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Abstract. Alpine headwater catchments often produce streamflow peaks anywhere from minutes to hours after a
rainfall event, quickly mobilizing previously stored subsurface water. Understanding and describing this response to
rainfall events and its variations via modeling remains challenging, despite the growing availability of data, including
tracer data such as stable isotopes of water, to inform internal flow partitioning.

15 Here, we present a novel flux partitioning routine integrated into an existing hydrological model based on the
Geomorphological Instantaneous Unit Hydrograph and multiple subsurface reservoirs. The model structure is based
on a detailed perceptual model derived from available field data, and it simulates streamflow magnitude and
streamwater isotopic ratios at high temporal resolution (10-minute intervals) in a snow-dominated headwater
catchment in the western Swiss Alps (Vallon de Nant) over two consecutive summers. By jointly calibrating the model

20 with both streamflow quantity and streamwater isotopic ratios, we obtain a reliable representation of catchment-scale
partitioning of streamflow between groundwater, snowmelt, and direct runoff. The simulations showed that despite
the catchment’s high level of flashiness, with peak streamflow occurring within an hour of peak rainfall, most
streamflow originates from subsurface flow pathways with limited contributions from direct runoff. Even during short
periods of intense convective rainfall events, peak flows mostly comprise water released by subsurface storage, which

25 are mobilized by rainfall.

Our results show that incorporating stable water isotopes into a relatively simple catchment-scale model can refine
model structure, reduce parameter uncertainty, and improve process attribution of short-timescale streamflow
generation dynamics. We discuss the advantages and limitations of the proposed isotope-enabled modeling approach

and its potential extension to other catchments and year-round modeling.

30 1. Introduction
The last decade of research has significantly advanced our understanding of catchment-scale streamflow generation
dynamics and their representation in hydrological models (Peters-Lidard et al., 2019). Such models enable predictions
of future water resources, essential to gauge the impacts of climate change on different facets of the water cycle. This

is becoming increasingly urgent as climatic extremes such as floods and droughts become more frequent (Stott, 2016),
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35 and as subsequent changes in precipitation regimes impacts ecosystem functioning with full circle repercussions on
the water cycle (Malhi et al., 2020).

Most hydrological models are calibrated primarily against streamflow timeseries at the catchment outlet, because
streamflow presents a catchment-scale integrated signal and is widely available (Hrachowitz et al., 2016). However,
streamflow-only calibration can limit the reliability of such models, sometimes leading to the right answers (i.e.

40 matching streamflow hydrographs) but for the wrong reasons (Kirchner, 2006), e.g., by underestimating evaporation
compensated by higher soil moisture in the model domain (Sutanudjaja et al., 2014). This problem mainly arises
because the model incorrectly simulates the internal flux partitioning (e.g., between evapotranspiration, groundwater
recharge, and discharge), allowing multiple parameterizations to yield similar streamflow performance (Hrachowitz
and Clark, 2017; Jung et al., 2025; Popp et al., 2025). The reliability of internal model states can be improved by using

45 additional observations such as remote-sensing based estimates of evapotranspiration (Dembélé et al., 2020a;
Odusanya et al., 2019; Rajib et al., 2018), snow cover (Nijzink et al., 2018; Parajka and Bloschl, 2008; Salvatore et
al., 2018), terrestrial water storage (Bai et al., 2018; Dembélé et al., 2020b), and soil moisture (Kunnath-Poovakka et
al., 2016; Sutanudjaja et al., 2014). Such additional observations can constrain simulated storages and fluxes, but do
not necessarily resolve the distinction between water transport and rainfall-streamflow response.

50 This distinction is commonly framed in terms of water velocity and hydrological celerity. Celerity describes the speed
at which a streamflow response to rainfall or snowmelt propagates through a catchment, whereas velocity refers to the
speed at which an individual water particle traverses the catchment (Mcdonnell and Beven, 2014). Streamflow
observations primarily constrain the timing and magnitude of the catchment response and provide information on
celerity, which in many conceptual models is governed by storage and connectivity thresholds (Harman, 2019;

55 Mcdonnell and Beven, 2014). However, streamflow observations alone provide much weaker constraints on water
velocities, which depend on storage volumes, mixing processes, and the partitioning of water among diverse flow
pathways.

Environmental tracers such as stable water isotopes can reduce this ambiguity because they allow tracing of water
molecules through the hydrological cycle, and provide information on water sources, storage volumes, mixing

60  processes, flow pathways, and storage-discharge relationships (Jung et al., 2025). Model calibration with streamflow
quantity and streamwater isotopes can therefore extend beyond classical celerity-based calibration of hydrological
models. This distinction is particularly important in steep alpine catchments, where rainfall can generate streamflow
peaks within minutes to hours (Brunner et al., 2018; Stoffel et al., 2016; Weingartner et al., 2003), even though most
streamwater may originate from water stored in the catchment before the event (Kirchner, 2003; Klaus and

65 McDonnell, 2013; Obradovic and Sklash, 1986; Pearce et al., 1986; Popp et al., 2025). In such settings, rainfall or
snowmelt may mobilize older groundwater stored within a catchment rather than directly contributing to streamflow
as event water.

This interpretation is supported by a long history of isotope-based hydrograph separation studies showing that pre-
event water dominates stormflow across diverse landscapes, ranging from the Appalachians and the Rocky Mountains

