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Not just the quantities but also the transit times are of crucial importance for understanding the transfer of water
through a catchment. This information is essential, for example, for determining the risk of the transfer of
contaminants from diffuse, agricultural sources toward surface water bodies. We created a hydrological age-
tracking reservoir model of a meso-scale Mediterranean catchment that is prone to flash floods. We imple-
mented StorAge Selection (SAS) functions that adapt to the catchment’s wetness condition in order to represent
changing flow processes. The goal is to evaluate the evolution of transit time distributions (TTDs) through the
catchment (1 h time step, 1 h resolution), providing an example for a rural catchment under a Mediterranean
climate. The focus is on flood events, and the results are interpreted with regard to the risk of contaminant
transfer from diffuse sources. The dependence of water age preferences on catchment wetness is examined. We
propose and test a multi-tracer approach to parametrize SAS functions on multiple reservoirs.

The model was calibrated and validated against the streamflow discharge (Q), deuterium isotope signature
(62H) and dissolved silica concentration ([Si]) at the outlet. While 62H acted as a direct tracer of rain-water, [Si]
was used as a tracer of the contact time with the soil and rock minerals. The model revealed high event water
fractions during flood events (with up to 63 % of water younger than one day) and a dominance of water older
than one year most of the remaining time. This suggests an elevated risk of the transfer of agricultural con-
taminants toward streams during flood events. The results also indicate an inverse storage effect (ISE), with
young water preferences increasing under wet conditions.
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1. Introduction

In classical hydrological modeling, e.g., for flood and drought fore-
casting, the variable of interest is the discharge of water leaving the
catchment via streamflow at the outlet. These classical models are
calibrated based on water quantities only (e.g., the streamflow
discharge, ground-water level and/or soil moisture). In the real world,
the streamflow discharge is often controlled by celerity (pressure wave
propagation) instead of mass transfer (Hrachowitz et al., 2016). This
means that an increased streamflow caused by a rain event does not
necessarily consist of water from this rain event but may consist of older
water pushed into the stream by the arriving new water. A classical
hydrological model may very well reproduce time series of the stream-
flow discharge from observed precipitation without providing any in-
formation on the history of the water that this streamflow consists of.
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In order to understand the transfer of water and matter through a
catchment, it is not sufficient to reproduce the correct streamflow
discharge at the catchment’s outlet. The temporal component of the
transfer of water (the transit time) can be of crucial importance. This is
particularly true with regard to the risk of contaminant transfer from
soils toward streams. During slow transfer, many of these compounds
may be adsorbed to soil surfaces and/or degraded, while transfer via
rapid flow processes (preferential flow, overland flow and flow through
macropores) may represent an elevated risk of transfer of these com-
pounds into surface water bodies (Jarvis, 2007; Singh and Stenger,
2018).

The transit time of water cannot be measured directly. However, at
smaller scales (up to the hillslope scale), experimental methods to esti-
mate transit time distributions (TTDs) and age preferences exist, e.g., the
PERTH method (Kim et al., 2022; Harman and Kim, 2014). These
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methods rely on the controlled input of water and tracers and are
therefore difficult/impossible to apply at the catchment scale. At this
scale, hydrological modeling is the tool that allows one to obtain insights
on water transit times.

1.1. Age tracking in hydrological models

Transit time modeling has become an important discipline in hy-
drological modeling in the recent past due to the increasing computa-
tional power and accessibility of analytical methods, particularly low-
cost optical methods for stable isotope ratios. Observations of environ-
mental tracers allow one to extract the mass transfer of water from
precipitation-discharge relationships and disentangle it from celerity
(Sprenger et al., 2019). Different tracers have been used to track the age
of water.

The transit times of water can be defined in the form of TTDs, which
represent the portion of water experiencing each transit time. The TTD
can be expressed in a forward or backward way; these distributions
would be equal in a steady-state system but differ significantly in a
catchment with unsteady fluxes (Rinaldo et al., 2015). The forward
notation represents the distribution of time that the water from one rain
event would stay in the catchment until leaving it. The backward no-
tation represents the distribution of time that a volume of water leaving
the catchment at one particular moment took to transit it. Both the
forward and backward notations can be of interest (Botter et al., 2011;
Benettin et al., 2015b). The forward notation is of interest when inves-
tigating the fate of water and/or contaminants injected into the system
at a certain time, while the backward TTD characterizes the water in the
stream and corresponds to “analyzing” the history of a water sample
taken in the stream at a certain moment.

Regarding contaminants, science is often particularly concerned
with their presence in surface water bodies (Singh and Stenger, 2018;
Obimakinde et al., 2017; Charuaud et al., 2019; Ojoghoro et al., 2021). A
high risk of the transfer of contaminants of agricultural origin (e.g.,
pesticides, veterinary pharmaceuticals, nutrients) from the soil surface
into surface water bodies is expected during periods with a high per-
centage of very young water in the stream (Jarvis, 2007; Singh and
Stenger, 2018). In the following, the backward notation of the TTD is
used, since it enables one to identify the periods with a predominance of
very young water in the stream. The backward TTD of the streamflow
leaving a catchment corresponds to the water’s age distribution in this
flow Q, where Q(T,t) is the absolute age distribution in units of water
QT
Q(t)
density function (pdf). Both represent distributions over age T at a time
t. T equals zero at the time when a volume of water enters the system in
the form of effective precipitation (excluding interception) and then
increases with time. The cumulative distribution function (cdf) is
denoted by Pqo(T,t) = [12,Po(T,0).

This water age distribution exists for any flux of water leaving a
reservoir or catchment. Inside a reservoir S, the water age distribution is
denoted by S(T,t), ps(T,t) or Ps(T,t) (absolute, pdf or cdf respectively).
The catchment’s overall water age distribution corresponds to the resi-
dence time distribution (RTD) of water in the catchment.

Early approaches to tracking transit times through hydrological
catchments include the steady-state TTD, which assumes a time-
invariant mathematical shape (e.g., exponential or gamma distribu-
tion) for the TTD (McGuire and McDonnell, 2006; Matoszewski and
Zuber, 1982; Kirchner et al., 2000, 2001).

The parameters of this distribution were calibrated against observed
tracer time series in the system outflow. Different modifications have
been made to these TTDs in order to account for non-steady-state con-
ditions, e.g., by presenting the TTD as a function of the cumulative flow
volume instead of time (Niemi, 1977; Rodhe et al., 1996), assuming
time-invariant flow-paths but allowing time-variant flow.

An elegant way to avoid having to adapt rigid TTDs to time-variant

height or volume per time and pq(T,t) = is its unitless probability
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conditions is to define the age selectivity of a catchment or reservoir
instead of the TTD. This approach is today well-known as the use of
StorAge Selection (SAS) functions (Hrachowitz et al., 2016; Rinaldo
et al., 2015; Sprenger et al., 2019). SAS functions define the relation
between the water age distributions in a reservoir and in a flux leaving
the reservoir in a spatially integrated manner. They can be described as
the equivalent of the advection-dispersion equation along the dimen-
sion of age, integrated over space (Fiori and Russo, 2008; Ginn et al.,
2009; Rinaldo et al., 2015). They were initially defined by Botter et al.
(2011), who called them mixing functions (Eq. (1)):
pQ(T7 t)

wq(T,t) = s(T.0) 1)

The SAS functions define the preference of a flux for water of
different ages from a reservoir instead of the proportions of water of
each age in the flux. Thereby, they adapt to variable age distributions in
the reservoir (if very little young water is present, very little can be
taken, even if the flux has a high preference for young water). Water
fluxes coming out of different reservoirs have different probabilities to
take older versus younger water. This can be due to the location of the
water in the reservoir (e.g., on a vertical axis, along a hillslope, in
smaller versus larger pores of the soil, closer or further from plant roots,
etc.).

