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Abstract: Snow constitutes a key component of the water cycle, which is directly affected by changes
in climate. Mountainous regions, especially those located in semiarid environments, are highly
vulnerable to shifts from snowfall to rainfall. This study evaluates the influence of future climate
scenarios on the snowfall regime in the Sierra Nevada Mountains, an Alpine/Mediterranean
climate region in southern Spain. Precipitation and temperature projections from two future
climate scenarios representative concentration pathway (RCP) 4.5 and RCP 8.5, Fifth Assessment
Report of the Intergovernmental Panel for Climate Change (AR5 IPCC)) were used to estimate
the projected evolution of the snowfall regime on both annual and decadal scales during the
period of 2006–2100. Specific snowfall descriptors of torrentiality are also analyzed. A general
decrease of the annual snowfall was estimated, with a significant trend that ranged from 0.21 to
0.55 (mm·year−1)·year−1. These changes are dependent on the scenario and region in the study area.
However, the major impact of future climate scenarios on the snowfall regime relates to an increased
torrentiality of snowfall occurrence, with a decreased trend of the annual number of snowfall days
(RCP 4.5: −0.068 (days·year−1)·year−1 and RCP 8.5: −0.111 (days·year−1)·year−1) and an increased
trend in the annual mean snowfall intensity (RCP 4.5: 0.006 (mm·days−1)·year−1 and RCP8.5:
0.01 (mm·days−1)·year−1)) under both scenarios. This enhanced torrentiality is heterogeneously
distributed, with the most semiarid region, which is currently the one least influenced by snow, being
the region most affected within the study area.
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1. Introduction

Snow is a basic component of the Earth’s surface energy balance [1]. Climate trends, especially
short-term and long-term precipitation and temperature variations, condition the snow regime and the
hydrological evolution of the river flow response at the basin and sub-basin scales. The link between
both climate and flow trends is crucial in mountainous areas, where small variations in temperature,
among others, can produce significant impacts on precipitation (which occur as either rainfall or
snowfall), snowmelt, and sublimation/evaporation. This can consequently result in very different
flow signatures [2–4].

In recent years, different authors have concluded that rainfall patterns are changing all over the
globe as a result of global warming [5–8]. Moreover, the analysis of precipitation events shows an
increase in their spatiotemporal variability during the last decades [9–11]. These variations, together
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with the increase in temperature, affect both the amount and distribution of snowfall, especially in
semiarid regions [12]. The impacts of this climate variability on the snow and hydrological regime
are more evident over semiarid high mountain regions (i.e., areas higher than 1500 m a.s.l.) due their
particularly extreme conditions [13,14], in which the high variability of the annual and seasonal climate
regimes is usually propagated to and amplified by the river flow. This is the case in the Mediterranean
mountain areas, where alpine and semiarid conditions coexist [15].

The impact of climatic variability in the medium and long term (i.e., 20- and 100-year time
horizons, respectively) hydrological regimes in such areas is being assessed from different approaches
on different spatiotemporal scales [14,16,17]. The development of local climate indicators from both
climate and hydrological variables are key to addressing the economic impacts of the expected changes
and to assessing decision-making processes [18–21].

This work assesses the influence of future climate scenarios on the snow regime in the
Sierra Nevada Mountains, an alpine climate region in South Spain, during the 21st century. The Sierra
Nevada area is a national park and a biosphere reservoir, with altitudes ranging from 2000 to
3500 m a.s.l. The park is a representative example of snow regions in semiarid environments and
is characterized by a high inter- and intra-annual climate variability that influences most of the
hydrological processes on different time and spatial scales [22,23]. For this reason, Sierra Nevada
(Spain) is part of the global climate change observatories network [24]. The future evolution of climate
and its impact on snow occurrence and persistence not only affects the hydrological regime [23,25] in
the area but also poses a risk for the ecosystems associated with the snow domain and the numerous
endemic species identified in the park [26,27].

For this assessment, precipitation and temperature projections in this area from two future
climate scenarios derived from a Global Circulation Model (CGM) were used to estimate the evolution
of the snowfall regime on both annual and decadal scales in the 2006–2100 period. Additionally,
specific torrentiality indicators, which are defined in Section 2, were analyzed together with the spatial
distribution of the resulting impacts.

2. Materials and Methods

2.1. Study Area

Sierra Nevada (Figure 1) is a mountainous range located in southeastern Spain (37◦6’0” N; 3◦5’24” W),
approximately 80 km long in the east–west direction and 27 km wide in the north–south direction. It runs
parallel to the Mediterranean Sea coastline, approximately 40 km from its highest peaks (3479 m a.s.l.).
The area has a characteristic steep topography, with strong altitudinal gradients and a large variety of
associated ecosystems. The annual precipitation regime is highly variable and ranges between values
close to 1000 mm in wet years and 200 mm in dry years [12]. Snow recurrently appears in the mountain
range in altitudes higher than 1000 m a.s.l. and is mostly persistent over 2000 m a.s.l. from November to
May, undergoing several cycles of accumulation-ablation during the snow season. This results in a very
heterogeneous spatial distribution over the years. The mean annual fractional snow cover area for the
period 2000–2013 was 0.21 m2·m−2, ranging from 0.9 to 0.16 m2·m−2 in wet/cold and dry/warm years,
respectively, with a mean standard deviation of 0.23 m2·m−2 [28]. This behavior makes Sierra Nevada
a relevant biodiversity enclave [26,29,30].

For this study, the area is divided into five regions belonging to the headwaters of the main
river basins in Sierra Nevada: Adra (R1), Andarax (R2), Fardes (R3), Genil (R4), and Guadalfeo (R5).
These regions are representative of the N–S/W–E gradients in the area, with R5, R1, and R2 being
influenced by the sea and the decreasing precipitation regime during the last two decades. R4 and R3
correspond, respectively, to the most continental and semiarid regions in the area, which have a more
stable precipitation regime. Table 1 shows some relevant climate descriptors of these regions during
the reference period (1961–2000) [12,31], as well as the associated regional annual trends.
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limits of the five regions into which the study area was divided for the spatial analysis: Adra (R1), 

Andarax (R2), Fardes (R3), Genil (R4), and Guadalfeo (R5). 
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P (mm·year−1) 579 373 427 557 658 510 

S (mm·year−1) 85 44 68 107 160 93 
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Figure 1. Location of the Sierra Nevada Mountain Range in Spain. The weather station network used
in this study for measuring precipitation (yellow circle) and temperature (yellow square), and the limits
of the five regions into which the study area was divided for the spatial analysis: Adra (R1), Andarax
(R2), Fardes (R3), Genil (R4), and Guadalfeo (R5).

Table 1. Summary of the selected characteristics of each region (see Figure 1) in the study area (SN),
together with the observed mean annual trends for the climate variables during the reference period
1961–2000. The trend analysis results are defined according to the Mann-Kendall test as having either
(1) excellent significance, 99% (***); (2) good significance, 95% (**); (3) acceptable significance, >90% (*);
or (4) no significance, less than 90% (+) [12,31].

R1 R2 R3 R4 R5 Total SN

Area (km2) 459.13 1169.00 914.43 983.16 1058.00 4583.72
Average altitude (m) 1330.6 1235.0 1350.0 1270.6 1418.5 1320.9

Tmean (◦C) 13.2 13.4 12.2 12.1 12.0 12.6
Tmax (◦C) 26.3 26.4 26.3 26.0 25.1 26.0
Tmin (◦C) 1.4 1.8 −0.7 −0.6 0.0 0.4

P (mm·year−1) 579 373 427 557 658 510
S (mm·year−1) 85 44 68 107 160 93

E (events·year−1) 30 32 32 30 29 31
De (days·year−1) 3 3 4 3 4 4

Trend Tmean (◦C·year−1) 0.052 (**) 0.022 (+) 0.023 (+) 0.043 (**) 0.044 (**) 0.034 (*)
Trend Tmax (◦C·year−1) 0.053 (**) 0.022 (+) 0.024 (+) 0.043 (**) 0.044 (**) 0.035 (*)
Trend Tmin (◦C·year−1) −0.017 (+) −0.004 (+) −0.015 (+) −0.012 (+) −0.011 (+) −0.010 (+)

Trend P ((mm·year−1)·year−1) −3.099 (*) −1.832 (*) −2.946 (+) −8.043 (***) −4.529 (**) −4.135 (**)
Trend S ((mm·year−1)·year−1) −1.107 (**) −0.427 (+) −0.684 (**) −1.923 (***) −2.085 (***) −1.250 (***)

Trend E ((nºev·year−1)·year−1 −0.116 (+) −0.061 (+) −0.001 (+) 0.038 (+) −0.047 (+) 0.012 (+)
Trend D((day·year−1)·year−1) −0.025 (+) −0.025 (+) −0.157 (+) −0.194 (+) −0.074 (+) −0.039 (+)

