-weighted solar zenith cosine for
the sunlit hemisphere (0.66), and it may also allow us to estimate the albedo for other solar zenith angles by
altering the effective snow grain radius [Marshall, 1989], as discussed by Dang et al. [2015].

Figure 2. Site-averaged snow depth and black carbon concentration (top 5 cm) in three regions: mean (dot), median
(bar), 25th and 75th percentiles (box), andmaximum/minimum values within ±2.7 standard deviation (whiskers). The setup
for the following box-whisker plots is the same.
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For an optically thin snowpack, the albedo of the underlying ground is also important because the ground
can absorb light that penetrates through the snowpack. The albedo of the underlying ground depends on
the location and time of year. As shown in Figure 3, in the midlatitude regions we sampled, the underlying
ground for most snow-sampling locations is short grass. In subarctic Canada and Russia, the underlying
ground is usually tundra or damp soil. In Greenland and on the Arctic Ocean, what is beneath snow is ice
sheet and sea ice, respectively. Based on the location of the snow sampling sites, we use the spectral albedo
of different surface types, as shown in Figure 4. These data were measured by different groups [Liang et al.,
2002; Brandt et al., 2005; Bøggild et al., 2010] and then extrapolated to 0.3 to 4 μm for computational use. For
each snow sampling site, we use the appropriate ground albedo for the radiative transfer calculation: China

and North America (grassland),
subarctic and arctic Canada and
Russia (damp soil), and Arctic
Ocean (first year sea ice); for
Greenland, there is no need to spe-
cify the underlying surface because
the observed snow depth on the
ice sheet is effectively semi-infinite.

Snow grain size was also estimated
visually with a magnifying glass in
many of the snow pits. However,
we do not use those grain sizes in
our calculations because our aim
is not to compute the albedo at
the exact moment of sampling.
The grain sizes we find at the sur-
face are the result of temperature
and time since snowfall and can
be altered by wind, so we do not
take them to be representative of
that location over a month or

Figure 4. Spectral albedo of grassland, soil, and sea ice. Albedo of grassland
was measured in Maryland [Liang et al., 2002, Figure 3]; albedo of damp
soil was measured on bare ground tundra of northeast Greenland [Bøggild
et al., 2010, Figure 6]; albedo of first-year sea ice was measured on the
Antarctic Ocean [Brandt et al., 2005, Figure 1]. The extrapolations of measured
albedo (plus marks) to shorter and longer wavelengths (0.3–4 μm) are
illustrated by the solid lines.

Figure 3. Surface types at snow-sampling locations (NOAHv3.3 vegetation data set, http://ldas.gsfc.nasa.gov/gldas/
GLDASvegetation.php).

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027070

DANG ET AL. EFFECT OF OBSERVED BC ON SURFACE ALBEDO 6

http://ldas.gsfc.nasa.gov/gldas/GLDASvegetation.php
http://ldas.gsfc.nasa.gov/gldas/GLDASvegetation.php


season. Instead, we perform albedo computations for two idealized snow grain sizes representing fine-
grained new snow and coarse-grained old melting snow, which effectively are bounding limits. Thus,
although the snow was sampled before melting began (snow grain size likely closer to 100 μm), we also
compute what the albedo will be at that location when the snow is melting later in the spring (snow grain
size likely closer to 1000 μm).
2.2.3. Broadband Albedo
The spectral albedo, αλ, of snowpacks is integrated over the solar spectrum (λ = 0.2 to 4 μm) and weighted by
the incoming solar irradiance S(λ) to calculate broadband albedo α.

α ¼ ∫ αλ S λð Þ dλ
∫ S λð Þ dλ

For snow sampling sites in the Arctic, we use the incoming solar spectra measured at the Arctic sea surface by
Grenfell and Perovich [2008]. This measurement covered the wavelength range of 0.35–2.5 μm and was
extended to 0.2–4 μm by use of the atmospheric model SBDART [Ricchiazzi et al., 1998] for the subarctic sum-
mer standard atmosphere. The spectra measured under cloudy sky can be matched by specifying a cloud
optical depth of 11 in SBDART. For snow sampling sites in China and North America, we use the surface solar
spectra calculated by SBDART for themidlatitude winter standard atmosphere, where the cloud optical depth
of cloudy sky is set to 20. These solar spectra are shown in Figure 5. Clear-sky albedo and cloudy-sky albedo
are calculated separately using the corresponding spectra. The all-sky albedo is the weighted average of
clear-sky albedo and cloudy-sky albedo, depending on the cloud fraction (CF, %, as shown in Figure 6).

