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Abstract: Excluding Antarctica and Greenland, 3.8% of the world’s glacier area is concentrated in
Chile. The country has been strongly affected by the mega drought, which affects the south-central
area and has produced an increase in dependence on water resources from snow and glacier melting
in dry periods. Recent climate change has led to an elevation of the zero-degree isotherm, a decrease
in solid-state precipitation amounts and an accelerated loss of glacier and snow storage in the
Chilean Andes. This situation calls for a better understanding of future water discharge in Andean
headwater catchments in order to improve water resources management in glacier-fed populated
areas. The present study uses hydrological modeling to characterize the hydrological processes
occurring in a glacio-nival watershed of the central Andes and to examine the impact of different
climate change scenarios on discharge. The study site is the upper sub-watershed of the Tinguiririca
River (area: 141 km2), of which nearly 20% is covered by Universidad Glacier. The semi-distributed
Snowmelt Runoff Model + Glacier (SRM+G) was forced with local meteorological data to simulate
catchment runoff. The model was calibrated on even years and validated on odd years during the
2008–2014 period and found to correctly reproduce daily runoff. The model was then forced with
downscaled ensemble projected precipitation and temperature series under the RCP 4.5 and RCP 8.5
scenarios, and the glacier adjusted using a volume-area scaling relationship. The results obtained
for 2050 indicate a decrease in mean annual discharge (MAD) of 18.1% for the lowest emission
scenario and 43.3% for the most pessimistic emission scenario, while for 2100 the MAD decreases by
31.4 and 54.2%, respectively, for each emission scenario. Results show that decreasing precipitation
lead to reduced rainfall and snowmelt contributions to discharge. Glacier melt thus partly buffers
the drying climate trend, but our results show that the peak water occurs near 2040, after which
glacier depletion leads to reducing discharge, threatening the long-term water resource availability in
this region.

Keywords: glacier; climate change; hydrological modelling; projections of climate impacts

1. Introduction

Water from glacier melt plays a vital role as a water resource for population located downstream
in high mountain watersheds [1]. This natural water storage is being affected by climate change, as the
reduced volume of glacier causes net losses in water storage, leading to significant but ephemeral
increases in runoff during the ablation period [2]. Worldwide glacier retreat is threatening the
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sustainability of water resources in mountain regions, demonstrating the need to quantify the effects of
climate change in these areas [3].

The central Andes are the main source of freshwater in Chile. The Andean cryosphere acts as a
natural reservoir, storing large volumes of water in solid state. As such, high mountain watersheds
exert a significant control on the production of runoff during the summer ablation period [4–6].
This, along with the constant population increase and urban expansion towards higher elevations
areas, has led to an increase in water consumption [7]. Therefore, pressure on water resources from
different users and consumption sector (sanitary, agricultural, mining, hydroelectrical, tourism, etc.),
along with climatic disturbances, has significantly increased the uncertainty regarding the availability
of future water and its management [8].

Climate change has become one of the greatest challenges facing society [9], especially due to
the uncertainty caused by impacts on water resources. Worldwide projections indicate an increase in
average temperature, while average precipitations are projected to decrease in the dry regions of mid,
subtropical latitudes [10]. These climate projections should lead to an increase in the elevation of the
zero-degree isotherm, which will cause a decrease in solid precipitation [11], generating significant
glacier retreat accompanied by calving and melting of important glacier masses. Therefore, watersheds
with significant glacier and snow cover will be highly exposed to variations caused by climate
change [12]. From a hydrological perspective, warming temperatures in nivo-glacial watersheds can
cause a decrease in solid-state precipitation, which reduces snow accumulation and translates into
variations of maximum discharges and changes in overall water balance [13]. In the context of the
central Andes, a general drying trend has been observed over the last century especially over the
last decade [14], along with warming temperatures [15] and rising snowlines [16]. Glaciers in the
northern and central Andes have been retreating over the 20th century [17–19], and shifted from a
slightly positive (2000–2009) to a strongly negative mass balance in 2009–2018 [20], in line with the
mega drought occurring in Chile since 2010 [14]. However, the response of river discharge to ongoing
and future climate and cryosphere changes can be highly catchment specific and requires detailed
modeling at the catchment scale [21].

A central concept on the consequences of climate change on runoff from glacierized basins is that
of the peak water: warming will typically cause a transient increase in runoff from increased glacial
melt, until a point where the depletion of glacier mass causes the runoff to decrease [3]. The timing of
the peak water depends on the climate trajectory, so that it is essential to determine the peak water
timing for different emission scenarios in order to establish mitigation measures against the long-term
decrease in glacial runoff and its consequences on ecosystems and access to fresh water [22].

