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Abstract The purpose of this study was to characterize
mountain river regimes in the Spanish Pyrenees and to
assess the importance of snow accumulation and snowmelt
on the timing of river flows. Daily streamflow data from 9
gauging stations in the Pyrenees were used to characterize
river regimes. These data were analyzed by hydrological
indices, with a focus on periods when snow accumulation
and snowmelt occurred. These results were combined with
data on Snow Water Equivalent (SWE) (from measure-
ments of depth and density of snow in the main river basins
and also simulated by a process-based hydrological
model), snowmelting (simulated by a process-based
hydrological model), precipitation (from observations),
and temperature (from observations). Longitude and
elevation gradients in the Pyrenees explain the transition
of river regimes from those that mostly had low nival
signals (in the west and at low elevations) to those that
mostly had high nival signals (low winter runoff and late
spring peakflow, in the east and at high elevations).
Although trend analyses indicated no statistically signifi-
cant changes, there was a trend of decreased nival signal
over time in most of the analyzed rivers. Our results also
demonstrated that snow processes cannot explain all of the
interannual variability of river regimes, because the
temporal distribution of liquid precipitation and tempera-
ture play key roles in hydrography.
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1 Introduction

Mountains are significant sources of freshwater worldwide
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and their role as water reservoirs is especially significant in
arid and semi-arid regions (Viviroli et al., 2007; Masiokas
et al., 2010; Chauvin et al., 2011; Foy et al., 2015). Such is
the case in the Mediterranean region, where water balance
(precipitation minus evapotranspiration) in the lowlands is
generally negative, and hydrological hazards (floods and
droughts) occur periodically (Garcia-Ruiz et al., 2011).
Thus, mountain systems such as the Pyrenees are the major
source of most freshwater for populations that live
downstream. The Ebro basin, located in northeast Spain,
is a clear example of an area with strong pressure on water
resources, due to the scarce precipitation, high rate of
evapotranspiration (Lopez-Moreno et al., 2011a), and
water demand for agriculture, industry, and domestic
uses. In this basin, the Pyrenees generate nearly half of the
annual runoff (Lépez and Justribd, 2010).

Snow dynamics play an important hydrological role in
mountain systems that supply freshwater. Water reserves
and seasonal variability of streamflow are both related to
the timing of snow accumulation and snowmelt (Lopez-
Moreno and Garcia-Ruiz, 2004; Stewart, 2009). Thus, the
mountains serve as a natural reservoir during winter, when
they accumulate solid precipitation (Stewart, 2009), and
this snow ultimately provides water to most Pyrenean
rivers. High flows occur during spring and early summer,
when snowmelt contributes more to runoff than rainfall in
most of the Pyrenean basins (Lopez-Moreno and Garcia-
Ruiz, 2004). The presence of these events in an annual
hydrograph indicates the presence of a nival river regime.

Snow-dominated basins are especially sensitive to
climate variations (Barnett et al., 2005), and many recent
studies have aimed to quantify the effects of past changes
and predict future changes of snowpack in the context of
the climate warming (Lopez-Moreno, 2005; Lopez-
Moreno et al.,, 2009; Stewart, 2009; Beniston, 2012;
Dedieu et al., 2014; Lute et al., 2015; Sankey et al., 2015)
and seasonal patterns of streamflow (Lopez-Moreno et al.,
2014; Moran-Tejeda et al., 2014; Schnorbus et al., 2014).
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The main impacts of global warming on snow hydrology
are: (a) reduced solid precipitation and a fractional increase
of liquid precipitation during winter, and (b) an earlier
snowmelt, leading to shorter snowpack duration. Taken
together, these changes produce greater winter runoff, and
lower spring and summer flows (Adam et al., 2009).
However, not all local responses are consistent with these
general findings (Stewart, 2009). All of these changes may
increase as the climate continues to warm and this could
exacerbate problems associated with management of water
resources (Whitaker et al., 2008).

The main water management problems in the Ebro Basin
occur because the supply of large volumes of water to the
irrigated areas in the lowlands depend very much on
snowmelt and its contribution to reservoirs (Lopez-Moreno
and Garcia-Ruiz, 2004; Loépez-Moreno, 2005). In fact,
there have already been significant adjustments to water
outflows from the main Pyrenean reservoirs to meet the
increasing water demand due to decreasing runoff from the
headwaters (Lopez-Moreno et al., 2008, 2014). These
changes are very likely to also affect aquatic ecosystems
and other ecosystems, and have detrimental effects on
ecosystem productivity and species composition (Auble et
al., 1994; Hinch et al., 1995; Poff et al., 2002). To ensure
the sustainable management of these natural resources and
to better anticipate the impacts of climate warming, it is
important to characterize the influence of the snowpack on
streamflow timing and to identify future trends (Whitaker
et al., 2008).

