Authors
J. Lopez-Moreno, S. Gascoin, J. Herrero, E. A. Sproles, M. Pons, E. Alonso-Gonzalez, L. Hanich, A. Boudhar,
K.N. Musselman, Noah P. Molotch, J. Sickman, and J. Pomeroy

This article is available at CU Scholar: https://scholar.colorado.edu/geog_facpapers/17


https://scholar.colorado.edu/geog_facpapers/17?utm_source=scholar.colorado.edu%2Fgeog_facpapers%2F17&utm_medium=PDF&utm_campaign=PDFCoverPages

Environmental Research Letters

LETTER « OPEN ACCESS Related content
. agn mgs . . -The rou in Washington State: a
Different sensitivities of snowpacks to warming in T&—“—‘*—Qm%‘?géftpmhg%ﬂmvxﬁpm“e;‘hES‘ tl
. . . Irnam arher, u Xiao, Rutl nge et
Mediterranean climate mountain areas al.

- Projections for headwater catchments of
the Tarim River reveal glacier retreat and
decreasing surface water availability but

uncertainties are large
Doris Duethmann, Christoph Menz, Tong
Jiang et al.

To cite this article: J | Lopez-Moreno et al 2017 Environ. Res. Lett. 12 074006

- Energy budget increases reduce man
streamflow more than snow-rain
transitions: using integrated modeling to
isolate climate change impacts on Rocky
Mountain hydrology
Lauren M Foster, Lindsay A Bearup, Noah
P Molotch et al.

View the article online for updates and enhancements.

Recent citations

- Woody encroachment and soil carbon
stocks in subalpine areas in the Central

Spanish Pyrenees
E. Nadal-Romero et al

- Snow Sublimation in Mountain
Environments and its Sensitivity to Forest

Disturbance and Climate Warming
Graham A. Sexstone et al

This content was downloaded from IP address 128.138.108.50 on 30/07/2018 at 19:47


https://doi.org/10.1088/1748-9326/aa70cb
http://iopscience.iop.org/article/10.1088/1748-9326/aa8fde
http://iopscience.iop.org/article/10.1088/1748-9326/aa8fde
http://iopscience.iop.org/article/10.1088/1748-9326/11/5/054024
http://iopscience.iop.org/article/10.1088/1748-9326/11/5/054024
http://iopscience.iop.org/article/10.1088/1748-9326/11/5/054024
http://iopscience.iop.org/article/10.1088/1748-9326/11/5/054024
http://iopscience.iop.org/article/10.1088/1748-9326/11/4/044015
http://iopscience.iop.org/article/10.1088/1748-9326/11/4/044015
http://iopscience.iop.org/article/10.1088/1748-9326/11/4/044015
http://iopscience.iop.org/article/10.1088/1748-9326/11/4/044015
http://iopscience.iop.org/article/10.1088/1748-9326/11/4/044015
http://dx.doi.org/10.1016/j.scitotenv.2018.04.324
http://dx.doi.org/10.1016/j.scitotenv.2018.04.324
http://dx.doi.org/10.1016/j.scitotenv.2018.04.324
http://dx.doi.org/10.1002/2017WR021172
http://dx.doi.org/10.1002/2017WR021172
http://dx.doi.org/10.1002/2017WR021172

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
17 November 2016

REVISED
20 April 2017

ACCEPTED FOR PUBLICATION
3 May 2017

PUBLISHED
30 June 2017

Original content from
this work may be used
under the terms of the
Creative Commons

Attribution 3.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

Environ. Res. Lett. 12 (2017) 074006 https://doi.org/10.1088/1748-9326/aa70cb

Environmental Research Letters

LETTER

Different sensitivities of snowpacks to warming in Mediterranean
climate mountain areas

J1 Lépez—Morenol’”’ , S Gascoin’, ] Herrero’, E A Sproles4, M Pons’, E Alonso-Gonzalez', L Hanich®,
A Boudhar’, K N Musselman®, N P Molotch”'’, J Sickman'' and J Pomeroy12

