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Snow albedo and its sensitivity to changes in
deposited light-absorbing particles estimated from
ambient temperature and snow depth observations
at a high-altitude site in the Himalaya

Johan Ström1, Jonas Svensson2,3,*, Henri Honkanen4, Eija Asmi2, Nathaniel B. Dkhar5,
Shresth Tayal6,7, Ved P. Sharma6,7, Rakesh Hooda2, Outi Meinander2,
Matti Leppäranta4, Hans-Werner Jacobi3, Heikki Lihavainen2,8, and Antti Hyvärinen2

Snow darkening by deposited light-absorbing particles (LAP) accelerates snowmelt and shifts the snow melt-
out date (MOD). Here, we present a simple approach to estimate the snow albedo variability due to LAP
deposition and test this method with data for 2 seasons (February–May 2016 and December 2016–June
2017) at a high-altitude valley site in the Central Himalayas, India. We derive a parameterization for the
snow albedo that only depends on the daily observations of average ambient temperature and change in snow
depth, as well as an assumed average concentration of LAP in snow precipitation. Linear regression between
observed and parameterized albedo for the base case assuming an equivalent elemental carbon concentration
½ECeq� of 100 ng g–1 in snow precipitation yields a slope of 0.75 and a Pearson correlation coefficient r2 of
0.76. However, comparing the integrated amount of shortwave radiation absorbed during the winter season
using observed albedo versus base case albedo resulted in rather small differences of 11% and 4% at the end
of Seasons 1 and 2, respectively.The enhanced energy absorbed due to LAP at the end of the 2 seasons for the
base case scenario (assuming an ½ECeq� of 100 ng g–1 in snow precipitation) was 40% and 36% compared to
pristine snow. A numerical evaluation with different assumed ½ECeq� in snow precipitation suggests that the
relative sensitivity of snow albedo to changes in ½ECeq� remains rather constant for the 2 seasons. Doubling
½ECeq� augments the absorption by less than 20%, highlighting that the impact on a MOD is small even for
a doubling of average LAP in snow precipitation.
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1. Introduction
The seasonal snow in the Himalayas is an integral compo-
nent of the regional hydrological cycle, with the timing of
the melting phase being crucial for the supply of water

resources and with growing importance at increasing alti-
tudes (e.g., Armstrong et al., 2019; Mimeau et al., 2019).
Moreover, replacing a bright snow surface with a darker
soil surface drastically changes the radiative balance,
affecting the local climate. The albedo of snow has a key
role in the energy balance of the snowpack and is one of
the main regulators of snowmelt (Cuffey and Paterson,
2010). Strongly dependent on the microphysical proper-
ties of snow (e.g., snow liquid water content, grain size,
and shape; Aoki et al., 2003), the albedo is also affected by
the presence of light-absorbing particles (LAP; Warren and
Wiscombe, 1980). Light-absorbing carbonaceous particles
are part of LAP that can be transported from distant
source regions before being deposited to snow. Originat-
ing mostly from anthropogenic emissions, black carbon
and brown carbon (BC, BrC) are associated with the com-
bustion of biomass and fossil fuels, although natural wild-
fires can also be a significant source of BC and BrC in Asia.
Another important LAP in Himalayan snow is mineral
dust (MD), with nearby natural emissions sources. Deter-
mining the partitioning of these LAP constituents in
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Himalayan snow is of particular interest with regard to
a potential human influence on the regional climate and
hydrological cycle.

Snow darkening by BC in the Himalayas has been
reported to vary regionally, seasonally, and with altitude
in observations (e.g., Gertler et al., 2016; Li et al., 2018).
This has also been reported in simulations, which further
reported that the snow albedo reductions and surface
radiative effects mainly accompany the BC content (He
et al., 2018). Additionally, the authors present BC-
induced radiative effects in the range of 0.7–58.4 W m–2

for the Tibetan Plateau. The other main LAP constituent,
MD, was recently identified as the dominating light
absorber in the snow above 4,000 m altitude for high-
mountain Asia (Sarangi et al., 2020). In contrast, Schmale
et al. (2017) and Li et al. (2018) reported BC as the main
particle absorber in measurements of glacier snow sam-
ples from Kyrgyzstan, Central Asia, and the Zhadang gla-
cier in the Tibetan Plateau, respectively. In terms of snow
cover duration, BC and MD have been found to decrease it
by 1 to 10 days for different snow water equivalents (SWE)
and shortwave radiation scenarios (Jacobi et al., 2015;
Zhang et al., 2018).

In recent years, different sophisticated modeling tools
have been developed in order to account for many of the
complex interactions between LAPs and snow (e.g., Jacobi
et al., 2015; Tuzet et al., 2017; Skiles and Painter, 2019;
Tuzet et al., 2020; Niwano et al., 2021). These models are
very complex and commonly require extensive data sets to
force the models (including detailed meteorological data)
and to validate the results (including frequent temporal
snow pit observations). Complex environments with high
spatial variability, limited access, and convoluted series of
events, such as precipitation and melt, strongly limit the
access to comprehensive data sets in high-altitude regions
that can be used to drive such models. Typically, the mod-
els are validated by reproducing the observed conditions
such as albedo and snow depth (SD). This is followed by
removing or adding perturbations to LAP in snow and the
net results are compared.

Here, we study if simplifying the complex description
of the evolution of surface snow albedo by making some
key assumptions and parameterize processes using proxy
variables delivers useful results. We focus on the observed
ambient temperature, variation in daily SD (effectively the
derivative), and an assumed constant LAP concentration in
snow precipitation as key parameters. Especially in remote
areas, under harsh conditions with limited possibilities for
measurements, our simplified approach to emulate sur-
face snow albedo may be an option to estimate local
radiative forcing due to LAP. Moreover, we used this sim-
plified approach to explore the relation between LAP in
precipitating snow and seasonally integrated absorbed
short wave radiation. The observations used in this study
include 2 seasons of automatic weather station (AWS) data
from the Sunderdhunga valley at about 4,700 m altitude
in Central Himalaya. Fundamental for the approach is also
the previously characterized LAP deposition in glacier
snow from the same valley (Svensson et al., 2021). To
calculate the albedo reduction originating from the LAP

in snow, we utilize the parametric relation by Pedersen
et al. (2015). Their formulation is spectrally dependent
on 2 parameters: (1) the ECeq concentration (referring
to an operationally defined elemental carbon [EC] as proxy
for BC, and where eq represents the equivalent absorption
including BC and other light-absorbing non-BC constitu-
ents) in the surface snow and (2) the equivalent radii, re, of
the snow grains. With neither of these parameters directly
measured at our site in the Sunderdhunga valley, they are
here derived from other available observations and
assumptions.

