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Abstract Management of hydropower plants strongly influences streamflow dynamics and hence the
interaction between surface water and groundwater. As dam operations cause variations in river stages, these
can result in changes in the groundwater level at multiple temporal scales. In this work, we study the case of
an Alpine aquifer, where weekly fluctuations are particularly pronounced. We consider an area with four river
reaches differently impacted by reservoir operations and investigate the influence of these rivers on the common
aquifer. Using continuous wavelet transform and wavelet coherence analysis, we show that weekly fluctuations
in the groundwater table are particularly pronounced in dry years, in particular in the winter season, although
the area of the aquifer impacted by dam operations remains almost unchanged. We thus observe that in Alpine
catchments, surface water-groundwater interaction is sensitive to the conditions determined by a specific
hydrological year. We also investigate the influences of the river-aquifer water fluxes and show that under

dry conditions hydropeaking mainly affects their temporal dynamics. Our observations have significant
consequences for predicting nutrient and temperature dynamics/regimes in river-aquifer systems impacted by
hydropower plant management.

Plain Language Summary The operation of hydropower plants affects the water level in the
downstream part of the river, which in turn can alter the groundwater level. In this work, we study an Alpine
aquifer crossed by rivers differently impacted by hydropower production. We use statistical tools to analyze
the interaction between the rivers and the groundwater, and observe that this interaction is sensitive to

the conditions of the hydrological year, such as dry periods.

1. Introduction

Montanari et al. (2015) stated that “The interaction between human and water systems needs to be analyzed from
new perspectives to develop a comprehensive picture of the inherent feedbacks and coevolving processes and
scenarios.” One of the most prominent examples of such interaction is hydropower production and the feedback
processes that it generates on the natural environment (Hauer et al., 2017), including sediment transport (Béjar
et al., 2018; Hauer et al., 2019), biological process in the riverine environment (Bejarano et al., 2018; Bruno
et al., 2009; Person, 2013), the hydrological cycle (Shuai et al., 2019; Yellen & Boutt, 2015), biogeochemical
processes (Graham et al., 2019), energy cycle (Wu et al., 2020), and surface water — groundwater interaction
(Sawyer et al., 2009; Shuai et al., 2017). For instance, hydropeaking, that is, sharp fluctuations in the river stage
caused by the management of storage hydropower plants, has important consequences on flow and transport
processes in rivers. Furthermore, it can also influence the aquifers even 100 km downstream from the hydropower
dam (Ferencz et al., 2019) and tens of meters far from the river (Sawyer et al., 2009; Zachara et al., 2016, 2020),
including riverine islands (Francis et al., 2010).

Surface water-groundwater interaction is affected by the morphological characteristics of the riverbed (Schmadel
et al., 2017; Singh et al., 2019; Wu et al., 2018) and the subsurface (Shuai et al., 2019), as well as by seasonal
hydrological variability. For example, hydropeaking is stronger during dry periods (Li & Pasternack, 2021) or
more in general low flow conditions (Chiogna, Marcolini, et al., 2018). In this sense, Song et al. (2018) illustrated
how the effect of dam operations on the aquifer system depends on drought conditions of the catchment using
numerical simulations. They also showed that to describe surface water-groundwater interaction it is important to
consider the complex feedback between hydrological processes and water management.
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Several studies have focused on surface water-groundwater interaction under altered streamflow conditions in
different regions, such as the Colorado River (Francis et al., 2010; Sawyer et al., 2009), and the Deerfield River
(Boutt & Fleming, 2009; Yellen & Boutt, 2015) in the USA, the Cockburn River in Australia (McCallum &
Shanafield, 2016; Welch et al., 2013), the Danube River in the Austrian part (Derx et al., 2010), and the Lundeso-
kna River in Norway (Casas-Mulet et al., 2015), as well as synthetics models (e.g., Ferencz et al., 2019; Schmadel
et al., 2016). These studies have addressed mainly the hydrological and geochemical interaction between surface
water and the hyporheic zone or its proximity. At larger spatio-temporal scales, recent works in the Columbia
River analyzed the effect of the river fluctuations on exchange flows and contaminant plumes along the river
reach (Shuai et al., 2019) and the river corridor (Rizzo et al., 2020; Song et al., 2020; Zachara et al., 2016, 2020).
Little research on surface water-groundwater interaction has been done on Alpine aquifers, with exceptions such
as Fette et al. (2007) who studied the upper Rhone River. In Alpine catchments, variability with a period of 7 days
is particularly relevant for hydrological studies focusing on water management because it represents the lower
energy production typically occurring over weekends (Chiogna, Marcolini, et al., 2018; Majone et al., 2016;
Pérez Ciria et al., 2019). Furthermore, this periodic signal can propagate in the aquifer farther than the sub-daily
fluctuations (Sawyer et al., 2009; Singh, 2004).

The aim of our work is to analyze the impact of fluctuations caused by dam operations on the groundwater
considering the propagation of the weekly signal and its evolution in time and to observe how this changes in two
different hydrological years (i.e., a wet and a dry year). Specifically, we study the Adige Valley aquifer, which is
affected by several rivers impacted by hydropower operations. This area represents a typical scenario in Alpine
catchments, where multiple regulated rivers can converge in relatively narrow valleys (Pérez Ciria et al., 2019).

In this study, we develop a transient groundwater flow model to capture the aquifer's response to streamflow
alterations with a weekly periodicity since observations with high spatio-temporal resolution are hardly available
for large (i.e., greater than 10 km?) aquifers. We compare two different hydrological conditions corresponding to
the hydrological years 2009/10 and 2016/17. The first one represents a typical year in terms of temperature and
precipitation. The latter is characterized by a drought caused by the lack of winter precipitation, which leads to
low summer streamflow conditions (Chiogna, Skrobanek, et al., 2018). We introduce the use of wavelet maps to
analyze the coherence between weekly signal in the rivers and the whole modeled aquifer. The variability in the
environmental and hydrological conditions encountered in this case study helps to validate this methodology for
its application to other scenarios.

