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Abstract. High-frequency measurements of solutes and iso-
topes (180 and 2H) in rainfall and streamflow can shed im-
portant light on catchment flow pathways and travel times,
but the workload and sample storage artifacts involved in
collecting, transporting, and analyzing thousands of bottled
samples severely constrain catchment studies in which con-
ventional sampling methods are employed. However, recent
developments towards more compact and robust analyzers
have now made it possible to measure chemistry and wa-
ter isotopes in the field at sub-hourly frequencies over ex-
tended periods. Here, we present laboratory and field tests
of a membrane-vaporization continuous water sampler cou-
pled to a cavity ring-down spectrometer for real-time mea-
surements of §'80 and 8°H combined with a dual-channel
ion chromatograph (IC) for the synchronous analysis of ma-
jor cations and anions. The precision of the isotope analyzer
was typically better than 0.03 %o for 8'30 and 0.17 %o for
8%H in 10 min average readings taken at intervals of 30 min.
Carryover effects were less than 1.2 % between isotopically
contrasting water samples for 30 min sampling intervals, and
instrument drift could be corrected through periodic analy-
sis of secondary reference standards. The precision of the
ion chromatograph was typically ~ 0.1-1 ppm or better, with
relative standard deviations of ~ 1 % or better for most ma-
jor ions in stream water, which is sufficient to detect subtle
biogeochemical signals in catchment runoff.

We installed the coupled isotope analyzer/IC system in an
uninsulated hut next to a stream of a small catchment and an-
alyzed stream water and precipitation samples every 30 min
over 28 days. These high-frequency measurements facilitated
a detailed comparison of event-water fractions via endmem-
ber mixing analysis with both chemical and isotope tracers.

For two events with relatively dry antecedent moisture condi-
tions, the event-water fractions were <21 % based on isotope
tracers but were significantly overestimated (40 to 82 %) by
the chemical tracers. These observations, coupled with the
storm-to-storm patterns in precipitation isotope inputs and
the associated stream water isotope response, led to a con-
ceptual hypothesis for runoff generation in the catchment.
Under this hypothesis, the pre-event water that is mobilized
by precipitation events may, depending on antecedent mois-
ture conditions, be significantly shallower, younger, and less
mineralized than the deeper, older water that feeds baseflow
and thus defines the “pre-event” endmember used in hydro-
graph separation. This proof-of-concept study illustrates the
potential advantages of capturing isotopic and hydrochemi-
cal behavior at a high frequency over extended periods that
span multiple hydrologic events.

1 Introduction

Environmental tracers are widely used in hydrology to inves-
tigate recharge processes, subsurface flow mechanisms, and
streamflow components (Leibundgut and Seibert, 2011). The
most common environmental tracers are the naturally occur-
ring stable water isotopes '30 and *H (Klaus and McDon-
nell, 2013). Solutes such as dissolved organic compounds,
nutrients, and major ions are also widely used, together with
stable isotopes, as indicators of flow paths and biogeochem-
ical reactions (e.g., McGlynn and McDonnell, 2003; Vit-
var and Balderer, 1997; Weiler et al., 1999). Environmen-
tal tracer studies typically involve manual or automated sam-
ple collection followed by transport, storage, and subsequent
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laboratory analysis. The time and effort involved in sample
handling are often major constraints limiting the frequency
and duration of sampling and thus the scope of tracer stud-
ies. While automated in situ analyzers for certain solutes and
nutrients are becoming standard tools in environmental mon-
itoring studies (e.g., Bende-Michl and Hairsine, 2010; Rode
et al., 2016b), high-frequency analyses of isotopes and major
ions over longer time periods remain challenging.

To date, isotope studies have maintained high sampling
frequencies only during a few storm events (e.g., Berman
et al., 2009; Lyon et al., 2008; Pangle et al., 2013) with the
result that only limited ranges of catchment behavior have
been explored. Long-term catchment studies capture a wider
range of hydrologic events, but generally collect water sam-
ples at only weekly or monthly intervals for subsequent labo-
ratory analysis (Buso et al., 2000; Darling and Bowes, 2016;
Jasechko et al., 2016; Neal et al., 2011), making higher-
frequency behavior unobservable. As pointed out by Kirch-
ner et al. (2004), sampling at intervals much longer than the
hydrological response times of a catchment may result in a
significant loss of information. For instance, sub-daily sam-
pling is required to capture diurnal fluctuations in stream
water hydrochemistry, which reflect evapotranspiration ef-
fects or in-stream biological activity (e.g., Aubert and Breuer,
2016; Hayashi et al., 2012). In order to differentiate hydro-
logical and biogeochemical catchment processes related to
different water ages and flow pathways, long-term monitor-
ing has to be complemented by additional high-frequency hy-
drochemical and isotope measurements. So far, only a few
long-term studies have sampled stream water at daily or sub-
daily intervals for on-site measurements or subsequent analy-
sis in the laboratory. These include studies conducted at Plyn-
limon in Wales (Neal et al., 2012), at the Kervidy—Naizin
catchment in western France (Aubert et al., 2013), and at the
Selke River in Germany (Rode et al., 2016a). Such studies
have yielded fundamental insights into catchment hydrolog-
ical behavior, not only at a wide range of temporal scales,
but also under varying hydroclimatic conditions (Benettin et
al., 2015; Halliday et al., 2013; Harman, 2015; Kirchner and
Neal, 2013; Riml and Worman, 2015).

The recent development of compact and robust isotope an-
alyzers has fostered initial attempts to continuously measure
8180 and 6?H in stream water or precipitation directly in the
field. The only previous field-based isotope monitoring over
4 contiguous weeks was carried out by Berman et al. (2009)
with a customized liquid water isotope analyzer based on off-
axis integrated cavity output spectroscopy (OA-ICOS; Los
Gatos Research, San Jose, CA, USA), which measured s180
and 8H in 90 samples per day. As the system was based on
repeated injections of samples into a vaporizer, daily mainte-
nance (i.e., injection septa change, filter cleaning) was re-
quired to keep it running. An alternative approach uses a
semi-permeable membrane to generate water vapor from a
continuous sample throughflow, which is then transferred to a
wavelength-scanned cavity ring-down spectrometer (CRDS)
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(Herbstritt et al., 2012). Munksgaard et al. (2011) developed
such a custom-made diffusion sampler and attached it to a
CRDS (Picarro Inc., Santa Clara, CA, USA) that was used
to measure §'80 and §°H in precipitation at frequencies of
up to 30s over a 15-day period (Munksgaard et al., 2012) as
well as to monitor the isotopic response at 1 min resolution
in streamflow during a storm event (Tweed et al., 2016).

