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Abstract Continuous and extended observations of hydrometeorological parameters, alongside the analysis
of the isotopic composition across diverse waters within catchments, can significantly enhance our
understanding of the potential ramifications of climate change on the hydrological response. In this study, a
comprehensive analysis of hydrometeorological and isotopic data was conducted over 10 hydrological years
(October 2012—-September 2022) within a small, forested catchment in the Italian pre-Alps, aiming to
investigate the impacts of short-term climatic changes on the isotopic composition of waters and the young
water fraction (F,,). The results showed that the catchment experienced climate conditions with rapid warming
and drying trends. Significant isotopic enrichments were observed in all sampled water sources, driven
primarily by air temperature. F,,, was estimated to be 0.64 + 0.06, 0.45 + 0.07, and 0.16 + 0.03 for stream
water, soil water, and shallow groundwater based on the whole-period sinusoidal fittings, respectively.
Comparative analyses comprising different approaches for the estimation of F,,, showed that time-windows
scenarios and detrending corrections yielded smaller F,,, than approaches based on the whole-period fitting and
discharge-sensitivity modeling. Such differences can be attributed to an uneven temporal distribution of stream
water isotopic data, the difficulties in capturing high flows in a humid catchment characterized by a fast runoff
response during rainfall-runoff events, and the presence of isotopic trends. Our findings underscore the
imperative of integrating interannual isotopic trends and adopting appropriate sampling strategy and
methodological approaches to ensure a robust F,,, estimation.

1. Introduction

Stable isotopes of hydrogen and oxygen are useful indicators for investigating runoff generation mechanisms,
ecohydrological processes, and paleoclimatic fluctuations (Orlowski et al., 2023; Penna et al., 2018; Rozanski
et al., 1992). Due to fractionation, the isotopic composition (3°H and 8'%0) of water sources strongly depends on
local environmental factors such as air temperature, precipitation, and relative humidity (Dansgaard, 1964;
Vystavna et al., 2021; Zhang & Wang, 2016). Due to rapid climatic variations currently occurring at the global
scale, it is crucial to identify and investigate meteorological trends and their possible effects on the isotopic
composition of different waters, which helps accurately interpret hydrological processes, assess water source
origins, and predict potential impacts on ecosystems and water resource management. In catchments larger than
10 km?, the spatial heterogeneity in land use, soil, and lithological characteristics and the combination of different
hydrological processes can lead to difficulties in understanding isotopic responses to climate variations (Dutton
et al., 2005; Rank et al., 2012; Reckerth et al., 2017). Conversely, small catchments (<10 kmz) are suitable areas
to conduct high spatial resolution and long-term observations, and thus they can benefit from the study of
temporal trends and the relation between isotopic composition and hydrometeorological variables (Penna, 2024;
Penna & van Meerveld, 2019). Based on high-resolution isotopic observations over decadal scales, previous
studies have reported clear isotopic trends associated with climate variations in precipitation in both global and
regional scales. For example, 65 out of 98 GNIP (Global Network of Isotopes in Precipitation) sites present a
significant increasing trend in 8'®0 in precipitation under global warming (Wang & Chen, 2020), and 20 out of 28
sites show positive long-term 8'%0 trends in precipitation in Germany under a nationwide trend of rising tem-
peratures (Stumpp et al., 2014). However, except for precipitation, long time series (e.g., >5 years) of isotopic
data of various waters, such as stream water and groundwater, are rarely reported.
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Besides the usefulness of hydrogen and oxygen isotopes to investigate hydrological processes at the hillslope and
small catchment scale, these tracers are widely used for the estimation of transit times (Benettin et al., 2022;
Sprenger et al., 2019). Mean transit times (MTT) reflect the dynamics of water storage and release, which have
been quantified in a variety of catchments under different climatic conditions (Barua et al., 2022; Rodgers
et al., 2005; Soulsby et al., 2006; Xia et al., 2021). However, Kirchner (2016) pointed out that the MTT calculated
using the sine wave method often exhibits significant uncertainties. Such uncertainties can reach several hundred
percent when the sine wave method is applied to catchments with great spatial heterogeneity, due to the ag-
gregation bias stemming from the pronounced nonlinearity in the relationship between tracer cycle amplitudes
and MTT. Kirchner (2016) also showed that the metric called young water fraction (F,,,), defined as the fraction
of stream water younger than 2-3 months, is not significantly affected by the aggregation bias and it can be used
as an indicator of the typical hydrological behavior of a catchment (von Freyberg et al., 2018; Kirchner, 2016).
F,,, can be estimated by computing the amplitude ratio of isotopic signals of stream water and precipitation
(Kirchner, 2016). In recent studies, F,,, was estimated in catchments with different land use and climate, and the
metric was positively correlated to the discharge and was influenced by multiple factors including elevation,
duration of the snow cover and low flow, soil temperature, soil moisture, land use, precipitation amount, and
vegetation cover (Ceperley et al., 2020; von Freyberg et al., 2018; Gentile et al., 2023; Song et al., 2017; Trinh
et al., 2020). In the estimation of Fyw»
composition of precipitation in a mid-latitude catchment follows an approximate seasonal pattern and the peri-

the sources of uncertainty have also been explored. Generally, the isotopic

odicity is propagated into the other waters to form a certain runoff regime. This hypothesis forms the basis for
estimating the F,,. In catchments with a great variability in discharge, low sampling frequency and non-weighted
fitting method resulted in the underestimation of wa (Gallart, Valiente, et al., 2020). Indeed, the selection of the
sampling and calculation period could lead to a marked uncertainty in the F,,, estimation, particularly for short-
term data sets (Stockinger et al., 2019). For instance, extreme events (e.g., heat waves) and intermittent flow in dry
periods can decrease the reliability of the F,,, estimation (Bansah & Ali, 2019; Stockinger et al., 2019).
Furthermore, the isotopic composition of different waters not only varies at the event and at the seasonal scale, but
it may also exhibit interannual difference in fluctuation patterns and long-term trends due to climate variations.
Such differences and trends change the variability and transmission dynamics of isotopes within water systems,
thereby diminishing the fitting accuracy of the fixed periodic function, which is a potential source of uncertainty
for tracer-aided F,,, estimation. Since F,,, is a highly discharge-sensitive metric, capturing the isotopic infor-
mation under different flow regimes (e.g., baseflow or high flow periods) is necessary to guarantee the accuracy
of estimation, and it requires high temporal resolution and long-term observations in catchments (Xia et al., 2023).
Stockinger and Stumpp (2024) proved that the involvement of long-term data and the calculation of time-variable
F,, (i.€., based on time windows) could promote the inter-catchment comparability and improve the under-
standing of sources of uncertainties. However, despite the possible sensitivity of F,,, to changes in the isotopic
composition of different waters due to climate trends, and the necessity of exploiting long-term isotopic data, in

most published papers focusing on F,,, the observation period is not long enough (for most cases less than

w
5 years) to reflect the influence of iZOtopic trends caused by climate variations on the sinusoidal fit (Burt
et al., 2023; Jasechko et al., 2016; Stockinger et al., 2019). Generally, climate change refers to significant changes
or prolonged alterations in the statistical properties of the average climate over a considerable period, typically
30 years or longer. Considering that isotopic data sets of multiple waters spanning over 30 years or more are
scarce, in this study, we examine and define the climate changes within the range of 5-15 years as “short-term
climate variations” and focus on their impact on isotopic variations. In this work we exploit isotopic data collected
in 10 hydrological years in a small pre-Alpine catchment to better understand the isotopic response to short-term
climate variations and the implications for the F,,, estimation. In particular, we address the following specific

questions:

1. What is the temporal variability in the main hydrometeorological variables (i.e., precipitation, discharge, and
soil moisture)?

2. What is the temporal variability in the isotopic composition of different water sources and how does it relate
with air temperature and precipitation amount?