Wavelet analysis is a powerful tool to investigate non-stationary periodicities in hydrological time series. It
has been applied to study time series in different (hydro)geological systems (Lu et al., 2015; Song et al., 2020;
Tenorio-Fernandez et al., 2019; Wright et al., 2015), and more recently in the context of surface water-groundwater
interaction to study hyporheic exchange flows (Chen et al., 2022). In this study, we apply the continuous wavelet
transform (Torrence & Compo, 1998) and the wavelet coherence analysis (Grinsted et al., 2004) for three river
discharge time series of the Adige catchment with different degrees of alteration under the same climatic and
geologic conditions. As most of the large scale studies on surface water-groundwater interaction focus on a single
river-aquifer system (Ferencz et al., 2019; Francis et al., 2010; Song et al., 2018; Zachara et al., 2016), this is one
of the first works including such complex hydrological system where multiple impacted rivers exchange water
with the same aquifer.

The manuscript is organized in the following way: Section 2 describes the study area and the used data set.
Section 3 introduces the modeling approach. In Section 4, we describe the continuous wavelet transform and
wavelet coherence analysis, and explain how we apply them to create the wavelet maps. Section 5 shows through
a wavelet transform analysis how the aquifer is affected by water management and the consequences on the
surface-water groundwater flux exchange in a wet and a dry year. In Sections 6 and 7, we discuss the implication
of our results and, finally present the conclusions of our research study, respectively.

2. Study Area

The study site is located within the Adige catchment, in the northeast of Italy. It covers an area of about 30 km?,
which includes the Adige aquifer in the north of Trento (Figure 1). The area is traversed by the Adige River
and two important tributaries: the Noce River and the Avisio River. These rivers, in particular the Noce and
the Adige, are impacted by the operation of hydropower plants. In fact, the Adige catchment provides water for
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Figure 1. (a) Map of Italy with Trentino highlighted; (b) close-up to the Adige Valley with the modeled area highlighted in yellow and (c) modeled area, also depicting
the locations of piezometers and model observations used in the presented study.

34 hydropower plants and approximately 1,050 small hydropower plants are distributed within the river basin
(Chiogna et al., 2016). The region's climate is sub-alpine, composed of dry winters, snowmelt in spring, and
humid summers leading to well-suited conditions for hydropower production in the Adige River basin (Chiogna
etal., 2016; Perez Ciria et al., 2019). The long-term mean annual precipitation is 1,022 mm (Castagna et al., 2015),
and the mean seasonal temperature in the valley varies between —4°C in winter and 29°C in summer.

The geology of the Adige Valley is characterized by a multilayer aquifer system of sandy-gravelly material,
interconnected with sandy-silty layers in-between (Autorita di Bacino del Fiume Adige, 2007). The main shallow
phreatic aquifer is a semiconfined aquifer with a maximum thickness that varies between 50 and 60 m (Autorita
di bacino distrettuale delle Alpi Orientali, 2010; Viesi et al., 2016). Quaternary deposits present in the valley
mainly consist of fine material, and lateral and alluvial fans from the tributaries of the Adige River, composed
of sandy-gravelly material with a hydraulic conductivity between 10~ m/s and 10~° m/s (Autorita di bacino
distrettuale delle Alpi Orientali, 2010). The aquifer is recharged by lateral springs corresponding to the Noce and
Avisio Fans (Castagna et al., 2015). The shallow aquifer close to the Avisio Fan has a maximum depth of 20 m,
and its depth reaches 6-7 m in areas close to the Adige River. The maximum depth of the shallow aquifer located
in the Piana Rotaliana, where the Noce River flows, is about 17 m, while it reaches a very shallow depth (up to
1 m) in Nave San Rocco (Autorita di Bacino del Fiume Adige, 2007). The resulting system is very complex, with
a multi-aquifer water circulation. This is mainly because the impermeable bed layers are irregular, which results
in interconnections between different aquifers (Viesi et al., 2016). Also, it is important to consider that the Adige
Valley is included in carbonate massifs which contribute to lateral recharges for the aquifers (Autorita di bacino
distrettuale delle Alpi Orientali, 2010; Viesi et al., 2016).

Snow and glacier melting control the natural recharge of the Adige aquifer, although human activity, such as
hydropower production and agriculture, also play a significant role in the aquifer dynamics (Castagna et al., 2015;
Chiogna et al., 2016). The aquifer is exploited by 2070 wells spread along the whole valley, with pumping rates
that vary seasonally according to agricultural needs (Beretta, 2011; Castagna et al., 2015). Moreover, five well
fields extract water for the drinking water supply system of the city of Trento. The most important well field is
located in the Avisio Fan, with a mean extraction rate of 208l/s (Castagna et al., 2015). Finally, since the area
used to be a wetland, a network of ditches (Figure 1c) is present in the reclaimed zones. The water into the
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Figure 2. Depiction of river depth (m) time series for the Noce River (a, b), the Avisio River (a, b) and the Adige River before and after the confluence with the Noce
river (c, d) for the years 2009/10 and 2016/17 (blue, left y-axis). Rainfall (mm) time series recorded in Roncafort (a, b) and Zambana (c, d) stations (orange, right

y-axis).

ditches naturally flows into the rivers, but when these have high levels, dewatering pumps are activated in order
to preserve the land from floods. The ditches are also used to distribute water for irrigation during dry periods
through the combined use of gates and inflow from the Noce River.

2.1. Data Collection and River Characteristics

Groundwater head data is collected in collaboration with the Geological Survey of the Autonomous Province of
Trento. These data series include 16 manual and 2 automatic measurement points for the period September 2009
to August 2010 and 16 manual and 4 automatic measurement points for the period September 2016 to August
2017 (Figure 1c). Manual data is measured about every 3 months, while automatic data about every 6 hours.

We obtain daily precipitation and temperature data from September 2009 to August 2010 and from September
2016 to August 2017 from the Meteorological Survey of the Autonomous Province of Trento (www.meteotren-
tino.it) and from 3Bmeteo (www.3bmeteo.com) at the meteorological stations in San Michele all’ Adige, Roveré
della Luna, Trento (Aeroporto), Zambana - Idrovora, Mezzolombardo - Maso delle Part and Trento - Roncafort
(see Figures 1b and 2). It is noteworthy to observe the significantly lower precipitation in 20162017 compared
to 2009-2010, particularly for October-March (see also Chiogna, Skrobanek, et al., 2018). For example, in that
period, the cumulative precipitation decreased around 20% and 30% in the stations of Roncafort and Zambana,
respectively.