A similar diffusion sampling system has recently be-
come commercially available (Continuous Water Sampler,
or CWS; Picarro Inc., Santa Clara, CA, USA), which al-
lows for quasi-continuous measurements of §'80 and §°H
in liquid water samples when coupled to a CRDS analyzer.
Here, we present initial laboratory and field verification ex-
periments with this device, which we have combined with a
dual-channel ion chromatograph (IC; Metrohm AG, Herisau,
Switzerland) for real-time analysis of major cations and an-
ions. Laboratory experiments quantifying the precision and
sample carryover memory effects of this system are pre-
sented in Sect. 3. Section 4 illustrates the performance of
the system in the field using a 28-day deployment at a small
catchment in Switzerland. Section 5 quantifies the fractions
of event water that contributed to the flood hydrograph in
eight storm events, illustrating one potential application of
high-frequency measurements of isotopes and major ions.

2 Methodology
2.1 Isotope analysis and ion chromatography

For the analysis of the stable water isotopes 80 and 2H,
the Continuous Water Sampler (CWS) was coupled to a
wavelength-scanned cavity ring-down spectrometer (CRDS;
model L.2130-i; Picarro Inc., Santa Clara, CA, USA). In the
CWS, the water sample flows at a rate of ~1 mL min~!
through an expanded polytetrafluoroethylene (¢ePTFE) mem-
brane tube. This tube is mounted in a stainless steel cham-
ber that is supplied with dry air to facilitate the steady dif-
fusion of a small fraction of the through-flowing water as
vapor through the membrane. Through the continuous flow
of dry air over the outer surface of the membrane, the va-
por is carried directly to the CRDS for isotope analysis.
To minimize temperature-induced fractionation effects, the
instrument keeps the temperatures of the membrane cham-
ber and the inflowing water constant at (£1 standard devia-
tion) 45+ 0.1 and 15£0.1°C, respectively. A solenoid di-
aphragm pump situated upstream of the membrane cartridge
draws water samples from the sample container and pushes
them through the membrane tube at a flow rate of approx-
imately 1 mL min~!. As we show in Sect. 3.1, preliminary
tests showed that this pump is not sufficient for our pur-
poses, so we substituted a programmable high-precision dos-
ing unit (800 Dosino, hereafter simply “Dosino”; Metrohm
AG, Herisau, Switzerland) in its place.
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Figure 1. (a) Schematic overview of the coupled isotope analyzet/IC system for the collection and analysis of stream water and precipitation
samples. The components of the sample distribution and the IC are shown in blue, while the isotope analyzer with the CWS is shown in
green. Panel (b) shows a photo of the coupled isotope analyzer/IC system in the wooden hut during the field experiment.

Isotopic abundances are reported through the § notation
relative to the VSMOW-SLAP standards. For the labora-
tory experiments, we used the factory calibration of the iso-
tope analysis system because only relative isotope values are
needed for quantifying precision, drift, and carryover, and
thus the absolute isotope values are unimportant. For the field
experiment, however, we periodically measured two internal
isotope standards (Fiji and Evian bottled water), which were
calibrated by a Picarro L2130-i CRDS at the isotope labo-
ratory of the University of Freiburg (Germany), to primary
reference materials (IAEA standards SLAP, VSMOW, and
GISP; instrument precision 0.16 %o for 8180 and 0.6 %o for
82H).

Major ions in liquid water samples, i.e., Nat, K, NH},
Ca’t, Mg+, F~, CI-, NO;3, SO?[, and PO?[, were ana-
lyzed with an ion chromatograph (940 Professional IC Vario,
hereafter simply “IC”; Metrohm AG, Herisau, Switzerland)
with a two-column configuration (anions, Metrosep A Supp
5-250/4.0; cations, Metrosep C6-250/4.0). Continuous oper-
ation of the instrument was possible due to fully automated
eluent generation (941 Eluent Production Module; Metrohm
AG, Herisau, Switzerland). To generate the full ion chro-
matograms of both anions and cations, approximately 28 min
were required; thus, the sampling interval of the combined
analysis system was fixed at 30 min.

2.2 Sample collection and distribution
The water samples were distributed between the analyzers
with high-precision dosing units (Dosinos). Each Dosino

contains a programmable piston that fills and empties a
glass cylinder with up to 50mL of sample at a resolution
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of 10000 increments (implying 5 uL increment™!). The de-
sign of the dosing unit minimizes the dead volume and thus
the potential for sample carryover. In the base of the glass
cylinder sits a rotating valve disc that guides the liquid sam-
ple through one of four ports; thus, each Dosino functions as
both a switching valve and a syringe pump.

Figure 1 depicts the schematic overview of the automatic
sample collection and analysis system, showing how the dif-
ferent Dosinos distribute precipitation and stream water sam-
ples between the isotope analyzer, the IC, and an autosampler
(which can be programmed to save individual samples for
subsequent analysis in the laboratory). The sampling routine
begins with a cleaning step during which either the P Dosino
(which handles precipitation) or the S Dosino (which handles
stream water) transports 10 mL of sample water for rinsing to
a sample storage beaker. The Isotope Dosinos also eject any
remaining sample into the beaker, after which the beaker is
emptied. Then, 50 mL of fresh stream water or precipitation
sample is transported (by either the S Dosino or the P Dosino
for stream water or precipitation, respectively) into the rinsed
beaker, from which one of the Isotope Dosinos draws 30 mL
of water and injects it at a flow rate of 1 mL min~! into the
CWS for isotope analysis. The two Isotope Dosinos operate
alternatingly to minimize the length of time that the sam-
ple flow into the CWS is interrupted. Meanwhile, either the
P Dosino or the S Dosino takes up another 12 mL of water
sample and pumps it through a 0.45 um tangential filter into
the IC Dosino, which discards the first 2 mL of the filtered
sample. From the remaining filtered sample, 8 mL are filled
into vials by the autosampler and 2 mL are delivered to the IC
for direct ion analysis. During the ion analysis (ca. 28 min),
the S Dosino, P Dosino, IC Dosino, the autosampler, and all
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Figure 2. Laboratory experiment showing the isotope effects of sample injection into the Continuous Water Sampler (CWS). Panel (a) shows
the measured vapor concentrations, and panels (b) and (c) show the raw, uncalibrated isotope values of a single water sample (nanopure
water) as a function of the hydraulic head difference between the water level in the sample bottle and the waste outlet. Negative values of the
hydraulic head difference indicate that the sample source was located below the waste outlet of the CWS.

tubing are rinsed with nanopure water to minimize carryover
effects. The entire sampling routine is programmed with the
IC control software MagIC Net (Metrohm, Herisau, Switzer-
land), which facilitates detailed data logging and documen-
tation of the sample handling.

3 Laboratory experiments

3.1 Optimization of sample injection into the
Continuous Water Sampler (CWS)

In the original design of the CWS, water samples are trans-
ported by a small solenoid diaphragm pump between the inlet
port and the membrane cartridge at a flow rate of approxi-
mately 1 mL min~—!. During preliminary tests, however, we
observed that raising or lowering the sample container de-
tectably altered the reported isotope ratios. In order to quan-
tify the sensitivity of the instrument to hydraulic head differ-
ences (i.e., the height of the water table in the sample bot-
tle relative to the waste outlet of the CWS), we changed the
elevation of the sample container relative to the instrument
while continuously analyzing a single water sample (nanop-
ure water). We measured the vapor concentration, 8180 and
82H for the same water sample at five different elevations,
ranging from 7 cm above to 98 cm below the waste outlet.
The end of the waste outlet tube was always freely draining.
Each configuration was measured for 1h, and the average
values and standard deviations of the uncalibrated 6 s mea-
surements of vapor concentration, 8180, and 82 were calcu-
lated from the last 10 min of each 1 h configuration.

