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Abstract

Changes in snow albedo (SA) on the Limari, Choapa, Aconcagua and Maipo basins of the Central Andes of Chile (CAC)
are associated with the possible deposition of light-absorbing particles in the austral spring. We correlate SA with daily
data of snow cover, aerosol optical depth (AOD) and land surface temperature (LST) available from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) onboard the NASA Terra satellite between 2000 and 2016, and other derived
parameters such as days after albedo (DAS) and snow precipitation (SP). We used satellite pixels with 100% snow cover to
obtain monthly average value of SA, LST, AOD, DAS and SP from September to November performing multiple regression
analysis. We show that in Maipo, after considering LST, AOD represents an important role in changes induced to SA. The
multiple regression model illustrates that AOD increases can reduce the SA during spring months by 13.59, 0.01, 0.77
and 3.8% in Limari, Choapa, Aconcagua and Maipo, respectively. In addition, we used a numerical prediction Weather
Research and Forecasting model coupled with Chemistry (WRF-Chem), showing that the black carbon distribution and
average daily AOD are associated with the SA decrease of 0.15 in the Maipo basin between September 29 and 30, 2016.
The WRF-Chem output showed aerosols are transported mainly with dominating westerly winds to the Limari and Maipo
basins. Our results further suggest that SA decrease due to AOD may be originated in the largest industrial and urban
areas in Chile, producing a negative impact on the hydrological resource, generated in the CAC.
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1 Introduction

Snow albedo is a parameter of great importance to
determine the amount of solar radiation adsorbed in
the cryosphere and is defined as a relationship between
incoming and reflected solar radiation by a surface. Fresh
snow can reflect almost completely incoming solar radia-
tion (0.95) but can decrease to 0.45 due to metamor-
phism [1-4]. Snow albedo variations are influenced,
among others by the surface temperature, snowfall,
snow age and snow impurities [2, 5-7]. Snow impurities
(LAP) reduce the snow albedo and absorb more solar
radiation (also called, snow darkening effect—SDE),
which further accelerates the snow aging process and
the melting rate of the layer of snow [8-13]. LAP and
its SDE were identified as the main forcing agents that
affect climate change [14, 15].

Estimating the snow darkening effect (SDE) through the
presence of snow impurities requires a great effort of in situ
measurements covering large snowy areas in many cases
hardly accessible. Therefore, the level of uncertainty in the
quantification of this effect continues to be very high accord-
ing to the fifth assessment report (AR5) published by the
Intergovernmental Panel on Climate Change (IPCC) [16]. Sev-
eral studies performed in North America [5, 17, 18] and Asia
[19, 20] have used satellite data to study SDE in mountains
with snow cover. These studies have contributed to reduce
the bias related to the distribution and influence of snow
impurities in form of light-absorbing particles (LAP) on the
energy budget of the coupled earth atmosphere system
over important areas such as the Sierra Nevada in North
America and the Himalayan Mountains. Therefore, retrieved
satellite remote sensing data are a good alternative to ana-
lyze data with acceptable spatial and temporal distribution
covering large regions. In the Central Andes Range (Fig. 1),
satellite products [mainly Moderate Resolution Imaging
Spectroradiometer (MODIS)] have also been used to ana-
lyze the snow cover in the Mendoza River Basin (Argentine
eastern slope of Central Andes) [21]. Recently, for the same
period (2000-2016) it was established that the cover, albedo
and duration of snow decreased by 13.4+4%, 7.4+2% and
43120 days, respectively [22]. A case study in the area of the
sky complex in Portillo (32.83°S, 70.13°W) showed a negative
relationship between local vehicle emissions and the snow
albedo measured in situ. However, it could not quantify the
SDE from vehicular emissions [23]. The impact of changes in
snow albedo during spring melting in Central Andes of Chile
(CAC) generates great concern because the quantity melt-
ing and its timing are critical for the determination of water
resources available to more than 7 million inhabitants [24].

Besides the above-mentioned studies, we are not
aware of any other regional study in CAC on the effect of
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deposition of absorbent aerosols on snow surfaces and
their impact on the increase in snow ablation melting
in each of the basins where they feed rivers. To improve
this understanding, the main objective of this study was
to investigate the aerosols effect on the snow albedo
reduction in several basins of the CAC during the spring
season, based on satellite remote sensing data for the
years 2000-2016. The role aerosols that play in the nega-
tive snow albedo trend have been treated in [22], and its
relationship with the distribution and local deposition of
aerosols in snow has been identified in previous studies
for this region [23, 25-271].

