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Abstract: Snow-covered regions are the main source of reflection of incident shortwave radiation on
the Earth’s surface. The deposition of light-absorbing particles on these regions increases the capacity
of snow to absorb radiation and decreases surface snow albedo, which intensifies the radiative forcing,
leading to accelerated snowmelt and modifications of the hydrologic cycle. In this work, the changes
in surface snow albedo and radiative forcing were investigated, induced by light-absorbing particles
in the Upper Aconcagua River Basin (Chilean Central Andes) using remote sensing satellite data
(MODIS), in situ spectral snow albedo measurements, and the incident shortwave radiation during
the austral winter months (May to August) for the 20042016 period. To estimate the changes in
snow albedo and radiative forcing, two spectral ranges were defined: (i) an enclosed range between
841 and 876 nm, which isolates the effects of black carbon, an important light-absorbing particle
derived from anthropogenic activities, and (ii) a broadband range between 300 and 2500 nm. The
results indicate that percent variations in snow albedo in the enclosed range are higher than in the
broadband range, regardless of the total amount of radiation received, which may be attributed to
the presence of light-absorbing particles, as these particles have a greater impact on surface snow
albedo at wavelengths in the enclosed band than in the broadband band.

Keywords: snow surface albedo; radiative forcing; light-absorbing particles in snow; remote sensing;
black carbon; Chilean Central Andes Mountains

1. Introduction

Uncontaminated snow surfaces are among the whitest surfaces on Earth and have one
of highest broadband albedos in the solar spectrum range [1]. Surface snow albedo (SSA) is
a fundamental factor for the reflection of incident shortwave radiation (ISR) in the global
snow—atmosphere budget system [2-5]. In the visible (VIS) and near-infrared (NIR) spectral
ranges (<1 um), SSA is strongly influenced by the presence of light-absorbing particles
(LAPs), whereas for wavelengths above 1 um, the variability of SSA is mainly controlled
by the grain size of snow crystals [6,7]. The deposition of LAPs in snow darkens the
surface of the snowpack, decreasing the reflection of ISR and the albedo [8-10]. Moreover,
grain metamorphism is accelerated in the presence of LAPs, through a process that is
typically referred to as the snow grain size feedback [11,12], which results in a higher ISR-
absorbing capacity [13,14]. The deposition of LAPs increases radiative forcing (RF) with the
potential to accelerate snowmelt and disturb the hydrologic cycle [15], also contributing
to regional warming [16]. Consequently, and with the concern of climate change effects,
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understanding the impact on SSA becomes critical to formulating mitigation strategies for
snow-dominated basins.

Several studies have documented the reduction in SSA due to LAPs such as black carbon,
brown carbon, and mineral dust and the effects on local hydrological processes [12,13,17-19].
Black carbon (BC), also known as soot [20], is an aerosol generated from the incomplete
combustion of fossil fuels, biofuels, and biomass [11,21]. In Asia, BC emissions were
found to be a significant precursor of glacier melting in the Himalayas [19], the Tibetan
Plateau [22], and regions in Northern China [23]. Brown carbon (BrC) is an organic carbon
(OC) fraction, primarily emitted by the incomplete combustion of biomass or by the
oxidation of anthropogenic and biogenic gaseous precursors [24]. The effect of BrC is
comparable to the snow darkening effect of black carbon, ranging from around half to
the same darkening of snow surfaces as soot [25]. Mineral dust is transported to snow-
covered areas from arid regions or from anthropogenic sources like opencast mining and the
construction industry [26,27]. Events in past years have highlighted the urgency of studying
these phenomena in the context of climate change adaptation. Heavy dust loads deposited
onto snow surface in the Upper Colorado River Basin [28] or in the European Alps [29]
have accelerated snow melt-out, shifting the timing of peak snow-melt-driven runoff and
increasing evapotranspiration as vegetation is early exposed. These have consequently
altered the basins” hydrological responses. Further, given the relation between climate shifts
and natural disasters in high mountain basins [30], these areas are particularly sensitive to
disruptions in snowpack dynamics and, therefore, should be closely monitored.

Research along the Chilean central Andes has primarily focused on the reduction
of snow albedo by BC [27,31,32]. Since obtaining field measurements in high mountain
environments is a difficult task, studies have mainly included point measurements of SSA
that do not account for the spatial variability of the complex climatic and topographic con-
ditions of the Chilean Andes [33,34]. The lack of knowledge of the spatial variability of SSA
and the distribution of LAPs over the Andes renders albedo estimations for hydrological
modelling to empirical parameters, which increases uncertainties in runoff predictions and
does not consider the environmental impacts driven by the deposition of these particles. In
this context, remote sensing tools emerge as a valuable tool as they provide data at high
spatio-temporal resolution for monitoring snow-covered regions at high elevations [35],
offering promising opportunities to improve the assessment, observation, and modeling of
snow processes [1,36,37].