' Pyrenean Institute of Ecology, CSIC, Zaragoza, Spain

* Centre d’Etudes Spatiales de la Biosphére, CNRS/CNES/IRD/UPS, Toulouse, France

> Fluvial Dynamics and Hydrology Research Group, Andalusian Institute for Earth System Research, University of Cérdoba, Granada,
Spain

Center for Advanced Arid Zone Studies, CEAZA, Chile

Observatory of Sustainability, Andorra

Cadi Ayyad University, Marrakech, Morocco

Sultan Moulay Slimane University, Béni-Mellal, Morocco

National Center for Atmospheric Research—NCAR, Boulder, CO, United States of America

Institute of Arctic and Alpine Research and Dept. of Geography, University of Colorado, Boulder, CO, United States of America
' Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, United States of America

"' Environmental Sciences, University of California, Riverside, CA, United States of America

'2 Centre for Hydrology, University of Saskatchewan, Saskatoon, Canada

¥ Author to whom any correspondence should be addressed.

© ® N o U e

E-mail: nlopez@ipe.csic.es
Keywords: snow, Mediterranean mountains, climate warming, snow simulations

Supplementary material for this article is available online

Abstract

In this study we quantified the sensitivity of snow to climate warming in selected mountain sites
having a Mediterranean climate, including the Pyrenees in Spain and Andorra, the Sierra Nevada
in Spain and California (USA), the Atlas in Morocco, and the Andes in Chile. Meteorological
observations from high elevations were used to simulate the snow energy and mass balance
(SEMB) and calculate its sensitivity to climate. Very different climate sensitivities were evident
amongst the various sites. For example, reductions of 9%-19% and 6-28 days in the mean snow
water equivalent (SWE) and snow duration, respectively, were found per °C increase. Simulated
changes in precipitation (£20%) did not affect the sensitivities. The Andes and Atlas Mountains
have a shallow and cold snowpack, and net radiation dominates the SEMB; and explains their
relatively low sensitivity to climate warming. The Pyrenees and USA Sierra Nevada have a deeper
and warmer snowpack, and sensible heat flux is more important in the SEMB; this explains the
much greater sensitivities of these regions. Differences in sensitivity help explain why, in regions
where climate models project relatively greater temperature increases and drier conditions by
2050 (such as the Spanish Sierra Nevada and the Moroccan Atlas Mountains), the decline in
snow accumulation and duration is similar to other sites (such as the Pyrenees and the USA
Sierra Nevada), where models project stable precipitation and more attenuated warming. The
snowpack in the Andes (Chile) exhibited the lowest sensitivity to warming, and is expected to
undergo only moderate change (a decrease of <12% in mean SWE, and a reduction of <7 days
in snow duration under RCP 4.5). Snow accumulation and duration in the other regions are
projected to decrease substantially (a minimum of 40% in mean SWE and 15 days in snow
duration) by 2050.

© 2017 IOP Publishing Ltd
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1. Introduction