The results of this experiment are summarized in Fig. 2,
which shows clear linear relationships between the hydraulic
head differences and both the vapor concentrations and the
isotope measurements. Lowering the sample source relative
to the outflow results in systematically heavier isotopic val-
ues in the vapor measured by the instrument. The vapor con-
centrations show a similar trend; i.e., more vapor was gener-
ated at lower positions of the sample source. These observa-
tions suggest that the hydraulic head difference directly af-
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fected the flow rate of the liquid sample through the CWS
membrane tube. Because the water is much colder than the
surrounding air as it enters the membrane chamber, it is con-
tinuously warming as it travels through the membrane tube.
At greater head gradients (and thus smaller flow rates), the
sample will travel more slowly through the membrane cham-
ber and will warm up more. At higher water temperatures,
water should diffuse more rapidly through the membrane,
and the resulting vapor will be less fractionated relative to the
liquid phase (Kendall and McDonnell, 1998), as observed in
Fig. 2.

It is unknown whether the empirical linear relationships
shown in Fig. 2 are generally applicable or are specific to
each individual membrane or to the properties of the sample.
Nevertheless, for this membrane and this sample, the results
indicate that changing the hydraulic head by 50 cm changes
the reported isotope values by approximately 0.12 %o for
8130 and 0.52 %o for §*H. This flow-rate artifact might be-
come particularly important for applications in which isotope
standards and samples are drawn from sample containers at
different elevations relative to the waste outlet of the CWS
(e.g., shipboard sampling). In such cases, a vapor concentra-
tion correction relative to a reference height would have to be
carried out. Alternatively, a different injection system could
be used to deliver a specified flow rate independent of the
position of the source relative to the CWS. We used the 800
Dosino for this purpose, since it functions as a high-precision
syringe pump with a delivery rate specified by the pulse rate
of the stepper motor, independent of the hydraulic head gra-
dient.

Because of the limited volume of each Dosino’s glass
cylinder (50mL), a sample could be injected at a flow rate
of 1 mLmin~! for a maximum of 50 min. For longer injec-
tions, or to switch samples, a second Dosino had to take over
the sample delivery. The handoff between the Dosinos inter-
rupted the sample flow to the CWS for around 2 s. This in-
terruption was reflected in a sharp but brief increase in vapor
concentrations and isotope values, which returned back to
stable values approximately 10 min after the injection started
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Figure 3. A 9h excerpt showing the raw, uncalibrated data of vapor concentrations (panel a) and isotope measurements (panels b and ¢) in
tap water (T), nanopure water (N), and Fiji bottled water (F) during the 48 h laboratory experiment. The samples were injected alternately

with two Dosinos for 30 min each at a flow rate of 1 mLmin ™.

(see Fig. 3 for an example). For our application, i.e., syn-
chronous IC measurements, we programmed a 30 min injec-
tion period for the isotope analysis. To obtain the final iso-
tope values of a liquid sample, we averaged the individual 6 s
measurements reported by the CRDS during the last 10 min
of each 30 min injection period, using the first 20 min to min-
imize any memory effects from the previous sample or from
Dosino changeover. The advantage of the Dosino-based sam-
ple handling system is the very steady, pressure-independent
sample injection.

3.2 Performance of the isotope analyzer with the
Continuous Water Sampler (CWS)

We quantified the precision, drift coefficients, and carryover
effects of the isotope analyzer with the CWS and Dosino-
based sample injection system using a continuous 48 h lab-
oratory experiment that alternated between three water sam-
ples (i.e., to mimic stream water, precipitation, and a refer-
ence standard). The sample handling system was as shown
in Fig. 1, except that the precipitation collector was replaced
with a 10L bottle of nanopure water and the stream water
sampler was replaced by a 10 L bottle of tap water. The sam-
pling system alternated between these two sources, and for
each eighth injection it introduced an isotopically heavier
secondary standard (Fiji bottled water) (Fig. 3). The isotopic
differences between Fiji bottled water and tap water were
about (*standard error; SE) 4.54 £ 0.02 and 32.67 & 0.08 %o
for 8'80 and §%H, respectively. The isotopic differences be-
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tween tap water and nanopure water were much smaller
(0.05 £ 0.01 %o for §'80 and 0.12 =+ 0.03 %o for §2H) because
the nanopure water was generated from the same tap water by
reverse osmosis.

The precision of the isotope values, as quantified by the
standard deviations of the individual 6 s measurements dur-
ing the last 10 min of each injection period, was better than
0.08 %o for 8'30 and 0.18 %o for §>H. These standard devi-
ations imply that the standard errors of the 10 min averages
should be better than 0.008 and 0.018 %o for §'80 and §°H,
respectively. These standard errors overestimate the repeata-
bility of successive measurements, however. As a measure of
sample-to-sample repeatability, the standard deviations of the
10 min averages for the entire 48 h experiment were 0.03 %o
(8'80) and 0.17 %o (82H) or better for each of the three wa-
ter samples (excluding two outliers associated with an inter-
ruption in the sampling routine), much larger than the cal-
culated standard errors. Thus, the major uncertainties in the
10 min averages do not arise from the counting statistics of
the instrument itself, but rather, we suspect, from sample-to-
sample variability in the performance of the vaporizer. We
use these larger estimates of uncertainty (0.03 %o for §'30
and 0.17 %o for 8*H) in the error propagation calculations
presented in Sect. 5.1.

Instrument drift was analyzed through linear regression
of the 10 min averages from the ends of each 30 min in-
jection period. The instrument drift for §'80 was statisti-
cally indistinguishable from zero for two of the three wa-
ters, averaging (=SE) —0.009 £ 0.008, —0.009 +£ 0.006, and
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—0.015 £ 0.007 %0 day~" for Fiji, nanopure, and tap water,
respectively. The instrument drift for §>H was slow but sta-
tistically significant for two of the three waters, averaging
0.133 £0.040, 0.084 4 0.016, and —0.021 % 0.021 %o day !
for Fiji, nanopure, and tap water, respectively. Thus, the ac-
cumulated drift over 1 day was typically smaller than the
measurement precision for individual 10 min averages for ei-
ther isotope. As explained in Sect. 4.2, substantially faster
drift occurred during the field experiment that could, how-
ever, easily be measured and corrected using regularly in-
jected reference standards. This faster drift can be explained
by biofilm growth on the membrane, which could be ob-
served on the inside of the membrane tube during prelimi-
nary tests with stream water samples at the field site.