70 in the USA (Dewalle et al., 1988; Frisbee et al., 2011) , the Maimai catchment in New Zealand (Weiler et al., 2003),
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to steep Swiss headwaters (von Freyberg et al., 2018). We point readers to Section 4.2.1.3 in the review from Popp et
al. (2025) for an exhaustive list of such studies.
Recent advances in isotope-enabled hydrological modeling have significantly improved ecohydrological modeling,
moving beyond calibration based on hydrometric data alone (Birkel et al., 2020; van Huijgevoort et al., 2016; Knighton
75 et al., 2020; Nan and Tian, 2024; Piovano et al., 2019; Snarski et al., 2025; Stadnyk and Holmes, 2020; Tunaley et al.,
2017; Watson et al., 2023). Approaches span a wide range of complexity and spatial resolutions, ranging from
extension of conceptual modeling approaches with storage selection functions (Benettin et al., 2017; Knighton et al.,
2019) to spatially distributed energy-balance models (Kuppel et al., 2018; Miiller et al., 2025). Many isotope modeling
frameworks (e.g., THREW-T, [soWATFLOOD, WATET, STARR/STARR-tropic, J2000-iso, EcH20-iso) have been
80 applied at varied spatial scales, ranging from small headwater catchments to larger domains (see review from Jung et
al., (2025)).
Despite this progress, applications of isotope-enabled hydrological models in snow-dominated, high-relief alpine
catchments remain limited (Miiller et al., 2025). This is a critical gap because these environments are undergoing rapid
cryospheric changes under enhanced global warming (Pepin et al., 2015, 2022). In alpine headwater catchments,
85 intense convective rainfall during summers generates fast streamflow responses (von Freyberg et al., 2018; Michelon
et al., 2021), which can be interpreted as evidence for the fast transfer of rainfall to the stream through infiltration-
excess or saturation-excess overland flows (Mcdonnell and Beven, 2014). Stable water isotopes provide a means to
test this interpretation by disentangling streamflow into groundwater vs event-water at the catchment-scale.
In this article, we use stable water isotopes to parameterize the dominant streamflow-generation processes during two
90 successive summers in Vallon de Nant, a high-relief alpine catchment in western Switzerland. We develop a
hydrological model based on spatially distributed Geomorphological Instantaneous Unit Hydrograph and multiple
subsurface reservoirs to estimate streamflow at 10-minute interval during two consecutive summer periods, when
reliable observations of spatially distributed rainfall fields were available. A flux partitioning routine is implemented
in the model to also simulate streamwater isotopic ratio at 10-minute interval. [sotope measurements from a two-year
95 intensive monitoring campaign across multiple hydrological fluxes are used to constrain the isotopic composition of
the different model compartments, building on earlier studies of the catchment’s hydrological functioning (Beria et
al., 2020; Michelon et al., 2023). Model parameters are jointly calibrated using streamflow quantity and streamwater
isotopes. The key objectives are to: (1) understand streamflow generation processes in this alpine headwater
catchment, (2) reproduce streamflow and its isotopic dynamics at 10-minute temporal resolution during two
100 consecutive summer periods, and (3) quantify the contribution of direct flow, snowmelt, and groundwater to summer

streamflow generation.

2. Study area
2.1 Topography, geomorphology, geology
Vallon de Nant is a headwater catchment located in the Vaud Alps in western Switzerland (Figure la). Stretching

105 across an area of 13.4 km?, catchment elevation ranges from 1253 m to 3051 m a.s.l. (mean 2012 m a.s.l.). Vallon de

Nant has a protected status (Natural Reserve of the Muveran) since 1969 and is one of the few relatively unperturbed
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alpine catchments in Switzerland (Michelon et al., 2021). Steep and large slopes form ~63.6% of the catchment area,
with mean catchment slope of around 36° (Thornton et al., 2018). Forests cover approximately 14% of the catchment
area and consist of dense stands dominated by Picea abies (Norway spruce) at lower elevations, transitioning to active
110 pastures and open forest dominated by Larix decidua (Larch) at mid-elevations. Floodplains and talus span from lower
to mid-elevation levels and form 12.3% and 6% of the catchment area. In the South-western tip of the catchment, there
is a small glacier occupying ~4.4% of the catchment area.
The catchment comprises several geomorphological units, including steep limestone cliffs on the eastern ridge with
ephemeral stream networks, flysch cliffs with grassy slopes and well-developed soils along the western ridge, a
115 riparian wetland, and moraine deposits in the upper valley. Shallow silty loam soils have developed on moraine
deposits, screes, and landslides (Eeckman et al., 2025). Long-term ecosystem monitoring has enabled and motivated
several recent studies of surface and subsurface hydrological processes in Vallon de Nant (Beria et al., 2020; Eeckman
et al., 2025; Michelon et al., 2021, 2023; Thornton et al., 2022).
Vallon de Nant experiences a typical European alpine climate, with precipitation mostly originating from the North
120  Atlantic Ocean, followed by the Mediterranean, the European land surface and the North and Baltic seas (Sodemann
and Zubler, 2010). Annual precipitation amounts to ~1900 mm with snowfall accounting for 40-45% of annual

precipitation (Beria et al., 2020). The mean annual air temperature is 1.8°C.

The Vallon de Nant in Switzerland [ ¥
>

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.00001

-0.0005

i 5 6
Lag [h]

Hydrometric observations

m Stream gauge
© Rain gauge 2017-2018
O Rain gauge 2018 only

Isotopes observations
A Stream

A Rainfall

A Spring (fast)

A Spring (slow)

Figure 1: (a) Map showing Vallon de Nant along with various monitoring sites for rain, spring and stream waters and their
125 isotopic ratios, (b) runoff response distribution for Vallon de Nant calculated using ensemble rainfall-runoff analysis
(Kirchner, 2024).
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2.2 Monitoring data

During the summers of 2017 and 2018 (July to September), a spatially dense network of drop-counting rain gauges
called Pluvimates (www.driptych.com) were installed in 8 (2017) to 12 (2018) different locations within Vallon de

130 Nant (Figure 1). Pluvimates record rainfall at 0.01 mm resolution and were setup at a 2-minute temporal frequency
(Benoit et al., 2018; Michelon et al., 2021). For this study, rainfall data were aggregated to 10-minutes temporal
resolution and point measurements were interpolated to 300-m spatial resolution using a Thiessen Polygon approach
(Schumann, 1998). Due to the remote catchment location, substantial snow accumulation, and the absence of heated
rain gauges, Pluvimates could only be installed and maintained during continuous snowfall-free periods, restricting

135 hydrological modeling using their data to July-September in 2017 and 2018.

Stream water level was continuously measured at the catchment outlet (Figure 1a) at 1-minute temporal frequency
using a sonar-based stream gauge installed on top of a weir (Michelon et al., 2023). Streamflow was estimated using
a rating curve based on 23 salt discharge measurements (Ceperley et al., 2018). For this study, streamflow was
aggregated to 10-minute temporal resolution.

140  During the years 2017 and 2018, Vallon de Nant was extensively monitored for stable water isotopes in rainfall,
snowpack, streamflow, and springs (Michelon et al., 2023). Rainfall was sampled bi-weekly at two locations, with
one site located next to the catchment outlet and the other in the middle part of the catchment on a tributary (Figure
1a). Rainfall was collected using a 13 cm diameter plastic funnel that led into a 2.5L insulated screw-top low-density
polyethylene (LDPE) plastic bag. Once every two weeks, the plastic bag was weighed, mixed, and emptied into 12 ml

145 amber borosilicate glass vials, which were kept in cool conditions until subsequent analysis in the laboratory.

Grab snow samples from snow pits at two different locations were collected during the winters of hydrologic years
2017 and 2018. We relied on snowpack samples as deploying snowmelt lysimeters was not feasible due to the harsh
weather conditions and frequent avalanches during winters, limiting access to the catchment. The collected snow was
sealed in 700 ml zip bags made from 120um biaxially oriented polypropylene and LPDE plastic. The sealed snow

150 samples were melted at ambient air temperature, and a subsample of well-mixed meltwater was taken in 12 ml amber
borosilicate glass vial from each bag.

