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Snowpack is an important temporal water storage for downstream areas, a potential source of natural hazards (avalanches or floods) and a prerequisite for winter tourism. Here, we use thousands of manual measurements of the water equivalent of the snow cover (SWE) from almost 30 stations between 1,200 and 2,900 m a.s.l. from four long-term monitoring programs (earliest start in 1937) in the center of the European Alps to derive daily SWE based on snow depth data for each station. The inferred long-term daily SWE time series were analyzed regarding spatial differences, as well as potential temporal changes in variability and seasonal averages during the last 7 decades (1957–2022). The investigation based on important hydro-climatological SWE indicators demonstrates significant decreasing trends for mean SWE (Nov-Apr) and for maximum SWE, as well as a significantly earlier occurrence of the maximum SWE and earlier disappearance of the continuous snow cover. The anomalies of mean SWE revealed that the series of low-snow winters since the 1990s is unprecedented since the beginning of measurements. Increased melting during the accumulation period below 2000 m a.s.l is also observed–especially in the most recent years–as well as slower melt rates in spring, and higher day-to-day variability. For these trends no regional differences were found despite the climatological variability of the investigated stations. This indicates that the results are transferable to other regions of the Alps.
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1 INTRODUCTION
Monitoring the water equivalent of the snow cover (SWE) has a long history in snow-dominated regions like the Swiss Alps (Haberkorn, 2019), which can be seen climatically as a representative subset of the core of the European Alps (Matiu et al., 2021). The measurement of SWE was born from the need to know the amount of water stored in the snowpack, because–from a hydro-meteorological perspective–snow is just temporally frozen precipitation. Three important questions were and still are in focus: 1) the amount of precipitation at high elevations, 2) the influence of forest on the snowpack, and 3) the amount of water stored in the snow cover in relation to the total precipitation. The answers to these three questions are important for understanding water runoff variability or glacier dynamics. Today it is clear that there are three basic properties used to describe the snow cover–snow depth, bulk snow density, and snow water equivalent–and they are interconnected with each other by the fact that bulk density together with snow depth determines the SWE. Snow depth is by far the simplest and therefore most frequently measured and analyzed parameter. On the other hand, measurements of SWE or snow density are either costly or time-consuming and, hence, typically sparse. However, these parameters influence the thermal, mechanical, and optical properties of snow. Data of SWE and/or snow density are therefore indispensable for snow-related research and its applications. In Switzerland four different SWE monitoring programs, each with its own history, have evolved during the last century and are still operational today.
1) Glaciers: End-of-winter SWE measurements on about a dozen of Swiss glaciers, of which we here analyze the series of two fixed point sites on Claridenfirn.
2) Wägital: Catchment-based SWE measurements based on snow courses, originally for water resource monitoring.
3) Nation-wide: In-situ SWE measurements at two dozen of stations mainly reporting for daily snow- and avalanche observations.
4) Alptal: In-situ SWE measurements for the long-term investigation of forest-snow interactions at multiple sites, of which we here analyze the only complete series available.
During the last decades data from these different monitoring programs have been used for the development of the national snow load code (Martinec, 1975), forest-snow interactions (López-Moreno and Stähli, 2008), international snow model inter-comparisons (Rutter et al., 2009), microwave backscattering of snow (Werner et al., 2010), snow climate projections (Schmucki et al., 2014), international solid precipitation inter-comparisons (Smith et al., 2017), snow model development (Wever et al., 2015; Fiddes et al., 2019), snow density parametrizations (Jonas et al., 2009; Helfricht et al., 2018; Guidicelli et al., 2021), glacier mass-balance investigations (Huss et al., 2021) and sensor tests (Stähli et al., 2004; Steiner et al., 2019; Capelli et al., 2022). However, each of these studies has always only used data from one of these individual monitoring programs, and a joint analysis is still missing, possibly due to the different temporal resolution of the measurements.
The goal of this investigation is therefore to show the history and similarities of the different SWE monitoring programs in Switzerland and to demonstrate that the different programs, spanning a large elevation range and topographical characteristics, have a common denominator which enables us to use a merged dataset for climatological purposes. We therefore present the first intercomparison of the variability and trends of long-term SWE time series from these four different data sources.
In the next section, the general measurement procedure of manual SWE data, which is the base of all four monitoring programs, is first described (Section 2.1). Second, the four data sets and their history are introduced (Section 2.2). Third, the methods to derive daily time series from temporally irregular SWE measurements are presented (Section 2.3). Fourth, the used hydro-climatological SWE indicators, on which the main analysis is based on, are defined (Section 2.4). Finally, the applied statistical methods are described (Section 2.5).
2 METHODS AND DATA
2.1 Manual measurement of water equivalent of the snow cover
The general procedure for the determination of in-situ SWE is to use snow-core samplers, which are inserted vertically from the top surface into the snowpack. Samplers with teeth need to be twisted, while those with sharpened rims only need to be twisted in very dense snow. Depending on the design, samples can only be excavated with a snow pit (hereafter called cylinder samplers) or without digging a snow pit (hereafter called tube samplers). A graduation on the sampler is used to determine the height of the sample of known diameter and therefore known volume. A scale is used to measure the weight of the sample. The density of each such measurement sample can then be calculated by dividing the weight by the volume. The water equivalent of this sample is found by multiplying the density with the height of the sample. When the snowpack is deeper than the length of the sampler, measurements need to be repeated until the ground surface is reached. To separate one measurement level from the next, the application of a thin plate is favorable. Finally, point-scale SWE can be calculated by adding up the water equivalent of the different samples. Otherwise, bulk density can be calculated by dividing the found SWE by total snow depth.