Between-sample memory mainly arises from small rem-
nants of previously injected samples that remain in the sam-
ple handling system (e.g., tubes, membrane, valves, and
pumps) or the analyzer itself, and are carried over to the fol-
lowing analysis. We quantified the between-sample memory
effect of the isotope analyzer using two isotopically contrast-
ing samples, Fiji water and nanopure water. The true isotopic
difference was obtained from the seventh (and last) injection
of nanopure water, which was measured around 3 h after the
reference standard (Fiji) and was thus assumed to be free
of any memory effects. We calculated the memory coeffi-
cient (X) as a measure of carryover effects using Gupta et
al. (2009):

Ci—Ciy

X=——"""
Ctrue_Ci—l

(1)
where C denotes the isotope ratio (or the solute concentra-
tion), the indices (i) and (i-/) denote the current and the pre-
vious injection, and (true) denotes the true value taken from
the last value of multiple injections. Based on the 10 min av-
erages from the end of each 30 min injection period, the av-
erage carryover from the Fiji bottled water to the next sample
was 100 % - (1 — X) ~ 0.9 % for §'30 and 1.2 % for §*H (Ta-
ble 1). The carryover during the first and second 10 min of
each 30 min injection period was, however, much larger (up
to 53 and 6 %, respectively), implying that our 30 min sam-
pling cycle is indeed necessary to prevent unacceptably large
carryover effects.

3.3 Performance of the ion chromatograph (IC)

With the IC, a 48 h laboratory experiment was carried out as
well. However, the sampling sequence differed slightly from
that of the isotope analyzer described previously: each mea-
surement of tap water or Fiji water was followed by two to
six samples of nanopure water, which mimics precipitation
samples with generally very low solute concentrations. Due
to the low solute concentrations in the nanopure water, the
carryover effects can be quantified efficiently.

The average concentrations of the major anions and
cations during the 48 h experiment are reported in Table 1
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along with their absolute and relative standard deviations.
For tap water and Fiji water, relative standard deviations were
<5 % for all constituents with concentrations above the limit
of quantification (LOQ) and ~ 1 % or less for most major
ions, indicating that the IC measurements were stable over
the 48 h period and that they were sufficiently precise to de-
tect even subtle biogeochemical signals in stream water. The
drift effects in the instrument were not statistically significant
(p>0.05) for most constituents in Fiji water and tap water.
For C1—, NO3_ , and SOi_ in the Fiji water, the linear drift
was statistically significant but also very slow: the accumu-
lated drift over 24 h was never much larger than the LOQ
(Table 1). The average percent of carryover (100 % - (1 — X);
Eq. 1) in the nanopure water sample, following immediately
after a sample of tap water or Fiji water, was < 3.8 %.

4 Application in the field
4.1 Setup

For the field experiment, the system was installed in a hut
(area 1.7m x 1.7m) next to a small perennial stream flow-
ing behind the Swiss Federal Institute for Forest, Snow and
Landscape Research (WSL) near Zurich, Switzerland. The
creek drains an area mainly covered with open grassland,
grain fields, and suburban residential neighborhoods (Fig. 4).
The dominant soil type is colluvial, partly gleyic brown soil
(GIS-ZH, 2016).

The hut was connected to the electricity grid to allow for
the continuous operation of all instruments. Stream stage,
temperature and electrical conductivity were recorded in the
stream every 10min using a data logging sonde (model
DL/N70; STS Sensor Technik Sirnach AG, Sirnach, Switzer-
land). The volumetric discharge was not gauged, but we as-
sume that the times of the highest stream stage coincided
with peak flow, and thus we use both terms synonymously.
Once a day at 07:30, daily precipitation was measured with
a heated collector and snow depth was recorded. For higher
temporal resolution, we used the hourly CombiPrecip data
set (MeteoSwiss), a grid—data product that combines radar
estimates and rain gauge measurements to compute precip-
itation rates at 1km? spatial resolution. Good agreement
(R* =0.86) between the measured daily precipitation at our
field site and the daily sums of hourly CombiPrecip data in-
dicate that the CombiPrecip data set is a reasonable proxy
for precipitation variability at the field site. To distinguish
rain and snowfall events, air temperature was recorded near
the instrument hut every 10 min (Haeni, 2016; Schaub et
al., 2011). The uninsulated hut was not temperature con-
trolled; however, the instruments produced heat so that inside
air temperatures were on average 12 °C higher than outside.
Outside air temperature variations were reflected inside the
hut, where air temperatures ranged from 7 to 23 °C.
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Table 1. Average isotope values and solute concentrations as well as standard deviations (and relative standard deviations; RSDs) of three
water samples analyzed during two different 48 h laboratory experiments with the isotope analyzer and the IC, respectively. In Fiji bottled

3—

water, tap water, and nanopure water, concentrations of F—, Lit, KT, NHI, and PO y were mostly below the limit of quantification (LOQ)
and thus were not included in the table. The calculation of the average memory coefficient is described in the text (Eq. 1). The uncertainties
in the IC measurements were obtained by simple linear regression analysis of the average value and the standard deviation of the respective

constituent.

Isotope analyzer

48 h laboratory IC 48 h laboratory experiment
experiment
st%0 8°H Mgt Ca?t cr- NOy s03~
%) (%) (mgL™h) (mgL™h) (mgL~) (mgL™h (mgL™h) (mgL™h
Limit of quantification (LOQ) - - 0.1 0.1 0.05 0.05 0.05
Measurement uncertainty 0.03 0.17 0.053 4 0.008 + 0.087 + 0.027 + 0.028 + 0.037 +
0.005-C  0.006-C 0.009-C 0.003-C 0.002-C 0.006-C

Water sample Fiji bottled water

Fiji bottled water

Number of measurements 12 12 10 10 10 10 10
Average value —486 —35.89 15.7 243 9.69 1.05 1.56
Standard deviation 0.06 0.26 0.1 0.3 0.06 0.05 0.03
RSD - - 0.5% 0.4 % 1.1% 0.60 % 4.3 % 1.80 %
Linear drift per 24 h —0.009+ 0.133+ 0.129 + 0.058 &+ 0.093 + 0.088+ —0.078 + 0.045 +
(mean =+ standard error) 0.008 0.040 0.056% 0.0360 0.160¢ 0.019 0.008 0.007
Water sample Tap water Tap water

Number of measurements 34 34 18 18 18 18 18
Average value —9.40 —68.55 344 133.2 12.41 4.96 17.29
Standard deviation 0.03 0.12 . 0.2 1.3 0.057 0.03 0.14
RSD - - 1.6 % 0.6 % 1.0 % 0.5% 0.7 % 0.8 %

Water sample Nanopure water

Nanopure water (last sample)

Number of measurements 43 43
Average value -944  —68.67
Standard deviation 0.02 0.18
Carryover 0.9 % 1.2% 2.8%

<LOQ

27 27 27 27 27
0.1 0.6 <LOQ <LOQ 0.09
0.003 0.1 0.03 0.02 0.05
33% 38% 2.1% 1.9% 23%

2 p>0.05.% p>0.15.¢ p>0.50.

