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Soil moisture is an important variable for understanding hydrological processes, and the year-round monitoring of soil moisture and temperature reflect the variations induced by snow cover and its melt. Herein, we monitored the soil moisture and temperature in high (two sites) and low (two sites) elevation regions with groundwater sampling near the Mt. Balwang area in Gangwon-do, South Korea from Sep 2020 to May 2021. This study aims to investigate the temporal and spatial variations in soil moisture and temperature due to snow (natural and artificial snow) and its melt. A ski resort has been operating in this area and has been producing artificial snow during winter periods; thus, the spring snowmelt comprises both natural and artificial snow. The effect of soil freezing and thawing, wind conditions, vegetation covers, the timing and intensity of snow cover and snowmelt were differed in the monitoring sites. The high elevation sites 1 and 2 exhibit the relatively longer and consistent snow cover than the low elevation sites. Particularly, site 2 show late (May 8) snow melting even this site is in south slope of the Mt. Balwang. The relatively steady and moist soil layers at sites 1, 2, and 3 during the warm period can be considered as influential points to groundwater recharge. Moreover, the differences between the mean δ18O (−9.89‰) of the artificial snow layers and other samples were low: in the order of surface water (0.04‰) >groundwater (−0.66 and −1.01‰) >natural snow (1.34 and −3.80‰). This indicates that the imprint of artificial snow derived from surface water and with decreasing amount of natural snow around the Mt. Balwang region, the results support the assumption that the potential influence of artificial snowmelt on groundwater quality. This study helps to understand the snow dynamic and its influence on the hydrological processes in this region by combining the hydro-chemical and isotopic analysis.
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INTRODUCTION
Water entry into soil and its movement plays an essential role in surface runoff, groundwater recharge, evapotranspiration, soil erosion, and chemicals transport in surface and subsurface waters (Rawls et al., 1993). Soil moisture changes spatially and temporally (Brocca et al., 2010), and it is a key parameter in hydrological and climatic models (An et al., 2017; Vogel et al., 2017; Karthikeyan et al., 2017; Ye et al., 2019), and climate change studies (May et al., 2015). Moreover, soil moisture determines the partitioning of the incoming solar radiation and long wave radiation into outgoing long wave radiation, latent heat flux, ground heat flux, and sensible heat flux (Pachepsky et al., 2003). Furthermore, the direct infiltration of precipitation and surface water through thin soil layers into the underground affects the water availability for agricultural demands and water resources in many alpine regions (Hartmann et al., 2014; Wei et al., 2021).
Spring snowmelt and its infiltration play a crucial role in the annual water budget in many temperate catchments (Smith et al., 2017). The timing of snow cover and snowmelt is important for downstream water and groundwater supplies. Additionally, the snow cover thickness affects the soil freeze–thaw cycle and changes the soil aggregate stability (Xiao et al., 2019). The changes in snowmelt period and duration of snow-covered period are also essential for the operation of ski resorts (Heo and Lee, 2010). From 1987 to 2016, the snowmelt season has been observed to occur earlier in the High Mountain Asia region mainly due to the recent increase in the air temperature (Lee et al., 2012). However, the increasing trend in the snowmelt season in some regions is related to the changes in the snowmelt regime (Smith et al., 2017). Identifying snow and snowmelt seasons in heterogeneous environments like High Mountain Asia regions, is generally difficult (Smith et al., 2017). Moreover, the artificial snow produced for ski sports affects the timing of the snowmelt and ground temperatures in the alpine environments. Deep artificial snow acts as an insulator that prevents soil from freezing, and massive artificial snow induces long snow covers (Rixen et al., 2004). Compared to natural snow, artificial snow is more homogenous and contains spherical crystals and more ice layers. Furthermore, the large mass of artificial snow slows down the melting process (Mosimann, 1987). The potential influence on the vegetation cover (Jones et al., 2001; Rixen et al., 2003) and the physical disruption by frozen soil also affects the soil biogeochemistry (e.g., increase in soil nitrate and changes in soil carbon) (Groffman et al., 2001).