Mediterranean mountains have been identified as
places where snowmelt dominates annual runoff
(Barnett et al 2005), and where mountain headwaters
represent a large contribution to lowland river flow
(Viviroli et al 2007). The term ‘Mediterranean
climate’ refers to a variety of subtropical climates
that are geographically distributed worldwide, in-
cluding around the Mediterranean Sea, and in the
western United States, north—central Chile, Australia,
and South Africa. It is characterized by warm and dry
summers contrasted with mild to cool winters, when
most of the annual precipitation falls (L6pez-Moreno
etal2011). In mountainous Mediterranean regions, a
persistent winter and spring snowpack commonly
develops, and this contributes to offsetting the dry
summer season water deficits. In addition, when the
snow melts in spring and early summer it provides
some regularity to river flows, which attenuates the
strong seasonal cycle of precipitation in these areas
(Garcia-Ruiz et al 2011). The hydrological relevance
of snow is particularly evident in impounded basins,
where spring snowmelt runoff fills reservoirs, and is
used to meet high water demand in the summer
months (particularly for agriculture, energy produc-
tion, and recreational uses) when conditions are
typically arid (Lépez-Moreno et al 2008). Mediterra-
nean climate regions are recognized as ‘hot spots’ for
climate change impacts associated with increasing
temperature and aridity (Milly et al 2005, Giorgi and
Lionello, 2008). These impacts can be reflected in
sharp decreases in snow accumulation and snowpack
duration with associated detrimental effects on the
ecosystems and economy of these regions (Garcia-
Ruiz et al 2011, Trujillo et al 2012, Bonet et al 2013).
To understand how a snowpack might respond to
climate change, it is necessary to develop credible
climate projections for how the atmosphere may
respond in coming decades under various greenhouse
gas emission scenarios. It is also necessary to develop
an understanding of the sensitivity of a snowpack to
climatic change, as it has been reported to be highly
variable (Pomeroy et al 2015, Sun et al 2016).
Differences in sensitivity of snowpacks to climate
variability and change have been related to elevation
(with greater sensitivity expected in areas closer to the
0°C isotherm during the cold season; Pierce and
Cayan, 2014), slope and aspect (with greater
sensitivity in highly irradiated slopes; Lopez-Moreno
et al 2014), and the temporal distribution of
precipitation during snow-dominated seasons (Sun
et al 2016). Less is known about how different climate
conditions may affect partitioning of snow energy
balance components and the snowpack character-
istics (Musselman et al 2017); such information is
central to identifying the physical drivers of differ-
ences in the sensitivity of snowpacks (Rasouli et al
2014 and 2015).
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The hypothesis underpinning this study is that
mountain areas in Mediterranean climate regions
encompass sufficient climate variability to result in
distinctly contrasting snow energy and mass balance
(SEMB) characteristics, and that this is associated with
different sensitivities to changing temperature and
precipitation. To reveal these varied climate sensitivi-
ties, this study simulated the SEMB using atmospheric
forcings observed in Mediterranean alpine environ-
ments world-wide.

To better compare the sensitivity of snow to
climate across a wide range of site elevations and
latitudes, an elevation normalization procedure was
used. Sensitivity was considered in the context of
expected changes in snow accumulation and duration
under the climate projections of emissions scenarios
corresponding to two widely used representative
concentration pathways (RCPs 4.5 and 8.5) for the
mid-21st century.

2. Methodology and study sites

In this study we used quality checked hourly records of
temperature, precipitation, relative humidity, incom-
ing solar radiation, and wind speed from six automatic
weather stations (AWS) located in mountain areas of
the Pyrenees (Spain and Andorra), the Spanish Sierra
Nevada, the California Sierra Nevada (USA), the Atlas
Mountains (Morocco) and the Andes (north—central
Chile) (figure 1(a)). Elevation, aspect, wind exposure,
and forest cover can be extremely variable over short
distances, and this can introduce substantial spatial
variability in the sensitivity of snow to climate (Rasouli
et al 2015). Although this study did not include all
Mediterranean climate mountain areas globally, and for
the mountain ranges considered we did not investigate
internal variability (e.g. over elevation gradients), the
dataset we present broadly encompasses the contrasting
climatic conditions that occur in snow-dominated
areas having a Mediterranean climate.