For the river discharges, we use collected data in the gauging stations of San Michele all'Adige (Adige River,
northern part), Trento Ponte San Lorenzo (Adige River, southern part), Lavis (Avisio River) and Mezzolom-
bardo (Noce River) by the Dams Office of the Province of Trento (www.floods.it). The location of the gauging
stations is shown in Figure 1b. River discharges at the Adige San Michele gauging station were not availa-
ble for the 2016/2017 years, and therefore a rating curve has been reconstructed considering river stages and
discharges in the hydrological year 2009/10. With a mean streamflow of 46 m3/s at Mezzolombardo, the Noce
River streamflow is highly variable due to the proximity of the Mezzocorona hydropower plant, about 9.3 Km
upstream from its confluence with the Adige River (Figure 1b). In general, the Noce River basin (basin area of
1,360 km?; main course length of 105 km) is highly impacted by hydropower production at different locations
(Chiogna et al., 2016; Majone et al., 2016). The northern part of the Adige River reach shows less variability in
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the river stage than the Noce river since the operation of hydropower plants is located several kilometers upstream
(Chiogna, Marcolini, et al., 2018; Pérez Ciria et al., 2019). However, in the southern part of the Adige River
(mean of 212 m?s at the Ponte San Lorenzo gauging Station in Trento), it is possible to observe the effect of
the waves propagating from the Noce River (Pérez Ciria et al., 2019; Zolezzi et al., 2009). Finally, although the
Avisio River (mean water discharge of 23.5 m3/s at Lavis) is also exploited for hydropower production, it does
not display sharp and regular river stage fluctuations in the study area. Therefore, we consider this river reach as
a non-impacted by hydropeaking.

The maximum allowed abstraction rates of all wells present in the study area are provided by the Geological
Survey of the Province of Trento. We use these values to calculate the average daily pumping rates used in the
model.

This work seeks to establish a proof of concept on how reservoir and hydropower plant operations can affect
Alpine aquifers depending on the frequency of water release as well as on the season and on the wet/dry condi-
tions of a specific hydrologic year. Therefore, we apply a single realization of the hydraulic conductivity field (see
Figure S1 in Supporting Information S1) rather than multiple realizations. Such conductivity field was obtained
from the estimations of Castagna et al. (2015) and had the minimum mean absolute error when compared to the
available observations. We acknowledge, however, that hydraulic conductivity is an important source of uncer-
tainty that has to be considered for further studies where uncertainty quantification is relevant.

3. Numerical Model

The Adige aquifer is modeled with MODFLOW-2005 (Harbaugh, 2005), which is a modular finite-difference
flow model that solves the groundwater flow equation. We apply the transient groundwater flow model developed
by Castagna (2017), based on the calibration of the steady-state model version (Castagna et al., 2015), which is
currently the official model applied by the Geological Survey of the Autonomous Province of Trento for their
investigations. The transient model assumes the same hydrological parameters as the stationary model, while the
forcing factors (river stage, precipitation, evapotranspiration, transient boundary conditions and pumping rate of
wells) are transient. The spatial grid of the model (x X y X z) is 80 X 80 X 5 m. The model includes 8 layers, 107
rows and 50 columns, and the total area of active cells is approximately 18 km? (Figure 1c).

We analyse two time periods: the first one is from September 2009 to August 2010 and corresponds to a wet
year; the second one is from September 2016 to August 2017 and represents a dry year. While variability in the
operation of hydropower plants also occurs at the subdaily scale (Perez Ciria et al., 2019; Zolezzi et al., 2011),
we consider a daily temporal resolution since it allows us to describe the 7 days' periodicity in the aquifer, which
is the focus of this work.

The time series of four piezometers are used to define the boundary conditions of the groundwater model, imple-
mented as Time-Variant Specified-Head (CHD) Package (Harbaugh, 2005). These piezometers are: piezometer
348 for the north side close to the Noce River, piezometer 39 for the north side close to the Adige River, piezom-
eter 134 for the south-east side, and piezometers 218 and 580 for the south-west part in the hydrological years
2009/10 and 2016/17, respectively (Figure 1c). This change in the modeling of the two hydrological years is
needed due to the available data. We present an extended description of the head boundary conditions in Text S1
in the Supporting Information S1.

To implement the river-groundwater interaction, we apply the river (RIV) package (Harbaugh, 2005). The
flow between surface water and groundwater g, [L3/T] is modeled according to the following equation
(Harbaugh, 2005):

Griv = Criv(Hriv - h) if h > Ry

(1
Griv = Cr[v(HriU - Rbal) if h < Rbm

where Cy;, [L¥T] is the hydraulic riverbed conductance, Hy;, [L] is the water stage of the river, & [L] is the
groundwater head simulated by MODFLOW below the river reach cell, and Ry [L] is the bottom of the riverbed.
griv 1s positive if the water flows from the river to the aquifer, and negative if vice versa. The values of H,;, are
obtained in the output of a hydraulic simulation performed with the Software HEC-RAS (U.S. Army Corps of
Engineers, 2016), which is calibrated and validated based on the collected daily river discharge (Section 2.1).
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Figure 2 (left axis) displays the computed daily river stages for the years 2009/10 and 2016/17 in the cells close
to the model observation points near the rivers (Figure 1c).

Hydraulic parameters (riverbed conductance, hydraulic conductivity, and river bottom) were estimated in
Castagna et al. (2015) and Castagna (2017) using the inversion of hydraulic head data by applying the Particle
Swarm Optimisation (PSO) Algorithm (Robinson & Rahmat-Samii, 2004). The calibration process is found in
Castagna et al. (2015), and additional details on the generation of the heterogeneous hydraulic conductivity field
appears in Text S2 in the Supporting Information S1.