3. How do short-term climate variations and methodological approaches impact on Fy,, estimation at the small
catchment scale?
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2. Materials and Methods
2.1. Study Area

Ressi is an experimental catchment located in the Italian pre-Alps (45.79°N, 11.27°E, shown in Figure 1; Zuecco
et al., 2021). It is a small sub-catchment of the 116-km? Posina basin, covering an area of 0.024 km?. The
catchment belongs to a humid temperate climate zone. The elevation of the catchment ranges from 598 to 721 m,
and the average slope is 31° (Zuecco et al., 2021). A stream flows from southeast to northwest along a 150-m
channel. On each side of the stream, there is a small riparian zone bordered by steep hillslopes. The catchment
is almost completely covered by a dense deciduous forest, and the geology consists of a sequence of rhyolites and
dacites from Triassic volcanic lithologies.

2.2. Field Observations and Isotopic Analysis

The hydrometeorological monitoring of the Ressi catchment started in August 2012 (Zuecco et al., 2021). Pre-
cipitation was recorded at 5- or 10-min interval by a weather station located in the northeast part of the catchment,
whereas air temperature was recorded at 5-min interval starting from 2018. Precipitation and air temperature were
also monitored at three meteorological stations, that is, Passo Xomo (1,051 m a.s.1.), Contra Doppio (734 m a.s.l.),
and Castana (420 m a.s.l.) maintained by the Agency for Environmental Protection of Veneto Region (ARPAV).
They are located at a 2.3—4.8 km distance from the Ressi catchment, and data from these three stations are used for
filling the data gaps in the Ressi precipitation time series. Given that air temperature in Ressi covered a short
period (2018-2022), in this study we used temperature data recorded at hourly timescale in Contra Doppio
(weather station with an elevation similar to Ressi). Stream water level was measured at a 5-min resolution at the
outlet of the catchment by a pressure transducer installed behind a V-notch weir (Zuecco et al., 2021). Soil
moisture within the near-surface layer (0-30 cm) was monitored at a 10-min interval employing four re-
flectometers (CS625, Campbell Scientific Inc., USA). These reflectometers were strategically situated at distinct
locations along a transect: SM1 was positioned within the riparian zone, at a distance of approximately 1 m from
the stream; SM2 was situated at the interface between the riparian zone and the hillslope; SM3 was located in the
middle section of the hillslope, while SM4 was placed in the uppermost section of the hillslope. In 2021, SM4 was
removed due to maintenance issues, and SMS5 was installed 5 m away from SM4 (Figure 1). Depths to the water
table were recorded by six piezometers (four in the riparian zone and two in the hillslope) with a 5-min interval. In
this study, we used data collected from the riparian piezometer with the longest time series (Gelmini et al., 2022,
Figure 1).

Precipitation, stream water, shallow groundwater, and soil water samples were collected at approximately
monthly timescale and during selected rainfall-runoff events for isotopic analysis. In this work, we considered the
isotopic data set collected between October 2012 and September 2022. For precipitation, we considered only bulk
samples retrieved approximately monthly, using 5-1 high-density polyethylene bottles equipped with a funnel and
a layer of mineral oil to prevent evaporation (Marchina et al., 2020). Stream water was collected manually (with
grab samples) during baseflow conditions at approximately monthly resolution, and by an automatic water
sampler during selected rainfall-runoff events at about 30-min or hourly temporal resolution (grab samples were
collected every 5-15 min during some summer storms). Shallow groundwater and soil water were retrieved
manually at a piezometer and by a suction lysimeter in the riparian zone, respectively. Groundwater and soil water
were collected monthly or with a (sub-) daily resolution during the selected rainfall-runoff events. In total, 116
precipitation samples, 1,358 stream water samples (collected over 602 days), 248 shallow groundwater samples
(collected over 237 days) and 161 soil water samples (collected over 151 days) were collected during the 10-year
observation period. All water samples were stored in 50-ml high-density polyethylene bottles in a fridge at 4°C,
until the isotopic analysis. The isotopic composition (6°H and 8'30) of the samples was determined by a DLT-100
analyzer (Los Gatos Research Inc. USA), based on the off-axis integrated cavity output spectroscopy method.
Memory effect (i.e., carry-over effect) on isotopic measurements was minimized following the procedure
described in Penna et al. (2012). Isotopic composition is expressed as part per mil deviation (6 value) from Vienna
Standard Mean Ocean Water (VSMOW). The uncertainties of measurements for 8%H and 8'%0 are 1.0 and
0.20%o, respectively (Marchina et al., 2020).
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Figure 1. Geographic location of the Ressi catchment and of the instrumentation used for this study. In the legend,
“groundwater” indicates the location of the piezometer used in this study for the shallow groundwater sampling. Only four
locations are displayed for five soil moisture probes (from SM1 to SMS5) because SMS5 was installed very close to (i.e., 5 m
away from) SM4.

2.3. Analysis of the Temporal Variability in Hydrometeorological and Isotopic Data

Mann-Kendall test was used to analyze the temporal variability (i.e., trends) of hydrometeorological and isotopic
data in the Ressi catchment. Mann-Kendall test is a non-parametric test that can be used to effectively distinguish
whether the time series of hydrometeorological variables have a definite variation trend without considering the
assumption of normality (Hamed & Ramachandra Rao, 1998; Kahya & Kalayci, 2004). Assuming a sequential
data set that contains n samples as X; (x;, x5, X3, ..., X,,), the Mann-Kendall parameter S is defined as follows:

S= XY, sienly =) (1

The “sign ()” is a discrimination function that is defined as follows:
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L (5—x)>0
sign(;—x) = {0, (5—x) = 0 @
-1, (x—x) <0

The standard normal statistic z of Mann-Kendall test is calculated as follows:

S—1
\n(n = 1)2n +5)/18°
=10, S=0 3)
S+1
\n(n = 1)2n +5)/18°

In the equation, a positive z value represents an upward temporal trend, and a negative z value represents a
downward one. Trends were considered significant when p < 0.05.

Theil-Sen's estimator is a robust method for estimating the slope of a linear relationship between two variables
(Sen, 1968). When using this method to identify the data variation with time, slopes will be computed for all the
pairs of ordinal time points and then the median of them will be used as an estimate of the overall slope (i.e., Sen's
slope). The results obtained by Theil-Sen's estimator are insensitive to outliers, so this method is more accurate
and robust than the least square method for skewed distributions and heteroscedastic data. Therefore, Sen's slope
was used for quantifying the degree of trends for hydrometeorological and isotopic time series.

Autocorrelation is present when data points in a time series are systematically correlated with other data points in
the same time series but at different points of time. Hydrological time series showing seasonal or daily patterns are
in most cases significantly autocorrelated. To perform the Mann-Kendall test, the original data sequence should
be non-autocorrelated; indeed, the autocorrelation of observed data can amplify the significance of data series
trends, leading to unrealistic results (Cox & Stuart, 1955; Yue & Wang, 2002; Zwiers & Von Storch, 1995). For a
better assessment of temporal trend in hydrometeorological and isotopic data, a trend-free pre-whitening method
is adopted to remove the influence of autocorrelation (Yue et al., 2002).