DecTrend Tmean (◦C·dec−1) 0.2604 (+) 0.2109 (+) 0.1989 (+) 0.2381 (+) 0.2403 (+) 0.2261 (+)
DecTrend Tmax (◦C·dec−1) 0.5927 (+) 0.2689 (+) 0.2698 (+) 0.4667 (+) 0.4639 (+) 0.3847 (+)
DecTrend Tmin (◦C·dec−1) −0.1678 (+) −0.0195 (+) −0.1139 (+) −0.0787 (+) −0.0787 (+) −0.0665 (+)

DecTrend P((mm·year−1)·dec−1) −35.24 (+) −19.63 (+) −30.40 (+) −80.75 (+) −50.16 (+) −43.49 (+)
DecTrend S ((mm·year−1)·dec−1) −11.45 (+) −4.39 (+) −6.99 (+) −19.29 (+) −21.97 (+) −12.87 (+)

T: temperature, P: total precipitation (rainfall and snowfall), S: snowfall, E: number of snowfall events per year,
and D: annual mean duration of snowfall events.
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2.2. Overall Study Design

Figure 2 shows the scheme followed in assessing the impacts of future climate scenarios on
the snow regime. Information was available regarding the reference values of the climate variables
analyzed in this study during the reference period 1961–2000 from previous works [12,31], on both
annual and decadal scales.
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Figure 2. The overall research design and work flow chart for this study. AEMET is the Spanish
Meteorological Agency, which is the data source of the historical and projected climate variables
for future scenarios RCPs4.5 and 8.5 in the Fifth Assessment Report of the Intergovernmental
Panel for Climate Change (AR5 IPCC)) [14]. CIIs are the climate impact indicators defined for
torrentiality assessment.

2.3. Data Sources

Precipitation and temperature data series were provided by the Spanish Meteorological Agency
(AEMET) in specific locations across the study area for the reference (1961–2000) and future (2006–2100)
periods. Four different representative concentration pathways (RCPs) were available in the framework
of the Fifth Assessment Report of the Intergovernmental Panel for Climate Change [14], which assesses
different levels of greenhouse gas emissions in future years. For this study, two of these scenarios
were chosen: an intermediate mitigation scenario (RCP 4.5), which assumes an emission reduction
from 2050 onwards, and a high emission trajectory (RCP 8.5), which contemplates the possibility of not
reducing emissions.

Datasets obtained from different global circulation models (GCM4, MPI-ESM-LR, ECHO,
GFDL, GISS-AOM, GISS-ER, INM-CM4, MIR-GCM2-0, and MIR-GCM2-1) were available from
two downscaling techniques each (analog and statistical downscaling methods system (SDMS)).
Although the use of the multi-model ensemble mean (MMEM) of climate model runs is generalized in
climate change impact studies, some authors have pointed out that there is no reason to expect that
the MMEM always provides the best estimate of climate change signals [32]. Even if it is somewhat
obvious that an ensemble of models should provide more information than a single one, it is not
necessarily clear how to optimally use that information in practice [33]. Different authors [32,34,35]
have proposed the use of metrics to choose among climate models in performing impact studies when
the use of the MMEM is not likely to improve future climate assessments. In this context, metrics refer
to quantitative indicators of model performance during past or present-day climate simulations against
the available observations, under the assumption that this metric is expected to also be informative on
the likelihood that the model will correctly simulate the target variable under a future climate scenario.

Taking into account the extension and steep topography of the study area and the spatial resolution
of climate models, a first assessment of the available downscaled modeled projections was conducted



Water 2018, 10, 720 5 of 22

prior to the impact analysis. Two metrics were defined after the analysis of the historical data series
at the local scale: (1) the annual mean of the daily minimum temperature (Tmin) and (2) the annual
precipitation (P). Each combination of model and downscaling was evaluated in each weather station
in the area during the reference period, and the root squared mean error (RMSE) was computed.
The analog method resulted in lower RMSE values for Tmin in all cases. However, in only two from
the whole set of models, these values were lower than one degree (one of them was close to this
value, however), which is a constraint for snowfall estimation. Regarding P, similar RMSE values
were found between analog and statistical methods of downscaling, but differences were observed
up to 50% among models. Focusing on the two models selected by Tmin RMSE, the difference of
the P RMSE value was close to 20%. From these results, it was clear that among the 18 different
combinations of modeling and downscaling, the Max Planck Institute Earth system model in low
resolution (MPI-ESM-LR) [36] downscaled using the analog method [37] was the combination that
best performed in the study area (RMSE = 0.8 C and RMSE = 201 mm for Tmin and P, respectively).
Thus, this combination was selected for the present work. The global model selected, MPI-ESM-LR, is
a coupling between the ECHAM6 [38] for the atmosphere and the MPI Ocean Model (MPI-OM) [39]
for the oceans [40–43] at low resolution. The selected analog downscaling method regionalizes the
GCM results based on the use of synoptic analogs for each day in the time series [44,45]. From this
combination, daily data were obtained from a total of 44 precipitation and four temperature weather
stations in the Sierra Nevada area (Figure 1).

2.4. Interpolation of Meteorological Variables

Specific spatial interpolation algorithms that include the effects of topography [46] were used to
distribute the point meteorological daily information throughout the study area [47].

For each variable (i.e., precipitation and temperature) a linear gradient with elevation was
locally defined from the historical datasets using a least square error method. Afterwards,
the residuals between each station value that were obtained using the linear gradient were
calculated. These residuals were interpolated by square inverse distance weighting (IDW2) by
using the three closest stations [48,49] and added to the theoretical value calculated using the linear
gradient [50,51]. This procedure had been previously used in the Sierra Nevada area for other climate
studies [12,52–54]. The spatial resolution for the gridded resulting map series is 30 m.

2.5. Snowfall Analysis and Snow Climate Indicators

Although the constant threshold temperature approach is a simple method, with snowfall
occurrence being a more complex process depending on several atmospheric variables [55] and
the density and size of snow particles [56], the available dataset did not allow a different approach
to be performed, as other works have addressed [57–59]. However, the fixed threshold temperature
approach has been and is still used in many works [60–62], including in the study area [54,63], and it
has proven to be appropriate on a daily scale, especially for hydrological applications [64].

Snowfall occurrence and amount was determined on a daily basis from the use of a threshold
temperature, TSN, over which all precipitation is considered rainfall, following Equation (1). In this
equation, “Snowfall” is the daily amount of snowfall, P the daily amount of total precipitation occurring
below TSN, and T is the temperature during the day. For each day, the temperature datasets include
maximum, minimum, and mean temperature values. A triangular shape was assumed for sub-daily
variations and the fraction of time with T below TSN was adopted as the snowfall fraction of the daily
precipitation. In this work, a constant value of 0.5 ◦C was assumed for TSN, which has been proven to
perform satisfactorily in previous studies [28,53,63].

Snow f all =

{
Pi f T ≤ TSN
0 i f T > TSN

(1)
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From the resulting daily series of snowfall following this approach, two climate impacts on snow
indicators (CIIs) were used to quantify the mean intensity of snowfall events and their torrentiality:

• Snowfall days indicator (Dsnowfall): number of days each year in which snowfall is higher than
0.5 mm.

• Snowfall intensity (Isnowfall): relationship between the annual snowfall and the snowfall days
indicator, as outlined by Equation (2).

ISnow f all =
Snow f all
DSnow f all

(2)

2.6. Long-Term Data Analysis

From the resulting projected 30 × 30 m maps of the downscaled daily weather and snowfall
variables in Sierra Nevada during the 2006–2100 period, the analysis on the annual and decadal scales
was carried out by aggregation of the daily data associated with the selected scenarios, RCP 4.5 and
RCP 8.5. The results were also averaged over both the whole study area and each of the five regions
identified in this work. These results were annual precipitation (P); annual mean values of the mean,
maximum, and minimum daily temperature (Tmean, Tmax, Tmin); and annual snowfall (Snowfall).
Additionally, the defined CIIs were also assessed for each region and time scale from the snowfall map
time series, Dsnowfall and Isnowfall, in order to identify the regions which will likely be the most
influenced by the estimated shifts of the snowfall regime.

Trend analysis was performed on both the resulting annual and decadal time series of the
different variables for the future time study period, which was expressed as absolute anomalies from
the respective mean value during the reference period (Table 1), with significance assessment following
the Mann-Kendall test [65]. Autocorrelation testing [66] was previously performed to guarantee
consistency in the results.

3. Results

3.1. Long-Term Precipitation and Temperature Analysis for Future Scenarios

Figure 3 represents the annual evolution of the average daily mean, maximum, and minimum
temperature in the Sierra Nevada area for the future projections during 2006–2100, expressed as
absolute anomalies from the mean value during the reference period (Table 1). On an annual basis,
an increasing trend can be observed in all variables for both scenarios analyzed. RCP 8.5 was the most
adverse scenario in terms of warming, as expected. The mean temperature anomaly follows a slightly
variable regime during the future period in both scenarios, being positive in all cases. The maximum
and minimum temperature anomalies exhibit a highly variable regime, with negative values in both
scenarios. This can also be observed in the decadal regime. The resulting trends are significant
on a high level of confidence (99%) in all cases. Autocorrelation was found only in the case of the
annual mean values of the daily minimum and mean temperature under RCP 8.5 scenario. Therefore,
the resulting significance in the trend of these variables can be affected by this fact.

