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Abstract: Seasonal snow and glaciers in arid mountain regions are essential in sustaining human pop-
ulations, economic activity, and ecosystems, especially in their role as reservoirs. However, they are
threatened by global atmospheric changes, in particular by variations in air temperature and their effects
on precipitation phase, snow dynamics and mass balance. In arid environments, small variations in snow
mass and energy balance can produce large changes in the amount of available water. This paper
provides insights into the impact of global warming on the mass balance of the seasonal snowpack in
the mountainous Copiap6 river basin in northern Chile. A dataset from an experimental station was
combined with reanalysis data to run a physically based snow model at site and catchment scales.
The basin received an average annual precipitation of approximately 130 mm from 2001 to 2016,
with sublimation losses higher than 70% of the snowpack. Blowing snow sublimation presented
an orographic gradient resultant from the decreasing air temperature and windy environment in
higher elevations. Under warmer climates, the snowpack will remain insensitive in high elevations

(>4000 m a.s.1.), but liquid precipitation will increase at lower heights.
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1. Introduction

Seasonal snow accumulated in mountains provides fresh water for vast regions of
the world, sustaining natural ecosystems and human activities [1]. A better understand-
ing of snow dynamics in high-elevation and arid regions is crucial to adapt to new ex-
treme events, such as droughts and flooding. In these environments, the snow subli-
mation plays a significant role in the snow mass balance, due to low atmospheric wa-
ter vapor, high wind speeds and low air temperature [2,3]. The relevance of surface
and blowing snow sublimation has been reported both in observational and simulation
studies in cold regions. For instance, in the North American prairies, blowing snow
sublimation accounted for 10 to 74% of the seasonal snowfall [4-6]. In the German Alps,
Strasser et al. [7] modeled sublimation for the 2003/2004 water year, finding mass losses
between 10 and 20% of the snowpack in the valley area, above 50% in the forest canopy and
above 90% at wind-exposed mountain crests. In the Dry Andes, Gascoin et al. [8] suggested
that total sublimation accounted for around 71% of the total ablation. More recently, Réveillet
et al. [9] compared the simulated snow sublimation by utilizing meteorological forcings
from various Automatic Weather Stations (AWSs) and the Weather Research and Forecasting
model (WRE). This study was carried out in a 513 km? catchment at 3150-5630 m a.s.l. using
SnowModel. The results indicated a major difference in the average annual sublimation,
between 42 and 49% using the AWSs, and 86-80% with the WRF forcing for the years 2014
and 2015.
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The objective of this paper is to quantify the snow mass balance in the Copiapd
watershed, and to analyze its sensitivity response to warmer conditions. To achieve this
objective, we combined meteorological and snow observations with the Cold Regions
Hydrological Model (CRHM) [10]. We intended to compensate the low density of AWSs
in the region by employing reanalysis data and a local meteorological station network.
Additionally, we explored sources of uncertainty affecting our results, suggesting areas for
future research, and refining the current estimations.

2. Study Area and Available Data

The study site is an extensive arid mountain region in the Atacama Desert, charac-
terized not only by low annual precipitation, but by an excessive water demand from the
agriculture and mining industries [11,12]. For that reason, the users of the river are inter-
ested to quantify the seasonal snowpack losses coming from sublimation and melting in
order to improve the water management. It is likely that the water scarcity in the Copiapo
region will be more drastic under climate change conditions, with temperature projections
up to +6 °C by the end of the 21st century [13-15].

The Upper Copiapé River Basin (UCRB, 70.2°-69.1° W, 27.1°-28.7° S) is a 7194 km?
watershed with elevations ranging from 1230 to 6000 m a.s.l. It is formed by the confluence
of three rivers: Jorquera, Pulido and Manflas (Figure 1). The climatology of the region
is characterized by a short, wet season with an average annual precipitation of 38.8 mm
y~! and a mean annual temperature of 19.9 °C at Iglesia Colorada station (1550 m a.s.l).
Rainfall events are highly variable in duration, occurrence, and magnitude year to year [16].
Above 3000 m a.s.l., snow is the dominant form of precipitation. Snow falls as early as
April, then snowmelt and runoff occur generally from October to March. The average
annual streamflow of Jorquera, Manflas, and Pulido (Figure 1) is 0.2, 0.4 and 0.5 m3/s,
respectively. The watershed land cover is mainly barren, although there is some sparse low
vegetation, mostly concentrated in gullies and wetlands.
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Figure 1. Location of the Upper Copiap¢ river basin and its three tributaries; from north to south,
Jorquera river basin, Pulido river basin and Manflas river basin.
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2.1. La Ollita Snow and Meteorological Station (LOS)