This study aims to evaluate changes in RF associated with the presence of BC, which
is emitted by anthropogenic activities that occur in the Andes, such as vehicular traffic
and the mining industry [38]. The solar spectrum was separated into broadband (Bbr) and
enclosed (Ecr) ranges to isolate the impact of BC [39]. The broadband range considers
wavelengths of 300-2500 nm, while the enclosed range considers a narrower band with
wavelengths between 841 and 876 nm. Observations from the Moderate Resolution Imaging
Spectroradiometer (MODIS) and modeled ISR from the Chilean Solar Explorer (SE) were
used to evaluate temporal and spatial changes in RF, which were validated against in situ
SSA and ISR measurements collected in the Upper Aconcagua River Basin (UARB) in the
Chilean Central Andes. The MODIS Dust Radiative Forcing in Snow (MODDRES) [40,41]
product was used to estimate the continuous and integrated daily RF for each spectral range,
which were analyzed for temporal trends and variability throughout the 2004-2016 period.
The paper is organized as follows: Section 2 describes the Materials and Methods and
Section 3 presents the Results and Discussion. Finally, the Conclusions are presented in
Section 4.

2. Materials and Methods
2.1. Study Area
Central Chile is characterized by a Mediterranean climate, with mild wet winters and

dry summers [42]. Precipitation occurs during the austral winter due to sporadic cold fronts,
and orographic effects may produce very localized rainfall patterns [43]. Since 2010, the
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Central Chile region has experienced a so-called mega-drought, characterized by a series
of dry years that typically show a 25% to 45% deficit in annual precipitation [44]. Several
studies have reported a significant decrease in snow cover duration and extent [35,45] and
significant losses in glacier mass [46] over the last decade.

The study area corresponds to the Upper Aconcagua River Basin (UARB) in the
Chilean Central Andes (Figure 1). The watershed is located in the Valparaiso district, ap-
proximately 80 km northeast of Santiago, Chile’s largest city and capital. The UARB extends
between 32°15'-33°15' S and 70°0'-70°45' W, with an area of approximately 3660 km? and
elevations ranging from 800 to 6000 m above sea level (m.a.s.l.). The mean watershed alti-
tude is approximately 3000 m.a.s.l. The UARB includes four meteorological stations, which
are managed by the Direccion General de Aguas de Chile (DGA) and provide daily precipi-
tation and temperature data (Resguardo Los Patos, Riecillos, and Vilcuya) and snow depth
data (Portillo, see Figure 1). A laboratory refuge, managed by the Centre for Environmental
Technologies (CETAM) of Universidad Técnica Federico Santa Maria, named NUNATAK-1
(NNTK-1) (32°50'43" S, 70°07'47" W and 3000 m.a.s.1.), measures atmospheric variables
such as incident and reflected radiation (shortwave and longwave), air quality (aerosols
and gases), and meteorology, including snow depth since 2016. According to data from the
meteorological stations, the monthly mean temperature in the UARB typically oscillates
between 9.7 °C to 10.9 °C and 19.6 °C to 21.1 °C during the austral winter and summer,
respectively, with an annual mean of 15.2 °C. However, in the Portillo station, which is close
to the location of NNTK-1, the mean annual temperature is 5 °C with temperatures below
zero during the winter. The mean annual precipitation is 360 mm, with approximately
280 mm occurring in the fall and winter seasons (May to August). Maximum snow depth
occurs in July or August, with values typically exceeding 1700 mm (snow water equivalent
of 813 mm) and a historical maximum of 2590 mm in August 1997 (snow water equivalent
of 1201 mm) at the Portillo station.
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Figure 1. Location of the study area (UARB), indicating the location of meteorological stations,
mining activities, and the main traffic route (CH60). Color scale denotes terrain elevation (meters
above sea level).
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2.2. Database
2.2.1. NUNATAK-1 Laboratory Refuge

NUNATAK-1 (NNTK-1) is a laboratory refuge located at an altitude of 3000 m.a.s.1.
(Figure 1) located within the winter quarters of the Mountain School of the Chilean Army
in Portillo, a few miles away from the Chile-Argentina border. Its main purpose is to study
environmental pollution and atmosphere-cryosphere interactions, specifically how air pol-
lution affects the melting of glaciers and climate change [33,47]. NNTK-1 measures variables
such as concentration and size distribution of atmospheric aerosols, atmospheric concen-
trations of BC and BrC, and net solar irradiance. A portable Kipp & Zonen 4-Component
Net Radiometer (CNR4) is used to measure incoming and reflected solar irradiances and
estimate surface snow albedo. The radiometer includes a pyranometer, with a sensitivity
of 10-20 kWVW~! m~2 and a maximum uncertainty of 5% (95% confidence level), which
covers the solar spectrum in the 300 to 2800 nm range. The instrument registers the incident
and reflected radiation at a 1 min frequency. For this study, only information from the
radiometer for the period 2016-2019 was available at the time of data processing. The in
situ surface snow albedo (S5A;,, 4i1,,) was calculated for the 300-2800 nm range as follows:

