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Abstract: Effects of climate change have led to a reduction in precipitation and an increase in
temperature across several areas of the world. This has resulted in a sharp decline of glaciers
and an increase in surface runoff in watersheds due to snowmelt. This situation requires a better
understanding to improve the management of water resources in settled areas downstream of glaciers.
In this study, the snowmelt runoff model (SRM) was applied in combination with snow-covered area
information (SCA), precipitation, and temperature climatic data to model snowmelt runoff in the
Santa River sub-basin (Peru). The procedure consisted of calibrating and validating the SRM model
for 2005–2009 using the SRTM digital elevation model (DEM), observed temperature, precipitation
and SAC data. Then, the SRM was applied to project future runoff in the sub-basin under the climate
change scenarios RCP 4.5 and RCP 8.5. SRM patterns show consistent results; runoff decreases in
the summer months and increases the rest of the year. The runoff projection under climate change
scenarios shows a substantial increase from January to May, reporting the highest increases in March
and April, and the lowest records from June to August. The SRM demonstrated consistent projections
for the simulation of historical flows in tropical Andean glaciers.

Keywords: Cordillera Blanca (CB); glaciers; climate change; water; Google Earth Engine (GEE);
snowmelt runoff model (SRM)

1. Introduction

Global temperature has increased 0.89 ◦C since 1901, which has negatively affected
the spatial and temporal patterns of precipitation [1]. Global warming is expected to affect
river flow and increase the melting of glaciers in the coldest parts [2,3]. Ninety-nine percent
of the planet’s tropical glaciers are located in the South American Andes [4]. These glaciers
are the natural water storage for downstream populations in high mountain watersheds [5].
However, glacier melting affects human populations, changes the hydrological cycle,
increases sea level and natural hazards [6]. Besides being an important cause of the change
in glacier morphology, it can provide basic parameters for assessing water resources [7].
This retreat of glaciers and snow is threatening the sustainability of water resources in
mountainous regions, which means that watersheds are constantly exposed to variations
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caused by climate change [8]. Therefore, it is necessary to accurately simulate and forecast
snowmelt runoff in the different high Andean regions.

In the last decades, many models have been constructed to estimate or forecast
snowmelt runoff under different hydrologic conditions [9]. These can be generally classified
as empirical temperature index (TI) models employing a degree-day orientation or energy
balance (EB) model with a physically based approach in which the various heat fluxes at
the snow or ice surface are quantified [10,11]. The EB model requires a lot of data and
vertical gradients of specific temperature and humidity, wind speed, incoming radiation
and precipitation [12]. However, degree-day models have been developed in response
to the high requirements of the EB model, as they allow temperature to be used as a
relatively accurate index for estimating ice-melt mass [13,14]. Other models, such as the
Water Evaluation And Planning (WEAP) system, have been applied to assess the water
management implications of a possible future glacier retreat. [15,16].

Remote sensing is an important tool in capturing spatial information on hydrolog-
ical state and flow variables such as precipitation, snow cover area (SCA), snow water
equivalent (SWE) and total water storage change (TWS), as well as land surface properties
(land surface temperature—LST, and land surface albedo) that are important for improving
predictions in hydrological modelling in high mountain regions [17,18]. The spatial and
temporal resolutions of images for snowmelt runoff modelling are defined by the size of
the watershed or study area [19]. Thus, in the last 20 years, there has been an increase in the
availability of snow products, which are available for use at different spatial resolutions,
from sensors such as the Advanced Very High Resolution Radiometer (AVHRR), the Special
Sensor Microwave Imager (SSMI), the Advanced Microwave Scanning Radiometer-Earth
Observing System (AMSR-E) and the Moderate Resolution Imaging Spectroradiometer
(MODIS) and Landsat Instruments [10]. The snowmelt runoff model (SRM), on the other
hand, is a conceptual hydrological model for simulating runoff in snowmelt-dominated
watersheds that incorporates remotely sensed imagery and requires three input variables:
temperature, precipitation, and SCA [13,20].