An automatic Teledyne ISCO 6712C compact portable sampler with 24 bottles with 500 ml storage capacity was
installed at the catchment outlet during the summers of 2017 and 2018, collecting stream samples at 6-12 hourly
temporal frequency. The automatic sampler was programmed to fill the bottles to about half of their capacity. Due to

155 low air temperatures, minimal evaporation was seen in the stream water samples throughout the measurement period.
Spring isotope samples were collected bi-weekly at five different locations in 12 ml borosilicate glass vials.

A Cavity Ring Down Spectrometer (CRDS) system (Picarro L2140-1) was used to measure the stable isotope
composition of waters in precipitation, streamwater, and springs using the § notation (8°H, §'%0). Samples were
injected between 6 and 8 times with the first three injections being discarded to avoid memory effects (Michelon et

160 al., 2023). The stable water isotopes values were standardized against three internal standards (ANZO, EMEB, SAAS),
these standards were regularly calibrated against the Vienna Standard Mean Ocean Water (VSMOW). The median
analytical errors are 0.4%o for 8*H and 0.04%o for 5'30. More details about the isotope measurements are available in
Michelon et al., (2023).
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3. Perceptual model of streamflow dynamics

165 The perceptual model for streamflow generation in Vallon de Nant is developed from high-resolution
hydrometeorological observations, stable water isotope measurements in precipitation, snowpack, streamwater and
springs, spring temperature dynamics, and previous field investigations in the catchment. The 10-minute streamflow
observations indicate that peak streamflow typically occurs within approximately 50 minutes of rainfall peaks during
summer (Figure 1b; also see Michelon et al., 2021). For context, only 9 out of 516 catchments analyzed across the

170 United States had a time to peak shorter than 1 hour (Li et al., 2026), indicating that streamflow in Vallon de Nant
responds quickly to rainfall. However, this rapid streamflow response alone does not indicate whether streamflow is
generated by rapid event-water transfer or by rapid mobilization of water stored in the subsurface.

The isotope observations provide constraints on this ambiguity. Streamwater and groundwater had similar isotopic
ratios, lay between rainfall and snowpack isotopic signature, and were strongly dampened relative to precipitation

175 isotopes (Figure 2). This indicates that streamflow integrates rainfall- and snowmelt-derived water after substantial
catchment storage and mixing, consistent with catchments acting as low-pass filters of the precipitation isotope signal
(Kirchner et al., 2023). Groundwater showed slightly lower isotopic variability than streamwater, while both
streamwater and groundwater were biased toward isotopically depleted, snowpack-like signature (Beria et al., 2020).
Streamwater, groundwater, rainfall and snowpack isotopic ratios plotted close to the local meteoric water line (Figure

180 2), suggesting no significant evaporation- or sublimation-induced fractionation. Consequently, isotope fractionation
during evaporation or sublimation is not represented in the model.

Rainfall and snowpack were isotopically distinct, with rainfall more enriched in heavier isotopes than snowpack,
reflecting seasonal differences in condensation conditions and air-mass trajectories (Akers et al., 2017; Friedman et
al., 1964). These differences allow rainfall and snowmelt to be treated as distinct isotopic inputs. Snowfall accounts

185 for 40-45% of annual precipitation in Vallon de Nant, and the influence of snowmelt was visible in streamwater
isotopes during spring (Figure 3). In May and June 2017 and 2018, streamwater was more depleted in heavier isotopes
than in August and September, consistent with larger snowmelt contributions during the main melt period.

Most of the seasonal snowpack had disappeared from large parts of the catchment by the end of June in 2017 and 2018
(see Figure 5 in the work of Michelon et al., 2023), but residual snow can persist into summer in specific high-elevation

190 terrain, particularly near ridges and mountain tops, below steep rockwalls in the south-eastern part of the catchment,
and in shaded areas which receive lower incoming radiation. This melt pulse was visible in the diel fluctuations in
streamflow in early July 2017 (Figure 4), likely sustained by snowmelt contributions from high-elevation snow
patches. These diel streamflow fluctuations were missing in July 2018, consistent with earlier and faster snowmelt in
2018 (Michelon, 2022). We conceptualize the late-season snowmelt as originating mainly from the steep landscape

195 units, where meltwater is rapidly transferred toward the stream network through coarse deposits that connect the
rockwalls to the stream. In this conceptualization, residual late-season snowmelt contributes to streamflow without
modifying the catchment-scale subsurface isotope composition, in contrast to the main seasonal snowmelt period,
when meltwater recharges subsurface storages. Including this residual snowmelt flux was essential to reproduce the
depleted streamwater isotope signal in early July, and the subsequent enrichment in streamwater from July to

200 September (Figure 4). Because our simulations focus on July-September after most seasonal snow has disappeared,
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we represent residual snowmelt with a simplified nonlinear storage-discharge model rather than a full snow

accumulation, redistribution, and energy-balance melt model.
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Figure 2: The local meteoric water line of Vallon de Nant showing the relationship between 5*H and 8'%0 in rainfall,

snowpack, groundwater, and streamwater.

Apr-2017 May-2017 Jun-2017 Jul-2017 Aug-2017 Sep-2017
s
o =12 -12 =12 -12 =12 -12
s
2 —
: I 0 sR=l=
& —_ = PR B
o = u H . | .
@ -13 -13 -13 B H -13 -13 -13
- = a
£ 2 § 2 e 2 5 2 £ 2 § 2 g 2 § 2 £ 2 6§ 2 g 2 5 2
2 £ 2 € 2 £ 2 € 2 £ 2 € 2 £ 2 ¢ 2 £ 2 € 2 £ 2 €
z t£ € o Z £ £ ¢ z t t o =z £ £ 7} z £t o =z £ £ @
2 & a 2 & a 2 & a 2 & a 2 & a 2 & a
& & & & & &
Apr-2018 May-2018 Jun-2018 Jul-2018 Aug-2018 Sep-2018
s
o) -12 -12 =12 -12 =12 -12
=
wv
s - = —
5 g=Eey 1 & H
® =13 -13 =13 -13 B u H =13 -13
S =
& o c o - o c o & o c o &= o c o & o c o - o c o
58 Ef 588 f gfif gfif gfi: sEcE
z £ ¢ o Z £ ¢ @ z £ ¢t ] zZ £ £ 5] =z £ £ o z £t o
2 & a 2 & a 2 g a 2 & a 2 & a 2 & a
< < < < < <