The infiltration into the saturated zone is implemented using the Recharge (RCH) package (Harbaugh, 2005),
which assigns values to each grid cell of the shallowest layer. In order to estimate the recharge to the aquifer, we
apply the leakage model (Rodriguez-Iturbe & Porporato, 2007) used in Castagna et al. (2015). This model consid-
ers that recharge depends not only on the precipitation, but also on irrigation, evapotranspiration and the soil
characteristics (e.g., soil moisture). For the precipitation, we used the daily rainfall values collected by the mete-
orological stations (Figure 1b). The wavelet power spectrum of these time series is provided in the Supporting
Information S1 (Figure S2) and shows that high power is present during the events and propagates over several
temporal periods as already observed for example, by Bittner et al. (2021) and Schaefli et al. (2007). The irriga-
tion rate is obtained based on the observations of Toller (2002). To calculate the evapotranspiration we follow the
Thornthwaite Method (Chen et al., 2005; Sacratees, 2017). The soil characteristics are based on the work by Laio
et al. (2001). We use the Voronoi triangulation as spatial aggregation method and therefore we assigned irrigation
and precipitation to the model cells according to Thiessen polygons. Finally, we set the leakage to zero in urban
areas. A complete description of the leakage model and the estimation of irrigation and evaporation rates are
found in the Supporting Information S1 (Text S3 and S4, respectively).

The well withdrawals provided by the Geological Survey of the Province of Trento are inserted into the model
as punctual discharge rates, by applying the Well (WEL) package (Harbaugh, 2005). The pumping rates were
calculated depending on the monthly irrigation demand and applied as daily average values. Further details about
the implementation of extraction wells are provided in the Supporting Information S1 (Text S5). The implemen-
tation of the ditches network was also done using the river package. Additional details are found in the Supporting
Information S1 (Text S6).

The model results are compared to head data available for continuous monitoring data collected in piezometers
349 and 411 in 2009/2010 and in piezometers 343, 349, 559 and 560 in 2016/17. The R? obtained is 0.997 and
0.991 for the two hydrological years respectively. Moreover, the results are compared with manual data provided
by the Geological Survey of Trento and collected at the piezometers available in the study area (Figure 1c).
Considering also these manual data, R? is 0.987 for the year 2009/10 and 0.990 for the year 2016/17.

4. Wavelet Analysis

The goal of the continuous wavelet transform (CWT) analysis is the detection of periodicity in a signal and the
determination of the temporal scales and time period at which they are dominant (Agarwal, Maheswaran, Kurths,
& Khosa, 2016; Agarwal, Maheswaran, Sehgal, et al., 2016; Pérez Ciria et al., 2019; Torrence & Compo, 1998).
The CWT is defined as the convolution of a continuous signal with a scaled and translated version of the mother
wavelet function w(z). In the case of a discrete sequence x, with a time step ¢, where n indicates the localized
time index, the CWT is approximated as:

N-1 L
Wi = 3 xow (L2, @

N
n'=0

where (x) indicates the complex conjugate, »’ is the time variable, s is the wavelet scale and N is the number of
points in the time series (Torrence & Compo, 1998). In the present work, the Morlet mother wavelet function
is chosen for its good compromise between time and frequency resolution (Grinsted et al., 2004; Pérez Ciria &
Chiogna, 2020; Schaefli et al., 2007). It is defined as

w(t) = ”—l/4eimre—r2/2’ 3)
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where 7 is the dimensionless time and w is the dimensionless angular frequency. In our calculations w is set to 6
(Grinsted et al., 2004), since this number provides a good balance between time and frequency localization, while
the scale value s in Equation 2 is a fractional power of 2. Since the analyzed time series have a finite length, the
wavelet analysis is affected by edge effects. The area where these effects become important is defined as the cone
of influence (Torrence & Compo, 1998).

4.1. Wavelet Transform Coherence

The wavelet transform coherence (WTC) allows us investigating the local correlation between two CWTs
(Pérez Ciria & Chiogna, 2020). It is defined as (Torrence & Webster, 1999):

R = 1S [ WX @)1’

S[S”IWX‘(S)V] S[s*l|wny(s)|2] ’ @

where S is the smoothing operator, given by S(W) = Sicale { Stime [Wa(s)]}, while Sscue denotes smoothing with
respect to scales s and Siime smoothing in time. WTC varies between O (uncorrelated) and 1 (fully correlated). This
definition is similar to that of the correlation coefficient and the WTC can be interpreted as a localized correla-
tion coefficient in the time-frequency space (Grinsted et al., 2004). We further consider two additional metrics to
evaluate the model performance. The first one is the mean coherence between model and continuously available
groundwater head data (in 2009/10 piezometers 349 and 411, and in 2016/17 piezometers 343,349,559 and 560)
computed over the entire simulation time and all periods. The second one is the mean coherence between model
and continuously available groundwater head data computed over the entire simulation time and only the 7-days
period (Chiogna, Marcolini, et al., 2018). In both cases, we obtain a mean coherence value of 0.7

4.2. Wavelet Maps

Continuous wavelet transform informs about the strength of a periodic signal for a specific periodicity and a
specific time. Beside this information, we are interested in quantifying the average behavior of the groundwater

table during the year and hence we compute the normalized time-average of the wavelet spectrum W, (s), as

(225 wor)
2 (% 25 Wor)

&)

W(s) =

In order to visualize the spatial variability of this value for the 7-days period, we create the matrix W (7), where
each element corresponds to the normalized time-averaged wavelet spectrum of the hydraulic head in the corre-
sponding cell of the domain for a weekly signal:

N-1
GRS WA) ©)
n=0

where the superscript #j refers to the cell (i, j) in the model, W,”(7) corresponds to the value of the wavelet spec-
trum for the hydraulic head at the time step n and for the period of 7 days.

We apply a similar procedure for the wavelet coherence. In this case, each element of the matrix C(7), corre-
sponds to the average of the coherence wavelet between the river stage and the hydraulic head computed for each
cell over time at a 7-days period,

N-1
Ci(7) = % 2 R (7
n=0

giving hence a sort of mean coherence correlation along the year. The wavelet analysis and related elaborations
have been performed with the Software MATLAB R2020b.
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Figure 3. Continuous wavelet transform of the river's stage time series. Warmer color indicates times and periods of intense power. The white shaded areas show the
cone of influence. The dashed red line along the period of 7 days identifies the temporal scale focus of the present study.