A submersible pump (EHEIM GmbH & Co KG, Deizisau,
Germany) continuously pumped stream water at a rate of
6L min~! into a throughflow bucket inside the hut. The vol-
ume of the bucket was 10L; thus, every several minutes the
contents of the bucket were effectively exchanged. Every
30 min, water was drawn from the bucket by the S Dosino
through a 1um cellulose filter to supply the isotope ana-
lyzer, IC, and autosampler (Fig. 1). Precipitation was col-
lected with a heated 45 cm diameter funnel installed 2.5 m
above the ground. Precipitation flowed into a Teflon®-coated
collector with a level detector. The status of the level detector
was queried before the end of each measurement routine, and
a precipitation sample was taken only if the threshold volume
of 72 mL (equaling roughly 0.5 mm of precipitation) was ex-
ceeded. For the initial filtration of the precipitation sample,
a ceramic frit filter was attached to the suction tube of the P
Dosino that drew the sample from the precipitation collector.
After precipitation was sampled, a peristaltic pump emptied
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the precipitation collector to avoid mixing fresh and old pre-
cipitation samples. The sampling routine was programmed
to always alternate between stream water and precipitation
samples in order to obtain enough stream water samples dur-
ing storm periods. To reduce biofilm growth on the mem-
brane in the CWS, copper wool was placed in the beaker
from which the Isotope Dosinos drew the samples. Sampling
was interrupted approximately once a week for basic mainte-
nance (i.e., replacing the filter membranes, cleaning the Dosi-
nos, and refilling the reference standards and eluent stock so-
lutions).

To correct for instrument drift, internal reference standards
were analyzed every 3 h. For the five samples between two
bracketing measurements of the same reference standard, the
following equation was applied:

Cstd,i + Cstd,j )

Ccorr = Craw + (Ctrue - )

2
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Figure 4. Location of the field site at a small creek on the property of the Swiss Federal Institute for Forest, Snow and Landscape Research
(WSL) near Zurich, Switzerland. The catchment boundaries are approximate.

with C denoting the solute concentration or the isotope ra-
tio, respectively. The indices represent the corrected value
(corr), the current raw measurement (raw), the true value of
the reference standard (true), and the previous and succes-
sive measurements of the same reference standard (std) mea-
sured at time i and 3 h later at time j. For the isotope analyzer,
Fiji bottled water was used as an internal reference standard,
which was injected directly from a container by one of the
Isotope Dosinos (Fig. 1). The measurements of the IC were
drift-corrected with another reference standard (Evian bot-
tled water) that was transferred directly to the IC by the IC
Dosino. Evian bottled water was used, as its mineral compo-
sition resembles that of stream water more closely than Fiji
bottled water does.

4.2 Temporal high-resolution measurements of stable
isotopes and major ions in precipitation and stream
water

The measurement system was deployed at the field site
from 13 February 2016 to 11 March 2016, and more than
1000 stream water and precipitation samples were analyzed
for stable water isotopes and major ions, capturing a wide
range of hydrological and hydrochemical conditions. Table 2
provides an overview of the eight storm events during that
period. Air temperature measurements at the site and daily
observations of the snow height showed that precipitation
during Events 1-7 was mostly rainfall. Snowfall occurred oc-
casionally after 1 March, while during Event 8 most precipi-
tation fell as snow.

Hydrol. Earth Syst. Sci., 21, 1721-1739, 2017

We calculated the response time of streamflow as the time
difference between the first detection of precipitation and the
first significant increase in stream water level relative to the
initial conditions. The response times were between 0 and
2.5h (Table 2), suggesting fast runoff from the residential
area in the eastern part of the catchment. The most delayed
streamflow response (2.5h) was observed after the snow-
fall Event 8, reflecting delayed snowmelt. As illustrated by
Fig. 5, a 30 min sampling interval was sufficient to resolve
the temporal patterns of stable isotopes and solutes in stream-
flow during the rising limb of the hydrograph, even during
low-intensity precipitation periods such as Event 5.

Compared to the laboratory experiment with the isotope
analyzer, during the field experiment we observed carryover
effects in the isotope measurements of up to 100 % - (1 —
X) =3 %, which can be explained by the copper wool in the
beaker from which the Isotope Dosinos drew the water sam-
ples. Despite the rinsing routine of the beaker, the wool re-
tained small volumes of sample from previous injections that
affected the isotopic composition in the fresh sample. Con-
sequently, the wool was removed and the prior isotope mea-
surements were adjusted with X =97 % and Eq. (1). Further,
the instrument drift was substantially faster at the beginning
of the field experiment due to biofilm growth in the mem-
brane tube. For instance, during the first week, the instru-
ment drift for raw 8'80 and §*H measurements in the Fiji
bottled water was statistically significant, averaging (£SE)
—0.185 4 0.006 and —0.288 & 0.015 %0 day ', respectively.
The variations in air temperature outside and inside the hut
were not reflected in the isotope measurements because the
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Table 2. Characteristics of precipitation events and antecedent moisture conditions during the field experiment. The initial stream stage is
used here as a proxy for the initial discharge.

Total 48h

Event  Start of event Total precipitation Response antecedent 24 h antecedent Initial
precipitation until peak time precipitation precipitation  stream stage

(mm) flow (mm) (h:min) (mm) (mm) (m)

1 14 February 2016 11:00 5.8 22 01:10 8.3 2.7 0.44
2 20 February 2016 10:00 11.5 8.8 00:30 1.9 0.5 0.36
3 23 February 2016 08:00 5.8 35 00:00 0.8 0.8 0.37
4 24 February 2016 15:00 14.3 8.1 01:00 6.6 5.0 0.41
5 29 February 2016 13:00 10.5 2.0 00:00 0.0 0.0 0.38
6 2 March 2016 13:00 8.7 6.8 01:10 123 1.9 0.46
7 5 March 2016 04:00 11.5 94 02:10 4.6 0.9 0.45
8 7 March 2016 23:00 8.4 8.4 02:30 0.6 0.0 0.45

(m) (mm h-1)

Stream stage Precipitation

Sulfate Nitrate Calcium  Chloride EC
(mg L") (mg L") (mgL")  (mgL")  (uScm™)

580 (%o)
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Figure 5. Time series of (a) precipitation and air temperature as well as (b) stream stage at the field site during the 4-week study period.
Panel (c) shows stream water EC, whereas panels (d—g) show the chloride, calcium, nitrate, and sulfate concentrations, respectively. Pan-
els (h) and (i) show the isotopic compositions of precipitation and stream water samples. The stream water samples are shown by the blue
dots, and the precipitation samples are shown by the open circles. The vertical grey bars indicate the periods of the eight precipitation events

used for hydrograph separation.
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CWS regulates inlet air and water temperatures using Peltier
thermoelectric controllers.