This study is presented in 2 main sections. The meth-
odology and derivation of the parametric model are
described in Section 2 (summarized in a flow chart in
Figure S1), while the results and comparison with obser-
vations are presented in Section 3. The methodology sec-
tion is further subdivided by presenting the key
observations, procedure for calculating LAP concentration
in the surface snow, snow grain size, surface snow albedo,
as well as the influence from ground albedo on the snow
albedo. The result section presents both the observed and
parameterized surface snow albedo. These are used to
calculate the seasonally integrated absorbed short wave
energy and the results are compared and discussed.
Finally, the sensitivity to the seasonally absorbed short
wave radiation through changes in LAP is explored.

2. Methods
2.1. Observations

2.1.1. Automatic weather station

The AWS observations are from the immediate vicinity
(approximately 100 m) of the glacier ablation zone of
Durga Kot glacier in the Sunderdhunga valley, northern
India (30� 12058.300 N, 79� 51032.400 E, 4,700 masl), further
described by Svensson et al. (2018; 2021). Two seasonal
snow cover periods are utilized here (indicated by arrows
in Figure 1), lasting between February 6, 2016, and May
22, 2016 (Season 1), and between December 24, 2016, and
June 1, 2017 (Season 2). The AWS is equipped with instru-
mentation for air temperature (Ta), relative humidity
(HC2S3-L Temperature and relative humidity probe man-
ufactured by Rotronic, with 41303-5A radiation shield),
upward and downward broadband short waves (SWu, SWd)
and longwave radiation (LWu, LWd) (CNR4 Four-
component net radiometer manufactured by Kipp &
Zonen), SD (Campbell Scientific SR50A-L Ultrasonic
Distance Sensor), wind speed (U), and wind direction
(05103-L Wind monitor manufactured by R. M. Young).
Data were logged every 10 min and screened for incon-
sistencies, which may arise, for example, from snow cov-
ering the sensors. Subsequently, the data were averaged
over each day. To reduce the influence from noise and
better capture representative values, the daily median
values were used for albedo and SD instead of averages.
The time series of albedo and SD covering the entire mea-
suring period from September 22, 2015, to October 31,
2017, are presented in Figure 1. The AWS data are pre-
sented as time series in Figure S2.

Precipitation was not directly measured but was esti-
mated using the method described in Svensson et al.

Art. 10(1) page 2 of 15 Ström et al: Mimicking snow albedo at a high-altitude site in the Himalaya
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/00118/716484/elem

enta.2021.00118.pdf by guest on 13 June 2022



(2021) yielding an estimate of the amount of precipitation
in mm SWE. The positive changes in SD (SDþ) were inte-
grated over Seasons 1 and 2, and the density of the new
snow was assumed to be 100 kg m–3 (Helfricht et al.,
2018). The estimated total precipitation for Season 1 and
Season 2 were 290 and 460 mm, respectively. As the snow
cover appears and disappears over a season, the integrated
decreases in SD,

P
ðSD�Þ, will be equal to

P
ðSDþÞ, but

with opposite sign.

2.1.2. Deposition of LAP

A central component of the approach presented here are
the original LAP observations reported in Svensson et al.
(2021). The authors showed that LAP in young snow
(interpreted as snow from the current winter season; here
denoted as snow precipitation), sampled at Durga Kot and
the neighboring Bhanolti glacier at a distance about 1–2
km southwest from the AWS at about 5,000 m altitude,
can be described by a characteristic constant wet deposi-
tion of EC. The numeric value was about 50 mg m–2 mm–1.
This is the same as if each gram of precipitating water
contains 50 ng of EC (or ppb) resulting in a total wet
deposition of 14,500 mg m–2 and 23,000 mg m–2 at the
end of Seasons 1 and 2, respectively.

For both winter seasons, the dry deposition of EC likely
contributed small amounts to the overall deposition of EC
as proposed in Svensson et al. (2021). Using a dry deposi-
tion velocity of BC of 0.3 mm s–1 (Emerson et al., 2018)
and an atmospheric concentration of 0.3 mg m–3, reported
at the Nepal Pyramid station during the premonsoon
(Bonasoni et al., 2010), the estimated dry deposition
corresponds to approximately 850 and approximately
1250 mg m–2 EC for Seasons 1 and 2, respectively. A com-
parison with the EC wet deposition suggests that EC dry
deposition is on the order of only 5%–6% of the total EC
deposition. Therefore, we conclude that wet deposition

dominates removal of EC from the atmosphere and the
deposition at the location during the analyzed periods,
which represent the main precipitation periods of the year
for this site.

Svensson et al. (2021) also concluded that light absorp-
tion by MD was typically equal to EC. Light absorption by
organic carbon (OC) was not determined in their study.
Although in some areas with strong algae growth, OC may
reduce the albedo significantly (e.g., Onuma et al., 2020).
Based on the results reported by Svensson et al. (2021), we
formulate a base case scenario, where the deposition of
equivalent EC (ECeq) is taken as 2 times the value for EC to
include the contribution from MD. Hence, the numerical
LAP value for our base case is 100 ng g–1 in precipitating
snow considering only BC and MD.

2.2. Deriving estimated values for LAP

concentration and snow grain effective radii

The dependent variable in the formulation by Pedersen et
al. (2015) is the product between LAP0.5 (LAP expressed as
the equivalent EC concentrations at the snow surface) and
the snow grain size, re (cf. Equation 9). As these 2 variables
are not specifically observed during our study, they must
be derived instead. In Section 2.2.1, we introduce the first
simplification in our approach to arrive at a LAP surface
concentration, and in the following Section 2.2.2, we
introduce the second important simplification with
respect to re.

