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Abstract. As winters become warmer due to climate change, ski resorts around the world are increasingly and preferentially
relying on artificial snow instead of natural snow. The chemical species contained in artificial snow can flow into the
surrounding hydrological system along with melted snow, resulting in unexpected environmental pollution. This study is the
first attempt to assess the impact of artificial snow on groundwater quality and its role in the nitrogen (N) cycle. Although
numerous multi-isotope approaches exist for identifying sources and estimating the contributions to nitrate pollution, few
studies have used nitrogen isotopes of nitrate ('>N-NOs") and oxygen isotopes of water (5'*0-H:0) simultaneously as tracers.
This study aimed to evaluate the impact of artificial snow on the quality of surrounding groundwater at a ski resort, located in
Mt. Balwang in Pyeongchang, South Korea (the 2018 Winter Olympics venue). Mt. Balwang, located in the upstream region
of the Han River, is a critical source of water that joins major tributaries forming the upper Han River, which supplies drinking
water to over 25 million residents in the metropolitan Seoul area. The average N contribution of mountain groundwater
estimated using Bayesian mixing models was the highest from artificial snow (49.5%), originating from manure and sewage,
exceeding rainfall (31.6%) and natural snow (18.7%). These results are closely consistent with theoretical N loading rates,
highlighting the potential for artificial snow to contribute to long-term N accumulation in alpine ecosystems. Our study
highlights the importance of continuous monitoring to mitigate potential disruptions to the N cycle and preserve ecosystem

stability as climate change increases dependence on artificial snow.

1 Introduction

Human activities are altering the global N cycle through anthropogenic N inputs, including the production of combustion
of fossil fuel use, N fertilizers, and cultivation of N-fixing crops (Galloway et al., 1995; Erisman et al., 2013). Over the past
50 to 100 years, these activities have increased the global anthropogenic rate of N> fixation, which is currently estimated to be
approximately 1.5 to 2 times higher than the natural rate of N2 fixation in terrestrial ecosystems (Galloway et al., 2003;
Schlesinger, 2009). Supporters of ski tourism often argue that the water used for snowmaking is merely "borrowed" and
eventually returns to mountain creeks and rivers during snowmelt (Morin et al., 2023). However, the impact of N in artificial

snow on the surrounding alpine water systems has not yet been comprehensively addressed in the world.
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Snowmaking necessitates substantial energy as well as water consumption, a demand that is expected to escalate in
proportion to the progression of warming trends by consuming fossil fules (Damm et al., 2014; Vorkauf et al., 2024; Knowles
et al., 2024). Recent Winter Olympic Games in Sochi (2014; latitude 43° N), Pyeongchang (2018; latitude 37° N), and Beijing
(2022; latitude 39° N) relied heavily on artificial snow, with Beijing’s Yanqing site using almost 100% (IOC, 2022). Producing
1 m? of artificial snow requires approximately 200~500 liters of water, depending on humidity and air temperature (Rixen et
al., 2013). This water consumption can impact local water availability in a warmer climate (Morin et al., 2023). According to
Knowles et al. (2024), Canada presently utilizes 478,000 megawatts (MWh) of electricity, resulting in 130,095 tonnes of
associated CO:z emission, and 43.4 million m® of water to produce over 42 million m? of artificial snow. In particular, generating
this electricity requires the use of fossil fuels, significant amounts of carbon dioxide (CO2), a greenhouse gas, are emitted
during the snowmaking process. The greenhouse gas emissions will exacerbate global warming, thereby fueling a cycle that
further amplifies the need for artificial snow production. This feedback loop highlights a paradox where the activities intended
to mitigate the effects of climate change in winter tourism may, in turn, contribute to the broader issue of global warming.