S5 i = 7 0
where R, and R; correspond to the reflected and incident radiation, respectively. The ISR
and SSA data collected at a frequency of 1 min were aggregated at a daily timescale (only
considering daylight hours) with the purpose of comparing them to those obtained from
the SE and MODIS. The in situ SSA data were filtered to (i) eliminate data recorded before
sunrise and after sunset, (ii) discard spurious measurements caused by sensor obstruction,
and (iii) discard data from days with incomplete records.

2.2.2. MODIS Data Processing

The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the main
instruments of the NASA Earth Observing System (EOS) and operates onboard the Terra
and Aqua satellites, with records starting in 2000 and extending until the present [48].
The MODIS-Aqua (MYD) and MODIS-Terra (MOD) provide daily and complementary
observations of the Earth, passing over the study area approximately at 10 a.m. and 2 p.m.
(local time, GMT-3), respectively.

The reflectance data from band 2 (841-876 nm) from the Surface Reflectance Daily L2G
Global 500 m SIN Grid, V6 product (M*D09GA), were used to assess the absorption level
of incident shortwave radiation (ISR) in the range where the effects of BC are maximized
(~880 nm) [39,49]. The SSA in a broadband spectral range for snow (300 to 2500 nm) was
obtained from the Snow Cover Daily L3 Global 500 m SIN Grid, V6 product (M*D10A1) [48].
Each data pixel has an indicator for the quality of the measurement (QA), which is used
to filter the data. Data were used only if the QA indicated the best quality (QA = 0) or
good quality (QA = 1) as a criterion to increase the accuracy of radiative forcing estimations
from satellite imagery and reduce the uncertainties in the process [40,41]. For validation
purposes, data were extracted from the pixel containing NNTK-1 and compared to the in
situ measurements (see Section 2.2.1).

2.2.3. Solar Explorer

The Solar Explorer (SE) (http://solar.minenergia.cl/exploracion (accessed on 20 April
2021)) is a tool developed by the Chilean Energy Ministry to calculate the photovoltaic
potential in the Chilean territory [50]. The model calculates the shortwave radiation at the
top of the atmosphere (RTOA) and at surface level, including ISR and longwave radiation
for the 2004 to 2016 period. For these calculations, the model uses the parametrization of
solar radiation developed by the Goddard Climate and Radiation Branch (CLIRAD-SW) [51]
in combination with information on atmosphere radiation from the TIM /SORCE satellite
(Total Irradiance Monitor/Solar Radiation and Climate Experiment) [52], topographic data
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from the Shuttle Radar Topography Missions (SRTM) site [53,54], and the Geostationary
Operational Environmental Satellite (GOES EAST) [55] for cloud detection. The ISR data
have been validated against in situ radiation data from 82 weather stations distributed
throughout Chile and provide hourly RTOA and ISR with a spatial resolution of 1 km per
pixel (Molina [50]). The ISR data were used in the RF calculations after validation against
field data from NNTK-1 (see Section 2.2.1).

2.2.4. Validation of SSA and ISR

Snow surface albedo in the broadband range (SSApy,,) data obtained from M*D10A1
and modeled ISR from the Solar Explorer were validated against in situ SSA and ISR
measurements from the NNTK-1 station before estimating the radiative forcing. However,
it is worth noting that validation was limited in the temporal range because data were avail-
able for different periods at each platform (regarding NNTK-1 measurements). Therefore,
validation of MODIS SSA and ISR data could only be conducted for 20162019 and 2016,
respectively. SSApy,, from the MODIS-Terra and MODIS-Aqua satellites were compared
separately against SSA;,, 41, and a correlation analysis was performed on a daily basis for
the entire period.

2.3. Radiative Forcing
2.3.1. MODIS Dust Radiative Forcing in Snow (MODDRES)

The MODDREFS, originally developed by Painter et al. [40] and improved by Miller
et al. [41], was used to estimate the radiative forcing (RF) over snow. This algorithm
was developed to study the RF on snowpack resulting from the deposition of mineral

dust in the 350-850 nm wavelength range. The instantaneous RF is obtained as follows
(Miller et al. [41]):

A
RF = /A Fo(A, ) D(A)dAdt @)

Fo()\/ t) = Fdir,local(/\/ t) + Fdif(/\/ t) (3)

sinfs * sins * cos(¢ps — a) + cosfs cos s
cos O

(4)