Negative anomalies for both the annual and decadal mean values of the daily maximum and
minimum temperature can be found under the RCP 4.5 scenario, and they expand over the whole
future study period, with some apparent stabilization of the decadal mean daily maximum and mean
temperature during the last part of the period. This is not observed under the severe scenario of RCP
8.5, with anomalies close to 6◦ in both variables, on both the annual and decadal scales, at the end of
the study period.
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Figure 3. Evolution of the (a,e) annual mean, maximum, and minimum daily temperature anomalies
and decadal (b,f) maximum, (c,g) mean, and (d,h) minimum temperature anomalies for the two climate
change scenarios analyzed, respectively, during the period of 2006–2100. The trend analysis results are
defined according to the Mann-Kendall test as having either (1) excellent significance, 99% (***); (2) good
significance, 95% (**); (3) acceptable significance, >90% (*); and (4) no significance, less than 90% (+).

The annual and decadal mean daily minimum temperature anomalies show the highest variability
in all cases. Under the RCP 8.5 scenario, this variable follows a trend towards prevailing positive
values during the last decades of the study period.

Figure 4 shows the annual and decadal evolution of the average annual precipitation in the
Sierra Nevada area for future projections during the study period from 2006 to 2100 expressed
as absolute anomalies from the mean value during the reference period (Table 1). As opposed to
temperature trends, a decreasing evolution is observed in both scenarios. However, on a significant
level, an annual trend is found only for the RCP 8.5 scenario, the decreased trend in precipitation
of which is four-fold that found in the RCP 4.5 scenario. It must be noted that the mean annual
precipitation in the period differs 4% between both scenarios, being 503 and 482 mm·year−1 for RCP
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4.5 and RCP 8.5, respectively. However, a large difference is found for the associated standard deviation
(i.e., 44.11 and 47.37 mm·year−1 for RCPs 4.5 and 8.5, respectively).
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Figure 4. Evolution of the (a,c) annual and (b,d) decadal mean annual precipitation anomalies for the
two global change scenarios analyzed for RCPs 4.5 and 8.5, respectively, during the 2006–2010 period.
The trend analysis results are defined according to the Mann-Kendall test as having either (1) excellent
significance, 99% (***); (2) good significance, 95% (**); (3) acceptable significance, >90% (*); and (4) no
significance, less than 90% (+).

Decadal trends are not significant, however. In fact, the first three decades of RCP 8.5 and the first
four of RCP 4.5 reflect an increasing evolution, which results in a non-significant trend (i.e., no trend)
in RCP 4.5. Decadal anomalies are larger and more fluctuating in the case of RCP 8.5.

These results have a clear impact on the snowfall occurrence distribution, as described in the next
section. This is particularly relevant in the highest areas, as Figure 5 shows, where both increased
temperature and decreased precipitation mean values for the whole study period can be observed.
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Figure 5. Spatial distribution of the mean daily temperature and the mean annual precipitation for the
two global change scenarios analyzed during the 2006–2010 period in the study area.

3.2. Long-Term Snowfall Analysis for Future Scenarios

Based on the previous results, daily snowfall occurrence was estimated for each scenario on
a 30 × 30 m grid, as described in Section 2. In this work, the results were aggregated on the annual
and decadal scales and averaged over the different spatial units in this work. Figure 6 shows the
spatial distribution of the anomalies of the mean annual snowfall in the study area during the future
period under both climate scenarios in this work, together with the mean annual trends during the
study period. The largest impacts can be found in the highest areas (i.e., mostly negative anomalies),
being both larger and more extended in RCP 8.5, as expected. Only under RCP 4.5 did some areas in
the west side of the Sierra Nevada basins exhibit positive anomalies, although these were much lower
in absolute values than the negative ones. Trends are negative in all cases, and they are higher in the
snow domain area.
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Table 2 shows the mean values of the variables under analysis during the study period, averaged
over each region in Sierra Nevada and the whole study area (SN) under both future climate scenarios,
together with the results of the trend analysis performed for the whole study period.

Table 2. Summary of the mean values of the study variables during the 2006–2100 study period under
each scenario, averaged over each region (see Figure 1) in Sierra Nevada (R1 to R5) and the whole study
area (SN), together with the associated mean annual trends. The trend analysis results are defined
according to the Mann-Kendall test as having either (1) excellent significance, 99% (***); (2) good
significance, 95% (**); (3) acceptable significance, >90% (*); and (4) no significance, less than 90% (+).

RCP 4.5

R1 R2 R3 R4 R5 TOTAL (SN)

Tmax (◦C) 28.0 28.1 28.0 27.7 26.7 27.7
Tmin (◦C) −8.6 −8.2 −10.7 −10.8 −10.0 −9.7

Tmean (◦C) 25.2 25.4 24.2 24.5 24.0 24.7
P (mm·year−1) 573 367 421 549 652 503
S (mm·year−1) 78 36 64 106 153 87
E (nºev.·year−1) 40 32 34 38 48 37
D (days·year−1) 3 2 3 3 3 3

Trend Tmax (◦C·year−1) 0.024 (***) 0.024 (***) 0.024 (***) 0.025 (***) 0.023 (***) 0.024 (***)
Trend Tmin (◦C·year−1) 0.010 (***) 0.010 (***) 0.010 (***) 0.011 (***) 0.010 (***) 0.010 (***)

Trend Tmean (◦C·year−1) 0.019 (***) 0.019 (***) 0.019 (***) 0.019 (***) 0.019 (***) 0.019 (***)
Trend P ((mm·year−1)·year−1) −0.109 (+) −0.060 (+) −0.068 (+) −0.119 (+) −0.070 (+) −0.081 (+)
Trend S ((mm·year−1)·year−1) −0.289 (***) −0.215 (***) −0.236 (***) −0.232 (***) −0.271 (***) 0.243 (***)
Trend E ((nºev.·year−1)·year−1) −0.068 (+) −0.076 (+) −0.061 (+) −0.042 (+) −0.027 (+) −0.056 (+)
Trend D ((day·year−1)·year−1) −0.003 (+) −0.003 (+) −0.004 (+) −0.004 (+) −0.005 (+) −0.044 (+)

DecTrend Tmean (◦C·dec−1) 0.1826 (**) 0.1820 (**) 0.1837 (**) 0.1868 (**) 0.1838 (**) 0.1838 (**)
DecTrend Tmax (◦C·dec−1) 0.2242 (***) 0.2246 (***) 0.2201 (***) 0.2207 (***) 0.2104 (***) 0.2193 (***)
DecTrend Tmin (◦C·dec−1) 0.0838 (**) 0.0859 (**) 0.0829 (**) 0.0915 (**) 0.0808 (**) 0.0838 (**)

DecTrend((mm·year−1)·dec−1) −1.0118 (+) −0.6906 (+) −0.9842 (+) −1.6084 (+) −0.8593 (+) −1.0129 (+)
DecTrend ((mm·year−1)·dec−1) −2.6852 (+) −1.9920 (+) −2.3388 (+) −2.3325 (+) −2.6641 (+) −2.3597 (+)

RCP 8.5

R2 R3 R4 R5 TOTAL(SN)

Temp max (◦C) 29.2 29.3 29.2 28.9 27.9 28.8
Tmin (◦C) −7.9 −7.5 −10.1 −10.2 −9.4 −9.0

Tmean (◦C) 26.2 26.4 25.2 25.5 25.0 25.7
P (mm·year−1) 548 352 403 528 625 482
S (mm· year−1) 62 25 51 92 135 74
E (nºev.·year−1) 39 30 32 37 46 36
De(days·year−1) 2 2 2 2 3 2

Trend Tmax (◦C·year−1) 0.061 (***) 0.062 (***) 0.062 (***) 0.064 (***) 0.062 (***) 0.062 (***)
Trend Tmin (◦C·year−1) 0.028 (***) 0.028 (***) 0.028 (***) 0.028 (***) 0.028 (***) 0.028 (***)

Trend Tmean (◦C·year−1) 0.047 (***) 0.046 (***) 0.047 (***) 0.047 (***) 0.047 (***) 0.047 (***)
Trend P ((mm·year−1)·year−1) −0.408 (**) −0.290 (**) −0.286 (*) −0.370 (+) −0.436 (*) −0.352 (**)
Trend S ((mm·year−1)·year−1) −0.408 (***) −0.362 (***) −0.416 (***) −0.442 (***) −0.553 (***) −0.448 (***)
Trend E ((nºev·year−1)·year−1) −0.161 (+) −0.151 (+) −0.148 (+) −0.135 (+) −0.142 (+) −0.124 (+)
Trend D ((day·year−1)·year−1) −0.016 (+) −0.008 (+) −0.008 (+) −0.008 (+) −0.008 (+) −0.008 (+)

DecTrend Tmean (◦C·dec−1) 0.465 (***) 0.463 (***) 0.467 (***) 0.472 (***) 0.467 (***) 0.467 (***)
DecTrend Tmax (◦C·dec−1) 0.653 (***) 0.655 (***) 0.657 (***) 0.682 (***) 0.660 (***) 0.659 (***)
DecTrend Tmin (◦C·dec−1) 0.270 (***) 0.269 (***) 0.267 (***) 0.271 (***) 0.266 (***) 0.266 (***)

DecTrend P((mm·year−1)·dec−1) −4.121 (+) −2.975 (+) −2.704 (+) −3.564 (+) −4.372 (+) −3.483 (+)
DecTrend S ((mm·year−1)·dec−1) −4.937 (+) −3.546 (+) −4.123 (+) −4.407 (+) −5.555 (+) −4.449 (+)

T: temperature, P: total precipitation (rainfall and snowfall), S: snowfall, E: number of snowfall events per year,
and D: annual mean duration of snowfall events.