In this study, we evaluated the influence of artificial snow on surrounding groundwater quality in the water system in an
alpine ski area of Yongpyong, South Korea, where the Pyeongchang Olympics were held in 2018 (Figure 1). Mt. Balwang,
located in the upstream region of the Han River, is a critical source of water that joins major tributaries forming the upper Han
River, which supplies drinking water to over 25 million residents in the metropolitan Seoul area. The ski resort, which opened
in 1975, is famous as South Korea’s first and largest ski resort, with an area of 1.10 million m?. The ski slopes start at the
summit of Mt. Balwang at a 1,458 m altitude and continue down to 700 m below the mountain. From the 2017/2018 season to
the 2023/2024 season, the average annual volume of water used for snowmaking was 1.15 £ 0.15 million m*. The water used
for artificial snow production was sourced from the stream located at the entrance of the ski resort. Although mountain
groundwater (W) wells were located in an area at the mountain summit without potential N pollutants, the average NO3;—N
concentration is 4.0 = 0.7 (1o) mg/L (Table S1). This concentration was generally higher than 3 mg/L, which represents the
natural (background) state, suggesting the presence of anthropogenic inputs (Madison and Brunett, 1985). As winter
temperatures rise and extreme precipitation patterns become more frequent, the reliance on artificial snow is expected to
increase over the past 22 years (2002-2023) at Yongpyong weather station in Korea (Figure 2).

Although numerous multi-isotope approaches exist for identifying sources and estimating the contributions to nitrate
pollution, this study is the first attempt to simultaneously utilize nitrogen isotopes of nitrate (3!>N-NO3") and oxygen isotopes
of water (8'*0-H>0) as tracers. The §'"’N-NOs™ reveals the contamination sources, while the §'*0-H:O offers critical insights
into the hydrological processes that affect the transport of nitrate pollutants, thereby increasing the precision of source tracking.
The objectives of this study were (1) determine the origin of water and nitrogen (N) sources in mountain groundwater, (2)
investigate the seasonal variation in N sources in mountain groundwater, and (3) evaluate the contribution of artificial snow to

mountain groundwater. Based on this, we aim to gain new insight into the potential impacts of artificial snow on the N cycle.
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2 Methods
2.1 Sample collection and field measurements

We collected 63 samples from a ski resort located in Mt. Balwang and its surrounding areas from September 2020 to
August 2022 (Figure 1). The geological features are detailed in Supplementary Information. Information related to snow
sampling is presented in Table S2. Before taking snow samples, we measured the snow density and liquid water content (LWC)
in situ using an SLF Snow Sensor (FPGA Company, Switzerland), and the sampling depth was determined based on these
measurements. Artificial snow was collected at the ski resort at the mountain summit (1,458 m) on February 10, 2021. Artificial
snow samples unaffected by natural snow were collected from two depths (50 cm and 75 ¢cm) in February 2021. Natural snow
that was not affected by artificial snow was collected twice on February 10, 2021, and March 2, 2021, at the mountain summit
(Figure S1). Groundwater samples were collected from two wells (W1 and W2) at the mountain summit and from nine wells
(YP1-YP9) at the bottom of the mountain. The groundwater wells W1 and W2 were developed at 300- and 350-m depths,
respectively, on the mountain summit (1,458 m altitude) (Figure 1b). Meanwhile, groundwater wells (YP1-YP9) were also
developed at various depths (23—400 m) under the mountain (700 m altitude).

The soil moisture content and soil temperature were measured with TEROS 12 (METER Group, Inc., United States)
Frequency Domain Reflectometry (FDR) sensors, which were installed at three depths (8 cm, 18 cm, and 32.5 cm). Electrical
conductivity (EC), temperature and pH were measured in sifu using an Orion Star™ A329 pH/Conductivity multiparameter
meter with a Thermo Scientific™ Orion™ Conductivity Probe and an Orion 8107UWMMD Ultra pH/ATC Triode. The EC
probe was calibrated with 1413 pS cm™! standard solutions. The pH electrode was calibrated using pH = 4.01, 7.00, and 10.01
buffers. Samples for dissolved anions and total alkalinity (Ar), as well as those for water isotope and nitrate isotope
measurements, were passed through 0.2-um filters and collected in HDPE bottles. Dissolved cation samples underwent
filtration through 0.2-um filters and were subsequently acidified to pH = 2 utilizing concentrated, ultrapure HNO3 before being
gathered in HDPE bottles.