Regarding the determination of SWE at a measurement station, it is important to note that the measured SWE always must be related to snow depth at a permanently installed snow measuring stake as the SWE measurement itself is a destructive measurement method. This means that the snow depth at the location of the SWE measurement usually does not correspond to the snow depth at the stake because neither the ground nor the snow cover surface is perfectly level. The same is true in the case of so-called snow courses, where the SWE of a larger area is inferred by taking many snow depth measurements but only a few bulk density measurements. In both cases, the bulk snow density at the spot of the SWE measurement is calculated by dividing SWE by the height(s) of the probed snow sample(s). Since this bulk snow density is much less variable in space than snow depth (Korhonen, 1932; López-Moreno et al., 2013), final SWE for an area or a measurement station can be calculated by multiplying the bulk snow density with the snow depth, ideally measured at a daily interval at a fixed stake in the measurement field.
2.2 Data sets
The main characteristics and differences of the four different monitoring programs are described in the next sub-sections and are listed in Table 1. The used Claridenfirn data consists of two once-a-year (usually May) measurements at two locations (2,680 and 2,890 m), both starting in 1914 for snow depth, both only with complete SWE records since 1957. The Wägital data are based on once-a-year (April 1) acquired snow density and snow course measurements, which are spatially interpolated for the entire catchment (900–2,300 m), starting in 1943. The largest share of the measurements stems from the national snow and avalanche observation network, which is maintained by the institute for snow and avalanche research (SLF) and are henceforth referred to as SLF stations. These twice-a month, station-based measurement series were mainly started in the 1940s and are located between 1,200 and 2,500 m. The Alptal data are based on once-a-week SWE measurements at one location at 1,210 m starting in 1969. With the exception of the Claridenfirn measurements (see Section 2.2.1) the method to determine SWE has not changed since the beginning of monitoring. The stations used form the four different SWE monitoring programs are listed in Table 2 and geographically visualized in Figure 1.
TABLE 1 | Main characteristics and differences between each of the four independent SWE measurement programs.
[image: Table 1]TABLE 2 | Long-term stations used for the analysis and corresponding length (#Y) of SWE and daily snow depth (HS) time series available. The distribution of the available length of the SWE series is given in Figure 1 as boxplot. The definition of the SWE indicators given in the last seven columns is given in Table 3.
[image: Table 2][image: Figure 1]FIGURE 1 | Spatial distribution of all 27 long-term stations. Stations are colored based on climatologies mainly influenced by the weather of northern (purple) or their location in inner-alpine dry valleys (pink) along the main Alpine divide (Figure 3). Locations of the national snow and avalanche network (SLF stations) are represented by circles, the Wägital time series as up-pointing triangles, the Claridenfirn measurements by down-pointing triangles and the Alptal data by a square. Elevations above 1,000 m a.s.l. are given in gray-scaled shading in the background. The location of Switzerland within Europe is shown in the lower left corner. The distribution of the length of the available time series is provided as boxplot in the upper left corner.
2.2.1 Glacier mass-balance measurements on claridenfirn
End-of-winter snow depth (HS) and SWE are currently determined on 15 Swiss glaciers at 1–5 sites per glacier with detailed snow density measurements, and snow courses consisting of 30–300 additional HS measurements to determine the SWE averaged over the entire glacier. Even though some of these observational series extend over 100 years, only the observations performed at two locations on Claridenfirn, Eastern Switzerland, have a completeness and consistency necessary to be included in the present study. Claridenfirn is a mountain glacier in north-eastern Switzerland with an area of 4.3 km2 (2019) and an elevation range from 2,550 to 3,250 m a.s.l. over mostly gentle surface slopes. The long-term monitoring program consist of two individual mass-balance time series at point locations at current elevations of 2,890 and 2,680 m a.s.l., respectively (see Supplementary Material S1.1.2).
Such end-of-winter snow depth measurements are available since 1914. End-of-winter SWE measurements are however only available since 1957. These point-scale SWE determination, i.e., bulk density measurements are accomplished at the end of the accumulation period typically in May to determine the winter mass balance (winter SWE). Measurements are performed at or close to stakes drilled into the firn or ice. Stakes permit a direct measurement of the firn/ice layer thickness gain/loss. Until spring 2018 the bulk density has been determined by digging a snow pit down to the layer of last summer’s snow level marked with ochre or sawdust (from the end of summer mass balance measurements) and measuring the SWE with the 55 cm long cylindric ETH-sampler (see Supplementary Material S1.1.3). Since spring 2019 the bulk snow density is determined with the help of a self-designed firn drill with a 86 mm inner diameter.