At large scale, surface soil moisture can be determined by measuring the brightness temperature as an intensity of natural thermal emission on the land surface using aircraft and satellite instruments with active and passive microwave sensors (Pachepsky et al., 2003). However, ground-based measurements of soil moisture and temperature are more direct and accurate for determining the watershed hydrology, which is difficult to measure using the microwave sensors that are designated for large-scale measurements (Choi et al., 2010). Fifteen to thirty-five observations are required to obtain a mean value within 2% absolute error for areas with complex topography (Brocca et al., 2010). The soil moisture determined using microwave instruments (AMSR-E and MODIS NDVI) is weakly correlated with the ground-based soil moisture measurements (Choi et al., 2010). Soil moisture varies seasonally and exhibits lower values in the winter (frozen soil) and higher values in the warm period, and it affects the precipitation and vegetation cover (Choi et al., 2010; Wei et al., 2021). Moreover, the uncertainties in the in-situ sensors increases with variability in soil properties and intensity of recharge events (Wu et al., 2021). Soil temperature sensors placed 2–10 cm below the soil surface have also been used to detect the presence or absence of snow cover (Lundquist and Lott, 2008; Schmid et al., 2012). By comparing the continuous long-term measurement of soil moisture and temperature by in-situ sensors with meteorological data (e.g., precipitation and air temperature), the increase in soil moisture by precipitation and melting of frozen ices in the soils was determined (Seo et al., 2020). Moreover, a year-round measurement using the 5TM (Decaton, United States) sensors was effectively performed to study the thermal diffusivity and active layer thickness in cold environment (Barton Peninsula, Antarctica) (Kim et al., 2020). Additionally, the snowmelt from a seasonal snowpack or ice and its isotopic (δ18O and δD) variation are important parameters for studying the snowmelt hydrology, particularly for the accurate hydrograph separation of spring runoff (Taylor et al., 2002; Lee et al., 2010; Lee, 2014a; Kim et al., 2017; Ham et al., 2019).
This study focuses on the field observation of soil moisture and temperature in heterogeneous mountain area where the effect of snow cover and snowmelt, especially from artificial snow (ski resort) to the catchment hydrology has not been studied. Lee et al. (2012) reported that the air temperature (1972–2010) in this area increased with large variation in annual precipitation amount. The erosion of sediments, nutrients pollutants from mountainous watersheds during typhoons (Zhang et al., 2007) has been observed; thus, the effects of extreme hydrologic events induced by climate change are important (Park et al., 2010). Additionally, the increasing intensity of summer monsoon has been affecting the water quality in many reservoirs and rivers (Park et al., 2010), and the intensity and frequency are expected to be increase in the future (Kim et al., 2018). Moreover, the decrease in winter snowfall (natural snow) (Lee et al., 2012) could increase the use of artificial snow and consequently the contribution of artificial snowmelt during the spring melting season. We have installed in-situ sensors of soil moisture and temperature at high and low elevation sites in the Mt. Balwang area. This study aims to analyze the temporal and spatial changes in soil moisture caused by natural and artificial snow cover and its melting. Furthermore, the meteorological data from nearby automatic weather stations are compared with the monitoring data. The detection of soil moisture changes and snowmelt timing with hydro-chemical analysis of groundwater, surface water, rainwater, natural and artificial snow would help to understand the snow dynamics and its influence on hydrological processes.
STUDY AREA AND METHODS
The monitoring sites are located within approximately 5.5 km range near to the Mt. Balwang area (720–1,458 m a.s.l) in Pyeongchang township, Gangwan-do province, South Korea, where the 2018 Winter Olympics were held. Specifically, the area of Daegwallyeong-myeon of Pyeongchang township, where Mt. Balwang is located, is 221.69 km2, and the amount of groundwater used is 1,145.40 × 103 m3/year (data from 2014). The groundwater usage portion is as follows: 50.0% for living, 47.0% for agriculture and fishery, and 2.9% for industrial use (K-water, 2015). Agricultural activities are very active due to the vegetable farming and large-scale ranches at high altitudes, and most of the land other than agricultural land constitutes forests (Lee, 2014b). The monitoring