First, the linear trend is calculated for the initial time-series data set X; (x|, x,, X3, ..., x,,) by Sen's slope:

XN
i

B = Median ( > Vi< “4)

where £ is the Sen's slope for the initial time series, the symbol “V” means “for all” and i and j represent the time
(month or day) when the data are collected. Second, the trend is removed and a new sequence Y (Y, Y2, ¥35 -+ > ¥p)
without trend is generated:

e=x—T,=x—pt 5)

where # means the time of each measured data, and 7, represents the trend item, and n means the length of the time
series. Third, the lag-1 autocorrelation coefficient (r;) is calculated and removed to obtain the residual sequence

Y 1 2° ¥3° oo Y0
Yo=Y =1 Yie (6)

The equation for the calculation of r; is as follows:

—1 _ _
=) O )
= @)
-
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where y means the average value of the time-sequence Y. Last, the trend item (7)) is blended with the residual
sequence Y’ and the new series Y;'(y,”’, ¥,”, ¥3”', ..., ¥,”’), no longer influenced by effects of autocorrelation, is
obtained:

’

’ ’
yl’zyt +T, =y, +pt ®

Although having time series data with equal intervals is not a requirement for Mann-Kendall test, this is an
essential condition for the determination of Sen's slope. Therefore, for trend analysis, interpolation was performed
by cubic polynomial method based on measured isotopic values to generate equal intervals in the isotopic
composition of the water sources. For isotopic data in stream water, volume-weighted average at daily timescales
were calculated. For isotopic data in groundwater and soil water, daily mean values (arithmetic averages) were
computed for days with multiple samples. Relative slopes for hydrometeorological factors and isotopes were also
calculated as the ratios of the Sen's slopes and the mean values of time series and were standardized as “%/10yr.”
The trend-free pre-whitening Mann-Kendall test and Sen's slope trend were performed by using MATLAB 2020a
software.

To compare the variability of hydrometeorological and isotopic factors, the coefficient of variation (CV) was
calculated as the ratio of the standard deviation to the mean value.

2.4. Estimation of F,

The F,,, for different waters was calculated following the method proposed by Kirchner (2016). Theoretically, the
transit-time distribution A(z) was assumed to belong to the family of gamma distributions. The time series of
isotopic signals in precipitation was considered as input water in this model. The variation of isotopic signals in
water sources (i.e., stream water, soil water, and groundwater), considered as output waters of the catchment, was
regarded as the convolution of transit time distribution with signals in precipitation.

Following Ceperley et al. (2020), sine wave fitting was performed by Levenberg—Marquardt algorithm to fit the
isotopic signals in precipitation and other waters, respectively, following Equations 9 and 10 below:

C,(1) = Ap sin(2aft — ¢,) + k, 9)

C,(1) = As sin(2ﬂft - (ps) + K (10)

where ¢ is the time, C,(f) and C(#) represent the isotopic time series in precipitation and other water sources,
respectively. Ap and As are amplitudes of sine waves fitted to isotopic signals in precipitation and other waters, fis
the frequency of annual isotopic fluctuation (fis set as 1/365.25 in calculation based on 1-day steps), and k is the
vertical shift of the sine wave. The uncertainties of As and Ap were represented by the standard errors of the sine
wave fitting. The adjusted coefficient of determination (adjusted R? value) was used to evaluate the goodness of
fit of the sine wave to the time series of isotopic data. For precipitation, isotopic values of bulk samples were used
for fitting, and the associated precipitation amount was used as weight and assigned to the sampling dates of each
collection period. For stream water, soil water, and groundwater, isotopic values for grab samples were used for
the fitting. The discharge was used as weight and assigned to the sampling time for stream water, while an un-
weighted approach was used for fitting the sine wave to the isotopic composition of soil water and groundwater.
MATLAB scripts published by Ceperley et al. (2020) were used for the sine wave fitting.

As proved by Kirchner (2016), the F,,, of waters can be estimated approximately by the “amplitude ratio
approach”:

Fyw = — (11)

The uncertainty of the estimated F,,, was determined based on the standard errors of As and Ap, following the
Gaussian error propagation, as shown in Equation 12:
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JFyw 2 JFyw 2
OFyw = \/< TAs O'AS) + (WUA,, (12)

JFyw

where op,,, means the uncertainty of Fy,, 5~

and ‘)()F% indicate the partial derivatives of Equation 11 with respect
p

to variables As and Ap, and o, and o,, mean the uncertainties of As and Ap, respectively.

Besides the whole-period sine wave fitting applied to the original time series, we used alternative approaches for
the aggregation of the isotopic data and the consequent sine wave fitting.

L. Time-variable F,,, based on moving time windows. Based on the monthly isotopic composition of precipitation
and stream water within 120 months, the method of moving time windows was employed to capture and
compare the isotopic signals within different sub-periods, and thus obtain the time-variable F,, values. In
previous studies, Stockinger et al. (2019) employed 1-year time windows with 1-week and 4-week timesteps
for F,,, estimation based on 4.5-year isotopic data; Stockinger and Stumpp (2024) employed 1-year to 8-year
time windows with monthly timesteps for Fy,, estimation based on 15-year isotopic data in 9 mid-European
rivers. The selection of time windows for time-variable F,,, estimation should be performed considering
both the length of observation period and the temporal density of samples. Accordingly, time windows with
three different sizes and timesteps with two different lengths were adopted for calculation in the Ressi
catchment, including (a) 1-year time windows with biweekly timesteps (235 individual F,, results obtained);
(b) 1-year time windows with monthly timesteps (109 individual F,,, results obtained); (c) 2-year time win-
dows with biweekly timesteps (209 individual Fy,, results obtained); (d) 2-year time windows with monthly
timesteps (97 individual F,,, results obtained); (€) 3-year time windows with biweekly timesteps (183 indi-
vidual Fy,, results obtained); () 3-year time windows with monthly timesteps (85 individual F,,, results ob-
tained). The flow-weighted averages were calculated for time window-based F,,, estimates to represent the
overall feature of the whole observation period.

2. F,,, estimation after a detrending correction. The uncertainty of fitting results may strongly increase when
eﬁlploying fixed periodic functions in instances where significant trends are present within the isotopic data
sets of precipitation and stream water (as well as other waters). The fundamental theory for F,,, estimation was
set upon the hypothesis that isotopic variation in precipitation presents a periodic regime and the periodicity
transmits to that in other waters, without including the possible temporal isotopic trends. Therefore, a
detrending method was proposed based on the following premises: (a) We assume that climate change induces
linear trends in the isotopic signals of precipitation and stream water; (b) We disregard the interdependency
between isotopic trends in precipitation and those in stream water. Such method is not intended to work as an
efficient approach for enhancing F,,, estimation accuracy, but rather to elucidate the impacts of isotopic trends
on F,,, estimation. The linear detrending method was applied as follows:

1. The isotopic increase of each sampling date was calculated by the following equation:

AS"80 = AT x Sen’s slope (13)

where 1 October 2012 was set as initial time (7;), and AT means the time span from 7;
2. The A5'®0 was subtracted by the measured 8'®0 values to obtain the corrected 5'*0, by the following
equation:

5180, =880 - As'0O (14)

3. The sinusoidal curve was fitted to the whole period using the corrected 5'0, to obtain the corrected
amplitudes of precipitation (Ap) and stream water (As).
The corrected Fy,, was calculated using the ratio between the corrected As and Ap.

3. Simulated discharge-sensitive F,,. The nonlinear fitting method proposed by Gallart, von Freyberg,
et al. (2020), which is based on the dependence of the F,,, on stream discharge, was employed to obtain the
discharge-sensitive F,,,. After identifying different flow regimes represented by the percentile of flow
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Table 1
Explanation Table for F,,, Symbols Obtained by Different Computation Methods

Symbol for F,,, Description of the computation methods

F F,,, calculated by the initial whole-period fitting method

ywO
Fy(s-bw/m) Time-variable F,,, computed by moving time windows
Fy*(s-bw/m) Time-variable F,, computed by moving time windows where

. ; 2
windows with low R~ values were removed

[ F,,, computed after linear detrending correction based on whole
period data

F . (Q) F,,, simulated by integrating its discharge sensitivity over the
entire 5-min discharge record

Note. s means the size of time window (1, 2 or 3 years), bw/m means the length of timestep, which is biweekly (bw) or
monthly (m).

duration curve, an exponential function was used for fitting the relation between F,,, and the median dis-
charges of selected regimes as follows:

Ew(Q) =1 - (1 - F) exp (=0S,) (15)

where F|, represents the virtual F,,, for @ = 0 and S, with a unit of Q' is the discharge sensitivity metric. By
splitting the flow duration curve (shown in Figures S1a and S1b of Supporting Information S1) into 20 equal
parts (each representing the discharge in a range of 5%), the median discharge value in each range was
calculated. The As for each 5% range can be obtained by fitting the sine function curve with the stream water
isotopes contained in each part and the corresponding sampling time, and thus the Fy,, value can be obtained
through the amplitude ratio method. The relation between the median discharge and Fy,, can be established by
following the method by Gallart, von Freyberg, et al. (2020). Then, the discharge-sensitive F,,, could be
modeled based on the obtained F, and S, values and the observed whole-period discharge data. In the Ressi
catchment, 1,358 isotope/discharge values in stream water were used for obtaining the metrics of Equation 15,
and 1,014,120 monitored 5-min discharge was used for simulating the F,,, (Q) during the 10-year observation
period. The flow-averaging of the simulated F,,,(Q) was regarded as a flow-weighted F,,, covering all flow
records.