5. Results
5.1. Variability in the River Stages

We analyze the influence of hydropower plant operations in the rivers by computing the continuous wavelet
transform of the river stage time series shown in Figure 2, where the withe shaded area represents the cone of
influence.

The continuous wavelet transforms presented in Figure 3 show considerable variations in high power regions
across the river stage time series of the two hydrological years (2009/10 and 2016/17, respectively) for the Noce,
Avisio, and Adige before and after the confluence with the Noce.

A light (yellow) color indicates times and periods of intense signal. The red dashed line in Figure 3 helps to iden-
tify the level of 7-days periodicity. Therefore, a higher intensity along this dashed line is an indicator of weekly
streamflow alteration associated to low energy production during weekends (i.e., low stage in the affected rivers
during the weekends and high stage during the week). In addition, high powers spreading over different levels
of periodicity at a specific time are an indicator of intense precipitation events, as also observed by Schaefli
et al. (2007). In our study area, large precipitation events generate a peak in the power spectrum from periods of
2 days until about 15 days as it can observed for example, for the events occurred on December 1, 2009, Decem-
ber 25, 2009, and May 6, 2010. However, time series over longer periods may show coherence between precipita-
tion and groundwater fluctuations that are not associated to specific rainfall events (e.g., Dountcheva et al., 2020).

The Noce River displays a peak in the power spectrum at the weekly scale typical for Alpine rivers affected by
storage hydropower plant management (Chiogna, Marcolini, et al., 2018; Pérez Ciria et al., 2019) stronger during
the wintertime, that is, under low flow conditions, for both the hydrological years. We can also observe that the
signal is stronger and more persistent in the snow scarce year 2016/17 (Chiogna, Skrobanek, et al., 2018) than in
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Figure 4. Simulated groundwater heads [m] at six selected locations (see Figure 1¢) namely (a) close to the Noce, (b) close to the Avisio, (c) close to the Adige before
the Noce, (d) close to the Adige after the Noce, (e) between the Adige and the Noce, and (f) between the Adige and the Avisio for the hydrological years 2009/10 (blue

solid line) and 2016/17 (red dotted line).

2009/10 since it extends to the spring period due to the lack in groundwater recharge due to snowmelt. Moreo-
ver, since the river stage is determined mainly by the hydropower plant operation, we do not observe significant
impact of precipitation events in the power spectrum. High power values at the weekly period are also present
in the whole analyzed segment of the Adige, even though it is stronger after the confluence with the Noce river.
Furthermore, the Adige stage time series display peaks in the power spectrum induced by the precipitation events
of December 2009 and May 2010, since the river stage is not only influenced by hydropower plant operation.
These signals are also observed in the Avisio River, where we do not detect the 7-days periodicity due to surface
water management operations.

5.2. Variability in the Simulated Groundwater Heads

To analyze the temporal variability of the groundwater table, we select six representative locations in the compu-
tational domain, indicated in Figure 1c. Four points are distributed in the domain to capture the behavior of the
aquifer close to the rivers (close to the Noce River, close to the Avisio River, close to the Adige River before
its confluence with the Noce and close to the Adige River after its confluence with the Noce), while two points
represent the aquifer not influenced by the rivers (between the Adige and the Noce rivers and between the Adige
and the Avisio rivers).

Figure 4 shows time series of the groundwater head at the six selected locations within the computational
domain for the two considered hydrological years of 2009/10 and for 2016/17. We can observe that close to
the Noce River (Figure 4a) the groundwater level displays rapid fluctuations of small amplitude throughout
the year. This result contrasts with the observations for the groundwater head simulated close to the Avisio
River, where the hydraulic head smoothly varies during the year, with higher water table in spring and
summer when groundwater recharge occurs (Figure 4b). Far from surface water bodies, that is, between the
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Figure 5. Normalized time-averaged spectrum of the groundwater estimated at six selected locations (see Figure 1c¢), namely (a) close to the Noce, (b) close to the
Avisio, (c) close to the Adige before the Noce, (d) close to the Adige after the Noce, (e) between the Adige and the Noce, and (f) between the Adige and the Avisio for
the hydrological years 2009/10 (blue solid line) and 2016/17 (red solid line). (a—d) also shows the normalized time-averaged spectrum for the river depth closest to the
observation points for the years 2009/10 (blue dashed line) and 2016/17 (red dashed line). In (a) river refers to the Noce, in (b) river refers to the Avisio, and in (¢ and d)

river refers to the Adige.

Adige and the Noce rivers (Figure 4e) and between the Adige and the Avisio rivers (Figure 4f) the aquifer
behaves similar to the point close to the Avisio River. Particularly interesting are the results obtained for the
Adige River where the surface water fluctuations in the riverhead of the Adige River before the confluence
with the Noce are not strong enough to clearly propagate into the aquifer (Figure 4c). However, the impact
of the Noce River on the Adige River is evident also in the aquifer and in fact after the confluence with
the Noce also the aquifer close to the Adige River is characterized by fluctuations caused by surface water
management (Figure 4d). Noteworthy is the reduced or even absent groundwater head increase in 2016/17
in the spring/summer period due to the lack of intense precipitation events as well as of snow melt occurred
in that season.

We calculate the normalized time-averaged wavelet power spectrum according to Equation 5 (Figure 5) in
order to analyze the overall behavior of each period integrated over time. For the groundwater observation
points close to a river, we include in the figure the time-averaged wavelet power spectrum for the respec-
tive river depth, that is, the Noce River (Figure 5a), the Avisio River (Figure 5b), and the Adige River
(Figures 5c—5d). In such locations, we see that the behavior of the time-averaged wavelet power spectrum is
similar between the river and the groundwater (Figures 5a—5d), in particular in case of the Noce and Adige
rivers. With respect to the different hydrological years, we can observe that in 2016/17 the period of 7 days
displays a sharp peak for the Noce and the Adige after the Noce observation points (Figures 5a and 5d), while
the Adige before the Noce, the Avisio and the points far from the influence of the rivers display a broad peak
at about 15 days (Figures 5b, 5c, Se—5f) which can be associated mainly to recharge processes due to precip-
itation or their overlap with the signal caused by surface water management. In the year 2009/10, the weekly
peak is less evident also for the Noce and the Adige after the confluence due to the more intense and frequent
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Figure 6. Continuous wavelet transform of the groundwater head time series at selected locations (see Figure 1c). Warmer color indicates times and periods of intense
power. The white shaded areas show the cone of influence. The dashed red line along the period of 7 days identifies the temporal scale focus of the present study.

precipitation events in that year, since they generate very high power values over several periods. To see how
the weekly signal changes over the time, we additionally show the weekly wavelet coherence between the
groundwater at the selected locations and the closest river in Figure S3 of the Supporting Information S1.
This analysis however provides only a partial representation of the complexity of the interaction between
surface water and groundwater in this system, since it does not allow us to investigate the non-stationarity
in the power spectrum.