2.2 Chemical and isotope analysis

Anion concentrations were determined using an ion chromatograph (Dionex ICS-1500, Sunnyvale, CA, United States)
equipped with an IonPac™ AS14 anion-exchange column at the Korea Institute of Geoscience and Mineral Resources
(KIGAM). Cation concentrations were analyzed utilizing inductively coupled plasma-atomic emission spectrometry (Optima
7300DV, Perkin Elmer, Waltham, MA, United States) at the same institute. Total carbonate alkalinity in peq/L
(Ar=HCO; +2CO3) was quantified using the HACH Method 8203, adding Bromcresol Green-Methyl Red and
Phenolphthalein indicator powder along with sulfuric acid (0.16 N). Charge balance error (CBE) indicates a discrepancy
between the measured concentrations of cations (positively charged ions) and anions (negatively charged ions) in a sample

solution. This is an indicator of the accuracy and reliability of quantitative results and is calculated using the formula CBE
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(%)= (TZ" = TZHATZ" +TZ") x 100, where TZ" = 2Ca*" + 2Mg*" + K + Na* and TZ = CI" +2S04> + NOs~ + Ar. Typically,
the average CBE is within +10%.

Stable isotopic compositions of water (§'30-H20 and 8°H-H>0) were analyzed at Ewha Womans University (Seoul, Korea)
using L2140-i isotopic water—liquid analyzer (Picarro Inc., Sunnyvale, CA, USA) through cavity ring-down spectroscopy
(CRDS). CRDS involves passing a laser beam through a cavity containing the sample gas and measuring the rate of decay
(ring-down) of the laser light intensity. The mean (+ 1o) accuracy and precision of the §!%0 and 8°H contents for each sample
were within + 0.1%o and + 1.0%o, respectively. Stable isotopic compositions of nitrate (6'’N-NO3 and 6'*0-NO3) were
conducted at the Environmental Isotopes Lab at the University of Waterloo. Following conversion purified NOs;™ to NO2~
through a cadmium catalyst then chemically reduced to N2O which is then analyzed on an Isoprime Trace Gas continuous flow
mass spectrometer (GV Instruments Ltd., Manchester, UK). The mean (+ 16) accuracy and precision of the §'*0 and §'°N
values for each sample were within + 1.0%o and + 0.5%o, respectively.

All stable isotopic results were presented in delta notation (8) in units per mil (%o) relative to the international reference

standard, as described in Eq. (1):
8 (%o) = {(M) - 1} x 1000, (1)

Rstandard

where R represents the ratio of heavy to light isotopes (*H/'H, '30/'%0, or >N/"N), and Rsampie and Riwandard denote the
isotopic ratios in the sample and standard, respectively. The ratios 2H/'H and '80/!°O are denoted as 8*H and 8'30, respectively,

relative to VSMOW, whereas the >N/!*N ratio of nitrate is represented as 3'’N-NOs™ relative to atmospheric Na.

2.3 Bayesian mixing models

Bayesian mixing models are statistical models used to estimate the proportions of different sources or components
contributing to a mixture. Bayesian mixture models are useful for quantifying statistical probabilities that reflect uncertainty
in estimating contributions from multiple potential sources (Parnell, 2008). The estimation of the N source proportion was
carried out using stable isotope mixing models (SIMMs) in R (version 4.2.2). Among several R packages to conduct stable
isotope mixing models, SIAR (Stable Isotope Analysis in R), which implements Bayesian mixing models was used. Three
types of variables were utilized for the modeling: the isotopic ratio of mixtures, and the mean and standard deviation of the
isotope ratio of the potential sources (Parnell and Inger, 2016). Additionally, an enrichment factor for the isotope can be added
optionally (Parnell and Inger, 2016), although it was assumed to be 0 in this study. Isotope mixing analysis was used to estimate

the contribution of N sources in groundwater from three end-members (i.e., rainwater, natural snow, and artificial snow).
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3 Results and discussion
3.1 Snowmelt period