sites are within the operational area of the Yongpyong ski resort (total area 17.4 km2) and artificial snow produced using surface water is used for winter ski sports. In this region, the human activities are particularly enhanced during ski seasons (November–April) mainly due to the tourists at the ski resort. The Mt. Balwang area is composed of Permian–Triassic sandstones and shales and late Jurassic granites that intruded into the sedimentary layer (Won and Lee, 1992). The sedimentary rocks and granites are distributed in the southern and northern part of the study regions (Won and Lee, 1992; Kwon, 2001). According to the Unified Soil Classification System (USCS), the soil in the study area is mainly sandy and contains clay and silt and it is classified into well-graded sand (SW, SW-SM and SW-SC), but some soil layers classified as poorly-graded sands (SP-SM and SP-SC) (Kim et al., 2020). Based on the pumping tests performed on the groundwater well (300 m depth) of Mt. Balwang in 2018 and 2019; the hydraulic conductivity was 1.91 × 10–7 and 5.94 × 10−8 m/s, respectively. Moreover, the aquifer thickness was 228 and 251.94 m, respectively. Based on these results, it was determined that the aquifer material was predominantly silty sand.
In this region, the accumulated annual precipitation was observed to be 1,317.78 ± 296.19 mm and the minimum and maximum temperatures reached −7.35 ± 1.74°C (Jan or Dec) and 21.15 ± 0.83°C (July or August), respectively between 2010 and 2020 according to the Daegwanryeong automatic weather station (AWS) (https://data.kma.go.kr). Around 77% of the total precipitation occurred in the warm period (summer and autumn) as a form of rain and the residual 23% of the precipitation occurred in the cold period (spring and winter) as a form of both snow and rain.
Frequency domain reflectometry sensors of soil moisture and soil temperature (TEROS 12 by METER Group, Inc., United States) were installed at four locations at different depth intervals: top (8–12 cm) and bottom (20.5–32.5 cm) (Figures 1, 2; Table 1). The observations were performed from September 25, 2020, to May 21, 2021, to cover both warm and cold seasons. Note that the monitoring duration and depth intervals slightly differed between the sites and there was some data loss inducing discontinuity. The observations from Nov 3, 2020, to Apr 14, 2021 (coincided period), were compared to study the spatial differences between the sites (Table 2; Figures 3, 4). The sensor accuracy for soil moisture (volumetric water content or VWC) is ±0.03 m3/m3 for typical mineral soils. Concerning the temperature measurement, the sensors operate within the range from −40 to 60°C temperature range with the accuracy of ±0.3°C (for −40 to 0°C) to 0.5°C (for 0–60°C). Two sensors were placed at high elevations on the north (Site 1) and south (Site 2) slopes of Mt. Balwang that are surrounded by trees (Figure 2). A relatively thick accumulation of snow layers was expected in these two high elevation sites. At site 1 we expect dominant accumulation of artificial snow while site 2 receives mainly natural snow (Table 1). At the lower elevation (770 and 720 m a.s.l) sites (site 3 and 4), which are not forested areas (open area), patchy natural snow accumulation was expected. Site 3 was on the bottom slope of Mt. Balwang while site 4 was beside the river.
[image: Figure 1]FIGURE 1 | Location of the four monitoring sites and two automatic weather stations (Yongpyong AWS and Daegwangryeong AWS) in the Mt. Balwang region, Gangwon-do, South Korea. Both high elevation sites (Site 1 and Site 2) and low elevation sites (Site 3 and Site 4) are located in the operational area of the Yongpyong ski resort.
[image: Figure 2]FIGURE 2 | Site description by surface topography, snow coverage, vegetation coverage, and wind field (open or close area). Yellow stars indicate the approximate location of the sensors.
TABLE 1 | Monitoring site information.
[image: Table 1]TABLE 2 | Comparison of mean, standard deviation, minimum, maximum of soil moisture and soil temperatures at monitoring sites during the observation between Nov 3, 2020, to 14 Apr 2021.
[image: Table 2][image: Figure 3]FIGURE 3 | Temporal variation of soil moisture (VWC) and soil temperature from the monitoring data in comparison with the precipitation and air temperature data from the automatic weather stations (Yongpyong and Daegwallyeong). Black lines indicate 0°C temperature, the gray shaded area denotes the period from Nov 3, 2020, to Apr 14, 2021, while the purple shaded area highlights the conditions during the cold period (snow cover and soil freezing)
[image: Figure 4]FIGURE 4 | Box plot of soil moisture and soil temperature at the four sites during the period from Nov 3, 2020 to Apr 14, 2021.
