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Six Decades of Hindsight Into Yesa Reservoir (Central Spanish
Pyrenees): River Flow Dwindles as Vegetation Cover Increases
and Mediterranean Atmospheric Dynamics Take Control
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Abstract River discharge has experienced diverse changes in the last decades due to modification of
hydrological patterns, anthropogenic intervention, re-vegetation or annual and interannual climatic and
atmospheric fluctuations. Assessing the recent changes in river discharge and understanding the main drivers
of these changes is thus extremely important from theoretical and applied points of view. More specifically,
here we want to draw attention toward the impacts of streamflow changes on reservoir storage and operation.
We describe the hydrological dynamics of the Yesa reservoir draining catchment, located in the central Spanish
Pyrenees, and characterize the reservoir operation modes over the last 60 years (1956-2020). We analyze
concurrent climatic (precipitation, air temperature, drought index), atmospheric mechanisms, land cover
(Normalized Different Vegetation Index) and discharge (inlet and outlet of Yesa reservoir) time-series. By using
the wavelet transform methodology, we detect historical breakpoints in the hydrological dynamics at different
time-scales. Distinctive periods are thus identified. More regular seasonal flows characterized the catchment's
dynamics during the first decades of the study period, while the last decades were characterized by a high
inter-annual variability. These changes are primarily attributed to the natural re-vegetation process that the
catchment experienced. Furthermore, we related changes in atmospheric circulation with a decline of the long-
term discharge temporal features. This research contributes to the understanding of long-term river discharge
changes and helps to improve the reservoir management practices.

1. Introduction

River discharge characterization plays a fundamental role on a broad framework of fields: (a) flood control, as
the magnitude and frequency of discharge levels are relevant to mitigate the impacts of floods (Lorenzo-Lacruz
et al., 2022); (b) lotic system, since changes in river water supply strongly impact the species populating the river
(Biggs et al., 2005); and (c) reservoir control, because changes in discharge levels and variability determine the
operational activity of reservoirs (Schleiss et al., 2016). Numerous research has been thus devoted to investigate
river discharge dynamics on the basis of historical records. In particular, attention has been devoted to assessing
long-term river discharge trends around the world. Probst and Tardy (1987) analyzed the annual discharge data of
50 major rivers around the world for the 1910-1975 period, and found that European and Asian discharge records
experienced higher values during the first half of the study period due to a predominant humid regime. On the
contrary, African, North and South American discharge records were affected by this humid regime during the
last half of the study period. This divergence of discharge trends was attributed to pressure oscillations operating
at different time-scales. Milliman et al. (2008) studied the cumulative annual discharge from 137 rivers across the
world for the 1951-2000 period. They observed that mid-latitude rivers suffered a decline in discharge, while a
number of high-latitude and high-altitude rivers experienced an increase. River discharge changes were attributed
to changes in precipitation due to climatic fluctuations and to anthropogenic impacts (dam construction, irriga-
tion, civil infrastructure protection). In Europe, river discharges show notably diverging trends, with increasing
discharge in the north as a result of increasing precipitation and a significant decline in the south because of
land cover changes (Moran-Tejeda et al., 2012; Teuling et al., 2019) and an increase of the water demand for
irrigation (Masseroni et al., 2021; Vicente-Serrano et al., 2019). Within Europe, river discharges in the Iberian
Peninsula were thoroughly analyzed by Lorenzo-Lacruz et al. (2012). 187 sub-basins were studied for the period
1945-2005, looking for annual and seasonal trends. The results showed a marked decrease in annual, winter and
spring river discharge in most of the Iberian basins, especially in the south. The authors attributed the decrease
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in water yield to a generalized re-vegetation process as a result of land abandonment and the increase of human
water demands given crop irrigation.

Based on this previous research we can state that river discharges are characterized by diverse changes in the
last decades due to modification of hydrological patterns (Huntington, 2006; Zhang et al., 2011), anthropogenic
intervention (Juez et al., 2021; Pérez-Ciria et al., 2019), re-vegetation (Forzieri et al., 2020; Vicente-Serrano
et al., 2021) or annual and interannual climatic fluctuations (Labat, 2010; Lorenzo-Lacruz et al., 2022). All these
changes can occur in a synchronous or asynchronous way, river discharge being the integrated response to all
of them. Assessing the recent changes in river discharge and understanding the main drivers of these changes is
thus extremely important from theoretical and applied points of view. More specifically, here we want to draw
attention toward the impacts of streamflow changes on reservoir control. This is of particular interest given that
reservoirs are essential for the water supply of human societies for human consumption, irrigation and energy
production (Guillén-Ludefia et al., 2022; Schleiss et al., 2016). Reservoirs were often built and commissioned
under river discharge conditions that are different from the current ones (Guillén-Ludefia et al., 2018). Further-
more, in the next decades, reservoirs will have to address the impact of climate change (Sen et al., 2021), new
environmental regulations (to preserve and protect natural ecosystems, Yin et al., 2011), a likely increasing water
demand (mostly due to higher irrigation demand to meet increasing food production needs, Wriedt et al., 2009)
and ultimately, reservoirs will play a key role for energy transition toward renewable sources of electricity (Fry
etal., 2022).