Figure 3a shows the monthly precipitation and temperature trends, with the highest precipitation (330 mm) in August and
the lowest (3 mm) in February, alongside summer and winter temperature extremes of +30.8°C and —23.4°C, respectively.
Figure 3b shows snowfall periods from December 2, 2020, to March 7, 2021, and from November 2021 to April 1, 2022,
coinciding with sub-zero atmospheric temperatures. Although the snowfall at the mountain summit could not be measured, the
existence of snow cover could be inferred from the soil temperature. Because snow acts as an insulator, the soil temperature
under the snowpack is maintained at 0°C. Therefore, the soil temperature was kept constant at 0°C from late February to mid-
May 2021 and from early March to early May 2022, indicating that snow cover existed during that period (Figure 3b). When
snowmelt infiltration started in late February 2021 and early March 2022, the soil moisture content showed a wide variation,
ranging from 0.1 to 0.45 m3/m? (Figure 3¢). However, soil moisture content showed frequent variation within a narrow range
0f 0.3 to 0.5 m*/m? as the snow cover disappeared after May 2021 and May 2022. The infiltrated snowmelt water percolates
into the surrounding groundwater or contributes to surface runoff, eventually entering rivers and impacting their water quality
(Lee et al., 2008). In fact, the snowmelt event affected the water level and water quality in the surrounding stream (Songcheon)
within the study area (Figure 3d). NOs™—N concentrations decreased when snowmelt began in late February, coinciding with

rising water levels. A similar pattern occurs during the summer monsoon season.

3.2 Origin of water

In high mountain areas, groundwater recharge primarily occurs through precipitation, including rainfall and the melting of
snow (Somers and McKenzie, 2020). Therefore, understanding the stable water isotopes (8'*0-H20 and 8°H-H:0) in
precipitation, which is the primary water source to catchments, is important for better understanding the hydrologic cycle
(Ingraham, 1998). In this study, §'*0-H20 and §?’H-H:O values of the spring/summer rainfall (n = 4) ranged from —13.97%o
to —10.48%0 (—11.91 + 1.47%o, 16) and from —96.70%o to —75.58%0 (—82.84 + 9.57%., 15), respectively (Table S3). In particular,
3'%0-H20 and §*’H-H20 values of precipitation were further depleted by 1.87%o and 12.59%, respectively, at high altitude
(1,420 m) relative to low altitude (770 m) due to “amount effect” (Siegenthaler and Oeschger, 1980). Meanwhile, the §'%0—
H:0 and 8*°H-H:O of natural snow (n = 4), with the exception of the top of the sublimation layer, ranged from —13.94%. to
—11.46%0 (—12.71 £ 1.01%o, 1c) and from —89.23%o to —63.51%0 (—80.69 + 12.02%o., 1), respectively. Winter precipitation
from cold regions has more depleted stable isotope values because lower cloud condensation temperatures lead to higher
fractionation factors (Dansgaard, 1964).

On the 8'%0 vs. 8°H diagram, most samples, excluding certain snow samples, are positioned directly on or near the LMWL
(8°H = 8.18 x §'30 + 14.66; R = 0.80) with slopes consistent with the best fit lines (Figure 4a). Samples from the bottom layer
of natural snow are plotted away from the LMWL, indicating that isotopic exchange between the liquid water and ice inside

the snow during melting may have occurred before and/or during hydrological processes and transport (Lee et al., 2010a; Lee
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et al., 2010b). Meanwhile, the linear trend of groundwater (YP) under the mountain (3°H = 6.43 x 380 —3.35, R2=0.95, n =
32) and artificial snow samples plotted under the LMWL, as well as the lower slope, suggests that the sampled water underwent
evaporative loss (Dansgaard, 1964; Lee et al., 2010b; Jung et al., 2021). The §'%0-H>0 and §’H-H>O values of surface water
(n = 5) ranged from —10.04%o to —9.32%0 (—9.76 = 0.30%o, 16) and from —67.32%0 to —61.35%0 (—64.91 £ 2.49%., 10),
respectively, and these samples were similar in isotopic composition to artificial snow samples (7 =2; —9.08 £ 0.17%o, 1o for
3!80-H20 and —63.30 + 1.44%o, 1o for 82 H-H20). The §'*0-H>0 and 5*H-H>O of mountain groundwater (W, n = 12) ranged
from —10.76%o to —10.53%0 (—10.65 £ 0.08%o, 15) and from —71.65%o to —69.58%0 (—70.67 + 0.65%o, 10), respectively,
between precipitation and artificial snow/surface water samples. These observations suggest that the mountain groundwater
(W) in the study area is a mixture of precipitation and artificial snow. In addition, the stable water isotopes of mountain
groundwater (W) showed a lower value than those of groundwater (YP) under the mountain, which reflects the depleted isotope

values and precipitation at high altitudes.