2 Data and methodology

To analyze the albedo reduction in the CAC (30.2°S and
34.3°S), we selected the area of four basins with an eleva-
tion greater than 2000 m to observe the behavior on the
Chilean side of the mountain range (western), as shown
in Fig. 1. The Global Digital Elevation Model (GTOPO30)
developed by the US Geological Survey (USGS) National
Center for Earth Resources Observation and Science
(EROS) Data Center with a 1 km resolution was used as
surface topography (https://www.usgs.gov/centers/eros/
science/usgs-eros-archive-digital-elevation-global-30-arc-
second-elevation-gtopo30).

Daily satellite data of snow cover (SC), snow albedo
SA), land surface temperature (LST), aerosol optical depth
AOD) and precipitation (P) were retrieved and analyzed
Table 1). SC and SA were retrieved from MODIS images
28-30]. MODIS products consider slopes and snow
cover on mountainous surfaces [19, 28]. The LST product
was used [9, 31] and has been shown to be suitable for
mountainous areas (Alto del Rio Grande River Basin) with
a high agreement of 86% [32]. The AOD aerosol product
was retrieved from MODO04 [33] using the wavelength of
0.55 um, the wavelength where the snow albedo pre-
sented the highest variability due to light-absorbing
particles [2, 23, 34]. Precipitation was retrieved from the
Tropical Rainfall Measuring Mission (TRMM) [35-37]. TRMM
provided not only spatial information on rainfall, but also
vertical profiles of precipitation, and therefore, it has been
proven suitable for the present study [35, 38].

Clouds presence produced very frequently missing sat-
ellite data (daily). Therefore, we used a series of 17 years of
daily data of the austral spring (September to November
from 2000 to 2016) to minimize gaps and produce a more
reliable statistic. Since TRMM detects only liquid precipi-
tation, a parameter was generated to estimate the days
where precipitation was snow, by detecting temperatures
below the freezing level at —4 °C, taking the uncertainties
of MOD11 measurements into account [39]. The number of
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Fig. 1 Basins and elevation 72°00'W
map of the Central Andes
mountains. Blue line represents
the area over 2000 m a.s.l.
in the basins of the western
Andes of Chile
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Table 1 Data retrieved from used satellite products
Parameter Used satellite  Spatial resolu-  Pixels used
product tion (km)

SC MOD10 0.5 100%
SA MOD10 0.5 All pixels with
LST MOD11 1 100% snow
AOD MODO04 10 cover
P 3B42 25

days between snowfalls was also estimated by a parameter
called days after snow (DAS).

The daily data sets were analyzed by means of box
and whisker plot allowing to observe the variability and

T
71°0'0"W

skewness of the data and if so, in what direction. To esti-
mate the effect of aerosol deposition on the SA reduc-
tion in each basin, the correlation of SA to LST, AOD,
snow precipitation (SP) and DAS was investigated by
means of a multiple regression analysis for all available
data sets per basin. Finally, in a case study we ran the
numerical prediction Weather Research and Forecasting
model coupled with Chemistry (WRF-Chem) [44] for a
few selected days and compared them with the average
of snow albedo (SA) and AOD data retrieved over two
basins. To estimate the regional source of black carbon
(BC), we studied the west winds that drag air masses
toward the high areas of the basins studied using WRF-
Chem and backward trajectories using NOAA HYSPLIT
[40, 41].
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3 Analysis and discussion
3.1 Observational data

Figure 2 shows the daily distribution of SA, LST, AOD, DAS
and SP for each basin of the western slope of the Cen-
tral Andes in Chile for the spring months of September to
November for the years 2000-2016. The Limari and Maipo

basins presented extreme values of SA higher than 0.9,
while Choapa presented the lowest extreme value (less
than 0.1). The AOD showed low average values overall with
the highest average value in the Limari basin and the high-
est number of extreme values in Maipo (up to 0.42). This
high value of AOD was related to the presence in this basin
of the largest urban area of Chile (Santiago). Contaminants
in snow from this city have been identified in other stud-
ies [25]. Land surface temperatures (LST) showed values
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Fig.2 Daily averages of snow albedo (upper left panel), land sur-
face temperature (upper right panel), days after each snowfall
event (center left panel), snow equivalent rainfall (center right
panel) and aerosol optical depth (lower center panel) for pixels
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with 100% snow cover, and to each basin area in spring season
from 2000 to 2016. Bars indicate quartile 1 and quartile 2, and
points are extreme values outside of interquartile range
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around 0 °C in the Limari and Maipo basins; in Choapa
and Aconcagua, they were slightly around 4 °C. Snow pre-
cipitations (SP) had a decreasing trend from Limari (north)
to Maipo (south) indicating how the last spring snowfalls
contributed to recover the snow albedo (SA), as observed
in Limari where the highest amount of snowfalls and aver-
age SAis higher. The highest average DAS was observed in
Choapa (11.7 days), also the basin with the lowest average
SA and highest LST.