The main goal of this work consists of identifying and describing the hydrological dynamics of the Yesa reser-
voir's catchment in the Central Spanish Pyrenees and the reservoir operation, by using a long-term and relevant
database collected over 60 years (1956-2020). The Yesa reservoir was built for irrigation purposes, and the
draining catchment underwent a process of re-vegetation for the last decades (Garcia-Ruiz et al., 2015). We
make use of robust statistical tool such as the wavelet transform method, which is able to distinguish different
time-scales of variability and localize changes in the modes of variability within time-series (Carey et al., 2013;
Juez & Nadal-Romero, 2020, 2021; Juez et al., 2021; Labat et al., 2005; Pérez-Ciria et al., 2019; Restrepo
et al., 2014). This is an important step forward in identifying changing patterns at different and non-similar
time-scales, enabling explaining the causes of observed changes and understanding their implications (Zhang
et al., 2011). We evaluate the impact of annual to decadal periodicities in the reservoir's input discharge and
identify non-stationary connections with: (a) the dominant atmospheric circulation indices in the region (North
Atlantic Oscillation Index (NAO) and Western Mediterranean Oscillation index). These atmospheric indices
have been recently related to the modification of temporal periodicities in streamflow records (Lorenzo-Lacruz
et al., 2022); (b) climatic forcings (precipitation, air temperature and drought index); and (c) trends in vegetation
activity. Comparison between input and output discharge offers a deeper insight into the operational aspects of
the reservoir. This review of the historical records provides valuable insights about how to best address future
challenges and future management decisions.

2. The Upper Aragon Catchment and the Yesa Reservoir

The upper Aragén River catchment is located in the Central Spanish Pyrenees, and drains an area of 2,181 km?
(Figure 1). The source of the Aragén River is located in the Astin Valley at an altitude of 2,600 m a.s.1. It flows
north-south through the Canfranc valley and then turns to the west crossing the city of Jaca. After that it travels
downstream until reaching the end of the catchment which coincides with the Yesa reservoir. In addition to the
Aragén River, three other rivers drain water to the catchment: the Subordén, Veral, and Esca Rivers. The first two
are tributaries of the Aragén River, while the Esca River conveys water into the reservoir close to its delta. All the
rivers of the Upper Aragdn catchment have a natural, unmanaged, regime up to the Yesa reservoir.

The Yesa reservoir was built to irrigate a surface of 81,000 ha located to the south of the catchment. Currently, it
also supplies water to Zaragoza, the largest city (700,000 inhabitants) in the Ebro basin. The dam is 74 m high,
and the reservoir has a water storage capacity of 450 Hm?. The reservoir is one of the largest in the Pyrenees,
14.7 km long and 2.4 wide, and it follows the east-to-west direction of the thalweg of the Aragén River. The reser-
voir received 600-700 Hm?*/year on average in the last decade. The main water supply comes from the Aragén
River (two thirds of the total), while the rest flows from the Esca River (one third of the total).
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Figure 1. Location of the Upper Aragdn River catchment (a), elevation (source: EUDEM) (b), land use (source: CLC 2018), and general view of the study area with
the main toponyms and location of the gauging stations (red points) used on this work (image source: Google).

The catchment area draining into the Yesa reservoir presents a complex lithology (containing areas with lime-
stone, sandstone, clay and marls) and morphology (the altitude ranges between 2600 m a.s.l. in the northernmost
area and 500 m a.s.l. at the Yesa reservoir). The long-term annual mean temperature (1956-2020) is 12°C. The
mean annual precipitation in the catchment is approximately 860 mm, with a high inter-annual variability. Spring
and autumn are the rainiest seasons. Summer is the driest season and it gets occasional storms due to convective
processes.

Vegetation cover in the catchment was strongly impacted by human activities. Between 1950 and 1960 most of
the cultivated fields were abandoned, with the exception of those located in the valley bottom. The abandoned
fields, which represent around 25% of the catchment area, were colonized by shrubs and then trees, or reforested
with pines (Lasanta et al., 2005; Vicente-Serrano et al., 2006).

3. Data and Methods

3.1. Air Temperature, Precipitation, Discharge, and Land Cover Data

Monthly precipitation and air temperature time-series records for the period 1956-2020 and for the Yesa reservoir
were obtained from the Spanish National Meteorological Service (Agencia Estatal de Meteorologia, AEMET).
Further details about the processing methodology of this data set can be found in Vicente-Serrano et al., 2017.
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Table 1

Monthly discharge time-series data were obtained from the Ebro Water

Temporal Breakpoints Detected by Wavelet Changepoint Detection Analysis Authority (CHE), http://www.chebro.es/. The time series correspond to

the inlet (adding together the contributions of the Aragén, Subordéan, Veral

Time-series Wavelet change detection
Q Inlet 1977 (4-year, 8-year)
Q Outlet

and Esca Rivers and the outlet of the Yesa reservoir, covering 1956-2020
(Figure 1). Water level is measured routinely at these locations by CHE
1988 (8-year, 16-year, 32-year)  through the float method and water level probes, and daily discharge is

1977 (4-year, 8-year) computed afterward using rating curves. We did not have access to water
1988 (8-year, 16-year, 32-year) level data, but used the computed discharge.

Note. The year in which the change point was detected is displayed. The Land use and land cover maps at a spatial scale of 1:50,000 and for the
temporal scale associated to this breakpoint is shown in brackets. decades of 1960s and 2010s were provided by the Spanish Ministry of Agri-

culture (see Figure 1 and Table 1). Furthermore, the Normalized Different

Vegetation Index (NDVI) was used to obtain continuous annual time series

of vegetation greenness of standing vegetation. The NDVI was calculated at
a spatial resolution of 1.1 km using the NOAA-AVHRR images covering the period 1982-2015 (Vicente-Serrano
et al., 2020), combined with MODIS NDVI (Huete et al., 2002) for the period 2000-2020. Both data sets were
standardized using the reference period 2000-2015 in order to provide homogeneous series that are not affected
by the change of satellites.

