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2WSL-Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland7

3Department of Environmental Systems Science, ETH Zürich, Zürich, Switzerland8
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Abstract22

Stable water isotopes are used as a paleothermometer in ice cores for climate reconstruc-23

tions over the past millennia. The underlying physical processes involved in the isotope-24

temperature relation, however, unfold at much shorter timescales. Here we study the tem-25

porary archival of frontal passages in the seasonal Alpine snow cover. We combine five snow26

profiles sampled in winter 2017 at the Weissfluhjoch with a quantitative snow layer age27

reconstruction and atmospheric reanalysis data to characterize the circulation and clouds28

associated with the precipitation producing synoptic-scale cold and warm fronts. We find29

that the vertical cloud structure and the air parcels’ net cooling during transport leave a30

distinct imprint in the δ18O and δD vertical profile in the snow. The near-surface humidity31

gradient at the moisture source is reflected in the second order isotope parameter deuterium32

excess. In the cold season, these environmental conditions during cloud formation and at the33

moisture source are preserved in the snow. In the melt season, significant post-depositional34

effects due to wet snow metamorphism, however, leads to an enrichment in heavy isotopes35

in the snow and a strong smoothing of the initial atmospheric imprint. These findings show36

that the isotope signal archived in the dry snow cover is strongly modulated by individual37

weather systems prior to deposition. Major shifts in the upper-level jet stream and cyclone38

tracks likely leading to changes in moisture source regions and conditions, could therefore39

be detectable in the isotope composition of Alpine ice.40

Plain Language Summary41

To obtain information on past climate conditions, the non-radioactive, heavy versions42

of the water molecule are often used as paleothermometers in ice cores. However, the pro-43

cesses that determine how this paleothermometer works, act at the weather-system timescale44

(days), not the climate timescale (years). In this paper we show how isotope information45

from five snow profiles relate to the history of the water in the atmosphere during frontal46

passages. We show that the meteorological conditions at the evaporative source and in47

the clouds where the snow crystals are formed determine the concentration of stable water48

isotopes in the snow. Transformation processes of the snow’s structure, after it has been49

deposited do not significantly alter the isotope signals in the cold season. However, as soon50

as melting starts, the heavy water molecules accumulate in the snow, while the lighter ones51

are washed out.52
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1 Introduction53

The oxygen and hydrogen isotope composition of snow and ice is widely used to re-54

construct past temperature conditions (Craig, 1961; Dansgaard, 1964; Cuffey et al., 1995;55

Johnsen et al., 1995; Masson-Delmotte et al., 2005; Eichler et al., 2009; Steig et al., 2013;56

Thompson et al., 2013). The physical basis for linking the isotope signals in the ice with57

past temperatures is given by the temperature-dependence of the saturation vapour pressure58

of water and its isotopologues (Clausius-Clapeyron relation) established based on monthly59

precipitation data (Dansgaard, 1953; Epstein & Mayeda, 1953). Temperature reconstruc-60

tions from ice cores often cover timescales of several millennia with temporal resolutions61

of between a month and a decade, depending on the resolution of the analysis technique62

applied (Mariani et al., 2014; Jouzel, 2013; Gkinis et al., 2021). The intrinsic timescale63

of the process-based link between the isotope signals buried in the snow and the relevant64

atmospheric conditions is, however, much shorter (on the order of hours to days). In this65

paper, we explore the latter link using isotope signals from snow profiles measured at the66

Weissfluhjoch in Switzerland combined with diagnostics based on atmospheric reanalysis67

data. With this work, we aim to provide the basic understanding needed for leveraging68

meteorological information from snow cores at remote locations without meteorological in-69

strumentation, and for extracting information about shifts in storm tracks from ice cores.70

The abundance of the heavy isotopologues (hereafter named isotope) D1H16O and71

1H18
2 O is expressed by the δ notation (δD and δ18O, respectively, Dansgaard (1964)), which72

is defined as the isotopic ratio R of the concentration of the heavy isotope to the concen-73

tration of the light isotope 1H2
2O1H16

2 O normalised with an internationally accepted stan-74

dard isotopic ratio (the Vienna standard mean ocean waterVienna Standard Mean Ocean Water,75

VMSMOW2VSMOW2, Coplen (2011); IAEA (2017); with 2RVSMOW2 = 1.5576 · 10−4 and76

18RVSMOW2 = 2.0052 · 10−3): δ18O=
(

18Rsample
18RVSMOW2

− 1
)

and δD=
(

2Rsample
2RVSMOW2

− 1
)

).77

In the following, two sections we shortly review the relevant physical processes in the78

atmosphere (Section 1.1) and the snow (Section 1.2), which impact the isotope composition79

of the snow cover. The aims of this study are presented in Section 1.3.80

1.1 Atmospheric Processes81

When following the water vapor in an air parcel from its evaporative moisture source82

to the precipitation sink, several phase change processes can affect its isotope composition.83
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Phase change processes are associated with so-called isotopic fractionation effects (see, e.g.84

Gat (1996)). Ocean evaporation is a process during which heavy water molecules preferen-85

tially stay in the liquid phase due to their stronger hydrogen bonds (equilibrium fractiona-86

tion effect) and smaller diffusivities through an unsaturated laminar layer (non-equilibrium87

fractionation effect). These isotope fractionation processes are dependent on the thermo-88

dynamic conditions of the environment during the phase change, which are Ts, the surface89

temperature and hs, the relative humidity normalised to Ts (Craig & Gordon, 1964). The90

isotope ratio of the freshly formed water vapor Rsample is thus lower than the isotope ra-91

tio of ocean water (usually very close to RV SMOW2RVSMOW2) with resulting δ-values of92

atmospheric waters that are mostly negative.93

During cloud formation, the condensation temperature and the level of supersatura-94

tion determine the isotope composition of the condensate. Some of these clouds can form95

precipitation, leading to preferential removal of heavy isotopologues, along with a moist96

adiabatic cooling of the air parcel forming the cloud (e.g. Dansgaard (1964); Dütsch et al.97

(2017)). Typically, when clouds and precipitation formation are associated with synoptic-98

scale weather systems, large-scale convergence is involved, and therefore air parcels from99

different origin and with different histories contribute to the precipitation. The combina-100

tion of processes at the moisture source, during transport and cloud formation at the site101

of the ice core therefore results in a complex relation between the δD and δ18O composition102

of the water vapour in the air and its temperature (Jouzel et al., 1997). The second-order103

isotope variable deuterium excess d = δD− 8 · δ18O (Dansgaard, 1964) is a measure for the104

strength of non-equilibrium fractionation and is a particularly interesting tracer for moisture105

source conditions (Pfahl & Wernli, 2008; Aemisegger & Sjolte, 2018).106

Since all the above mentioned processes involved in the atmospheric water cycle are107

inherently linked to temperature (Craig, 1961; Dansgaard, 1964), the resulting empirical108

relations between the δD and δ18O of precipitation and local surface temperature are often109

found to be very strong at annual or interannual timescales (Dansgaard, 1964; Jouzel et110

al., 1997; Masson-Delmotte et al., 2008). However, at some sites such as the high-Alpine111

Grenzgletscher high-accumulation site (Eichler et al., 2000, 2001), the correlation between112

the δ18O signal in the ice core and annual mean temperature from the nearby meteorological113

stations is low (Mariani et al., 2014). Brönnimann et al. (2013) showed that much better114

correlations between the δ18O signal and annual precipitation-weighted mean temperatures115

can be obtained than between δ18O and the annual mean site temperature. Similar conclu-116
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sions have been drawn in other studies based on polar ice cores (Werner et al., 2000; Sime117

et al., 2009; Laepple et al., 2011).118

1.2 Snow Processes119

In addition to precipitation intermittency, other factors can modulate the relation be-120

tween the air temperature and the isotope signal recorded in the snow (C. Sturm et al.,121