The snow albedo (SA) in each basin presented an asym-
metry toward high and positive values. The Limari basin
had the highest average albedo, and this was related to the
lowest surface temperature (LST) values observed on this
same basin due to the higher average of snow equivalent
rainfall. The lowest average values of SA were observed on
the Choapa basin, which is related to the highest average
LST values generating the greatest number of days with-
out snowfall. The average values of AOD decreased from
north to south of the analyzed basins, an opposite trend
to the SA showing an increase in the averages observed
from Choapd basin to the south. The analysis of the daily
data Fig. 2 showed that the observed data have a good
approximation to the expected physical behavior for SA on
all basins [34, 42, 44]. In addition, AOD data from MODIS
are consistent with the average values of AOD anomalies
observed from the SeaWiFS sensor, where high values
decreased toward the southern basins during the austral
spring months (shown in Fig. 3). It is thus reasonable to
use a linear multiple regression to try to explain the rela-
tionship between a dependent variable (SA as response
variable) and a set of independent variables (explanatory
variables as LST, AOD, SP and DAS, respectively).

To analyze the relationship between SA and LST, AOD,
DAS and SP, we calculated the correlation coefficients (r)
using their monthly averages from September to Novem-
ber during 2000-2016, as shown in Table 2. These correla-
tions show that the LST has the greatest impact on the SA.
Furthermore, the sign coincides with the expected effect
on the snow albedo: SA decreases with LST, AOD, DAS and
increases with the SP [2, 34, 42, 43].

The correlation coefficients analysis (r) shows that LST,
AOD, DAS and SP are not linearly independent. However,
sometimes the relationship is not linear using only one
parameter. Therefore, we utilized a multiple linear regression
technique to evaluate the AOD impact on the SA decrease
[5]. We used a multiple linear regression technique, stand-
ardizing the data with its standard deviations, for the austral
spring months (2000-2016) for each parameter obtaining
the following relations: (shown in Eqgs. 1-4).

SA, = —1.15x 107"® — 0.6LST, — 0.36A0D,
+0.072PS, — 0.148DAS,

Aerosol Optical Depth

8.54x10*

-2.35x10° 0

Fig.3 Average anomaly of aerosol optical depth 550 nm monthly
1 deg (SeaWiFS SWDB_L3MCA10 v004) for spring months from
Sep 1997 to Nov 2010 (left panel). Seasons with missing months
were discarded. Analyses and visualizations used in this figure
were produced with the Giovanni online data system, developed
and maintained by the NASA GES DISC. Right panel: Daily aver-
ages of aerosol optical depth for pixels with 100% snow cover,
and to each basin area in spring season from 2000 to 2016. Gray-
dotted line encloses each basin and relates the average values of
monthly (anomaly) and daily aerosol optical depth for the same
area, respectively

SAc = —243x107"® - 0.833LST. — 0.10TAOD
+0.0385P¢ — 0.009DAS,

SA, = —2.51% 107" - 0.754LST, — 0.027A0D,
+0.189SP, — 0.109DAS,

SAy = —0.0368 — 0.56LST,, — 0.111A0D,
+0.5635P,, — 0.096DAS,,

Table 2 Correlation coefficients (r) of SA with LST, ADO, DAS and SP
for each basin of the study area

Basin LST AOD SP DAS
Limari -0.86 -0.63 0.12 -0.60
Choapa -0.87 -0.37 0.15 -0.49
Aconcagua -0.84 -0.29 0.60 -0.33
Maipo -0.86 -0.23 0.70 -0.17
SN Applied Sciences
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We then calculated 51 datapoints from monthly aver-
ages in each basin (all spring months 2000-2016) for ana-
lyzing the relation of the parameters (independent vari-
ables) with the SA. Snow albedo comparisons between
satellite retrievals and the SA calculated with the multiple
regression equations (Fig. 4) and show a confidence level
of 95% and a low mean absolute percentage error (MAPE),
indicating that the equations explain more than 74%
(based on the minimum calculated R?) of the SA variation.
All the equations show that a larger LST, AOD and DAS
lead to a lower surface albedo (SA), which coincides with
the physical behavior of melting snow. When surface tem-
perature (LST) increases, it also increases the snow grains.
Impurities on the snow increase the absorbed radiation,
and since older snow is darker, this leads to a lower SA [1,
42]. The low MAPE indicates that the performance of this
regression model is reasonably good.