The temperature and moisture observations by the sensors placed in the top layer (8–12 cm) were used to identify the presence of the snow cover (Taras et al., 2002; Lundquist and Lott, 2008; Schmid et al., 2012; Zhang et al., 2021). The mean daily standard deviations (MDr) of soil temperature and moisture values were calculated to evaluate the duration of snow cover and the signal of snow melting. To identify the presence of snow cover, we subtracted the MDr values from the threshold value 0.2 (Schmid et al., 2012). If the MDr>0, we expect the insulating snow cover over the surface snow. Also, we consider the soil surface temperature (top layer) below to 0°C as soil freezing. Thereafter, the meteorological data from Yongpyong and Daegwanryeong weather stations were compared with the monitoring data. The Yongpyong AWS is near site 3 while Daegwanryong AWS is approximately 3–9 km from the monitoring sites (Figure 1).
Finally, two snow pits of natural (50 cm deep) and artificial snow (100 cm deep) were dug at high elevation sites using a plastic scoop on Feb 10, 2021. The groundwater samples from two wells (150 and 250 m depth) near the high elevation sites (site 1 and 2) and the surface water that was used for artificial snowmaking were also collected at this time. The major ionic and water isotopic compositions of the samples were analyzed at the Korea Institute of Geoscience and Mineral Resources (KIGAM). Cations were analyzed using inductively coupled plasma-atomic emission spectrometry (Optima 7300DV, Perkin Elmer, Waltham, MA, United States) and anions were analyzed using ion chromatography (Dionex Aquion, Sunnyvale, CA, United States). The oxygen and hydrogen isotopic compositions of the samples were measured via cavity ring-down spectroscopy (L2140-i, Picarro, Santa Clara, CA, United States). The results were reported in δ-notation (‰) relative to the Vienna Standard Mean Ocean Water (VSMOW 2). The primary standards including VSMOW2, Greenland Ice Sheet Precipitation and Standard Light Antarctic Precipitation by the International Atomic Energy Agency, as well as KIGAM laboratory standards were used to calibrate the stable isotopic compositions. The analytical uncertainties of δ18O and δD were 0.1 and 0.5‰, respectively (Jung et al., 2013).
RESULTS AND DISCUSSION
Temporal Variations of Soil Moisture and Soil Temperature
Figure 3 shows the temporal (whole monitoring period) variations of soil moisture and temperature at the top and bottom depths for the four sites. Table 2 and Figure 4 display the comparison of the soil moisture and temperatures measured during Nov 3, 2020, to Apr 14, 2021, and this period is highlighted with gray in Figure 3. The soil moisture and temperature variations were distinct for each site, exemplifying the different soil characteristics and meteorological conditions at each site. The patterns of soil moisture and soil temperature measurements in the top layers fluctuated more and show exhibited quicker responses to the abrupt temperature change and rainfall events than those in the bottom layers. Except for site 4, the soil moisture in the bottom layers was generally higher than that in the top layers, indicating the importance of vertical infiltration (Kim and Jung, 2014). The significant peak corresponding to the rainfall input and the relatively steady and moist soil layers at sites 1, 2, and 3 during the warm period (except the cold period) can be considered as influential points to groundwater recharge.
The factors affecting the snow depth on hillslopes are mainly wind and vegetation cover (forested or open area) (Pipes and Quick, 1987; Deems et al., 2006; Vystavna et al., 2021). The mean value of soil moisture was relatively low at site 4 (top layer: 0.153 ± 0.053 m3/m3, bottom layer: 0.137 ± 0.032 m3/m3), while that at site 1, a high elevation site, showed large values of 0.220 ± 0.064 and 0.377 ± 0.015 m3/m3 for top and bottom layers, respectively. The statistical test indicates significant differences (not same) of the soil moistures at top layers at the sites (p < 0.0001). The larger values at the high elevation sites than those at the low elevation sites likely imply low wind influence, persistent snow cover (both natural and artificial), and low infiltration to soil. The range of soil temperature variations was slightly broad at the low elevation sites that are not surrounded by forested area (open area). Furthermore, the wind effect was evident at the high elevation sites (forested area); the site 2 exhibited lower temperatures than site 1 as the site location was facing windward. Soil temperatures and moistures in each layer were positively correlated (0.74 < r > 0.39) except for those at site 4 during the entire monitoring period. This exception at site 4 may be due to the dryness and openness to wind.