2.2.1. Estimating LAP surface concentration

The first important variable of two in the formulation by
Pedersen et al. (2015) is the LAP concentration in the
surface snow layer. This introduces the first simplification
in our approach, where it is assumed that as snow melts,
LAP from the melted snow accumulates over a character-
istic depth (d) in the surface layer. Although there are
reports that suggests that LAP percolates through
the snow during the intense melting phase (e.g., Sterle
et al., 2013; Lazarcik et al., 2016), the majority of the
literature describe a surface accumulation throughout
the snow season (e.g., Flanner et al., 2007; Xu et al.,
2012; Doherty et al., 2013; Svensson et al., 2016). We will
return to the numeric value of d in Section 2.5 below. Our
second assumption is that as snow accumulates, LAP con-
centration is given by the average concentration in snow
precipitation. For our base case, this is 100 mg ECeq m–2

per mm–1 or 100 ng g–1, based on Svensson et al. (2021) cf.
Section 2.1.2. Since direct measurements of precipitation
or snowmelt are not available at our study site, we have
used the observed change in SD as proxy for this
(described above in Section 2.1.1). The surface concentra-
tion of LAP over depth layer d for a seasonal snow cover is
therefore given by the 2 assumptions stated above; that
LAP from melted snow accumulates in a surface layer and
that LAP concentration in snow precipitation is constant.
Thus, in the first case, for an increasing SD (SDþ), the
surface concentration is simply equal to an average snow
precipitation concentration of LAP according to,

½ECeq�surf n¼½ECeq�sp; ð1Þ
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Figure 1. Measured daily median albedo and snow
depth from September 22, 2015, to October 31,
2017. The 2 periods with a seasonal snow cover
analyzed in this article are indicated with the black
double arrow lines. DOI: https://doi.org/10.1525/
elementa.2021.000118.f1
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where ½ECeq�surf is the snow surface concentration, n is the
number of the day into the snow season, and ½ECeq�sp is
the average snow precipitation concentration. In the sec-
ond case, for a decreasing SD (SD–), the accumulated depo-
sition of LAP is equal to cumulative decrease in SD since
the start of the seasonal snow cover multiplied by ½ECeq�sp.
This amount is assumed to be distributed over d at the
surface. This is expressed as,

½ECeq�surf n¼
½ECeq �spdþ

Pn

i¼1
SD�i

ρfs
ρw
½ECeq �sp

� ��
d ; ð2Þ

where i is the number of the days since the start of the
seasonal snow cover, SD�i is the absolute decrease in SD
(mm per day) for day i, d is the characteristic depth of the
surface layer (mm, SWE), ρfs and ρw are the density of fresh
snow (100 kg m–3; Helfricht et al., 2018) and liquid water
(1,000 kg m–3), respectively. In the third case, when the SD
did not change from one day to another, the LAP content
was set equal to the concentration of the previous day.
Overall, these instances were few for both seasons.

The temporal evolution of ½ECeq�surfwas controlled by
the measured changes in SD, while its absolute value
changed with the selection of ½ECeq�sp and d. As stated
previously, our base case value for ½ECeq�spis adopted from
measurements by Svensson et al. (2021), but the value of
d was semi-empirically adjusted as described in Section
2.5. As a result of this adjustment (in Section 2.5) a value
of 4 mm was obtained and used in Equation 2. This is
comparable to an average change in SD per day. The tem-
poral evolution of ½ECeq�surf for the 2 seasonal snow cover
periods, based on Equations 1 and 2 with d ¼ 4 mm and
½ECeq�sp¼ 100 ng g�1, is depicted in Figure 2a and b. As
can be seen in Figure 2, the estimated ECeq concentration
reach many thousands of nanograms per gram toward the
end of the seasons because of the accumulation of EC in

the surface layer. The dips in the concentrations corre-
spond to episodes when the SD is increasing.

Note, that due to the trivial design of Equations 1 and
2, the vertical information concerning the where in the
snowpack the LAP layer exist is not considered. This leads
to the fluctuations in concentration, as seen in Figure 2a
and b, to be over emphasized. Situations where this par-
ticularly influence the result is during a melt period that
was preceded with a previous extensive melt and build-up
of significant amounts of snow precipitation in between.
During such periods, the concentration of LAP in the top
layer will be overestimated.

2.2.2. Estimating snow grain effective radii, re
The second important variable in the formulation by Ped-
ersen et al. (2015) is the snow grain effective radius since
the albedo is very sensitive to the microphysical properties
of the snow. For snow, the albedo decreases as the size of
the grains increases (Warren and Wiscombe, 1980). Typi-
cally, snow grains undergo metamorphosis and become
larger as snow ages and as the season progresses the
albedo of snow decreases (e.g., Aoki et al., 2003). Several
studies have used different approaches, including the tem-
perature, to capture the metamorphism of snow and its
effect on the albedo (e.g., Meinander et al., 2013, and
references therein). Parameterizations used to match
observations may for instance involve variations of
summed daily maximum air temperatures since the last
snow fall to capture the metamorphism of the snow over
time (e.g., Winter, 1993; Brock et al., 2000). In numerous
large-scale models such as CAM 3.0 (Collins et al., 2004),
ECHAM5 (Roeckner et al., 2003; Roesch and Roeckner,
2006), or the ECWMF model (ECWMF, 2010) the snow
albedo is linked with temperature either linearly or
exponentially.
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Figure 2. The estimated surface concentration of equivalent elemental carbon ½ECeq�surf based on Equations 1
and 2, applying the observed changes in snow depth and assuming the surface concentration of equivalent
elemental carbon ½ECeq�sp of 100 ng g–1 and the parameter d of 4 mm for Season 1 (a) and Season 2 (b). The
drops in surface concentration correspond to snow precipitation events. DOI: https://doi.org/10.1525/
elementa.2021.000118.f2
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In this study, we will use the temperature as proxy for
the grain size in surface snow and relate this to the most
pristine snow. This is achieved by organizing all the albedo
data as function of temperature in 1� bins (not only the 2
seasonal snow cover periods). We will explore the data
using both the air temperature, Ta, and the black body
temperature of the surface, Ts, which is given by the Ste-
fan–Boltzmann law according to,

Ts ¼
ffiffiffiffiffiffiffiffiffiffi
LWu

es
4

r
; ð3Þ

where LWu is the broad band long-wave radiated energy to
the atmosphere (W m–2), s ¼ 5.67�10�8 (W m–2K–4), and
e is the emissivity. For simplicity, unity is used for e.