Table 1 shows the characteristics of the meteoro-
logical stations, the length of the available records,
and the mean meteorological data for the December—
March (DJFM) period (June—September for Chile).
The six study sites are commonly snow-covered in
this period, although in some mountains, including
the Pyrenees and both Sierra Nevada ranges, the
duration of snow cover is normally longer. Snowpack
was simulated using SNOBAL (Marks et al 1999), a
physically-based platform implemented in the Cold
Regions Hydrological Modelling platform (CRHM;
Pomeroy et al 2007). The capacity of the model
(forced using the observed meteorological data) to
simulate the inter-annual variability of snow accu-
mulation and duration at each site was evaluated
(supplementary figure SFI, available at stacks.iop.
org/ERL/12/074006/mmedia). Results indicate that
despite obvious biases, SNOBAL provides a robust
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Figure 1. (a) Locations of the automatic weather stations. Green colour indicates the regions with Mediterranean climate. (b) Mean
SWE and snow duration simulated for the various study sites at an elevation where the isotherm from December to March is
—2°C. Error bars indicate the 10th and 90th percentiles of interannual variability.

Table 1. The mean climatic characteristics for the period December—March (June-September for Chile). Elev. =2 °C is the elevation
where the DJFM temperature is —2 °C (considering a temperature lapse rate was 0.65°C 100 m™"), RH is relative humidity, Ri is the
daily incoming shortwave radiation, Ws is the wind speed, Prec. is precipitation, and % Prec. is the percentage of annual precipitation

that falls between December and March.

Station M. range Country Length of data Lat. Elevm Elev. —2°C T°C RH % Ri Wm > Wind ms™' Prec. mm % Prec.
Perafita Pyrenees Andorra 6yr 42°N 2415 2282 =34 60 136 35 396 34
Izas Pyrenees  Spain 13yr 42°N 2056 2170 -1.3 68 121 2.7 484 30
Poqueira S. Nevada Spain 6yr 37°N 2500 2914 0.6 47 174 44 496 67
Topaz Lake S. Nevada USA 10yr 36°N 3220 2980 -3.6 5l 157 2.3 1130 75
Oukaimaden Atlas Morocco 6yr 31°N 3239 3299 -1.3 50 185 2.9 280 46
Tascadero  Andes Chile 3yr 31°S 3500 3697 —0.7 34 181 3 277 66

means simulating the interannual variability of SWE
and duration of snowpack, with * values always over
0.6, and a mean absolute error that rarely exceeds
15% of the observed average values. Simulations for
the station of Tascadero (Northern Chile) were only
available for three years. Fortunately, the three years
fell within a period with a high climatic and snow
variability including El Nifo and La Nina years. The
three years are adequately simulated but the results
derived from this short period must be considered
with particular caution.

Because snowpack is highly sensitive to elevation
in relation to the 0°C isotherm (Pierce and Cayan,
2014), the range of elevations (1444 m) of the AWS
locations in this study limited comparability among
sites. To overcome this problem, an elevational offset
was calculated for each station, based on its December
to March (DJFM) mean temperature. The offset was
calculated using a temperature lapse rate of 0.65°C
100 m™" (Lundquist and Cayan, 2007, Schaner et al
2012) to equate to a common mean winter tempera-
ture of —2 °C (mean DJFM -2 °C). This way, synthetic
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climatology was obtained for each station that was
comparable and designed to highlight differences in
regional synoptic meteorology and other factors whilst
holding the basic climate parameter of winter
temperature the same. The elevational offset for each
station was applied to its hourly forcing data in the
model simulations for the whole year. Determination
of the mean DJFM -2 °C isotherm relied on the fact
that this value implies the smallest modification of the
original records (the mean absolute difference across
all sites between the observed temperature and the
—2°C DJFM isotherm is 188 my; see table 1). Moreover,
at the elevation of the mean DJFM —2 °C isotherm the
winter snowpack was continuous at all sites for the
majority of years involved in the study; in Chile and
Morocco the snowpack is ephemeral at the elevation of
the mean 0°C winter temperature isotherm. One
other point is that the elevations for the normalized
climates all exist in these mountain regions and so
these are real locations that the meteorological station
data have been extrapolated to.