3.2. Standardized Atmospheric Circulation and Drought Indices

Previous research has shown that the long-term variability of rainfall and river discharge time series can be
explained by coupled modes of atmospheric circulation indices. The two main atmospheric circulation patterns
that affect the western Mediterranean catchments are the NAO (Hurrell, 1995; Jones et al., 1997), and the West-
ern Mediterranean Oscillation Index, WeMO (Angulo-Martinez & Begueria, 2012; Martin-Vide, 2006).

The NAO index is calculated as the normalized difference of pressure fields between Iceland and the Azores
islands. The positive phase of the NAO refers to above-normal pressures over the Azores and below-normal
pressures over Iceland causing mostly west-to-east circulation, while the negative phase indicates a high pressure
pattern in the northeast Atlantic and more meridional circulation than the positive pattern. Positive phases of the
NAO favors warmer and wetter winters in northern Europe and drier conditions in the south-western regions of
Europe. The NAO index was already found responsible for precipitation and river discharge variability in the
Iberian Peninsula (Lorenzo-Lacruz et al., 2012; Trigo et al., 2004).

The WeMO index is calculated as the normalized difference of pressure fields between the Liguria Gulf in Padua,
in the north of Italy, and Cadiz, in the south of Spain. The positive phase of the WeMO index corresponds to the
anticyclone over the Azores and low-pressures in the Liguria Gulf, and is often related to above-average precipi-
tation in the north and northeast of the Iberian Peninsula (Martin-Vide, 2006). The negative phase of the WeMO
index is linked with a central European anticyclone in the north of Italy and a low-pressure center in the south-
west of the Iberian Peninsula. During WeMO negative phases wetter situations are recorded in the eastern areas
of the Iberian Peninsula (Martin-Vide & Lopez-Bustins, 2006; Mill4n et al., 2005).

In addition to the monthly NAO and WeMO atmospheric indices we also used the monthly Standardized Precip-
itation Evapotranspiration Index (SPEI), which is a climatic drought index that enables identification of drought
severity on different time-scales (Begueria et al., 2014; Vicente-Serrano et al., 2010). The SPEI is calculated
based on the climatic water balance (i.e., the difference between precipitation and atmospheric evaporative
demand), and the resulting values are fit to a log-logistic probability distribution to transform the original values
into standardized units. The climatic water balance can be calculated at various time-scales (i.e., over 1 month,
2 months, etc.). Given the temporal inter-annual analysis herein purposed, and after assessing several time-scales,
we used the SPEI data computed over 12-month. SPEI positive values refer to wetter-than-normal conditions,
while negative values refer to dry conditions.

3.3. Wavelet Analysis

Hydroclimatic time-series are intrinsically non-stationary, and they integrate a broad set of transient patterns
varying within the temporal record. The wavelet transform allows to localize in both time and periodicity the
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transient patterns recorded in such non-stationary time-series. It thus provides a complete time-scale representa-
tion of localized and transient phenomena occurring at different time-scales (Torrence & Compo, 1998). In this
research, we make use of the Morlet wavelet, which was successfully used in the past to analyze precipitation and
discharge time-series (Carey et al., 2013; Juez & Nadal-Romero, 2021; Juez et al., 2021; Pérez-Ciria et al., 2019).
This wavelet type is characterized as:

() = 7~ /e 2 (1)

where ¢@o(#n) is the wavelet function, #, is a dimensionless time parameter, i is the imaginary unit and wg
is the dimensionless angular frequency taken as 6 as it provides a good match between time and frequency
localization.

Thus, the Continuous Wavelet Transform (CWT) for a time-series X, and for each scale s at all n of series length
N, is mathematically represented as:

N-1
Wils) = Y xww*

n'=0

@

FW—mAq
s
where W (s) is the wavelet transform coefficients, y the normalized wavelet (the Morlet wavelet in our case), (*)
the complex conjugate, s the wavelet scale, n the localized time index, and n’ the translated time index of the time
ordinate x. The CWT enables to plot a global picture showing the varying amplitude at each time-scale and along
the time-line (Torrence & Compo, 1998).

In addition to the CWT we also used the discrete wavelet transform (DWT), which analyzes the time-series
into increasing finer octave bands. These octave bands are normally based on integer powers of two (Tiwari &
Adamowski, 2013). Thanks to the orthogonal temporal de-composition of the DWT analysis we can infer the
temporal contribution of each time-scale. The discrete wavelet function is mathematically represented as:

wik(t) =2y (21— k) 3)

Breakpoints in the historical records were also identified by means of the wavelet change point analysis proposed
by Percival and Walden (2000), and recently successfully applied by Pérez-Ciria et al. (2019). This technique
finds breakpoints in the historical records by identifying changes in the variance of the time-series for each
time-scale. We used a 95% confidence level for the test.