The first objective of this paper was to establish a
typology of nival river regimes in different Pyrenean rivers
for the period of 1950 to 2010, based on classification by
several hydrological indices. The second objective was to
determine the spatial and temporal variability of the
different types of nival regimes. The last objective was to
assess the importance of snow accumulation and melt on
the nival character of these rivers, and thus the shape of
their hydrographs, by comparison with other variables
(precipitation and temperature).

2 Study area

The studied rivers are located in the NE of the Iberian
Peninsula, and are some of the most important Pyrenean
tributaries of the Ebro River (Fig. 1). The river network
strongly splits up the relief due to the dominant North—
South disposition of the main valleys, which are
perpendicular to the West—East aligned Pyrenean struc-
tures (Pefia and Lozano, 2004). The Pyrenean headwaters
only account for 12% of the Ebro basin surface, but
produce 56% of its total runoff (Lopez-Moreno et al.,
2011a). The elevation of the basin ranges from 450 to more
than 3000 m a.s.l., and increases from west to east and
from south to north. The annual 0°C isotherm is close to
2900 m a.s.l. (Marti et al., 2015; Lopez-Moreno et al.,
2016). The mean temperature is generally below 0°C from
December to April above 1600 m a.s.l., and this is the
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approximate limit for the seasonal snowpack (Lopez-
Moreno et al., 2011a). The relief is responsible for the
precipitation gradient from the Ebro depression; annual
mean values are below 400 mm at the middle of the
depression and more than 2000 mm at the summits of the
Pyrenees (Garcia-Ruiz et al., 1985; Lopez-Moreno and
Garcia-Ruiz, 2004; Lopez and Justribd, 2010). There are
some climatic variations between the western part of the
study area (where the Atlantic Ocean has a strong
influence) and the eastern part (where the more continental
and Mediterranean climate has a strong influence) (Del
Barrio et al., 1990).

3 Methods

3.1 Streamflow, snow and climate data

Daily streamflow data were collected from the Ebro Basin
Authorities (C.H.E.) and downloaded from Centro de
Estudios Hidrograficos (CEDEX, http://hercules.cedex.es/
anuarioaforos/default.asp). We initially examined data
from 44 gauging stations in the study area, and then
selected the records of stations with the following criteria:

- At least 25 consecutive hydrological years (from
October 1 to September 30), with a maximum of 5% of
data gaps, until the last recorded and published year
(2010).

- Location in the Pyrenean headwaters, and hence with
an expected nival signal in the river regime. For this
criterion, we performed visual inspections of the hydro-
graphs, and checked that at least 50% of the annual
streamflow recorded at each station was between March
and July, the period suitable for detecting snowmelt in the
selected Pyrenean mountain river regimes in view of the
periods used by previous studies (Lopez-Moreno and
Garcia-Ruiz, 2004; Clow, 2010).

- Absence of any hydraulic infrastructure upstream of
the gauging station to ensure that natural streamflow
timing was studied.

Nine of the 44 daily streamflow series met these criteria
and all had records from 1985 to 2010. We also analyzed
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available longer data series that had up to 61 recorded
years. Selected gauging stations were located in the Veral,
Aragén, Ara, Esera, Segre (with three of them), Valira, and
Carol Rivers (Table 1). We estimated missing data using
fitted linear models between the candidate series (series
with missing data) and the reference series (the best
correlated neighbor series: R > 0.7).

Snowpack data was collected from 31 snow poles that
were in the headwaters of the main studied basins (Ara,
Aragon, Esera, Segre, and Veral) since 1986. These snow
poles are part of a national network that measures snow
depth, and are managed by the ERHIN Programme
(Evaluacion de los Recursos Hidricos procedentes de la
INnivacion) and dependent on the Ministry of the
Environment. During each measurement period (January,
March, and end of April), the snow depth is measured at
each snow pole; snow density is recorded at some of the
poles. The location of the snow poles aimed the
representativeness of large areas, avoiding possible local
anomalies caused by wind or snow avalanches. Despite
this data suffer of limited temporal resolution and it does
not reflect small scales snow variability of the snowpack
(Lopez-Moreno et al., 2011b), it has proven that they
represent a useful information to characterize regional
anomalies of snow accumulation and their relation with
climatic and hydrological fluctuations (Lopez-Moreno and
Garcia-Ruiz, 2004; Lopez-Moreno, 2005; Moran-Tejeda et
al., 2013). Only two snow poles had complete snow depth
registers (19862010 hydrological years); all other
selected snow poles had less than 35% missing data. The
same method as described above was used for extrapola-
tion of missing data in the snow depth series. Ultimately,
22, 25, and 20 complete series were obtained for January,
March, and April, respectively. Snow Water Equivalent
(SWE) series were calculated as the product of snow
density and depth for each snow pole. We used the mean
density value of each measurement period (Revuelto-
Benedi et al., 2012), given that snow density values were
not available for all poles. The coefficient of variation for
snow density was lower than that for snow depth (Lopez-
Moreno et al., 2013).