αall sky ¼ CF � αcloudy sky þ 1� CFð Þ � αclear sky

In midlatitudes, depending on the specific location, snow starts to melt between mid-February and mid-
March, so to calculate the all-sky albedo of snowpacks in this region, we apply cloud fraction of February
for new snow (r = 100 μm) and of March for old-melting snow (r = 1000 μm). At higher latitudes, snow starts
to melt later; we therefore use the cloud fraction of March for new snow (r = 100 μm) and of April for old-
melting snow (r = 1000 μm) to calculate the all-sky albedo of snowpacks in this region. If not noted other-
wise, the albedos given in this paper are all-sky broadband albedo calculated using the cloud fraction shown
in Figure 6.

Figure 5. Incident solar spectra used for broadband albedo calculation. The spectra for Northern Hemisphere midlatitude
are calculated using atmospheric model SBDART with standard atmospheric profiles for winter. The spectra for Arctic
were measured at the Arctic Ocean in summer by Grenfell and Perovich [2008].
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2.2.4. BC-in-Snow Radiative Forcing
Direct radiative forcing by BC in snow is estimated by multiplying the derived albedo reduction by the down-
ward shortwave flux at surface. As shown in Figure 6, both solar flux and cloud fraction are acquired from the
CERES (Clouds and the Earth’s Radiant Energy System) [Wielicki et al., 1996] product “CERES SYN1deg” (https://
ceres.larc.nasa.gov/products.php?product=SYN1deg). The downloaded 3 h data are first averaged over
10 years from 2005 to 2014, then averaged over three separate regions defined in Figure 1. As was done
for the calculation of all-sky albedo, we use fluxes of different months for midlatitudes and high latitudes
as well.

2.3. Computation Scenarios

Combining observational data sets with a radiative transfer model enables us to calculate snow albedos for
different scenarios to (1) quantify the albedo reduction by light-absorbing particles and (2) explore the
impact of different factors on derived albedo reduction by BC.
2.3.1. LAPs
Using the observed snow depth and snow density profile, we can calculate the albedo of snowpacks contain-
ing different types of LAPs, specifically for the following four scenarios:

1. Pure: snow does not contain any LAPs.
2. BC: snow contains only BC, with concentration CBC.

Figure 6. (top and middle) Monthly mean downward surface shortwave flux (clear sky and all sky) and (bottom) total
cloud fraction (sum of low, middle, and high clouds during daytime) in three sampling regions. The flux and cloud
cover data are obtained from CERES (https://ceres.larc.nasa.gov/products.php?product=SYN1deg).
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3. Non-BC: snow contains only non-BC LAPs (here we use snow containing the “equivalent” BC, with concen-
tration CNBC).

4. LAPs: snow contains both BC and non-BC LAPs (we use the concentration CLAP; the albedo calculated in
this scenario reflects the true LAP composition of the sampled snowpack).

By taking the differences in snow albedo between pure snow and snow containing different LAPs, we can
derive the albedo reduction by different types of LAPs. The results are discussed in section 3.1.
2.3.2. Vertical Profiles
In the field, snow samples were collected from layers from the top to the bottom of snowpack, so we have
vertically resolved concentrations of BC and non-BC LAPs. The number of layers varies depending on snow
depth and stratigraphy; the number of layers sampled was typically 5; the maximum was 24, in Greenland.
In this work, we therefore use a multilayer radiative transfer model to compute the albedo of snowpacks with
no restriction on the number of layers. However, this may not be an option for climate models. To examine
the impact of vertical profiles on snow albedo and albedo reduction by BC, we compute the snow albedo for
the following four scenarios:

1. Multi-layer: multilayer snowpacks. Snow density and mixing ratio of LAPs are vertically resolved based on
field observations. The albedo calculated in this scenario is used as the reference calculation for the
sampled snowpacks (given the specified grain size).

2. One-layer (column-mean BC): one-layer snowpack. Snow density and mixing ratio of LAPs are the snow
mass-weighted average of the entire snowpack, based on the profiles from field observations.

3. One-layer (top 5 cm mean BC): one-layer snowpack. Snow density and mixing ratio of LAPs are the values
measured in the top 5 cm of snowpacks. For this case, the column-integrated BC mass is different from
observations.

4. Two-layer: two-layer snowpack. The top layer is 5 cm and the subsurface layer is the entire snow column
below the top 5 cm. Snow density and mixing ratio of LAPs in these two layers are the snow mass-
weighted average of samples from within the top 5 cm and lower layers, respectively.