Figure 3: Diel variation in monthly streamwater 5'0 from April to September for 2017 and 2018. Each day is divided into
6-hour blocks: night (00:00 to 6:00), morning (6:00-12:00), afternoon (12:00-18:00) and evening (18:00-23:59). Boxes show

the 5th to 95th percentile range of streamwater 5'°0 values within each time block, and the central black line indicates the

median. The blue dashed line represents the average streamwater 5'®0 over the two hydrologic years.
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Figure 4: Observed streamflow and 5'*0 dynamics in rainfall, groundwater, and streamwater at the outlet from July to
September in 2017 and 2018. Rainfall and groundwater 3'%0 are shown as year-specific means across sampling locations,
with shaded region indicating + one standard deviation. Streamflow is averaged over 10-minute intervals, while

215 streamwater 8'%0 values represent the isotopic ratio of streamwater samples collected at the outlet.
Glacier melt is not represented as a separate model component. In glacier-influenced alpine streams, daytime ice melt
during peak summer can increase the contribution of isotopically depleted meltwater to streamflow and can produce
diel depletion in streamwater isotopes (Beria et al., 2018; Miiller et al., 2025). Such diel isotope patterns were not
observed in Vallon de Nant during the summers of 2017 and 2018 (Figure 3), consistent with previous field evidence

220 of negligible glacial-melt contributions to summer streamflow (Ceperley et al., 2020; Michelon et al., 2023).
From July to September, streamwater progressively became more enriched in heavier isotopes, indicating a declining
influence of snowmelt and increasing influence of summer rainfall and groundwater contributions (Figure 4). Rainfall
events produced rapid, but short-lived changes in streamwater isotopic ratio. During intense rainfall events,
streamflow increases often coincided with sharp enrichment in streamwater §'30 toward rainfall-like isotopic values.

225 After these events, streamwater 5'%0 returned toward groundwater-like values within 6-24 hours, depending on storm
magnitude and duration (Figure 4). This rapid but transient isotopic response in streamwater indicates that rainfall
contributes to event-scale streamflow dynamics, but the subsequent recovery toward groundwater isotopic ratio
suggests that subsurface storage remains the dominant source of streamflow shortly after event peaks. During low
flow periods in both years, streamwater §'30 remained close to groundwater §'®0, highlighting the dominant role of

230 groundwater discharge in sustaining baseflow.
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Spring temperature dynamics, reported in a previous publication (Michelon et al., 2023), indicate two dominant
subsurface flow pathways. Amongst the five sampled springs, three showed pronounced diel temperature fluctuations,
whereas two showed strongly damped variations (see Figure 3 and Tables 1 and 2 in Michelon et al., 2023). We
therefore represent groundwater discharge using two components: (1) a fast component representing shallow
235 subsurface flow paths, and (2) a slower component representing deeper flow paths that sustain summer low flows.
Accordingly, the model includes two subsurface storages, generating fast and slow groundwater discharge through

nonlinear and linear storage-discharge relationships, respectively.

4. Hydrological model

4.1 Model structure

240 Based on the perceptual model described above, we develop a catchment-scale hydrological model that represents
streamflow as the sum of direct flow, snowmelt, soil-water drainage, fast and slow subsurface flow components
(Figure 5). The model combines a spatially explicit geomorphological unit hydrograph for routing direct runoff and
soil-water discharge with a spatially lumped reservoir-based modeling framework for representing delayed storage
release from snow and subsurface compartments. This approach provides a parsimonious representation of streamflow

245 generation processes into a set of equations whose key parameters can be calibrated with available data.

The model simulates direct flow (Qu) from the shallow soil layer using a constant runoff production function (P). The
runoff production function (splitting incoming rainfall, R, into direct flow and infiltration into the soil) is
parameterized based on the initial abstraction concept of the curve-number approach (Boughton, 1989), where direct
flow response to rainfall follows an affine behavior: no response if cumulative rainfall is below a given threshold

250 called initial abstraction (), followed by a linear response:

Resr(t) = Oif f:OR(t)dt <1,
Rors(R(8)) = R(t) otherwise '
Qqa(t) = BRess (1), 2

where # is the start of the rain event, and b is the runoff production coefficient (Boughton, 1989). The fraction of

M

rainfall that is not lost to initial abstraction () or to direct runoff (Qu) infiltrates into a small soil storage. Discharge
255 from the soil storage (QOsoir) is parameterized as a linear function of its storage potential (Ssoir):

Qsail(t) = ksoilSsnil(t)' (3)

The volume of soil storage varies between zero and a maximum theoretical storage of Smax.soil, With excess soil-water

drainage infiltrating into the subsurface storages (Lsubsurface):

ds%il(t)z Repr(t) = Qu(®) — Qs0it(®) — Lsubsurface () 4
260 Igupsurface(t) = max(0, Sso;(t — 1) + Repp(t) — Qa(t) — Smax,soit)- ®)
Both Qs and Qsoir represent rainfall directly recharging the stream and are convolved using a geomorphological travel
time distribution approach (Rinaldo et al., 1991). The travel time function is split into hillslope and in-stream travel
times, with the catchment distributed into 25 sub-catchments (cf. Figure S69 in Michelon, 2022). The hillslope travel

time distribution is parameterized by summarizing all topographical flow distances dr from barycenter of all the
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265 subcatchments (denoted by subscript i in Eq. 6 and 7) to their nearest drainage point in the stream (obtained from
catchment geometry) and a constant hillslope velocity (vu). In-stream travel time is parameterized with a constant
stream velocity (vs) and stream geometry (i.e. distance ds of each channel head to stream outlet). Catchment and stream
geometry parameters were derived from a 2 x 2 m DEM of Vallon de Nant (SwissALTI3D, 2012). The convolution

of the rainfall field with the travel-time distribution is implemented as follows:

dyi . dsi
270 Qd(t) = Zi € catchment Qd,i(t) * (VH', + yi)) (6)
H,i Si
dyi | dsi
Qsoil(t) = Eiecatchment Qsoil,i(t) * (VH', + Vi)) (7)
H,i S,i

Subsurface flow is divided into two storages (fast and slow). The flow generated from the fast storage (Qy) is modeled
as a nonlinear function of storage volume (.Sy), whereas flow from the slow storage (QOs) is modeled as a linear function
of storage volume (Ss) (Roques et al., 2017; Tashie et al., 2020):

275 Qi) = kiSY'(®), @®
Qs(6) = ksS(D), ©
where k7, ks are recession coefficients of the two subsurface storages and yr is the exponent of the fast subsurface
storage. The fast subsurface storage (S)) is fed by infiltration of the soil water excess Lubsurface (Eq. 10) and the slow
subsurface storage (Ss) is fed from the fast subsurface storage (Sy) with a constant flux (Lma) limited by the water

280 availability in Sy (Eq. 11) (Schaefli et al., 2014). Both fast and slow subsurface storages are lumped in space and
assumed to be fully mixed. The nonlinear storage discharge relationship for fast subsurface flow was essential for
simulating fast runoff dynamics and resulted in improved model performance over a linear storage-discharge

relationship (Figures S1, S2).
dsg(t)

dt = Isubsurface (t) - Qf(t) - min{]subsurface (t)' Lmax}~ (10)
dss(t .
285 % = mln{’subsurface(t)r Lmax} - Qs(t)' (1 1)

Snowmelt originates from a nonlinear storage representing a snowpack:

Qsnow(t) = ksnowSerLTola/W @®, (12)
where Sswow(t=tini), ksnow, and ysmow are calibrated together with the other model parameters. The full model is

summarized in Figure 5.