Air temperature and precipitation data from Daegwanryeong and Yongpyong AWS are plotted in Figure 3. Precipitation (rainfall) induced increases in water content during the warm period was visible, particularly, the at low elevation site 4 (beside the river), the soil moisture was more sensitive to the precipitation events and sharp and consistent peaks were exhibited the large and low precipitation events. This can be due to the relatively dry soil without accumulated snow cover during winter and open area (no trees) to receiving the precipitation in this site. The high elevation sites (sites 1 and 2) exhibited double signal of increasing soil moisture by rainfall and melting snow accumulated during the winter. Site 3 also generally exhibited the influence of the precipitation increase and melting snow in the soil moisture.
Influence of Snow Cover on Soil Moisture and Soil Temperature
The soil moisture in the top layers rapidly declined when the soil surface temperature (top layer) dropped below 0°C (cold period). This soil freezing was observable for sites 2, 3, and 4. At site 2, the cold period was longer (from Nov 29 to March 27) than that at other sites and the mean soil moisture was 0.094 ± 0.021 m3/m3. Soil freezing (top layer) was assumed with cold windy condition and inconsistent snow cover at site 2. Moreover, at site 1 the temperature dropped below 0°C during only 5 days (Dec 9 to Dec 13) and was steady and slightly higher than 0°C on most days from end of Nov to end of March. Thus, soil layers at site 1 were assumed to be partially frozen, and the soil moisture (top layer) abruptly declined in November and then gradually increased. Additionally, a thick and persistent snow cover with low wind effect was assumed because the soil temperature was steady during the cold period. At site 3, the cold period (below 0°C) lasted from Nov 29 to Feb 28 and the soil moisture (top) was steady (0.107 ± 0.018 m3/m3). This steady moisture content indicates the freezing of the top layer of soil; cold windy conditions were assumed at this location. In the bottom layer of site 3, the soil moisture suddenly increased and reached 0.52 m3/m3 during 23 Jan to 29 Jan 2021. This sudden increase was expected to have occurred due to external influence because the soil temperature and moisture in the top layers did not exhibit any significant changes. Lastly, at site 4, no fluctuation was observed in the soil moisture in the bottom layer; however, that in the top layer significantly fluctuated. This fluctuation could be due to the absence of a persistent snow cover and windy conditions at site 4. The cold period in site 4 continued from Dec 15 to Feb 19. In the bottom layers at site 1 and 4, the soil moisture was relatively constant (no freezing) during the cold period. In contrast, sites 2 and 3 exhibited the late freezing with abruptly declining soil moisture in the bottom layers, corresponding to below zero temperatures.
The mean daily standard deviation (MDr) of soil temperature and moisture at top layers were shown in Figure 5. The large daily standard deviations of soil moisture correspond to precipitation events, and it was more evident for site 4. The near-surface soil temperatures at sites 3 and 4 exhibited large diurnal temperature oscillations, while at site 2 exhibited relatively small oscillations. To identify the duration of insulating snow cover, we first select the MDr which are greater than 0.2 (threshold value) (Schmid et al., 2012). The number of days with MDr values greater than 0.2, were 133, 136, 20, and 46 for site 1, 2, 3, and 4 respectively. These values include warm period (e.g., Sep and May) and we excluded the days in warm period.
[image: Figure 5]FIGURE 5 | Changes in mean standard deviation of daily soil moisture at the top layers. For soil temperatures the values are calculated by subtracting from the threshold value of 0.2. The values above 0 indicate lower SD which represent existence of snow cover during the cold period.
By combining the days with surface soil temperatures below 0°C, the duration of snow cover in site 1 was between Nov 29 and March 24 (115 days). For site 2, the surface soil was expected to be frozen between Nov 29 to Mar 27 with patchy snow cover. While from Mar 3 (after precipitation peak) to May 8 (66 days) indicate relatively consistent snow cover. In site 3, lower variation in the surface temperature was occurred only 46 days which started Nov 24 then end on March 11. In site 4, only 20 days had a lower standard deviation than the threshold value which indicate the inconsistent snow cover in this site. The soil thawing and snow melting signal was earliest (Mar 12) at site 3 compared to the high elevation sites (site 1 and 2). Even the snow at site 2 was expected to melt earlier because the location is in the south slope of the Mt. Balwang, the snow melting signal was late in site 2 (May 8) than site 2 (Mar 27). These results indicate the melting of artificial and natural snow and their contribution to groundwater recharge are spatially and temporally variated (up to ∼1.5 months difference) in this region.