In addition, we used two daily mean SWE and snowmelt

Table 1 Studied rivers and geographic characteristics
River name Station location Station basin River basin surface  Station height =~ Maximum height Series
surface/km? >2000 m a.s.l./% /m of basin/m

Ara Boltaiia (Huesca) 626 18 680 3355 1951-2010

Aragon Jaca (Huesca) 238 22 793 2886 1950-2010

Carol Puigcerda (Girona) 145 66 1189 2921 19852010

Esera Graus (Huesca) 893 27 450 3404 1950-2010

Segre (A, B, C) Puigcerda (Girona), 297, 1233, 2384 33, 28,27 1120, 670, 542, 2921 (1950, 1985, 1950) —
La Seu D’Urgell (Lleida), 2010

Orgafia (Lleida)
Valira La Seu D’Urgell (Lleida) 559 48 697 2865 1985-2010
Veral Zuriza (Huesca) 47 14 1187 2366 1975-2010
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series for the Aragon and Esera river basins for 1979—
2005. These series were from simulations performed with
the Soil and Water Assessment Tool (SWAT), a hydro-
logical model described by Moran-Tejeda et al. (2015).
These data were used as a second source of snow data and
for comparison with the results from ERHIN data in two of
the most representative studied basins.

Finally, we obtained daily precipitation and maximum/
minimum daily temperature series for the Aragéon and
Esera river basins from the gridded Spain02 dataset
(Herrera et al., 2012).

3.2 Statistical analysis

3.2.1 Identification of the types of river regimes

The original daily streamflow series were standardized for
all years by dividing the daily data by the average
streamflow for the period of December 1 to July 31. We
selected the average of this period for standardization
according to Lopez-Moreno and Garcia-Ruiz (2004),
because this is the main period of snow accumulation
and snowmelt. This standardization procedure allowed
comparison of all gauging stations and all hydrological
years, regardless of total river flows. It also allows a more
precise determination of the timing of the main hydro-
logical events related to snow accumulation and snowmelt.
Each series was smoothed with a 30-day running mean to
reduce the effect of isolated extreme events: the first
element of the smoothed series was obtained by taking the
average of the first 30 numbers of the original series; then
the subset was modified excluding the first element of the
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original series and including the 30 + 1 number, this new
subset was averaged again obtaining the second element of
the smoothed series. This process was repeated to the end
of the series.

River regimes were characterized based on the
December—July hydrographs (Fig. 2). For this, we
calculated several hydrological indices for each year for
the discharge series of each of the 9 gauging stations by
adapting to our analyzed period using various approaches
specified in Table 2. Two types of indices can be
distinguished: one type shows the relationship between
the discharge value at a given time or period and the
December—July average discharge (maxs, mins, maxw,
minw, MAMIJJ, p5, p95); the other type identifies the
Julian day when a certain event is observed (dmaxs, dmins,
dmaxw, dminw, do, de, d10, d30, d50, d70, d90).

We used a methodology to classify the types of Pyrenean
river regimes based on previous indices to identify possible
groups of hydrological years. Due to the large number of
calculated indices and their probable correlation, we
performed a Principal Component Analysis (PCA) to
select the most suitable indices to describe river regimes,
and omitted those that could be redundant. The principal
components result from a linear combination of the
original variables (Jolliffe, 2002). Then, we selected the
main components using the Kaiser criterion (Kaiser, 1974),
preserving those with eigenvalues of 1.00 or more. Next,
the selected components were orthogonally rotated using
the varimax criterion (Kaiser, 1958). This is a position
change of the reference axis on the origin which
redistributes the variance and allows approximation of
the obtained components to the original variables to be
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hydrograph recorded in the gauging station of the Valira River, in La Seu D’Urgell. See Table 2.
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Table 2 Indices used to describe the annual shape of the hydrograph between December and July
Index Definition References
maxs Maximum value recorded during the snowmelt period or the spring/beginning of ~ Adaptation of the indices day of spring maximum

summer (March—July) (DSM) from Moran-Tejeda et al. (2014) and Qmax

from Lopez-Moreno and Garcia-Ruiz (2004)
dmaxs Julian day when maxs occurs. See Fig. 2 Adaptation of the index Dgmax from Lopez-
Moreno and Garcia-Ruiz (2004)

mins Minimum value recorded during the snowmelt period or the spring/beginning of

summer (March—July)
dmins Julian day when mins occurs. See Fig. 2
maxw Maximum value recorded during the period of low flows of winter (December—