A fully instrumented AWS was installed on 15 December 2015 at La Ollita (LOS) site
(Figure 2), located at 4320 m a.s.1. (28.21° S, 69.5° W). The station had three major components:
energy supply, meteorological station (rainfall gauge, snow pillow) and micrometeorological
instrumentation. The energy supply was delivered by two 90 W solar panels placed at
0.7 m above surface level. In addition, a deep cycle battery (80 Ah, 14V) and controller charger
provided energy for up to 5 days without recharge. We installed an OTT Pluvio 2 gauge to
record the cumulative and differential precipitation over a 2 m mast, including an Alter type
wind protection shield. We incorporated antifreeze liquid to avoid accumulated ice inside
the rain gauge. In terms of snow measurement, these instruments were complemented by a
3 x 3 m snow-scale sensor, located at the ground level. The meteorological instrumentation
included air temperature and relative humidity sensors (Rotronic HC2S3, Campbell Scientific,
Logan, UT, USA), a surface radiometric temperature sensor (SI-411, Apogee Instruments,
Logan, UT, USA), and a wind speed and direction gauge (05608C, R. M. Young, Traverse City,
MI, USA). Finally, the components of the radiative balance were measured by a four-way Net
Radiometer (CNR-4 K&Z, Kipp & Zonen B.V,, Delft, The Netherlands). The measurements
were recorded every 30 min in a CR3000 data logger. The eddy covariance sensor (Irgason,
Campbell Scientific, Logan, UT, USA) was set up on the same date, however, around two
months later, the mast fell unexpectedly before any precipitation event had taken place.

SEEE A
gy —

Figure 2. La Ollita meteorological station and the snow scale, on 15 December, 2015 (photo by Miguel Lagos).

2.2. Hydrometeorological Network

The AWS network from the Chilean national water bureau (Direccién General de Aguas)
provided the meteorological forcing for the distributed hydrological model (Table 1) [17],
with a total of seven operational meteorological stations. According to satellite imagery
from MOD10A and MYD10A [18] for the period 20012015, the mean elevation of the
snow line was above 3000 m a.s.l. Notably, all the precipitation gauges were located below
2000 m a.s.l,, and therefore there existed considerable uncertainty in the amount and
distribution of the precipitation in higher elevations. The synoptic characteristics in the
region are favorable to orographic enhancement [19], but also cut-off low pressure systems
which produce negative orographic gradients in similar latitudes [20,21].
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Table 1. Automatic weather station (AWS) network used in this study. P: Precipitation, T: Temperature, RH: Relative

humidity, ISR: Incident shortwave radiation, U: Wind speed.

Station Latitude Longitude Elevation Start-End Measured
Name ) ) (m as.l) date variable
Iglesia Colorada —28.1572 —69.8808 1550 1988-2016 Pand T
Jorquera en La Guardia —27.8364 —69.7550 2000 1966-2016 P
Lautaro Embalse —27.9783 —70.0033 1110 1930-2016 Pand T
Manflas —28.1336 —69.9750 1410 19662016 P
Portezuelo El Gaucho —28.6231 —70.0450 4000 2003-2016 T
Rio Copiap6 en Pastillo —28.0003 —69.9747 1300 2013-2016 P
La Ollita —28.2095 —69.5425 4320 December/15-July/16 P T,RH, ISR, U

2.3. Reanalysis Data

The AWS'’s inconsistent spatial distribution motivated the use of ERA-Interim reanal-
ysis [22] to generate the meteorological forcing for the distributed hydrological model.
ERA-Interim is a global atmospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts [23]. Gridded data products included a large variety of
3-hourly surface parameters and 6-hourly upper-air parameters covering the troposphere
and stratosphere [24]. The ERA-Interim configuration has a spectral T255 horizontal res-
olution of 0.7° uniform grid (approximately 79 km) and 60 levels in the vertical, and the
products are interpolated to resample the original grid using bilinear methods [22].

3. Methodology
3.1. Snow Mass Balance Model

Snow processes were computed using the Cold Regions Hydrological Model (CRHM) [10],
which employed a modular structure to simulate the sequence of processes of accumulation
and ablation of snow. First, we ran a site-scale model at LOS with hourly observed data
for the year 2016 including precipitation, air temperature, relative humidity, wind speed
and incident shortwave radiation. The model parameters were set according to previous
publications (see References in Table 2), but others such as the minimum snowfall to
refresh the albedo and the fetch length were calibrated. We applied the Nash-Sutcliffe
coefficient (NSE) [25] as a metric to calibrate the in-situ Snow Water Equivalent (SWE).
The precipitation phase in CRHM was determined using a mixed-phase approach based on
air temperature, considering a linear transition zone between 0 and 2°C. If the temperature
was below this range, the precipitation was considered snowfall, and above 2 °C was
considered rainfall.

