10

15

20

https://doi.org/10.5194/egusphere-2026-2190
Preprint. Discussion started: 5 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Pre- and post-depositional processes affecting isotopic composition
of seasonal alpine snowpacks — Austrian Alps

Jasper F.D. Lammers'2, Thomas Wagner', Martin Masten', Simon Seelig', Wolfgang Schéner?, and
Gerfried Winkler!

'Department of Earth Sciences, University of Graz, Graz, Austria
?Department of Geography and Regional Science, University of Graz, Graz, Austria

Correspondence: Jasper F.D. Lammers (jasper.Jammers @uni-graz.at)

Abstract. Studying the formation and evolution of the seasonal Alpine snow pack is essential to obtain a clear picture of
hydrological catchment processes during the snow season and the following melt period. In this study, three seasonal snow
packs in one cirque in the Austrian Alps were monitored on a weekly interval, the snow packs were allocated in line with
each other at three different elevations (1500, 1600 and 1700 m a.s.l.). We analysed the establishment of isotopic signals using
atmospheric observations and a back-trajectory model. In the post-depositional analysis, we tracked individual layers over
time using Dynamic Time Warping to quantify the isotopic changes and relate these changes to the layer specific temperatures,
temperature gradients and isotopic gradient individually, and also a multi-linear regression approach with the combination of
temperature gradient and isotopic gradients. We also tried to relate the effects of global and net radiation on the upper snow layer
isotopic metamorphism. We identified that meteoric first-order isotope signals correlate strongly with cloud conditions during
snow accumulation events. The second-order stable water isotope interpreter, Deuterium excess (dxs), correlates strongest to
moisture origin conditions. In the post-deposition analysis we concluded that during the stable period in the snow season,
trends in isotopic change are characterized by erratic week-to-week variations which always recover to the decreasing layer
average. The magnitude of isotopic change increased with normalized profile depth, where the biggest fluctuations occurred
at the snow-atmosphere boundary. In our analysis, week-to-week changes of the first isotopes cannot be explained solely by
the snow temperature, nor the temperature gradient. However, multi-linear regression analyses of the temperature gradient
and the isotopic gradient show that the temperature gradient significantly affects layer dxs changes. These dxs changes are
driven by the preferential mobilization of §'80 rather than §2H, contrary to classical expectations. The strong correlation
between the isotopic gradient and the temporal isotopic layer metamorphism highlights diffusive homogenization as a dominant
process, while temperature gradient induced vapour transport drives isotopologue differentiation. Upper layer snow isotopy is
not affected by air temperature, but is affected by global radiation and net radiation. This study consolidates the idea that
meteoric isotopy is shaped locally and non-locally for first- and second order isotopes, respectively. Furthermore, we highlight
the coinciding processes of temperature gradient induced heterogenization of the snowpack and isotopic gradients induced

homogenization.
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1 Introduction

Seasonal snowpacks in mountain regions are major yet temporally variable freshwater reservoirs: they store water in frozen
form and release it as meltwater in spring and early summer, thereby modulating river discharge, groundwater recharge, and
water supply for hydropower generation and downstream populations (Wagner et al., 2017; Carroll et al., 2019; Berghuijs
et al., 2014; Kulkarni et al., 2002; Stewart, 2008). The timing and magnitude of snow melt affect the availability and snow
melt driven floods. Thus, continuous monitoring of snow cover is essential to hydrology and water resource management under
changing climate conditions (Viviroli et al., 2007; Barnett et al., 2005; Mankin et al., 2015; Huss et al., 2017; Beria et al., 2018;
Musselman et al., 2017).

Stable water isotopes — most commonly reported as 680 and §?H (expressed as permille deviation from Vienna Standard
Mean Ocean Water, VSMOW) — are widely used as proxies of climate variables, hydrometeorological processes and as tracers
of atmospheric source regions and hydrological pathways and processes (Stichler and Schotterer, 2000; Jasechko, 2019; Gat,
1996; Kendall and McDonnell, 1998; Aemisegger et al., 2014). The relative abundance of the two first order isotopologues
relative to their lighter counterpart (i.e., 180 vs. 160, and 2H vs. 'H) is primarily controlled by equilibrium fractionation during
condensation and non-equilibrium fractionation (kinetic fractionation) during evaporation. Together, these processes generate
the characteristic linear relationship between § 2H and 6180, coined as the meteoric water line (Craig, 1961; Dansgaard, 1964;
Gat, 1996). Globally, precipitation whose moisture originates from evaporation over oceans follows the Global Meteoric Water
Line (GMWL). Because local precipitation integrates region-specific moisture sources, recycling, and evaporation conditions,
the isotopic composition shifts to a Local Meteoric Water Line (LMWL). Air temperature exerts a primary control on isotopic
composition along the MWL, with 6*80 and 62H both systematically decreasing with altitude as temperatures cool.

Deuterium-excess (dxs; = 62H—8 % §130, Dansgaard, 1964) quantifies deviations from the GMWL and serves as a second-
order tracer. This second-order tracer (dxs) composition is effectively preserved during atmospheric transport between the
moisture source and the location of precipitation. This allows identification of source region composition and local atmo-
spheric conditions (Merlivat and Jouzel, 1979; Bershaw, 2018; Aemisegger et al., 2022). Since meteoric stable water isotopes
are shaped by conditions and processes at both the origin and the location of precipitation, Lagrangian back-trajectory models
serve as a powerful tool to identify moisture source regions, characterise atmospheric conditions, and elucidate the dominant

processes shaping meteoric isotopy (Aemisegger et al., 2022; Krklec et al., 2018; Juhlke et al., 2019).