February)
dmaxw Julian day when maxw occurs. See Fig. 2
minw Minimum value recorded during the period of low flows of winter (December—  Adaptation of the index Qmin from Lopez-Moreno
February) and Garcia-Ruiz (2004)
dminw Julian day when minw occurs. See Fig. 2 Adaptation of the index Dgmin from Lopez-
Moreno and Garcia-Ruiz (2004)
MAMIJ Snowmelt period fractional flow (ratio of March—July streamflow to December Adaptation of snowmelt season fractional flow
—July streamflow) (AM1JJ) from Stewart et al. (2005)
do Onset of spring pulse of streamflow (day when most of the flows are higher than Adaptation of the algorithm from Cayan et al.
the mean), calculated by cumulative departures from mean flow (as the minimum (2001)
value). See Fig. 2
de End of the spring pulse of streamflow (day of the maximum value of the
cumulative departures from the mean flow). See Fig. 2

d10, d30, d50, d50 is the Julian day that has 50% of the December—July streamflow; the other ~ d50: adaptation of the index winter/spring center
d70, d90 used indices are based on the d50. See Fig. 2 of volume date (WSCV) from Burn (2008)
pS, p9s Sth and 95th percentiles of the December—July streamflow. See Fig. 2 Adaptation of percentiles from Burn (2008)

maximized (Richman, 1986), while maintaining orthogon-
ality. The selected indices for characterization of the river
regimes were those which had the strongest correlation
(>0.70) with the selected components: maxw, dminw,
MAMIJ, d30, d50, p5, do, and de.

After the most representative indices were selected, we
performed an agglomerative hierarchical clustering to
classify the hydrological years based on the values for
each index (December—July period). This enabled identi-
fication of possible groups and patterns of the indices. We
used the Euclidean distance as an indicator of the similarity
between years, and Ward’s method (Ward, 1963) to
combine the groups at several stages of the process to
minimize intra-group variance and maximize between-
group variance. According to Moran-Tejeda et al. (2012),
the selection of the number of groups was based on the
grouping coefficient (which indicates the Euclidean
distance between combined groups at each stage) and
Wilks’s Lambda (which indicates the relationship between
intra-group variance and total variance). We selected the
ideal number of groups by inspection of graphs that show
discontinuities in each value.

3.2.2 Assessment of the drivers of the nival signal

We assessed whether there were statistically significant

differences between types of river regimes according to a
basin’s elevation and longitude and according to existing
SWE in the basins (Ara, Aragon, Esera, Segre, and Veral).
None of the analyzed variables had normal distributions
(Kolmogorov-Smirnov test, p < 0.05), so we used non-
parametric methods. The Kruskal-Wallis test was used to
compare more than two samples (H statistic; Kruskal and
Wallis, 1952) and the Mann-Whitney U test was used to
compare two samples (Z statistic, Mann and Whitney,
1947, Appendix C).

Correlations between the streamflow series and other
hydrological and climatic data series were estimated in the
Esera and Aragén basins by Pearson’s R statistic. Linear
trends were removed from these series prior to calculation
of the correlations to avoid spurious significant R values
that could occur when two series have similar monotonic
trends (Wu et al., 2007).

3.2.3 Trend analysis

We searched for monotonic trends in the hydrological
indices by use of the Mann-Kendall test (Mann, 1945;
Kendall, 1975) (which calculates the statistical signifi-
cance, magnitude, and sign of the trends) and Thiel-Sen’s
slope estimator (which estimates the slope of the linear
trend). Both tests are robust against non-normal distribu-
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tions and outliers, and are frequently used for trend
detection in climatic and hydrological data (Burn and Hag
Elnur, 2002; Yue et al., 2002; Chen and Grasby, 2009;
Irannezhad et al., 2015; Sankey et al., 2015).

4 Results

4.1 Types of river regimes and their spatial and temporal
distribution

The PCA yielded the following indices: maxw, dminw,
MAMI]J, d30, d50, p5, do, and de based on a correlation
greater than 0.70. With these indices, we identified 4 types
of river regimes in the Spanish Pyrenean rivers (Fig. 3)
based on the indices selected above and the clustering
procedure. These types of river regimes were present in 8%
(Type 1), 11% (Type 2), 56% (Type 3), and 25% (Type 4)
of the total analyzed years, with only 5 outlier years
excluded. The Type 1 regime had the least-defined nival
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character, because there was almost no difference between
the maximum winter streamflow (maxw in Table 3) and the
maximum spring flow (maxs = 1.8120.51). In contrast, the
Type 4 regime had the strongest nival signal, with a delay
in the period of high river flows and an average onset on
April 12 and end later than July 31. Regime Types 2 and 3
were intermediate between Types 1 and 4. There is indeed
similarities between Type 3 and Type 4, the distinguishing
feature between both is the delay in the period of high river
flows in types 4 beside types 3: on average the onset of
snow melt occurred 14 days later, the 30 and 50% of
December—July streamflow is reached 10 and 13 days later
respectively, and specially the end of snow melt occurred
more than 38 days later. Table 3 shows that values of
discharge associated with snowmelt increase from Type 1
to Type 4 and that do, d30 and d50 occur increasingly later
from Type 1 to Type 4. The value of maxw also declines
from Type 1 to Type 4. Regime Type 3 had the highest
values of spring flow (maxs = 2.6110.62).