Arranged within CRHM is the Prairie Blowing Snow Model (PBSM) [4] which sim-
ulates snow drift and blowing snow sublimation. Owing to the barren land cover of the
region, the only relevant parameters for the PBSM were the fetch length and the distri-
bution factor for snow transport. For the site-scale model, fetch length was determined
using the dominant wind direction and field observations at the site, leading to a fetch
value equal to 650 m, comparable in order of magnitude to small catchments [29]. Due to
the topographical setting of the site (no obstacles on the predominant windward direction
and low slopes leeward), it was simulated as an outgoing drift source. Snow albedo was
parameterized with an exponential decay curve during the melt period [27]. DeBeer and
Pomeroy [26] proposed arbitrarily an albedo decay equal to T = 10° s, whereas Essery
and Etchevers [27] calibrated T for various cold regions of the world ranging between
7.2-10° and 1.8 - 10° s. We used T = 1.2 - 10° s which was close in magnitude to [26] and
in the upper range of [27]. The maximum albedo for fresh snow was set at 0.85 and the
minimum snow albedo to 0.5, following [27]. The value of s, the minimum snowfall
amount required to refresh the albedo, was adapted to 1 mm to achieve a realistic albedo
given the low precipitation climatology in the region. With higher s,,;,,, similar to other
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studies (e.g., [27-30]), the albedo was not responsive to new storms. This parameter was
above the reported precision of OTT Pluvio2 pluviometer [31].

Table 2. Parameters applied in Cold Regions Hydrological Model (CRHM) for the site-scale model and distributed
hydrological model. UCRB: Upper Copiap6 River Basin. LOS: La Ollita station.

Parameter Description Value Units Reference Module
Kmax Maximum Albedo for fresh snow 0.85 - [26]
X in Minimum Albedo for aged snow 0.5 - [27]
T Albedo decay for cold snow 1.2 x 10° s [26] Albedo
Minimum showfall amount required t | mm Calibrated
F Fetch length oo m Calibrated PBSM
Psnow Snow density of falling snow 100 kg m3
max_HyOy; Max liquid water content as volume ratio 0.01 - 28] SNOBAL
max_zg Maximum active layer thickness 0.1 m
Zg Roughness length 0.001 m

Additionally, the SNOBAL parameters were defined as the defaults suggested by
Marks et al. [28,32]. The maximum active layer thickness was first set to 0.25 m by [28]
but afterward [32] found that setting it to 0.1 m improved the simulation of turbulent
fluxes. The roughness length (zg) was setto 1 - 1073 m, which was a realistic value for
snow surfaces, following [33] and [34]. According to the simplified scheme proposed by
Paeschke [35], we estimated that with an average grain size of about 3 cm the roughness
length was 4 - 1073 m. The lack of vertical profiles of wind speed and air temperature
prevented the calculation of surface instability, stress velocity, and therefore roughness.

The different modules in CRHM are linked to each other, first processing the meteorolog-
ical forcing and then transferring the results to the following module (Figure 3). This sequence
was applied for the UCRB distributed model and the site-scale model for LOS.

Precipitation
Observation Wind speed
module Vapour Pressure f(RH, T)

Temperature (T)
and Relative humidity (RH)

Interception Total and liquid precipitation
Radiation Snaw
module
module

Clear-sky direct and diffuse
o Blowing Snow
shortwave radiation
module
(PBSM)
Shortwave Radiation >
Longwave Albedo Richard Albedo
A
Slope module module SWE
radlztl;m SWE 5 L
module ner: alance
Drift, blowing snow sublimation gy
Longwave radiation snowmelt module
Adjusted shortwave radiation (SNOBAL-CRHM#3)

Snowmelt,
surface sublimation

Figure 3. Flowchart of the interaction of state variables and fluxes calculated by physically based hydrological process
modules using CRHM. All the above modules are currently available in the CRHM platform.
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a) Elevation
(ms.n.m)

3.2. Distributed Hydrological Model

We built a spatially distributed snow model in CRHM for the UCRB in order to
evaluate the importance of energy and mass fluxes at the catchment scale. CRHM was
run for the period 1 April 2001 to 31 March 2016 at an hourly time step. For the anal-
ysis, the UCRB was divided into catchments: Jorquera, Pulido and Manflas (Figure 1).
Each subcatchment was then discretized into hydrological response units (HRU), employ-
ing the physiographic characteristics expected to play a significant role in snow accumula-
tion and ablation such as elevation, slope, and aspect (Figure 4), derived from the SRTM
digital elevation model with 1 arc-second resolution. The HRU delineation was based on
the following criteria: (i) division of the sub-basins, (ii) equal elevation bands for each
sub-basin delimited in the previous step, (iii) division by sides of river and the aspect and
(iv) a riverbed buffer of 200 m at the end of the river. The UCRB basin split into 81 HRU: 43
in Jorquera, 31 in Pulido and 7 in Manflas. For each HRU, the meteorological forcing and
hydrological parameters were spatially homogeneous and therefore, the same hydrological
processes were dominant.