Figure 6a illustrates that the isotopic composition of pre-
cipitation varied over a range of 15.72%c in §'80 and
115.63%o in 8°H. By capturing many precipitation events
over weeks to months, our isotope analysis system provides a
more detailed insight into the variability of precipitation iso-
topes compared to previous studies that only monitored indi-
vidual storms at high frequency (e.g., Moerman et al., 2013;
Pangle et al., 2013; Tweed et al., 2016). At our site, a corre-
lation between air temperature and the isotopic composition
of precipitation is evident for most storm events. Figure 5
shows that, for instance, precipitation samples became iso-
topically heavier during Events 2 and 8 when air temperature
increased, while the precipitation samples became isotopi-
cally lighter during Events 1, 3, and 5, when air temperature
decreased. During Events 4, 6, and 7, however, the correla-
tion with temperature was not as distinct as during the other
five events.

The isotopic composition of stream water varied by less
than half as much as that of precipitation, i.e., by 6.24 %o
for 8'80 and by 45.11%0 for §*H (Fig. 6b). For all eight

Hydrol. Earth Syst. Sci., 21, 1721-1739, 2017

J. von Freyberg et al.: A lab in the field

events, the isotopic signature of pre-event stream water was
relatively constant, averaging —11.04 + 0.21 %o for §'80 and
—76.97 + 1.46 %o for 2H (%standard deviation; n = 8). Dur-
ing the events, §'80 and 6?H in stream water changed by up
to 4.80 and 36.38 %o, respectively (Event 7).

For the IC, memory effects were negligible during the
field experiment (because the sample did not make con-
tact with the copper wool), so the measurements were cor-
rected only for drift effects. The solute concentrations in
precipitation and stream water varied widely, as shown in
Fig. 5. For Lit, NHI, KT, F~, and POi_ in stream water
as well as Mgt in precipitation, measured concentrations
were generally below the LOQ. Ca*, NO;, and SOi_ in
stream water exhibited clear dilution patterns during all pre-
cipitation events (Fig. 5e-g). The concentrations of Ca?™,
NOy3', and SOif in precipitation during the eight events were
on average (xstandard deviation) 12.1 +2.9, 1.5+ 1.1, and
0.5+0.8mgL~!, respectively. The solute concentrations in
pre-event stream water were on the order of (& standard de-
viation) 160.8 £9.7mgL~! for Ca?*, 11.7 £ 1.8 mgL~! for
NO;, and 21.5+3.3mg L' for SO?[, whereas the con-
centrations during storm events dropped to values as low as
64.6mgL~! (Ca’"), 3.73mgL~! (NOJ), and 5.12mgL"!
(SOi_). In contrast, EC and the concentrations of C1~ (and
Na', not shown) in stream water showed dilution patterns
until Event 3 and then showed distinct enrichment patterns
thereafter (Fig. 5c—d), likely associated with road salt wash-
off. Due to possible road-salt effects on Na™ and Cl—, we
will focus on Cat, NO3_ , and SOZ_ in the analysis below.

5 Comparison of event-water fractions estimated from
isotopic and chemical tracers

5.1 Hydrograph separation methodology and
uncertainty analysis

To illustrate a potential application of high-frequency iso-
tope and chemical measurements, here we quantify the event-
water fractions of the major events captured during the 1-
month observation period. We used a two-component end-
member mixing analysis by applying the conventional mass
balance equation (Pinder and Jones, 1969):

_ 0 _Gs—Cp

= = 3
Os Ceg—Cp ©)

E

The fraction of event water relative to total streamflow
(Fg = QOr/Qs) was calculated from the isotope values or so-
lute concentrations in total streamflow (Cs), event precipi-
tation (Cg), and pre-event streamflow (Cp). Here, Cp was
obtained for each event from the average of the five stream
water samples immediately before the onset of precipitation.
The value of Cg was the incremental, volume-weighted mean
(McDonnell et al., 1990) of all precipitation samples that
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were collected before the respective streamflow sample:

Cg, j= , “4)

with P; being the precipitation depth associated with the iso-
tope value (or solute concentration) C; collected at time i
since the start time k of the precipitation event.

Uncertainty in the hydrograph separation was quantified
with Gaussian error propagation (Genereux, 1998), using
calculated standard errors (SEs) arising from the analyti-
cal uncertainties and the temporal variability of the isotope
values (or solute concentrations). Because Cg is a volume-
weighted mean, the standard error SEc;, is calculated with

1

2
> Pi(Ci — Cg j)>

j
(j_k)g}Pi

SECE, i ) )]

where Cg ; denotes the volume-weighted mean, C; denotes
the ith concentration that comprises that mean, and (j) is the
number of samples included in the volume-weighted mean.
The standard error of Cs, which is given here as SEc, arises
from the measurement uncertainties given in Table 1. For
SEc,, the same measurement uncertainties are applied, as
well as the temporal variability of the five measurements
comprising Cp. The standard error of the event-water fraction
(SEfg) can then be obtained by Gaussian error propagation:

—1 2 Cs—C 2
SEFE=H—SECS] +[—S E SECP}
E

Cp—Ckg (Cp— Cg)?
172
Cp— Cs 2
P75 sg . 6
+[(CP—CE>2 C” ©

Isotope hydrograph separation (IHS) was performed using
both §'80 and 82H, whereas chemical hydrograph separa-
tion (CHS) was carried out with the three constituents Ca®*,
NO3_ , and SOi_ (C1~ and Na™ were not used for CHS due
to the influence of road salt at the site) as well as stream wa-
ter EC. EC was used here since several studies have applied
EC in lieu of chemical concentrations for hydrograph sepa-
ration, owing to the ease of obtaining continuous EC mea-
surements (e.g., Dzikowski and Jobard, 2012; Matsubayashi
et al., 1993; Muiioz-Villers and McDonnell, 2012; Pellerin
et al., 2008). As we did not measure EC in precipitation di-
rectly, we had to estimate it empirically. For this, we used
a standard conversion equation, i.e., the pseudo-linear ap-
proach following Sposito (2008), to calculate EC in precipi-
tation from the ionic strength of the major cations and anions
in the precipitation samples. We assume that the ion concen-
trations measured by the IC account for the great majority
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of the ionic strength. In order to estimate the uncertainty of
this method, we also calculated the EC values in stream wa-
ter and compared them with the actual measurements of the
EC probe in the stream. The (absolute value) difference be-
tween the calculated and measured stream water EC values
averaged 20 uScm~!,

For the uncertainty analysis of the calculated event-water
fractions, the analytical uncertainties in the isotope measure-
ments were assumed to be 0.03 and 0.17 %o for 8180 and §2H,
respectively (Sect. 3.2; Table 1). The relative uncertainties
in the IC measurements were 0.006-C +0.087 mgL™!
for Ca’*, 0.028-C+0.002mgL~! for NO3, and
0.037-C 4+0.006mgL~! for SOZ_ (where C is the
concentration in mg L~!; Table 1). For the EC values, a
measurement uncertainty of 2% was assumed for the EC
probe based on the specifications given by the EC probe’s
manufacturer. The assumed uncertainty in the EC values in
precipitation was 20 uS cm~!, as calculated above.