Towards understanding dominant post-depositional processes in accumulated snow, monitoring the isotopic composition is
a valuable approach. The isotopic composition of snow layers can be tracked over time as a direct tracer of water molecule
movement within the snowpack. Changes in snow layer isotopic composition directly reflect the direction and magnitude of
internal water vapour fluxes and melt-refreeze dynamics, allowing dominant redistribution processes to be identified (Craig
and Gordon, 1965; Craig, 1961; Pfahl and Sodemann, 2014; Beria et al., 2018). In addition, understanding post-depositional
metamorphic processes helps in glacial paleoclimatological record interpretation. Post-depositional processes can overprint

primary depositional isotopic signals, complicating paleoclimatic interpretation. Therefore, a comprehensive process frame-
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work enables more robust deconvolution of paleoclimatic signals (Stenni et al., 2016; WAIS Divide Project Members, 2013;

Harris Stuart et al., 2023).

Laboratory research has underlined the importance of sublimation, snow temperature (7) and stratification on post-depositional

metamorphism over the course of several hours, days and weeks (Wahl et al., 2024; Schindler, 2020; Sokratov and Golubeyv,
2009). Isothermal snow — or snow close to this state — shows rapid compaction and liquid water mobility between the
snow crystal, that causes a water drainage flux in the snowpack. Cold snow, on the other hand, promotes sublimation of wa-
ter molecules from crystal surfaces with high vapour pressure and their deposition onto surfaces with lower vapour pressure.
Temperature gradients (V1) within the snowpack drive vapour pressure gradients, controlling the direction and magnitude of
this diffusive water molecule transport (Colbeck, 1983, 1985, 1987, 1991; Pinzer and Schneebeli, 2009; Pinzer et al., 2012;
Schneebeli and Sokratov, 2004). As these snow metamorphism processes are caused by sublimation and deposition processes
of water vapour, changes in stable isotope composition of the snow clearly reflects those processes. Due to the fact that subli-
mation is a non-equilibrium fractionation process, a stronger net displacement of 6?H compared to §'%0 is expected, and it is
thought that a shift of layer dxs over time will appear (Sokratov and Golubev, 2009). Whether these theoretical considerations
of stable isotope enrichment and depletion agree with field observations is still an open issue and require further extensive field
measurements. Especially since field observations on temperature-gradient metamorphism in seasonal snow and related effects
on stable isotope composition are scarce (Sinclair and Marshall, 2008), and often only focuses on the uppermost snow layer in
the polar regions (Steen-Larsen et al., 2014; Ollivier et al., 2025).

Morstad et al. (2007) and Nakamura et al. (2001) identified radiation-induced near-surface snow faceting in laboratory
conditions, consistent with field observations by Birkeland (1998), who also documented melt-freeze metamorphism whereby
incoming solar radiation induces surface melt and subsequent refreezing in the layer below.

During clear sky nighttime conditions, the longwave net radiation can be negative, causing the snow surface temperature to
drop below air temperature. Under these conditions, surface hoar can form by the net water vapour flux from the atmosphere
towards the snow surface and related re-sublimation (Colbeck, 1985). Similarly, induced temperature gradients between the
surface and the layer below can drive net water vapour flux towards the surface as well, again visible as surface hoar. Princi-
pally, temperature gradient metamorphism, induced by radiation, should appear as a vapour flux towards and from the surface
layer, yet the linkage between radiative forced temperature gradient metamorphism and water isotopes remains largely unex-

plored.

Building on current knowledge gaps in pre- and post-depositional processes affecting stable isotope composition in seasonal
snow, this study uses extensive field observations to characterise meteoric isotopy establishment and to identify the dominant
processes altering isotopic composition after deposition in Alpine snow cover. We present weekly high vertical-resolution
profiles of 6180, §2H and dxs throughout the mid-to-end seasonal snowpack from a field site in the Austrian-Alps, paired with
continuous measurements of snow temperature and snow temperature gradients and observations of associated atmospheric
conditions above the snow. By jointly evaluating (i) atmospheric conditions at the precipitation site and moisture source region,

(ii) drivers of temperature gradient metamorphism (73 and V), and (iii) radiative induced thermal metamorphism drivers
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Figure 1. Overview of research area with contour lines. Snow profiles were sampled every week at the three red dots in the period from
06-03-2025 to 24-04-2025. Atmospheric data used for analyses were retrieved from valley station Kolblwiese (856 m a.s.l.) and mountain
station Blaseneck (1969 m a.s.l.), both indicated with blue dots. In the part below, the time series of the air temperature at 1600 meters
above sea level [°C] and precipitation [mm] are shown in red lines and blue bars respectively. The air temperature is interpolated from the
temperature at the top of the mountain ridge and the temperature in the valley with an average lapse rate of 0.504°C 100 m™* (similar lapse
rates in the Alps shown in Rolland, 2003; Rist et al., 2020). The valley station is the nearest station with precipitation records and is therefore
used. Numbers in the lower figure depict the observed snow events. Gray bars in the background denote the moments of snow sampling.

Background hillshade: Esri, Geoland, Intermap, NASA, NGA, USGS

(Rglob, Rnet) Within a consistent stable isotope stratigraphy, we seek to quantify the driving variables establishing the isotopic

signal and variables altering the isotopic signal for alpine seasonal snow.

2 Field site

Snow sampling was carried out at three locations in the Biarenkargraben cirque (from now on referred to as BK) in the Johnsbach
valley in Styria, Austria (Figure 1). Snow samples were taken at three different elevations, all in line of the same aspect, but
with different vegetation. All sites have a North-North-East exposure, with the Rotkogel ridge at their back. The sites are

allocated at 1497, 1578, and 1694 meters above sea level, respectively. For simplicity, from now on the sites are referred to
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their rounded off elevations of 1500, 1600 and 1700 meters. The three sites are within one kilometre of each other. Sites 1500
and 1600 are in a small clearance in a forest, while site 1700 is entirely above the forested area. Sites 1600 and 1700 are at the
bottom of slopes over 30 degrees, in contrast to the area around 1500, which is more or less flat.

