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This work investigates the highly relevant question of the seasonal dynamics of water transfers in shallow soils (<60 cm depth)
in an alpine grassland context. In particular, this work aims to distinguish between the seasonality of water available for
vegetation and the water that percolates vertically to recharge groundwater. Isotopic transfers are modeled using the
HYDRUS-1D model. Meteorological data are measured locally, and samples for isotopic analyses are collected monthly.

I mainly have a few substantive comments on this work, which is overall comprehensive.

We thank Dr. Judith Eeckman for the assessment of our work. We appreciate the recognition of the relevance of the
research question and the overall comprehensiveness of the study. All the comments and feedback received are
constructive and will help to improve the manuscript. Accordingly, we will thoroughly revise the paper to address all
main and specific comments. Below, we provide our responses to the comments of Judith Eeckman, together with our
proposed revisions, which we will be pleased to implement, pending a positive decision from the editor. At this stage,
proposed revisions referring to specific portions of the manuscript are indicated using the notation “LXX-YY”, where
XX and YY represent provisional line numbers that will become definitive if the editor invites us to proceed with the

revision and submit the revised manuscript.
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1 Main comments

The use of snow depth measurements to estimate melt flux is very simplistic. Indeed, this does not account for processes such
as compaction, refreezing, stratification, etc. Snow sublimation is not mentioned. The degree-day model is simplistic and
poorly represents these fluxes. Is sublimation accounted for in the calculation of AET in winter? There are instrumental
methods for directly calculating melt flux (see Eeckman et al., 2025).

This point could be specified in the “dataset” paragraph or in the discussion.

We thank Dr. Judith Eeckman for this constructive comment and for pointing out the relevant reference.

We agree that the degree-day approach represents a simplified description of snowmelt processes and does not
explicitly account for mechanisms such as compaction, refreezing, stratification, or snow sublimation. Regarding
sublimation, we would like to clarify that, in terms of the objectives of this study, distinguishing the partitioning of
potential evaporation into sublimation and soil evaporation is not a key aspect. Our main interest is to adequately
represent the outgoing flux (evaporation + transpiration) toward the atmosphere. This is also because we compare the
AET obtained from the model with AET derived from eddy covariance measurements, which do not distinguish
between sublimation, evaporation and transpiration. Given how HYDRUS-1D operates, we simply partition potential
evapotranspiration into potential evaporation and potential transpiration using Eqs. 2.7 and 2.8 of the preprint.
Clearly, during winter, potential evaporation mainly corresponds to sublimation. Moreover, explicitly accounting for
the isotopic composition of sublimation would require additional model developments and dedicated investigations, as
this process remains subject to ongoing research (Beria et al., 2018).

In line with the reviewer’s suggestion, we will explicitly highlight in the Discussion that one of the main limitations of
our approach is the use of a simplified model to estimate the melt flux. We will also acknowledge that this flux could
be directly calculated by using instrumental methods as reported in Eeckman et al. (2025).

At the same time, we would like to emphasize that the degree-day model is coupled with an isotope-enabled framework
that simulates the isotopic composition of equivalent precipitation (i.e., rainfall + snowmelt) following the approach
proposed by Ceperley et al. (2020). To the best of our knowledge, this represents one of the most recent and suitable
approaches for simulating isotopic content in snow-dominated sites.

Notably, the method developed by Ceperley et al. (2020), despite the simplified assumptions, has been successfully
applied in the Vallon de Nant catchment (i.e., the same site investigated in Eeckman et al., 2025), where it showed
agreement with results of Eeckman et al., (2025) as also reported by the authors in the manuscript. Moreover, our
results indicate that the degree-day approach provides overall reliable estimates of snowmelt dynamics at the Alpine

study site where the melt is largely driven by latent heat transfers (Ceperley et al., 2020; Ohmura, 2001).
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We propose to add the following paragraph in the Discussion section LXX-YY: “As in our study, also Stumpp et al.
(2012), by assessing the effects of land cover and fertilization on water flow and solute transport of five lysimeters using
HYDRUS-1D, found the main discrepancies between simulated and measured values because of the uncertainties related
to infiltration during snowmelt. Therefore, for future studies, a more accurate estimation of these fluxes could be achieved
by directly using instrumental methods, as reported in Eeckman et al. (2025).