Fdir,local = Fdir

D(/\) = SSAfresh - SSAeffective &)

where F, (A, t) represents the total ISR at a wavelength A and at time ¢. The total ISR F, (A, t)
has a local and diffuse direct component (Equation (3)), where Fy;; joc01 (A, t) is given by
direct radiation Fy;, (A, t) and diffuse radiation Fy;¢(A, t). Direct radiation is dependent on
the conditions at a particular location, such as the angle of solar zenith 6s, the angle of
solar azimuth ¢;, slope s, and orientation « of the site (Equation (4)). D(A) corresponds
to the difference between the surface snow albedo in ideal conditions, e.g., fresh or pure
snow (SSAges,), and the effective surface snow albedo (S5Agpctive) at a wavelength A
(Equation (5)). The SSA,gective Was provided by the in situ and satellite measurements, and
SSAfesn was estimated using the radiative transfer model SNICAR [56]. The integration
limits were defined based on the wavelength range defined for Bbr and Ecr: 300-2500 nm
for the M*D10A1 product (Bbr) and 841-876 nm for M*D09GA (Ecr). Finally, the daily
integrated RF (DIRF) from sunrise to sunset is given by:
sunset pA
DIRF = / Fo(A, )D(A)dAdt ©)

sunrise

where the terms of this equation have been previuosly defined in Equations (3) and (5).
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2.3.2. Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART)

The Santa Barbara DISORT (Discrete Ordinate Radiative Transfer) Atmospheric Ra-
diative Transfer (SBDART) [57-59] model was used to obtain indirect estimates of the
fraction of radiation extracted from the SE that corresponds to the spectral bands provided
by the MODIS reflectance products (M*D10A1 and M*D09GA band 2). SBDART models
the radiative transfer processes in the atmosphere and Esarth’s surface (ISR) and requires
input such as time, geographic location, atmospheric profile (tropical, mid-latitude, or
sub-artic) in terms of water vapor density and pressure, solar zenith (sza) and azimuth
(saza), type of surface albedo, and spectral boundaries. After estimating the total radia-
tion in the 280-4000 nm range using SBDART, the radiation F, (A, t) that corresponds to
the spectral ranges of MODIS products can be obtained. The Ecr and Bbr correspond to
approximately 3% and 99% of the total F,(A, t) extracted from the SE, respectively (see
Figure Al). These percentages show small variability throughout the day, which results
primarily from changes in solar zenith and azimuth (£0.3%, and + 0.1%, respectively).
Values obtained at 10 a.m. (MODIS Terra) were determined to be close to the daily mean
for both spectral ranges, with differences below 1%.

2.3.3. Snow, Ice, and Aerosol Radiative Model (SNICAR)

The SNICAR [56] is a radiative transfer model developed to simulate spectral snow
albedo as a function of snow microstructure, stratigraphy, the concentration of LAPs in
snow, and the surface irradiance flux [60]. For this study, SNICAR was used to estimate the
fresh and clean snow albedo (§5Afs;), which is required for the calculation of the radiative
forcing (Equations (2) and (5)). For the estimation of SSAg,g, clear-sky conditions were
assumed, and a snow grain size of 100 um, which corresponds to a null concentration of
pollutants [1,61], and a snow density of 400 kgm’3, which is representative of seasonal
snow [62], were used. Optical ice properties were estimated based on the ice refraction
index proposed by Picard et al. [63]. An optically semi-infinite and uniform snowpack was
considered for the study area [61]. For this purpose, a 0.3 m snowpack depth was assumed,
which is enough to reproduce an optically semi-infinite layer for a snowpack with the
properties previously described [64-66]. SNICAR albedo simulations showed that SSA,
is mainly determined by solar position (zenith and azimuth), which varies throughout the
austral winter (see Figure A3).

2.3.4. Estimation of SSA, D, and RF at NNTK-1

As described on Equation (6), D(A) is required to estimate the daily integrated radiative
forcing (Equation (6)). In turn, the estimation of D(A) requires the SSA and ISR associated
with both spectral ranges (Bbr and Ecr). The period of study is defined as between 2004
and 2016, which corresponds to the period where the remote sensing data overlap (MODIS
and SE) and, consequently, the daily integrated radiative forcing (DIRF) can be estimated.
SSA, D, and DIRF were estimated for all days with clear-sky conditions using the remote
sensing data extracted at the location of NNTK-1.