In this context, analyzing the consequences of climate change becomes crucial in areas where a
glacial and snow regime predominates [23]. Hydrological models are a key tool for this task, as they are
capable of simulating the response of hydrological processes to climate, allowing possible changes in
runoff generation to be projected and assessed [24]. There is a wide range of modelling strategies and
approaches, the most common model classification being based on the level of spatial simplification
(spatially distributed, semi-distributed and lumped) and model complexity (physically based and
conceptual), among others [24]. The level of spatial simplification depends on the amount of data
available in the study, while model complexity reflects the detail of process representation within the
model. Complex models require more input data and require specifying many unknown parameters,
leading to equifinality uncertainties that add up to structural uncertainties and climate scenarios
uncertainties [25–27].

The main objective of this study was to evaluate the impact of climate change on surface runoff

generation in an Andean glacial watershed. To this end, the semi-distributed Snowmelt Runoff

Model [28] was coupled with the Glacier module proposed by Ismail and Bogacki [29], calibrated and
validated against runoff observations. Subsequently, outputs from seventy ensemble GCM climate
scenarios under two emission scenarios, RCP 4.5 and RCP 8.5, were used to generate the precipitation
and temperature time series through statistical downscaling. These time series where used to force the
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hydrological model, generating an ensemble of seventy discharge projections, providing a range of
variations from present to the end of the century and allowing to estimate the impact of future climate
conditions on the hydrological regime of the watershed.

2. Study Area

The study area is located in the central Chilean Andes in the O’Higgins Region (Figure 1a). It is a
headwater sub-watershed of the Tinguiririca River watershed, which contains Universidad Glacier,
the largest glacier in Chile outside Patagonia [30]. The Tinguiririca River (14,177 km2) is characterized
by a mixed rain-snow hydrological regime, with two maximum discharge peaks each year. The first
maximum occurs during winter (April to October) in response to increased rainfall at lower elevations,
while the second peak occurs during the ablation period (November to March) in response to the
melting of snow and glacier ice. The Universidad Glacier contributes between 20 and 25% of the total
river runoff, based on available runoff observations [31].
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Figure 1. Location of study watershed, Universidad Glacier: (a) Geographic location of the Tinguiririca
River watershed and international borders; (b) location of the upper Tinguiririca River watershed and
studied sub-basin.

The sub-watershed was delimited based on the location of the San Andrés discharge monitoring
station, which belongs to the hydroelectric plant of the same name, approximately 1500 m downstream
of the glacier front at an altitude of 1724 m.a.s.l. (Figure 1b). This sub-watershed has an area of
140.73 km2, 19.6% of which is glacier cover.

The Universidad Glacier is classified as a valley glacier and has a total area of 27.44 km2, with an
altitude range of 2427 to 4944 m.a.s.l. It has two main accumulation zones (Figure 2), which join in the
ablation zone, located below 2790 m.a.s.l. Due to the enormous precipitation deficit resulting from dry
summers and the ongoing drought in Central Chile [14], the runoff contribution of the glacier is vital
for the region [32], whose consumptive water use is mainly for agricultural irrigation.
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Figure 2. Delimitation of the sub-watershed upstream of the San Andrés discharge gauging station,
as well the surface of Universidad Glacier, the water network and on-glacier automatic weather stations
(AWS1 and AWS2).

In 2012, the Environmental Science Center EULA-Chile installed two automatic weather stations
on Universidad Glacier (Figure 2) [30]. The first station (AWS1) is located in the ablation zone
at 2790 m.a.s.l., while the second (AWS2) is located in the accumulation zone at 3629 m.a.s.l. [33].
These stations collected hourly data from November 2012 to November 2014. The closest permanent
weather station is the Río Tinguiririca aguas abajo junta Río Azufre, hereafter denoted ‘Río Tinguirirca
station’, located 18 km downstream of the San Andrés g auging station (Figure 1b) and in operation
since 1980. EULA-Chile also collected glaciological information on Universidad Glacier. Mass balance
was calculated for 2012–2014 using the glaciological method at a network of stakes and snow pits along
the glacier centerline of the two glacier subbasins, and displacement was monitored at the stakes [30].
Mass-balance observations were used as a reference to project the future area of the glacier through a
volume–area relationship.