For a specific snow-sampling site, the column-integrated snow mass and LAP mass are the same in scenarios
(1), (2), and (4). The results are discussed in section 3.2.
2.3.3. Sensitivity Tests on BC Concentration and Snow Depth
As discussed in the introduction, model-simulated BC concentrations agree with observations only to
within a factor of 10. In addition, model simulation of snow depth is also subject to large uncertainty.
For a given snow grain radius, the albedo reduction by BC is mostly determined by the amount of BC
and the snow depth (if the snow is thin). Therefore, it is important to evaluate the uncertainty/bias in
BC-in-snow albedo reduction caused by the uncertainty/bias in both BC concentration and snow depth.
For these sensitivity tests, we decrease/increase the observed BC concentration and snow depth by
dividing/multiplying by factors of 2, 5, and 10 and evaluate the changes in computed BC-in-snow albedo
reduction. If the adjusted snow depth is shallower than what was observed, we only consider the top snow
layers within the adjusted snow depth. For example, if the sample snowpack was 20 cm deep, the adjusted
snow depth is 4 cm if we divide the original depth by a factor of 5; in this case, we remove the bottom
16 cm of snow and calculate the snow albedo as if the snow were only 4 cm deep. If the adjusted snow
depth is deeper than what was observed, we extend the bottom layer to match the target depth, with
same black carbon concentration. To evaluate the maximum potential impact of BC-in-snow, we also
included one more case by setting the snow depth to 100 m (optically deep snow). The albedo calculated
in this scenario will illustrate the BC-induced snow albedo reduction if all sampling snowpacks were opti-
cally semi-infinite. For the sensitivity tests, the snow-column-integrated black carbon mass differs from the
observed values. The results are discussed in section 3.3.
2.3.4. Snow Depth Distribution
Using field data described in section 2.1.2, we will show the impact of snow-depth distribution on snow
albedo and BC-in-snow albedo reduction. At each sampling site, albedo and albedo reduction by BC is cal-
culated both for the mean snow depth and for a distribution of snow depths from the field measurements
in subarctic Canada. In our calculation, the concentrations of light-absorbing particles and the snow den-
sity are the same for each of the numerous depth-measurements made at the site. The resulting difference
in snow albedo or albedo reduction by BC is therefore due only to depth distribution. These results are
discussed in section 3.4.
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In the result section, we will derive and discuss the following quantities:

1. α: all-sky broadband albedo of snowpacks;
2. Δα: reduction of α induced by different LAPs in snow;
3. δα and δΔα: change in α or Δα if snow conditions, LAPs concentrations, or model setup change.

2.4. Calculation of Regional Data

In the Results section, we will mainly discuss the averaged results in each region or regional variation.
Generally, at each snow-sampling site, we perform radiative transfer calculations on one snowpack with
the observed profiles and then with modified profiles, depending on the scenario. For each scenario, we then
calculate the regionally averaged results by averaging across all sites within a given region. At some sites, the
concentration of non-BC particles is so high that the estimated BC concentration is no longer accurate (see
Doherty et al. [2010, Figure 16], and associated discussion); we excluded these sites when quantifying the
impact of BC on snow. For this reason, although snow samples were collected at 46 sites in China and 67 sites
in North America, the final number of snow sampling sites used in this work are 37 and 49 for these two
regions, respectively. For the Arctic, the number of snow sampling profiles used here is 209. Some of these
were snow samples collected at the same location but at different times [Doherty et al., 2010]; these samples
were considered as individual sites in the statistical analysis.

Figure 7. All-sky broadband albedo of snow derived from observational data sets for three regions. In each region, albedo is calculated for new snow (r = 100 μm)
and old-melting snow (r = 1000 μm), and for four scenarios described in section 2.3.1: (1) pure: snow does not contain any LAPs; (2) nonBC: snow contains non-BC
LAPs only; (3) BC: snow contains BC only; (4) LAPs: snow contains both BC and non-BC LAPs. Figure convention: mean (dot), median (bar), 25th and 75th
percentiles (box), and maximum/minimum values within ±2.7 standard deviation (whiskers).

Table 1. Regional Averages From Observation and Radiative Transfer Calculationsa

Arctic North America China

Snow depth (cm) 38 26 14
Black carbon BC (top 5 cm) (ng/g) 27 29 760
Black carbon BC (subsurface) (ng/g) 21 30 480

r = 100 μm
(March)

r = 1000 μm
(April)

r = 100 μm
(February)

r = 1000 μm
(March)

r = 100 μm
(February)

r = 1000 μm
(March)

Snow albedo 0.86 0.71 0.83 0.65 0.76 0.50
Albedo reduction by BC (10�4) 45 87 48 86 314 578
Albedo reduction by all LAPs (10�4) 85 153 116 196 773 1379
Cloud cover (%) 53 56 55 59 42 46
Downward shortwave flux Fsw (W m�2) 12 55 56 98 88 130
Shortwave forcing by BC (W m�2) 0.06 0.5 0.3 0.8 2.8 7.5

aThe snow albedo and albedo reduction for the all-sky case are calculated based on the monthly-averaged cloud fraction in different regions.
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3. Results
3.1. Snow Albedo and Albedo Reduction Induced by Black Carbon (BC)

Albedos of snowpacks containing different types of LAPs are shown in Figure 7, and the regional means are
given in Table 1. The regional variation of snow albedo in China is much larger than that in the Arctic and
North America. The climate-model simulations for snow albedo in China therefore should use a finer
geographical resolution.