For each temperature bin, the maximum observed
albedo is identified. The rational is that this condition
represents the most pristine snow conditions observed for
each temperature bin (i.e., with minimum influence from
LAP). Each albedo value can be expressed as the specific
surface area (SSA) of the surface snow using the paramet-
ric relation by Gardner and Sharp (2010) according to,

ap ¼ 1:48� ð10�SSAÞ�0:07; ð4Þ

where ap is the albedo of pristine snow and SSA is given in
(m2 kg–1). Liquid water in snow may influence the albedo
indirectly by enhancing re from filling the voids between
the snow crystals during strong melt (Colbeck, 1979). This
effect is not considered in our simplified approach. Scat-
terplots of log(SSA) as function of Ta and Ts are presented
in Figure 3a and b, respectively.

The data in Figure 3 present a consistent picture of
decreasing maximum observed albedo (expressed as SSA)
as function of temperature over a large temperature
range. At low temperatures (below about Ta ¼ –15 and

Ts ¼ –19), data deviates from the regression curve. How-
ever, only a limited number of measurements are available
in this temperature range. At the other end of the tem-
perature range, the obvious impact of strong snowmelt
can be seen in the drop in albedo (expressed as SSA) at
positive air temperatures and near zero for the surface
temperature. To arrive at a useful relation between SSA
and temperature, fitting of data were performed between
–15.5 and þ4.5 for air temperature and –19.5 and 1.5 for
the surface temperature. The fact that surface temperature
is above 0 can be explained by the assumed emissivity
alone. The resulting fitted expressions are as follows:

logðSSAÞ ¼ �3:51 � 10�3T 2
a � 0:15Ta þ 1:06; ð5Þ

logðSSAÞ ¼ �7:18 � 10�3T 2
s � 0:22Ts þ 0:69; ð6Þ

and Ta and Ts are given in �C.
These simple relations between SSA and temperature

do not include the age of snow, which is used in several
parameterizations (e.g., Adolph et al., 2016; Mimeau et al.,
2019). That is, the information on the number of days
since last snow fall is not part of the equation. Therefore,
Equations 5 and 6 will result in the same SSA for a given
temperature even if the snow fell at an earlier date at
a different temperature. The systematic decrease in SSA
with increasing temperature indicates that snow falling at
a given temperature will adjust SSA as temperature
increases. This corresponds to the growth of the snow
grains. However, since our relations are based on maxi-
mum SSA values in each temperature bin, it is possible
that some memory effects cause an overestimation of the
SSA in a situation when the temperature increase after
snow fall. In a similar way, decreasing temperatures would
bias SSA toward lower values. With increasing amount of

Figure 3. The parameterized specific surface area (log[SSA]) using Equation 4 as function of (a) air
temperature and (b) the black body surface temperature. The gray dots are daily median values for all
available data, including snow free summer conditions (note difference in x axis scale between graphs). Black
squares are the maximum values in each 1� temperature bin. The solid black lines are fitted second degree
polynomials to the maximum values. The 95% confidence range are marked with the red shaded areas. The
histograms show the number of data points available in each temperature bin. The fitting was performed in
the ranges –15.5�C to þ4.5�C and –19.5�C to 1.5�C for the Seasons 1 and 2, respectively. DOI: https://doi.org/
10.1525/elementa.2021.000118.f3
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data in each temperature bin, the probability for masking
such low bias is increasing. The drop in SSA seen at cold
temperatures could be related to such conditions. The
snow carries the memory of a lower SSA representative
of warmer temperature. Due to the lack of data, this event
will represent the maximum SSA values at cold tempera-
tures. Overall, the diagnosed SSA based on the tempera-
ture in Equations 5 and 6 can be considered upper
estimates. The sensitivity is, however, less than one might
expect. As shown in Table S1, the effect from reducing SSA
by 50% will cause a relative change in the estimated
albedo of just below 10%.

The final step in deriving re is to estimate it from the
ratio between volume and area of the grains according to,

re ¼
3

riSSA
; ð7Þ

where ri is the density of ice (910 kg m–3) and SSA is the
specific surface area of snow (m2 kg–1). Since SSA is related
to temperature through Equations 5 and 6, re is also diag-
nosed by the temperature. The resulting temporal evolu-
tion of diagnosed re for the 2 seasons are shown in Figure
4a and b. As can be seen from Figure 4, re ranges from
about 10 to 1,000 mm, generally increasing with time.
This numerical exercise cannot be validated using our
data set, but the resulting numerical values agree with
previous studies (e.g., Painter et al., 2007; Adolph et al.,
2016; Skiles and Painter, 2017) showing also similar sea-
sonal trends.

2.3. Estimating the albedo reduction by LAP

The subsequent step is to estimate the albedo reduction
based on ½ECeq�surf and re, derived in Sections 2.2.1 and
2.2.2. As mentioned above, we have chosen the empirical
relation by Pedersen et al. (2015), which has the general
form

yl ¼ A� B xC ; ð8Þ

where yl is the spectrally dependent albedo reduction of
pristine snow from the LAP expressed as ECeq, l is the
wavelength, and A, B, and C are wavelength dependent
constants provided for completeness in Supplement Table
S2. The variable x is

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ECeq�surf

q
re; ð9Þ

where ½ECeq�surf is given in ng g–1 and re is given in mm.
This parameterization is designed for ECeq concentrations
between 1 and 400 ng g–1, but Svensson et al. (2016) has
shown that it can be used with reasonable agreement also
at significantly higher concentrations. Hence, the param-
eterization will also be used outside its original intended
range in LAP.

The spectrally dependent yl, from Equation 8, is further
weighted over the solar spectrum between 400 and
900 nm using table 1 of Hulstrom et al. (1985) to achieve
the broad band scaling factor yb. The albedo of the snow
containing LAP was then estimated by scaling ap from
Equation 4 with yb,

a ¼ apyb: ð10Þ

This does not consider the influence from the under-
laying surface that potentially becomes progressively
larger as the SD decreases. This behavior is further elabo-
rated in the subsequent section.