As multiple approaches were used to estimate F,,,, the expressions of this metric by different methods are clarified

in Table 1 to perform a clear comparison in the results and discussion sections.

3. Results
3.1. Temporal Variability in the Hydrometeorological Data

The mean annual temperature and annual precipitation recorded at the three ARPAV weather stations (i.e., Passo
Xomo, Contra Doppio and Castana) from January 1994 to December 2022 are shown in Figure 2. For precipi-
tation (Figure 2a), the amounts and variations were similar between the three stations. The maximum annual
precipitation was 3,444 mm observed at Passo Xomo in 2002, while the minimum was 993 mm observed at
Castana in 2022. The average annual precipitation amounts are 2,008 mm, 1,894 mm, and 1,802 mm for Passo
Xomo, Contra Doppio and Castana, respectively. For mean air temperature, the values were similar between
Contra Doppio and Castana, but they were much lower in Passo Xomo, due to the difference in elevation. The
patterns of temperature variation were similar for all stations. Except for seasonal fluctuation, air temperature also
showed great interannual variations. The highest annual mean temperature of 11.0°C was observed at Contra
Doppio in 2022, while the lowest one of 6.5°C was recorded at Passo Xomo in 1996. The average temperatures for
29 years were 8.2°C, 9.7°C and 9.8°C for Passo Xomo, Contra Doppio and Castana, respectively.

Daily mean temperature (monitored in Contra Doppio) and precipitation in the Ressi catchment from October 2012
to September 2022 are shown in Figure 3a. During the observation period of 10 hydrological years, the average
temperature (from Contra Doppio station) was 10.1°C and the average annual precipitation was 2,115 mm. Both
temperature and precipitation amount were higher than long-term averages at adjacent stations, showing that the
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Figure 2. Time series of (a) annual precipitation and (b) mean annual air temperature (period 1994-2022) at three ARPAV weather stations located close to Ressi.

climate condition was relatively wetter and warmer during our observation period. Temperature and precipitation
had clear seasonal variations. Generally, precipitation amount was high in spring and late autumn, with most peaks
occurring in November, while dry periods were typical in winter, summer, and early autumn.

The seasonal variation in precipitation was reflected in discharge and soil moisture (Figures 3b and 3c). Based on
monthly records (cumulative precipitation and averages for other metrics), the correlation coefficients (Pearson's
r) were significant at 0.01 confidence level between time series of precipitation, soil moisture, and discharge.
Among the soil moisture data, those from SMS5 was not used for correlation analysis due to the short monitoring
period. Precipitation presents the strongest positive correlation with mean discharge (r = 0.83), followed by the
mean soil moisture in the upper part (SM4, r = 0.44), toe (SM2, r = 0.39) and middle part (SM3, r = 0.38) of the
hillslope, and it presents the weakest correlation with soil moisture in the riparian zone (SM1, r = 0.35). The
average soil moisture detected at four locations (by probes SM1, SM2, SM3 and SM4) were 27.6%, 29.7%, 14.2%
and 15.4%, respectively. Soil moisture was much higher in the riparian zone and toe of the hillslope than in the
middle and upper parts of the hillslope. The highest soil moisture values were generally observed in November
during large rainfall-runoff events. Discharge showed a similar temporal behavior and had a positive correlation
(average r = 0.50) with soil moisture. The monthly mean discharges ranged between 0.18 and 20.95 mm/d, with
an average of 2.85 mm/d, showing a marked seasonal and interannual variability. High discharges were observed
in October and November and in spring (from March to May) in most hydrologic years (Figure 3 and Figure Slc
in Supporting Information S1). The order of CV in the variables was discharge (2.62) > precipitation (0.82) > soil
moisture measured by SM4 (0.18) = soil moisture by SM3 (0.18) > soil moisture by SM2 (0.17) > soil moisture
measured by SM1 (0.10).

Results from the pre-whitening Mann-Kendall test indicate that both temperature and precipitation presented
upward trends (although some were not significant) for long-term monthly records from January 1994 to
December 2022 at the three ARPAV weather stations (Table 2). During the short-term observation period from
October 2012 to September 2022, the temperature showed upward trends, while precipitation showed downward
trends, but these trends were not significant. According to the relative slopes (Table 2), the temperature increase
was much more rapid during 2012-2022, with a mean rate of 15.1%/10yr for the three ARPAV weather stations
compared with that of the long-term period (4.4%/10yr). Precipitation amount during the 2012-2022 period
showed a negative trend compared to that during the long-term period (Table 2). According to the relative slopes,
the absolute values of descending rate (average = —3.43%/10yr) were much higher during the 2012-2022 period
compared with the increasing rate of long-term variations (average = 0.42%/10yr).

According to the measured data in the Ressi catchment, downward trends were found for precipitation, discharge,
and soil moisture on a monthly scale (pre-whitening Mann-Kendall test, Table 3). Among these variables, the
trends for discharge and soil moisture were significant at 0.05 confidence level (Iz| > 1.96). An upward trend was
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Figure 3. Time series of daily hydrometeorological variables in the Ressi catchment in the period October 2012-September 2022. (a) Air temperature (Contra Doppio)
and precipitation, (b) discharge at the catchment outlet and (c) soil moisture in five locations (from SM1 to SM5).

Table 2
Sen's Slopes and Relative Slopes for Long-Term (January 1994—December 2022) and Short-Term (October 2012—September 2022) Monthly Meteorological Data
(Asterisks Mean the Results Are Significant at 0.05 Confidence Level Identified by Pre-Whitening Mann-Kendall Test)

January 1994-December 2022 October 2012-September 2022
Station Temperature Z value Precipitation Z value Temperature Z value Precipitation Z value
Sen's slope Passo Xomo 0.056°C/yr* 2.39 1.38 mm/yr* 2.02 0.16°C/yr 1.24 —6.69 mm/yr —1.83
Contra Doppio 0.045°C/yr 1.82 0.65 mm/yr 1.06 0.16°C/yr 1.33 —7.87 mm/yr* —2.43
Castana 0.017°Clyr 0.62 0.35 mm/yr 0.52 0.11°C/yr 0.89 —6.46 mm/yr* —1.98
Relative slope (%/10yr) Passo Xomo 6.89* / 0.70* / 18.4 / -3.1 /
Contra Doppio 4.58 / 0.35 / 159 / —3.9% /
Castana 1.74 / 0.22 / 11.0 / —3.3% /
Note. Sen's slope values are reported in °C/yr and mm/yr.
XIA ET AL. 10 of 22

85US01 7 SUOWLID SAIERID 3|qeoljdde au Aq peusenob ake 9l VO ‘s Jose|ni 10} ARIq1ITaUIUQ A8]IA UO (SUOTHPUOD-PUE-SWIB)LIOY A8 | AReIq 1 U1 |UO//SANL) SUOTHPUOD PUe SWLB | 8U}88S *[7202/0T/9T] U0 Akeiqiauliuo A8|IM el euelyo0D Aq SrZ9e0dMEZ02/620T OT/I0pAu0o A im Areid 1 put|uo sqndnfe//sdny woj pepeojumoq ‘0T ‘20z ‘€L6.776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR036245