In recent years, snow cover maps obtained from MODIS represent valuable informa-
tion due to their high temporal (1 day) and spatial resolution (500 m) [21]. However, the
precision is influenced by environmental conditions, land use (presence of forested areas)
and accumulation of shallow or irregular snow [22–24]. Studies show that the combination
of Terra and Aqua MODIS images can improve the overall accuracy of SCA prediction
in open areas and alpine and forested regions by using the Generalized Probability Un-
certainty (GLUE) estimation methodology, in situ measurements of snow depth (SD) and
snow water equivalent (SWE), in situ snow cover telemetry (SNOTEL) [21,24–26].

In Peru, the Cordillera Blanca (CB) hosts some of the most important glaciers, located
in the Andes western branch, it is the highest and most extensive tropical glacier in the
world and represents approximately 35% of the glacier area of Peru [27,28]. These are
temporary water storages in snow that form at high altitudes during the rainy season,
between October and April [29]. They release water in the dry season (May and September)
that flows through the Santa river valley and is used for human consumption and in
activities like mining, agriculture and power generation [30,31]. From 1930 to 2014, glaciers
in this region were reduced by more than 30% of their surface area and, currently, this
dynamic continues [29]. Should this situation continue, there would be a shortage of water
for the consumption of rural and urban communities settled along its watersheds [32]. On
the other hand, in the BC, the existence of 755 glaciers with a surface area of 527.62 km2

has been reported that are confined to mountain slopes and generally located on slopes
greater than 25% of inclination [33]. Likewise, the mass balance variations in BC show that
it responds to fluctuations in climate (temperature, humidity and precipitation) on a large
scale, dominated by conditions in the tropical Pacific. The ENSO is the main pacemaker
on interannual time scales causing positive mass balance anomalies during La Niña and
negative anomalies during El Niño events [34,35]. Here lies the importance of knowing the
response of glaciers to climate change.
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The objective of this study was to apply the SRM in concert with information SCA and
climatic data of temperature and precipitation to model melt runoff in the Santa river sub-
basin (Peru). In sum, we (i) determined the SCA trend, using remote sensing techniques
and the Google Earth Engine (GEE) platform, and (ii) modelled snowmelt runoff under
climate change scenarios for 2030, 2050 and 2080.

2. Materials and Methods
2.1. Study Area

The Santa River sub-basin is part of the basin of the same name. It is located in the
Tropical Andes and includes the western flank of the BC (Figure 1). Politically, it is located
between the departments of Ancash and Trujillo, belonging to the highland region of Peru.
It runs into the western part of the BC and in turn separates it from the Cordillera Negra in
the west. It is characterized by a mixed hydrological regime with two well-defined seasons
during the year: the wet season from October to April [29] and the dry season from May
to September [30]. From a glaciological point of view, it is located in the humid northern
outer tropics [4] with a total area of 5334 km2 and average altitudinal gradient of 4087 m, a
humid and very cold climate predominates with annual maximum temperatures between
18 to 24 ◦C, and minimum temperatures between 16 and −4 ◦C. Precipitation increases
from west to east, accumulating more than 500 mm per year in areas above 2500 m and
rainfall of greater intensity in the northern border area exceeding 3500 m. In the southeast
of the sub-basin, annual precipitation ranges from 400 to 1200 mm per year.

The water of the Santa River depends on glacial and non-glacial sources and is
vital for the population settled in the area of the sub-basin (453,950 inhabitants) and the
development of economic activities [15,36,37]. Among the main activities that take place
above 5000 m, the glaciers and mountain tops themselves are a tourist attraction around the
world, between 2000 and 4000 m Quechua farmers develop hillside agriculture and below
2000 m. The extraordinary natural landscape of the Pato Canyon is used, a hydroelectric
project is developed, and the water is used to irrigate huge agricultural areas [15,32,37].
However, water resource use conflicts have been reported among nearby communities in
the departments of Ancash and La Libertad, arising from changes in water availability as a
result of climate variability, socioeconomic factors and mining activities [38]. This could
have an impact on the food security of settlements that depends directly on this resource.