To estimate the LST, AOD, PS and DAS contributions to
the behavior of SA, we used the difference of the normal-
ized mean values of LST, AOD, DAS and SP for the spring
months (September to November, years 2001-2016).
Table 3 shows the contribution percentage of each param-
eter to SA. The multiple regression model predicts that
the AOD is the third parameter that most contributes to
SA decrease after LST and DAS, respectively. AOD has a
higher contribution to the SA (13.59%) in the basin located
further north (Limari). On the other hand, snowfalls (SP)
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Table 3 Contribution percentage to SA of each parameter for the
data sets and basins analyzed using the multiple regression model

Basin % LST % AOD % SP % DAS
Limari 72.40 13.59 3.76 10.26
Choapa 98.27 0.01 0.02 1.71
Aconcagua 74.80 0.77 14.76 9.67
Maipo 62.60 3.80 30.27 333

contributed mainly to the SA recovery in the two basins
located further south of the study area.

3.2 Case study using WRF-Chem model

To further investigate the influence of absorbent aer-
osols distribution on the decrease in albedo (SA) as
identified by the multiple linear regression model, we
selected the two basins that have the highest percent-
age of influence of AOD in the SA decrease (Limari and
Maipo) (Table 3). Temporal distribution observed on the
Limari and Maipo basins from September 26 to 30, 2016,
shows that with a 1-day AOD delay over the SA (Fig. 5),
the expected behavior of the AOD over the SA coincides
with what is expected intuitively and predicted by the
multiple regression model. We consider that the 1-day
delay of AOD with respect to the SA is a consequence
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Fig.4 Comparison of the snow albedo predicted by the multiple regression equation determined from satellite retrievals over each basin
studied (normalized values). Dashed lines display the linear trend estimation
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Fig. 5 Daily average of snow albedo and optical depth of aerosols for pixels with 100% snow cover to each basin during 4 consecutive days
in September 2016 on Limari and Maipo basin. Gray-shaded area indicates days analyzed in the WRF-Chem model

of transport time and deposition rate [45]. Moreover,
the measuring satellite passes by the study area early
on the day, and, therefore, the effect of the aerosol
deposited would occur in the course of the day when
the snow cover receives radiation from the sun. For the
particular analyzed days, the sunrise and sunset were
at 6:24 and 18:44 local time, respectively (i.e., 12.3 h of

solar irradiation). However, the satellite that captured
the AOD measurement passed at 10:45 and 9:45 local
time on September 28 and 29, respectively; therefore,
the effect of the measured AOD on the SA (during the
rest of the solar day: 8 and 9 h, respectively) will be bet-
ter observed on the next day.
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3.2.1 WRF-Chem modeling

To analyze the contribution of aerosol to the studied
basins, we run a numerical meteorological prediction
model, the Weather Research and Forecast with Chemistry
(WRF-Chem) [46]. This model was used with a parametri-
zation shown in Suppl. Mat. Table S1, which was already
tested in this region [47-50]. WRF-Chem model was run
using three nested domains (shown in Suppl. Mat. Fig. S1)
and was verified using vertical profiles of several meteoro-
logical variables for September 28 and 29, 2016 (shown in
Suppl. Mat. Figs. S2 and S3, respectively). Aerosol deposi-
tion as light-absorbing particles (BC) is very efficient to
decrease the snow albedo [34, 51-54], and we used BC to
simulate and estimate the distributions over the basins
of the study area (Fig. 1). We expected the aerosol to
come mainly from dominating westerly wind in the Cen-
tral Andes [55-57] from the urban and industrial areas of
Chile and moving toward the higher altitudes of the basins
covered with snow [25]. For the two selected basins (with
higher influence of the aerosols in the decrease in snow
albedo, according to the regression model in Table 3), we
recovered as an output from the WRF-Chem model, the
daily averages of SA and AOD for pixels with 100% snow
cover (shown in Fig. 5).

The WRF-Chem model outputs indicate predominant
winds from west to east for two days, with a spatial reso-
lution of 4 km and 48 vertical levels. On 28 September,
the Limari basin showed maximum BC values of 0.24 pg/
KGdry air dropping to at least 0.04 ug/kgyy 5 (Fig. 6), while
on 29 September, the AOD decreased from 0.36 t0 0.16. In
Maipo basin, the BC value on September 28 was 0.20 pg/
kQgry air and increased the next day to 0.42 ug/kgqyy ain
while the AOD observed for these days was 0.12 and 0.68,
respectively (Fig. 7). Both the decreasing (Limari) and
increasing (Maipo) trends of BC concentrations coincided
with the behavior observed in Fig. 5 for the average AOD
in the pixels of 100% in SC on 28 and 29 September. Pre-
dominant wind directions during these days (in Valparaiso)
showed west components (Fig. 8). In addition, the BC dis-
tribution according to the WRF-Chem model and the aver-
age daily AOD are associated with a decrease in SA of 0.15
in the Maipo basin (Fig. 5) between September 29 and 30,
2016.