2.4. Estimating the influence from ground albedo on

measurements and adjusting characteristics depth

parameter d

As outlined in Section 2.2.1, the parameter d is important
in scaling the surface concentration of ECeq. Our approach
to find the most suitable value for d is to change its value
in an attempt to minimize the difference between the
observed albedo (aobs) and the derived albedo from Equa-
tion 10. The difference is expressed as the sum of
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Figure 4. The estimated snow grain effective radii based on air temperature (black lines) and surface
temperature (red lines) using Equations 5–7 for Season 1 (a) and Season 2 (b). DOI: https://doi.org/
10.1525/elementa.2021.000118.f4
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ðaobs � aÞ2. The differences were calculated using different
choices of d and the 2 temperatures Ta and Ts, respectively.

However, the influence from the underlaying surface
on the total snow albedo must first be considered. For
a thin snow layer, the absorption at ground will lower
the overall albedo, and at some point the snow will
become patchy, with rocks starting to protrude through
the surface of the snow resulting in a lower average albedo
over the footprint of the sensor. To investigate this effect,P
ðaobs � aÞ2 is plotted as a function of SD, where a is

estimated using d ¼ 4 mm, and both data sets using
Equations 5 and 6 (Ta or Ts) are combined. The data are
presented in Figure 5, where

P
ðaobs � aÞ2 is presented

using an arbitrary unit.
At SDs greater than about 50 cm, the deviations remain

relatively small in Figure 5. At SDs less than about 20 cm,
there is an apparent increase in the deviations with
decreasing SD. Based on these results, only data for SD
> 55 cm are used to determine the best value for the
parameter d. The value of 55 cm is chosen to safely
exclude any influence from the ground surface or rocks
and to exclude the outliers around 50 cm visible in
Figure 5. It is larger than the value of 30 cm used, for
example, by Reveillet et al. (2021) to define snow cover in
their modeling study.

Using the subset of the data for SD > 55 cm,P
ðaobs � aÞ2 is calculated for different values of d. The

result is presented in Figure 6, where an arbitrary unit is
used for the deviations.

As d increases from 0.5 to 4 mm, the deviations clearly
decrease and the agreement between observed and
derived albedo improves. From a minimum value around
4 mm, the deviations gradually increase, which indicates
that the agreement becomes less satisfactory. Hence, a
d value of 4 mm was selected since it results in the smal-
lest deviation between observed and estimated albedo.
This parameter can be viewed as a numerical fix to other

shortcomings in the assumptions made above, but a phys-
ical interpretation of d is that it represents some e-folding
thickness of the surface layer, where LAP accumulates and
interacts with radiation. Since d is expressed as mm SWE,
the actual geometric thickness will depend on snow den-
sity. In its physical sense, d is not a constant but depends
on the optical properties of the surface snow as well. For
instance, a more transparent snow will allow the light to
penetrate deeper for the same amount of SWE. This
dependence is included to some extent in Equation 9,
where it is shown that the absorption efficiency by LAP
is scaled with the grain size. In a more detailed model
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Figure 5. Dots are the squared differences between observed albedo and the estimated albedo for both
seasons using snow depth (SD) changes and the air temperature (a), or surface temperature (b), as
variables. For these calculations, a characteristic depth of surface snow (d) value of 4 mm was used. The red line
in each subplot is the weighting factor between a and ag as a function of snow depth wag, see text for details.
DOI: https://doi.org/10.1525/elementa.2021.000118.f5
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framework (e.g., Niwano et al., 2021), where the LAP has
a more realistic vertical distribution in the snowpack, the
estimated top layer and its LAP concentration will be less
than what is assumed here. Likewise, such a framework
would also have a different d, and is likely to be greater
than 4 mm to fully encompass the optically active surface
snow layers. In the interest of keeping our approach sim-
ple, the vertical information of LAP is not maintained.

To accommodate the obvious influence from the
ground albedo (ag ) for small SD, a simple mixing rule was
introduced. The snow free ground albedo, ag, taken as 0.17
(based on observed albedo of bare ground before and after
the snow seasons, Figure 1), is weighted with a using
a factor wag ¼ f ðSDÞ. SD is given in cm. This function gives
a weight of one at SD ¼ 0 cm and decreases toward zero
as SD increases. The functional dependence of f(SD) is
1= 1þ SD2

5

� �
and presented in Figure 5. As will be evident

below (cf., Figure 7), the influence from ag to the total
albedo is only important at the very start and toward the
end of the seasons. As this weighting function only serves

to blend the transition between the snow albedo and ag at
small SD, no particular effort to adjust this model or moti-
vate its shape was performed. The final estimated albedo
including the influence from the ground albedo is calcu-
lated as

albedo ¼ að1� wag Þ þ ag wag : ð11Þ

3. Comparison between observations and
derived albedo and absorbed solar energy
3.1. Observed versus parameterized albedo

The time series of observed albedo are compared to dif-
ferent parameterized albedos for each season and tem-
perature relation (Equations 5 and 6) in Figure 7a–d. In
each figure, the observed albedo is compared with the
pristine snow albedo (ap, based on Equations 4 and 5
or 6), and the estimated snow albedo containing LAP
with and without the effect from the ground albedo
(Equations 10 and 11).
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As expected, ap (depicted by red line) is generally
higher than the observed albedo (black line). There are
a few occasions where the observed albedo exceeds ap,
and the reason is apparent from Figure 3, where about
half of the maximum data points are above the fitted line.
When calculating ap using either Ta or Ts, it is noticeable
that the results are very similar, although not identical.
Nevertheless, ap does capture the observed seasonal
albedo progression well, decreasing from about 0.9 in the
beginning of the seasons to about 0.75 toward the end of
the seasons. Effectively, this is very similar to albedo mod-
els based on temperature and number of days since last
snow fall such as proposed by Adolph et al. (2016). The
Pearson correlation, r2, between the observed albedo and
ap (only derived from temperature in this study via Equa-
tions 4, 5, and 6) is 0.5, which is comparable to the 0.52
reported by Adolph et al. (2016) that includes the snow
fall information.

