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Knowledge about changes in ground temperatures under a changing climate is important for many environmental, economic, and infrastructure applications and can be estimated by transient numerical simulations. However, a full annual cycle of precipitation data is needed to achieve this, yet is often unavailable in high alpine regions where a lack of infrastructure precludes installation of heated instruments capable of measuring the solid precipitation component. This paper presents a method to reconstruct a full year precipitation dataset at high alpine weather stations, which is then used to model ground temperature and snow depth for 16 alpine sites in Switzerland for the past and three climate scenarios. Differences in the possible temperature trajectories are highlighted with a focus on elevation and regional climatic differences within Switzerland. Snow height and ground temperatures under a changing climate are modeled with the one-dimensional physical model SNOWPACK by applying a delta change signal to the meteorological data set obtained from the CH2011 climate scenarios of Switzerland. All sites showed a decrease of snow cover, a shortening of the snow season and an increase in ground temperature to the end of the century. Sites in the inner alpine regions of Grisons were found to be less sensitive to climate change than sites in the western Alps. The magnitude of reduction of mean snow height depends mainly on location, whereas for the contraction of the snow season elevation is the key factor. It could be shown that the temperature–precipitation combination as expressed in the snow dynamics explain changes in ground temperatures more than the individual changes in either parameter. Alpine meadow and thin snow cover appear to delay warming of the ground.
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1. INTRODUCTION

The impact of climate change on the ground thermal regime of high mountain environments remains uncertain in many aspects, due in part to complex processes involving mass and energy exchanges with the winter snow cover. Alpine snow cover projections have been produced by several studies (e.g., Laternser and Schneebeli, 2003; López-Moreno, 2005; Derksen and Brown, 2012), all reporting an ongoing contraction of the snow season, mainly due to an earlier melt-out date. Recent studies such as e.g., López-Moreno et al. (2008) and Schmucki et al. (2015) have used model-based approaches to predict changes in snow cover to the end of the century. However, climate change induced evolution of high mountain ground temperatures and connection to changes in the winter snowpack, are less clear and have so far been investigated in relatively few studies.

Several studies have documented slope failures in permafrost terrain and linked these failures to general warming trends or specific events such as the heatwave of 2003 (Gruber et al., 2004; Stoffel et al., 2005), however these generally report on specific case studies. Ravanel (2011) investigated transient changes in the Mont Blanc Massif from the end of Little Ice Age to 2100 and found distinct warming on all investigated Rockwalls. Deline et al. (2015) compiled a rockfall inventory covering the last 300 years and found evidence of increased rockfall and a causative link with warming rock temperature. Luetschg and Haeberli (2005) looked at the interaction of snowcover and ground temperature in an earlier study and found the lower limit of permafrost to be raised by 170 and 580 m over an 80 year period. However this study was undertaken at one site only, Weissfluhjoch, Davos.

Dedicated permafrost studies have been carried out to both establish the current state (Luetschg and Haeberli, 2005) and future evolution of the ground thermal regime in various case-study locations (Noetzli et al., 2007; Ravanel et al., 2017). However, these have either focused on permafrost areas exclusively, slope stability issues or rockwall dynamics. No study has systematically studied the effects on snow and ground temperature under a changing climate in the Alps. Anticipated changes are important to characterize particularly in the Swiss Alps where infrastructure and assets are often built upon (or exposed to) mountain permafrost soils. Changes in ground temperature can cause significant socio-economic problems, as thawing ground material loses mechanical strength and therefore stability (Haeberli, 1998; Gruber et al., 2004; Krautblatter et al., 2013), potentially causing or contributing to rockfall, landslides, debris flows, or other events related to destabilization of ground material in peri-glacial environments (Gobiet et al., 2014; Deline et al., 2015). Several studies have observed a warming of ground temperatures over the past decades (Harris et al., 2003) leading to an increase in permafrost slope failures (Noetzli et al., 2007; Haeberli and Gruber, 2008; Phillips et al., 2017). There is evidence of both increased rock wall failure as a consequence of changes in ground thermal regime (Deline et al., 2015) and debris flow activity (Gobiet et al., 2014), although this phenomena is additionally strongly linked to large precipitation events.

Processes involving snow are often close to melting point and therefore highly sensitive to climate change. Mountain areas have experienced a strong increase in mean annual air temperature over the past decades (by up to 0.35 °C per decade in the Swiss Alps) (Ceppi et al., 2012) and temperature increase will probably continue for the foreseeable decades (Bernstein et al., 2008) and consequently, snow cover will be reduced. It is therefore very likely that ground temperatures will also undergo significant changes. However, the interaction of ground temperature and snowcover is not entirely straightforward and studies such as Delarue et al. (2015) and Haberkorn et al. (2015) have indicated that warmer air temperature can lead to ground cooling in certain terrain and soil conditions. In contrast to these findings Henry (2008) reported a decrease in soil freezing days in Canada and Mellander and Löfvenius (2007) found an increase of soil temperature in Swedish pine stands. However, very few studies (and none to our knowledge) have modeled the interaction of soil temperature and snow cover at a larger scale and across a range of climates, in a high mountain environment, while considering these dynamics under a future climate. Snow influences ground temperature mainly by its physical properties (high albedo, low thermal conductivity, latent head of fusion) (Zhang, 2005). As the physical properties of snow can lead to both cooling and warming of the ground, the net effect depends on the time of the year and the state of the snowpack (Haeberli, 1998; Luetschg et al., 2008). Cooling effects are mainly seen in early winter, because of the high albedo (Wendler and Kelley, 1988; Zhang et al., 1996) and during snow melt when temperature is zero due to isothermal conditions at the soil-snow interface as latent heat is released during refreezing of melt water in the snow. Warming effects dominate in high winter under a thick snow cover (Haeberli, 1973). The insulation effect of a thick winter snow cover has been shown in several studies (Zhang, 2005; Luetschg et al., 2008), as well as the cooling effect of a thinner snow cover (Kaste et al., 2008). Snow cover can change mean annual ground temperature by several degrees and the overall effect depends on snow depth, the date of the onset of snow cover in winter, the duration of the snow covered period, snow density and the date of the snow cover melt-out in spring/summer (Haeberli, 1975; Zhang, 2005). Depending on the duration of the fully insulating snow cover, snow cover can increase annual ground temperature by 2–7 °C (Zhang et al., 1997; Bartlett et al., 2004). Differences in the onset and melt-out day of snow cover can change mean annual ground temperature by up to 6 °C (Goodrich, 1982). Studies have shown (Ling and Zhang, 2003) that the onset date of snow cover in autumn is more critical than the melt-out day and additionally, an increase in snow depth by one meter can increase temperature by 2.7 °C.