3.3 Sources of nitrate

Typical values of 3'°N and 8'30 of nitrate derived or nitrified from various N sources are summarized in Table S4. In this
study, the 8'""N-NO; and 8'80-NOs" values of atmospheric deposition (snow and rainfall; n = 5) ranged from +2.12%o
to +8.34%o and from +17.87%o to +86.09%o, respectively (Figure 4b; Table S3). The highest §'"N-NO3~ value (+8.34%o) was
observed during winter rainfall (February 2021), and the lowest §'*N-NO;~ value (+2.12%0) was observed during summer
rainfall (August 2021). Low summer 8'*°N-NO;~ values may result from depleted §'"N-NOx causing increased biogenic soil
emissions (including nitrification of fertilizers) and lightning during warmer months, and the enriched 3'*’N-NOx during colder
seasons can be attributed to the increased combustion of fossil fuels (Freyer, 1978; Zhang et al., 2003; Jaegle et al., 2005).

Meanwhile, §'30-NOs™ is influenced by nitrate (NO3") formation pathways and the associated isotopic fractionation, rather
than by NOx sources (Hastings et al., 2003). The isotopic composition of artificial snow samples (n = 2) was relatively high
for 8'SN-NOs~ (+9.88%0 and +10.69%o) and low for §'*0-NOs~ (+1.89%0 and +3.39%o), indicating a manure/sewage source.
The §'"N-NOs™ and §'80-NOs™ of the surface water (n = 5) ranged from 7.99%o to 12.84%o (9.76 £ 1.92%o, 16) and from
0.54%o to 3.43%0 (1.60 + 1.27%o, 1), respectively. The isotope values of the artificial snow were similar to those of surface
water, suggesting that surface water was used to make artificial snow. The §""N-NOs; and §'30-NOs;~ of mountain
groundwater (W, n = 12) ranged from 6.45%o to 7.77%o (6.98 £ 0.37%o, 1) and from —1.69%o to 8.47%o (2.40 + 2.29%., 10),
respectively, overlapping with the range of soil N and manure/sewage sources.

We additionally collected NO3™ concentration data of mountain groundwater (W) from previous reports to investigate how
N sources varied seasonally from 2018 to 2022 (Hanil Tech Co., Ltd, 2018; Hanil Tech Co., Ltd, 2019; KIGAM, 2020). Figure
Sa shows the temporal variation in the average NOs; —N concentration from the W1 and W2 wells along with their isotope
values. The NOs;—N concentration showed substantial seasonal variations (p= 0.05, one-tailed t-test), with a higher
concentration observed during the dry season (December, January, and February) relative to the wet season (July, August, and

September). This pattern could be due to the dilution effect caused by heavy rainfall during the wet season. As mentioned

6
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previously, the NO3;™—N concentration of stream water tended to decrease due to the dilution effect during the snowmelt period
(March to May) and wet season (Figure 3d). However, NOs —N concentrations in mountain groundwater (W) decreased only
during the wet season; during snowmelt (May 2021), these concentrations were maintained at 4.52 mg/L, resembling the 4.49
mg/L concentrations recorded in the dry season (February 2021). This result suggests that the N source with a relatively high
NOs™ concentration is continuously flowing into the mountain groundwater (W) along with natural snow.