Il 1000-2000 MW <5 M N (0-22.5 & 337.5-360)
2000-3000 5-10 I NE 2 5 67.5)
3000-4000 10-15 E (67 5-112.5)

M 4000-5000 15-20 SE (112.5-157.5)

20-25 S(157.5-202.5)
H 25-30 SW (202.5-247.5)

B W (247.5-292-5)
B NW (292.5-337.5)

b) Slope c) Aspect
(degrees) (degrees North)

Figure 4. Main physiographic characteristics: elevation (a), slope (b) and aspect (c) derived from Shuttle Radar Topography
Mission’s digital elevation model, spatially averaged for each hydrological response unit (HRU) at UCRB.

Based on satellite imagery [36] and the land use of the basin, we set barren cover to each
HRU above 3500 m a.s.l., where there were not significant boulder fields. For that reason,
the only relevant parameters for the PBSM model were fetch length and the distribution factor
for snow transport. A constant fetch length of 1500 m was adopted for each HRU in the
UCRB, mainly due to the lack of wind direction measurements in the study period; however,
we discuss possible consequences of this decision in the Section 5.2. A uniform distribution
factor was assumed for the HRUs above 3500 m a.s.1., meaning those HRU may have received
or delivered transported snow. Below this elevation, the drifted snow was deposited.

The ERA-Interim 6-hourly (06, 12, 18 and 24 UTC) air temperature and relative
humidity was obtained for each HRU, based on the interpolated grid of 0.125° x 0.125°,



Atmosphere 2021, 12, 520

7 of 19

considering pressure levels 600, 650, 700, 800, 850, 900 and 925 hPa from April 2001 to
July 2016. An elevation correction for air temperature was implemented using the Lapse
Rate methodology [37]. In this approach the ERA-Interim air temperature at a certain
geographical elevation is defined through Equation (1):

TERA-Interim = Tpressureflevel +I'- Az 1

where Az = zZpem — Ppressure—level / § IN meters, zppy is the elevation of 1 arc-sec SRTM
digital elevation model (m), Ppressure—level 1S the average geopotential height of the pressure
level (m?s~2), g is the acceleration of gravity (9.81 ms~2). Tyressure—level (°C) was defined
as the closest pressure level temperature respect to the DEM elevation, that is when
Az is minimum. The lapse rate I' was calculated as the difference between the highest
(600 hPa) and the lowest (925 hPa) level pressure air temperature. Then, we applied the
nearest neighbor downscaling for each HRU centroid. Similarly, the relative humidity was
determined using the closest pressure level respect to the DEM elevation with the nearest
neighbor downscaling to each HRU centroid.

We generated an a-priori distribution of incoming solar radiation (ISy) from the
DEM using GRASS-GIS software, which considered the effect of the latitude, aspect,
and slope. The solar radiation of each HRU (IS;,_@urp) was normalized by LOS’s nearest
pixel (ISy_@ros). Finally, the incident shortwave radiation was calculated as the ERA-
Interim time series radiation at LOS (IS;,_rraeL0s) weighted by the normalized radiation
(ISw—ErA@LOS " ISw-@urH/ISw-@LOS)-

Wind speed was estimated based on the 10-m U and V wind components of the ERA-
Interim 3-hourly data, downscaled to the centroid of each HRU through a nearest neighbor
algorithm. Hourly data for air temperature, relative humidity, wind speed and shortwave
radiation were calculated as the linear interpolation of the 6-hourly or 3-hourly data.
Precipitation data were estimated using a reference station from each subbasin: Jorquera
(Jorquera en La Guardia station), Pulido (Iglesia Colorada station) and Manflas (Manflas
station). Observed daily precipitation data were extrapolated to the entire catchment
using orographic weighting factors determined from the national annual precipitation
official isolines, issued by the Chilean water authority [38]. This precipitation distribution
is commonly used in local studies with sparsely gauged basins in the Chilean Andes,
providing adequate basin-scale estimates which match observed water budgets (e.g., [39]).
Hourly data were obtained based on the hourly statistics from 57 storms at the Rio Copiapd
en Pastillo station. Due to the proximity of the reference stations, it was assumed that the
same relationship holds between storm length and precipitation amounts; thus, from daily
precipitation values at the reference stations, both storm length and hourly precipitation
were derived.

To validate the distributed snow model, we compared modeled fSCA and MODIS
snow cover products. The simulated fSCA was reconstructed using SWE, each HRU was
flagged as snow covered when the simulated SWE was greater than 1 mm, similar to [8].
This rather crude approach allows us to estimate catchment-scale fSCA as the area-weighted
average of HRU fractional snow cover. We compared this catchment-scale value with the
daily MODIS fSCA at 500 x 500 m resolution, obtained as a combination of MYD10A and
MOD10A products [18].