In the Alps, topography has a large influence on ground temperatures mainly due to differences in incoming short wave radiation and air temperature (Gubler et al., 2011). This influences snow metamorphosis and can enhance snow melt by weeks to months on south facing slopes. Snow accumulation, and therefore thickness of snow cover, is also heavily influenced by topography, due to wind effects and slope angle (Gerber et al., 2017). Due to these effects, temperature can vary strongly at small scales. Recent studies on the small-scale variability of mean annual ground surface temperature in mountain slopes, found a variability of 0.16–2.5 °C within 10 × 10 m footprints (Gubler et al., 2011) and 1.5–3.0 °C over distances of 30–100 m (Isaksen et al., 2011).

This study has two main objectives:

1. A model-based approach is used to simulate ground temperatures changes in the Swiss Alps until the end of the century in snow covered areas between 1,700 and 2,800 m a.s.l. using the process-based model SNOWPACK. The strength of this study is the ability to evaluate the reference period, which spans the years from 2004 to 2016, against a high quality dataset of high elevation Automatic Weather Stations (AWS) from the Intercantonal Measurement and Information (IMIS) network that is used for avalanche forecasting in Switzerland. This network records a full suite of meteorological parameters together with snow depth and ground temperature. Therefore, this dataset provides a good opportunity to study snow-ground temperature interactions under current and future conditions.

2. In order to model snow cover, SNOWPACK is driven by snow height measurements during the winter season. In order to simulate ground temperature the model needs to be run continuously for the entire annual cycle. However, winter precipitation is not measured at these stations as the energy requirements for heated pluviometers is unable to be met at these remote stations. To overcome this problem a method to reconstruct a full year precipitation data set at each AWS is additionally presented.



2. DATA AND METHODS

In this study, ground temperatures and snow height are modeled for a reference period and three future periods at 16 high alpine AWS stations of the IMIS in Switzerland. These can be classified as high alpine (with possible permafrost occurrence), alpine and low elevation. The elevation of the stations range from 1,630 m a.s.l. for low alpine stations to 2,850 m a.s.l. for high alpine stations. All stations are relatively flat (slope angle 2–12 °) and all stations have a permanent snow cover in winter. The snow season duration at the stations varies between 192 (Bosco/Gurin, BOG2) and 250 days (Simplon, SPN2). Mean snow height varies from 0.68 m at Simplon Ze Seewe (SPN2) to 1.96 m at the Simplon (SPN3). High alpine stations are located in Grisons and the Valais, mid altitude stations in Grisons and the central Alpine north slope and lower elevation stations (below 2,000 m a.s.l.) on the north side of the Alps. Figure 1 shows the location of, and Table 1 gives metadata for, each station. The spatial distribution of stations covers all climatic regions of Switzerland. Even though the Swiss Alps domain is relatively small, the climatic variability is large. Based on forecasted climate change signals (e.g., from CH2011 and CH2018 summary reports) it is common to divide the Alps into west, east, and northern sectors. This is mainly due to the fact that the Swiss Alps straddles a European climate divide, with a forecasted decrease of winter precipitation south of the Alps and increase north of the Alps. In this study both signals play a role, so stations are mainly classified by their geographical location, resulting in the three main regions which are used in this study. These are as follows: (1) the Valais region in the south-west, which has snow rich winters, (2) Grisons, which is located in the south-east of Switzerland and is much drier, characterized by an inner-alpine climate in many parts, and (3) the Alpine north slope, which is mostly influenced by weather conditions from the north Atlantic and northern Europe.


[image: Figure 1]
FIGURE 1. Location and elevation of the 16 stations used in the study.



Table 1. ID, name, location, elevation, slope aspect, slope angle (Slope), soil type, category (a. meadow stands for Alpine meadow) and mean snow height, for all days were snow height (HS) >0.1 m for all stations used in the study.
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2.1. Input Data

All IMIS stations measure the following variables: air temperature, relative humidity, wind speed, wind direction, and outgoing shortwave radiation, snow surface temperature, ground surface temperature, and snow depth. Temperature/relative humidity sensors are naturally ventilated. Data is available at 30 minute resolution. A continuous data set of summer and winter precipitation is required to force the model but unavailable as unheated pluviometers at the stations are only capable of measuring liquid precipitation. Additionally, only a subset of the stations have been equipped with unheated rain gauges and only since 2009. This data, when available is used for liquid precipitation input in summer. Therefore, data are completely missing in winter and sparse in summer. The treatment of data gaps is described below.

IMIS fields are used to force SNOWPACK and solid precipitation is back calculated from measured snow height, using the Costijn Zwart's snow density model. Additional quality assurance and quality control checks are made on the dataset as follow. As vegetation growth is incorrectly registered as snow by the sonic ranger (Lehning et al., 1999) these are filtered out by checking the correlation between air and ground temperature increase, and a rate of change filter for snow height (Marty and Klein, 2015). Snow height measurements which are detected as vegetation are set to zero. Negative snow values due to sensor calibration errors are set to zero. In order to filter out melting snow in the unheated rain gauges which cause false precipitation events, non zero precipitation measurement from all sources are only allowed if relative humidity >0.6 and the temperature difference between air and snow surface temperature is smaller than 3 °C for snow height above 0 °C, because that indicates cloudy conditions. Negative precipitation values, due to calibration and measurement errors from IMIS stations are set to zero.