3. Methods

3.1. Hydrological Model

3.1.1. Model Structure

The Snowmelt Runoff Model + Glacier is a semi-distributed hydrological model for simulating
runoff on a daily scale in watersheds where snow and glacier melt dominate the runoff generation
process. It has been successfully applied in over 100 snow-affected watersheds around the world,
with areas up to 900,000 km2 and elevations up to 8840 m.a.s.l. [28]. The standard version has two
runoff components, i.e., snow and rain; therefore, for this study a third module was used to add the
glacier component [29]. The model has been used in other studies to simulate the hydrological response
of watersheds in Chile. The effectiveness of the model has been notably verified in the Tinguiririca
River at Bajo Briones, downstream of the studied sub-watershed, where a correlation coefficient of
0.88 was found between observed and simulated streamflow [34].
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The model estimates the total quantity of water produced by glacier melt and snow, along with
liquid precipitation in the watershed, with a daily time step through Equation (1):

Qn+1 =
m∑

i=1

{
[Mn,i + Rn,i + Gn,i]·

10, 000
86, 400

}
·(1− kn+1) + Qnkn+1 (1)

where Q is the average daily discharge (m3 s−1); M, R and G are average daily snowmelt, liquid precipitation,
and glacier melt (cm day−1), respectively; k is the recession coefficient (dimensionless); n is the index
of the current day; i and m are the indices and total number of elevation bands. The expression

[
10,000
86,400

]
represents a conversion factor to obtain the daily discharge units (m3 s−1).

Daily runoff due to snowmelt (M), glacier melt (G) and precipitation (R) in cm day−1 is calculated
using Equations (2)–(4):

Mn,i = cS·dd f ·Tn,i·ASn,i (2)

Gn,i = cG·aG·Tn,i·AGn,i (3)

Rn,i = cR·Pn,i·ARn,i (4)

where S, G and R indices refer to the snow, glacier and rain components of runoff; A represents the areas
dominated by the different components in km2; c is the runoff coefficient in these areas; ddf represents
the degree-day factor for snow and aG for glacier ice (cm ◦C−1 day−1); T is the number of positive
degree days of air temperature (◦C day) and P is liquid precipitation (cm). The SRM+G calculates
snow and glacier melt based on positive temperatures; therefore, no glacier or snowmelt occurs when
air temperatures are negative.

In this study, discharge observations available at the San Andrés station for the hydrological years
from April 2008 to March 2014 were used for model calibration and validation, using the even years for
calibration and odd years for validation, to reduce climatic dependence in the calibration [35]. The data
from the on-glacier automatic weather stations, available from November 2012 to November 2014,
were used to determine the precipitation and temperature gradients on the watershed. Daily precipitation
and temperatures from the permanent Río Tinguirirca weather station were used to force the model.

3.1.2. Model Parameters

In watersheds such as the one studied here, the runoff modelled by SRM+G depends on air
temperature, the degree-day factors for snow and glacier melt, and the snow and glacier areas in the
watershed [29]. The degree-factor for snowmelt is calculated following the relationship established by
Rango and Martinec (1996) [36], as shown in Equation (5):

dd f = 1.1
ρs

ρw
(5)

where ρs is the snow density and ρw is water density, both in kg m−3. The degree-day factors for snow
varies during the ablation months (November to March), with a maximum value of 0.55 cm ◦C−1 day−1

derived from Equation (5) in March, with a snow density of 500 kg m−3, and a minimum value of
0.10 cm ◦C−1 day−1 in November. The minimum value and the intermediate values (for December
to February) are calibrated through density in order to better adjust the representation of the model
during the thaw period. The seasonality in the snow ddf accounts for the unaccounted seasonal
variation in incoming solar radiation and snow aging, the latter of which leads to increasing snow
density, decreasing albedo and increased ablation [37–40]. The value of ddf is set to zero on the coldest
winter months (April to October) to account for reduced incoming solar radiation and limited or no
melting in winter. Unlike snow, glacial ice does not have significant albedo variations during the
year [40]. Furthermore, this particular glacier has few debris on its surface, which are only located in
the lower ablation zone); therefore, a constant degree-day factor for glacier melt (aG) was used based
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on the study by Bravo et al. (2017) [31] at Universidad Glacier, who used a value of 0.8 cm ◦C−1 day−1

based on values for glacier ice from Hock (2005) [37]. Constant values have also been used in the
Himalayas [29,41] and in other basins of central and southern Andes [42–44].

Constant runoff coefficients were used for snow, glacier, and rain areas. The values used in this
work for the snow and ice runoff coefficients were taken from Ismail and Bogacki (2018) [29], for glacial
watersheds in India, where cS = 0.8 and cG = 0.7. The runoff coefficient for rain area was adjusted
as part of the model calibration. The recession coefficient k was calculated according to Rango and
Martinec (1996) [36] using Equation (6):

k = x·Q−y (6)

where k is the recession coefficient; x and y are constants that must be determined for the analyzed
watershed and Q is the observed discharge. The recession coefficient varies on a daily time step,
while the values of x and y are established as constants. Here, one pair of values (x, y) was used for
the ablation period (November to March) and another for the precipitation period (April to October).
The x and y values were set as model calibration parameters and determined through an optimization
method using genetic algorithms. The automatic calibration method using genetic algorithms [45]
seeks values for the calibration parameter that optimize the statistical indicators of model fit, which are
presented in Section 3.2.