10
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Figure 5: Conceptual representation of the model structure. The soil module is spatially distributed, whereas the snowpack,
fast subsurface, and slow subsurface storages are spatially lumped. Each compartment generates discharge as a linear or
nonlinear function of storage volume and is assigned an isotopic ratio based on field measurements. Total streamflow is

computed as the sum of discharge contributions from different compartments.

295 4.2 Isotope integration into the model

The partitioning of water fluxes within the catchment is conceptualized as follows. Snowmelt (Osuow) isotopic ratio is
assumed to be the average of all snow isotope samples from the preceding winter (distinct values for 2017 and 2018).
We acknowledge that using snowpack isotopes instead of snowmelt isotopes might bias the snow end-member as the
weighted-average snowmelt isotopic ratios can be higher than snowpack isotopes (Ditlevsen et al., 2025; Noor et al.,
300 2023Db, a). We assume this has a relatively small impact on streamflow simulations as the model was run only for the
July-September period.
Direct runoff and water leaking out of the soil storage are assumed to originate from rainfall. The isotopic signatures
of Qu and Qsour are therefore set as the average of all rainfall water isotopes from the respective summer season (distinct
values for 2017 and 2018). The water released from the two subsurface storages is a mixture of rainfall, snowmelt,
305 and groundwater in unknown proportions. To avoid making assumptions about mixing occurring in subsurface
storages, we directly assign Qs and Osiow isotopes from field observations. The exhaustive spring isotope sampling
allowed us to represent the isotopic values of the two subsurface storages.
The isotopic ratio of Qs is assumed as the average of isotope samples from the three springs that showed fast isotopic

and water-temperature dynamics thereby representing faster subsurface flow paths. Osiow isotopic signature is set as

11
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310  the average of isotope ratios from the remaining two springs which showed slower isotopic and water-temperature
dynamics, reflecting slower subsurface flow paths. The isotopic signatures of all five springs vary in time and are
represented by frequent field observation. Before averaging, the spring isotope measurements were interpolated in

time using thin plate spline.

4.3 Model calibration

315 To represent the very fast catchment response to summer rainfall events, the model was setup at a 10-minute temporal
resolution, forced with high-resolution rainfall data, and calibrated against streamflow and streamwater isotopes
aggregated over 10-minute intervals. The model was calibrated within a Bayesian sampling framework, where a
Metropolis sampler is used to infer the posterior distribution of the model parameters (Kuczera and Parent, 1998). A
Metropolis sampler generates a sequence (or chain) of samples (or parameter sets) from a proposal distribution and

320 accepts each new sample if it has a higher likelihood than the previous sample. If the likelihood is smaller, it still has
a chance to be retained. This probabilistic step ensures full sampling of the parameter space. An initial warm-up period
to reach steady state was set to 20000 iterations. The posterior parameter distributions were obtained by retaining
every 1000th sample of a chain to avoid correlation within successive samples.

A key part of the Metropolis sampler is the evaluation of the likelihood of each proposed parameter set, which is then

325 accepted or rejected depending on if it is better or worse than the likelihood of the previous sample in the chain. Here,
we use four distinct likelihood functions defined to account for differences in observations and modeling errors; a new
parameter is added to the chain if it passes the likelihood test for each of the four likelihoods. The likelihood function
of simulated variable (e.g., for streamflow Q) is specified based on model residuals &:
£(t) = Qobs(t) = Csim (), (13)

330  where model residuals are assumed independent and identically distributed following Gaussian distribution with zero

mean and standard deviation ge. The log-likelihood (Ls) reads as:

1
2 0p2

Ly = —Zlog(2m g,?) — n e (14)

The four observation datasets involved in the Metropolis algorithm are the following:
- Streamflow observations during low-flow periods, with associated standard deviation ge=0.18 mm/h
335 - Streamflow observations during high-flow periods, with associated standard deviation 6e=0.36 mm/h
- Streamwater 8'®0 isotopic signature during low-flow periods, with associated standard deviation ¢.=0.4%o

- Streamwater 8'®0 isotopic signature during high-flow periods, with associated standard deviation ¢.=0.8%o

Different uncertainty levels (shown by o.) were assigned to high- and low-flow periods because streamflow intensity

and stream isotopic composition strongly fluctuate during high flow conditions, and a small error in the timing of the
340  model simulation is likely to add significant error. Here, high-flow and low-flow periods were delineated visually with

high-flow corresponding to the short periods of intense streamflow with sharp temporal fluctuations.

The initial state of the different storages (i.e., Ssnow, Ssoit, Stast and Ssiow) are unknown at the beginning of the summer

season and were therefore calibrated first by running the Metropolis algorithm using data from both summer seasons

2017 and 2018, considering that the initial storages and model parameters as unknown. The initial storages were then

345 set to the mean value of the inferred posterior distributions and held fixed for the rest of the calibration procedure. A

12
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350

355

360

365

split sampling calibration strategy was used for the remaining model parameters, where the model is first calibrated
using data for the year 2017 and then evaluated against 2018 data and vice versa. Multiple model diagnostics
summarized in Table 1 were used to assess streamflow and streamwater §'%0 simulations.

Table 1: Summary of different statistical indices used to validate the hydrological model (X: observed streamflow; Y:

simulated streamflow; n: Number of data points)

Index Formula Best value Worst value
Percentage bias X -1 0 +00/ - 00
—=r———*100
(Pbias) i=1%i
Nash  Sutcliffe 1 X —Y)? 1 s
efficiency (NSE) e (X —X)? (negative value means that mean is a better

estimator than the model).

Root mean 0 +o0
(X — Y))?
squared  error n_
(RMSE)
5. Results

5.1 Streamflow simulations based on discharge and isotope calibrations

Figure 6 compares observed and simulated streamflow during the validation periods for the split-sample calibration
strategy. With discharge-only calibration, the model reproduced streamflow dynamics reasonably well, with Nash
Sutcliffe efficiencies (NSE) of 0.65 and 0.83 and percentage bias within £12% for 2017 and 2018, respectively. In
2017 and 2018, most streamflow peaks were captured reasonably well with a few exceptions in the beginning of
August for both years, where peak flows were overestimated. Streamflow simulations showed better transferability
from the wetter 2017 calibration period to the drier 2018 validation period (Figure 6c¢,d) than from the drier 2018
calibration period to the wetter 2017 validation period (Figure 6a,b). This suggests that parameter sets inferred from
short calibration periods may not transfer well across contrasting hydroclimatic regimes, particularly when the
calibration period does not include the full range of rainfall-streamflow dynamics.