The automatic ground measurement network (ANETZ) is part of the meteorological measurement network of the Swiss national meteorological service (SwissMetNet). This network is composed of around 160 stations which have measured air temperature and precipitation since at least 2000. All stations are equipped with heated pluviometers to make year-round precipitation measurements. However, we preferentially use IMIS data as these stations better represent the Alpine zone, whereas ANETZ stations are fully powered and therefore are often situated at lower or less remote locations due to this requirement to be “on-grid.” This network is used to fill remaining gaps in the IMIS data according to the following procedure: (1) SwissMetNet data is used as input for a multiple linear regression which is used to reconstruct precipitation events at the IMIS stations. (2) The regressions of the top five SwissMetNet stations within a radius of 35 km and with the smallest elevation difference are used as a first estimate for a given IMIS station. (3) Finally, of these five stations a maximum of two stations that give the best R2 values are chosen. For all stations used in the study R2 is greater than a threshold set at 0.6. Regressions are computed on hourly data and based on a subset of winter precipitation events that exceed >1 mm. Note, some of the regressions contain an interaction term, which can have a negative sign. If precipitation on one station is strong, but weak at the other, then negative precipitation can occur. If this situation is found, rain on the actual IMIS station is not very likely, so then values are set to zero. Negative values total between 3 and 5 % of all values.

In order to prepare a complete precipitation dataset and to capture rain on snow events (precipitation during the “snow” season), gaps were not only filled with regression data, but for each data point it was decided based upon a set of rules (Table 2) which precipitation values should be taken. Values are taken from three existing sources. (1) Solid precipitation is taken from SNOWPACK simulations, calculated from the measured snow height difference using the calculated snow density from SNOWPACK. Liquid precipitation is either taken from (2) measurements at the IMIS station or (3) from linear regression values calculated from surrounding ANETZ stations. As a first step, snow height is checked, if snow height is >0.1 m and temperature is below 1.2 °C, precipitation values calculated with SNOWPACK from measured snow height differences are used, because at temperatures below this threshold, rain is unlikely. For temperatures above 1.2°C and snow height above 0.1 m, the regression from ANETZ is used as rain input if the regression results in a non-zero value. For snow height between 0.02 and 0.1 m, ANETZ measurements are taken if temperature is above 0 °C and SNOWPACK data otherwise. The threshold for thin snow covers is different, because snow cover below 0.1 m mainly exists in autumn, when rain on snow events happen more often because on average air temperature is higher than in winter (Il Jeong and Sushama, 2018). However, this only makes up <5% of all data points. If snow height is below 0.02 m and the IMIS station has precipitation measurements these values are taken, otherwise ANETZ regressions are used. For snow height below 0.02 m SNOWPACK measurements, which depend on the differences in snow height, are not accurate. Therefore below 0.02 m only IMIS and ANETZ measurements are taken. This situation occurs mainly in summer, where IMIS measurements are accurate, possible summer snow events will also be measured with the unheated rain gauge, due to a typically rapid melt as air temperature warms to “normal” summer conditions. Missing summer IMIS data is preferentially filled with ANETZ data, otherwise SNOWPACK data is used if ANETZ measurements are also missing. This algorithm also includes summer snow events, because it is dependent on snow height and not on air temperature or time of the year. When comparing ANETZ regressions to measured winter and summer precipitation data, ANETZ data tends to overestimate precipitation events, therefore IMIS data is preferentially used, if available. The overestimation of ANETZ regressions mainly comes from the fact that not all false precipitation events can be filtered out, as distances between stations are large. For station Weissfluhjoch the method presented above leads to a mean annual precipitation input of 1359 mm per year, which can be compared to the mean yearly values from 1981 to 2010 obtained from a heated pluviometer of 1411 mm, by MeteoSwiss. Additional gaps in the forcing fields are filled with linear regression (Bavay et al., 2012), except for station Weissfluhjoch where data is missing from August 2008 to October 2008 and filled with mean values over the entire observation period for the respective day. Gaps do not exceed a period of 3 days, except for this Weissfluhjoch case.


Table 2. Summary of rules which are used to build the precipitation data sets.
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2.2. Climate Change

For the climate change period, the delta change method is applied (Hay et al., 2000), which applies a scaling (“delta signal”) to reference period values in order to simulate a changed climate (CH2011, 2011). In order to apply the delta change signal, the delta changes for air temperature are added to every data point of the corresponding day of the year. For precipitation the data from the reference period is multiplied with the delta change signal of the corresponding day of the year. This approach is commonly used in climate studies, because it is robust against regional climate model errors, but has the disadvantage that extremes and inter-annual variability does not change pattern (López-Moreno et al., 2008), magnitude only is changed. Delta changes are applied to the whole reference period and future modeling has been done for 12 years for each future climate period. We found that modeling future periods with the climate change signal directly, does not reveal any significant difference, compared to a transition run from 2000 to 2100 which had been performed for one regional climate model at Weissfluhjoch.

The Swiss climate change scenarios CH2011 (CH2011, 2011) predicts possible changes in seasonal mean air temperature and precipitation to the end of the century in Switzerland. This study was primarily conducted prior to the release of the new CH2018 (National Centre for Climate Services, 2018) scenarios and therefore they were not able to be considered. However, as stated in the technical report (CH2018, 2018), the latest results mainly confirm those of the previous scenario assessment, CH2011 and therefore we do not expect this to have a significant impact upon our main findings.The local daily delta change signals for precipitation (%) and air temperature (°C) from the extended version of CH2011 (Pattern scaling- Local daily scenarios, PS-LDS) is used in this study. For the PS-LDS dataset regional results from CH2011 have been downscaled to MeteoSwiss station locations and results are generated for 10 different regional climate models (Bosshard et al., 2011). The CH2011 data were obtained from the center for Climate Systems Modeling (C2SM) at the ETH Zurich. A multi-model approach is used and results are generated for two different emission scenarios defined by the fourth IPCC report (2007a, Bernstein et al., 2008). In this study results from the A2 scenario of IPCC 2007 are used which describes a very heterogeneous world, meaning, little or no climate action, and local development, which results in continuously increasing population and a more fragmented and slower economic growth. For the A2 scenario an increase in winter temperatures at the stations used in the study of 3.5–3.8 °C for the period of 2070–2099 compared to the reference period of 1980–2009 is projected. In Supplementary Material 1, change signals of the ten regional models for WFJ station are shown. Mean summer temperatures are projected to increase by 4.3–5.5 °C. All temperatures have an approximate uncertainty of 1 °C. By 2085, summer precipitation is projected to decrease by 9−22 % and winter precipitation is predicted to increase by 3−14 %. CH2011 scenario data is available at site scale at all MeteoSwiss stations, however, these are not co-located with IMIS stations. In this study daily delta change signals of the nearest-neighbor location for every IMIS station is used. The distance between the stations does not exceed 10 km, but elevation differences can be large in some cases. No elevation based scaling, has been applied to the delta change signals.