Air temperature was distributed to the catchment using a mean altitudinal temperature
gradient of −6.8 ◦C km−1 calculated from the two weather stations located on the glacier (Figure 2).
Precipitation were distributed over the catchment on each elevation band with a precipitation gradient,
expressed by Equation (7):

PPi = 1.02 ln(Zi) − 7.32 (7)

where PPi represents a percentage of precipitation measured at the Río Tinguiririca meteorological
station in elevation band i; Zi is the mean height in meters above sea level of the band i. This precipitation
gradient was obtained through the relationship between the rainfall measured in AWS1 in summer
months (Figure 2) (at 2790 m.a.s.l.) and the Río Tinguiririca meteorological station (at 1134 m.a.s.l.) for a
one-year period of analysis. The obtained parameter for this study are consistent with those calculated
by Ragettli et al. (2014) in the central Andes [46]. Four elevation bands were used to distribute
precipitation and to calculate snow and glacier melt over the catchment, based on the precipitation
and temperature gradients. A threshold temperature of 0 ◦C was used to separate liquid and solid
precipitation. The parameters used in the model are listed in Table 1.

Table 1. SRM+G model parameters for Universidad Glacier watershed.

Parameters Symbol Value Units Remarks

Runoff Coefficient-Rain CR 0.6 - Constant
Runoff Coefficient-Snow CS 0.8 - Constant
Runoff Coefficient-Glacier CG 0.7 - Constant
Degree-day Factor-Snow ddf 0.10–0.55 cm ◦C−1 d−1 November–March
Degree-day Factor-Glacier aG 0.80 cm ◦C−1 d−1 Constant
Recession Coefficient x 1.0248 - November–March

0.9251 - April–October
y 0.0892 - November–March

0.0180 - April–October
Temperature Lapse Rate α −6.8 ◦C km−1 Constant

Glacierized areas were obtained from the public glacier inventory available from the Dirección
General de Aguas (hereafter denoted DGA) in 2014 [47]. According to DGA (2014), Universidad
Glacier retreated by 0.03 km2 year−1 during de 1945–2011 period, reaching an area of 27.44 km2 in
April 2013. The snow cover area was determined on a daily scale using the Moderate Resolution
Imaging Spectroradiometer (MODIS) Snow Cover Daily L3 Global 500-m grid satellite product



Water 2020, 12, 3547 7 of 20

(MOD10A1) [48,49]. This product provides the normalized difference snow index (NDSI), calculated
using Equation (8):

NDSI =
MODISB4 −MODISB6

MODISB4 + MODISB6
(8)

where MODISB4,B6 are bands 4 and 6 of the sensor. Grid cells with a NDSI index larger than 0.4 were
classified as snow [50]. A filter was applied to discard the whole daily grid when cloud cover was
greater than 20%, and the missing grid was interpolated using the previous and next day with
available information through nearest neighbor interpolation. Finally, the area of liquid precipitation
is determined with the temperature lapse rate; if precipitation occurs within an elevation band with
temperature greater than zero, then the area of that band not covered by snow or ice is contributes
liquid precipitation.

3.2. Model Effiency Indicators

For both the calibration and validation periods, four statistical fit indicators were used to measure
the model efficiency, based on the comparison between the observed (O) and simulated discharges (P).

The coefficient of determination (r2) is defined as the squared Pearson’s correlation coefficient [51]
and is calculated according to Equation (9):

r2 =


∑n

i=1

(
Oi −O

)
(Pi − P)√∑n

i=1

(
Oi −O

)2
√∑n

i=1

(
Pi − P

)2


2

(9)

where O is the average of the observed values and P is the average of the simulated values.
The Nash–Sutcliffe Efficiency (NSE), proposed by Nash and Sutcliffe (1970) is a normalized

statistic that estimates the relative magnitude of the residual variance compared to the measured data
variance [52]. A score of NSE = 1 indicates a perfect simulation, NSE = 0 indicates that the simulation
is not better that using mean observations as sole predictor, and NSE < 0 indicates that the simulation
is worse than using mean observations (Equation (10)):

NSE = 1−

∑n
i=1(Oi − Pi)

2∑n
i=1

(
Oi −O

)2 (10)

The root mean square error (RMSE) is estimated through the square root of the difference between
the observed and simulated values over the total number of data [52] and is calculated according to
Equation (11):

RMSE =

√∑n
i=1(Oi − Pi)

2

N
(11)

where N is the total amount of data.
The modified Kling–Gupta Efficiency (KGE’) is an improvement on the Nash–Sutcliffe Efficiency

proposed by Kling and Gupta (2009) [53], in which the correlation, deviation and variability
components are weighted equally, solving systematic problems of maximum value underestimation [54].
The modified version [55] is calculated according to Equation (12):

KGE′ = 1−
√
(r− 1)2 + (α− 1)2 + (δ− 1)2 (12)

where r is the Pearson’s correlation coefficient; α is the ratio of the coefficient of variation of the
observed and simulated values; δ is the ratio between mean simulated and observed discharges.