Joint calibration with discharge and streamwater isotopes significantly improved streamflow simulations in 2017, as
indicated by higher NSE, lower bias and reduced RMSE. Interestingly, streamflow simulations during recession
periods following peak flows in 2017 improved significantly (Figure 6b), with joint calibration reducing
overestimation in simulated flow. For the 2018 validation period, the streamflow metrics remained broadly similar
between discharge-only vs joint calibration. For the large rainfall-streamflow event in beginning of August 2018, joint
calibration reduced overestimation of peak flow. This improvement suggests that isotope information might better
constrain the partitioning between direct event-water flood generation vs release from subsurface storages, reducing

some of the parameter compensation that may occur under discharge-only calibration.
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Figure 6: Observed (blue) and simulated (gray) streamflow during the validation periods for the two calibration strategies.
Panels a-b show simulations for 2017 using parameters calibrated on 2018 data: (a) discharge-only calibration and (b) joint
calibration using discharge and streamwater isotopes. Panels c-d show simulations for 2018 using parameters calibrated on
2017 data: (c) discharge-only calibration and (d) joint calibration using discharge and streamwater isotopes. Streamflow

375 simulations and observations are shown at 10-minute resolution.

5.2 Streamwater isotope simulations based on discharge and isotope calibrations

With discharge-only calibration, the model reproduced the streamwater isotope dynamics reasonably well, especially
in 2018 and particularly during high-flow events, when streamwater 6'*O shifted rapidly toward rainfall-like values
before returning toward groundwater-like signatures (Figure 7). In 2017 where NSE values for streamwater isotope
380 simulations were negative, the posterior streamwater §'®0 spread still included most of the observed streamwater
isotope samples, despite streamwater isotopes not being used in the calibration (Figure 7a). The uncertainty band of
simulated streamwater 6'*0 remained very large, indicating inadequate constraints in the underlying flow partitioning.
Joint calibration with streamflow and streamwater isotopes improved the simulation of streamwater '*0 in both
validation years (Figure 7). For 2017, the improvement was more substantial, with NSE of streamwater 6'*0 increasing
385 from -0.07 under discharge-only calibration to 0.49 under joint calibration. The overall isotope dynamics were better

reproduced under joint calibration indicating that isotope information better constrain the relative contributions of
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rainfall, snowmelt, and subsurface storage during both rainfall and baseflow periods. For 2018, improvement in
streamwater 'O diagnostics were more modest, with NSE of streamwater 3'*0 increasing from 0.62 to 0.67 and
RMSE decreasing from 0.35%o to 0.33%e.

390 The most noticeable effect of joint calibration is the reduction in predictive uncertainty (Figure 7). In both validation
periods, the uncertainty bands around simulated streamwater 6'*0 became narrower when isotope data were included
in the calibration. This indicates that streamwater isotopes provide additional constraints on parameter combinations

that may otherwise produce similar discharge simulations.
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395 Figure 7: Observed (black dots) and simulated (gray bands) streamwater 3'®0 during the validation periods for the two
calibration strategies. Panels a-b show simulations for 2017 using parameters calibrated on 2018 data: (a) discharge-only
calibration and (b) joint calibration using discharge and streamwater isotopes. Panels c-d show simulations for 2018 using
parameters calibrated on 2017 data: (c) discharge-only calibration and (d) joint calibration using discharge and
streamwater isotopes. Streamwater isotope simulations are carried out at 10-minute resolution and compared with isotope

400 observations at the time of sample collection.
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5.3 Flow partitioning into different components

(a) 2017 - Discharge calibration (b) 2017 - Discharge + Iso calibration
0.200 1 0.200 4
= 0.1754 | 0.1751
€
S 0.150 - 0.150
'€ 0.1251 0.125
E 0.100 1 0.100 1
[0}
2 0.075 1 0.075 -
©
5 0.050 A 0.050
%]
0 0.025 A 0.025 1
0.000 0.000 4
01-07-2017 01-08-2017 01-09-2017 01-07-2017 01-08-2017 01-09-2017
0.35 (c) 2018 - Discharge calibration 0.35 (d) 2018 - Discharge + Iso calibration
' ’ —— Simulated flow
. 0.301 0.30 A = Snowmelt
£ —— Direct flow
g 0.25 A 0.25 - Fast subsurface flow
o —— Slow subsurface flow
£ 0.20 1 0.20 -
E
o 0.151 0.15 -
2
S 0.101 0.10 1
9]
%]
A 0.05 0.05 A
0.00 A 0.00 -
01-07-2018  01-08-2018  01-09-2018 01-07-2018  01-08-2018  01-09-2018
Date Date

Figure 8: Partitioning of simulated streamflow into snowmelt, direct runoff, fast subsurface flow, and slow subsurface flow
for the two calibration strategies. Panels a-b show simulations for 2017 using parameters calibrated on 2018 data: (a)
405 discharge-only calibration and (b) joint calibration using discharge and streamwater isotopes. Panels c-d show simulations
for 2018 using parameters calibrated on 2017 data: (c) discharge-only calibration and (d) joint calibration using discharge
and streamwater isotopes. Streamflow simulations are carried out at 10-minute resolution.
Figure 8 shows the partitioning of streamflow into snowmelt, direct runoff, fast subsurface flow, and slow subsurface
flow for both calibration strategies. Across both summers, direct runoff and snowmelt represented the smallest
410 contributions to total streamflow, whereas subsurface flow dominated streamflow generation (Figure 9). In 2017,
streamflow was mainly generated by the fast subsurface component, while in 2018 the contributions from fast and
slow subsurface flow were more balanced. This pattern is consistent for both discharge-only and joint discharge-
isotope calibration.
This result is particularly important given the very rapid hydrological response of the catchment (Figure 1b). Our
415 simulations showed that this flashy response does not imply high contributions from event-water (direct flow or soil-

water discharge). Instead, rainfall rapidly mobilizes water stored in subsurface reservoirs. This supports the
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interpretation that rapid streamflow responses in Vallon de Nant are primarily driven by the activation of connected
subsurface flow pathways.
Joint calibration with discharge and streamwater isotopes reduced the uncertainty in the simulated flow components
420 (Figure 8), indicating better constrained internal flux partitioning. This effect was most apparent for the subsurface
components, but also for snowmelt during early July. In 2017, joint calibration slightly increased the inferred snowmelt
contribution during the first two weeks of July, coinciding with diel fluctuations in streamflow (Figure 4) confirming
residual snowmelt from high-elevation snow patches. Discharge-only calibration could not constrain snowmelt
contribution as clearly (despite the initial snowpack storage being set to the same value in both calibration schemes)
425  and produced larger uncertainty in snowmelt contributions than under joint calibration strategy (compare black lines
in Figure 8b vs Figure 8a). Additionally, direct-flow contribution was lower and groundwater contribution was higher

under the joint calibration strategy compared to discharge-only calibration (Figure 9).
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430 Figure 9: (a) Relative contribution of direct flow, snowmelt, fast subsurface flow, and slow subsurface flow to simulated
summer streamflow in 2017 and 2018 for discharge-only calibration and joint calibration using discharge and streamwater
isotopes. Panel (b) groups the fast and slow subsurface flows as groundwater flow to contrast event-water contributions

with subsurface storage release.