The sites were located windward, which was particularly important for sites with patchy and shallow snow depths where the snow was blown away by wind and the soil surface was exposed (Vystavna et al., 2021). To summarize, during the winter period, site 1 exhibited a persistent (relatively deeper) snow cover, which acted as an insulating snow layer inducing constant soil temperatures. Sites 2 (Nov 29 to Mar 27) and 3 exhibited shallow snow cover (large variation in soil temperature), which can be blown away by wind, and cold temperatures, which induced soil freezing (relatively steady soil moisture). Lastly, site 4 exhibited no persistent snow cover and no consistent freezing during winter period.
The timing and availability of the snow cover differed at the four sites depending on the site characteristics, and they were determined from the soil moisture and temperature measurements in the surface layer. The results demonstrate the presence of insulating snow layer (both natural and artificial), soil freezing, and wind conditions at the monitoring sites. Thus, the foremost cause for the change can be corresponds to the site characteristics including windward direction, vegetation cover (Wang et al., 2021; Vystavna et al., 2021) and early melt due to tree well ( Lundquist and Lott, 2008; Vystavna et al., 2021). Rainfall induced increases in water content during the warm period were visible at all the sites; the high elevation sites exhibited double detection in the soil moisture by rainfall and spring snowmelt.
Isotopic and Chemical Compositions of Snow, Surface Water, and Groundwater
By combining the field observations of soil moisture and temperature, we expect the influence of hydrological variations in mountainous areas for the catchment hydrological processes can be effectively evaluated using the hydro-chemical and water stable isotopes (Jung et al., 2021). Particularly, water stable isotopes in accordance with the temporal and spatial variations are widely used to identify water sources (Jeelani et al., 2010). The major ion concentration and stable water isotopic composition of surface water, snow pit (natural and artificial) and groundwater samples for high elevation site are shown in Figures 6, 7 and Table 3. The water quality of groundwater is accompanied by changes in mineral composition and content according to the water-rock reaction characteristics. As described in the geological characteristics of the Mt. Balwang area, the water–rock reaction is thought to be negligible because the Mt. Balwang area is composed of sandstone and most crude minerals are composed of quartz with very low mineral solubility.
[image: Figure 6]FIGURE 6 | Piper diagram of surface water, artificial snow, natural snow, and groundwater samples.
[image: Figure 7]FIGURE 7 | δ18O and δD biplot of groundwater, artificial snow, natural snow, and groundwater with GMWL (Craig, 1961) and LMWL (GNIP data reported in Gautam et al. (2020)).
TABLE 3 | Major ionic and water isotopic composition of surface water, artificial snow, natural snow, and groundwater sampled on Feb 2021.
[image: Table 3]The δ18O and δD, values of the surface water and groundwater were consistent with the local meteoric water line (LMWL) (Gautam et al., 2020) and global meteoric water line (GMWL) (Craig, 1961), while those of the natural and artificial (top 0–50 cm layer) snow samples deviated values from LMWL and GMWL (Figure 7). The bottom (25–50 cm) and top (0–25 cm) layer samples of the natural snow layers exhibited 5.13‰ difference in δ18O, which is likely suggests changes in the moisture source or the different timing of snow deposition. On the other hand, the artificial snow samples exhibited a slightly small difference of 2.32‰. Moreover, the differences between the mean δ18O (−9.89‰) of artificial snow samples and other samples (surface water, groundwater, and natural snow) decreased in the following order: surface water (0.04‰) >groundwater (−0.66 and −1.01‰) >natural snow (1.34 and −3.80‰). The results likely to verify the similarity between artificial snow and the surface water that was used to produce it.