2010; Casado et al., 2018; Beria et al., 2018). Post-depositional processes such as blowing122

and drifting snow, diffusion within the snow cover, surface melting, and sublimation lead123

to a smoothing of the signal within the ice core (Eichler et al., 2001). Stichler et al. (2001)124

have isolated sublimation at the surface of the snow cover and diffusive mixing of water125

vapor within the firn as the main processes for altering the isotopic record in high-altitude126

glaciers. Bohleber et al. (2013) have shown an increase in the mean isotopic signal at a127

low-accumulation high-altitude site (Colle Gnifetti), where a substantial fraction of the iso-128

topically depleted winter precipitation is lost by wind erosion. Furthermore, changes in the129

surface snow isotope composition have been linked to exchange with ambient water vapor130

due to sublimation-desublimation cycles over the Greenland ice sheet (Steen-Larsen et al.,131

2014; Madsen et al., 2019) and in Antarctica (Casado et al., 2018). Within the snow cover,132

snow metamorphism (Ebner et al., 2017) and water flow during melt or rain events (Lee et133

al., 2009) can affect the isotopic signal.134

From a mechanistic point of view, snow metamorphism, which describes the recrys-135

tallization that snow undergoes after deposition, is the key post-depositional process in136

addition to self-weight settling responsible for the rapid compaction of new snow and the137

resulting smoothing of the isotope signal in the snow interior. In the following, the rele-138

vant fractionation processes associated with wet and dry snow metamorphism are shortly139

summarised:140

• Dry snow metamorphism describes the recrystallization that snow undergoes after141

deposition, as long as no meltwater is present. Crystal surfaces with a higher equilib-142

rium vapor pressure at warmer or more convex locations sublimate, while at colder143

or concave places vapor deposition occurs (Sokratov & Maeno, 1997; Pinzer et al.,144

2012). The latter local rearrangements can completely renew high-alpine snowpacks145

at the surface and thereby transform the structure of the original ice crystals (Pinzer146
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et al., 2012). How this complete rearrangement of the snowpack affects the isotope147

signal in detail is not yet clear (M. Sturm & Benson, 1997; Ebner et al., 2017).148

• As soon as liquid water is present in the snow cover, the process of wet snow meta-149

morphism is initiated. The snowpack can reach the melting point due to incoming150

shortwave radiation close to the surface, by heat diffusion or when liquid water flows151

through it. In contrast to other porous media, e.g. as in soils, the liquid water in the152

snow cover leads to a coarsening of the snow structure (Raymond & Tusima, 1979;153

Colbeck, 1986). The large particles grow at the expense of the smaller particles,154

whereby the melted mass is deposited on the larger structures (Albert & Krajeski,155

1998). The growth rate is strongly dependent on the liquid water content (Brun,156

1988; Avanzi et al., 2017) and is many times faster than during dry metamorphism.157

Denoth (1982) introduced two idealized states summarising the effect of meltwater on158

the snow cover depending on the infiltration rate. State (1) is the “pendular system”159

with low flow rates, in which the capillary tension is high enough to retain most of the160

meltwater penetrating from the surface into the snow cover. In this state, the water161

of the dissolved crystals is available for crystal growth. Thus the bulk isotope compo-162

sition of the snow cover is not altered, even though fractionation processes take place163

both during melting and freezing. State (2) is the “funicular system”, in which higher164

flow rates occur due to the higher liquid water contents, for which the capillary flow is165

overcome by gravitational flow (Walter et al., 2013). In this case, the bulk concentra-166

tion is changed due to the meltwater runoff. The transition between the two states is167

very sensitive to the structure of snow; it decreases from approximately 13–18% liquid168

saturation for new snow to 7–12% saturation for old, coarse-grained snow (Denoth,169

1982). Snowmelt preferentially discharges isotopically light water, thereby enriching170

the residual snowpack in heavy isotopes (e.g. Albert and Hardy (1995); Taylor et al.171

(2001)). The contribution of wet snow metamorphism to the change in the isotope172

signal during the melting period is likely key in the widely observed “melt-out effect”173

of the snow cover (Ala-Aho et al., 2017), i.e. the progressive enrichment of both the174

snow cover and the meltwater as the melt season progresses.175

1.3 Isotope Meteorology in Snow176

Due to the complexity of the atmospheric processes involved in moisture transport,177

cloud formation, precipitation and the post-depositional processes at play, including snow178
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metamorphism, the question arises, if the environmental conditions associated with individ-179

ual weather events leading to significant snow accumulation at a given site, can be recorded180

in the snow cover (Dansgaard, 1953, 1964). So far, this sequence of processes including181

both pre- and post-depositional effects has rarely been investigated as a whole, especially182

not in alpine and polar regions with high accumulation. Thus, combining our expertise in183

atmospheric dynamics and snow physics we aim at improving our understanding of this184

process-chain and Here, we propose to study the archival of atmospheric information at the185

synoptic timescale in the Alps. For doing so, we use high-resolution snow profiling techniques, the186

ERA5 reanalysis data product from the European Centre for Medium-Range Weather Forecasts (ECMWF),187

and air parcel-based diagnostics.188

Baltensperger et al. (1993) found a good agreement between the measured δ18O in new189

snow and samples derived from a snow pit at the beginning of spring at the Weissfluhjoch190

site (WFJ) in the Swiss Alps. However, from the latter study, it remains unclear how short-191

term changes in the isotope signal of the precipitation during frontal precipitation events192

are transferred into the snow cover. Our study is based on five stable water isotope high-resolu-193

tion profiles sampled approximately every month at the WFJ, a Swiss Alpine measurement194

site (2536 m a. s. l.). We combined the stable water isotope signal from these profiles with195

a model-based snow layer age reconstruction and ERA5 atmospheric reanalysis data from196

the European Centre for Medium-Range Weather Forecasts (ECMWF) for assessing the197

atmospheric moisture source, transport and cloud formation conditions using air parcel-198

based and in-situ frontal cloud-characterising diagnostics.199

The three research questions, which we address with this study, are:200

1. What is the impact of post-depositional dry and wet snow metamorphism on the201

isotope profiles? (Section 3)202

2. Despite these post-depositional effects, can we establish a solid link between the buried203

snow isotope signal and the diagnosed atmospheric conditions, i.e. the local cloud204

formation temperature and moisture source conditions? (Section 4)205

3. Can frontal passages with significant accumulation be detected in the snow profiles206

and are they associated with characteristic isotope signals? (Section 5)207

Based on our findings related to these research questions, we envision three main appli-208

cations, which are: i) obtain meteorological information of a given cold season from a single209
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isotope profile in snow or firn in remote locations without meteorological instrumentation,210

as well from pre-instrumental time periods, ii) obtain frequencies of precipitation input from211

warm/cold air masses from snow or firn cores e.g. from the Alps, the Himalayas, the Andes,212

Svalbard or Greenland, iii) reconstructing the storm track dynamics (inter-annual varia-213

tions in the frequency of occurrence of extratropical cyclones) from multiple ice core sites214

(Aemisegger, 2018).215

Before we address our research questions in the results sections 3-5 and in the above216

order, the experimental and modelling methods are described in Section 2. Finally, we draw217

conclusions in Section 6.218

2 Experimental and Modelling Methods219

The following three sections summarise the experimental and modelling approaches220

chosen for investigating the importance of snow metamorphism and atmospheric processes221

on the stable water isotope composition of the snow in winter 2016/2017 at the WFJ site in222

the Swiss Alps. Sections 2.1 and 2.2 describe the stable water isotope sampling and analysis223

procedure. Section 2.3 introduces the modelling framework used for reconstructing the age224

of the snow layers, which allows us to link the isotope signals in the snow with atmospheric225

processes. Section 2.4 summarises the combination of datasets and diagnostics used for the226

meteorological analysis of the snowfall events.227

2.1 Snow Profile Sampling228

The WFJ measurement site of the Institute for Snow and Avalanche Research is located229

above Davos at 2536 m above sea level (46◦49’47”N 9◦48’33”E). The site is a reference230