The r2, NSE and KGE′ indicators have an optimum of 1, while RMSE has an optimum of 0.
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3.3. Climate Change Scenarios

In accordance with the Fifth Assessment Report (AR5) [10], this study focused on two of the four
climate change scenarios, better known as Representative Concentration Pathways, RCP 4.5 and RCP
8.5. The first represents a stable scenario where the emission of greenhouse gas increases until the
mid-21st century [56,57], while the second is a more unfavorable and high-emission scenario where
emissions keep increasing exponentially to the end of the 21st century [58].

Based on the selected emission pathways, ensemble simulations from 18 global circulation models
(GCMs) were selected from the Coupled Model Inter-Comparison Project Phase 5 (CMIP5) [59],
providing a total of 70 future climate simulations. The ensembles are a set of simulations that
characterize climate projections, where the differences in the initial conditions and the formulation of
the models give rise to different evolutions of the climate system that can contribute information on
the uncertainty associated with the error of each model [10]. The GCMs used in this study for climate
simulations are presented in Table 2.

Table 2. Base GCMs used in this study.

GCM Climate Modeling Center
and Location Ensemble GCM Climate Modeling Center

and Location Ensemble

ACCESS1
Centre for Australian
Weather and Climate
Research, Australia

r1i1p1 GFDL NOAA Geophysical Fluid
Dynamics Laboratory, USA

r1i1p1, r2i1p1,
r3i1p1

BNU-ESM
College of Global Change and
Earth System Science, Beijing

Normal University, China
r1i1p1 GISS-E2 NSA Goddard Institute for

Space Studies, USA

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,

r5i1p1

CanESM2
Canadian Centre for

Climate Modelling and
Analysis, Canada

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,

r5i1p1
HadGEM2-AO

National Institute of
Meteorological Research,

Korea Meteorological
Administration, Korea

r1i1p1, r2i1p1,
r3i1p1

CCSM4 National Centre for
Atmospheric Research, USA

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,
r5i1p1, r6i1p1,
r7i1p1, r8i1p1

HadGEM2-CC Met Office Hadley
Centre, UK

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,

r5i1p1

CESM1 Community Earth System
Model Contributors

r1i1p1, r2i1p1,
r3i1p1 IPSL-CM5A Institut Pierre Simon

Laplace, France
r1i1p1, r2i1p1,
r3i1p1, r4i1p1

CMCC-CM Centro Euro-Mediterrano per I
Cambianmenti Climatici, Italy

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,

r5i1p1
MIROC-ESM

Japan Agency for Marine
Earth Science and

Technology, Atmosphere
and Ocean Research

Institute (The University of
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EC-EARTH EC-EARTH consortium,
Europe

r2i1p1, r8i1p1,
r9i1p1,
r12i1p1

MRI-CGCM3 Meteorological Research
Institute, Japan

r1i1p1, r2i1p1,
r3i1p1, r4i1p1,

r5i1p1

FGOALS

LASG, Institute of
Atmospheric Physics,

Chinese Academy of Sciences
and CESS, Tsinghua

University, China
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Downscaling

The GCMs have a spatial resolution that varies between approximately 1.5◦ and 2.5◦, which is
inadequate for the spatial scale of this study because the representativeness of the involved climate
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phenomena is lost, preventing characterizations at the watershed level [60]. As a result of this issue,
there has been increasing use of regional climate models (RCMs), which transform the spatial scale
of GCMs to a finer scale that is more applicable to watershed-level studies, with study areas under
40,000 km2 [61]. The approaches used to downscale GCMs can be dynamic (use of regional climate
models) or statistical. In both cases it is sought to eliminate the systematic bias in global models and
transform the coarse GCM climate outputs towards at a reduced spatial resolution [62]. The dynamic
methods have demanding computational requirements, such that the use of statistical methods is
more common. In this study, the Quantile Mapping Bias Correction method was used to downscale
the GCMs outputs to the watershed. This method uses as distinct bias correction for the percentiles
of the cumulative distribution function (CDF) of the GCMs, with respect to the percentiles of the
observed data. That is, for each GCM climate datum a CDF is determined, through which an occurrence
probability is obtained. Subsequently, the GCM CDF is adjusted to the observed CDF, removing the
bias and allowing it to be quantified in order to eliminate it in the projection phase [63]. The foregoing
is defined according to Equation (13):

Po = Fo
−1(Fm(Pm)) (13)

where Po is an observed climate variable; Pm is a variable simulated by the GMCs; Fm is the CDF of Pm

and Fo
−1 is the inverse CDF corresponding to Po.