2.2. Data Processing

Figure 2 shows data processing for modelling snowmelt runoff from tropical Andean
glaciers under climate change scenarios in the Santa river sub-basin. Briefly, observed
climate data of temperature, precipitation, digital elevation model (DEM) and MODIS
images were acquired to estimate the SCA [39]. Subsequently, the SRM model was applied
to simulate the surface runoff of the sub-basin. Finally, the model was validated and
calibrated to obtain future runoff scenarios under a climate change context.

2.3. Historical Climate and Discharge Data

Daily climatic data for temperature and precipitation were downloaded from the
Servicio Nacional de Meteorologia e Hidrologia (SENAMHI) and the Unidad de Glaciologia
y Recursos Hídricos (UGRH)—Huaraz from the meteorological stations of Yungay (2496 m),
Recuay (3431 m), Yanamarey (4606 m) and Artesonraju AP2 (4834 m) between 2000 and
2017 (Table S1). Daily flow data were collected between the period 2000 to 2009 from
the hydrometric stations La Balsa, Quitarcsa and Los Cedros. Likewise, the temperature
variation ratio per 100 m was determined, comparing the temperature variation in three
representative meteorological stations in the study area. Which was used to adjust the
height ∆T (Equation (1)) in the six hypsometric zones [20].

∆T = γ × (hst − h) × 1/100 (1)
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where: γ = Rate of temperature variation [◦C every 100 m], hst = Altitude of the station
where the temperature is measured.

The average of the temperature variation ratio of three stations (Yungay, Recuay and
AP2) was used, which was 0.55, used for the correction of the temperature variable in the
six hypsometric zones. For the precipitation input data, they were extrapolated according
to the mean hypsometric height of each zone with an increase of 3% to 4% of precipitation
per 100 m as recommended by Martinec et al. [20].
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2.4. Estimation of Snow Covered Area (SCA)

The SCA estimation was performed based on the MODIS Snow Cover MOD10A1
product with daily temporal resolution and 500 m spatial resolution [40]. All images from
the period 2000 to 2017 [40,41] were processed using the GEE platform [42]. For SCA
validation, Landsat 5 (Surface Reflectance Tier 1) and Landsat 8 (Surface Reflectance Tier
1) images were used by determining the Normalized Difference Snow Index (NDSI), as
proposed by Riggs et al. [43]. The process consisted of classifying Landsat images into
glacier and non-glacier [44]. Finally, the Terra and Aqua satellite MOD10A1 product was
validated (Figure 3).

2.5. Snowmelt Runoff Model (SRM)

The SRM is a semi-distributed model based on the degree-day factor that has been
applied in several high mountain basins with different areas and altitudinal ranges [20].
The degree-day approach has been particularly interesting for snow hydrology research in
regions with sparse meteorological networks and limited capacity for field measurements
needed to physically calibrate the model [45–47]. The DSM was reclassified into six zones
as proposed by Martinec et al. [20] to estimate the SCA of each altitudinal zone and generate
the sub-basin hypsometric curve.
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Figure 3. MODIS image processing and validation of the SCA with Landsat imagery.

The daily input data used in the SRM were temperature, precipitation and SCA. Addi-
tionally, the model considered some sub-basin characteristics such as location, elevation
and hypsometric curve. The record register date from 2000–2017 was used for the statistical
analysis of correlation between these variables, and from 2005 to 2008 for the simulation
and validation of the SRM, which was run on the WinSRM software. The model also
calculated the daily amount of water from snowmelt and rainfall; this amount is added to
the recession flow to obtain the total daily flow according to Equation (2) [20].