3.3. Climate Sensitivity Analysis

Most of the RCP8.5 climate projections for the north of Chile had forecasted incremen-
tal trends in temperature, ranging from 0 to + 5 °C at the end of the 21st century in the
Copiap6 region [15]. We performed a sensitivity analysis of the snow ablation components
(blowing snow sublimation, surface sublimation, melt and snow drift) by perturbing air
temperature in the climatological period 2001-2016.
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4. Results
4.1. Simulations at LOS

We simulated the snow processes by employing LOS’s in-situ measurements between
April and July 2016 (Figure 5). The snowpack (SWE) was calibrated using the snow scale
measurement (Figure 5b). The model reproduced the snowpack dynamics during this
period with a Nash-Sutcliffe efficiency of 0.94 and an RMSE of 3.17 mm, showing a bias of
0.26 mm. Even though the highest peak in snow accumulation of 57 mm was missed by
the model, the difference between the observed and simulated SWE was not larger than
5 mm in the following days. Importantly, the simulated SWE decay slope matched to the
observed data, especially after snowfalls.
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Figure 5. Measured wind speed and air temperature at La Ollita station (a), observed and simulated snow water equivalent
(SWE) measured precipitation in the rain gauge (b), simulated cumulative components of the snow water balance (c) hourly
between 1 April and 1 July 2016.

At the station, the observed accumulated precipitation was nearly 132 mm (Figure 5c),
distributed along the season in minor events. Two major storms accounted for most of the
snowpack in the season: 24 April 2016 and 13-15 May 2016. In the first major snowfall,
the snowpack melted rapidly, as air temperature was near 0 °C and wind speed lower than
10 m s~ L. Tt accounted for 40 mm in SWE with a similar share of losses between the ablation
snow components. Between 13 and 15 May 2016, the snowfall added roughly 25 mm of
SWE (Figure 5b), completing around 45 mm in the snowpack. However, on this occasion,
as wind speed was greater than 20 m s, nearly 10 mm drifted off the site and blowing
snow sublimation was up to 25 mm. After 15 May, the snowpack continued to disappear at
an almost constant rate of surface sublimation, finishing the snow cover on the 23 May. Fi-
nally, a storm of almost 20 mm on 29 May 2016 did not accumulate significant SWE,
due to a combination of wind speed over 15 m s~! and temperatures below —5 °C,
leading to the erosion of the snowpack by blowing snow sublimation and transport.

CRHM results at LOS suggested that blowing snow sublimation was the most sig-
nificant component of the mass partition in the 2016 season and it accounted for almost
36% of the snowfall losses between April and July. Nearly half of this amount can be
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(%)
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attributed to the 13-15 May event with strong wind speed and low temperature. Equally,
surface sublimation losses were 30% of the snowfall, while drift and melt each represented
approximately 17% of the ablation during the season.

As a way to assess the distributed meteorological forcing from ERA-Interim, we com-
pared the measurements at LOS with the 0.7° pixel in ERA-Interim, including air tempera-
ture, wind speed and relative humidity (Figure 6). In general, ERA-Interim represented
the average meteorological conditions at LOS of temperature and relative humidity, but
not the intraday variability. The temperature, precipitation and wind speed biases were
0.57 °C, —5.93% and 2.45 m s, respectively, and the determination coefficient was 0.56
for both air temperature and relative humidity. However, the modeled wind speed’s R?
was 0.06, poorly representing the intraday cycles and biased positively.
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Figure 6. Comparison between measured (gray line) and reanalysis ERA-Interim (blue line) hourly meteorological data at

La Ollita station during water year 2016.

4.2. Simulations at Catchment-Scale

The fractional snow cover area was compared in order to verify the snow distribution
along the basin and seasonal duration coherence. Contrasting MODIS imagery and sim-
ulated snow cover revealed a moderate correlation with coefficients of determination of
0.58, 0.50, 0.61 at Jorquera, Pulido and Manflas basins, respectively, (See Figure S1 for time
series). Because of the difference in spatial resolution in these two approaches (kilometric
HRU vs. 500 m pixels), this exercise was considered as a rough assessment of the snowpack
extension and duration at the catchment level.

Simulations of the average monthly snow balance indicate that in Jorquera and Pulido
blowing snow sublimation represented half of the wintertime ablation for the period
2001-2016, while in fall and spring (March to April and September to November) the
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melted snow signified up to 40% of the ablation (Figure 7). In Manflas, however, the melted
snow reached up to 75% of snow ablation in the driest months of the year (October to
February) and blowing snow sublimation was lower compared to the other basins, which
is attributed to the relatively higher temperatures of the basin and lower wind speeds
(lowest-elevation basin). On the other hand, surface sublimation remained in the range 5 to
7.5 mm/month across the three basins, declining in spring and summer given the retreat of
the snow cover, where melting began to dominate the snow mass balance as the radiation
was higher.
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Figure 7. Monthly average snow water balance components at the Upper Copiap6 basin between 2001 and 2015. Average

monthly snow mass components (top) and percent of the ablation (bottom). B.S: blowing snow.