2.3. Modeling Setup

As a reference period the time from October 2004 to October 2016 is used which includes 12 full winter seasons. The reference period differs from the reference period used for CH2011 (1980–2009) and is shorter (12 years compared to 29 years) because data in useful quality is only available from 2004 for most stations. Prior to 2004 only a subset of IMIS stations existed and timeseries contain large data gaps. For station Naluns only data from 2010 to 2016 was used, because there are no earlier measurements available. It has been included in this study because it has ground temperature measurements from 2013 to 2016. For the stations in the central north Alps (Gadmen, Mutten, Guttannen) data is only available since 2009. They are included in the study to provide coverage for this region of Switzerland. For the climate change periods, delta change signals for the period 2035–2060 (2035), 2060–2085 (2060), and 2085–2100 (2085) are added to the input data for the reference period.



2.4. SNOWPACK

SNOWPACK is a one dimensional, physically-based, numerical model which provides information about the state of the snow pack, including new snow depth, snow temperature, and density (Lehning et al., 2002a). Snow is modeled as a tri-phase porous medium (ice, water, air) and is characterized by the volumetric content (θ) of each medium and four independent micro structure parameters (sphericity, dendricity, grain size, and bond size). Mass, energy transport, and phase change processes are modeled the same way in soil and snow (Lehning et al., 2002b). The model solves the partial differential equations governing the mass, energy, and momentum conservation within the snow pack and soil layers using a Lagrangian finite element method (Bartelt and Lehning, 2002).

Soil is modeled as a four component material consisting of water, air, ice, and soil mineral components. Different soil types are characterized by the mean grain size, density, and thermal properties of the dry soil material. The grain size sets the volumetric content of water and soil (Luetschg et al., 2008). In SNOWPACK 12 grain size classes are predefined, these classes also determine the water retention capability by setting the van Genuchten parameters for the water retention curve. For this, the ROSETTA soil classification and class average hydraulic parameters (Schaap et al., 2001) are used. The saturated hydraulic conductivity is also set according to the grain size class. Luetschg et al. (2003) showed that modeling different soil types by their grain size radius gives satisfying results. The density of the soil content, heat capacity, soil albedo, and the heat conductivity also strongly influence the behavior of the soils. Those parameters need to be set individually for each soil profile.


2.4.1. Parameter Initialization

For the initial soil profiles used in the study, the stations are classified by their land use classes, which is either rock or alpine meadow. A soil profile is then assigned based on this classification. At all stations in the study some organic or plant material is present, as none are directly situated on bedrock. The dominant surface cover at the stations is taken from field surveys completed at all IMIS stations in 2015 and further confirmed by maps available from the Federal Statistical Office (1979). For all stations the observed ground cover corresponds with the land use map (Wever et al., 2017). Soil information is also available at all stations from profiles made during the 2015 survey. For the “rock” class a loamy-sand profile is assigned, whereas for “alpine meadow” silt—loam from 0.00 to 0.6 m and sandy—loam for deeper soils 0.60 to 3.00 m) is assigned, following Wever et al. (2015). For the density of the soil particles (ρs), the thermal conductivity (γs), and specific heat capacity (cp) values are taken from previous studies (Wever et al., 2017) and are, at least for the station Weissfluhjoch, comparable to measurements (Wever et al., 2015). Soils are modeled to a depth of 5 m with a total of 50 Layers. Layer thickness increases from 0.01 m at the surface to 0.30 m at the bottom of the profile. Layer thickness of 0.01 m at the surface is chosen for numerical reasons because of the high diurnal variability of temperature at the surface and because surface temperature is highly sensitive to surface layer thickness (Gubler et al., 2013). Near surface (0.00–1.00 m) temperatures are initialized by the measured surface temperature at the station. Modeling results show that the mean annual ground temperature is not sensitive to the initial temperature at the surface, as it evolves relatively fast. Temperature at depth of 1.00–5.00 m are initialized with the mean modeled temperature at 1.00–5.00 m depth resulting from a 12 year model run.



2.4.2. Modeling Setup

The model is driven with precipitation sums, air temperature, wind direction, relative humidity, and outgoing shortwave radiation. Instead of measured surface temperature, parameterized incoming longwave radiation is used as a boundary condition for the temperature equation, because it is related to air temperature and therefore will provide more realistic results for the climate change signal, as described in detail by Schmucki et al. (2015). Incoming longwave radiation is parameterized using the all-sky formulation of Crawford and Duchon (1999) and the clear-sky parametrization by Dilley and O'Brien (1998). For atmospheric stability the correction model MOHOLTSLAG (Schlögl et al., 2017) is used, which is based on the model of Holtslag and De Bruin (1988). Roughness length is set to 2 mm for all stations and no vegetation canopy is present. The Neumann boundary condition is used for the temperature equation at the surface of the snowpack and a geothermal heat flux of 0.6 Wm2 as the boundary condition at the base. The temperature threshold for snow/rain separation is 1.2 °C. For water transport in the snow and soil the full solution of Richards equation is used with free drainage (Wever et al., 2014a, 2015). Snow albedo is parameterized in SNOWPACK (Schmucki et al., 2014).





3. RESULTS AND DISCUSSION


3.1. Validation

To validate model performance the following metrics are used: modeled mean snow height and the onset and melt-out day of snowcover. Mean snow height is the mean snow height, for all days with snow height >0.10 m. This threshold is chosen, because measurements and modeling results are reasonable for errors below 0.10 m. Differences in modeled vs. observed snow height are between −4 and 12%. The melt-out day was defined as the first day between February and August where measured snow height is 0.00 m. As all of the stations are located in high alpine regions and have a continuous snow cover between December and end of winter, a melt-out day can be identified using this definition. Modeled mean snow height was generally in the expected range for each station and between 0.68 m in Simplon and 1.96 m in Wenghorn (Table 3). On several stations snow height is underestimated by the model, particularly when mean annual snow height is high (Figure 2). This has been seen in other studies (Wever et al., 2015) at station Weissfluhjoch for precipitation driven SNOWPACK simulations. This has three main reasons: First, modeling errors such as biases in the precipitation input or errors in model parameterizations (e.g., densification). Second, the modeled snow height includes many days with snow height below 10 cm in early winter, which do not appear in the measurements. These values lower mean modeled snow height. To minimize this effect only values above 10 cm are used for mean snow height calculation. Supplementary Material 2 shows the differences between calculated mean snow height with and without a low snow threshold. Third, early melt out of the snow cover, lowers mean snow height, as discussed in section 5.1. below. However, most of this bias is due to calculation issues and mainly occurs at snow depth greater than 1 m and is therefore not expected to influence ground temperature substantially. Additionally, melt out dates are generally accurately modeled with offsets of no more than 2 days.