Solar radiation and air temperatures are continuously measured at two meteorological stations monitored as part of the
WegenerNet (Fuchsberger and Kirchengast, 2023): one atop the highest peak of the catchment (Blaseneck, 1969 m a.s.1., 1.5
km from observation sites) and the other in the valley (Kolblwiese, 856 m a.s.l., 2.5 km from observation sites). Annual air
temperature averages at Blaseneck and Kolblwiese are 3.1°C and 7.1°C respectively, and have average precipitation sums of
1223 mm. Air temperatures at the three field sites are derived from interpolation between the two meteorological stations using
the lapse rate (seasonal average: 0.54 °C 100 m~1). These air temperatures were later used for isotopic establishment analysis
and post-depositional isotopic metamorphosis analysis, this is further described in the methodology chapter.

At each location, an array of thermometers was installed. Each consisting of 5 to 6 thermometers in an array of ten centimetre
intervals to record snow temperatures (73) every 15 minutes. Because of an upward shift of the lower thermometers during
installation, a gap in the sensor array near the snow-soil surface was created, meaning that no snow temperatures were recorded
during the snow season near the bottom. However, this also meant that above the created sensor gap, temperatures were recorded

in a higher vertical resolution. From the array of snow temperatures, the vertical temperature gradients (V1) were derived.

3 Methodology
3.1 Snow sampling

To collect snow samples from multiple adjacent profiles that can be treated as a single continuous profile throughout the study
period, a simple yet effective sampling strategy was applied. After sampling — just before closing the snow pit — we installed
two wooden poles in the snow at the edge of the snow profile we have taken samples from. The poles stuck out of the snow
so that next time we could identify the exact sampling location from last time. The poles were installed with their intersection
axis perpendicular to the slope. This way, profiles were dug at the same location as last week, but only slightly further up the
slope, presenting a snow profile, untouched from previous excavations and mixed refilling. We were especially careful to close
the snow pits fully, to prevent any parts of the snow pack that are naturally not in contact with the atmosphere, to be covered
again. We also never touched the snow upwards from the two poles, to prevent any unnatural disturbance of the snow pack. A
graphical overview of the profile sampling method is presented in the Supporting Information (Figure S1).

In addition to taking core samples, we documented the snow temperature, snow crystal size and shape, and the snow wetness
according to the ICSSG standards (Fierz et al., 2009).

Snow samples were taken with an aluminium cylinder (diameter: 8 cm, height: 5 cm) that was gently pushed horizontally
into the snow, and carefully removed in order to preserve the snow density of the sample. Snow samples were emptied from the
cylinders into Whirl-Pak® bags. To inhibit fractionation during transfer to the laboratory, any excess air was removed before
the bags were sealed. These bags were weighed in the field on a spring scale and later weighed again in the laboratory of

the University of Graz with a digital scale. For each sample, we measured electrical conductivity (EC) before being stored in
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sealed opaque HDPE bottles. Samples were analysed on stable water isotopes 680 and 6?H with an Elementar iso FLOW
spectrometer. The resulting isotopic compositions are expressed in parts per thousand (%o) deviating from the Vienna Standard
Mean Ocean Water (VSMOW). The precision of the measurements was 0.615%o and 0.042%. for 62H and §'30 respectively.

From the two first order isotopes, dxs was derived according to the Dansgaard equation (Dansgaard, 1964).

Since the accumulated snow did not visibly preserve individual snow-event layers, we could not sample one core per event.
Consequently, some cores contained snow from multiple snow events. The measured isotopic composition of a core therefore
represents a mixture of the contributing events rather than a single event. Using the cumulative precipitation time series, we
quantified the fractional contribution of each event to each core and used these fractions as weights when relating the observed
snow isotopic composition to meteorological conditions (discussed in the next paragraph). An illustrative example of two snow

accumulation events contributing to a single sampling core is shown in Figure S2.
3.2 Model, data, and analyses
3.2.1 Atmospheric drivers of meteoric isotopy

To assess atmospheric drivers of meteoric stable water isotope composition at the three BK sites, we explored Pearson corre-
lations between §2H, 680, and dxs and atmospheric conditions at both the study site and identified moisture source regions
(Aemisegger et al., 2022). For atmospheric input data for back-trajectory modelling, we used the ERAS Reanalysis dataset
(ECMWF) (Hersbach et al., 2020). ERAS5 reanalysis outperforms any earlier or other reanalyses (e.g., ERA-Interim, JRA-55,
MERRA-2) in terms of accuracy of temperature, wind, humidity, and precipitation fields (Graham et al., 2019; Huang et al.,
2021; Hassler and Lauer, 2021). From the ERAS data set the following variables were used at 18 atmospheric levels; three
dimensional wind velocity components (u, v, w), air temperature (7;;,-) and relative humidity (RH). The layers ranged from
1000 hPa to 100 hPa. At the surface level, the geopotential (W), air pressure (Fy), 2-meter temperature (75y,), and 10-meter
wind components (u19,V10,Ww10) Were used. In addition, cloud temperature and pressure at cloud top were derived from
ERAS as well.

We determined the trajectory the air parcel has taken before precipitating at our observation sites with HYSPLIT (Hybrid
Single Particle Lagrangian Integrated Trajectory). HYSPLIT (Draxler and Hess, 1998) is an atmospheric parcel-tracing model
applying an Eulerian and Lagrangian approach. For each snow event, we simulated an ensemble run of 27 individual trajec-
tory simulations. Each of the 27 runs is initialized by slightly different conditions in order to consider the uncertainty of the

simulations and allow to identify the most probably path of air parcels from the origin to the study site (Draxler and Hess, 1998).