There is no year since 1957 in which the observation of winter SWE is missing for both stations at the same time. It is however missing for 28% of the years at the lower site and only for 5% at the upper site. When no density observation was available, the long-term mean bulk density was used to convert snow/firn depth to SWE. Missing direct bulk density observations for winter SWE at the lower site are restricted to the period before 1979 (Müller and Kappenberger, 1991; Huss and Bauder, 2009).
2.2.2 Snow water resource measurements in the wägital catchment
The catchment-wide SWE investigations in the Wägital described in this sub-section and the SWE measurements at SLF stations (next sub-section) were originally initiated for water resource monitoring by the same founder but are now fully separated (see additional details in Supplementary Material S1.1.3). The Wägital measurement series started at the beginning of April 1943. SWE measurements were accomplished at several locations within the Wägital catchment, which situated in the NE-Prealps of the Swiss Canton of Schwyz. This catchment extends from 900 to ca. 2,300 m a.s.l. and has an area of 42.35 km2.
For the estimation of SWE for the entire catchment area, snow densities and snow depths are measured at 10 specific locations, while snow depths alone are additionally measured along 28 snow courses, each with between 10 and 30 measurements. These different measurements are acquired at representative locations, that are considered characteristic for a certain altitude and exposure, and are accessible for in-situ measurements without the risk of avalanches. To determine SWE in the field, snow pits are dug each spring and snow samples are taken using the ETH sampler described earlier. The bulk snow density for each measurement location is then calculated. This measurement procedure is carried out since the beginning in 1943, always around April 1st, which typically is the time when the peak SWE occurs in the upper part of the catchment.
By interpolating the snow densities for each 100 m elevation zone and main exposures, a function is fitted in every year. Based on this function and the respective snow depth measurements, the snow mass is estimated for each elevation zone and main exposure. By integrating the snow mass values over altitude and exposition zones, the water equivalent for the entire catchment area can be calculated. To evaluate possible elevation-dependent differences, the catchment-wide snow mass has been separated into two elevations bands (lower band 900–1,500 m a.s.l.: 24.68 km2, upper band 1,500–2,300 m a.s.l.: 13.49 km2). The two SWE series used in this study are derived by dividing the spatial snow mass of each elevation zone by the corresponding area. Thereby creating two virtual stations, with the corresponding mean elevation of 1,200 m a.s.l.for the lower zone and 1900 m a.s.l.to the higher zone. Further details about the catchment, measurement efforts and the data can be found in Noetzli and Rohrer (2014).
2.2.3 Nation-wide SWE measurements at SLF stations
The fact that SLF snow and avalanche observers look into the snowpack to investigate the snow stratigraphy was used to also measure SWE in the same pit (see Supplementary Material S1.1.4). These measurements are typically acquired in a seasonally fenced flat measurement field that is 15 by 15 m in size. Daily measurements of snow depth are conducted each morning by reading the value from a fixed stake with a centimeter scale. SWE measurements are taken twice-a-month (mid and end of each month) as long as there is at least 10 cm of snow on the ground along a so-called profile line. These stations are typically located at the valley floor between 1,200 and 1800 m a.s.l. The only exception is the measurement field at Weissfluhjoch (2,540 m), which is situated in the middle of a ski area.
The number of such stations with twice-a-month SWE measurements has increased from 10 stations in the 1940s to around 45 stations after the 1990s. In the first decade of the new millennium, the number of stations slightly decreased, but this decline was halted thanks to the growing demand for SWE measurements as verification points for flood forecasting models. Unfortunately, as with any other monitoring network, some long-term measurement series had to be abandoned during the last 7 decades due to a lack of observer availability or funding. Nevertheless, at least 22 series, which began in the 1960s or earlier, have a duration of at least 50 years.
2.2.4 Forest-snow interaction investigations in the alptal valley
The Alptal forest-snow interaction site is situated in the NE-Prealps, just 18 km west of the Wägital catchment. Manual SWE measurements are currently made at 15 locations representing different elevations, slope exposures and vegetation types (see Supplementary Material S1.1.5). For this study, however, we only use data from the longest available measurement series in an open meadow, which started in 1969. It is a west-exposed, open meadow measurement field located close to the Erlenhöhe meteorological station at an elevation of 1,220 m. SWE is measured with custom-made tube sampler of 5 cm inner diameter and 120 cm length, at irregular intervals that range from 1 week to 1 month. Snow depth is measured automatically with ultrasonic sensor since winter 2002/03. Prior to this winter, daily snow depth values are available from the numerical model COUP. Details about the measurement site, the data and the applied model can be found in Stähli and Gustafsson (2006).
2.3 Derivation of daily SWE data
To compare the temporally irregular SWE measurements from the different monitoring programs the DeltaSnow model (Winkler et al., 2021) is used. This model converts measured HS to daily SWE values using individually calibrated coefficients for each monitoring station. The DeltaSnow model is preferred because it requires only daily snow depth data as input, which was already available as quality-check and complete time series at all but four of the stations. The model calculates SWE based on accumulation, compaction and drenching of an indefinite series of snow layers using seven parameters that need to be calibrated. These parameters were determined separately for each station by using long-term measured SWE values for calibration. The DeltaSnow model performs very well in modeling the temporal evolution of SWE on the daily scale, with a low level of uncertainty as shown by Winkler et al. (2021) and confirmed by Fontrodona-Bach et al. (2023). After the station-based calibration, the model demonstrates a RMSE of 30 mm (5%–10%) and a mean bias of 1 mm (Aschauer et al., 2023). It is important to note that the uncertainty of the model must be viewed in the context of the uncertainty of the SWE measurements of about 10%–15% (López-Moreno et al., 2020).