Both artificial and natural snow samples exhibited different values depending on the depth difference. Groundwater and artificial snow samples were classified as Ca–HCO3− type, which likely indicates the influence of the weathering of granitic rocks (Koh et al., 2009). The surface water was Ca–Cl type. In natural snow samples, Cl− ions were dominant at 25–50 cm depth (bottom layer or older snow) while HCO3− ions were dominant at the depth of 0–25 cm (top layer or new snow). The top layer (new snow layer) of natural snow indicates the mixing of artificial snow during the sampling period. Generally, the ionic composition was higher in the surface water samples and lower in the natural snow samples (Table 3). Although the artificial snow layers exhibited different ionic composition values at each depth, the average concentration was higher than that of the natural snow samples. The ionic concentration values increased in the order of surface water > artificial snow > groundwater > natural snow. Although the results are based on one-time sampling, they support the assumption that the surface water used for artificial snow affects the groundwater quality.
The higher amount and mineral-enriched water input by artificial snow than that by natural snow influences the local hydrology and erosion intensity (Mosimann, 1998). The importance of the contribution of snow (winter precipitation) to groundwater recharge has been emphasized in numerious studies (e.g., Ingraham and Taylor, 1989; Maule et al., 1994; Smith et al., 2017). According to the 10-year observation data (2010–2020) from Daegwanryeong AWS, the air temperature did not significantly change. However, the precipitation amount decreased (R2 = 0.47, n = 10, p = 0.021) in cold seasons (winter and spring) and increased in the warm seasons (summer and autumn). This trend was also previously observed in this region between 1972 and 2010 (Lee et al., 2012). The amount of surface water used for artificial snow generally increases when the annual snowfall decreases and the snow loss increases (Heo and Lee, 2010). Thus, the decreasing amount of natural snow with the increasing consumption of surface water for producing artificial snow could increase the contribution of artificial snowmelt recharging to groundwater. The soil moisture and temperature measurements allow us to understand the timing and abundance of snow coverage from both natural and artificial snow. The duration of snow coverage varies depending on the location, which induces earlier or later recharge. Although our monitoring was performed on a small scale and was short-term, our results are supportive for explaining the effect of snowmelt in a hydrological cycle, particularly artificial snowmelt, in the study region. Furthermore, more dense observation and frequent sampling will improve the study results. By combining the in-situ measurements (soil moisture and temperature) with comprehensive hydro-chemical and isotopic data, we will be able to understand the snow dynamics and its influence on the hydrological processes including water movement, solute transport in the soil, infiltration, and groundwater recharge.
CONCLUSION
Soil moisture and temperature were monitored using in-situ sensors installed at high and low elevation sites in the Mt. Balwang area, Gangwon-do Korea. The timing and intensity of snow cover and snowmelt differed the four sites depending on the site characteristics (windward direction, vegetation cover, intensity of snowfall and artificial snow), and they could be detected from the soil moisture and temperature measurements on the surface layer. The high elevation sites (sites 1 and 2) exhibit the relatively longer and consistent snow cover than the low elevation sites. Particularly site, 2 show late (May 8) snow melting even this site is located in south slope of the Mt. Balwang. It can be concluded that the relatively steady and moist soil layers at sites 1, 2, and 3 during the warm period can be considered as influential points to groundwater recharge. The water samples displayed increasing ionic concentration in the order of surface water > artificial snow>groundwater>natural snow. Moreover, the similarity between the water stable isotopic compositions of artificial snow and surface water demonstrates the imprint of surface water. The effect of artificial snow on groundwater quality can be expected to increase with decreasing amount of natural snow due to the increasing contribution of artificial snowmelt recharging to groundwater. The combination of the in-situ measurements (soil moisture and temperature) with comprehensive hydro-chemical and isotopic data, will be helpful for understanding the snow dynamics and its influence on the hydrological processes in this region.
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Depth interval