Table 3. Mean snow height (HS), for all days with snow height > 0.1 m in meters and length of snow season in days for the reference period as well as for the three future periods and decrease in percentage of total snow height and length of snow season.
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[image: Figure 2]
FIGURE 2. Scattered plot of modeled and measured maximum annual snow height for station used in the study. Dots represent the stations. Squares represent high alpine stations, stars alpine stations, and triangles low alpine. The root mean square error (RMSE) for all stations is 0.16 m.


For the onset of snow cover, the first day, when snow height is larger than 10 cm for 10 successive days is chosen. Differences between measured and modeled onset day and the annual differences are large. Differences between modeled and measured onset days are between 7 and 30 days. The earlier modeled onset of snow cover is due mainly to the fact that some autumn snowfall events are overestimated by the model and melt-out of these events are slower than in reality. The low melt-rate is also seen in spring and could be related to errors in snow albedo and incoming longwave radiation parametrization. For all stations the onset of snow melt is consistently too early and is associated with a phase of rapid snow melt which can not be seen in the measurements. As the melt-out day is modeled accurately compared to measurements, it can be seen that the melt rate, after the first rapid snow melt, is modeled too low. For station Weissfluhjoch this was not seen in earlier studies such as Schmucki et al. (2015). In these earlier studies measured incoming longwave and outgoing shortwave radiation was used to calculate snow albedo, whereas in this study only measured outgoing shortwave and parameterized incoming longwave radiation is used. Errors in calculated snow albedo could therefore explain the rapid melt-out phase in spring leading to the generally negatively biased snow height. As measured incoming longwave radiation is only available for Weissfluhjoch but not for the other stations, only measured outgoing shortwave radiation was used for consistency in this study. This phase of early melt out, does lower the mean snow height of all stations by up to 0.02 m. It also has minor effects on ground temperature. Figure 3 present measured and modeled snow depth and ground temperature at various depths over the period 2014–2016 at station WFJ2. Modeling approach 1 (green lines) only uses measured outgoing shortwave for snow height calculation. This approach is used in this study for all stations. Modeling approach 2 (blue lines) is modeled data, calculated with measured incoming longwave radiation, which leads to better results in modeling snow height, because the early melt out is not reproduced here. This comparison shows that the early modeled onset of snow melt out, moves forward the beginning of the zero curtain point, and with that increases the mean temperature. Recalculating the mean temperature, with lower ground temperature for the critical time, does lower mean temperature by 0.01–0.03 °C, depending on the station and the performance of snow height results.
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FIGURE 3. Measured and modeled snow height (HS, A) and ground temperature (GT) at surface (B) and at 10 (C), 20 (D), and 50 cm (E) depths for 2014–2016 at Weissfluhjoch (WFJ) station. The gray horizontal line indicates the zero degree line in each ground temperature plot.


For good estimates of ground temperature, accurate modeling of melt-out day and mean winter snow height is required, which was possible with this study. However, modeled ground temperatures could not be thoroughly evaluated, because there are few high quality measurements available. The station Weissfluhjoch is one exception where ground temperatures measurements at 10, 20, and 50 cm depth from 2014 to 2016 are compared to the modeled ground temperature. The data is measured close to the IMIS stations at 30 min resolution. Ground surface temperature (GST) measurements are available for most IMIS stations, with the primary purpose of measuring temperature at base of the snowpack. They are not always shaded and are therefore prone to measurement errors. As these measurements are not of sufficient quality in the context of this study, they are not used for evaluating the model.

At Weissfluhjoch (Figure 3), ground temperature is modeled slightly too low at all depths for summer and winter, this has been observed in other studies for Weissfluhjoch such as Wever et al. (2015). Winter temperatures are modeled of equal quality in all depths, but summer ground temperature variability is captured better at depth, even if the absolute value is negatively biased at 0.50 m depth. Temperature variations on the surface are higher than in the ground and therefore are more sensitive to errors. Turbulent fluxes at the boundary of air and soil enhance the heat exchange at the boundary and cause a fast, direct reaction of the ground surface temperature to air temperature. Deeper in the soil profile this effect is not present and soil layers above have an insulating effect. Because of this low heat conductivity the effect of air temperature at depth is reduced. Slower dynamics and reduced variability are simpler to model and can explain the better results in summer for 0.30 and 0.50 m depth. The rapid and direct response of surface temperature to surface conditions also explains improved modeling results in winter as dependency lies only on snow depth and heat transport in the snow cover which may be more accurately modeled than soil heat flux. It can be concluded that the actual heat transport in soil is too rapid for the fairly simple parametrization used in this study.

Winter ground temperature modeling is highly sensitive to snow height. Snow melt-out is characterized by a time period where ground temperatures are exactly 0.0 °C due to isothermal conditions, the “zero-curtain period.” This phase can be clearly seen at the surface and at 0.10 m depth. At depth the effect is not as strong but still visible, which is mainly because it's a surface effect. The increase in ground temperature after snow melt-out can also clearly be seen and depends on the accuracy of the snow modeling. It is too late at the end of winter 2013/2014, when snow melt-out is modeled too late and too early at the end of winter 2015/2016 where snow melt-out is modeled too early compared to the measurements. The high temperatures of up to 20 °C highlights the problem of modeling errors due to direct modeled solar radiation exposure. Measurement devices for ground temperature are normally shaded and not exposed to direct solar radiation, whereas no ground shadowing is modeled in the study, which can lead to the very high temperature due to direct solar radiation. The ground temperature thermistors has been placed at 1 cm depth, to reduce this problem, but low ground albedo and non shadowing can still lead to high temperature. These high temperature values are also seen at the beginning of winter 2013/2014 at the surface and at 10 cm depth.