In the case of precipitation, a two-parameter Gamma probability distribution was used,
as expressed in Equations (14)–(16) [60], while for temperature a normal distribution was used,
according to Equation (17) [64].

fγ(X|α, β) = Xα−1
·

1
βα·Γ(α)

·e
−x
β ; X ≥ 0; α, β > 0 (14)

Γ(α) =

∞∫
0

uα−1e−udu (15)

α =
σ2

µ
, β =

(µ
σ

)2
(16)

fN(X|µ, σ) =
1

σ·
√

2π
·e
−(x−µ)2

2σ2 ; X ε R (17)

where X is the variable to evaluate, µ is the average of the total time series of data, and σ is the standard
deviation of the series.

Three periods were defined for the downscaling process. The first period is associated with
observed climate data (temperature and precipitation) from 1980 to 2005 and is referred to as the
observed historical period. Historical climate data were obtained from the meteorological station
Río Tinguirica. The second period covers the same period (1980–2005), but includes the climate data
simulated by the GCMs, and is referred to as the simulated historical period. Lastly, the third period
extends from 2006 to 2100 and corresponds to climate data projected by the GCMs and is referred to as
the projected period.

3.4. Projections

Future discharge was projected by forcing the hydrological model with the downscaled GCM
precipitation and temperature, extrapolating from the weather station to the rest of the basin, using the
model parameters in Table 1. To estimate future glacier area, a volume-area scaling approach was used,
following the empirical relation in Equation (18) [65]:

V = c(S)γ (18)
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where V is the glacier volume in km3, S is the glacier area in km2, and γ and c are constants. In this
case, γ was set to 1.357 following Bahr et al. (1997) [66], and k is derived from Universidad glacier’s
initial volume V(t=2009) = 1.67 km w.e.3 and initial area S(t=2009) = 29.03 km2, which results in k = 0.017
km3−2γ. These initial volume comes from an interpolation of radio-echo soundings carried out on the
glacier for that year [67]. Knowing these constants, it is possible to project the area of the glacier from
the simulated volume changes, through Equation (19) [68]:

∆V(t) = bn(t)S(t) (19)

where ∆V is the volume change, bn is the simulated net glacier mass balance and S is the glacier area.
Computed negative (positive) changes in area are removed (added) starting from the lowest elevation
band in the model. To estimate the future snow cover area, multiple regression models that relate the
snow cover area to temperature and precipitation were used [69], following Equation (20):

As = T·T f actor + PP·PP f actor ±CI (20)

where AS is the snow cover area in km2; T is the daily temperature in ºC and PP is daily precipitation
in mm. The values of Tfactor, PPfactor and CI were determined for this study from multiple regression,
using the same methodology used by Khadha et al. (2014) [69] for a two-year period and used on
a daily scale. The seasonal snow area relationships were determined with Equation (20), as shown
in Table 3.

Table 3. Multiple regression parameter for the snow area projections.

Season T_Factor PP_Factor CI

Summer 38.375 5.586 −47.032
Autumn −22.68 −4.667 48.575
Winter −5.404 1.263 43.616
Spring 34.734 5.037 −3.468

This relationship, for all the seasons results in a coefficient of determination of r2 = 0.89, where the
observed snow areas are compared with those simulated using Equation (20) for the years with data
availability. Finally, the distribution of the calculated snow area among the four elevation bands was
carried out by filling from the highest band to the lowest.

4. Results

4.1. Hydrological Model

The hydrological model (SRM+G) results for the analyzed period (2008–2014) are presented in the
hydrograph in Figure 3, while the correlations between observed and simulated discharges for the
calibration and validation periods are shown in Figure 4a,b. Table 4 shows the model efficiency measures
for the two subperiods. In the hydrograph in Figure 3, it can be observed that the SRM+G model better
represents the observed discharge during the melting month (November–March), on runoff peaks.
During the winter period, the model has more difficulties representing the observed low discharge.

The scatterplots in Figure 4 show more dispersion for the validation periods than for the calibration
period; however, both cases have a correlation trend consistent with the hydrograph in Figure 3,
with more dispersion for discharges greater than 20 m3/s. The r2, NSE and KGE are above 0.70 and in
some cases close to 1 (Table 4). Usually, a value of 0.7 or more for these indicators indicates efficient
modeling [70].
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The high discharge periods extend from November to March, during which the melting period can
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Figure 4. Comparison between observed and simulated values: (a) For the calibration period for even
years; (b) For the validation period for odd years. The dashed line indicates the correlation trend.

Table 4. Statistical efficiency indicator.