Taking LAP into account (green line, Figure 7), for the
base case of ½ECeq�sp ¼ 100 ng g–1 and d ¼ 4 mm, the
agreement between observed and derived albedo
improves. The difference between pristine albedo (the
red line) and the estimated albedo excluding ground
albedo effect (the green line, mostly covered by the blue
line) represents the albedo reduction due to LAP. The
difference between the green and blue lines represents
the effect from ground albedo. This difference increases
over time with intermittent recoveries (smaller differ-
ences) as associated with new snow events. The modeled
and observed albedo agree better by considering the
influence by the ground albedo (blue line, which is vis-
ible especially at either end of the seasons as intended
with Equation 11. However, there are also periods during
the seasons where the snow albedo is reduced signifi-
cantly only due to accumulated LAP on the surface. These
periods are visible from the relatively large difference
between red and blue lines, without contribution from
the underlaying ground albedo (green line). In April, the
albedo can be as low as ca. 0.4, from the combined effect
of snow grain size and LAP. The selection of the temper-
ature between ambient (Ta) and (Ts) does not impact the
final result (Figure 7a vs. 7b and Figure 7c vs. 7d).
Using Ta, however, results in spurious occasions of low
albedo not supported by observations. These occasions
were linked to episodes of warm air temperatures exag-
gerating the diagnosed re.

Scatter plots of the parameterized and observed albedo
are presented in Figure 8, including linear regressions. As
already evident in Figure 7, using either Ta or Ts give very
similar results. The regressions coefficients are 0.75 and
0.76, the intercepts are 0.19 and 0.20, and the Pearson
correlations, r2, are 0.76 and 0.79 for air and surface tem-
peratures, respectively. Hence, using Ts as the proxy for the
pristine albedo and re, result in only a marginally closer
agreement to the observed albedos. The 2 seasons
together represent almost 9 months of daily albedo data
parameterized using only temperature and changes in SD
as the time dependent variables. The regression slopes
suggest a bias overestimating the lower values, which
probably is related to the remaining influence from

ground albedo of 0.17. It is worth noting that the data
points are not distributed evenly over the domain from
about 0.2 to 0.9, and that there is a seasonal trend in
albedo. Therefore, the regression analysis offers a limited
perspective, and it is more interesting to compare the
integrated solar energy absorbed at the end of the season
based on the observed albedo and for different LAP sce-
narios. This is presented in Section 3.2.

3.2.The relation between LAP, albedo, and absorbed

solar energy

The analysis above shows that much of the variability in
snow albedo for a seasonal snow cover can be reproduced
based on a few assumptions and using only 2 observed
parameters, temperature and SD. These albedo variations
are significant due to their impact on the total absorbed
incoming short wave radiation at the end of the season. To
quantify this impact, the integrated absorbed solar energy
was compared for the observed albedo in a range of
½ECeq�spvalues. Despite the fact that Ts gave slightly better
agreement between the observed and estimated albedos,
we will use only Ta as our temperature variable in the
subsequent analysis. This is because the 2 data sets
are very similar, but also because Ta is a more basic vari-
able and readily available, compared to the black body
temperature. The results are presented in Figure 9 a–b,
as cumulative plots, and the ratio and absolute difference
between the observations and estimated albedo using our
base case scenario. At the end of the seasons, the base case
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Figure 8. Scatterplot showing the relation between
estimated and observed albedo for both seasons
combined. Black dots show the estimated values
using air temperature as proxy for re. Red dots show
data for values using the surface temperature as proxy
for re. The fitted lines, depicted in corresponding colors,
have slopes of 0.75 and 0.76, and intercepts of 0.19 and
0.20, respectively. The Pearson correlations, r2, are 0.76
and 0.79 for air and surface temperature, respectively.
Estimated albedo was calculated for average snow
precipitation concentration of ½ECeq�sp ¼ 100 ng g�1:
DOI: https://doi.org/10.1525/elementa.2021.000118.f8
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integrated energy agrees within 11% for Season 1 and 4%
for Season 2. For both seasons, the ratios lag behind from
the start, but in the second half of the seasons, the ratios
have recovered to be about 10% from the observed values.
This suggests that the absorbed energy is generally under-
estimated at the start of the seasons, which is essentially
compensated for by generally overestimating the absorp-
tion during the later part of the seasons.

From the different ½ECeq�spscenarios in Figure 9, it is
evident that the integrated SW radiation is rather insensi-
tive to variations in LAP in the beginning of the seasons.
This suggests that our overestimation of the albedo is
linked to parametric relations in Equations 4 and 5 and
the microphysical properties of pristine snow, as discussed
in Section 2.3. The reason for underestimating the albedo
can of course be related to the choice of ½ECeq�sp and value
of d, but also that the parametric relation by Pedersen et
al. (2015) is extrapolated to large LAP surface
concentrations.

Despite systematic and partly compensating effects, the
overall agreement between the cumulative absorbed SW
energy and our base case scenario agrees well, as seen in
Figure 9. We conclude from this that using an average
LAP concentration in snow precipitation and the simple
surface aggregation based on SD changes, the key features

in the temporal evolution of surface snow albedo are cap-
tured. By comparing different LAP concentrations to
½ECeq�sp ¼ 0, the enhancement in integrated absorbed
SW radiation can be calculated as a function of ½ECeq�sp.
Integrated energies were calculated for 0, 0.1, 0.3, 1, 3, 10,
100, and 300 ng g–1. This comparison is presented in
Figure 10 indicating how much more energy is absorbed
as function of ½ECeq�spcompared to ½ECeq�sp ¼ 0. Despite
different duration (106 vs. 159 days) and precipitation
amounts (290 vs. 460 mm), the 2 seasons present the
same relative enhancement for a given ½ECeq�sp. For our
base case example of 100 ng g–1, both seasons show an
extra absorption of solar energy of 40% and 36%,
respectively.