3.2. Climate Change Period
 
3.2.1. Snow Height

The satisfying results for the reference period made modeling ground temperature and snow until 2100 a worthwhile exercise. According to simulated results for the climate change periods, mean snow height is projected to decrease for all three future periods at all stations. However, differences between station responses are high and depend on elevation and station location. By 2035 decreases are seen to be between 1% (SIMP3) and 11% (Bosco Gurin), and by the period 2085 snow height reduction of between 19% (Glaernisch) and 42% (Bosco Gurin) is seen (Table 3). The decrease of snow height is higher at the stations in Valais and south of the Alps, than in Grison and the northern Alps. This is mainly due to two effects. First, the onset of snow cover in Valais is earlier than at Weissfluhjoch and Zernez, because in the Grisons there are generally lower precipitation totals in early winter. Conversely, in the western Alps there is a higher frequency of snow fall events in early winter, close to the melting point, which are likely converted into rain events in the future. This delays the onset of snow cover at these stations and also makes a significant differences in snow height mean values, due to these early winter snowfall events being removed from the annual snow cover budget. In Grison the main snow fall period is in high winter, where temperature will persist at values below 0.0 °C over a wide area in the future modeled periods. An earlier melt-out of snow, which can be seen at all stations, does not have a significant influence on mean snow height.

The stations in Valais are more influenced by the southern climate change signal, and are therefore likely to get less precipitation in winter, in contrast to the stations in Grisons where winter precipitation is projected to increase. Projected changes in precipitation are however uncertain and depend strongly on the regional climate model which is used. Changes in mean snow height are however sensitive to this signal, as an increase in high winter precipitation can compensate for a shorter winter season due to a later onset or earlier melt-out day. For stations in climatically similar regions, elevation effects dominate and a decrease in mean snow height is strongest at low stations and less at the high alpine and alpine stations. This is simply because at lower elevations snow fall occurs closer to melting point and is therefore more sensitive to changes in air temperature. Table 3 shows the absolute and percentage decrease of mean snow height together with changes in the length of snow season for all stations and periods.

By 2035 snow height at all stations is likely to increase by approximately the same amount (Table 3). Here the elevation signal is the main factor driving the decreasing snow height trend. At high alpine stations in Grisons and Simplon, as well as wind exposed alpine stations with a thin snow cover, only a decrease of around 0.06 m (Table 3) is seen. The station topography and regional climate appear to be dominant drivers. Relative changes are of the same amount.

However, by 2085 the strongest decrease (around 0.40 m) is seen in the Valais, the Engadin and at low elevation stations. In the Valais this is assumed to be because of reduced winter precipitation. At the alpine and low elevation stations, decrease in snow height is ca. 0.38 m, with a slightly stronger decrease at snow rich stations. An exception is the high alpine station Simplon and the alpine stations Fluelapass and Naluns. These stations are located at wind exposed locations. Due to wind erosion of snow, snow height at these stations is strongly reduced. Calculated decrease of snow height under climate change scenarios at these stations is however relatively small. The main reason for this fact is that wind erosion is the dominant factor affecting snow height accumulation, yet changes in wind speed are not included in the scenarios.

In terms of changes in length of the snow season, regional climate differences are seen to be the most important factor. Shortening of the snow season is strongest in the Valais with 8 % in 2035 and 25 % in 2085. This is mainly because, as noted earlier, the snow season tends to start earlier in Valais, and this early winter snow fall will likely be converted to rain in the future. In Grison, the snow season will shorten by around 5 % and approximately 13 days in 2035 and 18 % in 2085. In the northern Alps, this value is approximately 9 % in 2035 and approximately 21 % in 2085. Figure 4 shows snow height at Weissfluhjoch, Zermatt, Gadmen, Fluelapass for each day of an average year for the reference period as well as for 2035, 2060, and 2085. Values are the mean daily value calculated over the entire 12 year period. At all stations an earlier start of the melt-out period and an earlier end of snow cover is seen. All stations show snow cover decreases for all times of the year and for all future periods.


[image: Figure 4]
FIGURE 4. Mean snow heights (HS) for the average of 12 years, for the reference period (black line) and the three climate change periods (red, green, blue) for Gadmen (GAD2, A), Fluela (FLU2, B), Weissfluhjoch (WFJ2, C), and Zermatt (ZER2, D). Average year follows the snow season, so September to September is chosen, elevation of the stations is indicated. Gray lines show measured snow height, black lines modeled snow height for reference period (2004–2016), followed by red (2035–2060), green (2060–2085), blue (2085–2100).


By 2035 at the inner alpine stations Fluelapass and Weissfluhjoch, no significant changes in the snow accumulation period are seen, however, an earlier and more rapid melt-out process is likely. This effect is mainly driven by higher spring temperatures. At those stations snow accumulation in early winter is slow and most of the snowfall events happen in mid winter, when temperatures are well below melting point and a slight temperature increase is not significant. No change in accumulation processes and the maximum snow height are to be expected by 2035. However, by the end of the century a decrease in snow height at all stations and times of the winter is likely, but changes in melt-out period are still more pronounced at the inner alpines areas in Grison. At the alpine stations, changes in accumulation period are also smaller than during the melt period, especially at the stations with a relatively thin snow cover (Naluns and Fluelapass) and a slower rate of snow accumulation. This trend can also be seen in the changes in the length of the snow season, as it is defined by the number of days between the onset and melt out day of the snow cover. In Table 3, the shortening of the snow season at stations in the Valais is stronger, than at the snow poor stations in inner-alpine Grison, which is less exposed to westerlies from the Atlantic.