Moreover, the alternative, i.e., comparing raw measurements directly would also introduce uncertainties for inter-stations comparisons, as the SWE observation at the middle and the end of each month usually differs by ± 2 days from the target date, which implies a possible difference between the actual measurement date of up to 5 days, i.e., up to a third of the typical measurement interval. The use of the regularly measured HS data as basis has additional benefits. Firstly, the few winters with missing SWE data (only one to three winters at half of the stations, the other half was complete) could easily be filled. Secondly, since the measurement of snow depth started often earlier than the SWE measurements, the timeseries could be prolonged by a few years. Finally, data of only one winter at one station (5BI) was still missing since this station also had no HS measurement in 1964. This gap was filled by using data of the best correlated neighboring station (Aschauer and Marty, 2021).
Two of the four above mentioned stations without daily HS values were the two measurement locations on Claridenfirn. These twice-a-year measurements at the end of the accumulation season (median date May 26) and at end of the ablation season (median date September 25) are used to constrain a snow accumulation and degree-day melt model to derive daily SWE series for the two stake locations (Huss et al., 2021). The model was fitted to the two measurement values per year and the variability in between these two dates was determined by meteorological input from a nearby station. More information about the used data and the general measurement uncertainty of point mass-balance series is provided in Huss et al. (2021). The other two series without daily HS measurements come from the Wägital catchment, where SWE is only measured once per year on April 1, and no additional HS measurements are available throughout the season. Therefore, this is the only case where the temporal evolution of daily SWE values could not be derived.
2.4 Data availability, SWE indicators and climatology
The SWE measurements from the above-described different monitoring programs (Figure 1) finally led to complete timeseries of 27 measurement stations with a total of 1968 station winters (Table 1). The stations are located between 1,200 and 2,900 m asl, with most stations between 1,200 and 1800 m. Unfortunately, there are no stations between 2000 and 2,500 m a.s.l.– and only three stations above 2,500 m. The spatial distribution of the available stations is heavily biased towards the north of the main Alpine divide (Figure 1). In fact, there is only one station (7ST) south of the Alpine divide. The length of the timeseries varies between 54 and 86 years, with a median of 72 years. The data is investigated based on hydrological years. For this study, the hydrological year is defined as the 12 months between September 1 and August 31.
Based on the hypotheses that the increasing temperatures have an impact on SWE we decided to investigate different SWE indicators for each station, which are illustrated in Figure 2 and defined in Table 2. The indicator SWEAvg is based on the average SWE between November 1 and April 30 as this is the main snow-covered period for most of the timeseries and ephemeral snow before and after this period is often not measured. SWEApr1 indicator is often used a proxy for the date of peak SWE (SWEMax) for non-glacierized locations (Bohr and Aguado, 2001), and it is also the long-term measurement date for the Wägital monitoring program. In contrast, SWEMax, DateMax (date of SWEMax) and DateEnd (date of disappearance of the continuous snow cover) are based on the longest snow-covered period. In case of two equal periods, the latter is taken. To provide additional snow-hydrological information the following cumulative indicators MeltWinter and MeltRate have been derived: MeltWinter is the sum of daily melt (decrease in SWE) between November 1 and DateMax (accumulation period) and MeltRate is the average melt per day calculated between DateMax and DateEnd (ablation period).
[image: Figure 2]FIGURE 2 | Example of the daily evolution of modeled SWE (black line) and the twice a month measured SWE (blue dots) at a station at 1,350 m a.s.l. The long-term mean SWE evolution is illustrated with a grey line. The corresponding daily measured snow depth (right axis) is shown in blue. The SWE indicators related to 1 day are given in red, indicators calculated over a certain measurement period are given in green.
For comparability reasons with the large majority of all other (non-glacierized) stations MeltWinter, DateEnd and MeltRate was not used for the two glacier stations on Claridenfirn (ClL and ClH) as sometimes not all snow does melt, which implicates that there is no actual start and end date of the continuous snow cover within a hydrological year. Similarly, DateEnd and MeltRate could not be calculated for the two stations 1HB and 2TR, both located in ski areas, because there is not always staff available during the late melt season (May and June). Moreover, for the two timeseries in the Wägital catchment due to missing daily HS measurements only the indicator SWEApr1 could be calculated (see Section 2.3).
2.5 Climatology and trend analysis
To identify potential climatological differences between the various stations being investigated, mean values and their variability [standard deviation and the coefficient of variation (CV)] have been calculated for each time series between November and April. To be able to intercompare the temporal evolution of the SWE series with different absolute magnitudes, the relative deviation from the long-term average of each time series has been determined. For this purpose, the 30-year average between 1991 and 2020 (standard reference period) is calculated for every station and the absolute difference between the annual values and 30-year average is determined and normalized by the 30-year average.