The average mean annual snowfall in the study period exhibits a large variation depending
on the region and scenario under analysis. These average values range between 153 mm·year−1,
in Region 5 under the RCP 4.5 scenario, and 25 mm·year−1, in Region 2 under the RCP 8.5 scenario.
Figure 7 shows the evolution of the annual snowfall anomalies averaged over each region in Sierra
Nevada (Figure 1) and the whole study area during the 2006–2100 future period under both future
climate scenarios. Decreasing trend values are found in all cases, with RCP 8.5 being the most
impacting scenario on both the annual and decadal scales, as expected. Trends in the different regions
in Sierra Nevada show similar values in a given scenario. However, these were more pronounced in
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R5, the most snow-influenced region in this area. Only the snowfall evolution under RCP 8.5 showed
autocorrelation on an annual basis, with a 0.05 degree of confidence. Hence, the significance of this
trend can be influenced by this fact. Nevertheless, the annual scale reveals a high variability of snowfall
during the future period in all of the regions under both scenarios.
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Figure 7. Annual evolution of the annual snowfall anomalies during the future study period of
2000–2100 for (a) RCP 4.5 and (b) RCP 8.5, averaged over each region in Sierra Nevada (Figure 1) and
the whole study area.

The decadal evolution of the mean annual snowfall for the future period under each scenario
can be observed in Figure 8 as anomalies, averaged for each region in Sierra Nevada and the whole
study area. The decadal regime more efficiently shows the decrease of snowfall associated with both
scenarios in all regions, with the RCP 8.5 scenario (being the most severe) causing the highest impact
in snowfall occurrence in all cases. Annual variability is large in all projected decades, with the
anomalies in R2 being lower than those in the rest of the regions. However, this region is also the most
semiarid area in Sierra Nevada, with an average mean annual snowfall of 44 mm·year−1 during the
1961−2000 reference period, which makes the impact of future climate scenarios highly relevant for all
ecotypes associated with snow occurrence in this region.

Anomalies are positive in most regions for the first half of the future period under the RCP 4.5 scenario;
however, they drop to negative values in all regions after three decades under the RCP 8.5 scenario.

Figure 9 shows the annual evolution of the Dsnowfall indicator defined in Section 2.5 during the
2006–2100 period for each region in Sierra Nevada (Figure1) and the whole study area. This variable
is also related to the annual mean intensity of snowfall (Isnowfall) that is shown in Figure 10.
Again, it is illustrated that R5, with higher Dsnowfall values (ranging between 44 and 8 days/year
under the RCP 4.5 scenario and between 38 and 4 days/year under the RCP 8.5 scenario), is the
most snow-influenced domain in Sierra Nevada. The semiarid character of R2 is also highlighted
(ranging between 26 and 1 days/year under the RCP 4.5 scenario and 18 and 0 days/year under
the RCP 8.5 scenario). Significant decreasing trends (99%) are found for both scenarios in all cases;
however, relevant differences are found between scenarios.

Regarding Isnowfall (Figure10), this indicator shows similar values in most of the identified
regions in Sierra Nevada, with the exception of R2 and R3, which exhibit more torrential
behavior. As previously stated, these regions represent the semiarid conditions in Sierra Nevada,
and their features tend to be enhanced in the future climate scenarios, especially under RCP
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8.5, as expected. All resulting trends are positive (RCP 4.5: 0.006 (mm·days−1)·year−1 and RCP
8.5: 0.01 (mm·days−1)·year−1), although quite moderate under RCP 4.5. The decadal scale more
clearly confirms the semiarid character of R2, with high variability, as well as the snow-dominated
regime in R5.
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Figure 8. Decadal evolution of the mean annual snowfall anomalies during the study period in Sierra
Nevada for RCP 4.5: (a) Region 1, (b) Region 2, (c) Region 3, (d) Region 4, (e) Region 5, and (f) the total
study area, and the decadal evolution for RCP 8.5: (g) Region 1, (h) Region 2, (i) Region 3, (j) Region 4,
(k) Region 5, and (l) the total study area.
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Figure 9. Annual evolution of the annual snowfall days indicator (Dsnowfall) during the 2006–2100 future study period for (a) RCP 4.5 and (h) RCP 8.5, averaged over
each region in Sierra Nevada (Figure 1) and the whole study area. Decadal evolution of the mean annual snowfall anomalies during the study period in Sierra Nevada
for RCP 4.5: (b) Region 1, (c) Region 2, (d) Region 3, (e) Region 4, (f) Region 5, and (g) the total study area, and the decadal evolution for RCP 8.5: (i) Region 1,
(j) Region 2, (k) Region 3,(l) Region 4, (m) Region 5, and (n) the total study area.
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Figure 10. Annual evolution of the annual snowfall intensity (Isnowfall) during the 2006–2100 future study period for (a) RCP 4.5 and (h) RCP 8.5, averaged over each
region in Sierra Nevada (Figure 1) and the whole study area. Decadal evolution of the mean annual snowfall anomalies during the study period in Sierra Nevada for
RCP 4.5: (b) Region 1, (c) Region 2, (d) Region 3, (e) Region 4, (f) Region 5, and (g) the total study area, and the decadal evolution for RCP 8.5: (i) Region 1, (j) Region 2,
(k) Region 3, (l) Region 4, (m) Region 5, and (n) the total study area.
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4. Discussion

The analysis performed in the Sierra Nevada area provides an estimate of the long-term effects
of climate evolution under two different emission scenarios in a mountain area representative of
Mediterranean conditions. The results highlight how climate impacts on snow in Mediterranean
regions can be significantly variable in short scale spatial domains [67–69] and quantify the estimated
anomalies in snowfall on both an annual and decadal basis.

The two scenarios chosen for the analysis largely differ in the extent of the estimated impacts of
climate on snowfall occurrence and amount on an annual and decadal basis. As expected, the more
severe scenario, RCP 8.5, results in larger impacts in terms of anomalies of snowfall. This has also been
reported from similar analyses in different studies across the world [14,70–72]. Despite the fact that
the decreasing evolution of precipitation on an annual basis shows no significant trends, the resulting
snowfall regime for each scenario follows a significant decreasing trend associated with the long-term
increasing trend for temperature.

This general significant increasing trend of temperature in future climate scenarios has been reported
in climate impact analyses in other high mountain regions, like the Alps and the Himalayas [73–76], as well
as in other semiarid mountain areas in Chile (the Andes) and in California (the Sierra Nevada) [77–79].
Similar values of the estimated trends for mean temperature have been found for the Alps (0.22 and
0.58 ◦C·decade−1 for RCPs 4.5 and 8.5, respectively), Sierra Nevada (0.18 and 0.46 ◦C·decade−1 for
RCPs 4.5 and 8.5, respectively), and Chile (where an increase of 3 to 4 ◦C for the 21st century has been
shown) [77,78]. The resulting trends in minimum temperature are lower, however, than those found in
these other regions (e.g., 0.3 and 1.1 ◦C·decade−1 for RCPs 4.5 and 8.5, respectively, in the Himalayas
and 0.08 and 0.26 ◦C·decade−1 for RCPs 4.5 and 8.5, respectively, in Sierra Nevada). This lower value
is likely due to the different ranges of altitude between both sites, but scale effects associated with the
downscaling in Sierra Nevada could also influence the results. In addition, maximum temperature
trends show different behaviors between both areas (e.g., 0.20 and 0.30 ◦C·decade−1 for RCPs 4.5 and
8.5, respectively, in the Himalayas and 0.21 and 0.66 ◦C·decade−1 for RCPs 4.5 and 8.5, respectively,
in Sierra Nevada).