Albedo reductions by BC, non-BC LAPs, and total LAPs are shown in Figure 8. For new snow containing BC
only, the albedo reductions caused by BC are 0.006, 0.006, and 0.052 in the Arctic, North America, and
China, respectively. For snow containing non-BC LAPs only, the albedo reduction caused by non-BC LAPs is
slightly smaller than the albedo reduction caused by BC but of the same order of magnitude. The albedo
reductions caused by all LAPs are 0.009, 0.012, and 0.077 in the Arctic, North America, and China. These values

Figure 8. Regional-averaged broadband albedo reductions (all-sky) induced by different LAPs for new snow (color-filled
bars) and for old-melting snow (extended white bars). The black, yellow, and brown bars denote the albedo reductions
by BC, non-BC LAPs, and all LAPs (BC + non-BC LAPs) compared with the albedo of pure snow. The grey bars are the sum of
albedo reductions caused by BC and non-BC separately.

Figure 9. All-sky direct albedo reduction and radiative forcing induced by BC in snow (new snow, r = 100 μm) for February
(North America and China) and March (the Arctic). The white dots show sites with indeterminate BC concentrations, and
therefore, no estimation of albedo reduction and radiative forcing are made for those sites.
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are smaller than the sum of albedo
reductions caused by BC and non-
BC LAPs separately. This is because
the penetration depth of light
decreases as the concentration of
LAPs increases, so albedo reduction
does not increase linearly with the
addition of LAPs.

There are significant amounts of non-
BC LAPs emitted from natural sources
(e.g., desert dust), and these are pre-
sent in snow regardless of human
activities, in some locations in high
concentrations. Thus, natural snow-
packs are not pure, and baseline
calculations of the albedo of non-
polluted snow for radiative forcing
calculations must account for this.
To evaluate the impact of anthropo-
genic BC on snow albedo, or to quan-
tify the radiative forcing induced by
BC, we need to study the impact of

Figure 10. All-sky direct albedo reduction and radiative forcing induced by
BC in snow in three regions. For new snow (r = 100 μm), cloud cover and
shortwave flux of February and March are used for midlatitudes and high
latitudes, respectively, while for old snow (r = 1000 μm), values of March and
April are used for midlatitudes and high latitudes, respectively. Figure
convention: mean (dot), median (bar), 25th and 75th percentiles (box), and
maximum/minimum values within ±2.7 standard deviation (whiskers).

Figure 11. Comparison of direct albedo reduction (all-sky) induced by BC calculated with three vertical resolutions: multilayer, one-layer, and two-layer snowpacks as
described in section 2.3.2, for new snow (r = 100 μm) and old snow (r = 1000 μm). Numbers shown in the bottom right of each figure are the percentage errors
and standard deviations of calculated albedo reduction if the vertical profiles of BC concentration were changed.
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BC on snowpacks that already contain natural, non-BC LAPs. If snow already contains the observed amounts
of non-BC LAPs, the albedo reductions caused by BC are 0.005, 0.005, and 0.031 in the Arctic, North America,
and China; these albedo reductions would increase by 30% if the snow did not contain non-BC LAPs. The
impacts of LAPs on snow albedo in different scenarios are much larger for old melting snow (r = 1000 μm);
this is because shortwave radiation penetrates deeper in coarse-grained snow and encounters more of the
LAPs. These regional averaged data are illustrated in Figure 8 and also listed in Table 1.

The BC-in-snow albedo reduction and direct radiative forcing are derived and shown in Figure 9 (for new
snow only) and in Figure 10. These are the forcings that apply where snow is present; the regionally averaged
forcing would need to account for fractional snow cover, which we do not consider here. Note that this for-
cing does not include any feedback, e.g., to snow grain size or snowmelt, so will be smaller than if they did
include these feedbacks, as in some previous forcing calculations [e.g., Flanner et al., 2009; Bond et al.,
2013]. In the Arctic and North America, the albedo reductions caused by BC are similar: 0.005 and 0.009 for
new snow and old snow, respectively, in both regions. Despite the similar albedo reduction, the radiative for-
cing by BC in snow in North America is much larger because the solar insolation is much larger at midlatitudes
than at high latitudes (Figure 6). The albedo reduction caused by BC in China is considerably larger than in the
other two regions: 0.03 and 0.06 for new snow and old snow. For new snow, the direct radiative forcings by
BC are 0.06, 0.3, and 3 W m�2 in the Arctic, North America, and China, respectively. For old snow, the direct
forcing is much larger: 0.5, 0.8, and 8 Wm�2, respectively. This radiative effect includes all BC measured in the
snowpack, but it is unclear whether all BC is emitted from anthropogenic sources.