While for any flux, a real SAS function exists, in hydrological
modeling, mathematical functions that can be parameterized to repro-
duce tracer observations are used to approximate them. SAS functions
are well adapted for implementation in conceptual models, as they
represent the spatial heterogeneity of the hydrologic features of the
critical zone by integrating their functionality without the need to
explicitly specify them (Botter et al., 2011).

A more physically and spatially explicit way of tracking water age is
to track water particles throughout spatially distributed hydrologic
models (Davies et al., 2013; Maxwell et al., 2016; Danesh-Yazdi et al.,
2018; Remondi et al., 2018; Yang et al., 2018; Weill et al., 2019). These
models are more demanding in terms of computational power and need
detailed spatial data concerning the structure and composition of the
critical zone, but in return they can provide spatially distributed insights
into water transfer dynamics.

Kim et al. (2022) experimentally determined the SAS function on
artificial hillslopes using repeated simulated precipitation events with
different tracers. They found a general old water preference, which is
increased under wet conditions. Similar results were presented by Meira
Neto et al. (2022) based on bench-scale experiments. This is contrary to
catchment-scale modeling studies that mostly find young water prefer-
ences (Benettin et al., 2017; Berghuijs and Allen, 2019). In addition,
catchment-scale studies tend to find an increased preference for young
water under wetter conditions (Benettin et al., 2017; Harman, 2015;
Rodriguez et al., 2018). The difference in the young versus old water
preferences of those systems may be explained by heterogeneity and
scale among other factors: The high homogeneity of the artificial,
smaller-scale systems lead to more homogeneous, advective transport,
while a heterogeneous, natural system has more preferential flow paths,
leading to younger water bypassing the slow compartments (soil matrix)
and directly leaving the system. Furthermore, at a larger scale, different
factors and flow processes become relevant (flow concentration in the
drainage network, flat vs. steep slopes, diversity of surfaces) that again
lead to more heterogeneity between the slow soil and ground-water
reservoirs on the one hand and the rapid stream, preferential subsur-
face and overland flow (OF) on the other hand (Berghuijs and Allen,
2019; Bloschl, 2001). Regarding the effect of wetness on the age pref-
erence, in a homogeneous artificial system with relatively constant flow
paths under controlled conditions, the highest wetness occurs during
irrigation when a large quantity of young water is stored and infiltrated
vertically, while mainly older water is pushed out, corresponding to a
preference for old water. Under drier conditions (meaning after a period
without irrigation), water from the last event has advanced downslope
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and is contributing to the outflow, corresponding to a less pronounced
old water preference (Kim et al., 2022). In a natural, heterogeneous
catchment, preferential flow paths (OF, macropore flow) are activated
during precipitation events or under wet conditions, leading to a
younger water preference under these conditions (Harman, 2015).
These differences show that observations on a reduced scale cannot be
applied directly to the catchment scale. Therefore, in order to under-
stand water transfer at the catchment scale, tracer-based hydrological
models remain the preferable tool.

The increased young water preference under wet conditions is
known as the inverse storage effect (ISE) (Harman, 2015; Rodriguez
et al., 2018). The ISE can be explained by the activation of more pref-
erential flow paths under wetter conditions, leading to a stronger young
water preference through the bypassing of the slower components of the
reservoir (Harman, 2015). The ISE has been confirmed by studies under
temperate oceanic climates (Benettin et al., 2015a; Harman, 2015;
Benettin et al., 2017). Transit times (mean and TTD) are studied more
often than age preferences. A decrease in the transit time under wetter
conditions has been observed in many studies (Botter et al., 2010; Gal-
lart et al., 2020; Heidbiichel et al., 2012; Hrachowitz et al., 2013; Hra-
chowitz et al., 2015a; Klaus et al., 2015; Rinaldo et al., 2011; Segura
et al.,, 2012; Soulsby et al., 2015; van der Velde et al., 2015). This
decrease in the transit time is, however, not sufficient to confirm the ISE,
as under wet conditions the water in storage is also younger.

In order to represent storage-dependent age preferences at the
catchment scale, different approaches exist. Conceptual models with
multiple reservoirs with varying contributions to the streamflow can
produce varying age preferences at the catchment scale. This is the case
even for reservoirs with a fixed age preference (Rodriguez et al., 2021)
or with no age preference (complete mixing hypothesis; Rodriguez et al.,
2018). SAS functions can also be made time-variant as a function of the
current wetness conditions. Harman (2015) use wetness-adaptive SAS
functions by making the SAS function’s scale parameter dependent on
the difference in storage compared to its mean, multiplied by a cali-
brated linear factor.

Transit time tracing studies often focus on longer periods that range
from months to years. Remondi et al. (2019) compare modeled transit
times in synthetic catchments under different climates and with
different topographies. They show that under a wet climate, the transit
time is generally linked to discharge through topographic characteris-
tics. Under a dry climate, the transit time is much more variable and
cannot be directly linked to the topography. They conclude that under
dry conditions (semi-arid and Mediterranean climate), the variable
climate determines the TTD more strongly than the topography.

The Mediterranean climate is characterized by extended dry periods
and intense precipitation events, generating a very dynamic hydrology
with intermittent streams, OF and flash floods (Nuissier et al., 2008;
Delrieu et al., 2005). Gallart et al. (2020) investigated transit time dis-
tributions in a Mediterranean catchment in the south eastern Pre-
Pyrenees (Spain) using the ratio of the amplitude of isotope signatures
in the stream and precipitation. They found increasing young water
fractions with an increased discharge of up to 100 % of the water being
less than 2-3 months old during the strongest flood events. Rodriguez
et al. (2018) studied the relationship between catchment storage and the
TTD in a forested headwater catchment in Oregon (USA) under a Med-
iterranean climate. They used a conceptual model with multiple reser-
voirs, and within each reservoir, they applied the complete mixing
hypothesis (no age preference). They calibrated the model using
observed 6'80 values and calculated the overall SAS function under
different conditions a posteriori. They obtained an old water preference
under dry conditions and a young water preference under wet condi-
tions, confirming the ISE. They conclude that under a Mediterranean
climate it is important to consider wetness-dependent variable flow
paths, which lead to variable transit times.
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1.2. Knowledge gap and goal of this study

To the authors’ knowledge, little transit time tracing has been done
under a Mediterranean climate at a high temporal resolution, and none
has been done in rural catchments with agricultural land use. The goal of
this study is to investigate the TTD of the Claduegne catchment (see
subsection 2.1) under a Mediterranean climate and its evolution over the
seasons and in particular throughout flood events at a high temporal
resolution. The catchment is prone to flash floods and has a time of
concentration of four to five hours (Hachgenei, 2018). This study also
aims to validate whether the ISE can be observed in this agricultural
catchment under a Mediterranean climate, as was found by Rodriguez
et al. (2018) for a forested catchment under a Mediterranean climate.
The SAS functions are mostly assumed to be constant (e.g. Benettin et al.,
2017; Zhang et al., 2021); however, flow processes are known to differ
with variable wetness conditions (Harman, 2015). These variations in
flow processes are expected to affect the flow’s age preference. There-
fore, we created an age tracking model of the Claduegne catchment
based on SAS functions that adapt to the wetness conditions. We eval-
uate if these adaptive SAS functions improve the model fit without
additional degrees of freedom (same number of parameters). The
catchment’s rapid dynamics require a small model time step (1 h) and a
high tracer sampling frequency during flood events (up to 2 h™1). The
study is part of an investigation of the risk of the transfer of contami-
nants from diffuse agricultural sources toward streams under Mediter-
ranean conditions. The resulting TTDs will therefore be interpreted with
regard to their implications for the risk of contaminant transfer. As
explained above, a rapid transfer of event water into streams induces an
elevated risk of contaminant transfer to the streams. Therefore, the focus
is on event water reaching the streams; in particular, the focus is on
water aged less than one day (new water fraction [nwf]) and also water
aged less than 30 days (young water fraction [ywf]). Risk periods are
identified by investigating the evolution of the nwf and ywf over time.
An emphasis is placed on the representation of flood events, which ac-
count for a large portion of the annual streamflow volume in this
environment. Equifinality is a concern, especially in conceptual
modeling, where different parameter sets can represent observed
(discharge and tracer) data equally well. In order to evaluate the
robustness of the modeled TTDs with regard to this equifinality, we
compare the age results of a selection of contrasted parameter sets that
produce a good fit.