Soil moisture, (VWC m/m®)
Mean
Standard Deviation
Minimum
Maximum

Soi temperature, 'C

Mean

Standard Deviation
Minimum
Maximum

Site 1 Site 2 Site 3 Site 4

12cm 205cm 8cm 325cm 12cm 20.5cm 9cm 35cm
0.220 0.377 0.144 0257 0.199 0.194 0.163 0.137
0.064 0.015 0.080 0.109 0.103 0.142 0.063 0.032
0.145 0.351 0.074 0.140 0.085 0.017 0.068 0.098
0.375 0.621 0.376 0.437 0.393 0.522 0.362 0.263
1.80 207 -0.69 0.18 0.76 1.63 3.76 6.07
216 207 199 203 3.60 292 4.02 290
-0.10 0.40 -4.80 -4.20 -7.90 -3.50 -5.50 1.90
9.30 9.30 9.20 6.10 14.20 11.40 16.20 1390
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Description
Elevation

Location

Monitoring duration
Sensor depth (top and botto)

Time interval

Site 1

North slope of Mt. Balwang)

1,420 m

Natural and artificial (dominant) snow
128.67250"E

37.612222"N

9/25/2020 to 4/21/2021

12cm

20.5cm

10 min interval

Site 2

South siope of Mt. Balwang)

1,430 m

Natural (dominant) and artificial snow
128.6714"E

37.6113889'N

11/3/2020 to 5/21/2021

8om

325cm

10 min interval

Site 3

North side Mt. Balwang)
770m

Natural snow
128.67056"E
37.642778"N
9/25/2020 to 4/14/2021
12cm

205cm

10 min interval

Site 4

Northeast side of Mt. Balwang
720m

Natural snow

128.7017"E

37.6538889"N

11/3/2020 to 5/21/2021
9cm

35cm

10 min interval
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sample type

Surface water

Artficial snow (0-25 cm)
Artficial snow (25-50 cm)
Artficial snow (50-75 crm)
Artficial snow (75-100 cm)
Natural snow (0-25 crm)
Natural snow (25-50 cm)
Groundwater well 1
Groundwater well 2

EC Ca® Mg* Na* K2 HCO,™ o NO3"  SO2" 5'%0 5D
uS/cm  mg/L  mg/lL  mgl  mg/L mg/L mgll  mg/L  mg/L %o %o
51485 4556 628 2083 342 62.97 9249 2529 1474 -9.86 -65.95
74.00 586 072 317 049 9.19 758 570 457 -1032  -58.94
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