The lack of significance in the trend analysis of precipitation has also been reported in these
studies [80–84], with higher decreasing trend values observed during the 21st century under semiarid
conditions (e.g., −9% and −19% for RCPs 4.5 and 8.5, respectively, in the Chilean Andes and −1.5%
and −5.5% for RCPs 4.5 and 8.5, respectively, in Sierra Nevada). These results also show how apparent
decreases of snowfall are expected in all future scenarios [74,76,80,81,85–87], with a higher loss of
snowfall amount in areas above 1500 m a.s.l. but a larger impact in lower areas were snowfall might
not even occur in the future [74,76,86]. The resulting impacts on snowfall differs largely among
sites. For example, decreasing trends of 32 and 65 mm·decade−1 were found in the Alps for each
scenario [75], which were larger than those found in Sierra Nevada. However, in relative values,
these results are closer to the decadal decrease of snowfall estimated in Canada [85], which are 5 and
10% of the current decadal values for RCPs 4.5 and 8.5, respectively. This is in line with the 2.8 and
6.1% obtained for the same scenarios in Sierra Nevada. A key result from this analysis is the likely
impact of climate scenarios on the torrentiality of snowfall. Despite the mean annual trend being
a decrease (with high significance) during the study period, the extreme annual values of snowfall
within each decade show an extremely high variability, with large amplitudes under both scenarios in
most regions. From Tables 1 and 2, it can be observed how the number of snowfall events in the future
period is lower than that during the reference period, while the mean duration of each event is also
lower. This behavior has also been reported in the Alps [76], with the mean value of the number of
days of snowfall in future scenarios being 50% that of the reference period. That is in the range of the
33% and 76% found in Sierra Nevada under scenarios RCP 4.5 and RCP 8.5, respectively.

This impact is highlighted by the resulting Isnowfall (Figure 9), which increases during the
second half of the study period and reaches the highest values in regions R1 and R2, which represent
the semiarid environments in Sierra Nevada. This can also be observed from the results in Table 3,
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which shows the proportion between the mean values for each variable over the whole future time
period under scenarios RCP 8.5 and RCP 4.5 for each region in Sierra Nevada and the whole study area.
Whereas the ratios of the maximum and mean temperature and precipitation are very similar among
regions, the ratio of the minimum temperature shows clear differences that are associated with the
frequency of snowfall in each region. This greatly impacts the snowfall under each scenario, with ratios
that differ among regions for both the maximum and minimum snowfall and the associated trend,
which is amplified in the more severe scenario. This is especially true for the most snow-influenced
regions (R5, R4). The apparent stabilization of the snowfall anomalies during the last decades of the
21st century under RCP 4.5, compared to the continuous fall estimated under RCP 8.5, stresses the
importance of mitigation actions against the adaptation actions in the climate impacts simulated by
the model.

Table 3. Ratio between the average absolute values of the target variables under both RCPs throughout
the future period (RCP 8.5/RCP 4.5).

Tmax Tmin Tmean P Smax Smin Smean Strend

R1 1.045 1.619 1.081 0.924 1.005 0.462 0.800 1.724
R2 1.044 1.413 1.078 0.948 0.944 0.516 0.775 1.681
R3 1.046 1.709 1.082 0.944 1.052 0.453 0.790 1.760
R4 1.049 1.480 1.080 0.928 1.042 0.576 0.814 1.908
R5 1.045 2.051 1.084 0.919 1.020 0.666 0.827 2.042

Total SN 1.046 1.590 1.081 0.933 1.057 0.529 0.806 1.840

Figure 11 sums up the regional differences found in the study area for both the mean annual values
of the targeted variables and their mean annual trends. It can be easily observed how temperature
trends are spatially similar despite the fact that the mean original values are not homogeneous in space,
whereas the precipitation pattern is variable both for the mean values and their trends. The resulting
snowfall distribution is hence variable, both as mean and trend values.

The limitations of the results discussed above are mainly associated with the skill of the
downscaled data and with the simplifying hypothesis in the snowfall/rainfall partition algorithm
applied in this work. Additionally, new weather stations in the higher areas are required to further
validate the spatial interpolation of both temperature and precipitation. Nevertheless, the results are
aligned with those projected during the 21st century in other high mountain regions and provide
the first distributed assessment of future climate scenario impacts on snowfall in Sierra Nevada,
which has similarities with other semiarid mountain regions that allow some transferability to other
less-monitored areas.
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5. Conclusions

This work assessed climate impacts on the snowfall regime in a Mediterranean mountain area
in southern Spain (i.e., the Sierra Nevada range) under two different future scenarios (RCP 4.5 and
RCP 8.5). The results indicate a global decrease of annual snowfall, with a significant trend that ranges
from 0.21 to 0.55 (mm·year−1)·year−1 and changes depending on the scenario and region in the area.
However, the major impact of climate on the snowfall regime is reflected in the torrential character of
snowfall occurrence, with a decrease in the number of days with snowfall and a significant increase
in the global mean snowfall intensity under both scenarios. This torrentiality is more extremely
increased in the semiarid region of Andarax in Sierra Nevada, the area currently less influenced by
snow. This may have a relevant impact on the fluvial regime, which is currently characterized by
non-perennial flows, with the occurrence of flash-flood events.

Climate projections are not forecasts, but rather likely long-term pathways that climate variables
may follow as they are driven by the long-term dynamics of the global circulation system in the
Earth under different emission scenarios. The uncertainties associated with the estimation of snowfall
occurrence from the assumptions made in this work add up to uncertainties in the global models,
the downscaling techniques, the spatial interpolation algorithms, and the observational datasets.
Nevertheless, the thus-projected trends of snowfall in the Sierra Nevada area show how climate
impacts on the snow regime in Mediterranean and other semiarid regions are highly dependent on the
trend towards torrentiality observed in the precipitation regime in these areas. These trends focus on
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the extreme value regimes of both precipitation and temperature variables, rather than on the mean
value regime. Moreover, the spatial analysis’ results highlight the large heterogeneity of these impacts
on the local scale and point out the need for high resolution modeling to derive further information
linked to the snow regime, such as runoff and river flow, soil wetness, vegetation distribution patterns,
erosion rates, water temperature, and groundwater recharge.

Author Contributions: M.J.P.-P. and R.P. were responsible for processing the data. M.J.P.-P was responsible for
analyzing the data and communicating with the journal. R.P. contributed technical details and analysis support
and M.J.P. was responsible for overseeing the research and providing critical insight and recommendations
regarding the focus, structure, and content of the paper. All authors participated in writing and proofreading
throughout the publication process.

Acknowledgments: This work was funded by the Spanish Ministry of Economy and Competitiveness—MINECO
(Research Project CGL2014-58508R, “Global monitoring system for snow areas in Mediterranean regions: trends
analysis and implications for water resource management in Sierra Nevada”) and co-financed by the European
Regional Development Fund (ERFD). Also, this work was funded by the Spanish Ministry of Agriculture, Food,
and Environment (Biodiversity Foundation, Project “Torrentiality and aridity indices relate to snow in the Sierra
Nevada National Park and its border areas in a context of global change: implications for the management of
natural resources”). Moreover, this research was partially developed within the framework of the Panta Rhei
Research Initiative of the International Association of Hydrological Science (IAHS) in the Working Group on
Water and Energy Fluxes in a Changing Environment. Finally, we are thankful for the support provided by the
National and Natural Park of Sierra Nevada and by the Spanish Meteorological Agency.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barnett, T.P.; Adam, J.C.; Lettenmaier, D.P. Potential impacts of a warming climate on water availability in
snow-dominated regions. Nature 2005, 438, 303. [CrossRef] [PubMed]

2. Mote, P.W. Trends in snow water equivalent in the Pacific Northwest and their climatic causes. Geophys. Res. Lett.
2003, 30. [CrossRef]

3. Hamlet, A.F.; Mote, P.W.; Clark, M.P.; Lettenmaier, D.P.; Hamlet, A.F.; Mote, P.W.; Clark, M.P.;
Lettenmaier, D.P. Effects of Temperature and Precipitation Variability on Snowpack Trends in the Western
United States. J. Clim. 2015, 48, 4545–4561. [CrossRef]

4. Berghuijs, W.R.; Woods, R.A.; Hrachowitz, M. A precipitation shift from snow towards rain leads to a decrease
in streamflow. Nat. Clim. Chang. 2014, 4, 583. [CrossRef]

5. Kevin, E. Trenberth Changes in precipitation with climate change. Clim. Res. Clim Res. 2011, 47, 123–138.
[CrossRef]

6. Chou, C.; Lan, C.-W.; Chou, C.; Lan, C.-W. Changes in the Annual Range of Precipitation under Global
Warming. J. Clim. 2012, 25, 222–235. [CrossRef]

7. Solomon, S.; Quin, D.; Manning, M.; Chen, Z.; Marquis, M.; Averyt, K.; Tignort, M.; Miller, H. Climate Change:
The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2017.