To analyze possible long-term changes, we applied the non-parametric Mann–Kendall (MK) test, which is based on rank-transformed time series, where only the relative magnitude of the measurement is considered (Mann, 1945). A positive standardized MK value indicates an increasing trend, while a negative value demonstrates a decreasing one. Confidence levels of 99% are used as a threshold to classify a highly significant trend (p < 0.01), confidence levels of 95% (p<0.05) are defined as medium significant and confidence levels of 90% are used to classify a weakly significant trend (p<0.1).
For the detection of the timing of trend turning points and occurrence of significance, the sequential version of the MK test was applied (Sneyers, 1992). The strength of a trend was determined with a robust simple linear regression with the Theil–Sen slope estimator (Sen, 1968). Absolute trends were calculated as decadal changes, while relative trends were calculated as percentage changes between 1957 and 2022 based on the Theil-Sen slope. We chose to begin our analysis in 1957, as only four station time series have missing years before the beginning of the measurements (one station 12 years, or 18% and the other three stations either two or 3 years). It is important to note that a direct comparison of percentage changes is only meaningful between indicators of the same unit and similar absolute values.
3 RESULTS
3.1 Climatology and variability
Climatological mean values and their variability for the reference period 1991–2020 are shown in dependence of elevation for all stations in Figure 3. All stations along the main Alpine divide (i.e., located in inner-alpine valleys, see Figure 1) clearly show lower mean values and higher CVs than the remaining stations, especially for SWEAvg, SWEMax and SWEApr1.
[image: Figure 3]FIGURE 3 | (A–E) Climatological mean values and their standard deviation for the reference period 1991–2020, as well as (F–J) corresponding Coefficients of Variation (CV). Stations that are located in inner-alpine valleys along the main Alpine divide (see Figure 1) are marked in pink, all other stations are marked in purple.
SWEAvg values vary between about 50 mm for the only station on the south side of the Alpine ridge and 1,000 mm for the highest station whereas SWEMax values vary between 100 mm and 2,200 mm for the same two stations. The large majority of stations (situated between 1,200 and 1800 m) show mean values around 150 mm and max values around 350 mm. SWEApr1values are generally slightly lower and show distinctively higher CVs than all other SWE indicators. SWEMax is generally reached between March 1 and April 1 for stations below 1700 m. The few stations between 1700 and 2,900 m a.s.l. experience SWEMax between April 1 and June 1.
DateEnd occurs between April 1 and May 1 for most of the stations below 1900 m. The only station available at higher elevation (at 2,540 m) usually becomes snow-free at the beginning of July. Both DateMax and DateEnd show a remarkably low temporal spread.
While all indicators increase with elevation, values below 1700 m a.s.l. remain remarkably stable. In contrast, the CVs of SWEMean, SWEMax and SWEApr1 show decreasing values with elevation across the entire elevation range.
3.2 Long-term trends
In contrast to average values, long-term trends of all SWE indicators show no clear elevation dependence (Figure 4). However, five of the seven investigated indicators demonstrate clear trends for most of the stations. The strongest signal is seen in the date of disappearance of SWE, with a significant decreasing trend (DateEnd being earlier) observed at almost 80% of the stations. More than half of the stations also show significant decreasing trends for SWEAvg and DateMax. In addition, somewhat more than 40% of the stations show significant decreasing trends for SWEMax. Trends in SWEApr1 are not shown, because they are similar to the trends in SWEMax, but with only 20% of stations being significant. These trends are plotted in Supplementary Figure S1 to illustrate that there are no clear spatial differences depending on the regional setting of the stations.
[image: Figure 4]FIGURE 4 | Absolute (left) long-term decadal trend of the indicators SWEAvg (A), SWEMax (B), DateMax (C), DateEnd (D), MeltWinter (E) and MeltRate (F) in dependence of station elevation. The color of the circles represents the significance of the trend. Relative Trends over the entire investigation period 1957–2022 (right) are given as boxplots (with the 25%, respectively 75% percentiles representing the box and the 10%, respectively 90% percentiles representing the whiskers) and the percentage of significant stations (at various significance levels) is shown as bar graphs.
SWEAvg values are mostly decreasing by between 5 and 20 mm/10 y (median = 8 mm/10 y), whereas SWEMax is mostly decreasing by between 5 and 30 mm/10 y (median = 13 mm/10 y). Trends in the date of maximum SWE (DateMax) indicate that SWEMax shift towards earlier dates by 1–3 days/10 years (median = 1.9 days/10 y), whereas the date of snow disappearance (DateEnd) show an even stronger decadal trend (median =2.5 days/10 y) towards earlier time in the year. In contrast to all other indicators, DateMax and DateEnd also reveals significant changes for the few stations above 2000 m a.s.l.
Regarding the indicator MeltWinter, 25% of the stations display weak but significant trends, with all of them being positive ranging between 1 and 3 mm/10 y. These positive trends are found only among stations located between 1,400 and 1800 m. The remaining stations either display positive trends (13%), no trend (42%), or slightly negative trends (20%), but none of these trends are significant according to the MK-test applied. Similarly, for the indicator MeltRate, 25% of the stations exhibit weak but significant trends, which are all negative with values ranging between 0.5 and 1 mm/10 y. This suggests a slight decrease in the rate of snow melt towards the end of the snow-cover season. The remaining stations show negative but insignificant trends (21%), no trend (45%), or slightly positive trends (9%).