Overall, the degree-day approach used in this work has the limitation of providing a simplified representation of snowmelt
processes, in which processes such as compaction, refreezing, stratification, and snow sublimation are not explicitly
included. Regarding the latter, a further partitioning of potential evaporation into soil evaporation and snow sublimation
is beyond the scope of the present study. The main interest here is to adequately represent the outgoing flux toward the
atmosphere. Moreover, explicitly accounting for the isotopic composition of sublimation would require additional model
developments, as this process remains subject to ongoing research (Beria et al., 2018). Therefore, no further distinction is
made between soil evaporation and snow sublimation, as both processes are included within the potential evaporation term
computed using Eq. 2.7. During winter, this term predominantly reflects sublimation due to the presence of snow cover.
Accordingly, we compared the simulated AET with eddy-covariance measurements, which do not distinguish between

sublimation, evaporation, and transpiration.”

We also propose to add at the end of the paragraph:

LXX-YY: “Despite these limitations, our results indicate that the degree-day approach provides overall reliable estimates
of snowmelt dynamics at the Alpine study site where the melt is largely driven by latent heat transfers (Ohmura, 2001,
Ceperley et al. 2020)”

We also propose to add the following sentence at the end of section “Potential evapotranspiration (ETr), evaporation
(Er) and transpiration (Tp)”:

LXX-YY: “No further partitioning of potential evaporation into soil evaporation and snow sublimation is made: this
partitioning is beyond the scope of the present study. During winter, this term predominantly reflects sublimation due to

the presence of snow cover at the study site”

The issue of rain-on-snow is not addressed: how does the degree-day model respond in this case? There could perhaps be
specific thresholds for such conditions. Have you observed this situation in your meteorological data? This is a very important

point for estimating melt flux, especially in spring.

We thank Dr. Judith Eeckman for this insightful comment. We acknowledge that, from a methodological perspective,

the approach proposed by Ceperley et al. (2020) and adopted in this study does not explicitly account for rain-on-snow
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events. We will therefore further emphasize in the revised manuscript that the lack of an explicit representation of
rain-on-snow dynamics constitutes a limitation of the adopted modelling approach that weakens the representation of
meltwater generation during such events.

We would like to point out, however, that this aspect has been addressed in the manuscript, although it may not have
been discussed in sufficient detail. Specifically, at L456 of the preprint we note that some discrepancies between
modelled and observed data may be related to the occurrence of rain-on-snow events. In addition, we quantified in
aggregated manner the occurrence of such conditions compared to total rainfall by defining rain-on-snow as
precipitation falling as rain while snow water equivalent (SWE) is greater than zero.

Nevertheless, following the reviewer’s comment, we further investigated this aspect to better assess the potential
influence of rain-on-snow events on the results.

Over the study period, most of these events occur in June (Table 1, Figure 1), toward the end of the snowmelt season
(Figure 1). During these events, the model quantifies melt fluxes (Figure 1), but no enhanced melt rates are used during
rain-on-snow events. Indeed, Myers et al. (2023), highlighted that such events can increase melt rates. Accordingly,
one potential implication about the use of Ceperley et al. (2020) model is that snowmelt is underestimated by the

degree-day approach during rain-on-snow conditions.

Table 1 Number of rain-on-snow days (i.e., precipitation falling as rain while SWE is greater than zero) for each month

Hydrologic Year Oct Nov Dec Jan Feb Mar Apr May Jun Sep Aug Sep

2017-2018 2 1 0 o0 1 1 1970 o o
2018-2019 3 0 3 0 o 1 3 2o o o
2019-2020 o 1 1 1 3 0 2 2 7 0 0 0
2020-2021 4 4 3 1 0 0 0.6 8 0 0 0
2021-2022 o 3 3 2 3 1 0 0 0 0 0 0
2022-2023 2 4 4 2
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Figure 1 Daily snow water equivalent (SWE, right axis), rainfall occurring under rain-on-snow conditions (bars, left axis), and
snowmelt (SM, left axis) derived from the Ceperley et al. (2020) model for each hydrological year. Rainfall is shown only for days
when both rainfall and SWE are greater than zero (rain-on-snow conditions). Red dashed vertical lines indicate the start (1
November 2017) and end (6 February 2023) of the observation period.

In the revised version of the manuscript, we intend to report the previous analysis in the Supplementary Material.

L455-460: “Notably, at the end of snowmelt periods, measured volumetric water content is often slightly higher than
modelled values. This discrepancy may be explained by the impact of rain-on-snow events, which are typically more
intense and short-lived than melt events driven solely by temperature (Myers et al., 2023). Indeed, within the
considered elevation range, approximately 26% of the total rainfall between November 2017 and February 2023
occurred under rain-on-snow conditions, that is, precipitation falling as rain while the SWE is greater than 0 (Ceperley

et al., 2020).”