8. Groisman, P.Y.; Knight, R.W.; Easterling, D.R.; Karl, T.R.; Hegerl, G.C.; Razuvaev, V.N. Trends in Intense
Precipitation in the Climate Record. J. Clim. 2005, 18, 1326–1350. [CrossRef]

9. Norrant, C.; Douguédroit, A. Monthly and daily precipitation trends in the Mediterranean (1950–2000).
Theor. Appl. Climatol. 2006, 83, 89–106. [CrossRef]

10. Klein Tank, A.M.G.; Wijngaard, J.B.; Können, G.P.; Böhm, R.; Demarée, G.; Gocheva, A.; Mileta, M.;
Pashiardis, S.; Hejkrlik, L.; Kern-Hansen, C.; et al. Daily dataset of 20th-century surface air temperature and
precipitation series for the European Climate Assessment. Int. J. Climatol. 2002, 22, 1441–1453. [CrossRef]

11. New, M.; Todd, M.; Hulme, M.; Jones, P. Precipitation measurements and trends in the twentieth century.
Int. J. Climatol. 2001, 21, 1889–1922. [CrossRef]

12. Pérez-Palazón, M.J.; Pimentel, R.; Herrero, J.; Aguilar, C.; Perales, J.M.; Polo, M.J. Extreme values of
snow-related variables in Mediterranean regions: Trends and long-term forecasting in Sierra Nevada (Spain).
Proc. Int. Assoc. Hydrol. Sci. 2015, 369, 157–162. [CrossRef]

13. Beniston, M. Climatic Change in Mountain Regions: A Review of Possible Impacts. Clim. Chang. 2003, 59,
5–31. [CrossRef]

http://dx.doi.org/10.1038/nature04141
http://www.ncbi.nlm.nih.gov/pubmed/16292301
http://dx.doi.org/10.1029/2003GL017258
http://dx.doi.org/10.1175/JCLI3538.1
http://dx.doi.org/10.1038/nclimate2246
http://dx.doi.org/10.3354/cr00953
http://dx.doi.org/10.1175/JCLI-D-11-00097.1
http://dx.doi.org/10.1175/JCLI3339.1
http://dx.doi.org/10.1007/s00704-005-0163-y
http://dx.doi.org/10.1002/joc.773
http://dx.doi.org/10.1002/joc.680
http://dx.doi.org/10.5194/piahs-369-157-2015
http://dx.doi.org/10.1023/A:1024458411589


Water 2018, 10, 720 19 of 22

14. IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R.K., Meyer, L.A., Eds.;
IPCC: Geneva, Switzerland, 2014; p. 151.

15. Giorgi, F. Climate change hot-spots. Geophys. Res. Lett. 2006, 33, L08707. [CrossRef]
16. Gelfan, A.; Gustafsson, D.; Motovilov, Y.; Arheimer, B.; Kalugin, A.; Krylenko, I.; Lavrenov, A. Climate

change impact on the water regime of two great Arctic rivers: Modeling and uncertainty issues. Clim. Chang.
2017, 141, 499–515. [CrossRef]

17. Eisner, S.; Flörke, M.; Chamorro, A.; Daggupati, P.; Donnelly, C.; Huang, J.; Hundecha, Y.; Koch, H.;
Kalugin, A.; Krylenko, I.; et al. An ensemble analysis of climate change impacts on streamflow seasonality
across 11 large river basins. Clim. Chang. 2017, 141, 401–417. [CrossRef]

18. Soares, M.B.; Alexander, M.; Dessai, S. Sectoral use of climate information in Europe: A synoptic overview.
Clim. Serv. 2018, 9, 5–20. [CrossRef]

19. Damm, A.; Greuell, W.; Landgren, O.; Prettenthaler, F. Impacts of +2 ◦C global warming on winter tourism
demand in Europe. Clim. Serv. 2017, 7, 31–46. [CrossRef]

20. Donnelly, C.; Greuell, W.; Andersson, J.; Gerten, D.; Pisacane, G.; Roudier, P.; Ludwig, F. Impacts of climate
change on European hydrology at 1.5, 2 and 3 degrees mean global warming above preindustrial level.
Clim. Chang. 2017, 143, 13–26. [CrossRef]

21. Steininger, K.W.; Bednar-Friedl, B.; Formayer, H.; König, M. Consistent economic cross-sectoral climate
change impact scenario analysis: Method and application to Austria. Clim. Serv. 2016, 1, 39–52. [CrossRef]

22. Fayad, A.; Gascoin, S.; Faour, G.; López-Moreno, J.I.; Drapeau, L.; Page, M.L.; Escadafal, R. Snow hydrology
in Mediterranean mountain regions: A review. J. Hydrol. 2017, 551, 374–396. [CrossRef]

23. López-Moreno, J.I.; Gascoin, S.; Herrero, J.; Sproles, E.A.; Pons, M.; Alonso-González, E.; Hanich, L.;
Boudhar, A.; Musselman, K.N.; Molotch, N.P.; et al. Different sensitivities of snowpacks to warming in
Mediterranean climate mountain areas. Environ. Res. Lett. 2017, 12, 074006. [CrossRef]

24. Möller, L.; Hanke, B.; Lubinski, L.; Kollig, C. For Life, for the Future. Biosphere Reserves and Climate Change;
German Commission for UNESCO (DUK): Bonn, Germany; ISBN 978-3-940785-27-5.

25. Danco, J.F.; DeAngelis, A.M.; Raney, B.K.; Broccoli, A.J. Effects of a Warming Climate on Daily Snowfall
Events in the Northern Hemisphere. J. Clim. 2016, 29, 6295–6318. [CrossRef]

26. Blanca, G.; Cueto, M.; Martínez-Lirola, M.J.; Molero-Mesa, J. Threatened vascular flora of Sierra Nevada
(Southern Spain). Biol. Conserv. 1998, 85, 269–285. [CrossRef]

27. Heywood, V. Endemism and biodiversity of the flora and vegetation of Sierra Nevada: Environmental
consequences. In Sierra Nevada. Conservaci6n y Desarrollo Sostenible; University of Granada: Granada, Spain,
1996; pp. 191–201.

28. Pimentel, R.; Herrero, J.; Polo, M.J. Subgrid parameterization of snow distribution at a Mediterranean site
using terrestrial photography. Hydrol. Earth Syst. Sci. 2017, 21, 805–820. [CrossRef]

29. Lorite, J.; Navarro, F.B.; Valle, F. Estimation of threatened orophytic flora and priority of its conservation in
the Baetic range (S. Spain). Plant Biosyst. 2007, 141, 1–14. [CrossRef]

30. Myers, N.; Mittermeier, R.A.; Mittermeier, C.G.; da Fonseca, G.A.B.; Kent, J. Biodiversity hotspots for
conservation priorities. Nature 2000, 403, 853–858. [CrossRef] [PubMed]

31. Pérez-Palazon, M.J.; Pimentel, R.; Herrero, J.; Polo, M.J. Modelado el régimen de humedad media del suelo en
el área de Sierra Nevada a diferentes escalas temporales. In Estudios de la Zona no Saturada; Martinez Perez, S.,
Merlín, A.S., Eds.; Universidad de Alcalá, Servicio de Publicaciones: Madrid, Spain, 2015; Volumen XII,
pp. 221–226.

32. Boé, J.; Terray, L. Can metric-based approaches really improve multi-model climate projections? The case of
summer temperature change in France. Clim. Dyn. 2015, 45, 1913–1928. [CrossRef]

33. Knutti, R.; Furrer, R.; Tebaldi, C.; Cermak, J.; Meehl, G.A.; Knutti, R.; Furrer, R.; Tebaldi, C.; Cermak, J.;
Meehl, G.A. Challenges in Combining Projections from Multiple Climate Models. J. Clim. 2010, 23, 2739–2758.
[CrossRef]

34. Giorgi, F.; Mearns, L.O.; Giorgi, F.; Mearns, L.O. Calculation of Average, Uncertainty Range, and Reliability
of Regional Climate Changes from AOGCM Simulations via the “Reliability Ensemble Averaging” (REA)
Method. J. Clim. 2002, 15, 1141–1158. [CrossRef]

http://dx.doi.org/10.1029/2006GL025734
http://dx.doi.org/10.1007/s10584-016-1710-5
http://dx.doi.org/10.1007/s10584-016-1844-5
http://dx.doi.org/10.1016/j.cliser.2017.06.001
http://dx.doi.org/10.1016/j.cliser.2016.07.003
http://dx.doi.org/10.1007/s10584-017-1971-7
http://dx.doi.org/10.1016/j.cliser.2016.02.003
http://dx.doi.org/10.1016/j.jhydrol.2017.05.063
http://dx.doi.org/10.1088/1748-9326/aa70cb
http://dx.doi.org/10.1175/JCLI-D-15-0687.1
http://dx.doi.org/10.1016/S0006-3207(97)00169-9
http://dx.doi.org/10.5194/hess-21-805-2017
http://dx.doi.org/10.1080/11263500601153560
http://dx.doi.org/10.1038/35002501
http://www.ncbi.nlm.nih.gov/pubmed/10706275
http://dx.doi.org/10.1007/s00382-014-2445-5
http://dx.doi.org/10.1175/2009JCLI3361.1
http://dx.doi.org/10.1175/1520-0442(2002)015&lt;1141:COAURA&gt;2.0.CO;2


Water 2018, 10, 720 20 of 22

35. Tebaldi, C.; Smith, R.L.; Nychka, D.; Mearns, L.O.; Tebaldi, C.; Smith, R.L.; Nychka, D.; Mearns, L.O.
Quantifying Uncertainty in Projections of Regional Climate Change: A Bayesian Approach to the Analysis
of Multimodel Ensembles. J. Clim. 2005, 18, 1524–1540. [CrossRef]