Figure 6 presents the wavelet power spectrum of the groundwater heads at the four selected locations closer to
the rivers. The observation point close to the Noce River has the highest power at the period of 7 days for both
hydrological years (Figures 6a and 6b). In particular, during the autumn and winter months, signal persistence
in 2016/17 is higher than in 2009/10. Therefore, we can observe that the weekly wavelet signal is stronger in
the aquifer during low flow periods. The low flow periods can be caused by the typical lack of groundwater
recharge in the autumn and winter months, or due to a particularly dry winter, which - since the catchment is snow
dominated - leads to little snow accumulation and thus to a lack of spring recharge (as for the 2016/17 years).
This explains why the normalized time-averaged wavelet spectrum displays a sharper peak at a weekly period in
2016/17 than in 2009/10 (Figure 5a). The Avisio River does not display the 7-days periodicity neither in the river
(Figures 3c and 3d) nor in the groundwater (Figures 6¢ and 6d). Despite the weekly signal present in the Adige
River before its confluence with the Noce (Figures 3e and 3f), the groundwater near the river (Figures 6e and 6f)
does not show this periodicity. This is most likely due to the interplay between the forcing signal and the hydraulic
properties of the riverbed and the aquifer. Close to the Adige after the Noce, the continuous wavelet spectrum of
the groundwater (Figures 6g and 6h) behaves similar to the groundwater near the Noce. However, the values in
the power spectrum at the period of 7 days are smaller. This periodic signal has an anthropogenic nature and it is
caused by the impact of water management for hydropower production on the river stage. Overall, the analysis of
the continuous wavelet power spectrum and the normalized time-averaged wavelet power spectrum confirm the
distinct difference between wet and dry years.
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Figure 7. Map of the normalized time-averaged wavelet spectrum at a period of 7 days for the years 2009/10 and 2016/17.
Warmer color indicates areas of higher power spectrum intensity. The dashed black lines show the area above the 75th
percentile. Solid lines depict the rivers.

5.3. Maps of Wavelet Spectrum and Coherence Wavelet Between River Stage and Groundwater Heads

Figure 7 shows a map of the normalized time averaged wavelet spectrum value at the weekly period to extend the
results obtained for the six observation points in Figure 5 to the entire study area. Here, higher values indicate
that the 7-day averaged signal (understood as impact on the aquifer of the streamflow alteration due to hydro-
power plant operations) is more intense for that specific location in comparison to other cells in the domain. In
general, the power spectrum is lower in 2009/10 than in 2016/17, confirming that the impact of hydropeaking on
the aquifer is more severe in a dry year than usual. Furthermore, the zones above the 75th percentile of the power
spectrum intensity in each map are delimited with a dashed line to better identify the most influenced areas. In
both years, we can consistently observe high values (above the 75th percentile) of the wavelet power close to
the Noce River and close to the Adige after its confluence with the Noce. Notice that the results of the northern
boundary condition are likely affected by the piezometer used to define the constant head boundary condition and
therefore should be carefully interpreted (see Text S1 in the Supporting Information S1).

To quantify the area of the aquifer affected by surface water management, we calculate the time-averaged wave-
let coherence between the simulated groundwater level and the river stage in the closest river cell at the period
of 7 days as given in Equation 6. The resulting maps are shown in Figure 8, where we observe high coherence
between river stages and groundwater heads in both the hydrological years. High coherence values are distributed
over a larger area for the year 2009/10 compared to that of 2016/17. This is because precipitation events affect
both the river stage and the aquifer also in locations where there is no groundwater-surface water interaction.
However, in both years, the highest coherence values occupy the portion of the aquifer closer to the rivers affected
by hydropeaking.

The intensity of the signal and the extension of the impacted area depend on landscape attributes such as hydrau-
lic conductivity, saturated thickness of the aquifer and specific yield. However, a systematic analysis is difficult
to be performed in a real case study like the one considered in this study since the hydraulic conductivity field is
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Figure 8. Map of the time-averaged coherence wavelet spectrum at a period of 7 days for the years 2009/10 and 2016/17.
Warmer color indicates areas of higher coherence between the river stage and groundwater heads. Solid black lines depict the
rivers.

heterogeneous in all three spatial dimensions and this influences the wave propagation in a non-trivial way. More-
over, the presence of the ditches can dampen the propagation of the signal, in particular during the wet periods
when they can receive more water from the aquifer since the water exchange is proportional to the groundwater
head. However, as we can observe by comparing Figures 1c¢ and 8, high coherence values also appear beyond the
area occupied by the ditches. Furthermore, groundwater abstraction may also have a local effect on the analysis
although it is of minor importance. In fact, the pumping rate of the wells does not occur with a specific tempo-
ral frequency that could interfere with the river signal and the pumping rates only affect areas which are small
compared to the grid area of the model (80 X 80 m).