A basin’s longitude (H=21.06, p < 0.001) and elevation
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Fig. 3 Standardized and smoothed annual hydrographs of the four types of river regimes in the Spanish Pyrenees (Type 1, 2, 3, and 4).
Only the hydrological year (December—July) was used for this analysis.

Table 3 Selected mean indices for each type of river regime

Type maxw dminw MAMIJJ d30 ds0 p5 do® de ®
/days 1% /days /days /days /days

1 1.88 56 58.23 60 110 0.28

2 1.61 44 68.02 85 139 0.39 117

3 0.93 49 79.23 116 151 0.31 119 205

4 0.88 48 81.11 126 164 0.32 133

 do index was not calculated for regime Type 1. ® de index was only calculated for regime Type 3.
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(H = 86.04, p < 0.001) partially explain the geographical
segregation of river regimes (Fig. 4). Regime Type 3, the
most common type in the study area (56%), was mostly
present in the eastern basins (Segre 77+7%, Carol 81%,
Valira 81%). Regime Types 1 and 2 were less common in
the eastern region (Segre 64+2% and 4+7%, none in Carol)
than in the western region (Veral 36% and 20%, Aragon
23% and 19%). Regime Type 4 mainly occurred in basins
at the highest massifs, and was dominant in the Esera River
(73%), and to a lesser extent in the eastern basins; Type 4
was rare or absent in the westernmost basins.

Figure 5 shows the yearly evolution of river regimes in
the studied basins. In rivers with longer records a trend
toward less frequent regime types 3 and 4 and more
frequent types 1 and 2 is observed from the 1980°s decade
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onwards. e.g., in the Aragén River, Type 1 occurred 5
times between 1985 and 2010, and only twice between
1950 and 1980; and Type 4 occurred 5 times between 1950
and 1980 and only once between 1980 and 2010. Notably,
some of the regime shifts occurred simultaneously in most
of the analyzed stations (e.g., 1963, 1972, and 1997), with
an increase of regimes that had weak nival signals.

Moreover, there was a shift toward an earlier spring
pulse of streamflow from 1985 to 2010 (negative trends for
do, de, d30, and d50, Appendix A) and a slight increase in
the relative strength of the winter flows relative to the
spring flows (negative trend for MAMIJ index and positive
trend for maxw index). However, most of these results are
not statistically significant according to the Mann-Kendall
test.
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4.2 Effect of snow on the nival signal

Figure 6 shows the distribution of standardized SWE
across the hydrological years for each type of river regime
in the studied basins from 1986 to 2010. Although the data
has high dispersion (long “boxes” and “whiskers”), there
were generally below-normal SWE values when regime
Types 3 and 4 occurred, and above-normal SWE values
when regimes 1 or 2 occurred, contrary to expectations. We
only found statistically significant differences between
groups of years when accounting for the SWE accumulated
during January. Specifically, the SWE was significantly
greater when regime Type 1 (Z=2.29, p < 0.05) and Type
2(Z=2.92, p <0.01)—rather than Type 3 — occurred in
the Ara River. Similarly, the SWE was greater when the
Esera River had a Type 2 regime than a Type 4 regime (Z =
3.14, p <0.01). We confirmed this somewhat surprising
finding by examination of specific examples (Appendix B).
This analysis confirmed a clear mismatch between yearly
amount of accumulated snow and the strength of the nival
character of the river regimes.

We graphically examined this unexpected behavior by
plotting streamflows, snowmelt, and precipitation for years
that had the most characteristic shapes of each type of

Front. Earth Sci. 2017, 11(3): 515-530

hydrograph (Fig. 7). These results indicate that streamflow
during years with apparently well-defined nival signals
(Type 3 in Fig. 7(c), Type 4 in Fig. 7(d)) is due to an
absence of precipitation during winter and a large amount
of rainfall during spring; snowmelting had only a marginal
effect. In other words, spring precipitation can produce
increased streamflow during months when snowmelting
typically occurs, and give rise to a false nival signal by
comparing with identical types of nival signal non
precipitation driven (Type 3 in Fig. 7(e), Type 4 in
Fig. 7(f)). Furthermore, in years that had regimes normally
associated with a low nival signal (Type 1 in Fig. 7(a),
Type 2 in Fig. 7(b)), the amount and hydrological effect of
snowmelt was actually greater than in years with Type 3
and Type 4 regimes, even though spring rainfalls also had a
large effect in producing the false nival signal.