CryoNet station (Marty and Meister, 2012). In winter 2017, the campaign to monitor the231

isotope signal in the snowpack took place from January to June (Fig. 1a,b.). In parallel to232

the isotope profile sampling campaign, an extensive measurement program to characterize233

the snow cover at the WFJ site took place (Calonne et al., 2020).234

The snow sampling procedure is described in detail in Avak et al. (2019), which focuses235

on the chemical results of the sampled profiles, based on trace element and major ion236

analysis. Here, we shortly summarise the most important sampling steps. The isotope237

samples of the entire snow pit were collected on 25 January, 22 February, 21 March, 17238

April and 1 June with a vertical resolution of 6 cm, corresponding to 2-3 cm in snow water239
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equivalent (SWE), depending on the snow density. Snow depths during sampling varied240

between 185 cm (21 March) and 83 cm (1 June). Earlier studies conducted at the WFJ site241

by Baltensperger et al. (1993) and Schwikowski (1997) point to a uniform snow deposition242

over the field site. Nevertheless, topography, preferential deposition (Lehning et al., 2008)243

and snow transport are known to vary across the site (Doorschot et al., 2004) and affect the244

analysis as shown in Section 2.3, since the position of the individual snow profiles were up245

to 20 m apart. The sampling was carried out starting from the surface to the ground. For246

this purpose, a rectangular (15 x 24 cm) polycarbonate sampler was inserted horizontally247

into the profile wall. Then 50 ml polypropylene containers (Sarstedt, Nümbrecht, Germany)248

were pushed downwards towards the sampler. The samples were hermetically sealed and249

transported in frozen state to the laboratory of the Paul Scherrer Institute PSI.250

2.2 Isotope Analysis251

The frozen samples were melted at room temperature and analysed for stable water iso-252

topes at the PSI (Avak et al., 2019). For the determination of δD and δ18O, 1 ml aliquots253

were used. A wavelength-scanned cavity ring down spectrometer (WS-CRDS, L2130-i An-254

alyzer, Picarro, Santa Clara, CA, USA) at PSI was used for the analysis. The samples255

were injected into a vapourizer (A0211, Picarro, Santa Clara, CA, USA) using PAL HTC-256

xt autosampler (LEAP Technologies, Carrboro, NC, USA). Every sample was injected six257

times and the first three injections discarded to account for memory effects. Three internal258

standards were measured after every tenth sample to calibrate and monitor instrumental259

drifts. The uncertainty of the measurement is 0.1‰ for δ18O and 0.5‰ for δD.260

2.3 Tracking Snow Layer Age261

A quantitative age reconstruction of the sampled 6 cm snow layers was performed using262

two different snow models (Fig. 2): the semi-empirical ∆snow model (Winkler et al., 2021)263

and the thermodynamic SNOWPACK model (Bartelt & Lehning, 2002; Lehning, Bartelt,264

Brown, Fierz, & Satyawali, 2002; Lehning, Bartelt, Brown, & Fierz, 2002).265

∆snow was originally designed to model snow water equivalents (SWE) solely based266

on daily snow height measurements (Marty & Meister, 2012), which makes this multi-layer267

snow model attractive to use at remote locations, where only snow height measurements268

are available (e.g. from remote sensing). ∆snow takes into account the key processes269

–9–



manuscript submitted to JGR: Atmospheres

of snowpack transformation by dry and wet metamorphism, as well as deformation. It270

neglects the effects of snow drift, sublimation, and rain on snow. ∆snow follows the rules271

of Newtonian viscosity to represent compaction (dry metamorphism and deformation), and272

models overburden loads due to new snow as additional compaction (Winkler et al., 2021).273

A new snow event generates a new snow layer with a density of ρ0 = 100 kg m−3 (assumed274

to be constant over the winter) at the top of the snow cover and is detected by an increase275

in measured snow height of more than a given threshold of measurement uncertainty (τ =276

2 cm). When snow melt occurs, the water mass is distributed from top to bottom in the277

snowpack. If all modelled snow layers reach the maximum density of ρmax = 450 kg m−3 the278

runoff produced is distributed over all snow layers, thus leading to a thinning of all layers279

but not reducing the number of layers. The seven ∆snow model parameters were calibrated280

using the five measured SWE values on the profiling days within the suggested physically281

meaningful ranges proposed in Winkler et al. (2021) (see Supporting Information for more282

details on parameter setting).283

To evaluate the age reconstruction by ∆snow in an independent way, the more complex284

thermodynamic SNOWPACK model was used. SNOWPACK explicitly represents the mass285

and energy exchanges within the ground-snow-atmosphere continuum. Compared to ∆snow,286

SNOWPACK therefore represents the snow cover in a more detailed way and takes into ac-287

count processes such as sublimation, rain on snow, and a realistic water transport scheme288

(Wever et al., 2014), albeit without drifting snow module. Due to its higher complexity,289

SNOWPACK also requires more observations for driving the model. The simulation used in290

this study was driven by half-hourly meteorological and snowpack measurements from the291

automatic weather station at the WFJ site (Marty & Meister, 2012). The snow heights from292

the automatic ultrasound sensor with half-hourly resolution are affected by spurious snow293

height changes and show large deviations from the more precise daily manual snow height294

measurements. The automatic snow height data was therefore corrected to match the man-295

ual observations (see Supporting Information for more information on this correction). The296

density of new snow is variable in time in SNOWPACK and determined using an empirical297

relation between meteorological variables and snow density measurements (Schmucki et al.,298

2014). The snowpack is considered to be a linear viscoelastic material, with settlement cal-299

culated as described in Lehning, Bartelt, Brown, Fierz, and Satyawali (2002). Liquid water300

flow in snow is solved using the Richards equation as recently implemented by Wever et al.301

(2014). Rainfall on snow is accounted for and rainfall intensity data is used whenever the302
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air temperature exceeds 1.2 oC (see Schmucki et al. (2014)). The surface sensible and latent303

heat flux parameterizations are derived from Monin-Obukhov similarity (Lehning, Bartelt,304

Brown, & Fierz, 2002).305

For the age reconstruction of the sampled snow layers in the five profiles using ∆snow306

and SNOWPACK, the measured SWE of the samples is taken as a reference. SWE is chosen307

as a vertical snow coordinate, because it is conserved during compaction and therefore allows308

a direct comparison of the five sampled profiles’ isotope composition (e.g. in Fig. 3 and Fig.309

6). A nearest neighbour search was applied for matching observed SWEs with modelled310

layer SWEs including a SWE search window of 1.6 cm to take into account measurement311

uncertainties in SWE. The age reconstruction is performed from top-down to achieve the312

best possible reconstruction of the most recent layers accumulated just before the respective313

profile sampling dates. The interpolation of measured SWE depths (top-down) or heights314

(bottom-up) leads to similar layer age, with slight shifts of on average 2 cm due to the315

different reference level.316

The obtained age reconstruction of the five sampled profiles with ∆snow and SNOW-317

PACK are consistent for the cold part of the winter, without significant impact of snow318

melt (Fig. 2). Somewhat larger deviations between the two reconstructions are found for319

the prolonged period without significant accumulation in December 2016 (Fig. 2 at ∼12 cm320