5.4. Exchange Fluxes Between Rivers and the Groundwater

Finally, we analyze the flux exchanged between the river reaches and the underlying groundwater cells. We
calculate with the Software Zonebudget (Harbaugh, 1990) and the Python-package FloPy (Bakker et al., 2016)
the water budget over the area surrounding the rivers (3 cells to the right and 3 to the left of each river cell corre-
sponding to 240 m in each direction) considering separately the Adige River before merging with the Noce, the
Adige River after merging with the Noce, the Noce River and the Avisio River. The Noce River mostly feeds
the aquifer without strong seasonal patterns, although the exchanged water volume is lower in the dryer year
(Figures 9a and 9b). The Avisio River is always feeding the aquifer, with clear peaks during the raining events of
2009 (Figures 9c and 9d). In Figure 9e, we observe that before the confluence with the Noce, the aquifer mainly
feeds the Adige River until end April for the year 2009/10; then, the river has intermittent time intervals, in which
it feeds the aquifer, in particular those associated with precipitation events. In the year 2016/17, the behavior of
water exchange for the same reach is similar, although peak of water going to the aquifer is lower (Figure 9f).
After the Adige merges with the Noce, the groundwater predominately feeds the river (Figures 9g and Sh), and
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Figure 9. Water budget along the Noce, the Avisio, the Adige before the Noce and the Adige after the Noce. Negative values (blue areas) mean that the aquifer is
feeding the river, positive values (yellow areas) mean that the river is feeding the aquifer.

while at intermittent time intervals, the water flux changes direction, the amount of water going from the river to
the aquifer is much lower than that before the confluence with the Noce.

To analyze the periodicity of the exchange fluxes, we estimate the normalized time-averaged power spectrum
of the difference between the water entering and leaving the system for each river (Figure 10). For the year
2009/10 we observe a clear peak around 4-days period along the Adige and the Noce Rivers. This peak is also
associated to water management operations (Perez Ciria et al., 2019) and is characteristic for high flow condition
during five working days and low flow conditions over the weekend. The 4-day peak also appears in the year
2016/17; however, that year displays an additional and dominating peak around the weekly period. This shows
that although the volume of exchanged water does not significantly change in dry and wet years (Figure 9), the
temporal dynamics of these exchanges is affected and may therefore impact solute and thermal transport.

6. Discussion
6.1. Wavelet Analysis for Understanding Highly Managed River Systems

The specific study area of this study includes four river reaches differently influenced by hydropower plant oper-
ations. As shown in Figure 3, despite the similar hydrometeorological and climatic conditions, the composition of
the river signal shows a strong difference, highlighting the dominant impact of water management on streamflow.
Furthermore, thanks to the peculiarity of the investigated region, we are able to analyze the aquifer's response in
two different years (2009/10 and 2016/17) with different hydrological and surface water management conditions.
When we apply continuous and coherence wavelet analysis to study groundwater-surface water interactions, we
observe a stronger impact of the river weekly signal on the aquifer during dry periods than during wet periods.
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Figure 10. Normalized time-averaged power spectrum of the water budget along Adige, the Avisio, and the Noce.

Our findings are in line with the outcomes of Song et al. (2018) for the Columbia River and its underlying
aquifer, as well as Li and Pasternack (2021), who analyzed several rivers in the state of California, most of them
originating in Sierra Nevada and with a summer base flow controlled by snowmelt. Both authors pointed out that
drought conditions can lead to stronger impacts from hydropeaking. However, while Song et al. (2018) focused
on the hyporheic exchange, Li and Pasternack (2021) analyzed the river regimes. They concluded that the annual
frequency of hydropeaking was higher in the dry season and in dry years compared to the wet season and wet
years because of changes in the operation of hydropower plants (i.e., hydropower facilities generate electricity
constantly since there is sufficient water). In our study, we observe that changes in the groundwater level fluctu-
ations observed during the drier year 2016/17 respond to both the aquifer recharge (depending on meteorological
conditions and soil properties) and to the surface water fluctuations, in particular in areas closer to the rivers.
Since the surface water fluctuations com from river stage measurements, they already account for both precipita-
tion events and, if it is the case, for changes in the operation of hydropower plants.

The continuous wavelet analysis (Figure 3) and the normalized time-averaged wavelet power spectrum analysis
(Figure 5) show no significant signal at the 7-days periodicity in the aquifer close to the Avisio River, which is
not affected by dam operations. In contrast, the signal isclearly visible in rivers affected by dam operations, such
as the Noce River, and is more evident in low flow conditions, such as winter months or dry years. The ground-
water close to these rivers shows a similar behavior (Figures 6a, 6b, 6g, and 6h), indicating how the management
of hydropower plants, especially in dry years, can affect the aquifer. The continuous wavelet analysis does not
display any strong weekly signal at the observation point close to the Adige before the Noce (Figures 6e and 6f),
even though the signal is present in the river stage fluctuations of the Adige in its proximity (Figures 3e and 3f).
Two factors may explain this behavior: first, the signal in the river is weaker than the one observed after the
confluence with the Noce River or in the Noce itself. Second, the porous material of the aquifer acts as a filter
for the propagation of the fluctuations For instance, in a heterogeneous aquifer the signal of a fluctuating river
dampens closer to the river in areas of low hydraulic conductivity (Merchan-Rivera, Basilio Hazas et al., 2022),
as occurs in the aquifer area corresponding to the upstream reach of the Adige River. Moreover, other factors
such as the specific yield and aquifer thickness also play a role in the propagation of the signal into the aquifer
(Sawyer et al., 2009).
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Finally, we would like to highlight the importance of weekly fluctuations to study the aquifer at the regional
scale. As mentioned in Section 3, the operation of hydropower plants in the Adige catchment also happens at the
subdaily scale, with important implications to the ecological and physical-chemical characteristics of the rivers
(Bruno et al., 2013; Zolezzi et al., 2011), and eventually to the transport of contaminants in the underlying aquifer
(Basilio Hazas & Chiogna, 2022). However, higher frequencies have a shorter propagation distance in the aqui-
fer (Merchan-Rivera, Basilio Hazas et al., 2022; Rizzo et al., 2020; Sawyer et al., 2009) and therefore would have
less impact at the scale considered in this work.