2. Methods and data
2.1. Study site

The Claduegne catchment (42 km2) is situated in the French Ardeche
department (44.562202°N, 4.478961°E, Fig. 1). It is part of the
Cévennes-Vivarais Mediterranean Hydrometeorological Observatory (OHM-
CV) and presented in detail in Nord et al. (2017). It also belongs to the
Observatoires de la Zone Critique: Applications et Recherche (OZCAR)
research infrastructure (Gaillardet et al., 2018). It is situated on two
contrasting geologies, with the northern upstream part on the Coiron
basaltic plateau and the southern downstream part on sedimentary
marly-limestone bedrock (50 % of the total catchment area each). These
two parts contraste with regard to precipitation amounts and intensities,
potential evapotranspiration and soil types and altitude. The catch-
ment’s altitude ranges from 205 to 831 m.a.s.l. The principal types of
land cover are pastures for livestock, cultivated soils (vineyards and
cereals), small forests, shrubland and villages. Population densities are
low (from 8.5 hab km~2 on the Coiron plateau to 117.9 hab km~2 in
Villeneuve de Berg, the largest village in the catchment; calculated from
INSEE (2017)). The catchment’s median slope is 14.3 %.

The catchment is exposed to a Mediterranean climate and prone to
flash floods. The Mediterranean climate is characterized by a dry sum-
mer, followed by frequent intense precipitation events in autumn and
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Berzeme-RAD
(45

Fig. 1. Map of the Claduegne catchment: a) elevation, b) geology and measuring stations.

occasionally in spring (Nuissier et al., 2008; Boudevillain et al., 2011,
2016). Snow rarely occurs. Precipitation events of more than 200 mm in
24 h have a return period of 5-10 years in the Claduegne catchment
(Beuerle, 2021). Fig. 2a shows the monthly distribution of discharge
values at the outlet of the Claduégne catchment. The monthly average
values vary by almost two orders of magnitude, and the observed
discharge varies from 101s~* during dry summers to more than 100 m®/
s during strong flood events. The year can be divided into two seasons: a
humid season (above average discharge) from October to May and a dry
season (below average discharge) from June to September. Fig. 2b
shows the cumulative distribution of the streamflow discharge as time
and volume fractions. It shows that strong flood events account for a
large fraction of the streamflow volume while only taking a small frac-
tion of time. One third of the streamflow volume leaves the catchment in
1.4 % of the time.

2.2. Data

The dataset used as the model input consists of an hourly timeseries
of the following variables: 1) Pggr and Pyyr are the observed hourly
precipitation (aggregated from 6-minute observation time step) at the
Berzeme-RAD and Mirabel-SA meteorological stations (Météo France),
respectively (Fig. 1b). They are used in the model as the precipitation on
the Coiron plateau and the sedimentary part of the catchment, respec-
tively. 2) E,per and Epyir are the potential evapotranspiration of the two
parts of the catchment corresponding to each geological entity. For the
period from August 2017 to July 2020, they are calculated from hourly
reanalysis data (radiation, air temperature, humidity and wind speed)
from the Systeme d’Analyse des Renseignements Adaptés a la Nivologie
(SAFRAN) model (Vidal et al., 2010) using the formula from Allen et al.
(1998). The SAFRAN grid cells (8-8 km?) are shown in Fig. 1b, and the
values for each geological entity are calculated by weighting the values

R — time fraction
. —— wvolume fraction
104
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c
101 =
e [®)
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mE g
= 100 “ B
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=
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Fig. 2. A) monthly distribution of discharge values at the Claduegne outlet. b) cumulative distribution of streamflow discharge at the Claduegne outlet as time and

volume fractions.
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of each grid cell by the proportion of the entity’s area covered by the
respective grid cell. For the remaining period (beginning of 2017 and
end of 2020), daily data interpolated to the two Météo France stations
(Berzeme and Mirabel) are used (calculations done by Météo France),
because SAFRAN reanalysis data were not available. 3) §2Hp is the
precipitation deuterium isotopic ratio in terms of the relative deviation
from Vienna Standard Mean Ocean Water (VSMOW). This was obtained
from continuous precipitation samples of 5 mm of precipitation each
taken using a Teledyne ISCO 3700 automated sampler connected to a rain
gauge (Fig. 1b) and controlled by a Campbell CR800 datalogger, aver-
aged to hourly values. If no precipitation occurred for 3 h and the cur-
rent sample contained at least 2 mm, a new sample was started.
Precipitation sampling started in October 2019. For the period before
October 2019 (used as spin-up), monthly averages from the observation
period are used. 52Hp of periods without samples (e.g. due to a filled
sampler) were set to the next valid sample’s value.

The model calibration and validation data consist of time series of
the following three parameters at the outlet of the Claduégne catchment:
1) Qups, which is the observed streamflow discharge (water level from
radar and rating curve), measured at a 10-minute resolution and aver-
aged to an hourly resolution (OHMCV, 2011); 2) 6?°Hs; and 3) [Sis],
which represents the observed stream deuterium isotopic ratio [%o] and
dissolved silica concentration (expressed in mg Si per L) from samples
taken at variable frequency. Stream water sampling started in June
2019. Over several two-week periods covering all seasons, a sample was
taken every 12 h using an ISCO 1680 automated sampler. In addition,
during flood periods (defined by seasonally adapted thresholds for the
water level and turbidity), samples were taken every 30 min by a Tele-
dyne ISCO 3700 automated sampler. Only hours containing a sample are
assigned a value; hours containing two samples are assigned the average
value.

Before analysis, all samples were filtered at 0.45 pm using Sartorius
Minisart NML cellulose acetate filters and stored at 4 °C. The §*H-anal-
ysis was performed by using a Picarro L2140-i isotopic water analyzer
and applying an asymptotic correction of the memory effect, as
described in Hachgenei et al. (2022). [Si] was analyzed using inductively
coupled plasma — optical emission spectrometry (ICP-OES; Varian 720-
ES).

2.3. The model

We developed and used a continuous, semi-distributed hydrological
model that tracks water throughout the Claduegne catchment from the
moment it enters the system as rainfall until it leaves the catchment
through the outlet at a time step of 1 h (Hachgenei et al., 2023). The time
step of 1 h was chosen as a good compromise in order to limit the use of
numerical resources (calculation time and size of age tracking results) on
the one hand and maintain a good representation of the dynamics of
rapid flood events on the other hand. The basic model structure is
similar to that of the model used by Fovet et al. (2014); Hrachowitz et al.
(2014); Hrachowitz et al. (2015). The unique identifier of each volume
of water is its age, i.e., the time that has passed since the moment it
entered the catchment in the form of effective precipitation onto the soil
surface. The model is semi-distributed, as it integrates hydrological
processes spatially over each of the two geological entities of the Cla-
duegne catchment: the Coiron plateau on a basaltic geology (upstream)
and the lower part on a sedimentary geology (marl and limestone).
Within each geological entity, there are two non-linear reservoirs and a
small interception reservoir. The two entities are subjected to different
precipitation and potential evapotranspiration, but the same hydrolog-
ical parameters are applied to the corresponding reservoirs in both ge-
ologies in order to limit the number of calibrated parameters. Only the
silica dissolution rate constants (see subsection 2.3.3) are parametrized
individually due to the difference in the geology. Water fluxes between
and out of the reservoirs are calculated as a function of the amount of
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water in the reservoir. The reservoirs represent different parts of the
critical zone, from the canopy to groundwater. Their functioning with
regard to water transfer is conceptualized in a spatially integrated way,
but they do not possess clearly defined spatial boundaries. Each reser-
voir has at least one flux entering it and one flux leaving it. In both the
reservoirs and the fluxes, the age of each volume of water is tracked.
Each flux can have a preference for younger or older water, which is
implemented via SAS functions. The observed discharge Q at the
catchment’s outlet, as well as tracer concentrations (§*H and [Si]), are
used to calibrate the model and evaluate its performance. Once the
model performs well in reproducing Q and the tracer dynamics, the age
distributions of the streamflow at any time during the simulated period
can be obtained at a 1 h resolution. The model is split into two versions:
(1) The first is a tracer model that only calculates current-state age in-
formation and therefore runs rapidly. The tracer model is run many
times for calibration. (2) The second is an age tracking model that stores
and outputs the water age information of all reservoirs and fluxes at any
time. This version takes much longer to run and is only run once with the
parameter set obtained from calibration. In the following, the general
model structure and its functioning with regard to the age of water are
explained; then, the particularities of the tracer model and the age
tracking model are described in detail.