In order to more accurately identify N sources, an understanding of stable water and nitrate isotopes is required. The §'°N—
NOs™ value increased from 6.83%o to 7.53%o during the snowmelt period (Figure 5a), indicating input of a relatively enriched
15N source such as manure/sewage (Figure 5b). Since agricultural activities and sewage discharge are absent on the mountain
summit, the consistent NO3~ concentrations and the increase in 3'>’N-NOs~ observed during the snowmelt period are likely
attributed to the presence of artificial snow. In contrast, when the NOs™ concentration decreased during the wet season, the
3"N-NO;" isotope value decreased concurrently, likely due to the input of soil N with a relatively depleted 3'>N-NOs™ isotope
value. Beyond the current study area, the Baihepu Reservoir—used as a water source for artificial snow during the Beijing
Olympics in China—showed the average 3'>’N-NO;z™ isotope value of 9.69%o in September 2012, December 2012 and June
2013, indicating M&S source (Li et al., 2014). Thus, if the water from the area were used to produce artificial snow, it could

potentially introduce pollutants as well.

3.4 Quantifying the contribution of artificial snow to groundwater

Tracing N sources using only stable nitrate isotopes can limit accurate identification, as the isotopic ranges of different
contaminants can overlap. As shown earlier, §'®*0-NO;3™ has been useful in separating atmospheric and microbial sources of
nitrate, but the §'8*0-NQO;3™ values of nitrification from NH4* of fertilizer/precipitation, soil NH4*, and manure/sewage overlap
(Figure 5b). In contrast, §'*0O-H>O values from rainwater, natural snow, and artificial snow showed relatively distinct isotopic
signatures (Figure 4a). In addition, analyses of stable water isotopes are not limited by minimum concentrations, so data can
be obtained from even low-ion concentration samples such as precipitation. Since the late 1960s, hydrograph separation using
stable water isotope tracers has resulted in major advances in catchment hydrology (Hubert et al., 1969; Mook et al., 1974;
Fritz et al., 1976; Sklash et al., 1976; Hermann et al., 1978; Klaus and McDonnell, 2013). Therefore, the use of §'*0-H-0 in
combination with 8"*°N-NQO3;~ may improve the reliability of N source identification (Li et al., 2010; Yue et al., 2004; Lingle
etal., 2017).

To identify the predominant N sources in mountain groundwater (W), we estimated the contribution of N sources using
Bayesian mixing models. In the bivariate mixing diagram shown in Figure 6a, the cluster of values representing mountain
groundwater (W) samples lies within the mixing area of the three end-members (rainwater, natural snow and artificial snow).
Isotopic compositions of end-members are defined in Table S5. Rainwater and natural snow samples, collected from the
mountain summit in August 2022 and in February 2021 and May 2021, respectively, were used. As mentioned above, water
isotope values of the top layer of natural snow were excluded from the data set due to sublimation. In addition, samples with

NOs™ concentrations below the detection limit (< 0.037 mg/L for NOs) or with generally low NO3™ concentrations (< 0.5 mg/L)

7
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were unavoidably excluded due to difficulty in analyzing nitrate isotopes or issues with low accuracy. The average N
contribution was highest in artificial snow (49.5%), followed by rainwater (31.6%) and natural snow (18.7%) (Figure 6b), and
artificial snow was a dominant N source.

We estimated the theoretical nitrate-N loading ratio in groundwater using end-member mixing model based on related
parameters (Table 1) and compared it with the average N contribution. The N input from rainwater and natural snow was
determined by accounting for the average NOs -N concentration of each end-member obtained in this study, annual water
usage for snowmaking, precipitation, and the watershed area. According to Lee and Kim (2007), groundwater recharge in the
upper North Han River basin, where the study area is included, exhibits seasonality with wet and dry seasons each accounting
for approximately half a fraction. Consequently, this study calculated the ratio of dry/wet recharge rate by partitioning the
contributions from summer and other precipitation, applying these proportions to the final calculation. The ratio of dry/wet
recharge rate was 2.12, indicating a notably higher recharge during the dry season, attributed to increased recharge efficiency
and reduced evapotranspiration (Winograd et al., 1998; Jasechko et al., 2014). As a result, the theoretical nitrate-N load ratio
ranked as follows: rainwater (36.3%) > artificial snow (49.2%) > natural snow (14.5%). These results are closely consistent
with previously calculated contributions (Figure 6b), highlighting the potential for artificial snow to contribute to long-term N
accumulation in alpine ecosystems.