Upon closer examination using the sequential MK-test, it becomes clear that there is little evidence of a long-term trend in SWE indicators until the late 1980s. Since then, trends begin to emerge towards decreasing SWEAvg, SWEMax, MeltRate and simultaneously increasing MeltWinter as well as earlier DateMax, DateEnd. This development is particularly well illustrated in Figure 5, which shows the relative anomalies of all stations for SWEAvg. The median of all stations reveals a 30% decrease during the investigated period, which is significant at a 96% (p =0.04), consistent with the −35% decrease shown in Figure 4A. The same comparison is provided in Table 3 for all SWE indicators, hence corroborating the findings of Figure 4 and revealing the relative changes (although non-significant) also for two indicators MeltWinter and MeltRate.
[image: Figure 5]FIGURE 5 | Relative anomaly in SWEAvg with respect to the period 1991–2020 for all investigated stations (light red lines). The black line indicates the median of all stations. A clear evolution is revealed (black dotted line from Theil-Sen estimation) despite the number of stations and local climates involved. The median is not shown before 1946, because only five stations are available before this year and the trend is shown for the main investigated period between 1957 and 2022.
TABLE 3 | Definition and units of the SWE indicators used.
[image: Table 3]4 DISCUSSION
4.1 Mean values and variability
The intercomparison of the complete data set consisting of results from different monitoring programs, was only made possible by using daily data derived through modeling constrained with the observations. The daily model shows small biases at all stations, which can be attributed to the multi-decadal time span covered by the SWE measurements allowing for individual calibration for each time series.
Overall, Figures 3A–E shows a clear increase of all SWE indicators (except DateEnd) with elevation. However, a closer look reveals an absence of an elevation-dependence below 1700 m a.s.l. that is mainly caused by non-further increasing values above 1,400 m a.s.l. This can be explained by the fact that the few stations between 1,400 and 1700 m a.s.l. are located in inner-alpine valleys, which are rather snow-scarce due to the precipitation shading effect of surrounding mountains.
The analysis of these climatological mean values of the investigated SWE indicators confirms that the stations along the main Alpine divide get lower snow amounts, experience earlier DateMax and DateEnd due to their protected location in inner-alpine valleys, which are relatively dry (Matiu et al., 2021). However, these stations are sometimes also influenced by humid airflow from the Mediterranean Sea in the south. The switch between these two weather states is responsible for the generally higher CVs (Figures 3F–J) observed at these stations for SWEAvg, SWEMax and SWEApr1. This is not the case for the CVs of DateMax and DateEnd, i.e., the start and the end of the snow ablation season. The timing and intensity of the ablation season is primarily driven by positive temperatures in spring, whose variability does not differ north and south of the Alps.
The CVs of the SWE indicators mentioned above exhibit a clear elevation dependence, with decreasing CVs at higher elevations. This pattern arises because the variability in snow mass at low elevation is dominated by the combined variability of temperature and precipitation, whereas at high elevation the snow mass is mainly dominated by precipitation (Morán-Tejeda et al., 2013; Marty et al., 2017). The by far highest CV values are found for SWEApr1 at stations located below 1700 m. This is because this indicator reflects the state of just 1 day, which can be snow-abundant (e.g., after a major snowfall event) or already snow-free after the first spring warming. These finding are consistent with previous studies (Kapnick and Hall, 2010) which suggest that SWE on April 1 is not a reliable indicator for long-term snow hydrological investigations.
4.2 Long-term trends
The temporal evolution of SWE (Figure 5) with a strongly decreasing trend at the end of the 1980s and a flattening of the trend after about 2007 is known from many temperature-dominated processes (Reid et al., 2015). The stable conditions of SWE until the 1980s have already been reported by Rohrer et al. (1994) for Alpine measurement sites in Switzerland. The relative anomalies of the SWEAvg reveal a regime shift after 1988, as indicated by Marty (2008) for snow-cover days in Switzerland and confirmed by Colombo et al. (2022) for snow water equivalent in the Italian Alps. This late 1980s abrupt temperature change coincided with abrupt hydroclimatic changes and is consistent with circulation variability and long-term warming (Sippel et al., 2020). It is evident that snowfall depends on precipitation and temperature. However, studies have shown that–below about 2,500 m a.s.l.—on the long-term and for the most recent decades, temperature is the dominating factor for the amount and duration of snow on the ground (Scherrer et al., 2004; Colombo et al., 2022). This is especially the case in Switzerland, where no precipitation trend but a strong increase in temperature could be observed during winter in the recent decades (Isotta et al., 2019).
The most significant trends over the entire elevation range were observed for DateEnd, which is mostly temperature-driven (Table 4). This finding is supported by the fact that air temperature during snow melt (spring temperature) increased more than in the winter season in the Alps (Isotta et al., 2019). Klein et al. (2016) also found a significant trend for DateEnd of 5.8 days/10 y, which is double the trend revealed in our study (2.5 days/10 y). The reason for this difference is the fact that our study investigates more than twice as many stations and covers a longer time period (1957–2022 vs. 1975–2015).