2.3.1. Model structure
Each of the two geological entities of the catchment contains the
following three reservoirs (Fig. 3):

1. The interception reservoir S;: S; has a limited capacity I, and re-
ceives all precipitation until it is full. All further precipitation
(effective precipitation P,) goes directly into the unsaturated reser-
voir S,,. Water from S; never reaches the soil. The only flux leaving S;
is the evaporation E;.

2. The unsaturated reservoir S,: S, represents the unsaturated zone and
includes the soil matrix, as well as rapid flow paths such as OF and
subsurface storm flow through macropores. S, receives P,. There are
three fluxes leaving S,: the actual evapotranspiration E,, preferential
streamflow Q,, which directly contributes to the total streamflow
Quot, and groundwater recharge Q,;, which feeds into the saturated
reservoir S;.

3. The saturated reservoir S;: S; represents the catchment’s ground
water reservoir. It receives Qs and produces the groundwater flow
Qs, which contributes to the total streamflow Q.

In the following, the above symbols will be used to describe both the
name of a reservoir and the volume of water it contains. Volumes of
water are treated as water heights in the model, being normalized by the
geological entity’s area while the water is in one of the reservoirs and by
the catchment’s total area once the water leaves the catchment.

The fluxes out of the reservoirs are calculated as follows: For
evapotranspiration, a simple assumption is made. As long as there is
sufficient water in S;, E; accounts for 50 % of E,. If S; contains less than
50 % of E,-ts, E; equals S;/ts. The remainder ((E, —E,)-ts) can be taken
from S, if sufficient water is available. ts is the model time step (1 h). If
the amount of available water is less than the water stress threshold W,
E, is limited by the water availability according to Eq. (2):

Ep - Ei lfSu 2 Ws
E, = S (2)
E, —E)-—> otherwi
(B, —E) W, Otherwise

The remaining fluxes, Q,, Q4 and Qs, are calculated using an
empirical formula that depends on three calibrated parameters (Eq. (3)):
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Fig. 3. Model reservoir structure. Water heights are respective to the geological entity’s area and converted to the total catchment area once the water leaves

the catchment.

o s((K~ts+K~t9~A+ts(5TP)H)A—llJrT") ifS>T, (3)

0 otherwise

A is a unitless parameter describing the non-linearity of the reservoir,
where A = 1 corresponds to a linear reservoir (linear relation between Q
and S). This formula is undefined for A = 1 but behaves quasi-linearly
for A close to 1. Therefore, if A =1, it is replaced by 1.0000000001. A >
1 signifies that an increase in storage leads to an overproportional in-
crease in the outflow. K is a linear scaling factor: The higher K is, the
faster the reservoir empties. T, (in mm) is a threshold for outflow from
the reservoir. It can alternatively be called a hydraulically passive part of
the reservoir.

2.3.2. Age of water

The age of water is defined to be zero when it enters the catchment
via effective precipitation. It then ages one hour every time step until
leaving the catchment through streamflow. This age of water is tracked
throughout the catchment. Accordingly, the amount of water in each
reservoir at any time t is a distribution of water of different ages T,
denoted as S(T,t). The same is true for the fluxes, which have an age
distribution Q(T,t).

Water of different ages is not evenly distributed throughout each
reservoir. Accordingly, the age distribution of fluxes out of a reservoir
can differ significantly from the age distribution inside the reservoir.
This is represented inside the model using SAS functions. We follow a
procedure proposed by Van Der Velde et al. (2012), expressing the SAS
function a):'2 (pdf) or sz (cdf) as a function of the cumulative age dis-
tribution in storage Pg(T, t) instead of the age T (Eq. (4)). Ata time t, 9:2
gives the value of Po(T,t) for a given Pg(T,t). In the literature, this is
often referred to as fractional SAS (fSAS) functions (Harman, 2015):

Po(T,t) = QE(PS(Tv t),t) = /pPio w;(PS(Tv t),t) (©)]

In other words; the cumulative fSAS function Q&(PS, t) is the cumu-
lative age distribution of a flux Po(T,t) mapped to the cumulative
storage age distribution Ps instead of the age T (at time t). This allows
the use of a smooth mathematical function to approximate the SAS
function for non-continuous S(T,t) (i.e., variable amounts of water of

each age, including ages without any water of that age). This means that
the preference concerns the youngest x percent of the available water
instead of all water younger than a fixed age.

In the model, a beta distribution (Eq. (5)) is used to approximate the
SAS function:

_Ta+b)yx1(1-x""

fix,a.b) = I'(a)-T'(b) ®
where T’ is the gamma function (Eq. (6)):
(z) = / " levdy ®)
0

Of the two shape parameters of the beta distribution a and b, a is
calibrated, while b is fixed to 1. In the following, a is called SAS,. This
way, the gradient in age preference is strongest for the youngest water.
SAS, <1 corresponds to a young water preference, while SAS, > 1
corresponds to an old water preference. The beta distribution has the
advantages of being defined for the interval x € [0,1] and having an
integral of 1, making it convenient to use. Mathematically, the SAS
sampling of any flux Q from a reservoir S is conducted as follows:

1. The cdf of the reservoir’s age distribution is calculated: Ps(T,t) =
T S(Tpt)

T=0 S *
2. The SPES1 function is applied to calculate the cdf of the flux Q’s age
distribution: Po(T,t) = Qq(Ps(T, ), t).
3. The absolute age distribution in the flux is calculated: Q(T,t)-ts =
Pa(T,t)-Q(t)ts = L4r2-Q(t) ts.
4. The absolute age distribution of the remaining water in storage is
calculated: S(T,t+1) = S(T,t) —Q(T, t)-ts.

For a very strong young water preference and a high flux, this can
lead to Q(T,t)-ts > S(T,t) for the youngest ages, particularly when a
short time step is used. In this case, the surplus of water is taken from the
following ages that still contain water.