17



https://doi.org/10.5194/egusphere-2026-4249
Preprint. Discussion started: 17 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

6. Discussion

435 6.1 Groundwater-mediated nonlinear streamflow generation processes

One key result of this study is that fast and slow subsurface flow pathways regulate rapid rainfall-streamflow responses
in Vallon de Nant, accounting for more than 80% of simulated summer flow, with smaller contributions from residual
snowmelt on steep slopes and direct runoff (Figure 9). Rainfall-derived event water becomes important mainly near
peak flow during the most intense rainfall events (Figure 8), and these high event-water contributions persist only for
440  afew hours. This interpretation is consistent with a long history of isotope-based hydrograph separation and modeling
studies showing that stormflow is often dominated by pre-event water (Avesani et al., 2025; Dewalle et al., 1988; von
Freyberg et al., 2018; Frisbee et al., 2011; Nan and Tian, 2024; Weiler et al., 2003). Our results extend this body of

evidence to a snow-influenced, high-relief Swiss alpine catchment with rapid rainfall-streamflow response.

In the model, groundwater-mediated streamflow is generated using two subsurface storages, one with a nonlinear and
445 the other with a linear storage-discharge relationship. This model structure reproduces the rapid streamflow increases
during summer storms while maintaining the strong dampening in streamwater isotopes during baseflow conditions
and enrichment in stream isotopes during rainfall events. This suggests that rainfall activates subsurface flow pathways
and mobilizes previously stored water rather than directly transmitting event water to the stream via preferential flow
pathways or overland flow. Such an interpretation is consistent with increased hydrological connectivity during
450  rainfall events, when rising hydraulic gradients near the stream network rapidly mobilize well-mixed shallow
groundwater (Sklash et al., 1976). A similar two-reservoir structure was used by Weiler et al., (2003) to represent both
streamflow and its isotope dynamics in the Maimai catchment, although streamflow originating from their reservoirs
only used linear storage-discharge relationship. In Vallon de Nant, tests using only linear subsurface storage-discharge

relationship produced poorer streamflow simulations (Figure S1).

455 The importance of nonlinear subsurface release is consistent with recent isotope-enabled modeling in mountain
environments. For example, Li et al., (2025) used a nonlinear storage-discharge formulation in a glacierized Tibetan
Plateau catchment and reported that 60-65% of streamflow originated from shallow and deep subsurface flow
pathways. The larger groundwater contribution of up to 80% inferred in Vallon de Nant may reflect its wetter
hydroclimatic setting, with annual precipitation of ~1900 mm compared with ~450 mm in the catchment studied by

460 Li et al., (2025). Higher groundwater contributions are expected in wetter landscapes with larger antecedent storage,
consistent with von Freyberg et al., (2018), who showed that pre-event water contributions depend strongly on
antecedent moisture conditions.
However, the inferred fast and slow groundwater components should be interpreted as a conceptual depiction of
effective flow pathways, because our model does not resolve three-dimensional groundwater flow, subsurface

465 topography, or storage in quaternary deposits, which may be important in alpine landscapes (Gentile et al., 2023).
Testing whether the inferred fast subsurface flow corresponds to physically identifiable subsurface flow structures
would require additional work combining isotope observations with geophysical information and physically-based

groundwater modeling.
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6.2 Added value of high-resolution isotope-constrained calibration on flow partitioning

470 Streamwater isotopes provide additional constraints on internal flow partitioning, as shown by the reduced uncertainty
in the simulated streamwater 6'*0 and partitioning among distinct flow components (Figures 7 and 8). One clear
benefit of isotope calibration is the improved representation of residual snowmelt in early summer 2017. Streamflow
displayed diel fluctuations in early July 2017 (Figure 4), suggesting snowmelt influences from high-elevation snow
patches, but discharge-only calibration could not constrain the magnitude of this contribution (Figure 7a). Because

475 snowmelt is isotopically depleted relative to summer rainfall and groundwater, streamwater 6'*0 provides an
additional constraint on snow-derived water. Joint streamflow and isotope calibration therefore better constrained the
inferred snowmelt contribution during early July 2017 (Figures 8b, 9). This supports previous work showing that
isotopes can constrain meltwater contributions in snow- and glacier-influenced catchments (He et al., 2019; Miiller et
al., 2025; Yong et al., 2026). The improved flow partitioning is also consistent with previous modeling studies showing

480  that isotope data can improve parameter identifiability and constrain internal flow pathways, storage dynamics, and
streamflow sources (Avesani et al., 2025; He et al., 2019; Holmes et al., 2023; Nan and Tian, 2024; Stadnyk et al.,
2013; Stadnyk and Holmes, 2020, 2023). Isotope calibration therefore reduces the risk of obtaining the right
streamflow simulation for the wrong reasons (Beven and Freer, 2001; Kirchner, 2006).

At the same time, joint calibration may not improve all discharge-related metrics. In Vallon de Nant, isotope-informed

485 calibration improved aggregate streamflow simulations in 2017, but not in 2018 when discharge-only calibration
already produced reasonable streamflow simulations (Figure 6). Similar results have been reported in other isotope-
enabled modeling studies, where streamwater isotope calibration improve the realism of internal flux partitioning
while sometimes reducing the accuracy of streamflow performance (Holmes et al., 2020; Jung et al., 2025; Miiller et
al., 2025). In our case, incorporating stream isotope ratios in calibration did not worsen streamflow simulations.

490 The 10-minute temporal resolution of this study is particularly important for interpreting rapid mobilization of water
during summer storms. Streamwater 6'*0 responded rapidly during these rainfall events, shifting toward rainfall-like
values during peak flows and returning toward groundwater-like values within 6 to 24 hours (Figure 4). These short-
lived isotope dynamics, also seen in other landscapes (Binet et al., 2026), would be missed by lower frequency isotope
sampling. As high-frequency sub-daily isotope measurements become more widely available (von Freyberg et al.,

495 2017), comparisons across catchments will refine how rapid subsurface mobilization can be represented in isotope-

enabled hydrological models.