SWE). For the last profile in June, when the snow cover contained large amounts of liquid321

water content (See Fig. S3) the two age reconstructions strongly differ, due to the different322

treatments of wet metamorphism and runoff formation. SNOWPACK shows a more realis-323

tic behaviour than ∆snow due to its explicit representation of the liquid water content in324

snow. SNOWPACK first melts the top layers, while ∆snow produces melt water from all325

layers that exceed the maximum density, thereby keeping the layer structure and removing326

mass from the whole snow cover. This explains the much larger snow layer age estimates327

obtained from ∆snow compared to the layer age simulated by SNOWPACK.328

To validate and further compare the SNOWPACK and ∆snow simulations, Table 1329

summarises the root mean square difference (RMSD) and mean bias between the measured330

and the simulated snow cover H and SWE. A large share of the mismatch between ob-331

served values at the sampling location and the simulated values originate from differences332

between the observational dataset driving the simulations (i.e. the snow height observation333

at the reference location of the site) and the profile location. Small inhomogeneities of the334
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underlying topography, slight variations of the snow cover surface due to wind drift, and335

measurement uncertainties lead to measured H at the location of the profiling that are on336

average 4 cm higher than the H measured at the reference location (Table 1). This high-337

lights the primordial importance of high-quality snow height observations for precise snow338

layer age reconstruction. The snow height observations should match as closely as possible339

with the snow cover dynamics of the profiling location.340

2.4 Meteorological Characterisation of Snowfall Events341

For the meteorological characterisation hourly data is used from the WFJ station and342

from the ERA5 reanalysis dataset (C3S – Copernicus Climate Change Service, 2017; Hers-343

bach et al., 2019, 2020) of the ECMWF. Local observations of 2 m air temperature (venti-344

lated) as well as the corrected automatic snow height measurements are used from the WFJ345

station. The ERA5 data is used to diagnose different properties of precipitation producing346

clouds at the WFJ and to identify moisture sources and the conditions during evaporation347

and transport based on three-dimensional backward trajectories.348

Seventy to eighty percent of winter and spring precipitation at the WFJ occurs due to349

frontal passages, while the share of precipitation induced by local convective systems is very350

low (Rüdisühli et al., 2020). Frontal passages have been shown to strongly modulate the351

isotope composition of midlatitude precipitation (Dansgaard, 1953; Aemisegger et al., 2015;352

Weng et al., 2021). The synoptic-scale nature of the precipitation events leading to accu-353

mulation of snow at the WFJ in winter and spring, warrants the use of the ERA5 reanalysis354

data for the meteorological characterisation. ERA5 likely reproduces the key dynamical355

features of the precipitation generating systems, such as their moisture origin, transport356

conditions, large-scale cloud properties (vertical and horizontal extent, approximate level of357

hydrometeor formation) and precipitation timing.358

The hourly properties of precipitating clouds such as cloud formation temperature (T `
c )359

and cloud top pressure (p`ctop) are calculated by linearly interpolating the air temperature,360

and the three hydrometeor categories LWC, IWC, SWC to the location of the WFJ every361

5 hPa from the surface up to 100 hPa. The T `
c above the WFJ is obtained as the weighted362

mean temperature using the total hydrometeor content (qc) at each pressure level as a363

weight. The total hydrometeor content qc that is relevant for snow formation in clouds above364

the WFJ is defined here as the sum of the specific humidities from the three hydrometeor365
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categories liquid water content (LWC), ice water content (IWC), and snow water content366

(SWC). Note that T `
c is only an approximation of cloud formation temperature at the367

WFJ, albeit the best available, assuming that high concentrations of LWC, IWC, and SWC368

reflect cloudy regions, in which important snow formation occurs. The fourth hydrometeor369

category in the ERA5 data, rain water content (RWC), only appears during precipitation370

events from the end of March onwards. Since the influence of freezing rain is negligible for371

snow accumulation at WFJ, and because no direct condensation on falling rain drops can372

occur in the Integrated Forecasting System (ECMWF, 2016), RWC is not used. Although373

(supercooled) LWC is not very large in the considered winter and spring 2016/2017 period374

at the WFJ, it still occurs regularly even during winter snowfall events and is therefore375

taken into account in qc for estimating T `
c .376

In addition, cloud top pressure was identified as the first pressure level starting from377

100 hPa in steps of 5 hPa, where qc was larger than 50 mg kg−1. This threshold is chosen378

subjectively based on observed profiles and serves to avoid identifying spurious amounts of379

hydrometeors e.g. in cirrus clouds as part of the precipitating clouds.380

The moisture sources of the air parcels forming precipitation at the WFJ are diag-381

nosed by applying a trajectory-based moisture source identification algorithm described382

in Sodemann et al. (2008). We calculated air parcel back-trajectories using LAGRANTO383

(Wernli, 1997; Sprenger & Wernli, 2015) 10 days back in time using the three-dimensional384

wind fields of the hourly ERA5 reanalyses. The back-trajectories are started every 3 h in the385

period 1 November 2016 to 15 June 2017 from the WFJ. The starting points are vertically386

stacked between the surface (at about 850 hPa) and 300 hPa with a spacing of 50 hPa. The387

relevant environmental conditions at the moisture source (superscript s), such as the relative388

humidity with respect to surface (subscript s) temperature (hss) and the surface temperature389

(T s
s ), are interpolated along the hourly trajectory positions for the subsequent calculation390

of Lagrangian moisture source conditions.391

The moisture source conditions are calculated in the same way as in many previous stud-392

ies (e.g. Pfahl and Wernli (2008); Aemisegger (2018); Thurnherr et al. (2021)). In short, a393

Lagrangian moisture budget is calculated for the air parcels, in which precipitation above394

the WFJ is formed, taking into account uptakes due to evaporation (increases in specific395

humidity) and losses (decreases in specific humidity) due to precipitation formation under-396

way (see Sodemann et al. (2008) for more details on the method). The source conditions397
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are obtained from the conditions at the time and location of the diagnosed uptakes along a398

given trajectory, weighted by the contribution of each uptake to the final precipitation. The399

contributions from the individual trajectories for a given time step are weighted according400

to their final specific humidity loss (i.e., their share in precipitation formation at the WFJ).401

Over the whole winter period, 95% of the precipitating moisture can be explained, the re-402

maining 5% can be explained by moisture that has been taken up more than 10 days before403

arrival, or due to numerical uncertainties induced by the trajectory computation itself and404

the interpolation of the three-dimensional specific humidity field along it.405

Five variables summarising the moisture source (superscript s), transport and cloud406

formation conditions locally at WFJ (superscript `) are used and compared to the isotope407

samples of the snow profiles:408

• Moisture source: relative humidity with respect to surface temperature hss and409

surface temperature T s
s .410

• Transport: net air parcel cooling ∆T = T s
s − T `

c due to ascent.411

• Cloud formation: cloud formation temperature T `
c and cloud top pressure p`ctop as412

a measure for vertical cloud extent.413

These variables are all weighted by ERA5 surface precipitation at WFJ to compute the414

mean values within the time window corresponding to the individual snow samples in the415

profile. Additionally, the local air temperature at 2 m T `
2m is used, for which the weighted416

mean over the individual sample time window is computed using new snow data derived417

from the corrected automatic snow height observations.418

The meteorological conditions and dynamics of the snow cover in winter 2016-2017 are419

summarised in Fig. 1. Thirty major snowfall events with more than 5 cm accumulation420

were recorded during the studied season, associated with either warm fronts (8), cold fronts421

(10), occluded fronts (7), low pressure systems (4), or an unidentified system (1, see Trachsel422

(2019) for more details). Two events with accumulation rates covering several of the sampled423

6 cm snow profile sections (Fig. 1c) were analysed in more detail: a cold front (12 UTC on424

12 January to 18 UTC on 15 January 2017) with 30 cm accumulation (yielding ∼3 samples425

after compaction), and a warm front (6 UTC on 30 January to 12 UTC on 2 February426