Table 3

Sen's Slopes and Relative Slopes for Short-Term (October 2012—September 2022) Monthly Hydrometeorological Records in
the Ressi Catchment (Double and Single Asterisks Mean the Results Are Significant at 0.01 and 0.05 Confidence Level,
Respectively, Identified by Pre-Whitening Mann-Kendall Test)

Variable Z value Sen's slope Relative slope

Temperature (Contra Doppio) 1.33 0.16°Cl/yr 15.9%/10yr
Precipitation —-1.78 —6.38 mm/yr —3.0%/10yr
Discharge —2.45% —0.11 mmd™"/yr* —39.6%/10yr*
Soil moisture (riparian) SONDRE —0.67%/yr** —24.4%/10yr**
Soil moisture (toe of hillslope) —3.41%* —0.29%/yr** —10.0%/10yr**
Soil moisture (middle hillslope) —4.20%%* —0.24%/yr** —16.8%/10yr**

Note. Sen's slope values are reported at the annual scale.

observed for temperature according to the records in Contra Doppio, with a relative slope of 15.9%/10yr. The
relative slope for precipitation decrease was —3.0%/10yr. Among all variables, the most extreme relative slope
(—39.6%/10yr) was observed for discharge. For soil moisture, the relative decreasing rate was faster in the ri-
parian zone than in the toe and middle part of the hillslope.

3.2. Temporal Variability in the Isotopic Composition of Different Water Sources

According to the 10 hydrological year records, 8'30 varied between —15.55%0 and —1.75%o (average: —8.50%o)
in precipitation, —11.25%¢ and —4.44%. (average: —8.38%o) in stream water, —12.19%o and —5.19%o (average:
—8.25%0) in soil water, and —11.21%0 and —6.16%o (average: —8.74%o) in shallow groundwater. Generally, the
monthly average 5'%0 values varied seasonally in precipitation and stream water, with more positive values
occurring in summer and more negative occurring in winter, while the seasonal isotopic variation in shallow
groundwater and soil water was much weaker (Figure 4). In the period October 2014—September 2015, no clear
minimum in §'80 was observed in stream water, although the seasonality in the isotopic composition of pre-
cipitation was marked. Compared to the other water sources, the monthly variation in the isotopic composition of
shallow groundwater was more dampened. The 830 variation pattern in groundwater was different from those in
other water sources, and the variability was particularly weak over an extended period spanning from July 2014 to
September 2018. The lowest CV of 0.08 was observed for §'%0 in groundwater, followed by that in stream water
(0.13) and soil water (0.17). The highest CV for 580 was 0.31 and it was observed in precipitation.

The 5?°H-8'%0 relation for precipitation and other waters is plotted in Figure 5 and the parameters for the
regression lines are reported in Table 4. The local meteoric water line (LMWL, &H = (7.72 + 0.13)
8'%0 + (11.25 + 1.12)) presented similar slope and intercept with those of the global meteoric water line
(GMWL, 8°H = 85'%0 + 10) proposed by Craig (1961), reflecting that the overall meteorological conditions
during our observation period were close to the global average. The slope of the stream water line (SWL) was
significantly lower than that of LMWL (p < 0.01). The soil water line (SLWL) had a slope similar to that of SWL
(Table 4), while the parameters were significantly different from those of the groundwater line (GWL, p < 0.001).
GWL had a much lower slope and intercept compared with the other lines, and the coefficient of determination
(R? value) of regression was 0.68, which is smaller than that of the other waters (Table 4). Despite these dif-
ferences in the regression lines, most of stream water, soil water and groundwater samples plotted within the 95%
prediction interval of the LMWL (Figure 5b), suggesting that few samples may have occasionally experienced
isotopic fractionation.

As shown in Table 5, 8'®0 was characterized by significant positive trends at 0.01 confidence level (Izl > 2.576)
for precipitation, stream water, soil water, and groundwater in Ressi, which were consistent with the trend for
temperature, but in contrast with those for factors related to wetness. The Sen's slope and relative slope of 5'80
showed the same order of soil water (0.208%o/yr, 23.9%/10yr) > precipitation (0.161%c/yr, 17.9%/
10yr) > groundwater (0.111%o/yr, 10.4%/10yr) > stream water (0.075%o/yr, 8.7%/10yr).

To identify the meteorological factor controlling the isotopic variation in precipitation, linear regressions for 10
hydrological years were performed between monthly mean &'®0 and local meteorological parameters (i.e., mean
temperature and precipitation amount) (Figure 6 and Table S1 in Supporting Information S1). For the whole
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Figure 4. Time series of monthly mean 880 in (a) precipitation, (b) stream water, (c) soil water and (d) groundwater in the Ressi catchment from October 2012 to
September 2022. Volume-weighted mean values are used for precipitation and stream water, whereas arithmetic mean values are used for soil water and groundwater.

period, 8'%0 showed a significant positive correlation (r = 0.81) with air temperature at the 0.01 confidence level,
and there was a non-significant negative correlation (r = —0.08) with precipitation amount. As shown in Table S1
of Supporting Information S1, 8'30 of precipitation always showed significant positive relations with air tem-
perature at the 0.05 confidence level for all hydrological years, with a slope ranging from 0.14 + 0.04 (2015-
2016) to 0.49 = 0.08 (2021-2022) and an intercept ranging from —13.98 + 0.94 (2021-2022) to —9.91 + 0.67
(2016-2017), while 5'20 presented non-significant relations with precipitation amount for all hydrological years,
with low R? values, varying from 0.01 to 0.29. The similar positive trends (shown in Tables 3 and 5) and sig-
nificant positive 8'®0-Temperature relations (Figure 6 and Table S1 in Supporting Information S1) suggested that
air temperature increase was a potential driving factor of the increasing isotopic trend in the Ressi catchment. The
slope and intercept of 8'®0-Temperature regression for the whole period were 0.33 and —12.20, respectively.

3.3. F,,, Estimation for Different Waters

Based on measured 8'%0 data in precipitation, stream water, soil water, and groundwater, the sinusoidal re-
gressions from Equations 9 and 10 were employed to fit the 10-year time series of isotopic signals (Figure 7). The
adjusted R? values of sinusoidal fitting were 0.51 and 0.48 for 8'®0 in precipitation and stream water, respec-
tively, and those in soil water and groundwater were 0.31 and 0.16, respectively. The contrasting goodness of fit
reflected the different seasonal variability in the isotopic composition of the water sources. The observed time
series of 8'%0 in soil water and shallow groundwater (Figure 4) and the low R values (Figure 7) indicated a very
weak seasonal periodicity in these waters. The amplitudes of 8'%0 in precipitation (Ap), stream water (As), soil
water (Asl), and groundwater (Ag) were 2.59 + 0.24%o (standard error), 1.67 = 0.06%0, 1.17 £ 0.14%0 and
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Figure 5. (a) Local meteoric water line (LMWL) and (b) 8°H-8'%0 plots for stream water, groundwater and soil water in the
Ressi catchment. Sample size is 116, 1,358, 248 and 161 for precipitation, stream water, groundwater and soil water,
respectively. All regressions present p-values lower than 0.01.

0.42 + 0.06%o, respectively. By the application of the amplitude ratio method, F,,, values were 0.64 + 0.06,
0.45 = 0.07 and 0.16 %+ 0.03 for stream water, soil water, and groundwater, respectively.