Qn+1 = [csn]an(Tn + ∆T)Sn + cRnPn
A10000
86400

(1− kn+1) + Qnkn+1 (2)

where Q is the average daily discharge (m3 s−1), C runoff coefficient, expressing the
losses as a ratio (runoff/precipitation), Cs the snowmelt Cr rainfall, a degree-day factor
(cm ◦C−1 d−1), indicating the snowmelt depth resulting from 1 degree-day, T number of
degree-days (◦C d), ∆T the adjustment by temperature lapse rate when extrapolating the
temperature to the average hypsometric elevation of the basin or zone (◦C d). S, ratio of
the snow-covered area to the total area. P, precipitation contributing to runoff (cm). Tcrit
critical temperature, determines whether this contribution is rainfall and immediate. If
precipitation is determined by Tcrit to be new snow, it is kept on storage over the hitherto
snow free area until melting conditions occur, A area of the basin (km2). K recession
coefficient indicating the decline of discharge in a period without snowmelt or rainfall,
where K = Qm + 1/Qm, (m, m + 1 are the sequence of days during a true recession flow
period) and n sequence of days during the discharge computation period.

T, S and P are variables to be measured or determined each day. Cs, Cr, lapse rate to
determine ∆T, Tcrit, k and the lag time are parameters which are characteristics for a given
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basin or, more generally, for a given climate. For this study, the sub-basin was divided into
six zones, 900 m approximately, following Equation (3).

Qn+1 = [cSAn]aAn(Tn + ∆TAn)SAn + cRAnPAn
AA10000

86400 +

[cSBn]aBn(Tn + ∆TBn)SBn + cRBnPBn
AB10000

86400 + [cSCn]aCn(Tn + ∆TCn)SCn+

cRCnPCn
AC10000

86400 + [cSDn]aDn(Tn + ∆TDn)SDn+

cRDnPDn
AD10000

86400 + [cSEn]aEn(Tn + ∆TEn)SEn + cREnPEn
AE10000

86400 +

[cSEn]aEn(Tn + ∆TEn)SEn + cREnPEn
AE10000

84400 + (1− kn+1) + Qnkn+1
a

(3)

2.6. SRM Model Calibration

The WinSRM was used to graphically compare the computed model with the hydro-
graph model. In the first stage, a visual inspection analysing the accuracy of the simulation
was done. In the second stage, a statistical analysis was carried out using accuracy criteria
such as the Nash-Sutcliffe correlation of the R2 coefficient of determination (Equation (4)),
and the volume difference Dv: (Equation (5)), to obtain an accurate and objective evaluation
of the simulation.

R2 = 1− ∑n
i=1(Qt −Q′t)

2

∑n
i=1

(
Qt −Q

)2 (4)

where: R2: A measure of model efficiency, Qt: Measured daily discharge (m3/s), Q′t :
Simulated daily discharge (m3/s), Q : Average daily discharge for the simulation season
(m3/s) and n: Number of daily discharge values.

Dv =
VR −V′R

VR
∗ 100 (5)

where: Dv: percentage difference between the total measured and simulated runoff (%),
VR : measured runoff volume (m3) and V′R : simulated runoff volume (m3).

To reduce quadratic differences and the resulting sensitivity at extreme values by
the NSE, the Nash-Sutcliffe coefficient was computed, using logarithmic values of the
observed and simulated discharge, as a result of which the influence of low discharge rates
increases the errors and makes the measurement of the statistical criterion more sensitive
(Equation (6)).

R2 = 1− ∑n
i=1(logQt − logQ′t)

2

∑n
i=1

(
logQt − logQ

)2 (6)

2.7. Data of Future Climate

Projected temperature and precipitation data from the general circulation model
(GCM) (https://gisclimatechange.ucar.edu/, May 2018) were used for different scenarios
(RCP 4.5 and RCP 8.5). Scenarios for 2030, 2050 and 2080 were analysed. The GCM
climate scenario data were spatially scaled using the downscaling technique has three
steps: (1) determining a simple linear model for every location in the prediction domain,
(2) using an off-the-shelf method to provide an initial estimate at every prediction location
from the Community Climate System Model (CCSM) data, and then (3) applying the linear
model to the initial estimate to produce the final downscaled estimate, it was developed by
Tim Hoar and Doug Nychka at Institute for Mathematics Applied to Geosciences (IMAGe)
and National Center for Atmospheric Research (NCAR) [48].