2016) with 50 cm accumulation (∼5 samples). The two studied events are separated by427

a prolonged period of 15 days with several events with only small amounts of new snow,428
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during which the surface of the snow cover was exposed to potentially enhanced air-snow429

interactions.430

3 Impact of Post-Depositional Dry and Wet Snow Metamorphism431

By comparing the five isotope profiles as shown in Fig. 3, we analyze the development432

of the isotopic signal deposited in the snow cover throughout the snow season. We thereby433

quantify and discuss the impact of dry and wet metamorphism on the isotope composition434

of the snow cover.435

3.1 Preservation of the Snow Isotope Signal During Cold Winter Despite436

Dry Metamorphism437

The comparison of the first three sampled profiles (25 January, 22 February, 21 March),438

during the cold part of the snow season at WFJ reveals an overall good preservation of the439

isotope signal at low temperatures with only a slight smoothing between the January and440

February profiles, and between the February and March profiles, in the range of around441

1–2‰ in δ18O and 10–20‰ in δD (Fig. 3a,b). The local maxima at SWEs of 10 and 20 cm442

and the minimum at 16 cm in the January profile are missing in the February and March443

profiles. Also the two local maxima at 29 and 33 cm SWE in the February δ18O and δD444

profile are smoothed out in the March profile. A plausible explanation for this smoothing are445

cycles of sublimation, vapor transport and resublimation during dry metamorphism within446

the snowpack. The directed vapor flux generated by the temperature gradient migrates from447

crystal to crystal without necessarily creating a continuous flow-through from the bottom to448

the top (Yosida, 1955; Jafari et al., 2022). The sublimated vapor molecules resublimate at a449

close-by ice crystal (Sokratov & Maeno, 1997; Pinzer et al., 2012). Therefore, fractionation450

effects due to dry snow metamorphism are expected to have an impact on the scale of the451

pore size (Taylor et al., 2001). This leads to a local mixing of the water molecules resulting452

in a slightly smoothed profile of δ18O and δD from one month to the next without shifting453

the bulk signals of the snowpack towards more enriched values. Note that some degree of454

smoothing can also come from the sampling strategy. Due to compaction, the 6 cm samples455

cover increasing values of SWE in the lower part of the profile.456

Vapor flux paths at the surface of the snow cover are however different from those within457

the snow cover, because sublimated water molecules can escape into the atmosphere and458
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are transported away by boundary layer turbulence. Assuming preferential volatilization459

of the lighter H16
2 O molecules, the proportion of heavy molecules in the remaining snow is460

thereby increased. Profile sections with potential influence of a net enrichment because of461

prolonged exposure to the atmosphere with low accumulation are marked in grey in Fig. 1.462

The section around 29 cm is potentially affected by sublimation enrichment with an increase463

in the δ18O and δD signal along with a decrease in d observed in the February profile. The464

decrease in d is expected for net sublimation due to the preferential retention of H18
2 O in465

the snow cover due to a lower diffusivity in air compared to the HDO. At SWE=10 cm a466

local minimum in d along with increasing δ values towards the upper part of the exposed467

snow cover section indicate a possible sublimation influence. Above 11 cm the d strongly468

increases, which is unlikely related to sublimation and probably corresponds to the isotope469

signal of one (or several) of the light snowfall events in December or could be due to water470

vapour deposition during surface hoar formation (Fig. 1a). Note that due to the many low-471

accumulation events in December the age reconstruction in this section of the profile is472

associated with larger uncertainties than in other parts of the snow cover. The increase in473

δ18O and δD potentially induced by sublimation is of ∼2–3‰ and ∼10–12‰ respectively,474

the decrease in d has an amplitude of 3‰. These values correspond to previously observed475

snow surface isotope changes due to sublimation (Moser & Stichler, 1975; Stichler et al.,476

2001; Sokratov & Golubev, 2009; Steen-Larsen et al., 2014; Madsen et al., 2019).477

To summarize, the δ18O (δD) signal in the snow profiles sampled during the cold phase478

of the winter 2016/2017 shows variations of ∼5–10‰ (∼40–80‰ ) between local maxima479

and minima in δ18O (δD). Of these variations only minor smoothing effects of 1–2‰ (10–480

20‰ ) can be attributed to post-depositional processes related to dry metamorphism in the481

snow cover.482

3.2 Smoothing and Shifting of the Isotope Record in Spring due to Wet483

Snow Metamorphism484

As soon as rain- or melt-water is present in the snow cover, a complex system of485

recrystallization, mixing and fractionation processes is established. On the last two profile486

sampling dates in April and June, the snowpack was wet (Fig. S3). A smoothing (reduction487

in amplitude) of 2‰ in δ18O, 18‰ in δD and 2‰ in d is observed between the profiles of488

17 April and 1 June (Fig. 3). Additionally, an average shift of ∼ +3‰ in δ18O, ∼ +25‰489

in δD and ∼ −2‰ in d between these two spring profiles is apparent in Fig. 3.490
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The pendular and funicular systems analogies from Denoth (1982) can explain the491

differences in the profiles from 17 Apr and 1 June compared to the other profiles sampled492

in winter (Fig. 4). On both sampling days, the snow cover was already wet and therefore493

wet snow metamorphism was in progress. The SNOWPACK simulations show that from494

21 March onwards, liquid water content inside the snow cover was increasing (Fig. S3).495

From 4 April onwards the snowpack was completely wet, but the lowest layers were not yet496

completely saturated until May. Therefore, it can be assumed that the pendular system497

dominated in April: due to the moderate water input from the surface (begin of melt498

season), the impact of fractionation associated with wet snow metamorphism was limited to499

individual sections of the profiles (Fig. 4, orange profile). More important smoothing in the500

April profile is thus observed compared to the March profile, due to wet snow metamorphism.501

The smoothing effect is especially strong in the upper part of the profiles (2–5‰ in δ18O, 25-502

35‰ in δD and 2–4 ‰ in d, Fig. 3). Between April and June the liquid water concentration503

increased further (see Fig. S3), accelerating wet snow metamorphism due to higher growth504

rates of the grains. Moreover, transport of water from higher layers with a different δ18O505

compared to the lower layers became important. This leads to the heavy isotopic enrichment506

observed in δ18O and δD in June compared to the other profiles.507

In summary, the enhanced infiltration of water can lead to an enrichment of the entire508

snow profile as can be observed in the profile of 1 June. Besides the clear shift, the δ18O509

and δD variability is still preserved to some extent (with the local maxima at 10 cm and510

30 cm SWE and the local minima at 5 cm and 25 cm SWE in Fig. 3). To find out whether511

the vertical variability pattern still reflects the variability of the original atmospheric signal512

more frequent sampling is required before and after the onset of melting. Additionally,513

meltwater should be collected during the melt season.514

4 Snow Isotope Links with Source, Transport and Cloud Formation Pro-515

cesses516

From the comparison of the different profiles in Fig. 3, we derived estimates of the517

impact of different post-depositional processes in Section 3. Given the important alterations518

of the isotope signals in the snow due to wet snow metamorphism, we will concentrate the519

analysis on the atmospheric drivers of the isotope variability in the snow on the profiles of520

the cold winter season, and only include the sections that were not influenced by melt: 25521
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January, 22 February and 21 March (lowest 52 cm SWE, due to the presence of liquid water522

in the upper part of the profile, see Fig. S3).523

The second order isotope parameter d has been shown in many recent studies of iso-524

topes in water vapour and precipitation to preserve moisture source information, in partic-525

ular about the relative humidity hss at the moisture source (e.g. Pfahl and Wernli (2008);526

Aemisegger et al. (2014); Aemisegger (2018)). The correlation between d and hss (r(d, hss),527