3.2.2. Ground Temperatures

An increase in air temperature, shortening of the snow season and changes in precipitation, will likely effect ground temperature at all depths in future decades. Figure 5 shows the temperature differences between the reference period and the three future periods for all stations at 5.0, 2.0, 1.0, 0.3, 0.1 m depth and at the surface. This result shows an increase in temperature at all stations and at all depths by 2035 and this increase progressing through 2085. For most stations warming at the surface is greater than in deeper soils and ranges between a mean increase of 0.6 and 2.3 °C by 2035 and 2.9 to 6.8 °C by 2085 at the surface. And at a depth of 5 m between 0.3 and 1.8 °C by 2035 and 1.6 and 4.4 °C by 2085. By 2035, surface warming at the high alpine stations is greater than at the middle and low alpine stations but by 2085 surface warming at the high alpine station is around the same amount as at the other stations. Temperature increases seen at the Valais stations are greater than at the stations in Grison, at all depths. This fact agrees with the differences in snow height changes. Therefore, shortening of snow season and a stronger decrease of snow height leads to a stronger increase in ground temperature. In deeper soils, temperature increase is strongest for the stations which are classified with a rocky soil (Table 1), the higher permeability and air content of those soils allows more rapid warming at depth in response to surface temperature signal. Organic soils have a higher heat capacity and therefore, alpine meadow soils can store more heat, which can delay the warming of deeper ground. At the surface, soil class is not significant, because here the main driver of temperature dynamics is the change in snow height.


[image: Figure 5]
FIGURE 5. Increase of ground temperature (GT) at surface (D), 0.3 m (C), 1.0 m (B) and 5.0 m (A) depth, for all stations and all period is shown. Stations are ranked high to low and colors indicate climate change period. For all stations three boxes are shown. Ground temperature difference are shown in comparison to the reference period. The boxes show the differences between the 10 different regional climate change models.


Model variability, which is represented by the boxplots in Figure 5 increases with time and so does the magnitude of the differences between modeled ground temperature differences. For most stations there is an increase of temperature with time. At Arolla the increase of ground temperature is the strongest in the period of 2060–2085, where also the shortening of the snow season is pronounced and can be explained by the climate change input signal, which projects a slight decrease of winter precipitation in 2060 and an increase in both 2035 and 2085. At Gadmen the strongest warming is seen in the period from 2035 to 2060. At Gadmen decrease of snow height is also the strongest in that period, which again shows the high degree of coupling between snow height and ground temperature. At Muttsee and Wenghorn warming in 2060 is slightly less than in the other periods, which corresponds with a lower decrease of snow height for this future period. At the high alpine stations Zermatt, Weissfluhjoch, and Zernez warming at the surface is less in 2060 than for the periods 2035 and 2085.

The mean annual ground temperature for the 16 simulated stations shows an increasing trend overall, however for some specific years and stations a short cooling of ground temperature can be seen. Figure 6 shows the changes in ground temperature and snow height for two typical years. In the top panel we see a year with low snow accumulation and a cooling of ground in early winter, whereas in the bottom panel a year with rapid snow accumulation and ground temperature increase is seen. This cooling effect is only seen if specific conditions are met. As seen in Figure 6A a thin long duration snow cover in early winter, that does not melt out, leads to a cooling of ground in early winter. This is mainly because the thin snow cover still has a high albedo, that reflects incoming shortwave radiation, yet allows cold winter temperature to penetrate into the soils as there is no decoupling from the atmosphere due to thin snow cover. A snow depth of 0.40 m is shown to be a threshold that defines the degree of coupling between surface and atmosphere. If snow height sinks below this value, cooling effects are enhanced. Snow covers between 0.40 and 0.80 m, a common threshold for a fully insulating snow cover (Haeberli, 1973, 1975), show a slight cooling effect. Snow cover has to be thin for a significant time in early winter, and should require more than one significant snow fall event to exceed 0.80 m, for noticeable ground cooling. During the period of thin snow cover, temperature need to be below zero for cooling. For the years when a cooling is seen, maximum snow height is lower than in the other years. Figure 6B shows a year with no cooling effect and we see that only a short time period exists in early winter with a thin snow cover. In that period, ground temperature significantly sinks, but snow height is higher for future periods, so the enhanced cooling does not compensate the higher air temperature. Snow height does exceed 0.80 m very early. With snow height above 0.80 m the ground temperatures are fully insulated from the cold winter air temperature and no further cooling can be seen, even if snow height in general will be slightly reduced in the future. For both years an earlier melt-out of snow causing an earlier increase in ground temperature compared to the reference period is seen. Looking at mean annual ground temperature (Figure 5) the strong increase in temperature and in spring, does compensate all possible cooling effects from early winter. Even for the years with slight cooling effect in winter, mean annual ground surface temperatures were found to increase. In terms of long term and mean ground temperature, the cooling effects of thin early winter snow cover was seen to be not significant.


[image: Figure 6]
FIGURE 6. Example of a snow-poor year (A, 2006) where a cooling of the ground in early winter can be seen and a snow-rich year (B, 2009) with no cooling effect for the Bever-station in Grison. Snow height (HS) is in greenish colors and ground temperature (GT) in blue.


Figure 7 shows the changes in ground temperature per snow season, for 2035 (top), 2060 (middle), 2085 (bottom). Ground temperature was seen to increase for all depths and all seasons. The temperature decrease which can be seen for some stations in the snow accumulation period (Figure 6) does not lead to a general cooling trend in early winter, because inter-annual and inter-station variabilities are large. As shown in Figure 5 the increase of temperature is greatest at the surface, with a mean increase in 2035 of 1.24 °C at the surface and 0.7 °C at 5 m depth. Seasonal differences are clearly visible and again strongest at the surface. At the surface the increase is the smallest for the time with a constant snow cover (winter), because as long as a permanent, fully insulating snow cover is present, ground temperature is decoupled from atmospheric conditions. The increase of winter soil temperature is instead mainly driven by warmer soil temperatures in the snow accumulation period (autumn). The high increase during melt period (spring), is mainly due to an earlier snow melt-out, which leads to very high ground temperature differences. In the snow-free period (summer) ground temperatures are coupled to air temperature and the increase in ground temperature is comparable to the magnitude of the increase in air temperature that is due to the delta change signal. Surface temperature signals require time to penetrate to depth. At depth the seasons are shifted, which is clearly visible in Figure 7. For example, at surface air temperature signal needs around six months to reach a depth of 5 m, therefore at 5 m the strongest increase in ground temperature is in autumn and the weakest increase in spring reflecting summer and winter air temperature signals, respectively.
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FIGURE 7. Mean increase of ground temperature (GT) for snow accumulation period [November–January, (Autumn, star)], snow covered time [February–April, (Winter, circle)], melt out [May–July, (Spring, triangle)], and snow free period [August–October, (summer, cross)], and all year (square) for different depths. Dots represent the mean values of all 16 stations. Differences for 2035 (A), 2060 (B) and 2085 (C).