Finally, to complete the analysis, we studied the interaction between pairs of time-series by computing a
bivariate framework called wavelet coherence (Grinsted et al., 2004), which compares two wavelet spectra
corresponding to two time-series. The wavelet coherence measures the local linear correlation between two
time-series, X and Y, with wavelet transforms W,X(s) and WY (s) at each time-scale. Hence, it is analogous to
the squared correlation coefficient in linear regression. Because of these characteristics, the wavelet coherence
can identify regions in the time space where the examined time-series co-move, but do not necessarily have
a high common power. We compute the wavelet coherence coefficients following the approach of Grinsted
et al. (2004):

L LU0

C))
s (s wEOP) - s (s or)
being S a smoothing operator for both scale and time domains:
S(W) = Sscalc(SIimc(VVn(s))) (5)

where S, . smooths along the time axis and S_,,, smooths along the scale axis. Wavelet coherence ranges between
0 (no relationship) and 1 (linear relationship). The wavelet coherence phase difference is also computed to provide

details on the oscillation (cycles) between two time-series (see Juez et al., 2022; Lee & Kim, 2019).

scale
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Figure 2. Time-series of monthly air temperature, precipitation, discharge at the inlet and outlet of Yesa reservoir and Normalized Different Vegetation Index (NDVI)
records for the period 1956-2020 (left). Temporal evolution of annual air temperature, precipitation, discharge and NDVI records for the period 1956-2020. Dashed
lines represent the linear trend obtained by means of least-squares. Percentage changes between 1956 and 2020 are obtained from the regression lines. P-values are
obtained by means of the Mann-Kendall test. Gray dashed line in NDVI records illustrates the linear extrapolation for the non-data 1956-1982 period (right).

3.4. Trend Analysis

We used the Mann-Kendal test to assess decreasing or increasing trends over time for each data set and also to
assess whether the resulting trend is statistically significant. Pre-whitening was used to eliminate the influence of
serial correlation on the Mann-Kendall test, following the method proposed by Yue et al., 2002.

4. Results
4.1. Temporal Spectrum Dynamics

Monthly records of climatic forcings and river discharge are plotted and analyzed in Figure 2. Air tempera-
ture records display an important seasonal variability. A general rise in annual mean temperature is observed,
statistically significant at the 95% level (p-value < 0.05), amounting to 11% over the whole study period (i.e.,
1.2°C). Precipitation time-series show a bi-modal seasonal distribution with alternating dry (winter and summer)
and wet (spring and autumn) seasons. Furthermore, precipitation exhibits a high interannual variability, and a
non-significant decrease of 13% in the annual totals. River discharge at the inlet shows a high variability, with
low flows during dry seasons and high flows during wet seasons. The highest discharges are found at the end of
spring, when snowmelt coincides with high precipitation. At the outlet, the pattern of discharge is different due to
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Figure 3. Time-series of monthly North Atlantic Oscillation Index (NAO), Western Mediterranean Oscillation Index (WeMO), and Standardized Precipitation
Evapotranspiration Index (SPEI) (computed for 12-month time-scale) indices for the period 1956-2020. Light colors in NAO and WeMO correspond to a 12-month
moving mean (left). Temporal evolution of annual NAO, WeMO, and SPEI records for the period 1956-2020. Dashed lines represent the linear trend obtained by means
of least-squares. Percentage changes between 1956 and 2020 are obtained from the regression lines. P-values are obtained by means of the Mann-Kendall test (right).

the seasonal reservoir operation modes. Low outflows are recorded in autumn and spring, as most of the inflows
are used to increase the water storage. In winter, a large part of the inlet discharge is released as a safety measure
against spring floods. During summer a quasi-steady outflow is maintained to satisfy the high water demand.
As a result, the outlet discharge is often higher (it very rarely drops below 10 m%/s) than the inlet discharge
(which can reach 2 m3/s values) during summer. Both discharges, at the inlet and outlet, present a statistically
significant decline of —41% and —47%, respectively. The temporal evolution of the NDVI is computed for the
whole draining catchment and for the 1982-2020 period. Complete annual information before 1982 is not avail-
able, as the first NOAA-AVHRR satellite was launched in July 1981. NDVI shows a strong seasonal variation in
vegetation dynamics. Increasing values are recorded during the vegetation-growing season (February—June). The
intra-annual decline in NDVI values corresponds to the cold season (October—January). A consistent and statisti-
cally significant upward trend in vegetation greenness of 14% is found over the whole study period.

Figure 3 displays the temporal variability and analysis of NAO, WeMO, and SPEI indices. The NAO index shows
a slight and non-statistically significant increase in its annual values. On the contrary, the WeMO index exhibits
a statistically significant decrease of 25%. The SPEI index shows high temporal variability, which describes
wet and dry periods. A slight and non-significant decline of 5% is observed.

Temporal dynamics of the climatic forces and discharges are further analyzed with the local wavelet power spec-
trum in Figure 4. Air temperature exhibits a maximum power at annual time-scales, as well as a quasi-continuous
pattern at 0.5-year time-scale (Figure 4a). A 2-3 year fluctuation also appears from 1985 to 2015. Precipitation
exhibits a strong intra-annual variability for time-scales below 0.5-year (Figure 4b). Furthermore, an intermittent
0.5-year and annual process is observed over the hydrological record. Such intermittency illustrates the high
inter-annual irregularity of precipitation, with a succession of wet and dry years.