Table 2) is particularly high for the first two profiles in the cold season. A lower value of528

r(d, hss) is obtained for the March profile, most likely because of more important cumulative529

effects of dry snow metamorphism in the snow pack.530

The correlations between the surface temperature at the source and the δ values is neg-531

ligibly small in all profiles as are the correlations between the local near surface temperature532

and the δ values. The influence of rain out processes during transport was analysed using533

the net air mass cooling (T s
s − T `

c ), which has a notable but not significant influence on the534

δ values in the profiles (Table 2). The local condensation temperature T `
c , however shows535

consistently high correlations with both δ18O and δD in snow. Furthermore, the cloud top536

pressure p`ctop, which we use as a measure for vertical cloud extent shows strong relations537

with δ18O and δD for the February and March profiles. The fact that the correlations are538

all smaller in January is due to the higher uncertainties in the age reconstruction between539

8 cm and 14 cm SWE reflected in the large discrepancies found between the SNOWPACK540

and ∆snow reconstructions (see Fig. 2).541

For the cold part of the season without meltwater influence we thus find a strong relation542

between the local cloud properties (T `
c , p`ctop) and the δ signals, and between d and hss at the543

moisture source. We observe high δ-values in warm airmasses with comparatively shallow544

clouds and low δ-values in cold airmasses with deeper clouds, reaching lower cloud top545

pressure (Fig. 5a). Positive anomalies in snow d are observed in airmasses with water vapour546

originating from surface evaporation at low hss (strong near-surface humidity gradients) and547

low T s
s at the evaporation sites (Fig. 5b). In the next section we investigate specific frontal548

passages and their associated imprints in snow isotope signals in winter.549

5 Isotope Signature of Frontal Passages550

In the winter 2016-2017, cold precipitation events were associated with low δ anomalies551

in the sampled snow profiles (local minima at SWEs of 8, 25 in Fig. 6a,b). Precipitation552
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formed in warm air masses led to several local maxima in the δ signals of the snow profiles553

(at SWEs of 12, 18, 38 in Fig. 6a,b). The respective snowfall events are described in more554

detail in Trachsel (2019). Large variations of precipitation isotope signals during frontal555

passages have been previously discussed in the literature (e.g. Dansgaard (1953); Dütsch556

et al. (2016); Thurnherr et al. (2021)). Here we will focus on the archival of these isotope557

signals associated with frontal passages in the snow cover by analysing two representative558

events in more detail, the cold front passage of 12-15 January 2017, which leads to the559

local δ minimum at SWE=24 cm; and the warm front passage between 30 January and 2560

February, which leads to the local δ maximum at SWE=38 cm (Fig. 6).561

The cold front precipitation event at the WFJ between 12 and 15 January 2017 resulted562

from forced orographic uplift of cold air masses from the northern part of the North Atlantic563

(Fig. 7a) with a large fraction of moisture sources located North of 45◦N (Fig. S4a in the564

Supporting Information). The synoptic context of this event is characterized by an elongated565

upper-level trough reaching far South and favoring the advection of polar and subpolar566

airmasses over the North Atlantic towards Central Europe (Fig. 7a). The northerly flow567

towards the Alps in the lower troposphere is established by an extratropical cyclone located568

over northeastern Europe and a meridionally elongated anticyclone in the eastern North569

Atlantic. The cold front arrived at WFJ at 6 UTC on 13 January (Fig. 8a). Precipitation570

during this event formed in an environment of anomalously low atmospheric temperatures571

(Fig. 8a, brown line shows T `
c ).572

During the cold front passage, the δ18O and δD decreased by ∼5‰ , respectively by573

∼60‰ (Fig. 3a,b), T `
c dropped from −18◦C to −40◦C within two days with some variations574

during periods with lower snowfall intensities (Fig. 8a brown line). The drop in T `
2m575

was more modest from -5◦C to -10◦C (Fig. 8a green line). The temporal evolution of the576

vertical thermodynamic conditions and cloud structure above WFJ (Fig. 8b) shows that the577

deepest clouds with the lowest T `
c occurred during the most intense phases of precipitation578

in a locally unstable environment (around 21 UTC on 12 January, between 3 and 9 UTC579

on 13 January and between 3 and 6 UTC on 14 January). The timing of the ERA5 and the580

measured precipitation peak between 3 UTC and 18 UTC on 14 January deviates by only 3581

hours (compare blue and grey bars in Fig. 8a), however, the first two peaks in ERA5 (blue582

bars in Fig. 8a) are overestimated compared to the observations (grey bars in Fig. 8a).583
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The warm front precipitation event at the WFJ between 30 January and 2 February584

is associated with a strong zonal flow towards the Alps (Fig. 7b) with warm and moist585

air transport from the subtropical and midlatitude North Atlantic (South of 45◦N) and/or586

from the Mediterranean (Fig. S4 in the Supporting Information, see also Trachsel (2019)).587

During the passage of the warm front at WFJ on 30 January, a deep surface cyclone moved588

northeastwards over the North Atlantic towards Norway and a second slightly weaker cyclone589

was located over northern Germany (Fig. 6b). The latter cyclone’s warm front arrived at590

WFJ at 15 UTC on 30 January, followed by a ridge building up from ∼18 UTC on 31591

January onwards.592

During the warm front passage, the δ18O and δD increased by ∼8‰ , respectively by593

∼60‰ (Fig. 3a,b), T `
c increased from ∼ −40◦C for the deep clouds at the leading edge of594

the warm front to −15◦C in the shallower warm sector clouds after the precipitation peak595

within two days (Figs. 6a, 9a). The increase in T `
2m was more modest from −10◦C to 0◦C.596

The temporal evolution of the vertical thermodynamic conditions and cloud structure above597

WFJ (Fig. 9b) shows that in contrast to the cold front passage, the deepest clouds with598

the lowest T `
c occurred at the arrival of the warm front and not during the most intense599

phase of precipitation, during which the cloud is shallower and T `
c about 10 oC higher than600

during the peak intensity of the cold front precipitation event discussed above. The timing601

and intensity of the ERA5 precipitation peak between 12 UTC on 31 January and 00 UTC602

on 1 February agrees well with observations (compare blue and grey bars in Fig. 9a).603

The cold and warm front events analysed here are both characterised by substantial604

intra-event variability in cloud vertical extent and condensation temperature. New snow605

sampled at high temporal resolution and additional information from local cloud and pre-606

cipitation radars would provide insightful additional information and should be used in607

future campaigns. From the above two case analysis of one cold and one warm front pas-608

sage, it becomes clear that the main difference between the two precipitation events comes609

from the overall colder atmosphere during the cold front passage compared to the warm610

front, leading to lower T `
c (compare T `

c in blue and red sections of Fig. 6c). The difference611

in isotope signals between cold and warm front passages is therefore induced primarily by612

the difference in large-scale temperature advection, while the vertical extent of the clouds613

and the cloud structure are most likely determining the short-term variability in the new614

snow’s isotope composition.615

–20–



manuscript submitted to JGR: Atmospheres

6 Conclusions616

In this study we investigated the processes involved in the temporary archival of the617

atmospheric conditions leading to snowfall on the Weissfluhjoch (WFJ) in the Swiss Alps by618

combining snow profiles with a quantitative snow layer age reconstruction and atmospheric619

reanalysis data. The snow layer age reconstruction is based on two physically-based snow620

models, the semi-empirical ∆snow model and the thermodynamic SNOWPACK model,621

which are both driven by local snow height observations. To identify moisture sources622

of precipitating clouds at the WFJ, we used ERA5 reanalysis data, based on which we623

calculated three-dimensional back-trajectories. The ERA5 data also served to diagnose the624

cloud formation temperature and vertical cloud extent during frontal passages leading to625

snow accumulation on the WFJ.626

The isotope composition of five profiles sampled between January and June 2017 at627

approximately 1 month interval show that the isotope composition of the snow is conserved628

with a small impact of dry snow metamorphism during cold winter (variations of 1–2‰ in629