The fitted expressions to this data (in Figure 10), y ¼
0:128½ECeq�sp

0:249 for Season 1 and y ¼ 0:114½ECeq�sp
0:249 for

Season 2, provide another important insight with respect
to the sensitivity of absorbed energy due to changes in
LAP. If the LAP content is changed by a factor of 2, the
extra energy absorbed by the snow is changed by a factor
of 2b, where b is the exponent from the fitted expressions.
For both seasons this is around 20%. In the following
Section 3.3, we illustrate the implication of this result
on the duration of a melt period using a numerical
example.
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Figure 9. Upper panels present the cumulative absorbed short wave (SW) radiation based on the observed
albedo and estimates using different light-absorbing particles (LAP) concentrations in snow precipitation
for Seasons 1 (a) and 2 (b). The base case is depicted by the red line. Lower panels present the ratio (thicker line)
between the observations (thick black line in upper panel) and the base case (red line in upper panel), as well as the
cumulative difference (thinner line) between observations and base case for the respective seasons. DOI: https://
doi.org/10.1525/elementa.2021.000118.f9
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3.3. Doubling the average LAP concentration in snow

precipitation: Implications using a numerical example

All of the accumulated absorbed SW radiation energy is not
available to melt snow since a fraction of the energy is
radiated back to the atmosphere as long wave thermal
radiation, and a fraction is exchanged through latent and
sensible heat fluxes (partly compensating each other). How-
ever, if one assumes that processes that redistributes this
absorbed energy, not used to ablate snow, can be approxi-
mated by proportionality, then the melt rate will be pro-
portional to the changes in energy flux. For instance, due to
a lowering of the albedo as consequence of LAP deposited
in surface snow. Hence, as a first approximation, if one unit
of energy is required to melt a given amount of snow in one
day, double the amount of energy available will melt the
same amount of snow in half the time.

For this example, we picked a melt period of 30 days
for snow unaffected by LAP. The normalized amount of
absorbed SW radiation required to arrive at 30 days is
unity. This example may represent many different condi-
tions, such as different geographical locations and amount
of snow. Hence, without the influence of LAP, the melt
period is simply 30 days divided by 1.

To include the effect from LAP, we use the results from
the base case scenario, using an average snow precipita-
tion ECeq concentration of 100 ng g–1. The accumulated
absorbed SW radiation relative enhancement over the sea-
sons were 40% and 36%, respectively. For the numerical
example, we chose a value of 38% which is in between the
2 observed values. Assuming proportionality as described
above, the length of the melt period including the effect
from LAP is given by

Length of melt period ¼ 30
ð1þ 0:38Þ ; ð12Þ

which is 21.7 days. The effect from including LAP (corre-
sponding to our base case) therefore leads to a reduction
in the melt period of just above 8 days.

The final step is to change the average concentration of
LAP by a factor of 2 and calculate the change in the length
of the melt period. From Figure 9, the curve fittings
provided the same relation for the 2 seasons, namely,
a factor 2b, where b ¼ 0.246. That means that each
change in LAP by a factor of 2, corresponds to a change
in the relative absorbed amount of SW energy by 18.8%.
The length of the melt period doubling the base case
concentration is given by,

Length of melt period ¼ 30
ð1þ 0:38 � 1:19Þ ; ð13Þ

which is 20.7 days. The effect from doubling LAP (corre-
sponding to our base case) leads to an additional reduc-
tion of merely 1 day.

Although the melt-out date (MOD) can be shifted sig-
nificantly due to LAP, it is rather insensitive to relatively
large changes in the average deposition. This is because
already small LAP concentrations significantly affect the
albedo. According to Figure 10, a LAP concentration of as
little as 1 ng g–1 can potentially change the absorbed SW
radiation by about 10%, which is the effect from the accu-
mulation at the surface during melt (cf. Figure 9). On the
other hand, but for the same reason, larger LAP concen-
trations will saturate, which is given by the square root
dependence in Equation 9. Figure 10 represents the
increased energy due to the reduction in albedo over the
whole season including the surface enhancement of LAP
during melt. Higher concentration will of course lead to
earlier MOD, but the sensitivity decreases with increased
averaged LAP concentration in snow precipitation.

4. Summary and conclusion
A simple method to estimate changes in snow surface
albedo was presented and compared to observations con-
ducted during 2 seasons at a high-altitude site in Central
Himalaya, India. The approach is based on key assump-
tions about the constant wet deposition of LAP, diagnosed
temperature dependent snow grain size, and the albedo
reduction due to ECeq following the parameterization by
Pedersen et al. (2015). It is assumed that EC and MD have
an equal contribution to the LAP in terms of absorption
based on the observations in Svensson et al. (2021) and
that the increase in LAP concentration in surface snow is
a function of the constant concentration in snow precip-
itation multiplied by the reduction in SD. The latter rela-
tion mimics the aggregation of LAP in the surface layer as
snow ablates. The effective radii of the snow grains re were
estimated based on the fitted relationship between
albedo, SSA, and re. The AWS data were grouped into 1�

temperature bins and a function between air temperature
and the maximum observed albedo (expressed as
log(SSA)) for each bin was fitted. The derived LAP concen-
tration in surface snow expressed as ECeq and the diag-
nosed re are the final variables used as inputs to
parameterize the albedo reduction due to LAP. To
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Figure 10. Relative enhancement of absorbed short
wave (SW) as function of ECeq concentration in
snow precipitation for Season 1 (black) and
Season 2 (red). The solid lines represent fitted power
relations mentioned in the text. DOI: https://doi.org/
10.1525/elementa.2021.000118.f10
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diagnose re, the black body surface temperature was tested
as an alternative parameter to estimate re, but it only
marginally improved the agreement between observed
and estimated albedo. Hence, the only time-dependent
variables that are required to estimate snow surface
albedo in our simplified model is air temperature and
the SD.

In our base case simulation, we used an estimated ECeq
¼ 100 ng g–1 in snow precipitation. Comparison of the
observed daily median albedo and the parameterized
albedo using the base case yielded a linear regression
slope of 0.75 and a Person correlation coefficient, r2 ¼
0.76, using air temperature as proxy for re. However, com-
paring the integrated amount of SW radiation absorbed
over the season using observed albedo versus base case
albedo resulted in rather small differences of 11% and 4%
at the end of Season 1 and 2, respectively.