The interannual discharge fluctuations at the inlet exhibits concurrent oscillations below the 0.5-year time-scale
(Figure 4c). The power values are higher during the first decades than in the last decades, which coincides with
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a decline in discharge. Furthermore, quasi-continuous 0.5-year and 1-year dynamics of comparable magnitude
are identified. These processes coincide with those found for air temperature and precipitation. The 0.5-year
oscillation allows to identify the hydrological cycle of the Upper Aragdén catchment as a bi-modal cycle with high
flow seasons (autumn and spring) and low flow seasons (winter and summer). The 1-year oscillation corresponds
to the peak floods period which occurs once per year (during spring). Furthermore, a bi-annual fluctuation is
identified during 1995-2018. A quasi-decadal oscillation (7-8 years) is also highlighted over the study period.
Conversely, the interannual discharge fluctuations at the outlet display less variability at temporal scales below
0.5-year with regard to the inlet discharge (see Figure 4d). Furthermore, marked periods of low power values
(blue colors) are periodically identified at intra-annual time-scales. These fluctuations conjugate with drought
conditions identified thanks to the SPEI negative values (see Figure 3). Thus, under dry conditions the release of
water from the reservoir is reduced at small temporal scales (>0.5-year) to ensure the water supply to the down-
stream region. These periods of dry conditions are intensified over the 1988-2020 interval (see negative values
for the SPEI index in Figure 3), and they coincide with a decline of discharge records and with an intensification
of low-power dynamics, both in terms of magnitude and recurrence (i.e., the discharge decline is intensified and
dry conditions occur more often; see low wavelet power regions in Figure 4d). On the other hand, the wavelet
spectrum highlights intervals of high intensity at 2-3 year time-scales between 1960-1972, 1982-1990, and
1998-2020. The quasi-decadal oscillation (7-8 years) previously observed at the inlet is also identified at the
outlet over the study period.

Figure 5 displays the temporal decomposition of the historical records based on the DWT for long-term fluctua-
tions which include 8-year, 16-year, and 32-year time-scales. The historical discharge time-series reflect a strong
connection between the long-terms, and this temporal decomposition serves as a proxy to identify hydrological
changes and varying hydrologic periodicities. This procedure was also applied to 2-year and 4-year time-scales,
but these results are not shown here because they are not as relevant for the long-term connections.

The 8-year discharge component is characterized by higher fluctuations during the first decades, 1956-1982,
with regard to lower fluctuations prevailing during the 1982-2012 interval. Precipitation displays a quasi-uniform
variability over the whole study period. The NAO index presents an intensification of the fluctuations by the end
of the period. The WeMO index exhibits fluctuations in the same order of magnitude as the NAO, but an attenu-
ation of these processes are found in the interval 2004-2020. The SPEI index displays longer alternating periods
of positive and negative anomalies.

The 16-year discharge component displays a modulation of the fluctuation with minimum anomalies found at
the end of the analysis period. Precipitation and NAO are in-phase for two distinct intervals: 1956-1972 and
2010-2020. WeMO and SPEI indices are in-phase for most of the study period, between 1956 and 2006.

Finally, the 32-year component reflects the general trend of each time-series. A pronounced discharge decline is
noted at both the inlet and outlet discharges. Precipitation also shows a decline over the interval 1960-2004, and a
subsequent increase. The NAO displays an alternating cycle of negative and positive anomalies. The WeMO fluc-
tuation depicts a downward trend from 1970 to 2013, with a pronounced decline within the interval 1996-2005.
The SPEI displays an alternating cycle of negative and positive anomalies, but a general downward trend prevails.

4.2. Breakpoints in the Historical Records

Table 1 contains the summary of the historical breakpoints detected by the wavelet changepoint detection analysis
at the inlet and outlet of the Yesa reservoir. Three intervals are distinguished: a first interval from 1956 to 1977,
where changes in 4-year and 8-year time-scales are detected; a second interval after 1977-1988 which could be
seen as a transition stage until a new discharge regime is achieved; and a third interval from 1988 to 2020, where
a change in a wide spectrum of long-term time-scales is found (8-year, 16-year, and 32-year).

Relative cumulative discharge values at the inlet and at outlet, resulting from integrating the contribution of the
different characteristic time-scales, are displayed in Figures 6 and 7, respectively. Results are displayed per year
to show the intrinsic annual variability of each time scale. We also computed the discrete probability density
of the cumulative discharge for the three temporal intervals identified in Table 1. Mean and standard deviation
values are calculated for each interval. We used the standard deviation as a proxy to measure the magnitude of the
anomalies in relation to the mean values of each interval.
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Figure 5. 8-year, 16-year, and 32-year time-scale wavelet decomposition of six time-series recorded at Yesa reservoir for
the period 1956-2020. Discharge at the inlet, discharge at the outlet, precipitation, North Atlantic Oceanic index, Western
Mediterranean Oscillation index, and Standardized Precipitation Evapotranspiration Index index anomalies were calculated
with respect to the mean values.
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Figure 6. Comparison of cumulative discharge per year at the inlet of Yesa reservoir. Results are disaggregated in four temporal band-widths: 1-year, 1-4 years,
4-8 years, and 8-32 years (top). Discrete probability density function of the cumulative discharge disaggregated in the four temporal band-widths and for the three
temporal breakpoint intervals identified (bottom).

As shown in Figure 6-top, the discharge supplied to the reservoir is mainly conveyed by the intra-annual fluc-
tuations, and represents on average close to the 50% of the cumulative annual discharge. The remaining 50%
is supplied by the 1-4-year time-scales (30% on average), the 4-8-year time-scale (10% on average), and the
8-32-year time time-scales (10% on average). On the other hand, differences are found among the three inter-
vals identified. The discharge contribution of the intra-annual time-scales is reduced between the first and last
intervals (mean values decline from 52% to 46%). Furthermore, the standard deviation is higher during the last
interval. This implies a higher variability in the contribution of the intra-annual time-scales to the cumulative
discharge per year. The discharge contribution of the 1-4-year time-scales is increased in the third interval, with
regard to the first one (mean values increase from 27% to 34%). Furthermore, the standard deviation is also
increased. The discharge contribution of the 4-8-year time-scales as well as the standard deviation is increased
in the last interval. Finally, the 8—32-year time-scales experienced a decline in both terms of annual contribution
and standard deviation.