To obtain the signal from moisture sources along the atmospheric trajectories, and not that of moisture sinks, we applied
the approach of Sodemann et al. (2008). Along each trajectory, increases in specific humidity are identified as evaporative
moisture uptake events, marking the geographic location of that uptake as a moisture source. The fractional contribution

of each source to the total moisture carried by the air parcel at the point of precipitation is weighted by the magnitude of
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the uptake relative to all subsequent additions, and reduced by any precipitation loss occurring between the source and the
observation site. No source is ever fully excluded; even a distant or minor uptake event retains a proportional, though potentially
very small, contribution to the final precipitated signal. The atmospheric conditions at each identified source region are then
integrated into a single representative value through a weighted average, where each source location contributes proportionally
to its fractional moisture contribution. This allows the isotopic signal of freshly deposited snow to be linked to the blended
atmospheric conditions across all moisture sources along the trajectory. This methodology has also applied by Aemisegger et al.
(2022); Pfahl and Sodemann (2014); Diitsch et al. (2017). To correlate source, transport and cloud formation processes with
meteoric stable water isotopes, we adapted the approach by Aemisegger et al. (2022). This way, we can pinpoint establishment
dynamics of meteoric stable water isotopes to; the temperature 2 meters above the surface (75,,), cloud temperature (7,), air
temperature at the moisture origin (75,), cloud cooling temperature (T,._,), cloud top pressure (P ;) and the relative humidity
of the moisture origin ([2H,,). P 1}, is used as an available and appropriate substitute for the vertical cloud structure. The cloud
temperature is calculated as the specific humidity weighted temperature, therefore incorporating the distribution of water in the

atmospheric column. A schematic overview of the methodology is shown in Figure S3
3.2.2 Post-depositional metamorphism

In order to track the weekly isotopic changes of individual snow layers, we applied a Dynamic Time Warping algorithm (DTW,
Giorgino, 2009) on the profile time series. This algorithm measures the similarity between two temporal signals considering
signal speed and spread. Through the DTW algorithm, we were able to link isotopic layers over the course of two to eight
weeks, allowing us to quantify changes in layer isotopy. To maintain uniformity in post-depositional analyses, we standardized
the linked layer isotopy changes in permille per day (%o d~1).

To identify which post-depositional processes shape snow isotopy over time, and how much these processes affect snow
isotopy, potential drivers of snow metamorphism were statistically linked to the temporal evolution of isotopic layer com-

positions. Using snow thermometer arrays, we related weekly isotopic change to (i) the weekly mean snow temperature and

temperature gradient (75 ., and V7§ y,), (ii) the mean snow temperature and temperature gradient during the 24 h preceding

sampling (7% 24n, and VT 241), and (iii) the vertical isotopic gradient between adjacent layers during the preceding sampling
interval (Vigo,w—1). Viso,w—1 Was calculated as the isotopic difference between the target layer and the adjacent layers above

and below for each of the first- and second order isotope. For uniformity, Vi, is expressed in permille per centimetre (%o cm™1).

Correlations between temporal isotopic changes and drivers of these changes are expressed with Pearson r and the p-value.
We identified significant correlations when p < 0.05 and highly significant when p < 0.01.

All post-depositional correlation analyses were performed during the period prior to freshet (SSP), ranging from March 6"
to April 10*" 2025. We refer to this period when less detrimental changes in isotopy as the Stable Snow Period (SSP). Snow
metamorphism post-SSP are dominated by snow melt. The SSP ended when the snow profile became isothermal and moist,
indicating the onset of the melt period. Since there have been too few observations on isotopic changes during the last two

weeks, potential drivers of wet isotopic metamorphism are neglected in statistical analyses.



200

205

210

215

220

225

230

https://doi.org/10.5194/egusphere-2026-2190
Preprint. Discussion started: 5 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

4 Results
4.1 Pre-deposition: Drivers of meteoric isotopy
4.1.1 Snow events

In total, we identified six snow accumulation events in which a significant amount of snow was added to the research area
(lower panel Figure 1). Events 1 to 4 have all deposited snow between the second and third weekly campaign (between March
13" to March 20*"), and events 5 and 6 snow were deposited between the fourth and fifth weekly campaign (March 27" to
April 37%),

Using the cumulative precipitation sum and the sampling depths, it became evident that the first four snow events (Figure
1) are sampled as mixed samples. Snow from snow accumulation events 1 and 2 is mixed in one core sample, as is snow from
events 3 and 4 mixed in another single core.

At all elevations, 6180 of the events 3+4 were -16%o, and -20%o for events 1+2 (Figure 2). Similarly, at all elevations, the
0%H and dxs values for events 142 are -150 and 5.3%o respectively. 2H and dxs values for events 3+4 are slightly more spread
over the elevations: at 1500, 2H and dxs were highest (-105 and 16.24 %o respectively), whilst at 1600 and 1700 the 62H and
dxs were about -118 and 9.0 %o.

The added snow - observed on April 3*¢ - had distinctive layers as well. The precipitated volume snow was big enough to
differentiate between individual snow events from March 29" to April 2" of precipitation. The upper layers show relatively
low compositions of 6180 and 62H (-11 and -85 %), similar values to the deepest fresh layers. However, the dxs-values of
these upper layers are all relatively low compared to the other freshly deposited snow layers. In the middle of the snow pack,
the highest 6180 and §2H compositions were found (-9 and -62 %o). The dxs signal of the mid-depth snow, on the other hand,
was higher than the upper layers, but lower than the lower layers. The lowest fresh snow layer shows a relative abundance of
d%H compared to §'20.

4.1.2 Atmospheric drivers snow isotopy

The fresh snow §'80 signals show significant correlations (p<0.05) with T,, T,._,, and RH,, and a highly significant corre-
lation (p<0.01) with P, 4, (Table 1). 0%H shows significant correlations with all predictive variables and the correlation is
highly significant with the cloud temperature. Pearson’s r drops when 7 is subtracted from 7, (i.e., cloud cooling), thus, cloud
cooling has a lower predictive value than that of 7, alone. Apart from R H,, all variables showed positive correlations with both
0%H and 6'80. These first order isotopes are therefore strongly linked to local atmospheric conditions during precipitation.
The isotopic lapse rate, which is the linearly regressed slope between §'30 and Th,,, is 0.429 %o °C~!, which is slightly
lower than the 0.464 and 0.53 of %0 °C~! in Jouzel et al. (1997) and Delattre et al. (2015). The relationship between 580
and origin temperature was 0.725, i.e. steeper than the aforementioned studies and results. The 1%, — 62H relationship has a
slope of 10.12 %0 °C~", and T,, — 6°H has a slope of 7.48 %o °C~', which is less steep than the local air temperature-isotope

relationship.
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Table 1. Pearson correlation for potential drivers of pre-depositional isotopic signals. Pearson correlation coefficient (r) and p is the signif-
icance level of the hypothesis. Significant p-values are highlighted in bold. Correlations are shown between the freshly deposited isotopic
signals, 80, §%H and dxs, and the air temperature 2 meters above the ground (Ts.m ), cloud top air pressure (P ¢op), temperature at moisture

origin (75), cloud temperature (7¢), the cloud cooling temperature (7.—,), and relative humidity at moisture origin (RH,).