δ18O, 10–20‰ in δD and 3–5‰ in d between the overlapping profiles). Frontal passages are630

associated with distinct isotope signatures with an amplitude of ∼ ±7‰ in δ18O, ∼ ±60‰631

in δD due to changes in vertical cloud extent and cloud formation temperature. Strong632

links between δ18O (and δD) with cloud formation temperature as well as mean air parcel633

cooling from the moisture source to cloud formation is found, while the correlation with634

local near-surface temperature is much weaker. A relation between precipitation isotopes635

and the vertical cloud extent (cloud-top pressure and temperature) has been found previ-636

ously in low-latitude Asia at the monthly timescale Here we investigated the role of cloud637

formation temperatures more closely using vertical profiles through frontal clouds at the638

event timescale in the Alps.639

Changes with an amplitude of ∼ ±7‰ in d are due to changes in moisture source640

conditions (hss and T s
s , see Aemisegger and Sjolte (2018) for a detailed discussion of the641

relative role of hss and T s
s for d at the moisture source). The strong relation between the642

d in snow and the conditions at the moisture source agrees well with the recent literature643

on the synoptic timescale variability of the d in precipitation (e.g. Aemisegger (2018)) and644

water vapour (Pfahl & Wernli, 2008; Bonne et al., 2019; Thurnherr et al., 2020).645

As soon as the snow cover shows first signs of melting, exchange between the liquid,646

ice and vapour phase (wet snow metamorphism) leads to more important alterations of the647
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isotope signature of the snow. The preferential removal of light isotopes during meltwater648

formation induces an overall enrichment of the remaining snow of ∼3‰ in δ18O and ∼25‰649

in δD. Furthermore, the uncertainty in the snow sample’s age reconstruction becomes very650

large due to partial melt from different layers and percolation of meltwater through the snow651

pack. Nevertheless, the vertical isotope variability structure is maintained, even though the652

absolute values have changed. The use of a melt-affected profile for reconstructing weather653

events seems therefore possible, even if it is associated with additional challenges due to654

the overall enrichment of the snow cover. In times of global warming and with melt-events655

occurring also in polar regions, this aspect becomes more and more relevant.656

The two physically-based models used for the snow layer age reconstruction agree within657

an uncertainty range of 1-2 cm snow water equivalent on the identified snowfall time of the658

sampled 6 cm snow layers. These age reconstructions are critically dependent on high-659

quality snow height measurements, with which they are driven. Automatic measurements660

with ultrasound sensors are affected by relatively large noise and can be associated with661

biases with respect to the manual measurements (see Supporting Information and Ryan662

et al. (2021)). The largest discrepancies between the age reconstructions from ∆snow and663

SNOWPACK are found in layers resulting from multiple low-accumulation events.664

The synoptic-scale nature of the precipitation events leading to accumulation of snow665

at the WFJ warrants the use of the ERA5 reanalysis dataset for characterising the moisture666

sources, transport patterns and cloud formation conditions. This motivates future studies667

that include fresh snow sampling and collocated radar and satellite observations to char-668

acterise the local cloud structure (condensation and deposition temperature, hydrometeor669

type, vertical extent, and sublimation below the cloud) in more detail. By combining a670

quantitative snow layer age reconstruction with the frontal cloud structure from reanalysis671

data and trajectory-based moisture source and transport diagnostics, this study allows to672

explicitly link isotope signals in the snow cover with relevant atmospheric processes. At lo-673

cations without atmospheric observations, a reconstruction of atmospheric processes could674

thus be envisaged from snow profile sampling. The quality of precipitation forecasts from675

numerical weather prediction models is affected by important uncertainties associated with676

cloud and precipitation formation processes, in particular, in remote regions with complex677

topography and/or along frontal systems with embedded convection. Snow isotopes can678

therefore provide valuable additional constraints on cloud formation conditions that are679

complementary to traditional observations (Aemisegger et al., 2015).680
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High-resolution isotope-enabled simulations with a more detailed representation of to-681

pography and explicit treatment of embedded convective features within the frontal systems682

(e.g. (Oertel et al., 2020)) could provide more detailed insight into the precipitation pro-683

ducing cloud structure and condensation history. However the correct timing and location684

of such small-scale features within the frontal systems in the simulations compared to ob-685

servations is not guaranteed. Therefore a statistical analysis over the whole alpine range686

using simulations with a regional numerical model coupled to a multi-layer snow module687

is required. For such an approach, the present work has shown that the semi-empirical688

snow model ∆snow provides a computationally efficient basis for high elevation regions in689

the cold season without melt. For more elaborate investigations on the impact of dry and690

wet snow metamorphism on the snow isotope profile a fully coupled atmosphere-snow mod-691

elling system would be needed such as CRYOWRF (Sharma et al., 2021) which requires the692

implementation of isotope physics in a thermodynamic snow model such as SNOWPACK.693

This study shows that synoptic-scale weather systems producing precipitation over the694

Alps leave a distinct imprint in the isotope composition of the snow cover, which reflects695

the vertical cloud structure and the moisture source conditions. The snow isotope signal696

is only marginally affected by post-depositional dry snow metamorphism, while wet snow-697

metamorphism is found to have a strong impact. These findings imply that the isotope698

signals from high-Alpine ice cores, if they are not strongly affected by melt, may provide699

information on the frequency of occurrence of frontal passages over the Alps. Major shifts700

in the upper-level jet stream and cyclone tracks likely leading to changes in moisture source701

regions and conditions (see, e.g. Aemisegger (2018)), could therefore be detectable in the702

isotope composition of Alpine ice.703
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Figure 1. see next page
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Figure 1: Time series of the winter 2016-2017 (a) daily meteorological conditions and704

(b,c) the snow cover evolution at WFJ. In (a) new snow (NS) is shown by black bars, daily705

means of 2 m air temperature (T `
2m) by the thick light green line, daily precipitation weighted706

mean 2 m air temperature (Ta,pwT `
2m,pw) by the thin dark green line, the cloud formation707

temperature by the thin brown dots and line (Tc,pwT `
c,pw, precipitation weighted). In (b)708

the measured snow height and SWE are shown in black (line and crosses, respectively),709

the ∆snow modelled snow height in light blue and SWE in royal blue. In (c) the age710

reconstruction obtained from ∆snow is shown for the four profiles that were taken before711

the start of the melt season. The June profile is strongly affected by melting, which makes712

the age reconstruction with ∆snow unreliable. The age reconstruction for the June profile713

is therefore not shown in (c). In all panels the timing of the sampling of the five profiles is714

indicated by dashed lines and the passage of the studied cold and warm fronts (discussed in715

Section 5) is highlighted by blue and red shading. Grey shading in (c) indicates prolonged716

periods with very low accumulation.717
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Figure 2. Age reconstruction by ∆snow (solid lines) and SNOWPACK (dashed lines) for the

dates of the five sampled profiles from WFJ. The measured SWE on the day of the profile sampling

is shown by a cross including an errorbar indicating the sampling uncertainty. The age is measured

in number of days before sampling of a given profile at age=0.
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Figure 3. Five profiles sampled at the WFJ between January and June 2017 of δ18O (a), δD

(b), d (c) as a function of SWE. Blue, red and grey shadings as in Fig. 1.
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Figure 4. Change in isotopic profile during melt in pendular and funicular system in an idealized

snowpack (homogeneously layered, 0oC isothermal). Original δ18O profile (black), smoothed δ18O

profile due to non-percolating meltwater (orange), shifted δ18O profile due to meltwater percolation

(green). At the transition from a pendular to a funicular system, the percolating water from the

upper (idealized) layer begins to mix with the meltwater formed from a layer with different δ18O.