The SAS function is assumed to be invariant for E, and Q,, and SAS, is
calibrated directly. The age preference of fluxes out of the unsaturated
zone is assumed to depend on the wetness condition of the unsaturated
zone (Harman, 2015). Therefore, for Q, and Q,s, a wetness-dependent
SAS, is applied. We assume a young water preference in both fluxes as
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long as preferential flow occurs (S, > Tp,). This young water preference
is assumed to be stronger, when the unsaturated zone is wetter. An old
water preference is assumed when S, is below the preferential flow
threshold T,, and matrix flow should be the dominant mechanism,
pushing out older water first. For Q, and Q,s, SAS, is calculated at each
time step as a function of S,, using a calibrated scale factor SASy e (EqQ.
(7)). SAS,, is limited to a lower boundary of 0.2 in order to not obtain an
unrealistically extreme young water preference:

ST ey ST g
SAS(, = SASx:retch SASstretch (7)
0.2 otherwise

This approach is similar to that used by Harman (2015) but uses the
storage’s preferential flow threshold as a point of no age preference. The
utilization of SAS functions in a semi-distributed conceptual model with
serial reservoirs comes with a challenge. The age preference of a flux out
of a certain reservoir should be defined with regard to the time the water
passed inside this reservoir and not with regard to the overall time spent
inside the catchment. The final variable of interest, however, is the
overall time spent inside the catchment and not only in the last reservoir.
Therefore, for the saturated zone reservoir S, receiving water at a certain
age, both of these pieces of information are stored for each volume of
water in the form of a 2D matrix until the water leaves S;. In order to
limit the computational demand of the model, the age of water is
differentiated only for one year. All older water is assigned an age of one
year. This choice was made because the objective of the model focuses
on short transit times from a few hours to a few weeks. Furthermore, the
chosen tracers and their dynamics are not expected to carry sufficient
information to differentiate the age at a high temporal resolution
beyond an age of one year.

2.3.3. Tracers

A tracer model version is used for calibration. Two tracers are used
with different principles. Observations of §H in precipitation are used
as one of the model inputs. All of the precipitation that falls over one
hour is assigned the average value of that hour (see subsection 2.2 for
details). This signature is conserved throughout the entire water transfer
through the model. The signature of the water leaving the catchment
through streamflow is calculated from the signatures of all water
contributing to streamflow at each moment. This signature is then
compared to stream water analyses for calibration and validation. [Si] is
used as a second age tracer in a different manner. In precipitation, [Si] =
0 mgI~!. Dissolved silica originates from the dissolution of minerals in

Table 1
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the saturated and unsaturated zone reservoirs as a function of the con-
tact time and contact surface. A first-order dissolution kinetic from an
infinite reservoir is assumed. The saturated and unsaturated zone res-
ervoirs of each of the two geological entities each have a dissolution rate
constant k that is obtained through calibration. k is calibrated inde-
pendently for each reservoir in each geological entity. The mass of dis-
solved silica at time t, mSi(t) in mg m ™2, is calculated from the mass and
concentration of dissolved silica at the previous time step, mSi(t —1) and

[Si](t —1), and the dissolved silica concentration at saturation [Si],,, using

Eq. (8):

me(t) = mgi(t — 1) + kots- (1 7[51]“7_1)> ®)
[SI}S(R

This assumes that the (unknown) contact surface between water and
soil minerals, which governs the dissolution rate, does not significantly
vary with the water content in a reservoir, as the mass added is inde-
pendent of the amount of water in the reservoir. This assumption is
made because in the driest state, the smallest pores are still filled with
water, and they account for most of the contact surface (due to their
greater specific surface area). With regard to transfer, dissolved silica is
treated as conservative, meaning that [Si] in each flux and each age
corresponds to [Si] of the corresponding age in the corresponding
reservoir that the flux originates from. The only exception is evapo-
transpiration: [Si] in E, is set to zero and the mass of dissolved silicain S,
remains the same, corresponding to the process of evapo-concentration.
If no water of a certain age remains in S,, the amount of dissolved silica
for this age is set to zero, corresponding to the precipitation of the
remaining silica.

2.3.4. Model calibration

In order to parametrize the processes described in the model, a set of
20 parameters (Table 1) is calibrated. We defined the parameter ranges
based on prior assumptions, manual testing and first calibration runs
with wider parameter ranges. Most parameters were chosen from a
uniform distribution within the range. The silica dissolution rate con-
stants and the reactivity parameter K from Eq. (3) were chosen from a
uniform distribution in logarithmic space. A flow delay parameter
(basglqy; additional delay before adding water from the basaltic plateau
to streamflow at the outlet) was chosen from integers. The calibration
was performed by running the model repeatedly for 240 h on a 32-core
node, corresponding to 76,907 model runs. Calibration was performed
on the period from 2019 to 12-01 to 2020-12-31.

The calibration was used to maximize the Nash-Sutcliffe efficiency

List of all calibrated model parameters with units, range and distribution from which they are chosen (uni = uniform, log = uniform in logarithmic space, int = integer).

Abbreviations: pref. = preferential, dis. const. = dissolution rate constant.

Parameter Description unit min max distr.
Imax Size of interception reservoir mm 0 3 uni
W Water stress threshold mm 50 200 uni
Ky Unsaturated reservoir preferential flow reactivity h! 5E-06 2E-04 log
A, Unsaturated reservoir pref. flow non-linearity - 2 4.8 uni
Tpu Unsaturated reservoir pref. flow threshold mm 50 150 uni
Kus Unsaturated reservoir recharge reactivity h! 7E-06 1E-04 log
Ays Unsaturated reservoir recharge non-linearity - 2 4 uni
Tp us Unsaturated reservoir recharge threshold mm 40 100 uni
Ks Saturated reservoir streamflow reactivity h! 3E-07 1E-05 log
A Saturated reservoir streamflow non-linearity - 2 4 uni
Tps Saturated reservoir streamflow threshold mm 200 1200 uni
SAS, Eu Unsaturated reservoir ET SAS function - 0.5 1 uni
SAS, u Unsaturated reservoir pref. flow SAS function - 0.5 1.7 uni
SASy us Unsaturated reservoir recharge SAS function — 0.5 1.5 uni
SAS, ¢ Saturated reservoir streamflow SAS function - 0.5 1.5 uni
Ksu bas Unsaturated reservoir basalt Si dis. const. mg I'h?! 0.07 7 log
Ksu sed Unsaturated reservoir sedimentary Si dis. const. mg I"h ! 0.006 0.6 log
Kss bas Saturated reservoir basalt Si dis. const. mg I'h?! 0.1 10 log
Kss sed Saturated reservoir sedimentary Si dis. const. mg I'h?! 0.01 1 log
basgelay Delay to outlet from basalt h 0 2 int
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(NSE; Eq. (9); Nash & Sutcliffe, 1970) of Q, [Si] and 5%H at the outlet of
the Claduegne catchment:

o (V) = Vo(0) )°
—\2
1 (VO(t) -V )
Vi (t) and V,(t) are the modeled and observed values of the variable
at time t, V, is its average (from observations) and nt is the number of

time steps. The NSE of the three variables is maximized by minimizing
the Euclidian distance ED between each NSE value and 1 (Eq. (10)):

NSE=1-

9

ED = /(1 - NSE(Q))* + (1 - NSE(S]) > + (1 - NSE(*H) > (10)

The objective function ED is minimized using sequential model-
based optimization (SMBO). This is done via Python’s hyperopt mod-
ule with a tree-structured Parzen estimator approach (TPE; Bergstra
et al., 2011, 2013). Parallelization is obtained via ray tune (Liaw et al.,
2018) version 1.6. The calculation was performed on a 32-core node of
the Grenoble alpes Recherche Infrastructure de CAlcul intensif et de Données
(GRICAD) of the Université Grenoble Alpes.

The tracer observation data span a relatively short period (14
months). Therefore, only one flood event in November 2019 was
excluded from the calibration period in order to be used as independent
validation. Note that a limited precision of the modeled stream 62H is to
be expected for this period, as precipitation 6°H sampling started just
before this event.

The initial conditions were set as follows (corresponding approxi-
mately to the conditions after spin-up): For both geological entities, S; =
0mm, S, = 50 mm, S; = 500 mm, §°H (all reservoirs) = —45%0 and
[Si](Sy) = Smgl~!. [Si)(S,) was 15 mg 1" for the basalt and 10 mg1? for
the sedimentary part. The model is not very sensitive to the initial
conditions, as they are adapted through the spin-up period. Regarding
boundary conditions, there were no fluxes other than those presented
above.