The above observation was surprising, but this pattern
was clearly present in some specific years. However, our
analysis of the long-term averages (1979-2005) of
streamflows, precipitation, and snowmelt (Fig. 8) indicated
that streamflow had a clearer seasonal response to
snowmelt in the Esera and Aragén basins. Our analysis
showed that precipitation and snowmelt had high correla-
tions with streamflow in both basins during spring. During
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Fig. 7 Examples of short-term evolution of river flow, snowmelt, and precipitation in the Esera and Aragon basins according to the type
of river regime. Data are daily averages of each selected hydrologic year.

winter, the Esera basin river flows had high correlations
with precipitation, but low correlations with snowmelt. In
the Aragon basin, precipitation had an even greater
correlation with winter river flows, and snowmelt also
correlated with flows. On the other hand, in both basins a
higher minimum temperature was related to greater
streamflow, mainly during the winter months, with the
exception of the Aragon basin during spring. All
correlations were statistically significant (p < 0.05), except
for that between winter snowmelt and flow of the Esera

river. We found no significant correlations between
the mean basin maximum temperature and river flow
(R<0.15)).

5 Discussion

This study showed that it is possible to distinguish four
different types of river regimes on the southern side of the
Pyrenees according to the strength of the nival signal. It
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Fig. 8 Long-term evolution of river flow, snowmelt, and precipitation in the Esera and Aragon basins. Data are daily medians of the
complete data series (1979-2005). Correlations (Pearson’s R) between the season (W: winter, S: spring) river flows, and the corresponding
accumulated precipitation (PP), snowmelt (SM), and minimum temperature (T%) are indicated.

also showed that the occurrence of different types of
regimes is related to the elevation and longitude of the river
basin, although different types of regimes occurred with
varying frequencies in each basin throughout the study
period. These findings, combined with data on snow
accumulation, snowmelting, precipitation, and temperature
in some of the studied basins, allowed us to assess the role
of these variables on the strength of the nival signal. This
analysis demonstrated that snow accumulation and snow-
melt cannot entirely explain the interannual variability of
these river regimes. In contrast to expectations, the
seasonal distribution of precipitation plays a key role in
determining the strength of the nival signal.

In general, snow markedly modulates the regimes of
Pyrenean rivers. Thus flows during winter are low and
uniform, and flows during spring are greater and have
fluctuations (Garcia-Ruiz et al., 1985; Begueria et al.,
2003; Lopez-Moreno and Garcia-Ruiz, 2004). This pattern
occurs throughout the hydrological year, although this
study and previous studies have found some interannual
anomalies. Bejarano et al. (2010) classified river regimes in
the Ebro basin and classified the Pyrenean stations as nivo-
pluvial regimes. Moran-Tejeda et al. (2014) used daily
streamflow series to classify rivers in the Spanish
Mountains as pluvial-nival, nival-pluvial, or pure snow-
melt-dominated regimes; they classified Pyrenean rivers as
pluvial-nival or as pure snowmelt-dominated regimes. In
the present study, we identified 4 types of river regimes.
Our Type 1 is similar to the pluvial-nival regime, and our
Type 4 is similar to the snowmelt-dominated regime
described by Moran-Tejeda et al. (2014). The spatial
distribution of our different types of river regimes (Fig. 4)
is consistent with the responses of river regimes of the

Central Pyrenees described by Lopez-Moreno and Garcia-
Ruiz (2004), with reduced Oceanic influence in the eastern
region and an effect of basin elevation. In particular, we
observed fewer Type 1 and Type 2 regimes in the eastern
region (Fig. 4); the western basins had no low flows during
winter or had lower flows than basins in the eastern region.
This supports the observation that basins influenced by the
Atlantic Ocean, such as the Veral River Basin, have
abundant winter rainfalls but their relatively low elevations
do not allow large snow accumulation (Garcia-Ruiz et al.,
1985). In contrast, we observed a higher frequency of river
regime Type 4 in basins at the highest massifs (Fig. 4), in
the Central Pyrenees, where large snow accumulation is
possible. In these basins, there is a delay in the onset of
snow melting (mid-April on average) and high spring
flows, and on average more than 80% of the total flow
occurs between March and July. The clearest example of
this pattern is the Esera River Basin, where the end of the
spring pulse can extend beyond July 31. Further east, due
to the influence of the Mediterranean and continental
climate, there is reduced winter precipitation, and therefore
reduced snow input (Garcia-Ruiz et al., 1985). This means
that the most common river regime in this area is Type 3, in
which there is an earlier and slightly smaller spring pulse
(Fig. 4).