3. Results and Discussion
3.1. Data Validation

MODIS products revealed excessive cloudiness in 2016, such that a comparison
against in situ SSA (NNTK-1) measurements was not possible for this year. For the
2017-2019 period, we observed that the percentage of days with clear-sky condition (valid
data) in June-July did not exceed 25% of the whole MODIS data set, while for August, this
percentage increased to 61%. Comparing the two satellites between June and August, the
MOD10A1 product (Terra) presented a larger number of days with clear-sky conditions,
as well as a higher monthly correlation value (in the range 0.51-0.91), except for July 2017
and 2018, where the correlation values were lower than 0.13. During June-August, the
MYD10A1 product (Aqua) showed correlation values in the range 0.27-0.81; however,
lower values were observed for the months of June, July, and October in 2017 (0.02, 0.20,
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and 0.21, respectively). The reason for the low correlation values in these months for both
satellites may be attributed to two main factors: (i) few days with useful remote sensing
data due to excessive cloudiness and (ii) days where the elevation of the snow line (zero
isotherm) was relatively close to the elevation of NNTK-1, with the implication of low
or partial snow coverage at NNTK-1's pixel (<70%), resulting in an underestimation of
more than 10% with respect to the field measurements (see Figure A2). The Solar Explorer
data had been previously validated in the study area [50]. Despite this, we computed the
correlation between ISR from SE and from NNTK-1, confirming a very high correlation
(>0.9) during 2016 (not shown).

3.2. Temporal Analysis of SSA, D(A), and RF during the 2004-2016 Period at NNTK-1

Figure 2 shows SSA values for both spectral ranges (Bbr and Ecr) for the pixel corre-
sponding to NNTK-1. After filtering, 312 days (20% of the study period) with snow and
clear-sky conditions were found. SSA exhibits a similar behavior for Bbr (Figure 2a) and
the Ecr (Figure 2b), with minimum values during May that increase as the austral winter
progresses. The distribution of values until the third quartile is similar for both spectral
ranges, ranging between 0.12 and 0.35 in May, 0.25 and 0.67 in June, 0.50 and 0.70 in July,
and 0.55 and 0.75 in August. The monthly mean values (shown as white boxes in Figure 2)
are similar, with a maximum variation of 0.02 for the month of May.

1.001 ° 1.001

0.754 ‘ 0.75 | |

[
063 $ 0.64
059
o) 0.504 b
w

0.22 |

0.00 4

M'ay Julne JLllly Aug']ust Mlay Julne JLJIy Aug;ust
Month Month

(a) (b)

Figure 2. SSA values in the Bbr (a) and Ecr (b), grouped by month in NNTK-1's location, for the
2004-2016 period. The bars represent 50% of the data, with the lower limit being quartile 1, the
central limit being quartile 2 or the median, and the upper limit being quartile 3. Black points indicate
outliers. The chart also displays the monthly mean value for each month.

To quantify the influence of LAPs on the radiative forcing, the estimation of D
(Equation (5)) for both spectral ranges is necessary. D values are obtained using SSAy.s,
simulated by SNICAR during the austral winter between 2004 and 2016, considering clear-
sky and the other conditions outlined in Section 2.3. Daily mean values of 0.863 £ 0.007
for the Bbr and 0.933 £ 0.007 for the Ecr were obtained (see Figure A3). Figure 3 shows
estimates of D for the entire study period. For each month, all Dg,, values (Figure 3b) are
higher than Dy, (Figure 3a), including those below quartile 3 and the monthly mean values.
Dg,, values within quartile 1 and 3 (above ql and below g3) are approximately 0.07 units
higher for the month of July, whereas for the other months (May, June, and August), values
in the Ecr are 0.04 units higher than in the Bbr. The monthly mean values of D (white boxes)
in the Ecr are larger by 0.05 units for May and August (during the 2004 to 2016 period)
compared to those for Bbr. The monthly mean D, values were also higher than Dgy,
for June and July, with differences of 0.07 and 0.08 units, respectively. We note that the
differences between Dg., and Dgy, increase if the analysis is conducted considering the
daily mean values. The values of D in the Ecr were generally higher (as much as 0.25 units)
than in the Bbr, with the exception of only 60 days within the 2004-2016 period (Figure 4).
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Figure 3. D values in the Bbr (a) and Ecr (b), grouped by month in NNTK-1’s location, for the
2004-2016 period. The bars represent 50% of the data, with the lower limit being quartile 1, the
central limit being quartile 2 or the median, and the upper limit being quartile 3. Black points indicate
outliers. Monthly mean values for each month are included.
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Figure 4. Difference between D in the broadband range (Bbr) and enclosed range (Ecr) for the
2004-2016 period (black circles).

Figure 5 shows the DIRF results for the Bbr and Ecr, which are consistent with the
previous results for SSA and D. The DIRF reaches higher monthly mean values (white
boxes) in May, with 8.02 and 0.27 M] m~2 d ! for the Bbr and Ecr, respectively, decreasing
t0 2.82 (Bbr) and 0.12 M] m—2 d~! (Ecr) in July. This scenario follows the trend observed
for D between May and July (Figure 3); however, the monthly mean values of the DIRF in
August increased to 3.58 (Bbr) and 0.13 (Ecr) MJ m 2 d~1, whereas D continued to decrease.
This difference is explained by the fact that the ISR values reach minimum values during
June and July and then start to increase (Figure A4).