6.2. Effect of Hydrological Conditions on Weekly Aquifer Fluctuations

In both years, the aquifer shows stronger 7-day fluctuations close to the Noce River and the Adige River after
the confluence with the Noce River (Figure 7). However, the difference in intensity between wet and dry years
evidences the hydrological control on the propagation of streamflow alterations in the aquifer system. The
time-averaged wavelet coherence on the period of 7-day displayed in Figure 8 is generally higher and distributed
on a smaller range for the year 2009/10, when the aquifer is more influenced by the precipitation. The fact that
the values in areas far from the rivers or in the Avisio have similar values to the areas close to the Noce and
to the Adige after the confluence with the Noce, shows that specific conditions of a hydrological year, such
as snow melting or precipitation, can have a larger influence in a wet year over the entire aquifer, blurring the
effect of fluctuations due to dam operations. As precipitation and temperature seasonality have the most impact
on aquifer recharge (Moeck et al., 2020), in the studied area, precipitation events affect both river discharge and
aquifer recharge, and lead to a coherent signal between river stage fluctuations and the groundwater hydraulic
head even for aquifer regions not influenced by surface water - groundwater interaction. However, it appears
that the extension of the total area displaying coherence values larger than 0.8 is very similar between the two
contrasting hydrological situations (around 8 Km? in 2009/10, 7 Km? in 2016/17). Therefore, while hydrological
conditions (wet/dry year) control the intensity (i.e., power) of the period of 7 days, the extension of the aquifer
affected by surface water management does not seem to be very sensitive to the same hydrological drivers. These
observations indicate that the portion of the aquifer influenced by the river fluctuations is strongly related to their
periodicity and the aquifer characteristics itself, which is in accordance with the analytical solution for the head
response presented in Sawyer et al. (2009) and Singh (2004).

6.3. Impact of Surface Water Management on Surface Water-Groundwater Exchange Fluxes

The management of the hydropower plants also influences the frequencies of the interactions between river and
aquifer, as it is shown in Figure 10 with the normalized time-averaged wavelet power spectrum of the water
budget along the four different reaches. Strong peaks at the 7-day frequency are visible along the Noce River
and along the Adige River for the period 2016/17 (Figures 10a, 10c—10d), suggesting that dry years may trigger
changes in the frequency of the water exchange. In fact, the exchange between surface water and groundwater is
controlled by the hydraulic gradient between the two water bodies. Therefore, if the groundwater level is below
the average value during dry years, the fluctuations of the surface water bodies have a stronger effect since the
minimum head in the river is prescribed by law through the ecological flow (European Commission, 2016),
which often depends on habitat suitability index for different species and on economic activities (e.g., Carolli
et al., 2017). As the changes are observed in rivers differently affected by hydropower management, these find-
ings highlight the relevance to the weekly period associated with streamflow alteration.

Altered streamflow conditions can either decrease or increase the residence times of the water and solute in the
subsurface (Gomez-Velez et al., 2017; Merchan-Rivera et al., 2021; Singh et al., 2019). This is primarily depend-
ent on the specific characteristics of the shape and intensity of the alterations and on geomorphological condi-
tions. Our results further highlight that the seasonal meteorological conditions in a specific hydrological year
affect not only surface water management but also surface water-groundwater interaction. Drought conditions
induce stronger signal at the periodicity of 7 days, indicating a potential change in the transport of energy, solutes
and even contaminants into the aquifer. This change may have implication for the transport of DOC and therefore
affect biochemical reactions such as denitrification (Hinton et al., 1997; Inamdar et al., 2004). Apart from bioge-
ochemical implications, surface water management also affects the river-aquifer systems from a thermodynamics
point of view as fluctuations in the river stage alter the thermal spatial and temporal patterns in the subsurface
(e.g., Song et al., 2018). This effect can be even stronger considering that rivers affected by hydropeaking are also
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affected by sudden fluctuations in temperature (Choi & Choi, 2018; Zolezzi et al., 2011). The unregulated dam
operations can be thus detrimental to the ecological health status of the river-aquifer systems. Water regulatory
agencies should plan the monitoring of dam operations taking precipitation events and groundwater response into
account. This would help to better manage the overall ecosystem functioning. In addition, special attention should
be placed when contaminated sites are near regulated rivers, as surface water fluctuations can affect the trans-
port of contaminants and mixing in the subsurface, either along the river corridors (Rizzo et al., 2020; Zachara
et al., 2016) or in the underlying aquifer (Ziliotto et al., 2021).

7. Conclusions

In this study, we have presented a new methodology to assess the impact of surface water management on aquifers
based on continuous wavelet and wavelet coherence analysis. The method takes advantage of a 7-days periodicity
present in the stage of rivers impacted by hydropower production and tracks the propagation of the signal into the
aquifer. The implementation of wavelet maps opens the application of the methodology for the spatio-temporal
analysis of surface water - groundwater interactions and allows us to clearly delineate also in complex heteroge-
neous aquifers the area affected by surface water management.

Moreover, the proposed wavelet analysis shows that the 7-days periodic fluctuations in river stage have a stronger
impact on the aquifer during low flow conditions, such as in winter or in dry years than in wet periods. This
variability also modifies the frequency of the water exchange between river and aquifer. The consequent changes
in the groundwater - surface water interactions can have chemical and biochemical implications and can cause
physical variations in the transport and residence times of solutes, including contaminants.

Our study area is representative of several similar catchments in the Alpine aquifers and it allows us to test the
methodology considering rivers differently affected by surface water management under similar hydrogeolog-
ical and meteorological conditions. As a next step, it will be important to include also the typical uncertainty
affecting the hydraulic conductivity field and how it propagates on the generated maps, as recently proposed by
Merchan-Rivera, Geist, et al. (2022) in the case of groundwater flooding. Moreover, one might investigate the
sensitivity of these maps considering the variability in the riverbed hydraulic conductivity and other uncertain
model parameters (e.g., uncertain recharge rates, propagation of the errors in the computed river head from the
hydraulic model) or the impact of the interacting 7-day fluctuations at the confluence between two rivers strongly
affected by dam operations. Another possibility would be to consider longer time series to investigate the impact
of reservoir management on flood events and the change of water management policies.

Overall, this manuscript shows that the effects of surface water management can significantly affect aquifers, with
consequences for the water, solute and energy fluxes between surface and subsurface water. In this sense, water
regulatory agencies should monitor aquifers affected by surface water management considering this increased
dynamic behavior in comparison to aquifers that display a lower temporal variability. In our view, this would
provide fundamental information useful to improve the management of the ecosystem's functioning.

Data Availability Statement

Data sets for this research are available in this in-text data citation reference: Basilio Hazas et al. (2022). “Drought
Conditions Enhance Groundwater Table Fluctuations caused by Hydropower Plant Management”, Mendeley
Data, V1, https://doi.org/10.17632/97jchhz4s8.2.
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