3.2. Impact of Vertical Profiles on Albedo Reduction by Black Carbon (BC)

Figure 11 shows the derived BC-in-snow albedo reduction from radiative transfer calculations using the dif-
ferent vertical profiles described in section 2.3.2. The results of one-layer and two-layer models are compared
against the results of the multilayer model. The ranges of errors in albedo reduction derived from the one-
layer model with column-mean BC are the largest (Figure 11, top row). These ranges are much reduced if
we apply the BC concentration of the surface layer (top 5 cm) to the entire snow column (Figure 11, middle
row). If we use a two-layer model that accounts for BC in the lower layer, both mean errors and error ranges
are reduced to the minimum, especially for North America (Figure 11, bottom row). Despite these changes in
the vertical profiles of snowpack, the resulting albedo reductions in the Arctic are similar. In China, the high
concentrations of LAPs mean that light does not penetrate as deeply; the relative impact of BC profiles on
derived albedo reduction is therefore also smaller. In North America, the albedo reduction is more sensitive
to the profiles of BC concentrations. Overall, a correct concentration of LAPs in the top 5 cm is crucial for
determining albedo reductions for all three regions.

3.3. Sensitivity Tests

As discussed in section 3.1, the albedo reduction caused by BC is smaller if the baseline snowpack contains
non-BC LAPs than if the baseline snowpack is clean. There are other factors that also influence BC-in-snow
albedo reduction. In Figure 12, we show the relative changes in albedo reduction for different snow condi-
tions, cloud cover, and for a range of BC concentrations and snow depths. Absolute changes in albedo reduc-
tion are summarized in Table 2. The percentages discussed in this section are absolute changes of albedo
reduction induced by BC (blue-shaded columns in Table 2).

We first consider the case of new snow with observed BC concentrations (Figure 12a). If the snowpack is opti-
cally thick and does not contains non-BC LAPs in addition to the BC (x-label case “deep, BC only”), the albedo
reduction by BC increases in all three regions by a factor of 2 for new snow (and by a factor of 3–6 for old
melting snow) relative to the case where the observed snow depth is used. Similarly, the albedo reduction
by BC also increases if snow depth is optically thick (x-label case “deep”) or if the snow depth is as-observed
but does not contain non-BC LAPs (x-label case “BC only”). In the Arctic and North America, if the new snow
were optically thick, the albedo reduction induced by BC would increase by 20–50%. If non-BC LAPs were not
present in the snowpack, the albedo reduction induced by BC would increase by ~30% in the Arctic and
North America and by 70% in China. The relative change is larger for old snow than for new snow in all
three regions.

The spectral solar irradiance under cloudy sky is richer in visible wavelengths because clouds filter out the
near-IR wavelengths. The broadband albedo reduction caused by BC is therefore larger under cloudy sky

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027070

DANG ET AL. EFFECT OF OBSERVED BC ON SURFACE ALBEDO 13



(x-label case “cloudy”) than under clear sky (x-label case “clear”). However, compared with the impact of
accounting for non-BC LAPs and snow depth, the impact of accounting for cloud cover on albedo
reduction is much smaller. The differences in the albedo reduction induced by BC under clear sky and
under cloudy sky are within 10–20% (Table 2).

As shown in Figure 12b, a low bias in BC concentration will lead to a proportional decrease in albedo reduc-
tion induced by BC; for example, if the BC concentration is reduced by a factor of 10, the albedo reduction
induced by BC will be reduced by approximately a factor of 10 in China, North America, and the Arctic. In con-
trast, the albedo reduction induced by BC does not increase linearly with the increase of BC concentration. A
factor of 10 increases in BC concentration leads to a factor of 4–7 increases in albedo reduction. Compared to
North America and the Arctic, the relative increase in albedo reduction is smaller in China given the same
relative increase in BC concentration, because snow in China already contains large amounts of BC.

Similarly, biases in snow depth will not yield proportional biases in albedo reduction. If the BC concentration
is high or the snow grain size is small, a thin layer of snowpack could be optically thick (semi-infinite)—on
average a photon cannot pass through the medium without being absorbed or reflected. In this case,
although the increase of snow depth will increase the total optical depth of snowpack, it does not affect
BC-in-snow albedo reduction since the snow was already optically thick enough. However, reducing snow
depth may reduce the total optical depth enough that the snowpack is no longer semi-infinite—more
photons could travel through the snowpack and escape without being absorbed or penetrate through the
snowpack. Therefore, as illustrated in Figure 12b, for new snow, if the snow depth is decreased by a factor
of 10, the albedo reduction induced by BC is decreased by only a factor of 4, 5, and 2 for the Arctic, North
America, and China, respectively; if the snow depth is increased by a factor of 10, the albedo reduction
induced by BC is increased by only a factor of 1.1 and 1.3 for the Arctic and North America, and almost no