Precipitation changes were assumed to be insignifi-
cant for a maximum difference of 400 m of elevational
offset applied to the stations. It is recognized that
precipitation changes with elevation in mountainous
regions. Therefore, tests are shown in this paper to
ensure that the lack of inclusion of precipitation
adjustments does not affect the analysis of the sensitivity
of snowpacks to climate warming. Water vapour
pressure was held constant as long as it is unsaturated.

Following adjustment of the temperature data
from the AWSs, the SEMB and the main characteristics
of snowpacks (depth, SWE, and snow temperature)
were simulated using SNOBAL, with the same module
structure applied in Lépez-Moreno et al (2014).
CRHM simulated the meteorological and long wave
radiation inputs to SNOBAL, and calculated albedo
decay. Shortwave radiation was measured at each
station and not adjusted. Incoming longwave radia-
tion was estimated using the short wave radiation to
calculate transmittance of the atmosphere and air
temperature (Sicart et al 2006), and then applied to the
energy balance snowmelt module. Turbulent energy
transfer within Snobal is calculated with a method
adapted from Brutsaert (1982) by Marks and Dozier
(1992), and described in detail in Reba et al (2011).
The method uses a system of nonlinear equations to
simultaneously solve for the Obukhov stability length
and the mass flux by sublimation from, or condensa-
tion to, the snow surface. Stability profile functions,
necessary for the iterative solution used in the model
for stable conditions, are adapted from Webb (1970)
and for unstable conditions from Paulson (1970).

SNOBAL snow temperatures and turbulent trans-
fer calculations have been evaluated extensively in
various mountain snow environments from cold
(Canada) to temperate climates (California and Idaho)
and have been found to work extremely well without
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tuning (Marks et al 2008, Reba ef al 2012). The
sensitivity of SNOBAL model parameterizations have
been evaluated by Reba et al (2014), confirming a low
sensitivity to changes in surface roughness. Albedo was
estimated using the method proposed by Gray and
Landine (1987), and involved applying a value of 0.9 for
fresh snow, and a linear decay for older snow. A source
of uncertainty regarding snow albedo under future
climates is the potential shift in the timing and
magnitude of dust storms, however this is beyond the
scope of this paper. Previous efforts demonstrate that
SNOBAL can operate well under the current and future
climates presented in this paper (Reba et al 2011).

Simulations were repeated for temperature
increases at 1 °C intervals to a warming of 4 °C (see
SF2 and Rasouli et al 2014 for full description of the
methodology), and were undertaken on the assump-
tion of a change of = 20% in precipitation. The + 20%
value approximates the uncertainty of precipitation
simulated in climate models for the Mediterranean
region (Knutti and Sedlacek 2013). Snow simulations
were conducted assuming a horizontal plane for
incoming radiation using the equation from Garnier
and Ohmura (1970). Relative humidity was held
constant to allow water vapour pressure to vary in a
manner consistent with the ideal gas law (Rassouli et al
2014).

Finally, we simulated changes in snowpack based
on the mean projected change in temperature and
precipitation from December to March by the middle
of the 21st century. The climate predictions were
created in the framework of phase 5 of the Coupled
Model Integrated Project (CMIP 5; Taylor et al 2012).
We used two radiative forcing scenarios defined by the
Representative Concentration Pathways (RCPs): 4.5
and 8.5. These correspond to the intermediate and
highest level of radiative forcing for the next few
decades (Meinshausen et al 2011). The magnitude of
change by 2050 was estimated by subtracting the mean
simulated values from 25 model runs for the period
2035-2065 from those for the 1980-2010 (control)
period.