The elevation influenced the snow dynamics due to the spatial variability of the
meteorological forcing (Figure 8). At the lowest band (2000-3000 m a.s.l.), wind speed
never reached 10 m s~! and air temperature was generally greater than 0°C in 2001-2016,
which provided conditions for higher daily rates of melt and surface sublimation. Generally,
melting rates were lower than 15 mm/day and 3.5 mm/day of surface sublimation below
4000 m. Even though this range of elevation concentrated the least volume of snow
(Figure 9), following the orographic effect implemented in the precipitation distribution
scheme. The blowing snow mechanisms increased in rates and volume with the elevation,
influenced by the higher wind speeds and lower temperatures, whereas snow melting
and surface sublimation tended to decrease in rates and volume above 4000 m (Figure 8).
Blowing snow sublimation represented 73% of the snow volume between 4000 and 6000 m
(Figure 9¢c). The transported snow rates increased in a cumulative normal distribution
above 5 m s~! wind speed, as a direct consequence of the probability of blowing snow and
a higher boundary layer in PBSM [5]. The simulated rates of drifted snow in high elevations
(4000-6000 m) went up to 28 mm/day and accounted for around 10% of the snowfall’s
volume. As implemented in the model, the snow in high elevations was redistributed to
the surroundings or to lower elevations, which produced a reception of transported snow
up to 20 mm/day in the 30004000 m level.
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Figure 8. Daily rates of the snow components (mm/day) compared to the average wind speed and
air temperature between 2001 and 2016. Colored by altitudinal bands of 1 km derived from the HRU
in UCRB. BSS: blowing snow sublimation and E: surface sublimation. Vertical lines indicate the
average May—December of wind speed and air temperature in each band.

The sensitivity analysis of the temperature indicated a general decrease in the availabil-
ity of snow due to a rise (reduction) of liquid (solid) precipitation by 4% °C~! (Figure 10b).
Previously, other studies have noticed a projected reduction in the snowpack per degree
increase of 10% °C~! in Svalbard [40] and 15% °C~! decline in the Swiss Alps [41]. [42]
conducted a statistical sensitivity analysis for 44 mountain regions in the world under
warmer conditions, which suggested that places with cold winters (mean lower tempera-
tures than —8 °C) did not respond significantly to changes in rainfall ratio (~ +5% per C°)
and presented insensitive snowpack peaks and snow duration.
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Figure 9. Annual average amount (a) and volume (amount times the area) (b) of the snow mass

balance component by HRU ranges of elevation in the Copiap6 basin, between 1 April 2000 and
1 April 2016. The volume is portrayed as snow water equivalent (b) and as percentage of snowfall (c).
BSS: blowing snow sublimation and E: surface sublimation.

In the snow balance, the least affected components under warming conditions will
be transported and melted snow (Figure 10a). Surface sublimation, however, will be
reduced by 1.5% per degree increase, as this component is dependent on the duration of the
snowpack. Blowing snow sublimation will increase in a warmer climate as a percentage of
the snowpack (+2% per degree increase), but as the rainfall ratio will be more significant in
terms of the precipitation, less blowing snow will be available to sublimate.

The monthly UCRB’s average snow cover area between 2001 and 2016 (SCA, Figure 11a)
revealed an expected seasonal snow between April and September, that peaked in July
where 25% of the basin was covered by snow. In warmer conditions, the fraction of SCA
will decline by 2% per degree increase during winter (Figure 11a), which represents nearly
145 km? °C~! of less snow at UCRB.
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Figure 10. Sensitivity analysis on the UCRB’s mass balance components with the variation of
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Figure 11. Sensitivity analysis to warmer conditions of the monthly fractional snow cover area (a),
annual snowpack cover duration (SCD, panel (b)) and maximum annual snow water equivalent
(SWE) (c). The increment in temperature was in respect to the reference period between April
2001 and 1 April 2016. For the panel b and c, the slope was estimated using the average duration
(“diamond symbols”, —6.2 d °C~!) and average annual max SWE (—3.4 mm C~!), respectively.
The cross marks (+) represent the outliers of the dataset.
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The seasonal snowpack duration widely fluctuated year to year (Figure 11b). Between
2001 and 2015, the driest year offered only 36 days of snow, whereas the wettest year
reached up to 225 days. The average duration of the snowpack declined steadily under
warmer climate, almost 6 days or —5% °C~!. The wettest years were more susceptible to
reductions, whereas in the driest years the seasonal duration will remain approximately
constant. Other regional studies, such as [42], projected a reduction in snow duration in
44 basins of between 2 and 27% per degree increase, and remarkably, a similar location in
the semi-arid Andes of Chile anticipated —5.5 days °C~! [43], while other locations in the
same study expected at least 25 days °C~! less.