F,,, estimated based on alternative approaches are shown in Table 6. Six types of moving time windows were used
to obtain the time-variable F,,, and their flow-weighted averages to characterize the overall features during the
observation period. The average Ap obtained by time-window method in different types ranged between
2.31~ £ 0.30 and 2.55 =+ 0.49 for precipitation, which were similar to that obtained from the whole-period fitting
method, while the average As ranged between 0.85 =+ 0.18 and 0.99 + 0.15, all significantly lower than that ob-
tained by the whole-period fitting. The average goodness of fit expressed by adjusted R? values ranged from 0.59 to
0.65 for 8'%0 in precipitation, which were all higher than that of whole-period fitting (0.51), while the adjusted R?

Table 4
Parameters of 5°H-5'%0 Regression for Different Water Sources in the Ressi Catchment From 2012 to 2022

Water sources  Number of samples Abbreviation for dual isotope plot Slope Slope SE Intercept Intercept SE  R?

Precipitation 116 LMWL 7.72 0.13 11.25 1.12 0.97
Stream water 1,358 SWL 7.31 0.07 8.82 0.59 0.89
Soil water 161 SLWL 7.12 0.18 6.27 1.54 0.90
Groundwater 248 GWL 5.43 0.24 —8.66 2.07 0.68

Note. SE is the Standard Error.
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Table 5 ranged from 0.19 to 0.29 for 580 in stream water, which was much lower

Sen's Slopes and Relative Slopes for Short-Term (October 2012—-September
2022) Monthly Isotopic Data in the Ressi Catchment (Double and Single
Asterisks Mean the Results Are Significant at 0.01 and 0.05 Confidence
Level, Respectively, Identified by Pre-Whitening Mann-Kendall Test)

Variable Z value Sen's slope Relative slope
8'%0 in precipitation 2.63 0.161%o/yr** 17.9%/10yr**
5'%0 in stream water 14.37 0.075%olyr* 8.7%/10yr*

8'%0 in soil water 2.62 0.208%o/yr** 23.9%/10yr**
5'%0 in groundwater 4.16 0.111%o/yr** 10.4%/10yr**

Note. Sen's slope values are reported at the annual scale.

precipitation and stream water and Fy,,

compared with that of whole-period fitting (0.48). The average F,,, in stream
water under different time-window types ranged from 0.44 + 0.12 (2-year
window with monthly step) to 0.50 + 0.20 (1-year window with biweekly
step). Taking the uncertainties into consideration, the ranges of averaged
Fyy(1-bw) and F,,,(1-m) overlapped with that of F,,, of 0.64 & 0.06, but the
average F,,,, was generally lower than the F, .. Slight differences in estimated
F,. can be observed when changing the size of time windows, and the un-
certainty decreased with the increased time window width.

As proposed by Stockinger et al. (2019), a low goodness of fit (i.e., mean R
values lower than 0.20 for 8'%0 in precipitation and stream water in each time
window) in the fitting model is correlated with high uncertainty of estimated
Fyw:- In the Ressi catchment, the negative relation between mean R*0f8'%0in
uncertainty can also be observed in all six types of time windows (as

shown in Figure 8). F, uncertainty tended to be high and fluctuated greatly when the mean R? was lower than

0.30 and 0.25 for 1-year and 2-year time windows, respectively, which is slightly higher compared to the
threshold R? (0.20) reported for Wiistebach catchment in Germany (Stockinger et al., 2019). If the time windows
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Figure 6. Relations between monthly volume-weighted 8'®0 in precipitation and (a) monthly mean temperature and

(b) monthly precipitation amount. Different colors and symbols are used for the hydrological years. The gray dashed line
represents the 5'*0-Temperature regression for the whole period. Parameters of the regressions applied to each hydrological
year are reported in Table S1 of Supporting Information S1.
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Figure 7. Fitted sine wave curve of 8'80 time series in (a) measured precipitation, (b) stream water, (c) soil water and (d) groundwater from October 2012 to September
2022. The size of squares and circles are proportional to the precipitation amount and discharge, respectively.

with mean R? values lower than the threshold were left out, the average Fyw*(1-m), Fy *(1-bw), Fy . *(2-m),
Fyw*(2-bw) obtained for the Ressi catchment would be 0.48 + 0.16, 0.49 + 0.16, 0.43 + 0.10, and 0.44 + 0.10,
respectively, which were all similar to the F,,, values, with slightly decreased uncertainty. To identify the
(2-m) and wat*(2-m) with mean

possible factors controlling the difference in F,,, the relations between F

ywt? ywt

discharge and cumulative precipitation amount were set up in Figure S2 of Supporting Information S1. There was
asignificant positive F,,(2-m)-mean discharge relation at 0.01 confidence level, but with a low R (0.22). The R*

value rose to 0.38 when F,,*(2-m) was used for the analysis (Figure S2c¢ in Supporting Information S1). The

ywt
relation was not significant between cumulative precipitation amount with both F,(2-m) and F,*(2-m).

The temporal trends of isotopes are considered to be a potential impact which may change the amplitudes of the
fitted sine waves and lead to possibly higher uncertainties. In the Ressi catchment, significantly positive isotopic
trends can be observed for different waters during the 10 hydrological years (Table 5). After using the detrending
correction, the fitted As and Ap were 1.48 + 0.05%0 and 2.47 + 0.24%o, respectively. Notably, these values were
found to be lower compared to those derived from the whole-period fitting approach, thereby affirming the
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Table 6
Comparison of Estimated Ap, As and F\,, Based on Different Methods (Where “_avg” Means the Average Value of F,,, for
All Time Windows or Under All Stream Discharges)
Method Ap (%o) Adj R® (Ap) As (%o) Adj R® (As) F,
Fowo 2.59 £ 0.24 0.51 1.67 £ 0.06 0.48 0.64 £ 0.06
Fyw(1-bw)_avg 248 £ 0.48 0.63 0.85 £ 0.18 0.29 0.50 £ 0.20
Fyw*(1-bw)_avg 2.62 £ 047 0.69 0.86 £ 0.18 0.31 0.49 £ 0.16
Fyw(1-m)_avg 2.55 £ 0.49 0.65 0.86 £ 0.19 0.28 0.49 £ 0.18
Fy*(1-m)_avg 2.71 £ 047 0.71 0.86 £ 0.19 0.31 0.48 £0.16
Fyw(2-bw)_avg 2.34 £ 0.36 0.60 0.88 £ 0.16 0.21 0.44 £ 0.12
Fyw*(2-bw)_avg 2.56 £ 0.34 0.68 0.93 £0.16 0.25 0.44 £ 0.10
Fyw(2-m)_avg 2.36 £ 0.37 0.60 0.87 £ 0.16 0.21 0.44 £ 0.12
Fy o *(2-m)_avg 2.59 £ 0.35 0.68 0.92 £ 0.16 0.25 0.43 £ 0.10
Fyw(3-bw)_avg 2.31 £ 0.30 0.59 0.99 = 0.15 0.19 0.45 = 0.09
Fyy(3-m)_avg 2.33 £ 0.30 0.60 0.98 £ 0.15 0.19 0.45 £+ 0.09
P 247 £0.24 0.49 1.48 £+ 0.05 0.47 0.60 £ 0.06
F,,(0)_avg / / / / 0.67
augmented magnitude of modeled fluctuations by sinusoidal function in the presence of a discernible trend. The
corrected amplitudes resulted in a F,,. of 0.60 + 0.06, which was also slightly lower than the F,,, from the
whole-period fitting (0.64 + 0.06). The R? values of the corrected fitting curves were 0.49 and 0.47 for pre-
cipitation and stream water, respectively, which were close to those obtained by the whole-period fittings (0.51
and 0.48 for precipitation and stream water, respectively).
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Figure 8. Relation between uncertainty of estimated F, ., and mean R? values of fitted sine waves for precipitation and stream water for 1-year (a, b), 2-year (c, d) and 3-
year (e, f) time windows with monthly and biweekly steps. The dashed line represents the mean R? value of 0.30 and 0.25 for 1-year and 2-year time windows,

respectively.
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Figure 9. Relation between F,,, and median discharge and the fitting results using non-linear regression. Acronyms S, and F,,
represent the discharge sensitivity metric (with a unit of 0~") and Y-intercept obtained by non-linear fitting of the equation.
The solid black line represents the estimated F,,, based on the whole-period fitting, whereas the dashed lines indicate the
uncertainty band.