In Figure 5, the DIRF values reach 13.21 MJ m2d !in the Bbrand 042 MJm 24!
in the Ecr. These DIRFE., values are close to the lower limit of the DIRF values reported
by Rowe et al. 2019 at the same location. Although these authors had used a different
spectral range to analyze BC effects in snow (650-700 nm), the DIRF values are of the same
order of magnitude (0.1-2.3 MJ m~2 d~!). A maximum instantaneous RF in the Bbr of
571.54 W m~2 was observed (29 August 2004), which is attributed to the melting of most of
the snow at the corresponding pixel (snow cover value of 0.23). The instantaneous radiative
forcing found in other regions around the world, such as the Himalaya or across the United
States, using the 350-850 nm wavelength range, are comparable with the values obtained
here for the Bbr (e.g., [28]).
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Figure 5. DIRF values in the Bbr (a) and Ecr (b), grouped by month in NNTK-1's location, for the
2004-2016 period. The bars represent 50% of the data, with the lower limit being quartile 1, the
central limit being quartile 2 or the median, and the upper limit being quartile 3. Black points indicate
outliers. Monthly mean values are indicated for each month.

To compare the DIRF values between the Ecr and Bbr spectral ranges, which have
different magnitudes of received radiation (3% and 99%, as shown in Section 2.3.2), the
DIRF values were normalized with respect to Bbr. This normalization allows for the
determination of the percentage impact on Ecr in terms of the DIRF (DIRFE.p,), which
can then be compared to the normalized radiation received in the Ecr (ISRg;/ppy). From
the monthly mean values in Figure 4, the normalized DIRFg,,/py, values are 3.42%, 3.74%,
4.22%, and 3.74% for the months of May June, July and August, respectively. Similarly,
the normalized ISR, /pp, values are 3.17%, 3.22%, 3.23%, and 3.17% for the same months,
respectively. As observed, there is a difference between the ISRg,/pp, and DIRFg,/gy, ratios
for each of the months evaluated, with higher ratios observed for DIRFr,pp,. This suggests
that the variations in SSA in the Ecr are higher and that this increase may be attributed to
the presence of LAPs as these particles have a greater impact on the albedo at wavelengths
between 841 and 876 nm (Ecr) than in the range of 300-2500 nm (Bbr), regardless of the
total amount of received radiation [15,67,68].

With the purpose of following daily changes in SSA, consecutive days without liquid
precipitations and with equal or less snow cover after the initial day were selected to make
sure that local snowfall at Portillo did not occur (see Table 1). Figure 6 shows the variations
in spectral SSA (for MODIS bands 1-4) for the periods that satisfy the former conditions
throughout the study period. As expected, the calculations show that SSA decreases with
time (from one day to the next) for most cases, which is consistent with the aging of snow
and, size increase in snow grains and LAPs deposition, that occur as time progresses after
the storm [9,69]. For some of the selected periods, such as 28-29 June 2004 (Figure 6a),
15-16 August 2007 (Figure 6b), 2 July 2016 (Figure 6g), and 6-7 June 2016 (Figure 6m), the
spectral SSA values showed an evident decrease in the Ecr (841-876 nm) and the closest
MODIS band (620-670 nm), larger than in the 459-479 nm and 545-565 nm bands. However,
for the majority of days shown in Figure 6, the decrease in spectral SSA did not show much
variation between bands (e.g., Figure 6c—e,h,1,m). Although there was one period where a
slight increase in SSA was observed (Figure 6d), these data show a systematic decrease in
spectral SSA for the visible wavelengths (MODIS bands 1-4) and particularly for the Ecr,
which is usually associated with the presence of BC [19,70]. The fact that the other bands in
the visible wavelengths may be associated with the presence of mineral dust [40] is noted.
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Table 1. Snow cover (SC), surface snow albedo (SSA), difference between clean and measured SSA
(D), and daily integrated radiative forcing (DIRF) values for Bbr and Ecr at the NNTK-1. SSA and D
values are dimensionless. MODIS bands are organized by smaller to higher wavelength range values:
459-479 nm (band 3), 545-565 nm (band 4), 620-670 nm (band 1), and 841-876 nm (Ecr).

SSA [-] DI[-] DIRF [MJ m~—2d-1]
Date SC [%]