36. Block, K.; Mauritsen, T. Forcing and feedback in the MPI-ESM-LR coupled model under abruptly quadrupled
CO2. J. Adv. Model. Earth Syst. 2013, 5, 676–691. [CrossRef]

37. Zorita, E.; von Storch, H.; Zorita, E.; von Storch, H. The Analog Method as a Simple Statistical Downscaling
Technique: Comparison with More Complicated Methods. J. Clim. 1999, 12, 2474–2489. [CrossRef]

38. Stevens, B.; Giorgetta, M.; Esch, M.; Mauritsen, T.; Crueger, T.; Rast, S.; Salzmann, M.; Schmidt, H.; Bader, J.;
Block, K.; et al. Atmospheric component of the MPI-M Earth System Model: ECHAM6. J. Adv. Model. Earth Syst.
2013, 5, 146–172. [CrossRef]

39. Jungclaus, J.H.; Fischer, N.; Haak, H.; Lohmann, K.; Marotzke, J.; Matei, D.; Mikolajewicz, U.; Notz, D.; von
Storch, J.S. Characteristics of the ocean simulations in the Max Planck Institute Ocean Model (MPIOM) the
ocean component of the MPI-Earth system model. J. Adv. Model. Earth Syst. 2013, 5, 422–446. [CrossRef]

40. Jones, C.; Robertson, E.; Arora, V.; Friedlingstein, P.; Shevliakova, E.; Bopp, L.; Brovkin, V.; Hajima, T.;
Kato, E.; Kawamiya, M.; et al. Twenty-First-Century Compatible CO2 Emissions and Airborne Fraction
Simulated by CMIP5 Earth System Models under Four Representative Concentration Pathways. J. Clim.
2013, 26, 4398–4413. [CrossRef]

41. Maier-Reimer, E.; Kriest, I.; Segschneider, J.; Wetzel, P. The HAMburg Ocean Carbon Cycle Model
HAMOCC5.1-Technical Description Release 1.1; Max-Planck-Inst. für Meteorologie: Hamburg, Germany, 2005.
[CrossRef]

42. Kaminski, T.; Knorr, W.; Schürmann, G.; Scholze, M.; Rayner, P.J.; Zaehle, S.; Blessing, S.; Dorigo, W.;
Gayler, V.; Giering, R.; et al. The BETHY/JSBACH Carbon Cycle Data Assimilation System: Experiences and
challenges. J. Geophys. Res. Biogeosci. 2013, 118, 1414–1426. [CrossRef]

43. Kalnay, E.; Kanamitsu, M.; Kistler, R.; Collins, W.; Deaven, D.; Gandin, L.; Iredell, M.; Saha, S.; White, G.;
Woollen, J.; et al. The NCEP/NCAR 40-Year Reanalysis Project. Bull. Am. Meteorol. Soc. 1996, 77, 437–471.
[CrossRef]

44. Petisco, S.E.; Martín, J.; Gel, D. Método de estima de precipitación mediante “downscaling”. In Nota técnica
n.o 11 del Servicio de Variabilidad y Predicción del Clima; INM: Madrid, Spain, 2005.

45. Petisco, S.E.; Martín, J.M. Escenarios de temperatura y precipitación para la España peninsular y Baleares
durante el período 2001–2100 basados en “downscaling” estadístico mediante métodos de análogos.
In Proceedings of the XXIX Jornadas Científicas de la Asociación Meteorológica Española, Pamplona, Spain,
24–26 April 2006.

46. Agnew, M.; Palutikof, J. GIS-based construction of baseline climatologies for the Mediterranean using terrain
variables. Clim. Res. 2000, 14, 115–127. [CrossRef]

47. Herrero, J.; Aguilar, C.; Polo, M.J.; Losada, M.A. Mapping of meteorological variables for runoff
generation forecast in distributed hydrological modeling. In Proceedings of the Hydraulic Measurements
& Experimental Methods Conference, Lake Placid, NY, USA, 10–12 September 2007; pp. 606–611.

48. Creutin, J.D.; Obled, C. Objective analyses and mapping techniques for rainfall fields: An objective
comparison. Water Resour. Res. 1982, 18, 413–431. [CrossRef]

49. Buytaert, W.; Celleri, R.; Willems, P.; De Bièvre, B.; Wyseure, G. Spatial and temporal rainfall variability in
mountainous areas: A case study from the south Ecuadorian Andes. J. Hydrol. 2006, 329, 413–421. [CrossRef]

50. Susong, D.; Marks, D.; Garen, D. Methods for developing time-series climate surfaces to drive topographically
distributed energy- and water-balance models. Hydrol. Process. 1999, 13, 2003–2021. [CrossRef]

51. Garen, D.C.; Marks, D. Spatially distributed energy balance snowmelt modelling in a mountainous river
basin: Estimation of meteorological inputs and verification of model results. J. Hydrol. 2005, 315, 126–153.
[CrossRef]

52. Aguilar, C.; Herrero, J.; Polo, M.J. Topographic effects on solar radiation distribution in mountainous
watersheds and their influence on reference evapotranspiration estimates at watershed scale.
Hydrol. Earth Syst. Sci. 2010, 14, 2479–2494. [CrossRef]

53. Herrero, J.; Polo, M.J. Evaposublimation from the snow in the Mediterranean mountains of Sierra Nevada
(Spain). Cryosphere 2016, 10, 2981–2998. [CrossRef]

54. Pimentel, R.; Herrero, J.; Polo, M. Quantifying Snow Cover Distribution in Semiarid Regions Combining
Satellite and Terrestrial Imagery. Remote Sens. 2017, 9, 995. [CrossRef]

http://dx.doi.org/10.1175/JCLI3363.1
http://dx.doi.org/10.1002/jame.20041
http://dx.doi.org/10.1175/1520-0442(1999)012&lt;2474:TAMAAS&gt;2.0.CO;2
http://dx.doi.org/10.1002/jame.20015
http://dx.doi.org/10.1002/jame.20023
http://dx.doi.org/10.1175/JCLI-D-12-00554.1
http://dx.doi.org/10.17617/2.994983
http://dx.doi.org/10.1002/jgrg.20118
http://dx.doi.org/10.1175/1520-0477(1996)077&lt;0437:TNYRP&gt;2.0.CO;2
http://dx.doi.org/10.3354/cr014115
http://dx.doi.org/10.1029/WR018i002p00413
http://dx.doi.org/10.1016/j.jhydrol.2006.02.031
http://dx.doi.org/10.1002/(SICI)1099-1085(199909)13:12/13&lt;2003::AID-HYP884&gt;3.0.CO;2-K
http://dx.doi.org/10.1016/j.jhydrol.2005.03.026
http://dx.doi.org/10.5194/hess-14-2479-2010
http://dx.doi.org/10.5194/tc-10-2981-2016
http://dx.doi.org/10.3390/rs9100995


Water 2018, 10, 720 21 of 22

55. Dai, A. Temperature and Pressure Dependence of the Rain-Snow Phase Transition over Land and Ocean.
Geophys. Res. Lett. 2008, 10. [CrossRef]

56. Lundquist, J.D.; Neiman, P.J.; Martner, B.; White, A.B.; Gottas, D.J.; Ralph, F.M.; Lundquist, J.D.; Neiman, P.J.;
Martner, B.; White, A.B.; et al. Rain versus Snow in the Sierra Nevada, California: Comparing Doppler
Profiling Radar and Surface Observations of Melting Level. J. Hydrometeorol. 2008, 9, 194–211. [CrossRef]

57. Klos, P.Z.; Link, T.E.; Abatzoglou, J.T. Extent of the rain-snow transition zone in the western U.S. under
historic and projected climate. Geophys. Res. Lett. 2014, 41, 4560–4568. [CrossRef]

58. Rajagopal, S.; Harpold, A.A. Testing and Improving Temperature Thresholds for Snow and Rain Prediction
in the Western United States. JAWRA J. Am. Water Resour. Assoc. 2016, 52, 1142–1154. [CrossRef]

59. Hatchett, B.; Daudert, B.; Garner, C.; Oakley, N.; Putnam, A.; White, A. Winter Snow Level Rise in the
Northern Sierra Nevada from 2008 to 2017. Water 2017, 9, 899. [CrossRef]

60. Motoyama, H.; Motoyama, H. Simulation of Seasonal Snowcover Based on Air Temperature and Precipitation.
J. Appl. Meteorol. 1990, 29, 1104–1110. [CrossRef]

61. Lynch-Stieglitz, M. The Development and Validation of a Simple Snow Model for the GISS GCM. J. Clim.
1994, 7, 1842–1855. [CrossRef]

62. Marks, D.; Winstral, A.; Reba, M.; Pomeroy, J.; Kumar, M. An evaluation of methods for determining
during-storm precipitation phase and the rain/snow transition elevation at the surface in a mountain basin.
Adv. Water Resour. 2013, 55, 98–110. [CrossRef]

63. Herrero, J.; Polo, M.J.; Moñino, A.; Losada, M.A. An energy balance snowmelt model in a Mediterranean
site. J. Hydrol. 2009, 371, 98–107. [CrossRef]

64. Yang, Z.-L.; Dickinson, R.E.; Robock, A.; Vinnikov, K.Y.; Yang, Z.-L.; Dickinson, R.E.; Robock, A.;
Vinnikov, K.Y. Validation of the Snow Submodel of the Biosphere–Atmosphere Transfer Scheme with
Russian Snow Cover and Meteorological Observational Data. J. Clim. 1997, 10, 353–373. [CrossRef]

65. Gibbons, J.D.; Chakraborti, S. Nonparametric Statistical Inference; Chapman & Hall/CRC Edition: London, UK,
2011; ISBN 9781420077612.

66. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S-PLUS; Springer Science & Business Media:
Berlin, Germany, 2013; ISBN 9781441930088.

67. Esteban-Parra, M.J.; Rodrigo, F.S.; Castro-Diez, Y. Spatial and temporal patterns of precipitation in Spain for
the period 1880–1992. Int. J. Climatol. 1998, 18, 1557–1574. [CrossRef]

68. Shuttleworth, W.J. The challenges of developing a changing world. Eos Trans. Am. Geophys. Union 1996, 77,
347. [CrossRef]

69. Maheras, P.; Balafoutis, C.; Vafiadis, M. Precipitation in the Central Mediterranean during the last century.
Theor. Appl. Climatol. 1992, 45, 209–216. [CrossRef]

70. Gampe, D.; Nikulin, G.; Ludwig, R. Using an ensemble of regional climate models to assess climate change
impacts on water scarcity in European river basins. Sci. Total Environ. 2016, 573, 1503–1518. [CrossRef]
[PubMed]

71. Molina-Navarro, E.; Andersen, H.E.; Nielsen, A.; Thodsen, H.; Trolle, D. Quantifying the combined effects of
land use and climate changes on stream flow and nutrient loads: A modelling approach in the Odense Fjord
catchment (Denmark). Sci. Total Environ. 2018, 621, 253–264. [CrossRef] [PubMed]

72. Tan, M.L.; Ibrahim, A.L.; Yusop, Z.; Chua, V.P.; Chan, N.W. Climate change impacts under CMIP5 RCP
scenarios on water resources of the Kelantan River Basin, Malaysia. Atmos. Res. 2017, 189, 1–10. [CrossRef]

73. Dimri, A.P.; Kumar, D.; Choudhary, A.; Maharana, P. Future changes over the Himalayas: Maximum and
minimum temperature. Glob. Planet. Chang. 2018, 162, 212–234. [CrossRef]

74. Diffenbaugh, N.S.; Scherer, M.; Ashfaq, M. Response of snow-dependent hydrologic extremes to continued
global warming. Nat. Clim. Chang. 2013, 3, 379–384. [CrossRef] [PubMed]

75. Verfaillie, D.; Lafaysse, M.; Déqué, M.; Eckert, N.; Lejeune, Y.; Morin, S. Multi-component ensembles of
future meteorological and natural snow conditions for 1500 m altitude in the Chartreuse mountain range,
Northern French Alps. Cryosphere 2018, 125194, 1249–1271. [CrossRef]

76. Marty, C.; Schlögl, S.; Bavay, M.; Lehning, M. How much can we save? Impact of different emission scenarios
on future snow cover in the Alps. Cryosphere 2017, 11, 517–529. [CrossRef]

77. Meza, F.J.; Wilks, D.S.; Gurovich, L.; Bambach, N. Impacts of Climate Change on Irrigated Agriculture
in the Maipo Basin, Chile: Reliability of Water Rights and Changes in the Demand for Irrigation.
J. Water Resour. Plan. Manag. 2012, 138, 421–430. [CrossRef]

http://dx.doi.org/10.1029/2008GL033295
http://dx.doi.org/10.1175/2007JHM853.1
http://dx.doi.org/10.1002/2014GL060500
http://dx.doi.org/10.1111/1752-1688.12443
http://dx.doi.org/10.3390/w9110899
http://dx.doi.org/10.1175/1520-0450(1990)029&lt;1104:SOSSBO&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1994)007&lt;1842:TDAVOA&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.advwatres.2012.11.012
http://dx.doi.org/10.1016/j.jhydrol.2009.03.021
http://dx.doi.org/10.1175/1520-0442(1997)010&lt;0353:VOTSSO&gt;2.0.CO;2
http://dx.doi.org/10.1002/(SICI)1097-0088(19981130)18:14&lt;1557::AID-JOC328&gt;3.0.CO;2-J
http://dx.doi.org/10.1029/96EO00239
http://dx.doi.org/10.1007/BF00866194
http://dx.doi.org/10.1016/j.scitotenv.2016.08.053
http://www.ncbi.nlm.nih.gov/pubmed/27539825
http://dx.doi.org/10.1016/j.scitotenv.2017.11.251
http://www.ncbi.nlm.nih.gov/pubmed/29186700
http://dx.doi.org/10.1016/j.atmosres.2017.01.008
http://dx.doi.org/10.1016/j.gloplacha.2018.01.015
http://dx.doi.org/10.1038/nclimate1732
http://www.ncbi.nlm.nih.gov/pubmed/24015153
http://dx.doi.org/10.5194/tc-12-1249-2018
http://dx.doi.org/10.5194/tc-11-517-2017
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000216


Water 2018, 10, 720 22 of 22

78. Vicuña, S.; Garreaud, R.D.; McPhee, J. Climate change impacts on the hydrology of a snowmelt driven basin
in semiarid Chile. Clim. Chang. 2011, 105, 469–488. [CrossRef]

79. Cayan, D.; Tyree, M.; Kunkel, K.E.; Castro, C.; Gershunov, A.; Barsugli, J.; Ray, A.J.; Overpeck, J.;
Anderson, M.; Russell, J.; et al. Future Climate: Projected Average. In Assessment of Climate Change in
the Southwest United States: A Report Prepared for the National Climate Assessment; A Report by the Southwest
Climate Alliance; Garfin, G., Jardine, A., Merideth, R., Black, M., LeRoy, S., Eds.; Island Press: Washington,
DC, USA, 2013; pp. 101–125.

80. Kay, A.L. A review of snow in Britain: The historical picture and future projections. Prog. Phys. Geog. 2016,
40, 676–698. [CrossRef]

81. Monaghan, A.J.; Bromwich, D.H.; Schneider, D.P. Twentieth century Antarctic air temperature and snowfall
simulations by IPCC climate models. Geophys. Res. Lett. 2008, 35. [CrossRef]

82. Polade, S.D.; Gershunov, A.; Cayan, D.R.; Dettinger, M.D.; Pierce, D.W. Precipitation in a warming world:
Assessing projected hydro-climate changes in California and other Mediterranean climate regions. Sci. Rep.
2017, 7, 10783. [CrossRef] [PubMed]

83. Berg, N.; Hall, A. Increased Interannual Precipitation Extremes over California under Climate Change.
J. Clim. 2015, 28, 6324–6334. [CrossRef]

84. Valdés-Pineda, R.; Pizarro, R.; García-Chevesich, P.; Valdés, J.B.; Olivares, C.; Vera, M.; Balocchi, F.; Pérez, F.;
Vallejos, C.; Fuentes, R.; et al. Water governance in Chile: Availability, management and climate change.
J. Hydrol. 2014, 519, 2538–2567. [CrossRef]

85. Mudryk, L.R.; Derksen, C.; Howell, S.; Laliberté, F.; Thackeray, C.; Sospedra-Alfonso, R.; Vionnet, V.;
Kushner, P.J.; Brown, R. Canadian snow and sea ice: Historical trends and projections. Cryosphere 2018, 12,
1157–1176. [CrossRef]

86. Demaria, E.M.C.; Maurer, E.P.; Thrasher, B.; Vicuña, S.; Meza, F.J. Climate changes impacts on an alpine
watershed in Chile: Do new model projections change the story? J. Hydrol. 2013, 502, 128–138. [CrossRef]

87. Sun, F.; Hall, A.; Schwartz, M.; Walton, D.B.; Berg, N. Twenty-First-Century Snowfall and Snowpack Changes
over the Southern California Mountains. J. Clim. 2016, 29, 91–110. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10584-010-9888-4
http://dx.doi.org/10.1177/0309133316650617
http://dx.doi.org/10.1029/2007GL032630
http://dx.doi.org/10.1038/s41598-017-11285-y
http://www.ncbi.nlm.nih.gov/pubmed/28883636
http://dx.doi.org/10.1175/JCLI-D-14-00624.1
http://dx.doi.org/10.1016/j.jhydrol.2014.04.016
http://dx.doi.org/10.5194/tc-12-1157-2018
http://dx.doi.org/10.1016/j.jhydrol.2013.08.027
http://dx.doi.org/10.1175/JCLI-D-15-0199.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Overall Study Design 
	Data Sources 
	Interpolation of Meteorological Variables 
	Snowfall Analysis and Snow Climate Indicators 
	Long-Term Data Analysis 

	Results 
	Long-Term Precipitation and Temperature Analysis for Future Scenarios 
	Long-Term Snowfall Analysis for Future Scenarios 

	Discussion 
	Conclusions 
	References