6.3 Interannual variability and implications for alpine groundwater storage

The model simulations indicate a clear interannual contrast between fast and slow subsurface flow contributions
between the wetter summer of 2017 (encompassing some long-lasting rainfall events) and the drier summer of 2018.
500 In 2017, the fast subsurface component contributed more prominently to streamflow, consistent with observed wetter
summer conditions and expected stronger hydrological connectivity. In 2018, the slow subsurface component became
relatively more important, suggesting greater reliance on deeper and less responsive groundwater flow pathways

during drier summer conditions. This may also reflect greater recharge of slow subsurface storage during the preceding
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2017-18 winter and spring, when higher snow accumulation and rapid melt enhanced recharge of the slow subsurface
505 store (Michelon, 2022).
These results suggest that summer streamflow in alpine headwaters during dry years may become increasingly
dependent on deeper groundwater storage that are primarily recharged by snowmelt. This interpretation is consistent
with recent work highlighting the role of mountain groundwater in sustaining streamflow under changing precipitation
and snow regimes (Carroll et al., 2019; van Tiel et al., 2024), and with modeling evidence that drier years can further
510 increase reliance on older groundwater (Siirila-Woodburn et al., 2026). If future summer conditions become drier, as
projected in recent climate assessments for Switzerland (MeteoSwiss and Zurich, 2025), slow subsurface storage may
become increasingly important for sustaining summer low flows, assuming snowmelt or rainfall-related spring
recharge remains significant. Testing this hypothesis will require additional years with contrasting snow and rainfall

conditions, ideally combined with high-frequency isotope observations and distributed snow measurements.

515 7. Limitations

Several limitations should be considered when interpreting the inferred flow partitioning. First, the rainfall-streamflow
simulations were restricted to the July-September periods of 2017 and 2018, when high-resolution rainfall fields from
the Pluvimate network and sub-daily streamwater isotope observations were available. Although this period is shorter
than a full hydrological year, it was well suited for analyzing rapid rainfall-streamflow responses during mostly

520 convective summer storms in Vallon de Nant, as winter and spring precipitation are primarily stratiform (Benoit et
al., 2018, 2024). Extending the simulations to full year would require a more detailed representation of snow dynamics,
ideally constrained by snow depth or snow water equivalent observations across the spatial gradient. Maintaining sub-
daily stream and snow isotope sampling during winter is very challenging in Vallon de Nant because snow
accumulation and avalanches limit catchment access.

525 Second, evapotranspiration is not explicitly represented in the current model structure, and its effects were most likely
included in the initial abstraction component of the model. This simplification was deemed acceptable as the main
objective of this study is to understand short-timescale streamflow generation processes during high-flow summer
periods, but it limits the use of the model for annual water-balance analyses. Canopy-intercepted losses are
oversimplified through the runoff-production formulation (Eq. 1). Future applications over longer periods should

530 include a more realistic evapotranspiration component, constrained by distributed meteorological forcings and the
spatial distribution of forest and vegetation cover.

Third, the snowmelt representation is deliberately simple. Because the modeling period started in July, most seasonal
snow had already disappeared from large parts of the catchment, and snowmelt contributions are expected to be
smaller relative to groundwater contributions. The snow model component is mainly intended to represent residual

535 high-elevation snowmelt going rapidly to the stream without recharging subsurface storages, and to reproduce the
depleted streamwater isotope signal in early summer (Figure 4). Applying the model to the main melt season would
require a more process-based snow module, including elevation-dependent accumulation, wind-driven snow
redistribution, radiation-driven snowmelt, recharge of subsurface storages through snowmelt, and possibly rain-on-

snow dynamics.
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540  Fourth, the subsurface storages used here are conceptual representations of subsurface rather than direct
representations of underlying aquifers. Their isotopic compositions were constrained using spring observations, which
provided useful process information but did not fully resolve spatial heterogeneity in subsurface mixing and
connectivity. The inferred fast and slow subsurface components should therefore be interpreted as functional flow
pathways. Additional years with contrasting snowfall and rainfall conditions would be needed to test the robustness

545 of the inferred subsurface storage-discharge relationships.

Fifth and finally, the error model used in the Metropolis sampler assumes independent and identically distributed
model residuals following a Gaussian distribution with a preset standard deviation, neglecting temporal correlation in
model residuals. In addition, the current modeling scheme combines effects of model uncertainty and observation
errors into a single likelihood function. Future work should implement error models that account for the temporal

550 correlation in model residuals and allow self-calibration of errors’ standard deviation (Evin et al., 2013; Schaefli and
Kavetski, 2017). Other avenues for improving error model can include characterizing rainfall errors using conditional
geostatistical simulation (Renard et al., 2011) and accounting for the variability of the isotopic signature of the

different water fluxes using bootstrapping approaches (Beria et al., 2020).

8. Conclusions

555 We developed a parsimonious model to encode our perceptual model of Vallon de Nant to parameterize streamflow-
generation processes in this steep headwater catchment in the Swiss Alps. The model combines a spatially distributed
Geomorphological Instantaneous Unit Hydrograph for direct runoff and soil-water drainage (not involving
mobilization of water stored in the subsurface) and two lumped subsurface storages representing fast and slow
groundwater flow pathways. The model uses high-resolution spatial rainfall measurements and isotope observations

560 in different hydrological fluxes and simulates streamflow and streamwater 6'*0 at 10-minute resolution over two
consecutive summers. It is not a full water-balance model, the model was run only for the summer periods, and the
initial storages were calibrated along with the other model parameters using a Monte Carlo sampling approach.
Despite streamflow peaking approximately 50 minutes after rainfall peaks, our model simulations show that more than
80% of summer streamflow is generated through subsurface flow pathways, while direct runoff and snowmelt account

565 for the remaining contributions. A nonlinear storage-discharge relationship for the fast subsurface reservoir allows
modeling the rapid mobilization of shallow groundwater after rainstorms without requiring large direct runoff
contributions. Joint calibration with discharge and streamwater isotopes improves streamwater 6'*0 simulations, better
represents snowmelt contributions, and improves inferred flow partitioning.

Overall, our results show that stable water isotopes provide independent constraints on rapid streamflow-generation

570  processes in a steep alpine catchment, especially when combined with high-resolution rainfall and streamflow
observations. The approach highlights the dominant role of groundwater pathways in sustaining both low flows and

storm responses during summer periods in Vallon de Nant.

575
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Data availability

Stable water isotope data for the different fluxes used in this paper are available at https://zenodo.org/records/7540709.

10-minute rainfall estimates were aggregated based on 2-minute rainfall timeseries available at

https://zenodo.org/records/3946242. Streamflow records are available at https://zenodo.org/records/15739350.
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