TABLE 4 | Comparison of magnitude and significance of trends for individual SWE indicators (first three columns, see also Figure 4), and trends calculated based on the Sen-slope of the median of the anomalies of the individual stations (last two columns, see also Figure 5).
[image: Table 4]The higher absolute trends of SWEMax compared to SWEAvg need to be interpreted in relation to the absolute values. Relative trends (1957–2022) show smaller values for SWEMax (median = −25%) compared to SWEAvg (median = −35%), which is consistent with other studies comparing mean and maximum snow depth values in Europe (Fontrodona Bach et al., 2018; Matiu et al., 2021).
The observations that SWEAvg and SWEMax decline, as well as the earlier occurance of maximum SWE (DateMax) and SWE disappearance (DateEnd) are indications that the melt sum during the accumulation season (MeltWinter) have increased over time (especially below 2000 m). This is not surprising given the rise in winter temperatures and the corresponding shift from more snowfall days to more rain days (Serquet et al., 2011). Moreover it is in agreement with similar findings from western North America (Musselman et al., 2021).
However, there is a large year-to-year and the inter-station variability of the MeltWinter indicator. Therefore, it is not surprising that the annual median values demonstrate an insignificant (p=0.13) increase of 1.3 mm/10 y (Figure 6). Moreover, this is consistent with the results found for the individual stations in Figure 4E, where only 25% of the stations demonstrated a significant increase. Most striking is the series of winters with a large melt sum after 2015. When analyzing the observed increase of the MeltWinter indicator it must be noted that this is a measure for snow mass loss. However, before actual snow mass loss is happening and, in addition to periods with snow mass loss, there must be many days where melt just happens on the top or in the snowpack, and subsequent refreezing of the melt water, without a net mass loss. Additional and preceding periods of such a wetting and warming of the snowpack (Birsan et al., 2005; Petersky et al., 2019) are not reflected with our MeltWinter indicator. Moreover, since DateMax is moving closer towards November, the potential number of melt days are also slightly decreasing. Therefore, the observed increase of MeltWinter is rather a conservative measure for the increased wetting of the snowpack—especially considering the fact that the applied DeltaSnow model used to retrieve daily SWE cannot capture rain-on-snow events, which have become more frequent in recent decades (Beniston and Stoffel, 2016). The observed increase in wetting of the snowpack is also in line with indications to more wet snow avalanches in mid-winter (Pielmeier et al., 2013) and projections of more wet snow earlier in the season (Castebrunet et al., 2014).
[image: Figure 6]FIGURE 6 | Time series of the summed snow melt between November 1 and the date of maximum SWE (MeltWinter). The median of all station is shown with the black line and the corresponding Sen slope (black dotted line) is given between 1957 and 2022. Original annual values of all individual stations are in the background (light red). Median values are not shown before 1946, because only five stations are available before this year.
The combination of higher amounts of melting during the accumulation season and the earlier onset of the ablation period (which increases the chance for snowfall after DateMax) in the most recent decades are responsible for an increase in the day-to-day variability of SWE (Figure 7), expressed as coefficient of variation based on the daily SWE data. The median of the increase at individual stations reveals a positive trend of 17% between 1957 and 2022. Higher stations (i.e., usually snow-rich stations) are affected much less by these two processes because temperatures are generally cold enough to prevent significant melting in the accumulation season and are often already warm enough after the DateEnd to usually prevent snowfall thereafter.
[image: Figure 7]FIGURE 7 | Relative trend between 1957–2022 of the SWE day-to-day variability (CVd) in dependence of SWEAvg of each station. Significant trends are colored in red.
The above-described process during the accumulation season also contributes to a higher occurrence of short snow-cover periods before the onset of the continuous snow cover. Since the observed changes indicate that stations at higher elevation are increasingly adopting the characteristics of lower stations, the long-term increase in day-to-day SWE variability is consistent with the larger day-to-day variability seen at lower stations compared to higher stations. It is important to note that the day-to-day variability should not be confused with the year-to-year SWE variability shown in Figure 3F. A separate investigation based on decadal changes of this year-to-year variability revealed a non-significant increase (+21% during the study period between 1957 and 2022) according to the MK test. This is in line with the observed pattern that the year-to-year SWE variability at lower (generally warmer) stations is higher than at higher (generally colder) stations (Figure 3F).
The absence of a general elevation-dependence for the calculated trends of the SWE indicators (Figure 4) can be explained by the following facts: First, the available stations are all located above the mean winter zero degree line (900 m a.s.l.), which means the impact is small despite warming temperatures. Moreover, the warming above 900 m is weak during the accumulation (i.e., winter) season compared to the other seasons (Isotta et al., 2019). No clear elevation signal was also demonstrated in a larger snow depth dataset covering the entire Alps (Matiu et al. (2021). Second, all indicators except SWEAvg have a time-dependent component that affects the trends if the time period of snow ablation is shifted closer (higher solar radiation) or further from the summer solstice (lower solar radiation). SWEAvg is also the only indicator, which indicates an elevation-dependence for the relative trend (Figure 8) with smaller decreases for higher elevations.