Will be replaced with:

SWE (mm)

SWE (mm)

SWE (mm)
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LXX-YY: “Notably, at the end of snowmelt periods (June), measured volumetric water content is often slightly higher
than simulated values. This discrepancy may be explained by the impact of rain-on-snow events. Indeed, most of these
conditions (i.e., precipitation falling as rain while the SWE is greater than 0) occur in June (Table S1, Figure S1). During
these events, the Ceperley et al. (2020) model simulates melt fluxes (Figure S1). However, the magnitude of snowmelt is
likely underestimated, as rain-on-snow events are known to generate more intense and short-lived melt pulses compared
to melt driven solely by temperature (Myers et al., 2023). The lack of an explicit representation of rain-on-snow processes
therefore constitutes an additional limitation of the modelling approach. Nevertheless, it is worth noting that such

conditions account for only 5.6% of the total study period, mainly occurring at the end of the melting season.”

How do you consider lateral transfers? In steep slope contexts, infiltration upstream can be transferred laterally at shallow
depths (<60 cm) and re-emerge downslope to supply the root zone again. In these specific contexts, infiltration at the bottom

of the soil column does not necessarily lead to groundwater recharge or streamflow contribution.

We thank Dr. Judith Eeckman for this pertinent comment, which allows us to better clarify the role of lateral water

transfers in our study area.

i) Although the hillslope hosting the monitoring station has an average slope of approximately 32° (Gisolo et
al., 2022), the instruments (soil moisture and matric potential probes) are installed on a small, relatively flat
plateau, as described in the “Study site and datasets” section. This local topographic configuration supports
the assumption that water fluxes within the monitored soil profile are predominantly vertical, and thus

reasonably represented by a 1D modelling approach.

ii) Independent evidence at the catchment scale suggests that vertical processes dominate over lateral transfers.
In Gentile et al. (2023), the fraction of young water (water younger than 2-3 months) in the main streamflow
and spring of the study area was estimated to be very low, 0.18 and 0.11, respectively. These results are
consistent with findings from mountainous catchments worldwide (Jasechko et al., 2016). These authors
show that steeper catchments tend to exhibit lower fractions of young streamflow, stating that “...the reduced
prevalence of young streamflow in steeper terrain suggests that steeper landscapes tend to favour deeper vertical
infiltration rather than shallow lateral flow. A tendency for greater infiltration in mountainous watersheds may
seem counterintuitive but is consistent with conceptual models of runoff generation and groundwater flow that
suggest that topographic roughness drives long groundwater flow pathways that bypass first-order streams.
Smaller young streamflow fractions in steep regions may also reflect the tendency for rock stresses in steep

landscapes to fracture bedrock, enhance permeability, and promote deep infiltration™.
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iili) the comparison between the isotopic composition of the modelled bottom flux and that of spring water (Fig.
11d-e of the preprint) further supports that vertical processes dominate over lateral transfers, suggesting
that snowmelt predominantly contributes to subsurface storage that feeds the spring, rather than being
rapidly transferred laterally. This interpretation is consistent with isotope-based analyses presented in
Gentile et al. (2023), and with global-scale findings (Jasechko, 2019), which show that event water typically
represents only a minor fraction of streamflow, while discharge is largely dominated by pre-event water.
These results suggest that equivalent precipitation (rainfall + snowmelt) primarily infiltrates into the
subsurface, displacing pre-event water that is subsequently released to the stream. This appears to be the

dominant process in the study area.

In general, we agree that infiltration occurring upslope could be redistributed laterally at shallow depths (<60 cm) and
subsequently re-emerge downslope, contributing to the root zone. Indeed, we cannot entirely exclude the presence of
such process. However, based on the combined topographic, hydrological, and isotopic evidence, deep vertical
infiltration is the dominant process at the site. In the revised manuscript, we will explicitly include this aspect in the

Discussion section.

We propose to add the following paragraph LXX-YY: “It should be noted that, in steep slope contexts, infiltration
occurring upslope could be redistributed laterally at shallow depths (<60 cm) and subsequently re-emerge downslope
supplying again the root zone. In these specific contexts, infiltration at the bottom of the soil column does not necessarily
lead to groundwater recharge or streamflow contribution. Accordingly, we cannot entirely exclude the presence of such

process. Nevertheless, this mechanism can reasonably be considered less relevant at the study site for three main reasons.