3. Results and discussion

Table 1 and SF3 show that despite generally having
Mediterranean climates, there are marked climatic
differences among the sites, which translate into major
differences in snow accumulation and duration
(figure 1(b)). Differences in air temperature are
mainly driven by latitude and elevation. The Pyrenees
have the two coldest sites, and the Morocco and Chile
sites are the warmest. Morocco and Chile have the
highest incoming solar radiation and the lowest
relative humidity. The Sierra Nevada ranges in Spain
and the USA have intermediate temperature and
relative humidity levels.
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The USA Sierra Nevada has the highest level of
winter precipitation (DJFM: 1130 mm), in contrast to
other months. Other sites, including the Pyrenees,
have a different seasonal distribution of precipitation,
with spring snowfall being typical under current
climate conditions (SF3). The seasonal climatic
variability includes a moderate snowpack depth (mean
SWE > 190 mm) and mean snow cover duration of
> 170 days at the two Pyrenees sites. Very high winter
precipitation in the USA Sierra Nevada results in the
deepest snowpack (mean SWE, 400 mm), but because
of the low level of spring precipitation and higher solar
radiation, the snowpack duration (150 days) is
substantially less than in the Pyrenees, and is more
similar to the Spanish Sierra Nevada. As a result of low
precipitation levels and high incoming solar radiation,
the Atlas Mountains and the Andes have the shallowest
and least persistent snowpack.

The climate differences lead to differences in the
amount and duration of snow at each site, but also to
marked differences in the characteristics of the SEMB
(figure 2). Overall, net radiation is the most important
energy flux, but it is slightly less dominant in the
Spanish Pyrenees. Sensible heat fluxes are more
relevant in the Spanish and USA Sierra Nevada sites,
followed by those in the Pyrenees; lower levels occur at
the more semiarid stations. Another important
component of the SEMB is the loss of latent energy
as a result of sublimation. At all sites this loss of latent

energy is particularly significant during the coldest
months. The largest losses of latent heat were recorded
in the Andes and Spanish Sierra Nevada. At both of
these sites, RH is relatively low and solar radiation is
relatively high. Hence available energy at the snowpack
surface is relatively high at these sites, and given the
relatively dry atmosphere, this available energy is
partitioned to latent heat flux; relatively high wind
speeds at the Spanish Sierra Nevada site further
enhanced latent heat exchange.

At the Andes and Spanish Sierra Nevada sites,
sublimation represents approximately 39% and 29%
of total accumulated snow, respectively (SF4);
similar losses have been reported for the Spanish
Sierra Nevada (Herrero and Polo, 2016). Energy
losses are also very high in the Atlas Mountains,
where sublimation represents 25% of total snow
accumulation, consistent with Boudhar et al (2016)
who estimate that sublimation represents 20% of
total accumulation in the Atlas Mountains. In the
USA Sierra Nevada the absolute level of sublimation
is also very high, but the snow loss percentage is
relatively low (11.5%) given the relatively high
amounts of precipitation. The two Pyrenean sites
have much lower losses of latent heat, and the snow
loss percentage is low (10.5% and 13% at the Spanish
and Andorran stations, respectively).

The results of the sensitivity analyses conducted
for the six sites are shown in SF 5, and are summarized
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in figure 3. The results show that Mediterranean climate
snowpacks are very sensitive to temperature increases
(Lépez-Moreno et al 2014), but the magnitude differed
markedly among the sites. Figure SF5 also shows that a
change of +20% in precipitation markedly affects the
mean SWE and the snow duration period. In general, a
change 0f20% in precipitation is equivalent to the effect
on snow accumulation and duration of a 1°C
temperature change. Hence precipitation is an impor-
tant factor in properly assessing the effect of climate
warming on snowpack and snow hydrology (Irannez-
had et al 2016). For example, it has been observed that
recent warming in the California Sierra Nevada has not
significantly affected the 1 April SWE, because of
increased winter precipitation (Luce et al 2014).
However, it is noteworthy that the rate of decrease in
mean SWE and snow duration due to increased
temperature is very similar under observed and
+20% and —20% modeled precipitation (figure 3).
This finding supports our assumption that not adjusting
precipitation data from the AWS elevation to the
elevation of the mean winter —2 °C isotherm is unlikely
to have a significant impact on the sensitivities reported
in this study.