5.2 [Event-water fractions for eight storm events

A mixing analysis for two endmembers, event water and
pre-event water, was carried out for eight storm events be-
tween 20 February and 8 March 2016 based on isotopic and
chemical tracers. Event 8, where precipitation fell partly as
snow, was included in the analysis because river discharge
and stream water EC responded within 4 h after the onset
of precipitation (Table 2). Hence, the temporal change in the
snowmelt isotopic signal due to fractionation was assumed to
be negligible. Two storm events are analyzed in more detail,
followed by a general discussion of the hydrograph separa-
tion results based on all eight events.

5.2.1 Two storm events

Figures 7 and 8 show the hydrologic, isotopic, and chemical
responses in stream water and precipitation during Events 1
and 2. During Event 1, total rainfall was 6.8 mm within 6 h,
while 11.5 mm of rain fell within 13 h during Event 2. An-
tecedent moisture conditions, as inferred from the total rain-
fall within 48 and 24 h before the event as well as the initial
stream water level, were relatively wet for Event 1 and rela-
tively dry for Event 2 (Table 2).

For Event 1, §180 and 82H in stream water followed the
observed patterns in precipitation; i.e., stream water became
isotopically lighter over time. Isotope hydrograph separation
(IHS) for this event yielded maximum event-water fractions
(Fg.max) of 8011 and 59+ 14 % for §'80 and §°H, re-
spectively. This is similar to the results obtained from the
chemical tracers Ca?t, NO; , and SO?[ (57+1,65+2, and
65 +3 %) and EC (56 £ 3 %; Fig. 7d and e). The larger un-
certainties in the IHS compared to CHS can be explained by
the large temporal variability of the isotope values in pre-
cipitation, which substantially exceeds the analytical uncer-
tainty. During Event 1, the fraction of event water increased
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Figure 7. Precipitation Event 1 together with the (a) hydrologic,
(b) isotopic, and (c¢) chemical responses in stream water. Pan-
els (d) and (e) show the fractions of event water based on isotopic
and chemical hydrograph separation, respectively, which are simi-
lar for both types of tracers. However, the timing of the maximum
event-water fraction (Fg max) differs, with the isotopes indicating
the largest contribution of event water around 3 h after the peak flow
was reached. In panel (e), the gaps in the Fg time series based on
calcium concentrations are due to measurement outliers.

rapidly after the start of rainfall and declined continuously
as the stream stage receded. A difference in timing of FEg max
was evident for both tracer types (Fig. 7d—e): Fg max based on
the chemical tracers occurred 1 h after the peak flow, whereas
FE max based on the isotope tracers was delayed by roughly
3 h, possibly because the isotopic signature in precipitation
became lighter as the event progressed. Consequently, if Cg
values at the time of peak flow were used to perform hydro-
graph separation (Eq. 3), the isotope-based Fg values would
be substantially smaller (i.e., 1344 and 1543 % for §'30
and §H, respectively) than the Fg max values reported above.

During Event 2, the solutes in stream water showed a
clear dilution signal (Fig. 8c) similar to Event 1. The iso-
topic composition in stream water, by contrast, showed only
a very weak and inconsistent response to precipitation. For
instance, §2H in precipitation increased continuously through
the event, whereas 82H in stream water first decreased and
then began to increase again several hours after the onset
of precipitation. Consequently, IHS and CHS yielded sub-
stantially different interpretations of Event 2. The maximum
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Figure 8. Precipitation Event 2 and the (a) hydrologic, (b) isotopic,
and (c¢) chemical responses in stream water. Panels (d) and (e) show
the fractions of event water (Fg) based on isotopic and chemical hy-
drograph separation. Chemical tracers greatly exaggerate the event-
water fraction.

event-water fractions based on CHS ranged from 67 +1 %
(Ca?t) t0 82+3 % (SOi_), similar to Event 1. In contrast,
FE max values based on IHS ranged from 8 =1 to 15+ 3 %,
indicating that pre-event water was the dominant source of
stream water during peak flow.

How can such a large discrepancy between the event-water
fractions calculated from different environmental tracers be
explained? From Fig. 5 it can be seen that precipitation was
isotopically lighter than stream water in the 6 days leading
up to Event 2. Thus, the initial decrease in the 880 and 62H
values in stream water during Event 2 suggests the release
of isotopically lighter soil water and groundwater that were
recharged during previous events. An activation of this pre-
event water storage might have been triggered by enhanced
infiltration after relatively dry antecedent moisture condi-
tions (AMC) compared to the previous event, whereas wet
AMC would be more consistent with surface runoff genera-
tion. This hypothesis is further supported by the isotopic re-
sponses in stream water during Event 5, another isotopically
heavy event with dry AMC, following earlier inputs of iso-
topically lighter precipitation. In Event 5, small event-water
fractions (1241 and 21+ 1% for §'30 and 8%H, respec-
tively; Fig. S1 in the Supplement) were again obtained, in-
dicating that pre-event water dominated streamflow, similar
to Event 2. In Event 5, just as in Event 2, the chemical trac-
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were obtained for Event 4 because the isotopic signatures in precipitation and pre-event stream water were too similar (x). For Event 8,
the wash-off of road salt resulted in unrealistic g and Fg max values based on EC: —96 =6 and —95 46 % (xx), respectively. The larger
uncertainties in the IHS results compared to CHS can be explained by the large temporal variability of the isotope values in precipitation,
which substantially exceeds the analytical uncertainty during most events.

ers showed strong dilution, leading to an overestimate of the
maximum event-water fraction (>40 =4 2 %). In both Event 2
and Event 5, the chemical and isotopic data indicate a large
contribution from recent soil water or groundwater that had
not yet become highly mineralized, rather than from either
event precipitation or from older groundwater that presum-
ably accounted for most of the pre-event baseflow.

5.2.2 General discussion of hydrograph separation
results

Figure 9 summarizes the estimated event-water fractions for
all eight events, based on IHS and CHS, for two points in
time during each event: the time with the largest isotopic
or chemical response (i.e., Fg max) and the time of peak
flow. Maximum event-water fractions varied greatly across
the eight events (for example, from 1543 to 73+17%
based on 82H; Fig. 9; Tables S1 and S2 in the Supplement).
Also, within individual events, hydrograph separations based
on different isotopic and chemical tracers differed, often by
much more than their uncertainties. The inconsistencies be-
tween the estimated event-water fractions can be explained
by the fact that different tracers are shaped by different hy-
drochemical processes and flow pathways and thus may de-
scribe different endmembers (Richey et al., 1998; Wels et al.,
1991). While stable water isotopes are considered to be ideal
conservative tracers, chemical tracers are altered by biogeo-
chemical processes on their way through hydrological sys-
tems. These biogeochemical processes also vary over time,
as they depend on antecedent conditions and precipitation
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characteristics. The high-frequency analysis of environmen-
tal tracers can document this temporal variability, which, in
turn, helps to constrain conceptual catchment models. As il-
lustrated by Events 2 and 5, comparing chemical and isotopic
tracers can be useful in identifying the temporally variable
contributions of different water storages in the subsurface.