2.3.5. Age tracking

After calibration, the best-fit parameter set is used to run the age
tracking version of the model. This version keeps track of the age dis-
tribution in each reservoir and flux at each moment in time. It takes
significantly longer to run (a few days versus 3-4 min), as much more
data are treated. The major increase in the calculation time is due to the
preservation of current-state age information along two dimensions
(since catchment entry and since reservoir entry) for water in the satu-
rated reservoir. Another large factor is that instead of only treating the
current state of each reservoir and flux, the whole history is tracked.

The main result is the TTD at any time during the model period po(T,
t) for the overall streamflow at the outlet, as well as for the different
contributions (Qupas, Qused> Qsbas> Rssea)- In addition, the model calculates
the RTD at any time during the model period for the whole catchment as
well as for the different reservoirs (Supas, Sused> Ssbass Sssed)- The TTDs of
the whole model period can be summarized by the master TTD in its
cumulative form, Pom(T), which is calculated based on Eq. (11) and
corresponds to the discharge-weighted average TTD:

nt—1

S0 Q(T,t)

Pan(T) = 505 -

o QD)
In the same way, the volume-weighted average RTD Ps,(T) can be

calculated based on Eq. (12):

(€8]

o S(T, 1)

Pan(D) =S 1500

12)

In order to look at the temporal evolution of the TTDs, the fraction of
water below a certain age can be considered. We focus on the ywf
(younger than 30 d) and the nwf (younger than 1 d) in order to evaluate
their evolution over time.
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2.3.6. Sensitivity analysis

Due to the high number of calibrated parameters, different combi-
nations of parameter values can lead to similarly good fits with regard to
the streamflow discharge and tracers (equifinality). The predicted age
results themselves cannot be verified, as the age distribution in the
streamflow cannot be measured. The essential question with regard to
the robustness of the predicted TTDs is the following: Do they vary
strongly between different parameter sets that produce a good model fit?
Therefore, the age results of different parameter sets that produced a
good model fit (ED < 0.7, 4756 parameter sets in total) were assessed.
As the age tracking model version is computationally demanding, the
number of parameter sets to test had to be limited. In order to have a
high chance to cover most of the possible variations, for each parameter,
the parameter set with the highest value and that with the lowest value
(of this parameter) were chosen (from those with ED < 0.7). basgeq, was
not considered, as its value was 0 for all good fits. This resulted in 38
(2:19) parameter sets, the TTDs of which were compared. This makes it
possible to approximate the uncertainty in the age results due to equi-
finality.

In addition, a simplified version of the model was tested that had
constant SAS functions for each reservoir calibrating SAS, directly for
each of the fluxes (same number of calibration parameters). This served
to evaluate whether the adaptive SAS-functions represent an advantage
compared to fixed SAS functions. The calibration was also performed by
running the model repeatedly for 240 h on a 32-core node, corre-
sponding to 74,613 model runs.

The age results obtained from those different model parametriza-
tions are compared with regard to the following metrics:

e Py (30d): the master ywf, the overall fraction of streamflow younger
than 30 days;

e Pon(1d): the master nwf, the overall fraction of streamflow younger
than 1 day;

® YWfnax: the maximum ywf at any time within the model period;

® NWfigy: the maximum nwf at any time within the model period;

® YWfiax_24p: the maximum ywf integrated over 24 h of streamflow at
any time within the model period;

® NWfnax_24pn: the maximum nwf integrated over 24 h of streamflow at
any time within the model period.

The 24 h integrated values are water-volume-weighted and not time-
weighted. nwf,,,. .45 is the maximum of all 24 h integrated nwfs at any
time t (rolling window), nwf, 4, (t), and the equivalent value is calculated
for ywf ,qc_24n- They are calculated based on Eq. (13) and Eq. (14):

t+23h  T+23h

_ _o  Q(T,t)dTdt

WSy (t) = 210 13)
f24h( ) t+23h Q(t)dt

t=t

t+23h  T+719h Q(T, t)det

IWfou(t) = == ﬁggh Q)de

t=t

(14)

3. Results & discussion
3.1. Tracer results & model fit

The obtained model fit after calibration results in an ED of 0.678 and
NSEs for Q, [Si] and 62H of 0.719, 0.634 and 0.504, respectively, for the
calibration period. If we include the non-calibrated event, the ED is
improved to 0.648 and the NSE values are 0.828, 0.631 and 0.495 for Q,
[Si] and 6H, respectively. This corresponds to a good to very good fit for
the discharge and solutes according to Moriasi et al. (2015). The sig-
nificant improvement of NSE(Q) when the validation event is included is
partially due to the high amplitude in discharge during this event,
facilitating high NSE values. The relation between the modeled and
observed values for the three parameters (Q, [Si] and §?H) is shown in
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Fig. 4. Modeled versus observed a) streamflow discharge (Q), b) silicon concentration (|Si]) and c) deuterium ratio (62H) for the best fit. The figure includes the
whole (calibration + validation) period. The black lines represent y = x. Note the log-log scale in panel a.
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Fig. 5. Time series of modeled and observed values, as well as residuals (modeled — observed), of a) discharge (Q), b) dissolved silica concentration ([Si]) and c)
deuterium isotope ratio (62H) for the best fit.

Fig. 4, including NSE and the coefficient of determination R? (Krause as the residuals (modeled — observed) of Q, [Si] and §H. A full time series
et al., 2005). and panels that zoom in on four individual events are provided in
Fig. 5 shows the time series of modeled and observed values, as well Supplemental Figs. S2 and S3. Concerning Q, the model reproduces
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most of the largest flood events well. Most of the smaller flood events are
well represented with regard to their amplitude, except the first autumn
floods in October-November 2020, the amplitude of which is over-
estimated. The model, however, fails to reproduce well the rapid dy-
namics of flood events under dry conditions in summer. For most of
these events (May to November), the peak discharge is underestimated
and the discharge during the recession period is overestimated (Fig. 5a).
The systematic character of this behavior can also be seen in Fig. 4a in
the spikes to the right of the y = x — line and the rounder shapes on the
left of the y = x — line. Looking at the contributions of the different
reservoirs during these periods (data not shown here), the model does
not produce preferential flow, as the unsaturated reservoir is filled
below the preferential flow threshold. In terms of physical processes, the
observed rapid flow may correspond to infiltration excess OF (IEOF),
which is not represented in the model. IEOF might be enhanced through
soil water repellency under dry conditions. Another observation is that
the model underestimates the lowest flow under very dry conditions,
which in observed data seems not to drop below a certain threshold.
These are very low values (about 20Is~!) that may be partially explained
by anthropogenic sources not accounted for in the model (e.g., waste
water treatment plant effluent) or a natural very slow reservoir that has
low relevance with regard to the overall flow but is relevant in the driest
part of the year. During this very dry period (July to August), the ob-
servations show some small spikes in flow after small rain events, that
are not reproduced by the model. They represent small total water
volumes that might be explained by direct precipitation on streams or
sealed surfaces (e.g., roads), a process that is not represented in the
model.

The general patterns of [Si] are reproduced well by the model
(Fig. 5b). The flood events for which a dilution of [Si] was observed
follow this trend (e.g., large floods in autumn 2019) and during flood
events for which an increase of [Si] was observed, this pattern is also
reproduced by the model (e.g., small floods in March, May, September
and October 2020). The amplitude of [Si] variations is sometimes over-
estimated (e.g. last flood event in December 2020) and sometimes
underestimated (e.g. small flood in March 2020) by the model. In
winter, the baseline of [Si] is overestimated, but it matches the obser-
vations in summer. Fig. 4b shows that the model slightly underestimates
the lowest [Si] values. This means that the modeled “dilution” during the
strongest rain events is a little too strong. This might indicate that the
simple relation applied between SAS, and S, (Eq. (7)) is not fully real-
istic, even though it is better than assuming constant SAS functions (NSE
= 0.66 vs. NSE = 0.59 for [Si] from the best fit of adaptive vs. invariant
SAS functions). The model more strongly underestimates the highest [Si]
values, which occurred during the flood event in March 2020. This,
however, seems to be a unique case, so it is difficult to determine the
origin of the observed spike in [Si]. Overall, the use of [Si] as a second age
tracer adds valuable information through its strong signal at the event
scale.