580 5%H dxs

n=21 r p-value r p-value r p-value

Tom 0422  0.0569 0518 0.0162 0.837  0.0000
Pe.iop 0550  0.0098 0508 0.0187 -0.106 0.6473
T 0375 0.0940 0.461 0.0358 0.743  0.0001
Te 0.608  0.0035 0.610 0.0033 0.230 0.3154
Teo 0.548  0.0101 0.528 0.0138 0.052  0.8222
RH, -0.434  0.0494 -0525 0.0145 -0.806  0.0000

dxs shows highly significant correlations with Tby,, T, and RH,,. These correlations are the most significant of all isotope -
atmospheric condition relationships, and show the strongest linear correlation (r = 0.837, 0.743, and -0.806 respectively). 1oy,
and 75, have a positive relationship with dxs, while RH,, showed a negative relationship with dxs. For a visual overview of the

data points and correlations, the reader is kindly referred to Figure S4.
4.2 Post-deposition: Drivers of snow metamorphism
4.2.1 Isotopic changes within snow profiles

The temporal variability of snow isotopy changes increased with normalized snow depth during the SSP (Figures 2 and S5).
Surface layers exhibited the largest fluctuations, whereas middle and basal layers were comparatively stable, indicating that
upper snowpack layers are most susceptible to post-depositional modification while deeper layer isotopy is preserved. The
lowest temporal variability occurred at a normalized depth of 0.25.

In the upper layers, §'30 and §2H showed a pronounced week-to-week variability, slightly increasing over the study period.
dxs varied substantially without a systematic long-term trend. At the onset of melt (April 6'"~15t"), the upper 3—4 layers
merged as the snow depth decreased, resulting in a uniform §'®0 composition across elevations (—9.6%o). This merged layer
was isotopically more enriched than any of its original constituent layers, indicating that melt-induced enrichment cannot be
explained by simple layer mixing alone. During the same time, dxs decreased more strongly than expected from the weighted
layer averages, implying preferential mobilization of §2H relative to 6'80 into the liquid phase. Layers below showed increas-
ing dxs values, consistent with isotopic fractionation during wet metamorphism.

By the second week of freshet, the snowpack had become nearly isotopically homogeneous. The weighted average §'%0,

d2H and dxs remained stable between over the last two sampling weeks (black dotted lines in Figure 2).
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Figure 2. Time evolution of snow depth, snow layers and isotopy composition for the three snow sampling sites at 1500, 1600 and 1700
m.a.s.l. The upper figures show the depths of the taken samples, and the profile snow crystal types according to ICSSG. Colours for snow
crystal types are plotted slightly translucent to make the figure more readable. The second, third and fourth row of figures show 6180,
§%H, and dxs compositions of each colour- and symbol coded layers. Black dotted lines with squares represent the weighted average snow

composition of these profiles.

Basal layers exhibited minimal variation in 6'®O throughout the SSP. Although dxs occasionally showed abrupt changes,
these generally reverted to previous levels, indicating no persistent long-term trend. During freshet, basal 5180 increased toward
the bulk snowpack average, while dxs decreased and remained consistently below the snowpack average. In some cases, the
basal dxs became lower than those of all overlying layers. This suggests relative enrichment in 680 compared to §2H in basal

snow, consistent with preferential melt-out of §2H and the retention of §'80.
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4.2.2 Snow metamorphism and snow isotopy composition

The week-to-week change of 5120, §2H does not show a correlation with the weekly average temperature of the snow, nor the
temperature gradient during the preceding week or the last 24 hours prior to observation (Table 2). However, Adxs is highly
significantly correlated with the weekly temperature gradient, and even stronger correlated with the temperature gradient during
the last 24 hours before observation. The predictive values of the weekly and diurnal temperature gradient on the isotopic
change alone are 0.227 and 0.320 (the square of Pearson r values in Table 2).

The prevailing vertical isotopic gradient correlates most strongly with temporal isotopic change in both first- and second
order isotopes. Positive correlation coefficients indicate that layers with steeper isotopic gradients undergo greater isotopic
change over time, moving towards a more homogeneous profile. Specifically, the direction of isotopic change in each layer
follows the prevailing local gradient, with layers that are isotopically depleted relative to their neighbours enriching and those
enriched relative to their neighbours depleting over time.

Although VT ,, alone has no predictive value for weekly isotopic changes (Table 2), its multi-linear combination with
Viso,w—1 significantly explains A§'80 and Adxs (Table 3). For A§*®0, 49% of variance is explained by this combination, with
both Vg, w—1 and VTSW returning significant coefficients (p = 0.049). For Adxs, 32% of variance is explained, though VTSW
does not significantly predict A6?H (p = 0.314), suggesting that temperature gradient influence on hydrogen isotopologue
transport is less direct or more variable than for oxygen. Notably, the negative temperature gradient coefficient in the Adxs
model (ﬁm = -2.042), combined with the significant positive coefficient in the AJ*80O model (3 = 0.315) and the non-
significant response of A§?H (3 = 2.467, p = 0.314), indicates that dxs reduction under positive temperature gradients is driven
by displacement of 120 towards colder layers, rather than by preferential 2H mobilization as conventionally expected.

Considering the aforementioned results, we can identify two major processes that affect the isotopic change of snow layers:
(i) Fickian diffusive processes homogenize stark isotopic gradients in the snow, and (ii) snow temperature gradients create
preferential displacement of 80 over 2H, causing differentiation of the isotopes in the snow pack.