By applying Equation 15 proposed by Gallart, von Freyberg, et al. (2020), the relation between F,,, and median
discharge was established (Figure 9). Generally, Fy,, showed an upward trend with the increase of the median
discharge. The estimated F,,, (i.e., 0.64 £ 0.06) fell near the estimated results of 80-85 (Fy,, = 0.54 + 0.07), 85—
90 (F,,, = 0.53 £ 0.07), 90-95 (F,,, = 0.52 % 0.07) and 95-100 (F,,, = 0.74 £ 0.09) discharge percentiles. The
discharge sensitivity metric Sd was determined as 0.12 + 0.02 through the exponential fitting. The R* value for the
exponential fitting was 0.73, however, the regression curve fitted badly when selecting the 90-95 (estimated:
0.52 + 0.07 vs. modeled: 0.67) and 95-100 (estimated: 0.74 =+ 0.09 vs. modeled: 0.95) discharge percentile for
Fy,, estimation, leading to potential large overestimation for the top 10% high flow conditions when using the
discharge-sensitive modeling. By integrating the discharge sensitivity over the continuously measured 5-min
discharge records spanning the whole observation period, the modeled F,,,(Q) was determined to vary from
0.13 to 1, with a flow-weighted average of 0.67, which was similar to the Fy .

4. Discussion
4.1. Influences of Short-Term Hydrometeorological Variations on the Isotopic Composition of Water

Based on the comparison of trends (identified by Sen's slope and relative slope) with long-term local meteoro-
logical data, it has been proved that our observation from October 2012 to September 2022 was within a period of
rapid dry and warm local climatic conditions. A global-scale study reported trends in temperature, precipitation,
and 8'0 in precipitation based on 98 long-term GNIP stations with records of more than 10 years (Wang &
Chen, 2020). In Wang and Chen (2020), average Sen's slope of temperature for temperature-increasing stations
was 0.0037°C/month, and that of precipitation for the precipitation-decreasing stations was —0.0372 mm/month.
The monthly temperature increase and precipitation amount decrease were 0.013°C and 0.53 mm in the Ressi
catchment, which were approximately 4 and more than 14 times as much as the reported large-scale averages
(Wang & Chen, 2020), respectively. This reveals that our study area was experiencing fast climatic variations
during the observation period. For 8'%0 in precipitation, only 10 out of 65 global stations showed increasing rates
higher than 0.0050%o/month and the maximum rate was 0.0097%co/month (Wang & Chen, 2020). In the Ressi
catchment, the monthly isotopic increase in precipitation was 0.0175%o, greatly exceeding the reported increasing
rate of the GNIP data set. According to the relation between &' 80 and temperature and their similar upward trends,
the isotopic variation in precipitation could be dominated by temperatures in Ressi. Masiol et al. (2021) reported a
regional-scale, long-term &'80-temperature relation based on 36 stations in northeastern Italy, which is
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geographically adjacent to our catchment, and found the ranges of slopes and intercepts of the regressions were
0.28~0.53%0/°C and —10~—14%o, respectively. Our results for the Ressi catchment during the 10 hydrological
years (0.33 for slope and —12.20 for intercept) were included within the ranges of slope and intercepts determined
by Masiol et al. (2021). Similar 8'®0 slopes for the 8'*0-temperature relations were also reported in other studies,
such as 0.41%0/°C for German sites (Stumpp et al., 2014), 0.31%¢/°C for mid-latitude GNIP stations within 40°N—
60°N (Araguas-Araguas et al., 2000) and 0.4~0.5%0/°C for three American locations (Kohn & Welker, 2005).
Although our observation period was characterized by rapid climatic variations, the isotopic composition can be
considered to vary in agreement with previous studies (Masiol et al., 2021; Stumpp et al., 2014). However, the R?
value for 8'80-temperature regression was 0.65, indicating that isotopic trends cannot be fully explained only by
variations in temperature. The altered trajectory of air masses and variations in moisture sources represent
additional potential contributors to the isotopic trends. These influences, while susceptible to being overshadowed
by temperature signals, can be further substantiated through the combined &'®0 and d-excess analysis, as well as
employing modeling techniques. Other factors, such as precipitation amount and relative humidity, are also likely
to cause significant isotopic variations especially for long time spans or periods under extremely dry conditions
(Eastoe & Dettman, 2016; Liu et al., 2023; Natali et al., 2023), although their influence during our short-term
observation was weak (precipitation amount) or could not be assessed (relative humidity). The isotopes in all
other waters also showed positive trends during the observation period, but the magnitude of isotope increase
differed significantly, indicating different sensitivity in response to climatic variations.

4.2. Influence of Temporal Isotopic Trends on the F,,, Estimation

Jasechko et al. (2016) reported the distribution of F,, in 254 global rivers spanning a large spatial range. In their
study, the unweighted average, volume weighted average, and median values of F,,, were 0.26, 0.34 and 0.21,
respectively. The estimated Fy (0.64) and Fy,, (0.43-0.50) in Ressi were much larger than the average and
median values in the global study by Jasechko et al. (2016). The high F,,, is unexpected for Ressi with an average
slope of 31°, due to the significant negative correlation between F,,, and topographic gradient of catchments
(Jasechko et al., 2016). The small catchment size, short flow paths, dense vegetation coverage and the seasonal
distribution of precipitation, which could accelerate the water circulation and shorten the residence time, are
possible causes accounting for the high F,, in Ressi, according to previous findings about the controls on F,, (Ye
etal., 2022; von Freyberg et al., 2018; Song et al., 2017). The strong correlation between precipitation amount and
discharge, the high CV values for discharge, coupled with the congruent isotopic patterns in stream water and
precipitation (Figure 4), suggests that stream water is an active hydrological component responding fast and
markedly to the precipitation input (Figure 3 and Figures Slc and S1d in Supporting Information S1), thereby
bolstering the observed high Fy,,. Previous work in the same catchment also showed the high proportion of event
precipitation in discharge and the fast responses of stream water to precipitation input (Gelmini et al., 2022; Penna
et al., 2015; Zuecco et al., 2016).

The computed F,,, are not only dependent on catchment properties and hydrometeorological variables, but they
are also affected by methodological factors, such as weighting methods, sampling frequency, and selected
calculation period (Ceperley et al., 2020; von Freyberg et al., 2018; Gallart, Valiente, et al., 2020; Stockinger
et al., 2019). It is of great importance to clarify the potential sources of uncertainty in Fy,, estimation and thus
improve the accuracy of quantification (Xia et al., 2023). The commonly used “amplitude ratio method” in F,,
estimation assumes that the isotopic composition of precipitation and stream water varies seasonally following a
stationary sine-form curve. However, isotopic signals in waters do not fluctuate following a constant function
curve in real catchments. A whole-period sinusoidal fitting on multi-year records will oversimplify the shapes of
interannual isotopic signals, leading to unreliable results in F,,, estimations. As proved by Stockinger
et al. (2019), the interannual variability in isotopic fluctuation results in increased uncertainty of Fy,, estimation.
Compared with the whole-period fitting, mean Fy,, from moving time windows was recommended because it
ensures the variability and uncertainty within the entire range to be considered. In the Ressi catchment, six types
of time windows were employed to calculate the time-variable F,,,. As shown in Table 6, the average F,,,, values
by different time windows were slightly different and the length of timesteps had a negligible impact on average
F
could be more robust when using longer data series for sinusoidal fitting, which may help obtain more information