Figure 12. Relative change in BC-in-snow albedo reduction (left axis, ΔαST/Δα) resulting from varying different parameters in the cases of new snow (r = 100 μm) and
old snow (r = 1000 μm). The values of Δα (right axes) and ΔαST used in this calculation are BC-in-snow albedo reductions calculated with observed data (snowpacks
containing both BC and non-BC LAPs with observed snow depth) and using adjusted parameters, respectively. (a) One or more conditions are altered as labeled
on the x axis. From left to right, these are (1) deep snow, BC only: increasing snow depth to optically thick and removing non-BC LAPs; (2) deep snow: optically thick
snow; (3) BC only: removing non-BC LAPs such that snow contains only BC; (4) clear sky; and (5) cloudy sky. In the center and right panels, the BC concentration
and snow depth are scaled by factors of 0.1, 0.2, 0.5, 2, 5, and 10 for models that (b) include non-BC LAPs or (c) do not include non-BC LAPs.
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increase in China. For old snow, the change in albedo reduction is more sensitive to the change of snow
depth because the optical depth of old melting snow is smaller for the same snow thickness.

If the albedo calculation does not include non-BC LAPs, as illustrated in Figure 12c, the change in albedo
reduction induced by BC is disproportional to the changes of BC concentration, because the removal of
non-BC LAPs increases the BC-in-snow albedo reduction even if there is no increase of BC concentrations
(Figure 12, case BC only). An increase of snow depth or BC concentration yields a much larger change in
the albedo reduction, and the regional differences are smaller. It is important to note that even if we reduce
the snow depth for China to 50% of the observed values, the derived albedo reduction by BC still increases by
40% for new snow and 6% for old snow relative to the case where the snowpack contains non-BC LAPs. This is
because the concentrations of non-BC LAPs in snow are so high in China that the removal of non-BC LAPs
greatly increases albedo reduction by BC, which compensates for the drop of albedo reduction due to
shallower snowpacks.

3.4. Snow Depth Distribution

For the 22 sites in subarctic Canada, the mean and distributed snow depths are shown in Figure 13 (top). The
mean snow depths are in the range 20 to 50 cm for all but three sites. If snow albedos were calculated using

Table 2. Relative Change (δΔα/Δα, Where δΔα = ΔαST� Δα, Blue Shading), and Absolute Change (δΔα, 10�4) in Albedo Reductions Induced by BC (All-Sky, Regional
Mean) for Cases With Different Snow Depths (SD), Cloud Cover, and Concentrations of BC and Non-BC LAPs, for New Snow (r = 100 μm) and Old Snow (r = 1000 μm)

Arctic North America China

r = 100 μm
(March)

r = 1000 μm
(April)

r = 100 μm
(February)

r = 1000 μm
(March)

r = 100 μm
(February)

r = 1000 μm
(March)

Deep snow, BC only 28 0.91 123 2.54 37 1.47 168 5.68 280 1.05 920 2.23

Deep snow 4 0.19 51 1.17 6 0.52 75 2.99 5 0.03 130 0.38

BC only 13 0.32 10 0.11 14 0.29 9 0.07 208 0.7 301 0.51

Clear sky �4 �0.09 �8 �0.1 �4 �0.08 �7 �0.09 �16 �0.05 �37 �0.06

Cloudy sky 3 0.08 6 0.07 3 0.07 5 0.06 22 0.07 44 0.08

Snow containing both BC
and non-BC LAPs

BC × 0.1 �40 �0.89 �77 �0.9 �42 �0.89 �77 �0.9 �274 �0.88 �505 �0.88

0.2 �34 �0.78 �68 �0.79 �37 �0.78 �68 �0.79 �237 �0.76 �437 �0.77

0.5 �20 �0.47 �41 �0.49 �22 �0.47 �42 �0.49 �138 �0.45 �253 �0.46

2 35 0.82 74 0.92 38 0.82 77 0.92 221 0.75 389 0.75

5 115 2.83 255 3.35 125 2.77 272 3.36 682 2.39 1123 2.33

10 215 5.43 486 6.75 235 5.3 526 6.72 1185 4.28 1799 4.01

SD × 0.1 �31 �0.73 �73 �0.85 �37 �0.8 �77 �0.91 �160 �0.57 �457 �0.82

0.2 �21 �0.53 �60 �0.71 �27 �0.63 �66 �0.8 �85 �0.33 �343 �0.65

0.5 �7 �0.2 �30 �0.38 �11 �0.27 �37 �0.47 �20 �0.08 �140 �0.3

2 3 0.11 27 0.44 4 0.15 38 0.59 5 0.02 89 0.23

5 4 0.17 45 0.89 6 0.28 66 1.23 5 0.03 127 0.37

10 4 0.18 49 1.07 6 0.37 71 1.6 5 0.03 130 0.38

Snow containing BC only BC × 0.1 �37 �0.83 �76 �0.88 �39 �0.84 �76 �0.89 �215 �0.7 �448 �0.79