Shown in Table 4, the metamorphism of the first-order isotopes in the upper layer correlates positively with weekly global
radiation (m) and net radiation 24 hours prior to sampling (M). This positive relationship indicates the enrichment
of heavy isotopologues from solar radiation induced thermal gradients at the snow surface. Under sublimation, kinetic fraction-
ation would be expected to cause a decrease in dxs. However, dxs shows no significant correlation with global or net radiation
(Table 4), suggesting that sublimation-related kinetic fractionation was not the dominant radiation-thermal gradient induced
process during the SSP. Given the limited sample size (n = 15), this result should be interpreted with caution. The results
suggests equilibrium fractionation dominating under the observed conditions. Radiation induced equilibrium fractionation is
consistent with melt—refreeze processes, in which lighter isotopologues are preferentially lost to the liquid phase, leaving the

residual snow enriched in 6180 and §2H.
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Table 2. Pearson correlation statistics between potential drivers of post-depositional isotopic change and the observed isotopic change
of individual snow layers during the SSP. Pearson correlation coefficient (r) and p denote the correlation strength and significance level

respectively. Significant p-values are highlighted in bold. Tt and T 241, are the weekly average snow layer temperature and the 24-hour

average temperature prior to sampling, respectively. V1 and VT 241, are the weekly average temperature gradient and the 24-hour average

temperature gradient of the snow layer, respectively. Viso, w—1 i the vertical isotopic gradient from the previous sampling interval.

ASB0 AS*H Adxs
r p-value r p-value r p-value n
Tsw 0.086  0.6407 0.114 0.5356 0.142  0.4376 32
VT ,w 0.133 04668 -0.039 0.8311 -0.476 0.0060 32
T 24n -0.013 09449 -0.071 0.6980 -0.297  0.0987 32

VT 24n 0.029  0.8760 -0.083 0.6535 -0.563  0.0008 32
Viso,w—1  0.510  0.0000 0.685 0.0000 0353 0.0000 142

Table 3. Pearson correlation statistics of multi-linear regression models predicting weekly isotopic change (A§*80, A§%H, and Adxs) from
the prevailing vertical isotopic gradient (Viso, w—1) and the mean weekly temperature gradient (V75 ). Pearson correlations (r and p-value)
for each component and the corresponding coefficients (3) are presented together with the multi-linear regression performance score RZ.

Significant p-values are highlighted in bold.

viso, w—1 VT&W
n=237 B p-value B p-value R?

AS™0O 0541  0.000 0315  0.049 0.494
AS?H 0293  0.000 2467 0314  0.387
Adxs 0306 0.011 -2.042 0.004 0.324

5 Discussion

Previous studies focus on high-frequency isotopic snow metamorphism over short periods (Wahl et al., 2024; Sokratov and
Golubev, 2009), on long-term snow metamorphism with sparse temporal coverage (Sinclair and Marshall, 2008; Anderson
et al., 2016; Pu et al., 2020), or on spatially inconsistent sampling strategies that do not follow the same profile over time,
leaving the direct layer-scale links between metamorphic drivers and isotopic change poorly constrained (Carroll et al., 2022;
Noor et al., 2023). Here, we bridge this gap by monitoring seasonal snowpack isotopy evolution at weekly resolution. Despite
sublimation and related processes acting on minute-to-hour timescales (Wahl et al., 2024), we observed isotopic changes of
similar magnitude, indicating that weekly sampling captures the cumulative impact of short-term metamorphic processes. This

highlights weekly monitoring as a cost-effective strategy to quantify seasonal snow isotopic evolution. So, although weekly
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Table 4. Pearson correlation statistics between upper snow layer isotopic change and radiation variables. Radiation variables include global

radiation (Rglob) and net radiation (Ryet) over the past week and 24 hours. Significant p-values are highlighted in bold.

AST0 AS§*H Adxs

n=15 r p-value r p-value r p-value

Rytob,w 0.525  0.045 0549  0.034 0477  0.072
Rgiopoan  -0.294 0287 -0.170  0.545 0369  0.175
Ruet.w 0.557  0.031 0483  0.068 0.047  0.868
Rnetoan 0621 0013 0589  0.021 0284  0.305

sampling cannot resolve individual short-term events, it integrates their net isotopic effect at the layer scale.

Our research highlights local and non-local processes influencing the isotopic snow signature, and post-depositional isotopic
evolution of an alpine seasonal snow pack. By using a back-trajectory model and regressing the modelled local and non-local
meteorological conditions with precipitated isotopic signals, we were able to identify that first order isotopes (580 and §2H)
are primarily shaped locally. Cloud temperature (T.) and cloud top air pressure (P, o) were identified to strongly shape
meteoric isotopy. These variables more or less reflect the same principle, higher clouds are colder. The dependence of first
order isotopes on T, has been observed in isotopic lapse rates (Zhu et al., 2018; Beria et al., 2018; Kern et al., 2014) and
isotopic seasonality (Feng et al., 2009; Kern et al., 2014), and is a product of Rayleigh fractionation.

dxs, on the other hand, has primarily non-local origins. The inverse relationship between dxs and relative humidity at the
moisture-source (RH,) reflects the Craig-Gordon framework (Craig and Gordon, 1965). In air masses with high relative hu-
midity, the effect of kinetic fractionation on moisture uptake from terrestrial or oceanic sources is suppressed. In contrast, dry
air masses are diffusion-limited, enhancing kinetic fractionation leading to a stronger relative enrichment of §2H compared
to '80. The strong relationship between dxs and moisture origin temperature (7,) is ambiguous. Although T, and RH,, are
strongly anticorrelated (r = -0.623, p = 0.003), it is RH, that directly governs kinetic fractionation during moisture uptake.
Temperature primarily modulates RH, and therefore acts more as an indirect proxy shaping dxs rather than a direct driver of

isotopic fractionation itself (Aemisegger and Sjolte, 2018).