The threshold for the transition between the pendular and the funicular states decreases from ap-

proximately 13–18% liquid saturation for new snow to 7–12% saturation for old, coarse-grained

snow (Denoth, 1982).
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b)a)

Figure 5. Isotope relations with cloud properties at WFJ (a) and moisture source conditions

(b) for the January to April profiles (for March and April only samples from the lowest 40 cm,

unaffected by melt). In (a) the scatter plot shows T `
c vs. δD with colors showing p`ctop and in (b)

hs
s vs. d with colors showing T s

s .
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a)
b)

c)
d)

e)
f)

Figure 6. Profile 2 from 22 February 2017 with (a) δ18O , (b) local 2 m air temperature T `
2m

(solid line), and surface temperature at the moisture source T s
s (dashed line), (c) cloud formation

temperature T `
c , (d) cloud top pressure (p`ctop), (e) d, (f) relative humidity with respect to sea

surface temperature at the moisture source hs
s. Blue, red and grey shadings as in Fig. 1.
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a)

b)

Figure 7. Large-scale weather situation for (a) the cold front, and (b) the warm front. θe in

filled contours and geopotential height at 700 hPa in grey contours. The position of the WFJ is

indicated by a green cross.
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a)

b)

Figure 8. Temporal evolution of atmospheric conditions during the cold front passage. (a)

New snow NS measured (grey bars) and in ERA5 (blue bars, right axis, assuming a new snow

density of 100 kg m−3), measured 2 m temperature at the WFJ in dark green and the diagnosed

cloud formation temperature in connected brown dots (left axis). (b) Time-pressure plot for the

two frontal passages with the equivalent potential temperature θe in filled contours, hydrometeors

in spacings of 50, 75, 100, 125 mg kg−1 for IWC (white), SWC (additionally 25 mg kg−1, grey

dashed), LWC (light blue), cloud tops in black.
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a)

b)

Figure 9. Temporal evolution of atmospheric conditions during the warm front. Panels and

contours as in Fig. 8
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Table 1. Root mean square difference (RMSD), range of bias, and mean bias of total snow cover

SWE and H simulated by ∆snow and SNOWPACK with respect to the five sampled snow profiles.

Hs,ref is the daily reference measurement at maximum 20 m from the location of the sampled profile.

Dataset RMSD /cm range of bias /cm mean bias /cm

Hs,ref , ∆snow H 5.6 −11 to −1 −4.0

∆snow SWE 2.4 −2.5 to +3.3 +1.0

SNOWPACK H 7.9 −11.8 to −0.6 −4.68

SNOWPACK SWE 5 −6.6 to 3.2 −2.8
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Table 2. Pearson correlations for the dry part of the profiles not affected by melting (correspond-

ing to SWEs up to 50 cm). Correlations are shown between δ18O, δD, and d in the snow profiles

with the diagnosed meteorological conditions during snowfall. The local air temperature at 2 m is

T `
2m, the local cloud formation temperature T `

c , the moisture source air temperature at 2 m T s
s , the

air mass total cooling from the source to cloud formation T `
c , and the relative humidity with respect

to sea surface temperature hs
s. Bold values are shown if the p-value of the linear regression for a

zero-slope null hypothesis is p <0.01 using a Wald Test with t-distribution of the test statistic.

Profile 1 Profile 2 Profile 3 Profile 4

25 Jan 22 Feb 21 Mar 17 Apr

sample size 14 21 22 19

r(δ18O, T `
2m) 0.36 0.08 0.20 0.37

r(δD, T `
2m) 0.22 -0.08 0.04 0.25

r(δ18O, T `
c ) 0.45 0.59 0.55 0.51

r(δD, T `
c ) 0.39 0.52 0.52 0.51

r(δ18O, T s
s ) 0.28 0.08 0.15 0.20

r(δD, T s
s ) 0.15 -0.05 0.01 0.10

r(δ18O, T s
s − T `

c,l) -0.32 -0.50 -0.48 -0.40

r(δD, T s
s − T `

c,l) -0.34 -0.55 -0.53 -0.46

r(δ18O, p`ctop) 0.04 0.77 0.59 0.49

r(δD, p`ctop) 0.11 0.74 0.63 0.52

r(d, hss) -0.60 -0.68 -0.38 -0.26

–35–



manuscript submitted to JGR: Atmospheres

Acknowledgments718

We thankfully acknowledge helpful discussions with Fluregna Schindler, Pirmin Ebner, Jo-719
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M. (2019). Resolving the controls of water vapour isotopes in the atlantic sector. Nat.784

Commun., 10 , 1632. doi: 10.1038/s41467-019-09242-6.785

Brun, E. (1988). Investigation on wet-snow metamorphism in respect of liquid-water content.786

Ann. Glaciol., 13 , 22–26. doi: 10.3189/S0260305500007576.787
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Rüdisühli, S., Sprenger, M., Leutwyler, D., Schär, C., & Wernli, H. (2020). Attribution of923

precipitation to cyclones and fronts over europe in a kilometer-scale regional climate924

simulation. Weather Clim. Dynam., 1 , 675–699. doi: 10.5194/wcd-1-675-2020.925

Schmucki, E., Marty, C., Fierz, C., & Lehning, M. (2014). Evaluation of modelled snow926

depth and snow water equivalent at three contrasting sites in switzerland using snow-927

pack simulations driven by different meteorological data input. Cold Reg. Sci. Techno.,928

99 , 27–37. doi: 10.1016/j.coldregions.2013.12.004.929

Schwikowski, M. (1997). Analytical chemistry in High-Alpine environmental research.930

CHIMIA International Journal for Chemistry , 51 , 786-789.931

Sharma, V., Gerber, F., & Lehning, M. (2021). Introducing cryowrf v1.0: Multiscale atmo-932

spheric flow simulations with advanced snow cover modelling. Geoscientific Model De-933

velopment Discussions, 2021 , 1–46. Retrieved from https://gmd.copernicus.org/934

preprints/gmd-2021-231/ doi: 10.5194/gmd-2021-231935

Sime, L. C., Marshall, G. J., Mulvaney, R., & Thomas, E. R. (2009). Interpreting tem-936

perature information from ice cores along the Antarctic Peninsula: ERA40 analysis.937

Geophys. Res. Lett., 36 , L18801. doi: 10.1029/2009GL038982.938

Sodemann, H., Schwierz, C., & Wernli, H. (2008). Interannual variability of Greenland939

–42–



manuscript submitted to JGR: Atmospheres

winter precipitation sources: Lagrangian moisture diagnostic and North Atlantic os-940

cillation influence. J. Geophys. Res., 113 , D03107. doi: 10.1029/2007JD008503.941

Sokratov, S. A., & Golubev, V. N. (2009). Snow isotopic content change by sublimation. J.942

Glaciol., 55 , 823–828. doi: 10.3189/002214309790152456.943

Sokratov, S. A., & Maeno, N. (1997). Heat and mass transport in snow under a tem-944

perature gradient. In Snow engineering: Recent advances (proceedings of the third945

international conference on snow engineering, sendai, japan, may 1996) (p. 49–54).946

Izumi, Nakamura, and Sack. doi: 10.13140/2.1.3331.9206.947

Sprenger, M., & Wernli, H. (2015). The LAGRANTO Lagrangian analysis tool – version948

2.0. Geosci. Model Dev., 8 , 2569–2586. doi: 10.5194/gmd-8-2569-2015.949

Steen-Larsen, H., Masson-Delmotte, V., Hirabayashi, M., Winkler, R., Satow, K., Prié, F.,950
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