3.3. Uncertainties

In this study, we have three main error sources: the model itself, the precipitation input and the climate change signal. All delta change values, used for future climate change modeling,from the CH2011 have an error of c. 1 °C (CH2011, 2011) however since we take the mean of 10 different climate change models over a long period, this has little influence on the results. Winter precipitation values are reconstructed well, at least for the mean values. A single event might be missed or overestimated. As the influence of single (rain on snow) event on total winter snow height is negligible, the results are reasonable. Summer precipitation reconstruction is connected with larger error, at least, compared to IMIS station rainfall measurements. As those are unheated and unprotected, the reconstructed precipitation values are more trustworthy than the IMIS measurements, which are used for comparison. As we use the same input for all modeling periods, even if total numbers might include some errors, predicted changes for the future appear to be robust. No sensitivity test for the SNOWPACK model has been performed in this study, because SNOWPACK has already been widely used for climate change studies and numerous sensitivity studies, have been conducted in this context (Lehning et al., 2002a; Wever et al., 2014b; Richter et al., 2018). Schmucki et al. (2014) showed that the choice of incoming longwave parametrization does not influence snow height results, but SNOWPACK is sensitive to precipitation input. Correction of precipitation undercatch, as we did in this study, does improve SNOWPACK results significantly.

Calculating mean snow height reveals a small negative bias of modeled snow height, however as discussed above, this does not have an influence on ground temperature. Calculation errors and the early onset of melt out period, leads to differences between modeled and measured snow height between 3 and 10%. We were able to show, that this only has minor effects on ground temperature. These systematic errors also influence climate change model results, but in the same way as they do for the reference period. So the calculated changes toward the end of the century are unaffected in a relative sense. The annual cycle of the snow cover, could be represented well and changes in the snow cycle are reasonable for all stations.

Estimating the errors of ground temperature modeling is challenging, as there were few measurements that could be used for comparison. The yearly cycle of ground temperature reproduces the expected pattern. For Weissfluhjoch and Naluns, absolute errors for the mean annual ground temperature are between 1 and 3 °C. These errors appear fairly high, but as we use the same methods for reference period and climate change period, delta changes are still very reasonable. Using different model set ups shows that a good representation of summer temperature does have a greater influence on mean ground temperature, than small differences in snow height modeling (Figure 3). Our model set up does successfully achieve a good representation of summer temperature. The early beginning of melt out season only changes ground temperature by 0.1–0.3 °C, which is less then the calculated changes in temperature. The presented model is robust for mean yearly temperature and changes, as well as changes in seasonal pattern, but has some weaknesses in modeling single events. In Supplementary Material 2 we present further results from a fully transient run (2004–2100). The comparison with our single time period (12 years) simulations for future soil climate shows that the latter appears to be sufficient.




4. CONCLUSION

In this study, we modeled the interaction of snow height and ground temperature at 16 high alpine stations at climatically distinct regions in the Swiss Alps. Applying delta change signals from the CH2011 climate change scenarios, showed a decrease of snow height and a shortening of snow season to the end of the century for all stations. Decrease in mean snow height by the end of the century was found to be 35 % at low elevation stations, 32 % at alpine stations, and 35 % at high alpine sites in the Valais and 20 % in Grisons. Changes in date of snow-cover melt-out are greater than for the onset date. The magnitude of the snow season contraction and the decrease of mean snow height depends on the station and shows considerable variability depending upon elevation and climate zone.

Ground temperature are predicted to increase for all stations, at all depths for all future periods. For most stations warming at the surface is greater than in deeper soils and ranges between a mean increase of 0.6 and 2.3 °C by 2035 and 2.9 to 6.8 °C by 2085 at the surface and 0.3 and 1.8 °C by 2035 and 1.6 and 4.4 °C by 2085 at depth of 5 m. Cooling effects are only seen for some years at some stations, generally when a thin snow cover exists in early winter. However, these cooling effects are insignificant compared to summer warming and inter annual variability, which dominates the signal. Increase in mean summer is larger than in mean winter ground temperature and mean annual ground temperature on the surface is seen to increase more strongly than at depth. The absolute values of ground temperature increase depend on the station. A strong coupling of changes in temperature to changes in snow cycle is shown.

Modeling of ground temperature is still challenging. Comparison to few existing measurements show that the annual cycle of ground temperature is reproduced well, but differences in absolute values can be quite large. Ground temperature is very sensitive to snow height modeling and availability of measured radiation fields to drive the model (such as incoming shortwave at Weissfluhjoch) helps to significantly improve ground temperature modeling.

Modeling of climate change impacts involves large uncertainties and errors. The biggest error occurs due to modeling errors because snow height and ground temperature can not be exactly reproduced for the reference period. Additionally, delta change signals for the climate change periods involve errors. The reference period and the climate change periods are modeled using the same approach, therefore while absolute values of future ground temperature and snow height might be uncertain, relative changes in a modeled future as compared to the references period are noteworthy.

We presented a method to construct a complete year-round precipitation data set of high quality for our high-alpine sites, which have snow depth measurements but no reliable direct precipitation sensors. The method consists of calculating precipitation based on snow depth changes and modeling the settling with SNOWPACK (Lehning et al., 1999) for snow falls and interpolating rain from neighboring stations, which have reliable sensors. The data set for 16 stations between 1,630 and 2,850 m a.s.l. is available for further analysis.
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Snow height em]  TA [/C] Prec. meas. at station Data resource
HS 210cm TAZ12C Al SNOWPACK
HS >10cm TA>12°C Al ANETZ
2emzHS<10em TAZOC Al SNOWPACK
2em=<HS<10em TAZ0C Al ANETZ

HS <2cm Al Yes IMIs
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Thresholds for snow height (HS) and air temperature (TA) are indicated. Liquid precipitation
measurement indicates, if a liquid precipitation measurement device is installed at the
Station. If all is used, it's not differentiated i there is precipitation measurement or not.
Data Resources stand for: SNOWPACK: Modeling data from SNOWPACK snow height
measurements, ANETZ: Data from the regression of the ANETZ net with surrounding
stations, IMIS liquid precipitation measurement device installed at the station.
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Measured snow height and length of the snow season is also shown for comparison.
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