The high correlations of dxs with RH,, reinforce the established understanding that dxs is preserved from moisture origin
and the moisture origin processes that shape it in the first place (Craig, 1961; Pfahl and Sodemann, 2014; Beria et al., 2018;
Aemisegger et al., 2022; Uemura et al., 2008; Steen-Larsen et al., 2014; Fujita and Abe, 2006). The even stronger positive
correlation of dxs with Tsy,, was previously not observed to our understanding. We argue that the Tsy,, — dxs relationship is an

artifact of the original air mass temperature. The positive linear correlation between Ts,,, and T, (r = 0.708, p = 0.000) supports
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this idea. So, even though Ts,, appears to have the strongest link with dxs, it acts as a secondary proxy, indirectly reflecting
moisture origin conditions rather than directly governing isotopic fractionation.

Negative correlations between dxs and Ty, have previously been observed. Natali et al. (2022) illustrated that event pre-
cipitation dxs shows no correlation with the air temperature during summer in Italy. Monthly averaging did show a significant
negative dxs — Ty, correlation. Fujita and Abe (2006) showed negative correlations of dxs with ambient air temperature at
Dome Fuji, Antarctica (Table 5). Natali et al. (2022) hypothesized that the negative monthly Ts,,, — meteoric dxs relationship
can be attributed to sub-cloud droplet evaporation in summer at lower topographic locations. However, these physics cannot
explain the negative relationship for Antarctic station Dome Fuji. Fujita and Abe (2006) hypothesized that RH at moisture
origin shaped the dxs signal, but showed no evidence. This discrepancy in explanations and the usage of local meteorology as
proxies, highlights the entanglement of processes that interplay, and stresses the need for a uniform methodology that could
quantify underlying processes individually.

To interpret observed dxs signals more robustly, we propose that a two-step framework is required. First, back-trajectory
modelling should be used to constrain the dxs signal imprinted at moisture origin and locally established first order isotope
signals (Diitsch et al., 2017; Sodemann et al., 2008; Sodemann and Stohl, 2009; Aemisegger et al., 2022). Second, deviations
between the predicted source dxs and the observed precipitation signal should be analysed to quantify post-source modifica-
tions, such as sub-cloud evaporation, re-evaporation, mixing, and catchment-scale fractionation processes. Constraining these
processes will allow for a clearer separation of source signals from atmospheric and hydrological overprinting. This framework
is essential for improving the interpretation of precipitation isotope data, disentangling input signals from catchment storage
and mixing effects in spring discharge records, and refining paleoclimate reconstructions from ice-core archives (Jouzel et al.,
1997; Merlivat and Jouzel, 1979).

However, before we reach that point, it should be noted that continental moisture recycling introduces an additional layer of
isotopic modification, shaped by soil evaporation, vegetation transpiration, and boundary-layer mixing. Soil-plant—atmosphere
isotope interactions are highly dynamic and species- and ecosystem-dependent (Sprenger et al., 2016; Dubbert and Werner,
2018). Therefore, more continental-atmosphere isotope observations will help disentangle the complex superposition of recy-

cled and advected moisture signals.

Unfortunately, the extent of our thermometer array was not sufficient to record snow temperatures of basal layers. Therefore,
no potential thermally induced isotopic changes could have been linked at the lowest part of the snow profile. However, as
the observed temperature gradients decreased with normalized depth over the recorded extent, one could assume that the
temperatures and temperature gradients were less extreme, deeper in the snow. This was observed by Dafflon et al. (2022), they
found a drop in temperature gradients with depth over the entire seasonal snow pack in the East River watershed (Colorado).
Similarly, Filippa et al. (2014) observed over 67 years of snow temperature profiles, that the bottom layer shows continuously
high snow temperatures and low temperature gradients. During our sampling campaign, manually recorded snow temperatures
underlined this process. In addition, the largest temperature gradients and isotopic changes were recorded closest to the snow-

atmosphere boundary (Figure 2). This indicates that upper snowpack layers are most susceptible to post-depositional isotopic
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Table 5. dxs - T5m correlations in literature and our study.

Study p-value r
Natali et al. (2022) event > 0.05 0.025
Natali et al. (2022) monthly < 0.001 -0.492
Fujita and Abe (2006) <0.0001 -0.717
Our study <0.0001  0.837

Note: (Natali et al., 2022) used Spearman’s rank coefficient.
Furthermore, we took the average correlation of the 5 stations
correlations in Natali et al. (2022). With the available data of Fujita
and Abe (2006) we calculated the Pearson Correlation.

modification. Deeper layers, by contrast, largely retain the isotopic composition acquired at the time of burial, once temperature
gradients become too weak to drive further diffusion. This raises the question of what critical temperature gradient magnitude or
burial depth marks the transition from active isotopic modification to signal preservation — a threshold that, once constrained,
could significantly improve the interpretation of isotopic stratigraphies in seasonal Alpine snow.

Our observations indicate that the weekly changes of 6’80 and §%H are largely insensitive to the snow temperature or
temperature gradient alone, whereas Adxs is strongly correlated with both weekly and diurnal temperature gradients. The
prevailing isotopic gradient is the strongest predictor of both first- and second-order isotopic changes, with larger isotopic
gradients driving stronger vertical homogenization. In a multiple regression model, both the isotopic and temperature gradients
significantly influence Adxs and AJ'20, demonstrating that isotopic gradients induced diffusion and temperature gradient
induced vapour fluxes coincide.