The N accumulated in this way undergoes denitrification by soil bacteria, resulting in N loss and the potential release of
N20 greenhouse gas, which affects soil N availability and contributes to climate change. This underscores the dual
environmental impact of artificial snow on N cycling and greenhouse gas emissions, reinforcing the need to monitor N
dynamics in ecosystems affected by artificial snow. In fact, the main global source of N2O is microbial production in soils,
and N inputs from atmospheric deposition caused 51% of anthropogenic N2O emissions from soils in 2020 (Erisman et al.,
2013). The greenhouse gas emissions will exacerbate global warming, thereby fueling a cycle that further amplifies the need
for artificial snow production. This feedback loop highlights a paradox where the activities intended to mitigate the effects of
climate change in winter tourism may, in turn, contribute to the broader issue of global warming. As global warming progresses,
the need for artificial snow is expected to increase further than now. These persistent N source inputs can significantly impact

N cycling, making long-term monitoring of their impacts crucial.

4 Conclusions

We demonstrated the influence of N sources in artificial snow on the surrounding groundwater of a ski resort. Snowmaking
requires large amounts of electricity, and generating this electricity requires the use of fossil fuels, which emit greenhouse
gases such as carbon dioxide (CO.). Greenhouse gas emissions from artificial snow production will accelerate further warming
of the climate, in turn requiring more artificial snow and creating a positive feedback loop. In addition, denitrification reactions
by soil bacteria occur as artificial snow is distributed over the soil, and the emission of nitrous oxide (N20O) gas, which is a

product of denitrification, can further intensify global warming. As a result, these anthropogenic N inputs could have important
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implications for nitrogen cycling. Therefore, long-term monitoring of these impacts is essential, as the use of artificial snow

will continue to increase due to climate change.
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267 Table 1
268 Parameters and values for the quantification of discharge rate from17/18 to 23/24 season.
269
Parameters Values Reference
Annual precipitation (mm) 1324.2 Korea Meteorological Administration
precip (Summer: 899.2) (KMA)
Watershed area (m?) 5,800,509 Hanil Tech Co., Ltd. (2019)
Annual water usage for snowmaking (m®) 1,067,082 Yongpyong ski resort
Ratio of recharge rate (Dry season/Wet 212 Calculated

season)
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Figure 1. (a) Geological map and transverse cross-section of Mt. Balwang and surrounding areas, South Korea. (b) Location

of the sampling and monitoring sites (modified Landsat images from December 2022 acquired from © Google Earth). The ski

slopes start at the mountain summit at a 1,458-m altitude and continue down to 700 m below the mountain (ski resort). Stream

water (SW) was collected from the stream at the entrance of the ski resort. Groundwater (GW) samples were collected on the

mountain summit (W1 and W2) and under the mountain (YP1-YP9). Rainwater (RW) samples were also collected on the

mountain summit (RW [H]) and under the mountain (RW [L]). The automatic weather stations (AWS; Yongpyong [YP] and

Daegwangryeong [DGR]) and stream water quality monitoring sites (Songcheon) surrounding the ski resort. Soil moisture

content and soil temperature were measured using frequency domain reflectometry (FDR) sensors.
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280 Figure 2. During the winter ski season (December-February) from 2001/2002 to 2023/2024, temporal variations
281 of (a) average air temperature (with error bar representing standard deviation) and (b) precipitation anomaly in
282 Yongpyeong. The blue dotted line and the blue shaded areas indicate the trend from linear regression for air

283 temperature and the 95% confidence intervals, respectively.
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Figure 4. (a) Stable isotopic compositions (3?H-H20 vs. §'0-H:0, %.) for samples analyzed in this work
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Nitrate isotopic compositions (3'30-NO3 vs. 8'"N-NOs, %o) of various N sources (Kendall et al. [1998]) and

isotopic values for samples obtained in our study.
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values (whisker extent) of the contribution (%) of three potential N sources (artificial snow, natural snow, and rainwater) to
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