Figure 3 shows large differences in mean sensitivity
of snow to climate warming amongst the six sites. The
mean SWE decreased by 10%-15% per °C in the
Andes and Atlas Mountains, respectively, and by
>20% in the USA Sierra Nevada and the Pyrenees.
Even greater differences were observed in snow
duration. In the Andes the snow duration was reduced
by 5.5 days per °C, whereas in the Pyrenees it was
reduced by > 25 days per °C. The differing sensitivities
of snowpacks appeared to be closely related to the
simulated mean snowpack temperature. However,
supplementary table 1 and SF 6 show that the
simulated snow pack temperature was closely related
to other simulated characteristics of snowpacks and

several components of the snow energy balance, and
also to the sensitivity of the snowpack at the various
analyzed sites. Thus, a colder snowpack results from
energy losses by sublimation, and where a thinner
snowpack is restricted to the coldest months (Burns
et al 2014). This effect, which was most evident in the
Andes and the Atlas Mountains, is consistent with a
report of the possibility of colder soils occurring in a
warmer world (Groffman et al 2001). Conversely, the
thicker snowpack in the Pyrenees and the USA Sierra
Nevada leads to near-isothermal snowpack conditions.
At these sites the mean snow temperature is close to
0°C, and sensible heat flux is more important with
respect to the SEMB. Hence, these sites had the highest
observed sensitivity to temperature increase. In the
case of the Pyrenees, the occurrence of spring
precipitation at air temperatures close to the liquid/
solid threshold may also explain the very high
sensitivity.

It is noteworthy that sites having colder snowpacks
coincided with those where radiation and latent heat
flux have a major influence on the SEMB. This could
explain the lower sensitivity of the snowpacks in Chile
and Morocco. The Spanish Sierra Nevada exhibited
intermediate sensitivity of the snow temperature to
climate warming. In a glaciological study in Tibetan
Plateau, Huitjes (2014) also found a much higher
climate sensitivity of glaciers in more temperate and
wetter climate locations compared to dryer ones.

Figure 4 clearly illustrates the differing sensitivities
of the mean SWE and snow duration to various
climate projections for the future. All climate models
(CMIP 5) project a temperature increase of 1.2°C
-1.6°C and 1.6°C-2.3°C for RCPs 4.5 and 8.5,
respectively, and relatively stable winter precipitation.
Exceptions are the Spanish Sierra Nevada and the Atlas
Mountains, where precipitation decreases of 11-16%
(RCP 4.5) and 17%-23% (RCP 8.5) are projected,

6
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10 days

respectively. Despite projected warmer and drier
conditions, the snow of the Spanish Sierra Nevada
and the Atlas Mountains are less sensitive to projected
climate change and show a smaller decrease in mean
SWE and snow duration as compared to the more
sensitive snow of the Pyrenees.

In the semiarid Andes the increase in air
temperature is expected to be similar to that in the
Pyrenees and Sierra Nevada (Spain) and precipitation
is expected to remain relatively unchanged. The latter,
combined with the lowest sensitivity of the snowpack
among all study sites, attenuates the snow response to
climate change, with a decrease of < 20% in SWE and
10 days in snow duration, even under the highest
greenhouse gas emissions scenario (RCP 8.5). With
the exception of Chile, the combination of climate
projections and sensitivity of the snowpack indicate a
dramatic decrease in the mean SWE by 2050, ranging

from —39.1 to 47.5% and 57 to 64.9% for RCPs 4.5 and
8.5, respectively. However, the reduction in the
duration of snow cover is projected to be much more
variable among the sites, ranging from 15.5 to 43.7
days and 27.9 to 56.4 days for RCPs 4.5 and 8.5,
respectively. Overall, the snowpack in the Pyrenees is
expected to be the most impacted by climate change.