Discharge dynamics at the outlet follows similar trends among intervals with regard to inlet discharge dynamics
(see Figure 7). Discharge contribution by intra-annual time-scales constitutes the preponderant process in Yesa
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Figure 7. Comparison of cumulative discharge per year at the outlet of Yesa reservoir. Results are disaggregated in four temporal band-widths: 1-year, 1-4 years,
4-8 years, and 8-32 years (top). Discrete probability density function of the cumulative discharge disaggregated in the four temporal band-widths and for the three
temporal breakpoint periods identified (bottom).

outlet discharge (mean values 40%). Furthermore, greater significance in discharge contribution is observed for
the 1-4-year and 4-8-year time-scales during the last interval with regard to the first one.

4.3. Coupling Between Discharge and NAO, WeMO, and SPEI

The results of wavelet coherence between discharges and NAO, WeMO, and SPEI indices are shown in Figure 8.
This analysis reveals the inter-annual and inter-decadal variability related to external climatic forces (Figure 9).

The wavelet coherence between discharge at the inlet and at the outlet of Yesa reservoir and NAO, WeMO,
and SPEI indices displays weak wavelet coherence for time-scales below 0.5 year. This is not surprising, since
time-shifts for discharge and atmospheric indices at such short time-scales are influenced by local orography, air
temperature, precipitation intensity and areal distribution, resulting runoff amount and rate and floodwater travel
rates. In other words, the climatic forces are controlling the time-shifts at such short time-scales. On the other
hand, the discharge inter-annual variability fluctuations exhibit a stronger coupling with the NAO, WeMO, and
SPEI indices at larger time-scales.

Discharge and NAO wavelet coherence reflects a global low value. Significant wavelet coherence values are
found at annual and bi-annual scales, but with an intermittent pattern. Left oriented arrows in the figure indicate
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Figure 8. Squared wavelet coherence between monthly discharge and North Atlantic Oscillation Index, Western Mediterranean Oscillation Index, and Standardized
Precipitation Evapotranspiration Index indices for the period 1956-2020 at the inlet (left) and at the outlet (right) of Yesa reservoir. The vertical axis is the time-scale
and the horizontal line is the time position. The dashed curve depicts the cone of influence within which the edge effects are negligible. The shaded contours indicate
the strength of the coherence. Wavelet coherence ranges between 0 (no relationship) and 1 (linear relationship). Arrows are plotted for time-scales above 0.5 year and in
those regions where coherence is significant above the 0.6 level. Directions of the arrows indicate the degree to which discharge and standardized indices are in phase
or have a time delay, that is, the arrows serve to identify the coupling between the two signals. Right arrows indicate discharge and standardized indices are in phase
(0°), left arrows indicate discharge and standardized indices are completely out of phase (180°). An arrow pointing vertically upward (90°) means discharge peaks
before standardized indices by one fourth of the cycle at that time-scale. An arrow pointing vertically downwards (phase angle of —90° or 270°) means discharge lags
standardized indices by one fourth of the cycle at that time-scale.
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Figure 9. Time-averaged wavelet coherence between the monthly inlet discharge and North Atlantic Oscillation Index (NAO), Western Mediterranean Oscillation
Index, and Standardized Precipitation Evapotranspiration Index (SPEI) anomalies (top) and between the monthly outlet discharge and NAO, WeMO, and SPEI
anomalies (bottom) for the two largest distinct time-periods identified in Table 1. The horizontal axis corresponds to scales in years and the vertical axis corresponds to
the wavelet coherence. Wavelet coherence ranges between 0 (no relationship) and 1 (linear relationship).
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Figure 10. Squared wavelet coherence between discharge time-series for the period 1956-2020 at the inlet and at the outlet of Yesa reservoir. Wavelet coherence ranges
between 0 (no relationship) and 1 (linear relationship). Arrows are plotted for time-scales above 0.5 year and in those regions where coherence is significant above the
0.6 level. Right arrows indicate discharge at the inlet and at the outlet are in phase (0°), left arrows indicate discharge at the inlet and at the outlet are completely out of
phase (180°). An arrow pointing vertically upward (90°) means discharge at the inlet peaks before discharge at the outlet by one fourth of the cycle at that time-scale.
An arrow pointing vertically downwards (phase angle of —90° or 270°) means discharge at the inlet lags discharge at the outlet by one fourth of the cycle at that

time-scale.

that both time-series are out-of-phase for the inlet and outlet. Large-scale significant processes are also identified
at 4-year and 16-year time-scales, although they are highly intermittent.

Discharge-WeMO wavelet coherence displays coherent large-scale coupling at time-scales larger than 4-year. A
quasi-steady coupling over the whole study period is highlighted for the higher than 16-year time-scale. Strong
wavelet coherence is also found over the 1985-2012 interval at the 8-year time-scale, and over the 2002-2018
interval at the 4-year time-scale. Arrows pointing downwards indicate that WeMO fluctuations peak before
discharge at both inlet and outlet.

Concerning discharge and SPEI, strong wavelet coherence is found for concurrent large-scale processes at
time-scales larger than 2-years, with the exception of two intervals at the 8-year time-scale: 19561972 and
1994-2012. Wavelet coherence values are intensified (wavelet coherence values above 0.9) during the interval
1997-2018.