Concerning 52H, the seasonal variations are captured well (Fig. 5c).
The dynamics and amplitude of short-term variations are, however, not
always well covered. It should be remembered that precipitation sam-
pling for stable water isotope analyses started in November 2019,
leading to a less robust isotopic signature in the modeled reservoirs at
the beginning of the period. In addition, the precipitation sampler was
completely filled during the event on the 23rd of November 2019 and
the last 57 mm of precipitation could not be sampled. This leads to bad
values during the end of the event. These two factors lead to a worse fit
of modeled vs. observed 52H for the lowest values, which represent this
event (Fig. 4c). During winter 2020/2021, some precipitation samples
were missing due to damage caused by wild pigs and had to be inter-
polated, again leading to a higher uncertainty during this period.

The model version with time-invariant SAS functions resulted in a
slightly worse ED (than that with adaptive SAS functions) for the cali-
bration period (0.682) and a significantly worse ED for the whole period

10
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(0.723). Visual verification could show that the adaptive SAS functions
increased (and thereby improved) the reactivity of tracer signatures
during flood periods.

3.2. Modeled transit times

Fig. 6a shows the master transit time distribution Pqon, (T) of the total
streamflow discharge of the Claduegne catchment, as well as the
different fluxes of the model. Out of all water that left the catchment
during the observation period, 2.4 % spent less than 1 h in the catch-
ment, 8.6 % spent less than 1 d in the catchment, 26 % spent less than 30
d in the catchment and 54 % spent less than 1 year in the catchment. It
can be noted that the transit times of water leaving the catchment via
direct flow from the unsaturated reservoirs (preferential flow) are much
shorter than those for the overall streamflow. Here, 77 % and 89 %
(basaltic and sedimentary parts, respectively) leave the catchment in
less than 30 days. The two preferential flows account for only 14 % of
the total amount of water leaving the catchment but represent 88 % of
the new water (<1 d) and 44 % of the young water (<30 d) leaving the
catchment. Fig. 6b relates Pgy to Psy. This corresponds to the cumula-
tive representation of the overall fSAS function (a volume-weighted
time-average of Q&(PS, t)) of the Claduegne catchment, as well as the
different fluxes of the model. The figure reveals an overall young water
preference of all fluxes (convex shape of all curves) that is stronger in
preferential flow than in flow from the saturated zone. A slope > 1
corresponds to a preference, while a slope < 1 represents a disfavor.
Over the whole observation period, there is a preference for the youn-
gest 13 % of water in the catchment (slope > 1).

When looking at the fSAS function at the catchment scale at an in-
dividual moment under different conditions (wet vs. dry), this young
water preference is increased under wet conditions and decreased under
dry conditions. Under the driest conditions, there is a “disfavor” for the
youngest water due to a disconnection of the unsaturated zone from the
outflow (see Supplemental Fig. S5). This suggests the presence of an ISE
in the Claduégne catchment. This is coherent with the results from
Rodriguez et al. (2018) in a forested catchment under a Mediterranean
climate. Directly comparing the catchment-scale SAS functions to those
obtained by Rodriguez et al. (2018) is of limited interpretability due to a
very different model structure. Rodriguez et al. (2018) use a model with
one fast reservoir and one slow reservoir but no age preferences in each
reservoir (complete mixing hypothesis). This leads to preferences for
either all ages in the fast reservoir or all ages in the slow reservoir. Our
model includes SAS functions (age preferences) inside each of the res-
ervoirs, which are adaptive in the fast reservoirs. Therefore, age pref-
erences are much “steeper” and more variable in our model. In contexts
like the Claduegne catchment with its dynamic hydrology and flash
floods, this adaptivity of age preferences, particularly for young water
seems important.

We calculated y (Eq. (15); equation (14) in Rodriguez et al. (2018)),
an indicator of the ISE. We obtained a relatively high value (0.29 mm™?,
compared to 0.065 mm ! obtained by Rodriguez et al. (2018)). This can
also be explained by the different model structure, leading to a strong
variability in the age preference for the very youngest ages in our model,
as y is calculated on the SAS function of the youngest age only:

_ a)(Ps =0, tmax) — (D(Ps =0, tmin)

P as)

- Smin

Sinax

where t,q and t,;, are the times of maximum and minimum catch-
ment storage and S, and S, are the maximum and minimum catch-
ment storage in mm.

The evolution of the ywf and nwf over the model period, as well as
one event, is shown in Fig. 7a and b respectively. Supplemental Fig. S4
shows some additional events. The ywf is between 0% and 20 % in
summer and between 10 % and 30 % during most of the winter season. It
reaches up to 80 % during the peaks of large flood events. The nwfis 0 %
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discharge (Q), over the whole modeled period and a major flood event. The ywf includes the nwf.

most of the time and shows short spikes during flood events that can
reach up to 60 % for short periods of time during large flood events. This
is in accordance with field observations of large-scale OF on the Coiron
plateau during a large flood event (see Supplemental Fig. S1). The highly
variable young water fractions are in accordance with results from
Gallart et al. (2020) for a 0.56 km? Mediterranean catchment in the
south-eastern Pre-Pyrenees (Spain). They found variable values for
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young water fractions (which they define by an age of 2-3 months)
ranging from O to 1.

Fig. 8 summarizes the dependence of the nwf and ywf on discharge,
classified in different flow regimes, in a similar manner to a figure
presented by Gallart et al. (2020). It reveals two different relations
below and above a streamflow of approximately 0.2 mm h! / approxi-
mately 2 m>s, which is explained by the increasing contribution of
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Fig. 8. Young water fraction (ywf; <30 d), new water fraction (nwf; <1 d) and fraction of preferential flow of different streamflow regimes as a function of
streamflow discharge (Q). Note the logarithmic scale on the x-axis. Small horizontal and vertical bars (mostly covered by the markers) are the standard error.

preferential flow from the unsaturated reservoir above this threshold.

3.3. Sensitivity analysis

All 38 parameter sets from the sensitivity analysis produce similar
results to those from the best fit with regard to the six tested age de-
scriptors (Fig. 9, coefficient of variation < 8 %). This indicates that the
predicted transit times are not very sensitive to the variations in the
predicted parameter values between the different parameter sets that
produce a good fit to the streamflow discharge and tracer observations.
A complete list of parameter values and age results can be found in
Supplemental Tables S1 and S2, respectively, and (Hachgenei et al.,
2023). The model version with invariant SAS functions produces a
slightly higher overall nwf Pg,(1d) and a lower maximum nwf
(instantaneous (nwf,,,,) and integrated over 24 h (nWf,,4,_o43))- This is
due to the missing adaptability to the wetness condition. The adaptive

SAS functions produce a higher young water preference during strong
flood events due to changes in flow paths, as well as a lower young water
preference during drier periods. The predicted overall and instantaneous
maximum ywf (Pon(30d) and ywf,.)) of the model version with
invariant SAS functions is similar to that of the adaptive SAS functions
model. The 24 h maximum ywf (ywf ,,o,_o45) is higher using the model
with invariant SAS functions. This is because the ywf remains high for
longer compared to the adaptive SAS functions model, where the young
water preference is highest only for a few hours during flood events.

3.4. Implications of the modeled TTD

The simulated TTDs suggest that large amounts of event water can
reach the stream rapidly during flood events. The high temporal reso-
lution of the model makes it possible to combine both seasonal and
event-scale dynamics, which are both well-represented by the model for
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Fig. 9. Summary of age results from all 38 parameter sets from the sensitivity analysis (gray dots, boxes), compared to results from the best fit (white dot) and
version of the model with invariant SAS functions (yellow cross). CV is the coefficient of variation. See subsection 2.3.6 for parameter description. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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most cases.