In addition to the spatial variability in river regimes,
there was also a temporal variability. From the 1980s, we
observed a general reduction of Type 4 and an increase of
Types 1 and 2 (Fig. 5), although these changes were not
statistically significant. Even in the longer data series
(1950-2010), regime changes occurred simultaneously in
most of the analyzed stations. Overall, peak flows became
less important during more recent decades, whereas winter
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flows increased. These observations are consistent with
previous findings in the Pyrenees and other mountain
ranges of the Iberian Peninsula (Lopez-Moreno and
Garcia-Ruiz, 2004; Moran-Tejeda et al., 2014), the Alps
(Bard et al., 2010; Kormann et al., 2015), North America
(Cayan et al., 2001; Stewart et al., 2005; Moore et al.,
2007; Burn, 2008; Clow, 2010), and Japan (Yamanaka et
al., 2012).

For mountain rivers, knowledge of snowpack conditions
and related processes is required to explain the seasonality
of low and high flows (Lopez-Moreno and Garcia-Ruiz,
2004; Whitaker et al., 2008; Yang et al., 2009; Godsey et
al., 2014; Kormos et al., 2014). In fact, the association of
certain types of river regimes with certain rivers in this
study indicates that stored snow can have different effects
in different river basins in the Pyreneces. In the Central
Pyrenees, previous studies considered snowmelt as the
main source of spring discharges (Garcia-Ruiz et al., 1985;
Loépez-Moreno and Garcia-Ruiz, 2004). But, we found that
the amount of accumulated snow and snowmelt do not
always determine the strength of the nival signal; in fact,
some years with apparently well-defined nival signals had
less SWE in the headwaters and later snowmelt than years
with weaker nival signals. Therefore, snow cannot be
considered the sole factor in explaining the interannual
variability of Pyrenean river regimes. As we expected,
high winter flows, characteristic of rivers with weak nival
signals, were greatly influenced by rain. But surprisingly,
most years with strong nival signals (low winter flows and
high spring flows), had a spring pulse that was greatly
induced by rain (Figs. 7(c) and 7(d)). The precipitation role
in the hydrograph signal was detected also in the long-term
analysis (Fig. 8). Indeed, we found that precipitation and
snowmelt correlated with spring streamflow.

We have shown that large rainfall events affect stream-
flow as well, and these may lead to greatest spring
peakflows. Therefore, spring rainfalls will introduce an
extra source of water that will sum up to the water from
snowmelt, contributing to the spring peakflows character-
istic of mountain rivers. If the rain events fall onto the
snow cover (rain-on-snow event), the snowmelt will
accelerate, enhancing the peak-shape of the hydrograph
(Singh et al., 1997; Pradhanang et al., 2013). Thus, some
river regimes had nival patterns of discharge during years
when there was low snow accumulation during winter, but
high precipitation in spring. Similarly, Lana-Renault et al.
(2011) studied a Central Pyrenean basin and also fund
some peakflows were accompanied by rainfall events. In
particular, they reported an increase in discharge at the
beginning of the snowmelt period due to large rainfalls that
occurred through the end of March and the beginning of
April. Likewise, Moran-Tejeda et al. (2014) showed that
large amounts of precipitation matched the spring pulses in
pure snowmelt-dominated river regimes in the Spanish
mountain ranges, and the magnitude of the rainfalls were
even larger than those that occurred in rivers with nival-

pluvial regimes. Also, pluvial-nival regimes had the
greatest amount of precipitation during spring, even higher
than that during winter. Ryberg et al. (2016) studied
streams dominated by snowmelt in the north-central USA
and reported that most of them experienced a spring peak
caused by snow accumulation throughout the winter and
its subsequent melting, but in other cases spring rains
caused the peaks. Similarly, this study discerns the peaks
that occur in the spring from snowmelt, rain on snow, or
spring rain. On the other hand, we found that warmer
winters were associated with higher winter flows, but there
was no significant correlation between temperature and
accumulated streamflow during spring (Fig. 8). During
warm winters, there is less snow accumulation: as the
temperature often exceeds 0°C, the amount of snowfall
declines as rainfall increases, leading to increased river
flows at that time. A warm spring leads to a reduced
duration of snowpack because of an earlier onset of
melting, but does not necessarily impact the magnitude of
the spring flows (Cayan, 1996; Stewart et al., 2005;
Stewart, 2009; Clow, 2010; Moran-Tejeda et al., 2014).

The results of this study should be considered when
indices derived from hydrographs are used as indicators of
climate change or snow evolution in other catchments and
mountain regions (Lopez-Moreno and Garcia-Ruiz, 2004;
Whitaker et al., 2008; Yang et al., 2009). We confirmed
that when river flow values are averaged over several
years, the pattern of low winter flows and high spring flows
occur when more snow accumulates in the headwaters.
However, when individual years are considered, the
interaction between snow melting, liquid precipitation,
and temperature may deviate from this pattern, and this
could lead to incorrect conclusions when trend analyses are
conducted. Special attention must be given to regions with
a strong seasonal pattern of precipitation, such the
Mediterranean. In these regions, spring rainfall is a major
or even the largest source of precipitation (De Luis et al.,
2010; Tuset et al., 2016). As a consequence, a greater
spring rainfall, due to increased influence from the
Mediterranean (Camarasa-Belmonte and Soriano, 2014)
or interannual variability (Gaetani et al., 2011), can mask
the effect of snowmelting on river flows.