ywe- Lhe uncertainty decreased significantly with the increased size of time windows, indicating that the results

on isotopic variation. A great difference in the goodness of fit was detected between the time-window method and
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the whole-period fitting method. The R* values was higher for 8'®0 in precipitation when using time-window
method than using the whole-period fitting. This is likely attributable to the representation of distinctive iso-
topic periodicities within each specific period (1-3 years) by individual sinusoidal curves. However, the R* values
were much lower for 8'®0 in stream water when using time-window method. This could be attributed to the
different density of samples and the varying proportions of samples collected under different flow conditions
during each calculation period. In contrast to the findings reported by Stockinger et al. (2019), which observed a
close agreement between F,,, values derived from averaged time windows and those from whole-period fitting,
our study in Ressi revealed a markedly higher F,,,, compared to all F, (as well as F,,*) values. The Ap values
observed by the two methods were not quite different, while the average As values were much smaller when
obtained by the time-window method. Previous studies showed that As was closely related to discharge and
sampling design (von Freyberg et al., 2018; Gallart, Valiente, et al., 2020; Trinh et al., 2020). Therefore, the
pronounced As difference reflected the influence of data and methods on the fittings of isotopic signals in stream
water in the Ressi catchment. On the one hand, the difference could be partly attributed to the irregular sampling
campaigns carried out during the various years. When using the least square regression method, data-intensive
periods imposed a greater influence on the fitting parameters than periods with sparse data, although discharge
was used as weights. For example, the highest sample counts were recorded during the hydrological years October
2012-September 2013 (355 samples) and October 2016—September 2017 (286 samples) among the observation
period, with corresponding annual F, values of 0.69 and 1, respectively, which would contribute greatly to the
elevated overall Fy,. On the other hand, another possible cause for the difference in Fy,, could be the isotopic
trends. As illustrated above, the isotopic composition of waters in Ressi showed significant upward trends
(Table 5). The Sen's slopes were high for §'®0 in precipitation (0.161%o/yr) and stream water (0.075%0/yr), in
comparison with results of other studies. The diminished As and Ap values subsequent to the detrending
correction indicated that the presence of positive trends may exacerbate the fitting by a fixed periodic function,
regardless of whether this trend is entirely attributable to climate variations. Although the F,. (0.60 % 0.06) was
only slightly lower than the F,,, (0.64 + 0.06), it is crucial to recognize the overestimation resulting from isotopic
trends as a potential source of uncertainty in F,,, estimation utilizing sinusoidal functions. In future studies, it is
essential to delve deeper into the effects of isotopic trends across various scenarios (e.g., positive or negative
trends, and differing magnitudes between precipitation and other waters) on the F,,, results and new methods
considering the trends should be developed for more accurate F,,, estimation.

The high discharge sensitivity and the significant positive relations between mean discharge and F,,,(2-m) and
Fyw*(2-m) (Figure S2 in Supporting Information S1) indicated that the discharge is a key factor influencing the
F,,, results. Therefore, another source of uncertainty for both whole-period fitting and time-window method is
that the captured discharge with isotope sampling (abbreviated as “isotopic discharge”) cannot represent the real
discharge variation in the catchment, considering the high discharge sensitivity of F,,. For example, when
employing the 2-year time windows with monthly timesteps, the median isotopic discharge within each time
window ranged from 0.84 to 42.33 mm/d, with an average of 9.45 mm/d. However, the median 5-min discharge
within each time window varied between 0.52 and 1.86 mm/d, with an average of 0.94 mm/d. A r-test showed that
the two median discharge series (the comparison is shown in Figure S3 of Supporting Information S1) had a
significant difference (p < 0.01). Therefore, the real discharge variability cannot be completely reflected by the
isotopic discharge and thus the estimated F,,(2-m) may be faced with uncertainty.

The F,,, modeled based on the discharge sensitivity metrics and flow duration curve is an effective new approach
showing potential to obtain a more accurate F,,,,
(Gallart, Valiente, et al., 2020). However, the fitting result by the non-linear curve was not so satisfactory in our

which was reported to perform well in some catchments

catchment, especially for the F,,, estimated under 0-5 and 5-10 discharge percentiles. As shown in Figure 9, the
F,. may depend more on the samples collected during high flow periods than those collected during baseflow,
owing to the considerable variability in flow regime and the high discharge sensitivity of F,, which resulted in
the rapid circulation of a significant portion of the young water mass during transient high-flow events.
Considering the high discharge sensitivity of the Ressi catchment and incorporation of discharge as weights in
dynamic F,,, modeling, the average F,,(Q) of 0.67 may be faced with non-negligible overestimation.
Furthermore, the relative uncertainty of estimated F,,, under low flow condition was considerable, reaching 51%,
49% and 49% for the discharge percentiles of 0-5, 5-10 and 10-15, respectively. Such heightened uncertainty
further diminished the robustness of the fitted relation between Fy,, and median discharge. This is likely due to
the low temporal resolution of isotopic data, as we collected isotopic data for stream water at approximate
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monthly scale and only collected hourly or 10-min data in very limited high-flow events, far below the 30-min to
weekly data applied in the study by Gallart, Valiente, et al. (2020). Stockinger and Stumpp (2024) recently
reported a failure in using the discharge-sensitive method in their case, with monthly resolution stream isotopic
data. Therefore, the paucity of isotopic input data is likely to constitute a constraint when employing the

discharge-sensitive method. To achieve an accurate modeling of discharge-sensitive F,,,, the sampling strategy

yws
should prioritize a comprehensive capture of isotopic data under high-flow conditions and increase sampling

frequency during baseflow periods (at least to a weekly resolution).

5. Conclusions

Based on hydrometeorological observations and isotopic data collected in the Ressi experimental catchment
during 10 hydrological years from October 2012 to September 2022, this study reports new evidence on the
effects of short-term climatic variations and sampling strategies on the isotopic composition of water sources and
the young water fraction (F,,,) estimation.

The monthly average air temperature increase and precipitation decrease, expressed by the Sen's slope, were both
much higher than the previously reported local and global rates, indicating that in the last 10 years the Ressi
catchment underwent climate variability with rapid warming and drying trends. A marked trend of isotopic
enrichment was observed in all waters, and air temperature was a potential factor driving the isotopic variation in
precipitation.

By employing the amplitude ratio method, Fy,, was estimated to be 0.64 + 0.06, 0.45 + 0.07 and 0.16 + 0.03 for
stream water, soil water, and shallow groundwater, respectively. For stream water, Fy,, of the averaged results
from moving time windows ranged from 0.43 to 0.50, which were lower than the F,,,, estimated by fitting the
whole-period data. Such difference can be derived from the uneven temporal data distribution in the whole-period
obtained after the
detrending correction verified the significant impact of isotopic trends on the fitted isotopic amplitudes which led

fitting and the potential impact from isotopic trends. The comparison between Fy,, and Fy,.
to a slight Fy,,, overestimation. Based on the discharge sensitivity metrics obtained from the median discharge-
F,,, relation, continuous F,,(Q) was modeled with an average of 0.67. The bad nonlinear fit for high-flow
condition and the high F,,, uncertainty for baseflow conditions implied a possible overestimation in average
F,(Q) and underscored the necessity for enhanced data resolution during both high-flow and baseflow periods to
ensure accurate results by this alternative approach.

Our results provide currently missing information on the importance of taking interannual isotopic trends into
consideration when estimating F,, based on multiple years, especially under fast climatic variations. The
adoption of average values obtained by moving time windows and the discharge sensitivity-based F,,, modeling
can represent effective methods to mitigate the limitations of fitting multi-year isotopic data with fixed functions
in F,, estimation. However, the relations between the distribution of data and estimated Fy,, should be further
explored when using the moving time windows, to better optimize the sampling effort aimed to the F,,, esti-
mation. Further research should be performed to develop better models reflecting the natural trends of isotopic
variation.
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