The variability in albedo is essentially captured and
reproduced over the 2 seasons tested even with the sim-
plistic approach described in this study. Encouraged by
these results, the enhanced absorbed SW radiation at the
end of the seasons were investigated using a range of
constant LAP concentration in snow precipitation from
0 to 300 ng g–1. The calculated absorbed SW energy as
function of LAP concentration was compared to pristine
snow, ½ECeq�sp¼ 0. The fitted fractional short wave
enhancements by LAP were very similar for the 2 seasons.
For Season 1, we obtained a parametrization for the
enhancement y ¼ 0:128½ECeq�sp

0:249and for Season 2
y ¼ 0:114½ECeq�sp

0:249. The power law exponent indicates
that any given proportional change in ½ECeq�sp will result
in the same proportional change in enhanced SW for dif-
ferent absolute values of ½ECeq�sp >0. Hence, a factor of 2
changes in ½ECeq�sp will change the enhanced absorbed
SW at the end of the season by 20.249 ¼ 1.188, or about
19%. This led to the conclusion that the changes in the
absorbed SW radiation are not so sensitive to even rela-
tively large changes in average LAP deposition. However,
the influence by LAP is visible already at low concentra-
tions. A factor of 100 less LAP would still lead to the
absorption of about one third of the additionally absorbed
energy due to the presence of LAP. Note that as long as the
absorbing constituent is expressed as ECeq, the results do
not depend on what the LAP is composed of. A doubling
will lead to the same absorbed extra energy. However, it
also requires that the constituent follows the simple rule
of staying near the surface layer as the snow ablates, which
is probably not the case if the LAP is water soluble.

The motivation of this work has been to simplify the
complex evolution of snow albedo with the influence of
LAP specifically, and it has proven to deliver useful
insights. Future work could possibly be improved by main-
taining the vertical distribution of LAP in a more realistic
manner throughout the snowpack. The basis for this work
is the assumption that deposition of LAP can be described
by a constant mixing ratio in snow precipitation, but EC
and MD may be either wet or dry deposited separately and
in variable amounts (e.g., as plumes). Preliminary investi-
gations (out of scope of this study) using the same frame-
work as presented in this study were conducted using

variable deposition of EC and MD. Instead of a constant
value, deposition was based on a combination of assumed
probability functions separately for EC and MD. The results
suggest that, as long as the total amount of LAP deposited
during the season remains the same, the final amount of
accumulated extra energy is not significantly dependent
on the details about the timing of the deposition. This can
be one contributing circumstance that explains why our
simple approach perform relatively well compared to
observations for both seasons. However, this topic requires
a dedicated study. Further, the work could be extended to
answer the question: What is the contribution to the num-
ber of days with snowmelt from a given change of LAP in
the seasonal snow for the study region? Finally, clearly this
simple approach performed well in estimating the snow
surface albedo for 2 seasons at one location, using a min-
imum of input data. It would be of great interest to
improve our approach and to test it for other geographical
areas, as well as over longer timescales.
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Jacobi, H-W, Lim, S, Ménégoz, M, Ginot, P, Laj, P, Bona-
soni, P, Stocchi, P, Marinoni, A, Arnaud, Y. 2015.
Black carbon in snow in the upper Himalayan
Khumbu Valley, Nepal: Observations and modeling
of the impact on snow albedo, melting, and radia-
tive forcing. The Cryosphere 9: 1685–1699. DOI:
https://dx.doi.org/10.5194/tc-9-1685-2015.

Lazarcik, J, Dibb, JE, Adolph, AC, Amante, JM, Wake,
CP, Scheuer, E, Mineau, MM, Albert, MR. 2017.
Major fraction of black carbon is flushed from the
melting New Hampshire snowpack nearly as quickly
as soluble impurities. Journal of Geophysical

Ström et al: Mimicking snow albedo at a high-altitude site in the Himalaya Art. 10(1) page 13 of 15
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/00118/716484/elem

enta.2021.00118.pdf by guest on 13 June 2022

https://dx.doi.org/10.1002/2016JD025362
https://dx.doi.org/10.1002/2016JD025362
https://dx.doi.org/10.1029/2003JD003506
https://dx.doi.org/10.1029/2003JD003506
https://dx.doi.org/10.1007/s10113-018-1429-0
https://dx.doi.org/10.1007/s10113-018-1429-0
https://dx.doi.org/10.5194/acp-10-7515-2010
https://dx.doi.org/10.5194/acp-10-7515-2010
https://dx.doi.org/10.1016/0021-9797(79)90340-0
https://dx.doi.org/10.1016/0021-9797(79)90340-0
http://www.cesm.ucar.edu/models/atmcam/docs/description/node35.html
http://www.cesm.ucar.edu/models/atmcam/docs/description/node35.html
https://dx.doi.org/10.1002/jgrd.50235
http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-05.htm
http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-08-05.htm
https://dx.doi.org/10.1029/2018JD028954
https://dx.doi.org/10.1029/2018JD028954
https://dx.doi.org/10.1029/2006JD008003
https://dx.doi.org/10.1029/2006JD008003
https://dx.doi.org/10.1029/2009JF001444
https://dx.doi.org/10.1029/2009JF001444
https://dx.doi.org/10.1016/j.atmosenv.2015.08.078
https://dx.doi.org/10.1016/j.atmosenv.2015.08.078
https://dx.doi.org/10.5194/acp-18-11507-2018
https://dx.doi.org/10.5194/acp-18-11507-2018
https://dx.doi.org/10.5194/hess-22-2655-2018
https://dx.doi.org/10.5194/hess-22-2655-2018
https://dx.doi.org/10.5194/tc-9-1685-2015


Research: Atmospheres 122: 537–553. DOI: https://
dx.doi.org/10.1002/2016JD025351.

Li, X, Kang, S, Zhang, G, Que, B, Tripatheea, L, Paudyal,
R, Jing, Z, Zhang, Y,Yan, F, Li, G, Cui, X, Xu, R, Hu,
Z, Li, C. 2018. Light-absorbing impurities in a south-
ern Tibetan Plateau glacier: Variations and potential
impact on snow albedo and radiative forcing. Atmo-
spheric Research 200: 77–87. DOI: https://dx.doi.
org/10.1016/j.atmosres.2017.10.002.

Meinander, O, Kazadzis, S, Arola, A, Riihelä, A, Räisä-
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