6 Conclusions

The main conclusions of this work can be summarized as
follows:

1) There were four main types of river regimes during
the snow accumulation and melting periods in the Spanish
Pyrenees, with Type 1 having the weakest nival signal and
Type 4 having the strongest.

2) Longitude and elevation-mediated climatic gradients
along the Pyrenees are major factors in determining the
type of river regime in the study area.

3) The inter-annual variability in SWE in the analyzed
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basins do not by themselves account for type of river
regime. Instead, rainfall and temperature are key factors
explaining winter and spring flow modulation during many
of the studied years. This suggests that, at least in short-
term analysis, the role of snow on streamflow variability
can overwhelmed by liquid precipitation.
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Change over time (decade ') in the Thiel-Sen’s slope estimator for selected gauging stations. Gauging stations are arranged from top to bottom by

location (west to east)

Series maxw  dminw /days MAMIJ /% d30 ds0 ps do® de ©
/days /days /days /days
Veral 1975 — 2010 0.16 5.00 —0.60 -1.25 -3.75 -0.06
Arag6n 1950 — 2010 0.06 3.28 -1.51 -3.58 —-2.20 0.00 2.19
Ara 1951 — 2010 -0.01 —0.59 -0.10 0.00 —0.67 0.00 1.11
Esera 1950 — 2010 0.00 0.00 -0.73 -1.47 -1.85 0.03 1.26
Segre C 1950 — 2010 0.05 -7.07 ~1.16 -1.92 -3.45 0.01 0.00
Segre A 1950 — 2010 -0.03 0.00 0.49 1.43 —0.44 -0.01 1.34 -1.43
Veral 1985 — 2010 0.03 5.35 —0.97 -121 -2.50 —0.05
Arag6n 1985 — 2010 0.20 10.00 391 ~14.00 471 0.00 0.00
Ara 1985 — 2010 0.11 0.56 -1.37 —5.43 -5.00 0.02 -5.12
Esera 1985 — 2010 0.05 —4.00 —0.77 —4.44 471 0.00 -3.33
Segre C 1985 — 2010 0.31 -8.50 -1.98 -9.56 -8.06 0.01 ~1.00
Segre B 1985 — 2010 —0.09 —4.62 1.19 3.81 -1.67 —0.02 273 -3.60
Valira 1985 — 2010 —0.03 0.48 2.89 4.62 0.00 -0.08 -5.56 -1.55
Segre A 1985 — 2010 —0.11 2.35 2.36 5.63 0.00 -0.05 -5.00 ~1.46
Carol 1985 — 2010 -0.04 9.09 1.72 0.91 273 -0.03 -8.64 ~1.00
Mean 1985 — 2010 0.05 1.19 —0.09 -2.19 -3.26 —0.02 -3.92 -1.90
SD 1985 — 2010 0.14 6.27 226 6.74 2.62 0.03 2.76 1.15

Bold font: Statistically significant trend (p < 0.05) according to the Mann-Kendall test.
do index trend was not calculated for rivers with more than 25% river regime Type 1.
9 de index trend was only calculated for rivers with more than 75% river regime Type 3.
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Appendix B

ERHIN SWE (-)
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Examples of the inter-annual change in river regime and SWE in the analyzed river basins. SWE data source: ERHIN
Programme or the SWAT model; measurement period: J (January), M (March), and A (April).

Appendix C

Calculation of Mann-Whitney U test
Adapted from Mann and Whitney (1947) for larger samples without ties.

1(ny +1)

n
Uy =nny, + 5 -Ry,
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where U is the statistic, n; is the size of sample 1, n, is the size of sample 2, R; is the rank sum for sample 1 and R, is the
rank sum of sample 2. To calculate the rank sum of a sample, first assign numeric ranks to all the observations beginning
with 1 for the smallest value, then add up the ranks. The value of U is the minimum U, it doesn’t matter which sample is
bigger. The distribution of U approximates a normal distribution in larger samples. In that case, the standardized value is
VA

where the mean of U is u = %

And the standard deviation of U is

o= \/(”1”2>("1 +ny+ 1)
12

The significance of Z can be checked in tables of the normal distribution.

Calculation of Kruskal-Wallis test
Adapted from Kruskal and Wallis (1952) for samples without ties.

12 &R
H= (szn_[)_wvH)’

i=1

where H is the statistic, C is the number of samples, / is the number of total cases, 7 is the number of cases in each sample,
and R is the rank sum of each sample. The distribution of H approximates a Chi? distribution with k1 degrees of freedom,
thus the significance of H can be checked its tables of distribution:

H>=x*c—1.
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