0.2 �30 �0.67 �65 �0.77 �32 �0.69 �66 �0.78 �143 �0.48 �334 �0.61

0.5 �12 �0.26 �36 �0.43 �13 �0.28 �37 �0.45 16 0.05 �52 �0.13

2 52 1.29 90 1.11 58 1.23 92 1.05 483 1.66 799 1.48

5 138 3.51 280 3.7 154 3.37 299 3.61 1008 3.57 1663 3.36

10 241 6.3 519 7.26 269 6.02 565 7.09 1549 5.63 2412 5.23

SD × 0.1 �30 �0.72 �73 �0.85 �36 �0.8 �77 �0.91 �139 �0.51 �445 �0.8

0.2 �19 �0.5 �59 �0.71 �26 �0.61 �66 �0.8 �21 �0.16 �301 �0.58

0.5 0 �0.05 �27 �0.35 �4 �0.15 �35 �0.45 129 0.37 13 �0.06

2 21 0.6 51 0.72 27 0.62 65 0.84 252 0.9 571 1.14

5 26 0.81 93 1.54 34 0.9 125 1.9 273 1.01 800 1.78

10 27 0.88 111 2.01 36 1.06 149 2.57 278 1.03 875 2.04
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site-mean snow depth, we could overestimate both snow albedo and albedo reduction by BC, as shown in
the bottom panel of Figure 13. The mean albedos of snowpacks with distributed depths are smaller by
0.0005 and 0.0040 for new snow and old snow; the mean albedo reduction is also smaller by 5 × 10�5 and
0.0002 for new snow and old snow. However, these changes are much smaller than the albedo reduction
by BC in the Arctic region: 0.0045 for new snow and 0.0087 for old snow. We conclude that for mean snow
depths >20 cm, it is adequate for radiative computations to use the mean snow depths without
consideration of the local depth-distribution.

4. Discussions and Summary

In this paper, we derived the direct albedo reduction induced by BC and non-BC LAPs in snow based on large-
area field observations. We also investigated the impact of different snow conditions, LAP concentrations,
and model setups on derived BC-in-snow albedo reductions. Comparisons of these quantities across three
sampling regions are also highlighted.

Depending on the snow grain size, the direct albedo reductions caused by BC in the Arctic, North America,
and China are 0.005, 0.005, and 0.031 for new snow and 0.01, 0.01, and 0.06 for old snow. These values
can be used for future model simulations to constrain the direct albedo reduction induced by BC.

Figure 13. (top) Snow depth distribution measured at 22 sites in subarctic Canada (region outlined by black box in
Figure 1). (bottom) Differences in snow albedo (α) and albedo reduction induced by BC (Δα) between values derived
from a snowpack with mean depth (αmsd) and mean values derived from snowpacks with distributed depths (αpdf). Values
in parentheses are site-averaged data.
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Correspondingly in the Arctic, North America, and China, the direct forcing by BC is 0.06, 0.3, and 3 W m�2

for new snow and 0.5, 0.8, and 7.5 W m�2 for old snow during the winter-spring transition. These forcings do
not account for rapid adjustments (feedback). It is important to note that the direct radiative forcing induced
by BC will be amplified through feedback processes that involve both the snow and atmosphere [Bond et al.,
2013, Figure 29]. These feedbacks are overwhelmingly positive, so the total effective radiative forcing
induced by BC will be larger than the direct forcing estimated in this work.

To estimate the radiative forcing induced by BC in snow, it is important for model simulations to include non-
BC LAPs as well. We find that non-BC LAPs are responsible for at least 50% of LAP-in-snow albedo reductions
in our study regions (Table 1). The presence of non-BC LAPs in snow also reduces the amount of albedo
reduction induced by BC. Simulations without non-BC LAPs in snow will therefore overestimate the albedo
reduction by BC, especially in China (Figure 12 and Table 2). However, because some of the non-BC LAPs
are emitted from anthropogenic sources, it is unclear whether the total direct forcing by anthropogenic
LAPs in snow is overestimated.

Another factor that models should consider is snow depth. As shown in Figure 12, albedo reduction by
BC increases by a factor of 1 to 3 if the snow is deeper than that measured a factor of 10; correspond-
ingly, the impact of BC is smaller if snow depth is smaller than we measured at these sites. Regional-
averaged BC-in-snow albedo reduction is less sensitive to the change of snow depth in China than in
North America and the Arctic, since the BC concentration in China is higher (i.e., snowpacks are more
likely to be optically thick). For regions with shallower snowpack and lower BC concentration, accurate
representation of snow-covered fraction and snow depth distribution are especially important for calcula-
tions of regional forcing. In this work, we showed that the impact of snow-depth distribution on snow
albedo and albedo reduction by BC at 22 sites in subarctic Canada was small. However, the snow is deep
in this region. The impact of depth distribution might be larger in midlatitude regions where snow
is shallower.