The annual peak SWEs at UCRB ranged from 4.7 to 140.0 mm in the simulation period,
with a median of 26 mm and an average of 43 mm (Figure 11c). Under a warmer climate,
the 75th percentile exhibited a sharp reduction of —5.3 mm °C~!, whilst the declination of
the mean was roughly -3.4 mm °C~L; 0r 7.9%°C~1. The maximum SWE in the driest years
remained almost constant with temperature increment (—0.5 mm °C~1). [42] observed a
large variability in the response of the peak SWE to warmer climates in different basins,
with a decrease between 0.3 and 45% per °C.

5. Discussion
5.1. Meteorological Uncertainties

Due to the scarce coverage of instrumentation in the north of Chile, one of the prevail-
ing sources of uncertainty is the spatial distribution of meteorological variables. This con-
dition limits the reliability of snow mass and energy simulations in the Dry Andes. In this
study, the precipitation parametrization based on AWSs and the orographic enhancement
affected the simulated snow in magnitude and distribution. In Copiapd, frequent winter
cold fronts are expected from the Pacific [44], characterized by westerly and southerly
flows which lead to a prominent positive latitudinal height gradient in the Andes [19,45,46].
This precipitation distribution is due to the South East Pacific Anticyclone [47,48] that
normally prevents convective precipitation due to subsidence [21]. Low frequency events
were neglected in this study, such as cutoff lows [20], which feed anomalous events of con-
vective precipitation in austral summer and temporarily reverse the precipitation gradient
(e.g., [21]). Furthermore, global reanalyses used to compensate the lack of stations in remote
regions still present large bias in precipitation in the Dry Andes and moderate correlation
with annual observations [49,50], which brings substantial uncertainty in high-elevation
snow simulations [8,9]. Additionally, the precipitation gauge measurements in the AWSs
network could be underestimated, owing to the physical constraints of the instruments
in capturing precipitation in the surrounding area, especially during snowfall and windy
storms [51,52]. More studies exploring gridded modeled precipitation in the area, such as
Weather Research and Forecast model (WRF) and under catch corrections, are required to
study the precipitation distribution effect.

Snow processes are highly sensitive to wind as turbulent energy fluxes and blowing
snow directly depend on the magnitude of wind speed [4,32]. Wind fields are, however,
one of the hardest variables to be estimated, given the complexity of air motion in mountain
regions and the unavailability of long-term records to assimilate global reanalyses [53].
Micrometeorological models can be applied to simulate synoptic wind, but they tend to
be more unreliable in local wind fields such as katabatic and anabatic winds [8]. We ac-
knowledge a possible positive bias in wind speed derived from the ERA-Interim product,
and therefore in the blowing snow processes, as the comparison with the local station LOS
presented a bias of around 2.5 m s~ for the season 2016. This is a similar to the error
expected in the WRF model for wind energy applications in Chile [54].

Air temperature is one of the main driving forces in the snow ablation process, and
is partly responsible for the changes in sensible energy flux, air density, relative humidity,
vapor pressure deficit and therefore, directly related to the sublimation and snow melt [4,32].
The temperature from the ERA-Interim reanalysis generally presents an agreement with the
local station in magnitude and variability in high Andes areas [49] and for the current appli-
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cations in macroscale, the parametrization of the temperature provides reliable magnitude
and temporality.

5.2. Model Limitations

The PBSM model was originally designed for the Canadian Prairies, which are charac-
terized by relatively flat terrain and homogenous vegetation [4]. The model equations are
resultant from field observations, idealization of snow particles in the air and thermody-
namic equilibrium [4,5,55]. One of PBSM’s highlighted assumptions is the development of
the snow processes within a stable boundary layer (comprised by a saltation and suspen-
sion layer) in the wind predominant direction [5]. The suspension boundary layer is highly
sensitive to fetch after a threshold of wind speed (greater than 8 m s 1 Pomeroy, 1988).
The PBSM equations are integrated along the fetch and boundary layer, an increase in each
of them translates in more blowing snow to sublimate.