Indicator
Values

Calibration Validation

r2 0.93 0.90
NSE 0.92 0.88

RMSE 1.32 1.15
KGE’ 0.90 0.89

4.2. Climate Change

In Figure 5, the result of the statistical downscaling of the monthly averages of both precipitation
(Figure 5a) and temperature (Figure 5c) are shown. The methodology was applied for both emission
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scenarios (RCP 4.5 and RCP 8.5) and the bias of the 70 GCMs used in this study was corrected
(Figure 5b,d).
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Figure 5. Statistical scaling results for precipitation and temperature, applied to the 70 GCM simulations
used in this study; (a,c): Indicate the observed value curves in contrast to the values simulated by the
GCMs. (b,d): Show the observed value curves along with the bias-corrected curves.

In Figure 5a, it can be observed that precipitation is overestimated in summer by some models,
while it is underestimated by all models in the winter months. The red arrows indicate the expected
effect of the bias correction procedure, i.e., bringing the models with greater dispersion closer to the
expected mean. Figure 5b shows how the bias correction produces a better fit with the mean value
of historical precipitation, although it generates a remaining dispersion around the observed values
which is greatest in winter, reaching over 100 mm. In the case of temperature (Figure 5c) the same
behavior is observed, with most of the models overestimating temperature, but in this case throughout
the year. After the downscaling, little scatter remains and time series of temperatures correctly fit the
observed historical period obtained (Figure 5d).

4.3. Projections

The simulated glacier mass balance for all GCMs analyzed shows a significant loss of glacier
mass under both scenarios of climate change (Figure 6). Under the RCP 4.5 scenario, the ensemble of
projected glacier volumes shows decreases ranging from 12 to 37% by 2050, while by the end of the
century the ensemble volume loss trajectory reaches from 25 to 68%. The volume loss is greater under
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the RCP 8.5 scenario, decreasing between 20 and 48% by 2050 and reaching 51 to 84% by the end of
the century.
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Figure 6. Volume changes on the Universidad Glacier; (a): Under RCP 4.5. (b): Under RCP 8.5.
The volume is normalized by the initial glacier volume.

Table 5 shows the spread in downscaled GCM projections of climate variables for both emission
scenarios in 2050 and 2100. There is a progressive decrease in precipitation and an increase in
temperature for both scenarios, by 2050, with increasing differences between scenarios by the end of
the century. The projected negative precipitation trend is particularly worrying in light of the mega
drought that currently affects the area and which caused serious impacts on water resource availability.
Based on the projections in Table 5, the simulated discharges using the downscaled precipitation and
temperature under RCP 4.5 and RCP 8.5 scenarios are shown in Figure 7.

Table 5. Climate data projections for the two emission scenarios used in this study.

Precipitation [mm]

Emission Scenario
2050 2100

5% Mean 95% 5% Mean 95%

RCP 4.5 −7% −16% −25% −12% −24% −35%
RCP 8.5 −10% −20% −30% −21% −40% −58%

Temperature [◦C]

Emission Scenario
2050 2100

5% Mean 95% 5% Mean 95%

RCP 4.5 1.5 1.8 2.1 2.3 2.9 3.4
RCP 8.5 2.3 2.9 3.4 3.2 3.9 4.6

In both cases, there are 70 discharge series estimates, associated with each GCM and their ensemble
members. An increase in runoff is observed for both scenarios, which reaches a peak around 2040,
after which the runoff begins to decline. These results hence suggest that the peak water in this basin
has not yet been reached and that increased glacier melting in response to warming will increase
discharge until the peak water is reached around 2040. The decreasing discharge trend afterward is
mainly due to decreasing glacier mass and the associated reduced contribution to runoff. A comparison
of the two scenarios (RCP 4.5 and RCP 8.5) shows that in the first case, there is a sustained increase in
mean annual discharge (MAD) over time until 2040, after which the MAD begins to decline. The peak
water is better pronounced under scenario RCP4.5 and more subdued under RCP8.5. Increased mass
loss under RCP8.5 depletes glacier volume faster (Figure 6), which restricts the contribution of glacial
runoff by 2040 compared to RCP4.5. The changing runoff contributions are examined in Figure 8,
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where the contribution of the monthly average runoff for the year 2100 is shown under both emission
scenarios RCP 4.5 and RCP 8.5.
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Figure 7. Results of the 70 simulations for two emission scenarios. (a) RCP 4.5 scenario; (b) RCP 8.5
scenario. The confidence intervals associated with the 5th and 95th percentiles are indicated in red,
along with the mean of the discharges simulated by the 70 GCM simulations under the two scenarios
(in black). Blue dots indicate the observed mean annual discharges (2008–2014).