As stated in section 1, most studies testing modeled radiative forcing by BC in snow have focused on the
simulated BC concentration in the surface snow layer. Those studies have shown that modeled BC con-
centrations can differ from observed concentrations by up to an order of magnitude. This error in BC con-
centration could yield a large error in derived albedo reduction by BC due to two reasons. First, the
albedo reduction by BC is almost linear in BC concentration for the typical BC amounts we find
(Figure 12). For example, doubling the amount of BC in snow would double the BC-in-snow albedo reduc-
tion for new snow in all three regions; such a change in BC-in-snow albedo reduction is larger if model
simulations do not consider non-BC LAPs. Second, even if the modeled BC concentrations in the top layer
agree with observations, the computed albedo reduction could be erroneous. At almost all sampling sites,
the top layer (5 cm) is not optically thick enough to hide the impact of the lower snowpack or the ground
below (Figure 11).

Based on this work, our suggestions for future field observations and model testing regarding BC-in-snow
albedo reduction are summarized as follows:

1. In addition to measuring BC, field observations on LAPs in snow should also measure non-BC LAPs (i.e.,
BrC and MD). Ideally, both the mass and absorption properties of these constituents should be measured.

2. Measurements of snow depth distributions are needed, for both midlatitudes and the Arctic. Ideally,
repeated snow depth distribution should be measured during both snow seasons and melting seasons
to capture its temporal variation.

3. For long-term observations of LAPs in snow at fixed locations, if it is not feasible to repeatedly sample the
entire snowpack in layers (e.g., according to the snow stratigraphy), at a minimum the surface snow (top
5 cm) and the bulk snow below should each be sampled.

4. It is important for radiative transfer models to include non-BC LAPs in snow.
5. Testing for accurate model simulations of snow depth (as well as snow depth distributions, if the snow is

thin) is crucial to model estimates of forcing by BC/LAPs in snow.
6. If radiative transfer calculations assume a homogenous snowpack, mean concentrations of BC in the

surface snow layer (5 cm) should be used as the proxy data to evaluate the model performance on BC-
induced direct albedo reduction and forcing, rather than the mean concentrations of BC in the entire
snow column.
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By utilizing field observations, we were able to run our sensitivity studies using appropriate snow LAP con-
centrations and snow depths for the studied regions. Other sources of uncertainty in the snow albedo calcu-
lations were not observationally constrained. First, we had observed snow depth distributions and fractions
for only one subregion—subarctic Canada. During our fieldwork snow sampling sites were selected to repre-
sent the snow conditions in the surrounding area, but we cannot quantify how representative the chosen site
truly was. Second, we do not have repeated measurements at all sites to quantify the temporal variation of
LAP concentration and snow conditions. The radiative forcing estimated in this work should be considered
an estimate of the direct radiative forcing over snow at the beginning of melting season, before melt has
commenced; it will not reflect that mean forcing through entire melting season. Further, we usedmean cloud
fractions (10 year climatology of 2005–2014) to estimate the all-sky radiative forcing; we have not quantified
the uncertainty in forcing due to variations in cloud optical depth and cloud fraction. The last sources of
uncertainties are associated with the radiative transfer calculation. If the size and density of ambient BC
are different from our assumptions, the BC-induced albedo reductionmight also be different. We also assume
that LAPs and snow grains are mixed externally, while for natural snowpack, especially duringmelting season,
LAPs are more likely to mixed internally with snow grains; in the latter case, the BC-in-snow forcing may
increase substantially [Liou et al., 2014; He et al., 2014]. Snow grains in natural snowpacks are also not sphe-
rical, but we assumed spherical grains for the radiative transfer calculations. This could be a source of uncer-
tainty if the effective snow grain radius were selected based on field measurements of grain size [Dang et al.,
2016]; in our work, the effective snow grain radii for new snow (100 μm) and old snow (1000 μm) were picked
based on matching radiative transfer calculations to measurements of snow albedo. Since they were then
used in radiative transfer calculations, the snow grain size and shape is not a major source of uncertainty.
It is important to note that the ambient snowpack grain sizes are determined by the atmospheric and snow
conditions during and after snowfall and will vary within a snowpack. Here we opted to present results for the
bounding cases of snow grain sizes typical of new snow and old snow throughout the whole snowpack.
Lastly, we estimated the BC-in-snow radiative forcing without excluding BC emitted from non-anthropogenic
sources. This assumption is not valid in nature [Hegg et al., 2009; Zhang et al., 2013, 2015]. The forcing values
reported in this work should be considered as the maximum amount of BC-in-snow forcing given the
observed snow conditions. Research works aiming at quantifying the radiative forcing of LAPs in snow should
also include the impact of non-BC LAPs that are emitted from anthropogenic sources, which we do not
address in this paper.
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