In this study, the LOS is located in an exposed and relatively flat area that allows wind
to flow for at least 500 m without obstacles. However, the topography of the catchment
is complex and diverse, and for that reason we applied a uniform fetch length in each
HRU to compensate for the topography effect of the mountains and the lack of wind
directions across the large scale of the basin. As we are interested in the macroscale system,
the current model is sufficient to estimate the ablation components in the areal average of
each HRU, as the SCA of the basin showed a reasonable coherence with satellite imagery.
The implications in the snow model are that a longer fetch will increase the blowing snow
sublimation, and the inverse is also valid. Fetch length in exposed areas generally range
from 300 to 3000 m in other basins [56,57]. Several PBSM-SNOBAL-CRHM models have
been successfully applied in mountainous conditions, such as subarctic mountains [29],
the Canadian Rocky Mountains [58], Yukon river in Canada [59], Patagonia [60] and
in particular, applied for sensitivity analysis in various mountain regions around the
world [42,43].

5.3. Potential Impact of Warmer Conditions

Air temperature is highly embedded within PBSM and SNOBAL in non-linear func-
tions, where the blowing snow sublimation rate is modeled as a snow spherical particle
that gains or losses mass from solid to water vapor at a rate of dm/dt = f(T). This rate
is integrated along the fetch and the boundary layer, which are independent of air tem-
perature. Additionally, the perturbation of air temperature alters some snow properties,
such as longwave radiation, energy fluxes (especially sensible heat and melting rates) and
the rainfall ratio. In this study, relative humidity remained unchanged, supported by the
low relative humidity change projected by 1% K~! [61] and allowed water vapor pressure
to vary in a coherent way with temperature changes (following [43,59]). Under warmer
conditions, a decrease in snowpack was expected, due to an increment in latent heat of
fusion, which in CRHM was modeled as more precipitation falling into the liquid—solid
transition phase between 0 and 2°C, or higher. The remarkable result is that phase change
is the most sensitive process in the mass balance compared to ablation components. The dif-
ferent snowpack sensitivity analyses showed a low response to warmer climates, in terms
of the snow duration, snow depth, SCA and slight fluctuations in ablation components.
This phenomenon has been observed in other cold regions where the average temperature
May-December (November—June for Northern hemisphere) is less than —5 °C [42,43],
which was the range of temperatures above 4000 m a.s.l. in this study (Figure 8). Below
4000 m a.s.l., the rainfall ratio is highly susceptible to perturbations in air temperature;
thus, it is expected to be the most vulnerable region to climate change.

5.4. Snow Ablation Results in Other Studies

Snowmelt was the smallest fraction of snow mass across the catchment for the period
2001-2015 and the season 2016 at LOS, even though it was highly relevant when wind
speed was under 5 m s~ ! and air temperature around 0 °C. Those conditions were normally
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met in areas below 4000 m with rated of melt up to 15 mm/day and where melt represented
25% of snowfall.

Due to the orographic gradient of precipitation, the region above 4000 m received 63% of
snowfall volume. At these elevations, the average temperature in the period May-December
was below —6 °C and wind speed over 9 m s~ ! (Figure 8), which explained the predominant
importance of blowing snow sublimation and secondarily, surface sublimation. These large
sublimation losses have been reported in other studies in the semi-arid Andes such as [3]
with 81% of the ablation in Guanaco Glacier and over 70% in Pascua-Lama [8]. Ref. [9] in
La Laguna basin estimated around 80-86% of sublimation when WRF forcings were applied
and 42-49% of sublimation with station-based forcing and [43] found an expected 39% of
sublimation in Tascadero (31° S). In general, the consensus to explain the high sublimation in
the Andes is that storms are restricted to the coldest months, combined with high incoming
solar radiation, low relative humidity, and high wind speeds [3,8,43,62,63]. Further studies
with long term measurement of the energetic fluxes and blowing snow are required to validate
the simulation applied in these rare regions, which might test the simplifications and limited
capacities of the current snow models.

6. Conclusions

This work has presented a physically based distributed snow hydrology model for an
arid mountain river system, with parameters derived from short-term observed data and
forced with a combination of observed and reanalysis meteorological inputs. The ability to
use directly observed parameters within the model, with minimum calibration, increased
our confidence in the estimations, as we extrapolated model parameters in space and time.
In this extreme environment, it was estimated that surface and blowing snow sublimation
played a significant role in the water budget, representing more than 70% of the snow
balance over the 16-year period between 2001 and 2016.

The sensitivity analysis showed that under warmer conditions, a larger fraction of
precipitation may be available in the form of water resources, due to two effects: (1) a larger
rain ratio, and (2) a relative insensitivity of the snowpack in high elevations. Potentially,
the available rain could infiltrate and become part of the groundwater system, which
currently is the most relevant form of water supply in the Copiapé. Future work should aim
to unravel the interplay between snowmelt, river flow, and natural groundwater recharge,
in order to better understand the possible feedback of climate change effects, which can
yield better predictive models for water resource planning.
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2073-4433/12/4/520/5s1; Figure S1: Fractional snow cover area derived from the CRHM model and
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