3. Results
3.1. Snow Coverage Validation

Tables 1 and S2 show the percentage of SCA for MODIS and Landsat data products
obtained on the same overlapping date. The highest percentage of snow was reported
in 2009 (6.9%), while the lowest was obtained in 2016 (4.6%) for MODIS data. However,

https://gisclimatechange.ucar.edu/
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for Landsat data, the maximum value (6.5%) was reported in 2003 and 2008, while the
minimum was reached in 2015 (5.1%). Figure 4 also presents the results of the spatial
distribution of the SCA for both products in 2003, 2006, 2010 and 2016.

Table 1. Total snow cover area in (%) obtained from MODIS and Landsat imagery in the Santa
River sub-basin.

Date of Images
Snow Cover Area (%)

MODIS (500 m) Landsat (30 m)

18 October 2003 6.1 6.5
13 May 2004 6.8 6.2
6 July 2006 6.0 6.1

7 August 2006 5.8 5.9
9 June 2008 6.3 6.5

15 August 2009 6.9 6.4
18 August 2010 5.4 5.7
5 August 2011 6.0 5.6

12 July 2014 6.7 6.2
17 September 2015 5.7 5.1

23 January 2016 4.8 5.6
22 November 2016 4.6 5.2
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3.2. Standardised Correlation Analysis of Precipitation, Temperature, SCA and Discharge

The correlation among standardized values of precipitation, average temperature,
SCA and discharge (stations of La Balsa, Quitarcsa and Los Cedros) in the Santa River sub-
basin used a 5% significance level (Table S3). Figure 5 shows the standardised correlations
between the input variables (precipitation, temperature, SAC and monthly discharge
rate) at the Artesonraju AP2 and Yanamarey stations (over 4000 m above sea level) in the
simulated period from 2005 to 2009 using SRM. It is shown that at the Yanamarey (Figure 5a)
and Artesonraju AP2 (Figure 5b) stations, precipitation is an inversely proportional variable
for SCA accumulation during spring and summer seasons. In turn, temperature represents
an important variable in the decrease in SCA during these two seasons. Discharge increases
due to the loss of ACS and precipitation events. In the drought months (autumn and winter)
a different situation occurs, since temperature, precipitation and water flow decrease,
presenting a positive behaviour with respect to the accumulation of SCA from the end of
April to approximately September.
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3.3. Simulation, Calibration and Validation of the SRM

Figure 6 displays the time series and scatter plots of the calibration for 2005, 2006,
2007, 2008 and 2009. Simulation for 2005 was performed using information from the
observed sum at the three hydrometric stations (La Balsa, Quitarcsa and Los Cedros).
In the calibration results, the Nash–Sutcliffe determination coefficient was 0.80 and Log
Nash–Sutcliffe 0.67, with a volume difference of 3.95% between simulated and observed
(Table 2). Highest adjusted months were from November to April, during spring and
summer seasons. It reached an average discharge of 140 m3/s, due to rainfall and glacier
melt (Figure 6a). In autumn and winter seasons there was not a perfect match of observed
and simulated discharge, thus no adjustment was made in SRM model.

Table 2. Statistical results of analysis of year-round simulation in SRM, from 2005 to 2009 in the Santa
River sub-basin.