The results indicate that there is a particular risk of the flushing of
contaminants from soils into streams in the wet season (October-May),
as this is the period with the highest young and new water fractions in
the streamflow (Fig. 7), but even flood events in summer carry this risk.
The model generally underestimates the reactivity of the catchment
under dry conditions. The model produces no or very limited preferen-
tial flow Q, under these conditions (data not shown). If we interpret this
difference between the model and observations as the presence of
preferential flow that is not represented by the model, the nwf and
therefore the risk of contaminant mobilization under these conditions
are likely to be higher in reality than expected from the model results.

3.5. Limitations of the model and possible improvements

One limitation of the model is its low reactivity to precipitation
events on dry soil. The observed reactivity under these conditions is
presumably due to preferential flow occurring under unsaturated con-
ditions that is not represented in the model. It only concerns floods of
small amplitude (observed discharge typically < 0.1 mm h™1), but it is
likely to affect the TTDs under these conditions. In the current model
structure, all small pores need to be filled with water in order to generate
preferential flow (the preferential flow threshold of the unsaturated
reservoir Ty, physically represents the volume of small pores retaining
water up to field capacity). Excess water above T, represents water
flowing through macropores and OF. This representation is realistic
under drying conditions due to capillary forces, preferentially holding
water in small pores. During precipitation events on the other hand, this
is not necessarily the case and two other types of processes may generate
preferential flow: (1) Under wetting conditions, macropores may
conduct water before all small pores are filled. (2) Soils have a limited
infiltration capacity, and precipitation of an intensity exceeding the
infiltration capacity may generate IEOF.

The current model is kept simple in order to limit the number of
calibrated parameters, reduce equifinality and keep the computational
demand low (computation time and memory usage). Both of the above
processes could be implemented in a future version of the model, with
the trade-off of requiring additional parameters and calculations.
Furthermore, if additional reservoirs were used, the water age distri-
butions for those reservoirs would need to be stored in memory and
manipulated. In the Claduegne catchment, large flood events occur
under wet conditions. Under these conditions, the small pores are
saturated and the simple, current model structure is sufficient to
reproduce such events. If a good representation of small flood events was
needed, implementing the above processes could be useful.

Implementing the first process would require the unsaturated
reservoir to be split in two (small and large pore spaces). Infiltration
would be distributed into both spaces, so that the large pore space could
contain water and produce rapid flow even under drier conditions.
Under wet conditions (small pores saturated), all water would go into
the large pore space, as is currently the case. The second process (IEOF)
could be implemented in the model by adding an infiltration capacity
and discharging any excess precipitation directly into the stream or
having the water pass through a rapid infiltration excess reservoir that
would physically correspond to water storage in depressions at the soil
surface. An ongoing study of soils from the Claduégne catchment
revealed water repellency under dry conditions, particularly for soils
from the Coiron basaltic plateau. This water repellency could be rep-
resented by decreasing the infiltration capacity under very dry condi-
tions (low S,) or by using two different values for summer and winter.

In order to reproduce the very small discharge spikes in the driest
period (Fig. 5a, July and August), some sealed surfaces directly
contributing to streamflow discharge could be implemented. These
spikes, however, represent an insignificant portion of the total stream-
flow and most likely originate from small urban areas. With regard to
contaminants of agricultural origin, as well as with regard to the total
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streamflow, they are considered insignificant.

Assuming that 52H is a conservative tracer is not fully realistic, at
least for the unsaturated zone, due to isotopic fractionation (Sprenger
et al., 2018), mostly during evaporation and plant transpiration. This
assumption was made in order to limit the model complexity.

Given the number of calibrated parameters, equifinality is a serious
concern with different parameter sets being able to produce similarly
good results. The approach used to limit this was constraining the model
architecture, as well as parameter values, according to our knowledge of
how the catchment functions, and limiting the total number of cali-
brated model parameters. For this purpose, lumped parameters were
used for the hydrological parametrization of the reservoirs and for the
SAS functions. The adaptive SAS functions were defined by only one
calibration parameter, while the switch between young and old water
preferences was fixed to the preferential flow threshold. A comple-
mentary strategy to limit equifinality was the use of two different tracers
with different mechanisms in parallel. The sensitivity analysis showed
that for different similarly good parameter sets, the obtained age results
are very similar, even when the most diverse parameter sets are chosen.
This indicates a certain robustness of the modeled age results with re-
gard to equifinality.

There are several options to further reduce equifinality in a future
version of the model by constraining model parameters. Silica dissolu-
tion rate constants could be fixed instead of being calibrated. This could
be done by using hypotheses on the subsurface structure (soil and
aquifer thickness, porosity and grain size distribution) and mineralogy,
combined with literature values of dissolution rates. These hypotheses
should be backed up with mineralogical analyses and/or experimental
dissolution rates. While fixed dissolution rates would reduce equifinality
by decreasing the number of parameters, the estimated value would
remain uncertain due to a large uncertainty concerning the subsurface
structure (actual contact surface), as well as large differences between
laboratory and field dissolution rates (Swoboda-Colberg and Drever,
1993; Wild et al., 2019).

Another way to reduce equifinality would be to fix some of the hy-
drological parameters; in particular, the flow thresholds T, (hydrologi-
cally passive storage) could be fixed. Concerning the preferential flow
threshold T, (which represents the volume of small/medium pores of
the soil that needs to be filled in order for the rapid, preferential flow Q,
to take place), a good estimation would be the field capacity of the soils.
This parameter is relatively simple to obtain, as the necessary data are
publicly available for the Claduegne catchment (Braud, 2015; Braud and
Vandervaere, 2015). For the deeper, saturated reservoir, this estimation
would be more complex, as T, has no measurable physical equivalent. In
addition to reducing equifinality, this manual parametrization would
allow one to take into account the differences between the two geologies
without adding calibration parameters.

Instead of reducing the calibration parameters, or in addition to
doing this, equifinality could be reduced by constraining the model with
further observations. Samples of groundwater sources from the two
geological entities under dry conditions could be compared to the
modeled signature of groundwater contributions to streamflow. Their fit
could be added to the objective function during calibration.

In order to validate the model’s applicability to another catchment
and compare the Claduégne catchment to a forested catchment under a
Mediterranean climate, the model could be adapted and applied to the
Valescure catchment in the French Pyrenees. There is a comparable
dataset for the Valescure catchment (Bouvier et al., 2018), which would
allow the application of this model after some adaptation of its structure
in order to represent its hydrological functions and hydrogeological
structure well.

4. Conclusion

A tracer model with age tracking functionality was established for



N. Hachgenei et al.

the Claduegne catchment for a high temporal resolution of 1 h using two
tracers subjected to different mechanisms. The high temporal resolution
allowed insight into the intra-event dynamics of the nwf and ywf of flood
events that are typically much shorter than a day in this catchment. At
this timescale, the silicon tracer was a valuable indicator of event water
in the stream. We could show that the nwfs and ywfs are particularly
high during large flood events and the ywfs are generally higher over the
autumn months. Our results confirm the ISE for this rural, agricultural
catchment under a Mediterranean climate. The estimated transit times
are very variable depending on the hydrological conditions. During
large flood events (under very wet conditions), event water of a few
hours of age is dominant, while under dry conditions (e.g., during most
of the summer season), all water is older than 30 d and the majority is
older than one year. In general, during the wet season (October-May),
the fractions of new (< 1 d) and young (< 30 d) water are highest. This
rapid transfer means little contact between the water and soil and thus
less adsorption of contaminants. Therefore, the highest risk of the
transfer of contaminants from the soil surface into the streams is ex-
pected during the wet season and generally during flood events. A
sensitivity analysis showed little variability of the modeled TTD between
the most dissimilar parameter sets that produce a good fit to the
observed discharge and tracer data.
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