First, although the hillslope hosting the monitoring station has an average slope of approximately 32° (Gisolo et al., 2022),
the instruments are installed on a small, relatively flat plateau. This local topographic configuration supports the
assumption that water fluxes within the monitored soil profile are predominantly vertical and can thus be reasonably
represented using a 1D modeling approach.

Second, independent evidence at the catchment scale suggests that vertical processes dominate over lateral transfers. In
Gentile et al. (2023), the fraction of young water (i.e., water younger than 2—3 months) in both streamflow and spring
water was estimated to be low (0.18 and 0.11, respectively). These values are consistent with findings from mountainous
catchments worldwide (Jasechko et al., 2016), suggesting that, although seemingly counterintuitive, steeper catchments
tend to favour deeper vertical infiltration rather than shallow lateral flow.

Third, the comparison between the isotopic composition of the modeled bottom flux and that of spring water (Figure 11
d—e) further supports the dominance of vertical processes over lateral transfers. This interpretation is consistent with

isotope-based conceptualizations presented in Gentile et al. (2023) and with global-scale findings (Jasechko et al., 2019),
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which show that event water generally represents only a minor fraction of streamflow, while discharge is largely dominated
by pre-event water. These results suggest that equivalent precipitation (rainfall + snowmelt) primarily infiltrates into the
subsurface, displacing pre-event water that is subsequently released to the stream. This appears to be the dominant process

in the study area.”

2 Minor remarks

1. 99 “In Swiss catchment”: please provide references and/or describe which catchments.

We thank Dr. Judith Eeckman for this comment. The relevant references will be added in the revised manuscript.
L99-100: “In Swiss catchments, for example, SOI in streamflow (SOIq) was found to be = 0, reflecting that streams

are sustained by nearly equal fractions of summer and winter precipitation.”

Will be replaced with:

LXX-YY: “For example, in Swiss catchments having at least 4 years of streamwater isotope measurements previously
analyzed by Seeger and Weiler (2014), von Freyberg et al. (2018) and Bovier et al., (2025), SOI in streamflow (SOIlg) was
found to be = 0 (Allen et al., 2019), reflecting that streams are sustained by nearly equal fractions of summer and winter

precipitation.”

Figure 1: how is the AET presented in this figure calculated?

We thank Dr. Judith Eeckman for this comment. Actual evapotranspiration (AET) shown in Figure 1 is derived from

eddy-covariance measurements. This will be clearly specified the figure caption of the revised manuscript.

1. 245: do you have a reference for this thermal lapse rate in the region?

We thank Dr. Judith Eeckman for this comment. The thermal lapse rate was not taken from literature but was directly
estimated from observational data. Specifically, it was calculated using air temperature records from our
meteorological station together with data from additional stations managed by the Functional Centre of the Aosta
Valley Region, all located within the same valley (Valsavarenche Valley). Overall, the used stations cover an elevation
range from 1651 to 2555 m a.s.L.. This is described in the “Snow accumulation and melt model” section. However, we

will add a relevant reference regarding local site effects previously discussed in Eeckman et al. (2022).



1. 310: eq. 2.7, 2.8: please provide references for these equations.

235
We thank Dr. Judith Eeckman for this comment. We will report the reference in the revised manuscript.
L307: “ETp,usm is then partitioned into potential evaporation (Ep) and potential transpiration (Tr) using the following
expressions:”
Will be replaced with:

240 LXX-YY: “ETrusmis then partitioned into potential evaporation (Ep) and potential transpiration (Tp) using Beer’s law
that partitions the solar radiation component of the energy budget via interception by the canopy (Ritchie, 1972) as

follows:”

Figure 7: the measured and simulated data are not distinguishable in the figure.

245
We thank Dr. Judith Eeckman for this comment which is similar to a comment reported by Anonymous Referee #1.
Accordingly, the visualization will be revised to enhance readability by adopting contrasting colors and adjusting line
styles and widths to clearly distinguish simulated and measured data. Below we provide the proposed revised version
of Figure 7:
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Figure 8: there are many overlapping curves. Could these be separated into multiple panels for better readability?

We thank Dr. Judith Eeckman for this comment. Below we provide the proposed revised version of Figure 8:
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Figure 12: specify the variables simulated with HYDRUS-1D.

260 We thank Dr. Judith Eeckman for this comment. All the variables reported in Figure 12 have been simulated with
HYDRUS-1D. We will specify this at the end of Figure 12 caption in revised manuscript.

LXX-YY: “All the variables over time and soil depth have been simulated with HYDRUS-1D.”
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