Statistical Parameter 2005 2006 2007 2008 2009

Measure Runoff Volume (106 m3) 253,704.00 3310.98 3306.03 3082.62 3082.62
Average Measured Runoff (m3/s) 80.45 104.99 104.83 97.48 97.48

Computed Runoff Volume (106 m3) 2436.69 3308.71 3284.96 3076.93 3076.93
Average Computed Runoff (m3/s) 77.27 104.92 104.17 97.30 97.30

Coefficient of Determination R2 Nash-Sutcliffe 0.80 0.89 0.84 0.91 0.87
Coefficient of Determ. R2 Log (Nash-Sutcliffe) 0.67 0.83 0.76 0.92 0.94

Volume Difference (%) 3.95 0.07 0.64 0.18 0.18

The results for 2006 time series and scatter plots of the calibration are shown in
Figure 6b. The SRM model was optimal, and in this case all parameters were fitted (Table 2).
The Nash–Sutcliffe coefficient of determination reported 0.89 and the Log Nash–Sutcliffe
0.83, indicating a good simulation of diurnal discharges over the whole year (0.07% between
observed and simulated flows).

Results of the validation for 2007 are shown in Figure 6c, which reports a fit of the
Nash–Sutcliffe determination coefficient of 0.84, and Log (Nash–Sutcliffe) of 0.76, with a
volume difference of 0.64% between the simulated and the observed flow (Table 1). The
maximum difference between flow observed and simulated were observed in March (692
and 558 m3/s) and April (393 and 358 m3/s), generating a not very good fit between the
two flows. By contrast, for the other months there was a good fit of the model.

The validation results for 2008 (Figure 6d) show a fit of the Nash–Sutcliffe coefficient
of determination of 0.91, and Log Nash–Sutcliffe of 0.92, with a volume difference of 0.18%
between observed and simulated flow (Table 2). Validation of the SRM model proved
to be efficient, with a good fit observed for most months throughout the year. For 2009
the calibration was performed for six months from January to June (Figure 6d). Thus, it
presented a very good fit with a Nash–Sutcliffe determination coefficient of 0.87 and Log
Nash–Sutcliffe of 0.94, and a volume difference of 0.18% between simulated and observed
(Table 2).

3.4. Climate Change Scenario RCP 4.5 and RCP 8.5

The result of RCP 4.5 showed flow variability between the projected years. In this
sense, the highest flow months were from January to May, justified by the wet season, while
the lowest flows were reached between June and December (dry season). The average
annual discharge reports a decrease over the years of assessment. Namely, for 2030, 2050
and 2080, 104.0, 101.3 and 98.8 m3/s are projected, respectively (Figure 7 and Table S4).

Like the RCP 4.5 scenario, the RCP 8.5 shows that from January to May are the highest
flow months, and from June to September as the lowest. In turn, the average flow for
2030, 2050 and 2080 (93.4, 97.1 and 102.1 m3/s), increases with respect to the other years
(Figure 8 and Table S5).
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4. Discussion

The SRM was used, which has been applied in many river basins analysed under
climate change scenarios [1,4,45,49]. The model requires large amounts of data to simulate
runoff on a daily scale in catchments where snow and glacier melt dominate the runoff
generation process [49]. In this study, it was necessary to use historical data on temperature,
precipitation and SCA, which allowed for successful calibration and validation during the
baseline period (2005–2009). The SRM projected future changes in runoff in the Santa River
sub-basin. The SRM used terrain, snow and climate data to project future changes in runoff
from the Santa river sub-basin [50].

For the determination of the SCA, satellite imagery from the MODIS Terra and Aqua
sensor was used, which allowed the capture of land surface conditions. These images
are potentially important for hydrological studies due to their high spatial and temporal
resolution. Nevertheless, they can be affected by high cloud coverage, preventing an
accurate estimation of the SCA [51]. Many studies have applied techniques to improve the
images and obtain better quality SCA data [52,53]. In the study area, SCA values fluctuated



Water 2021, 13, 3535 13 of 16

between 5.1 and 7.4% over the total study area, therefore it was necessary to compare with
SCA values obtained from Landsat data [54].