The different sensitivities of snow to projected
climate change suggest that the study locations
expected to have relatively greater temperature
increases may not have the greatest loss of snowpack
or greatest reduction in snow duration. Thus,
intermediate projections of warming and decreasing
precipitation for the Pyrenees make it one of the most
affected mountain areas in the study. This area showed
a similar or greater decrease in mean SWE and snow
duration than the Atlas Mountains and the Spanish
Sierra Nevada, where the projected warming and
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drying is much greater. The snowpack in the Andes in
central-northern Chile, where moderate warming,
stationary precipitation, and the lowest sensitivity is
projected, is expected to be the least impacted area
compared with other study sites. These other
mountain areas are expected to be subject to major
reductions in the mean winter SWE and snow
duration by the middle of the 21st century, especially
under RCP 8.5.

The results presented in this study are obviously
subjected to a number of inherent uncertainties that
affects the whole chain of this methodological
approach. Data collected in high mountain environ-
ments, the simulation of the energy and mass balance
with limited observations, the use of limited records
(as is the case of Tascadero), and the linkage of all this
information with climate projections for future
scenarios introduce obvious uncertainties that are
difficult to quantify precisely. However, we are
confident that we have used the best meteorological
forcing available for Mediterranean mountains and
that SNOBAL can operate well under the conditions of
current and future climates presented in this paper, as
has been shown in previous research (Marks et al 2008,
Fang et al 2013). This statement is corroborated by the
relatively low errors obtained in this study across a
broad range of climatic conditions. Thus, despite the
aforementioned uncertainties, the results of this study
confirm that (i) variations in the SEMB, and associated
snow properties, drive the different snowpack
sensitivities to climate warming; and (ii) the impacts
on the snowpack reported in this study may severely
affect the total amount and seasonality of available
water for environmental flows and various economic
activities (Mankin et al 2015)

This study provides a framework for analyzing
snowpack sensitivities to climate warming in Medi-
terranean mountain areas, and for evaluating the
downstream socio-economic impacts resulting from
changes in water variability and security. For example,
a reduction in the snowpack in California during 2014
led to drought conditions that cost an estimated $2.7
billion (Howitt et al 2014). While water does not serve
as the direct cause of armed conflict, it can serve as an
exacerbating factor within and among countries
(Wolf, 2007). The methods and analysis we present
identify the physical and environmental characteristics
that negatively impact the mountain snowpacks in
Mediterranean climates, and potentially increase water
resource variability.

4. Conclusions

Comprehensive observational records from AWSs
were used in a physically-based snow model to
illustrate that different climate conditions can lead to
contrasting snow characteristics, snow properties,
and partitioning of the SEMB. These differences lead

W Letters

to very contrasting sensitivities of snow accumulation
and duration to climate, even within mountain
ranges classified as having the same climate type. The
six sites showed substantial differences in snowpack
duration and thickness that, combined with different
partitioning of the SEMB components, will lead to
very different sensitivities of the snowpack to climate
warming. Data from the AWS in the most arid study
sites indicate that a thinner snowpack and high
energy losses through sublimation lead to the coldest
mean snow temperatures. In such areas, a cold
snowpack in combination with small contributions of
energy from sensible heat leads to lowered sensitivity
to climate warming. Conversely, the Pyrenees have a
moderately deep and seasonally persistent snowpack,
and in this area small losses of energy through
sublimation and a large contribution of sensible heat
flux to the energy balance explain its high degree of
sensitivity to temperature increase. The Spanish and
USA Sierra Nevada ranges have conditions that are
intermediate between the Pyrenees and the most arid
sites. The seasonal distribution of precipitation
during the snow season has also been identified as
a potential driver of differences in snow sensitivity
among the studied mountain areas. Given the high
seasonality of precipitation and semi-arid nature of
Mediterranean climates, the results presented here
may have significant impacts on water availability
in these heavily populated and highly productive
agro-ecosystems.
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