The Limari and Maipo basins have an average slope
of 35.87 and 5.23%, respectively, in addition to a height
of almost 5000 m a.s.l. Other studies in mountainous
areas have shown that aerosol removal by deposition is
efficient in high mountains [5, 58-60]. Therefore, our BC
distribution and transport by westerly winds confirm the
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Fig.6 Case study area using WRF-Chem model: blue and red lines
represent latitudinal transept on Limari and Maipo basin for the
days September 28 and 29, 2016

prediction of our multiple regression model on the influ-
ence of aerosols on the SA decrease for the period of time
analyzed.

Also, both estimated maximum values of BC were
better explained by higher AOD and the air mass trans-
port patterns by NOAA HYSPLIT model outputs (Fig. 9)
[40, 41]. The peak AOD on 28 and 29 September origi-
nated from the anthropogenic emission source with a
higher AOD in the Santiago Metropolitan and IV Region
areas, where many urban, industrial and mining activi-
ties in Chile are present [61-66].

The snowpack in the studied area is a very important
source of water supply in central Chile because snow
stores fresh water during the cold and wet season and
then gradually releases water during warm season, rep-
resenting an important contribution to the river flows of
this region [67, 68]. In addition, several studies suggest
that a snowpack reduction in this mountain area has
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Fig.7 Model outputs for latitude distribution of the daily aver-
ages for BC for September 28 and 29, 2016, in the Limari and Maipo
basins (the area enclosed in blue line shown in Fig. 6). Black arrows

impacts on the hydrological cycle and the water sup-
ply for the region [57, 68, 69]. The variations and high
absorbent aerosols deposited in the snow analyzed in
this study suggest that the sources of anthropogenic
aerosols may be playing a role in the availability of water
through a positive effect with solar radiation.

4 Conclusions

Our research on the effect of aerosols on the snow
albedo (SA) shows that the SA average does not exceed
0.55 for the whole study area. The Limari and Maipo
basins located more to the north and south, respectively,
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through the Andes mountain range, and red lines show a transect
at the highest point of the east and border with Argentina

were the only ones with extreme values higher than 0.9.
The average SA was the lowest in Choapa due to the
increase in LST and DAS. Snow precipitation (SP) showed
to be the most important parameter contributing to the
increase in SA in Limari, despite a high DAS, the high
SP (in comparison with the other basins) produced the
lowest LST and the highest SA average. In Limari, the
AOD average was the highest. The multiple linear regres-
sion model including the LST, AOD, SP and DAS explains
84, 87, 74 and 76% of the variation in snow albedo in
the Limari, Choapd, Aconcagua and Maipo basins,
respectively. In addition, we evaluated the regression
model with the maximum differences observed in the
study period. The prediction of the regression equation
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Fig.8 Wind rose for wind speed (m/s) and direction for Septem-
ber 26 to 30, 2016. Observed date measured at 40 m in height at
the main Weather Station located in Valparaiso, Chile (https://sinca
.mma.gob.cl/index.php/estacion/index/id/140)

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 29 Aug 16
GFSG Meteorological Data

shows that approximately 13.59, 0.01, 0.77 and 3.8%
of the snow albedo reduction in the spring months in
Limari, Choapa, Aconcagua and Maipo, respectively,
are due to an increase in AOD. Our results suggest that
decreases in SA due to AOD are correlated with the air
masses originating from the largest industrial and urban
areas in Chile. WRF-Chem modeling of a case study in the
Limari and Maipo basins showed that, especially in the
Maipo basin, the BC-modeled distribution and the aver-
age daily AOD are associated with a decrease in the SA.
Also, there is a predominance of westerly winds bringing
in air masses, containing high BC content, generated by
anthropogenic activities from the region of Santiago de
Chile and the V region as shown on backward trajecto-
ries simulated by NOAA HYSPLIT. Future research should
consider the potential effects of LAP over the local radia-
tive forcing, as well as model improvements for the anal-
ysis of WRF-Chem simulations to improve knowledge on
the impact of such impurities in snow on surface energy
and water budgets in this region.
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Backward trajectories (ensemble) simulated by NOAA HYSPLIT ending at 20:00UTC on September 29, 2016, in Limari and Maipo
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