The contribution of rainfall during the winter months (April–August) decreases by 2100 under
both scenarios, due to the projected decreases in precipitation, as shown in Table 5. The reduced
precipitation also explains part of the decreased snowmelt contributions in the future, which is further
exacerbated by the conversion of snowfall to rain under warming temperatures. The decreasing
snowmelt and rain contribution to streamflow are particularly worrying for the long-term sustainability
of water resources downstream. Figure 8 shows that the bulk of discharge in this headwater catchments
originates from glacier melt, and that the relative contribution of glacier melt to discharge increases in
the future as runoff from snowmelt and rain decrease. As such, the flow remains dominated by glacial
melt in the warmest months during the ablation period (October to March) under both scenarios but
the peak contribution is much reduced an occurs earlier, by one month under RCP4.5 (in January)
and by two months under RCP8.5 (in December). Hence, glacier melt constitutes a key buffer for the
drying and warming trend projected in this region. However, and as seen in Figure 7, the peak water
is reached around 2040 and the progressive depletion of glacier volume leads to decreasing glacier
runoff onward, threatening the long-term sustainability of meltwater resources in this region.
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5. Discussion and Conclusions

The Snowmelt Runoff Model + Glacier hydrological model was able to efficiently simulate
the hydrological response of the studied watershed. Values above 0.8 were obtained for the four
statistical indicators used to measure efficiency, indicating reliable simulations [70]. In comparison,
the performance of the hydrological modeling of the Tinguiririca River at Bajo Briones for 1987–1988
by Escobar [34], which had a r2 of 0.88, was surpassed, even taking into account that the relative glacier
cover is smaller within the contributing area of the Bajo Briones station. This increase in performance
is attributed to the addition of the glacier module, which expectedly improves the hydrological
response of the watershed. While the model has a greater percentage error during low-water periods,
it correctly simulates melting periods when the water supply is greater. At an annual scale, the observed
and simulated mean discharge values differ by only 7%. SRM+G is a hydrological model that can
adequately represent runoff in basins with an area smaller than 500 km2. The model is thus particularly
flexible for data-scarce regions where there is insufficient information to apply a fully-distributed
model. The increased error observed in winter simulated discharge is due to the sensitivity of the
model in distinguishing between liquid and solid precipitation. Another aspect that could improve the
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representation and efficiency of the model in the future would be to incorporate the effect of the debris
on the lowermost glacier of the Universidad Glacier has, which could influence the spatial–temporal
variation of the degree-day factor for ice and thus better represent the associated glacier ice melt
processes [71–73]. It must be stressed that, for studies related to climate change, a greater number of
years to calibrate and validate the selected hydrological model is recommended [74]. However, this is
often difficult or impossible to achieve in high altitude, remote glacierized catchments such as the
one studied here. Still, the good performance obtained in this limited data context suggests that the
parsimonious modelling approach used is useful to project future discharge in response to climate
change scenarios.

The bias correction procedure based on the quantile mapping method resulted in rescaled GCM
precipitation that closely approach the observed values of the historical period, but with greatest
remaining dispersion during winter, over 100 mm. This remaining scatter causes large positive
discharge deviations that exceed the 95% confidence range (Figure 7). According to the downscaled
projections, there will be a decrease in mean annual discharges with respect to current conditions.
Mean annual discharge are projected to decrease by 18.1 and 43.3% by 2050 for RCP 4.5 and RCP 8.5,
respectively, while by 2100, the projected decreases reach 31.4 and 54.2%. Similar responses have been
projected in Chile, but with an even greater decrease, in the upper Juncal River basin [75], where mean
annual discharge was projected to decrease by 62% for the RCP 8.5 scenario for 2100. Omani et al. (2016)
show similar results [76] for a glacierized basin located in the central Andes, where they report a
decrease in MAD of 17% for RCP 4.5 and 30% for RCP 8.5, by mid-century.

While according to the projections there will be an increase in water supply from the catchment
until around 2040, it must be stressed that this increase will occur at the cost of a progressive and
irreversible depletion in glacier volume, which will drive the reducing discharge trend from 2040
onward. The results of this work on glacier volume loss are consistent with other similar studies in
Southern Andes, which reported losses around 25 and 68% for RCP 4.5 and 51 to 84% for RCP 8.5,
both at the end of the century [3,77,78].

It has been shown that climate change has a negative impact in Andean zones because it increases
the retreat of glacier masses and thus causes the irreversible loss of natural reservoirs, putting
the sustainability of ecosystems into jeopardy and intensifying conflicts among stakeholders [23,79].
The projected ephemeral increase in meltwater outflux until 2040 simulated in this study thus represents
a nonrenewable water source, as glacier depletion leads to reduced glacial runoff afterward. It has
been estimated that the mega drought currently affecting central Chile will intensify by 2100 [80].
As such, the heavy dependence on water from the cryosphere may become a conflict scenario in
various parts of the country near the end of this century. The temporary increase in water availability
resulting from increased glacier melting could also have other consequences such as an increase in
erosion and a reduction in infiltration time, which would affect aquifer recharge and the hydrological
regime of downstream rivers [22]. Adaptation plans are highly recommended amid changes in the
hydrological regime in these types of watersheds [81], especially those with intensive agricultural and
industrial uses.
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