[image: Figure 8]FIGURE 8 | Relative trend (1957–2022) of SWEAvg in dependence of elevation. The significance of the trend is in indicated by the red colors. The size of the circles represents the magnitude of the absolute trend between 3 and −26 mm per decade (see Figure 4A).
Regarding the decreasing MeltRate observed at stations below 2000 m a.s.l. during the ablation season (Figure 4F) the proximity to the summer solstice is also relevant. Lower melt rates are caused by an earlier start of the ablation period, i.e., by a shift of DateMax (Figure 4C) from about end of March to mid-March, when there is less energy for melt available. This finding is consistent with other studies that found generally lower melt rates in a warmer climate (Musselman et al., 2017). However, this does not apply for the highest station, which demonstrates increasing MeltRate (Figure 4F), because the earlier DateEnd (Figure 4D) is moving their ablation period closer to summer solstice.
Furthermore, the wetting of the snowpack and the decreasing snow mass as well as the increased variability, have significant consequences on hydrology, ecology, and tourism. For example, rain-on-snow events can lead to floods as the dampening effect of an already wet snow cover is strongly reduced. The shift to more winter melt may sustain microbial activity and thus accelerate the carbon production in the cold season (Williams et al., 2015), but it can also put plant species at risk if they are unable to adapt to more erratic snow-hydrological regimes (Rixen et al., 2022). Additionally, earlier snow disappearance may impact streamflow droughts with corresponding impacts downstream (Jenicek et al., 2016; Brunner et al., 2023). Lastly, changes in snowpack can also impact tourism. For instance, a wetting of the snowpack means less “powder days” (i.e., less days with fresh, light snow), which are highly valued by skiers and therefore often promoted by ski areas.
The studied SWE indicators and, hence, the main results of this study are model based, but they were informed and constrained with actual measurements of daily snow depth. Comparisons with daily measured SWE timeseries revealed a high performance of DeltaSnow in modelling daily SWE dynamics and peak SWE occurrence if used with regional calibration parameters (Fontrodona-Bach et al., 2023). This performance is even better when station-based calibration is possible as shown in Aschauer et al. (2023). Additionally, independent experiences based on a separate analysis of some Swiss investigation sites corroborated the high capability of DeltaSnow to model the accurate timing and magnitude of daily SWE changes (see Supplementary Figure S2).
5 CONCLUSION
For the first time, the merging of long-term SWE measurements series of four individual monitoring programs in the Swiss Alps distributed over an extensive elevation range allowed a comprehensive analysis of trends and variability of these indicators. All the investigated stations provide exceptional SWE measurement series spanning more than 6 decades (1957–2022) allowing for investigating long-term changes in important hydro-climatological snow indicators.
It could be shown that results of the four monitoring programs encompassing a large elevation range from forest to glaciers are in good agreement with each other and can well be inter-compared despite different backgrounds and measurement protocols. The analysis confirmed, for example, that the often-used SWE on April 1 is not a good indicator for trend analysis as the year-to-year variability is much higher than for other indicators like annual maximum SWE. The clearest trends were found for a shift of the date of snow disappearance towards earlier in the season (−2.5 days/10 y), mean SWE during the winter season (−9 mm/10 y), and the date of maximum SWE (−2 days/10 y). More than half of the stations showed significant trends for these three indicators. The anomalies of mean SWE revealed that the last 3 decades is the only period since beginning of measurements in 1937, with such a cluster of snow scarce winters. Maximum SWE also demonstrated a clear decreasing trend (−18 mm/10 y) with slightly less than half of the stations being significant, but with a median decrease of almost 120 mm (−25%) during the 66 years under investigation. This decrease of maximum SWE even for the highest stations has a significant impact on the summer discharge downstream in large rivers with corresponding implications to many other sectors.
Significant positive trends for melting during the accumulation period and significant negative shifts in the melt rate during the ablation period were observed for about a quarter of the investigated stations only. However, it is important to note that there is a general increasing trend for winter melting (+38% between 1957 and 2022, no station shows a significant decreasing trend) and a general decreasing trend in melt rates (−12% between 1957 and 2022, no station shows a significant increasing trend). These findings reveal that significant snow hydro-climatological changes are also occurring during the longer accumulation season and not just during the comparably short ablation season.
The increase in winter melting implies more wet snow (wetting does happen even more without snow mass loss due to refreezing) during accumulation phase of the snowpack. The thus caused snow mass loss during the accumulation season contributes to the observed occurrence of earlier and smaller maximum SWE values. Additionally, short-term melting events, which cause snow mass loss are also mainly responsible for the observed 17% increase in the variability of the day-to-day SWE changes between 1957 and 2022.
Finally, the presented results reveal that the changes in snow-hydrological processes predicted by climate models can already be confirmed with long-term observations of the snow cover. This underscores the importance of long-term monitoring programs in advancing snow-climatological modeling efforts. To better understand and project the combined impacts of increased melting during the accumulation season and higher variability in snow amounts on different sectors, more high-quality measurements of SWE and meteorological data in snow-dominated mountain regions are crucial.
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