We applied a time-averaging operator to the results displayed in Figure 8 in order to build a global estimator of
wavelet coherence. Furthermore, we applied this time-averaging operator to the two largest distinct time-periods
identified in Table 1 (i.e., we did not apply it to the interval 1977-1988 since it works as a transition period).

Regarding the interval 1956-1977 and the inlet discharge, the NAO index shows the largest values of wavelet
coherence, more specifically at a bi-annual and quasi-decadal oscillation. At the outlet discharge the bi-annual
signal is retrieved. However, the quasi-decadal process is not identified, which indicates that the reservoir oper-
ation is modulating the intensity of such long-term processes. Discharge-WeMO coupling reflects a general low
value, regardless the time-scale. Discharge-SPEI values highlight a peak for the outlet and at 4-6-year time-scales.

The interval 1988-2020 displays similar values for both inlet and outlet discharge. Discharge-NAO values show
low wavelet coherence for all the time-scales. On the contrary, there is an intensification of WeMO values, in
particular for scales larger than 10-years, with regard to the previous interval. Discharge-SPEI wavelet coherence
values highlight strong coupling for a wide range of time-scales (4—12-years).

4.4. Coupling Between Inlet and Outlet Discharge

In this section we explore the coupling between the discharge at the inlet and the outlet of Yesa reservoir by means
of the wavelet coherence (see Figure 10). This coupling reflects the time-scale dependency between the water
supplies to the reservoir (inlet) and the water supply downstream the reservoir (outlet).

The wavelet coherence for time-scales lower than 0.5-year displays global low values. Episodic and short inter-
vals of high wavelet coherence values correspond to situations when the inlet discharge is released as a safety
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measure against floods. At 0.5-year time-scales there is a succession of intervals with high and low wavelet
coherence. These intervals are concomitant with drought periods identified with the SPEI index (see Figure 3).
On the other hand, a near permanent coherence for annual processes is found but with changing dynamics. During
1956-1972, the arrows point downwards which indicate that inlet discharge lags outlet discharge, that is, as a
safety measure water is released before receiving the annual peak flow. Furthermore, it is noted that between 1956
and 1960 the reservoir is impounded and it finally enters in commissioned at full capacity by 1960 From 1980, the
right arrows reflect that both inlet and outlet are synchronized. Until 1980 at 8-year time-scale a strong wavelet
coherence is found, and the arrows indicate that outlet discharge peaks before the inlet. From 1980, the 2—8-year
wavelet coherence is high (>0.85), which indicates a linear relation between the timing when water is supplied
to the river (inlet) and the water is supplied downstream (outlet). Furthermore, both time-series display right
arrows, and thus a strong coupling. This coincides with the inlet discharge decline recorded over the last decades,
which narrows the water availability and stresses the reservoir annual filling cycle. Finally, a strong coherence is
observed for time-scales larger than 16-year over the whole study period and with distinct dynamics. Until 1980
the arrows point downwards. From 1980 onwards, the inlet and outlet discharge dynamics reveal a significant
change with inlet discharge peaking before the outlet discharge. This behavior is similar to the one observed at
8-year time-scale.

5. Discussion

The analysis of concurrent long-term hydroclimatic time-series and atmospheric indices reveals the controlling
physical processes of river discharge, which ultimately provide interesting insight on the past and forthcoming
challenges for Yesa reservoir management. The first of these insights is that there is a severe and statistically
significant decline in the magnitude of discharge measured at the inlet and at the outlet of the Yesa reservoir
(about 40%). Furthermore, the scatter between both trends at the inlet and outlet is narrowed over the last decades.
This implies that reservoir operators are focused on preserving as much water supplied to the reservoir as possible
to be able to meet water demands downstream later in the season. Regulation operations give way to water storage
operations, which become a priority.

Furthermore, the results indicate that this sharp decline in discharge cannot be attributed to a drop in precipi-
tation, which shows a moderate and non-significant decline (about 10%, see Figure 2). Downwards discharge
trends were already identified in other natural non-managed catchments in Spain (Lorenzo-Lacruz et al., 2012;
Martinez-Fernandez et al., 2013; Vicente-Serrano et al., 2020). These previous studies highlighted the link
between the declining water yield and a process of general re-vegetation after generalized land abandonment. In
the Upper Aragén catchment, the abandoned fields faced a greenness process in about 25% of the total catchment
area (Vicente-Serrano et al., 2006). Furthermore, the upwards and statistically significant trend of NDVI values
computed for the whole catchment from 1982 onwards confirms that re-vegetation continues to be a very relevant
process in the area, and it can be hypothesized that it plays a major role in discharge decline due to increas-
ing water consumption by vegetation. Further confirmation of vegetation impact on discharge decline is related
with the temporal breakpoints identified. At shorter time-scales (4-years and 8-years) a temporal breakpoint was
identified in 1977. This corresponds well with the intersection point identified in the discharge linear trends. As
explained in Linscheid et al. (2020), those areas with shrublands and young trees (i.e., at the initial re-vegetation
process faced by the catchment at early 1950) display NDVI values dominated by interannual trends, suggesting
important roles in intra- and interannual biosphere dynamics of these land cover classes.