Bbr Band3 Band4 Bandl1 Ecr Bbr Ecr Bbr Ecr
28 June 2004 82 0.62 0.65 0.68 0.67 0.63 0.25 0.31 2.46 0.10
29 June 2004 80 0.59 0.56 0.55 0.52 047 0.28 0.46 2.53 0.14
15 August 2007 70 0.65 0.74 0.76 0.76 0.74 0.21 0.20 3.32 0.10
16 August 2007 68 0.53 0.55 0.52 0.49 0.45 0.33 0.48 5.36 0.25
23 August 2008 85 0.72 0.75 0.78 0.78 0.72 0.14 0.21 2.61 0.12
24 August 2008 84 0.58 0.72 0.74 0.74 0.67 0.28 0.26 5.17 0.15
23 July 2009 76 0.70 0.68 0.69 0.69 0.66 0.17 0.28 2.08 0.11
24 July 2009 69 0.56 0.68 0.69 0.71 0.68 0.31 0.26 4.09 0.11
24 August 2009 84 0.75 0.83 0.85 0.85 0.77 0.11 0.16 0.99 0.04
25 August 2009 81 0.54 0.71 0.72 0.71 0.64 0.32 0.30 5.79 0.17
29 June 2010 80 0.55 0.58 0.59 0.59 0.56 0.32 0.38 3.19 0.12
30 June 2010 74 0.55 0.51 0.51 0.50 0.45 0.32 0.49 3.19 0.16
2 July 2011 79 0.57 0.62 0.62 0.60 0.57 0.30 0.37 2.70 0.11
3 July 2011 76 0.49 0.48 0.45 0.43 0.39 0.38 0.55 3.64 0.17
21 August 2011 76 0.74 0.80 0.82 0.82 0.78 0.12 0.15 2.21 0.09
22 August 2011 72 0.48 0.60 0.61 0.62 0.59 0.38 0.34 7.07 0.20
18 August 2013 85 0.81 0.72 0.79 0.79 0.73 0.05 0.20 0.90 0.11
19 August 2013 82 0.51 0.56 0.58 0.58 0.53 0.35 0.40 6.01 0.22
26 August 2013 75 0.70 0.76 0.78 0.79 0.77 0.16 0.16 3.03 0.09
27 August 2013 69 0.42 0.50 0.51 0.53 0.52 0.44 0.41 8.31 0.24
23 July 2014 77 0.58 0.55 0.57 0.56 0.54 0.29 0.40 3.21 0.14
24 July 2014 74 0.42 0.47 0.49 0.51 0.49 0.45 0.45 5.27 0.17
16 August 2015 83 0.73 0.82 0.81 0.81 0.74 0.13 0.19 2.19 0.10
17 August 2015 78 0.53 0.67 0.67 0.66 0.61 0.33 0.32 5.73 0.17
6 June 2016 75 0.80 0.83 0.83 0.83 0.78 0.07 0.16 0.69 0.05
7 June 2016 76 0.76 0.72 0.70 0.67 0.61 0.11 0.32 1.11 0.11
29 August 2016 75 0.54 0.55 0.58 0.58 0.55 0.32 0.38 6.24 0.23
30 August 2016 75 0.32 0.38 0.41 0.43 0.40 0.54 0.53 7.42 0.23

Table 1 shows daily SSA variations for MODIS bands 1, 3, and 4 and for the Bbr and
Ecr spectral ranges, as well as daily D and DIRF values for the Bbr and Ecr. Differences in
SSA for bands 1, 3, 4, and Ecr until —0.3 are observed, with a larger difference observed
for the second day (see Figure 6). The maximum daily rates of albedo decrease for the Bbr
and Ecr were observed in August 2013 and August 2007, respectively. These reductions
in albedo seem to be much higher than the values reported by previous studies in the
Central Andes area [33-35]. Cereceda-Balic et al. 2018 reported a reduction of 0.08 units
per day in the broadband albedo (SSAgy,), resulting from the deposition of BC from vehicle
emissions in the Portillo location. These differences are attributed to (i) differences in
the magnitude of the contamination sources associated with the periods and locations
considered in the studies and (ii) the fact that the remote sensing measurements consist
of only one measurement, either at 10 a.m. or 2 p.m., whereas the in situ study used
continuous data from a radiometer [33].
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Figure 6. SSA spectral variations for MODIS bands (1-4) for 14 days of the study period are displayed
in sub-figures (a—n). Blue circles and orange crosses represent consecutive days.

The results presented in Table 1 also show the differences in daily integrated radiative
forcing (DIRF) for the two spectral ranges of interest (Ecr and Bbr) for two consecutive days.
On the second day, the DIRFp;,, shows a 60% increase compared with the average radiative
forcing of the evaluated days, whereas the DIRF., exhibited an increase of approximately
50%. When examining the DIRFr., gy, the radiative forcing in the Ecr band represents
on average 4.46% of the radiative forcing in the Bbr, with a maximum value of 12.21%
(18 August 2013). On the other hand, the incident solar radiation ratio ISRg,/ppy is on
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average 3.18% for the days considered in Table 1, with maximum values that reach 3.21%
for 6-7 June 2016 and 3.14% for 18 August 2013. The above confirms previous results
indicating that radiative forcing has a greater percentage impact on the narrow Ecr band
than on the much broader Bbr.