Water vapour diffuses through the pore space of the snow cover along isotopic gradients, producing vertical homogenization
across all isotopic species. The temperature gradient additionally drives directional vapour fluxes that produce a reduction in
dxs. However, contrary to the classical expectation of preferential 2H displacement under non-equilibrium fractionation (Craig
and Gordon, 1965), our statistic results indicate that this dxs reduction is driven by the mobilization of 180 towards colder
layers, while 2H transport remains statistically indistinguishable from zero at the layer scale. This suggests that under field
conditions, temperature gradient metamorphism acts on 6*80 and 62H asymmetrically, a finding that challenges the prevailing
sublimation-based framing and warrants further investigation. The positive effect of the dxs gradient on Adxs further indicates
that kinetic fractionation is superimposed on this isotopic gradient-driven diffusion, consistent with previous observations (Har-
ris Stuart et al., 2023) and with theoretical expectations from dry-snow metamorphism models (Touzeau et al., 2018). Overall,
our results support the concept that snow isotopic metamorphism during the SSP is governed by the interplay of isotopic and

temperature gradients.
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Melt-freeze metamorphism requires careful interpretation. Increased global and net radiation likely enhanced near-surface
snow temperatures and promoted melt-refreeze cycles and/or enhanced vapour exchange at the snow—air interface. The positive
correlations between radiation and §'80 and §2H, combined with the absence of a significant dxs response, suggest that
equilibrium fractionation dominated and that sublimation-related kinetic fractionation was negligible during the observation
period. This is consistent with previous studies reporting isotopic enrichment of residual snow during melt processes, while
sublimation typically leads to a decrease in dxs.

Radiation absorbed at the snow surface generates near-surface warming, steepening local temperature gradients and poten-
tially inducing melt-freeze metamorphism under sufficient energy input. Because snow temperature is inherently a function of
radiative fluxes, temperature gradient metamorphism and melt-freeze metamorphism cannot be fully separated in field obser-
vations. Part of the isotopic signal attributed to radiation may therefore reflect temperature gradient-driven vapour transport,
and near-surface temperature gradients recorded during the SSP may partly be radiation-induced. The current analysis reflects
the net effect of both processes acting simultaneously rather than their individual contributions.

Results from radiation induced melt-freeze metamorphism should be considered with caution because the three field sites
differed substantially in forest cover and surrounding topography, whereas radiation data were obtained from nearby meteoro-
logical stations located in open terrain. Canopy shading, terrain-induced horizon obstruction, and differences in surface albedo
likely caused site-specific deviations between measured and actual radiation at the snow surface, contributing to noise in the
regression analysis.

Additionally, regression relationships differed between individual sites and the pooled dataset. With only five temporal
observations per site, site-specific regressions have limited statistical power. However, the site-discrepancies suggest spatial
heterogeneity in radiation-driven isotopic metamorphism, reflecting differences in canopy cover, aspect, and snowpack micro-
climate.

These findings highlight the importance of canopy structure and microtopography in controlling snow isotopic evolution,

implying that isotope-based snow process studies in forested terrain require co-located radiation measurements.

6 Conclusions

In this study, we consolidate the idea that origin, atmospheric transport, and cloud processes shape the isotopic composition
of precipitation. The identification of cloud temperature as the primary control on first-order meteoric isotopy, and moisture
origin relative humidity as the primary control on dxs, provides a basis for improving isotope-enabled hydrological mixing
models and for refining paleoclimate reconstructions from snow and ice archives.

The most important meteorological variable embedding its signal in the initial first-order snow isotopy is the cloud tempera-
ture, shaping the isotopy through Rayleigh fractionation. The meteoric dxs signal is shaped by the origin relative humidity. This
clearly shows that, unlike first order isotopes, precipitation dxs is unaffected by local meteorology and the signal is formed

at the air mass origin. In line with the Craig-Gordon framework, high relative humidity at moisture sources inhibits kinetic
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Figure 3. Conceptual illustration of the two competing isotopic redistribution mechanisms active during the stable snow period. The temper-
ature gradient within the snowpack is presented in the left column with the heavy (green) and light (cyan) oxygen isotopologue distributed
on top of it. The isotopic distribution of these isotopologues is presented for clarity on the profile next to it. Red-blue arrows in the figure
illustrate the temperature gradient directed movement of 80, the green and blue arrows illustrate the Fickian diffusion of the 0 and '°0O

isotopologues respectively.

fractionation, while at low relative humidity, kinetic fractionation embeds discrepancies in the linear §'%0 — §2H relationship.

During the stable snow period (SSP), i.e., the period when the snowpack remains relatively dry and largely unaffected by
bulk liquid redistribution, stable water isotope redistribution is governed by an interplay of two competing transport mech-
anisms: directed vapour transport driven by temperature gradients, analogous to advection, and Fickian diffusion driven by
isotopic gradients acting to homogenize the snowpack. These co-occurring processes are illustrated in Figure 3. From the
negative dxs — thermal gradient relationship, combined with the significant temperature gradient response of A§'80 and the
non-significant response of A§?H, we conclude that temperature gradient driven vapour transport preferentially mobilizes 120
towards colder layers. This asymmetric isotopologue response challenges the classical expectation of preferential 2H displace-
ment under non-equilibrium fractionation, and suggests that the reduction in dxs under positive temperature gradients is driven
by 180 redistribution rather than 2H mobilization. The isotopic gradient simultaneously drives diffusive homogenization of the

snowpack, acting in parallel with temperature gradient induced advection.
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In terms of radiation affecting the upper layer of snow, the upper layer isotopy is affected strongest by the weekly average
global radiation and the net radiation 24 hours before sampling. Solar radiation does not induce significant kinetic fractionation
and is therefore hypothesized to drive melt—refreeze processes, with lighter isotopologues preferentially lost to the liquid phase
percolating into the snowpack.

During the melt period, liquid redistribution causes rapid homogenization of the snowpack. The bulk snowpack isotopy does
not change distinctively, indicating equal melt-out from all layers without any strong kinetic fractionation at the end of the
seasonal snow.

Future research should aim to explore higher-resolution temporal observations and expand the spatial scope to better capture
short-term processes and regional variability in isotopic snowpack dynamics. In particular, high-resolution co-located mea-
surements of snow isotopy, snow temperatures, and radiation will be essential to formally separate radiation-induced from
temperature gradient-induced metamorphism, and to further investigate the asymmetric mobilization of 180 and 2H under

natural temperature gradient conditions.

Data availability. All discussed observations from Bérenkargraben and the meteorological stations are available at:
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