The second interesting insight arising from the results is that there is a reduction of the inlet cuamulative discharge
linked to the intra-annual timescales (up to 1-year, see Figure 6), which thus underlines the importance of the
fluctuations linked to inter-annual time-scales. These long-term time-scales have the mission to recharge the water
reserve of the catchment at a very general level (i.e., soils, aquifers, etc.), with a positive effect on the discharge.
The decrease in the contribution of intra-annual time-scales over the study period can be due to three reasons. The
first one is that the catchment experienced a moderate reduction in precipitation rates, which implies less result-
ing runoff. The second reason is that the sharp increase of vegetation in the catchment area lead to a larger water
demand by plants at seasonal scales. As a result, vegetation cover dynamics dramatically reduced the annual
production of runoff (Vicente-Serrano et al., 2021; Williams & Albertson, 2005). The relative contribution of
inter-annual time-scales is thus increased. These findings suggest that precipitation and vegetation cover cause
a water-limited state in the catchment. This trend seems to be accentuated in the last decades (see SPEI index in
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Figure 11. Squared wavelet coherence between North Atlantic Oscillation Index (NAO) and Standardized Precipitation Evapotranspiration Index (SPEI) indices

(top) and between Western Mediterranean Oscillation Index (WeMO) and SPEI indices (bottom) for the period 1956-2020. Wavelet coherence ranges between 0 (no
relationship) and 1 (linear relationship). Arrows are plotted for time-scales above 0.5 year and in those regions where coherence is significant above the 0.6 level. Right
arrows indicate both indices are in phase (0°), left arrows indicate NAO or WeMO are completely out of phase with regard to SPEI (180°). An arrow pointing vertically
upward (90°) means NAO or WeMO peaks before SPEI by one fourth of the cycle at that time-scale. An arrow pointing vertically downwards (phase angle of —90° or
270°) means NAO or WeMO lags SPEI by one fourth of the cycle at that time-scale.

Figure 2). The third reason is that the vegetation increase has reduced the visible and measurable discharge while
it may have boosted the relative contribution of groundwater discharge. Tree root architecture enhances hydraulic
redistribution of water in soils (Prieto et al., 2012), thus favoring groundwater discharge (Ilstedt et al., 2016).

The third insight is related with the atmospheric circulation patterns (NAO and WeMO) and the drought index
(SPEI). NAO dynamics are well known to play a modulating role on the climatic variability in the North Atlantic,
in particular during winter (Hurrell et al., 2003; Trigo et al., 2002). Negative NAO anomalies lead to increasing
precipitation over most of the Iberian Peninsula. Nonetheless, the NAO role is reduced toward the east of the
Iberian Peninsula because of the complex orography, which limits the arrival of humid weather fronts from the
North Atlantic. In our results, the NAO index displays a relatively low relationship with the measured discharge
(see Figure 8). On the contrary the WeMO index, which is modulated by Mediterranean atmospheric dynamics
(Lopez-Bustins et al., 2020; Martin-Vide & Lopez-Bustins, 2006), displays an increasing control on recorded
discharge as illustrated in Figure 8. The relevance of the SPEI is also highlighted in Figure 8, in particular over
the last decades, where an intensification of droughts is observed as consequence of the increase in the atmos-
pheric evaporative demand (Dominguez-Castro et al., 2019). We computed the wavelet coherence between NAO
and SPEI and between WeMO and SPEI (see Figure 11). NAO and SPEI indices show intermittent high coher-
ence for time-scales smaller than 8-years. This is not surprising since the dominant quasi-decadal NAO mode,
which modulates the positive and negative NAO anomalies, is a well-known dynamic (Hurrell et al., 2003). At
larger time-scales there is a high coherence over the first decades which disappears after 1988. The WeMO and
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SPEI indices display high coherence for decadal time-scales over the whole study period. At 4-year time-scale
we also identified a high level of coherence for the 2000-2020 interval. We interpret this as an indicative of
the growing influence of Mediterranean atmospheric dynamics with regards to the North Atlantic atmospheric
dynamics.

The results and conclusions outlined in this study are complementary to those documented in the North Atlantic
region, where the NAO is the dominant atmospheric mechanism (Hurrell & Desser, 2009; Kingston et al., 2006;
Lorenzo-Lacruz et al., 2022). In such studies, and in opposition to this study, it was showed a growing incidence
of positive correlation between positive phases of the NAO and increasing discharge records in northeast France
and the southern England all through the last two decades. Diverging spatial patterns of discharge records are thus
identified between northern and southern Europe (the Central Spanish Pyrenees). This divergence in the trends of
discharge dynamics has consequences for reservoir operation, which needs to be different depending on the local
discharge fluctuations and as result of the existing dominant atmospheric mechanism.

6. Conclusions

By using the wavelet transform methodology, we detect historical breakpoints in the hydrological dynamics at
different time-scales. As a result, the cross-interaction among different climatic, hydrologic and atmospheric
dynamics are identified. We observed that the incoming river flow to Yesa Reservoir dwindled as vegetation
cover increased in the catchment. Furthermore, inter-annual time-scales increased their control over the total
annual discharge. Eventually, we also detected a growing influence of Mediterranean atmospheric dynamics on
the river flow discharge control. We thus estimate that the decline observed I the annual mean discharge will
continue in the following years, mainly driven by the projected NDVI increase, and also if the observed declin-
ing trend in the WeMO index persists, with a consequent decrease in precipitation. Projected Yesa reservoir
management thus needs to take into account these insights because an increasing risk of severe water shortage
is expected. The water demand downstream cannot be increased due to the increasing inter-annual variability of
the annual discharge. Furthermore, this strong inter-annual variability stresses the reservoir capacity of satistying
current water demand during dry years.

Data Availability Statement

Data presented in this manuscript will be uploaded at an open repository if the paper is accepted for publication.
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