4. Conclusions

The main objective of this study was to assess the changes in the radiative forcing
associated with the presence of BC in a snow-covered region within the Chilean Central
Andes. The central contributions of this paper arise from the data and model employed
to estimate the changes in radiative forcing. First, high-quality in situ data from the
NUNATAK-1 platform were used to validate the remote sensing MODIS SSA estimates
and to calculate the radiative forcing. The NUNATAK-1 laboratory stands as one of the two
facilities in the Chilean Central Andes equipped for the continuous monitoring of SSA and
other environmental parameters that enable the study of snowmelt dynamics. The analyses
show that the MOD10A1 product serves as a dependable source for obtaining SSA in the
remote and frequently inaccessible area of the Central Andes from which radiative forcing
estimates can be derived. Second, the MODDRFS model, originally developed by Painter
et al. [40], evaluates the changes in radiative forcing using only the 350-876 nm spectral
range. In this paper, the spectral range used to estimate the radiative forcing is extended to
the 300-2500 nm range (Bbr) to include SSA data from remote sensing, in situ, and model
(SNICAR) sources, with spectral ranges that do not match the original range developed by
Painter et al. (2012). The 841-876 spectral range is evaluated to isolate the effects of BC on
SSA, which is known to be a key factor influencing SSA variability in the study area.

The higher sensitivity of SSA in the Ecr (than in the Bbr) suggests that BC particles
(and probably other LAPs) are present in the Andean snowpack, impacting snowpack
radiation reflection. Overall, we found that the reductions in albedo are generally higher
than those reported by previous studies in the area using in situ characterizations, which we
attribute to differences in the magnitude of the atmospheric contamination that may exist
in the different time periods used in the studies and the temporal resolution of the remote
sensing data. Nonetheless, the remote sensing MODIS data proved to be a valuable tool for
estimating the radiative forcing in regions that are typically inaccessible and improving our
understanding of the variability in SSA, which is essential to accurately predict snowmelt
and glacier retreat, which in turn control river discharge and freshwater availability in
mountain regions.
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Abbreviations
BC Black carbon
Bbr Broadband range
CETAM Centre for Environmental Technologies
D Difference between SSAsh and SSAstective
Dgpy D in the broadband range
DEger D in the enclosed range
DIRF Daily integrated radiative forcing
DIRFgy,, DIRF in the broadband range
DIRFg, DIREF in the enclosed range
Ecr Enclosed range
ISR Incident shortwave radiation
LAPs Light-absorbing particles
MODIS Moderate Resolution Imaging Spectroradiometer
Refers to both MOD10A1 and MYD10A1, remote sensing products used to
M*D10A1 .
estimate SSAgy,,
M*D0ICA Refers to both MODO09GA and MYDO09GA, remote sensing products used to
estimate SSAg.,
NUNATAK-1  Refuge laboratory operated by CETAM
RF Radiative Forcing due to SSA decreasing
SE Solar Explorer
SSA Surface snow albedo
SSAgp, SSA in the broadband range
SSAfresh SSA in fresh condition (pure and clean)
SSAcffective SSA effective estimated with M*D10A1 and M*D09GA
SSAin situ SSA measured in situ by NUNATAK-1
UARB Upper Aconcagua River Basin
Appendix A
1000 A
INPUT for NUNATAK-1 at 01 May 2010:
Solar zenith angle (deg) = 60.9
= 501 Solar azimuth angle (deg) = ~325.4
E Pressure altitude (km) = 2.8
€ s00-
> M*D10A1
g B wD09GA band 2
2501
0-

1000 2000 3000 4000
Wavelength [nm]
Figure A1. Example of spectral incident shortwave radiation (ISR) on the surface in the shortwave
range model through SBDART for NNTK-1 at 10:00 a.m. of 5 May 2010. Black line represents the
Solar Explorer ISR spectral range (up to the 4000 nm wavelength). In green, the spectral range for
M*D10A1 (Bbr), and in gray, the spectral range for M*D09GA band 2 (Ecr). The radiation for Bbr and
Ecr are equivalent to 99% and 3%, respectively, with regard to Solar Explorer radiation.
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Figure A2. Layout of (a) MODIS pixel where NNTK-1 is located. Also, shows image of (b) specific
place where records were taken and around NNTK-1.
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Figure A3. Daily SSA.q}, values simulated with SNICAR at 10 a.m. in the Bbr (black line) and Ecr
(gray line), in function of the sza (green line) in NNTK-1, for the months of May to August 2007.
Other years have a variation of 1.5 sza degrees, which indicates a variation of +-0.001 (included in the
uncertainties mentioned in Section 3.2) in the SSA for Bbr and Ecr.
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Figure A4. Incident shortwave radiation (ISR) in the Bbr (a) and Ecr (b), grouped by month, for
the 2004-2016 period. The bars represent 50% of the data, with the lower limit being quartile 1, the
central limit being quartile 2 or the median, and the upper limit being quartile 3. Black points indicate
outliers. Monthly mean values are shown for each month.
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