Observed data from meteorological stations were used for the simulation of the SRM,
whereas data from hydrometric stations were used for the calibration. Flows ranged
from 90.0 to 215.0 m3/s, with an acceptable calibration fit for 2005, 2006, 2007, 2008 and
2009. Temperatures below 0 ◦C during the winter months resulted in little production of
meltwater or rainfall to maintain flows during the winter season [13]. The SRM results
underestimated the flows in the winter months. This is due to the simplified representation
of the recession coefficient as a function of discharge, with the sub-basin more sensitive
to high flows due to the presence of precipitation especially between the months of De-
cember and March. On the other hand, the SCA increases between April and August with
decreasing temperature. Conversely, it decreases between September and November as in
the published study by Adnan et al. [45]. On the other hand, surface flow increases in the
summer season, which is mainly related to the availability of thermal energy that melts the
SCA [55], and it may also reflect global warming caused by anthropogenic activities [29,56].

According to the projections, there will be an increase in precipitation and temperature
compared to current conditions. Flow is projected to decrease by 2080 in the PCR 4.5 and
PCR 8.5 scenarios (TS4 and TS5). The SCA has been reduced by more than 30% since
1930 with a marked retreat of glaciers over the last decades, as glaciers act as a temporary
water store for precipitation that falls as snow during the rainy season and is discharged in
the dry season, regulating the lack of water in the lower sub-basin due to the scarcity of
precipitation [29].

Climate change has been shown to have a negative effect in high Andean areas by
increasing the retreat of glaciers [49]. Air temperature has a significant influence on the
energy balance, although not through sensible heat flux, but indirectly through rain-snow
fluctuations [35]. Likewise, the projected climate change scenarios of RCP 4.5. and RCP
8.5 for 2030, 2050 and 2080, indicate a retreat of the SCA in the short term, and it is that
as glaciers retreat and lose mass, a temporary increase in run-off is added, which raises
serious concerns on sustainability, which is corroborated with the results reported by Bury
et al. [38] and Baraer et al. [57]. These changes are significantly altering the availability
of water in the region and pose critical risks for the population and for human activities
(tourism, hydroelectric power, agriculture and livestock, large-scale irrigation) [35,38,58].
If the already scarce water resources of the poor population of the Santa Valley diminish
further, conflicts over water could increase in the near future.

This study presents a tool for taking action against the melting of glaciers and con-
servation of water resources. The application of SRM in tropical ecosystems presented
reliable results. Likewise, the integration of remote sensing tools such as GEE has been
important to obtain the SCA. The information generated can be used by authorities and
decision-makers in the design of strategies and policies focused on prevention, control and
conservation. of water resources. Finally, this methodology can be applied to other glacier
areas with certain adjustments in the methodology.

5. Conclusions

The SRM was used to simulate the runoff of the Santa River sub-basin during the
reference period 2005–2009, using the snow cover product MOD10A1 and climatic data of
temperature and precipitation. After successful calibration and validation during the base-
line period, the model was applied to project future changes in runoff from the sub-basin. In
general, the Santa River runoff decreases during the summer months and increases the rest
of the year. The results show a substantial increase in runoff projected for January to May.
Furthermore, the largest increases in flow occur between March and April, experiencing
the greatest reduction in SCA area and the lowest months from June to August.

The SRM is a tool that allows hydrological modelling of alpine and tropical watersheds,
using remote sensing data and GCM can be extended to assess the impact under climate
change scenarios. Finally, the prediction of the runoff of a basin facilitates the understanding
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of the processes of deglaciation and scarcity of the water resource, which allows proposing
alternatives for prevention, control and conservation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13243535/s1, Table S1: Characteristics of the six elevation zones extracted from the DEM
of the Santa River sub-basin; Table S2: Snow cover area in km2 generated with MODIS10A1 sensor
imagery every 1 days at GEE; Table S3: Values of the climatic variables of precipitation, temperature,
SCA and discharge for the SRM from 2005 to 2009; Table S4: Monthly average discharge under
climate change scenario RCP 4.5; Table S5: Monthly average discharge under climate change scenario
RCP 8.5.
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