For Event 7, THS based on 830 resulted in event-
water fractions of >100%, which can be explained by
the fact that the first precipitation sample from this event
was isotopically very similar to the pre-event water signa-
ture (Cg = —11.69 %o, Cp = —11.09 %0). The incremental,
volume-weighted mean of the event-water endmember was
thus isotopically heavier than the stream water endmember,
resulting in a smaller difference from the pre-event water
endmember signature (Eq. 3). The precipitation samples af-
ter this first, less 8'80-depleted sample had an average §'30
value of —16.86 == 0.73 %o (Fstandard deviation; n = 6). For
82H, such a strong effect did not occur, and we could ob-
tain reasonable isotope-based hydrograph separation results
similar to the chemical hydrograph separation.

Figure 9 illustrates further that for three events (2, 5, and
8), the estimated event-water fractions for the two isotopes
8180 and §°H differed significantly (i.e., by more than twice
their pooled uncertainties). These differences did not fol-
low any particular pattern; for instance, Fg(§ 180)> Fg(82H)
for Event 8, while Fg(8'30)< Fg(82H) for Events 2 and 5.
Such discrepancies might be caused by temporally variable
8180-582H relations (d excess) of contributing water sources
(groundwater, soil water, and overland flow), resulting in dif-
ferent event-water fractions based on both isotopes. An al-
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precipitation events used for hydrograph separation.

ternative explanation is that the pre-event streamflow sig-
nature (Cp) may not reflect the isotopic signature of the
entire pre-event water storage, but only of the components
that feed baseflow (Klaus and McDonnell, 2013). Another
way of viewing this problem is that the precipitation event
may have mobilized a third pre-event water storage with un-
known isotopic composition (Tetzlaff et al., 2014). This con-
jecture is strongly supported by the initial shift toward iso-
topically lighter streamflow early in Event 2, even though
the event precipitation was isotopically heavier than the pre-
event baseflow. Event 5 also showed divergent event-water
fractions between the two isotopes, and like Event 2, it also
had strongly contrasting pre-event precipitation inputs. Thus,
the history of both events suggests that pre-event storage in
this catchment was isotopically heterogeneous. This observa-
tion is unsurprising given the pervasive heterogeneity of typ-
ical catchments, but a more detailed explanation is not pos-
sible with our spatially limited data set. Spatially distributed
measurements, such as from groundwater and soil water stor-
ages, would help to constrain the individual endmembers that
contribute to streamflow (e.g., Hangen et al., 2001). Addi-
tional high-frequency time series of the groundwater table
and soil moisture profiles would allow for documenting of
the effects of antecedent moisture conditions on the response
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times and on the activation of different storages at the site. Fi-
nally, a spatially distributed precipitation sampling network
might help to fully quantify the uncertainty inherent in the
event-water signature (Fischer et al., 2017; Lyon et al., 2009).

5.3 The role of the sampling frequency in capturing
hydrological and hydrochemical catchment
processes

A sampling frequency can be considered optimal when
the gain of information from additional measurements is
marginal (Kirchner et al., 2004; Neal et al., 2012). With our
high-resolution data set, we can thus investigate the potential
of different sampling frequencies for capturing hydrological
and hydrochemical catchment processes by subsampling the
30 min time series at smaller sampling frequencies, i.e., at 3,
6, and 12 h and daily intervals. To mimic the effects of inte-
grated bulk precipitation samples, we calculated the volume-
weighted averages of concentrations and isotope values in
precipitation over the corresponding time intervals.

Figure 10 shows that 3 h sampling frequencies would still
be sufficient to capture the isotopic variations in stream wa-
ter, including during low-intensity precipitation events. How-
ever, the short-term variability within single storm periods,
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as well as the rapid changes in precipitation isotope values,
cannot be resolved at this lower sampling frequency. Thus,
even sampling intervals of 3 h can result in a significant loss
of information relative to 30 min sampling, and at sampling
intervals of 12 h or longer, diurnal fluctuations and some iso-
topic and chemical responses to low-intensity precipitation
events would also be lost. Likewise, the 6 h or 12 h bulk pre-
cipitation samples shown in Fig. 10 fail to reflect the large
isotopic variability revealed by the 30 min samples.

To further illustrate the effect of lower sampling frequen-
cies, we performed hydrograph separation with the subsam-
pled data sets, for which illustrative results of the maximum
event-water fractions are shown for §2°H and EC in Fig. 11.
With a sampling frequency of 3h, maximum event-water
fractions similar to those for the 30 min sampling can still be
obtained, except for Events 3 (EC) and 4 (EC), where FE max
is underestimated. Longer sampling intervals (6 h, 12h) re-
sult in much smaller event-water fractions for most events.
Because the hydrologic response times in this catchment
were only between Oh and 2.5 h, the durations of the max-
imum hydrochemical variations were similarly short. Conse-
quently, sampling at longer time intervals increases the risk
of missing this critical peak response; if the sample is taken
before or after the maximum hydrochemical response, the
event-water signal in stream water (Cs) may be too weak,
which will inevitably underestimate the event-water fractions
or even lead to unrealistic negative values. Furthermore, the
rapid changes observed in precipitation isotopic composition
(Fig. 6) suggest that high-frequency measurements are cru-
cial to adequately represent the signature of the event-water
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endmember. Capturing the short-term responses of environ-
mental tracers also helps to better quantify transit time distri-
butions (Birkel et al., 2012; Stockinger et al., 2016; Timbe et
al., 2015) and to constrain concentration—discharge models
(Stelzer and Likens, 2006; Jones et al., 2012).

Our data also show that peak flow is not always a reliable
predictor of the time at which Fg becomes largest. As can be
seen, for example, during Event 1 (Fig. 7), FE max based on
IHS occurred up to 3.0 &+ 1.0 h after the peak flow. The tim-
ing of the peak flow and the Fg max values for chemical and
isotope tracers coincided for only four events (Events 2, 6, 7,
and 8). During the remaining events, the tracer signal showed
the strongest responses up to 2.5 £ 1.0 h after the peak flow,
indicating that the time window for sample collection at our
site must extend more than 3 h before and after the peak flow
in order to capture the whole range of event-water dynam-
ics. In the case of snowmelt Event 8, when the maximum EC
response occurred 5h before the peak flow, an even longer
sampling period would be required in order to capture un-
usual events, such as the inflow of water contaminated by
road salt.

6 Concluding remarks

This paper presents the first field hydrology application of
Picarro’s Continuous Water Sampler (CWS), which was
coupled to a L.2130-i wavelength-scanned cavity ring-down
spectrometer to measure 8'80 and §?H in stream water and
precipitation at a temporal resolution of 30 min. We com-
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bined this real-time isotope analysis system with a dual-
channel ion chromatograph for the synchronous analysis of
major cations and anions. Good instrument performance and
high measurement precision could be achieved during con-
tinuous 48 h laboratory experiments and a 28-day deploy-
ment in the field at a small, partly urbanized catchment in
central Switzerland.

Problematic issues, such as sample degradation during
storage and transportation that arise in conventional sampling
for catchment tracer studies, become irrelevant with the sys-
tem presented here. At the same time, potential registration
errors arising during the collection and handling of a large
number of water samples are avoided. Conversely, two ma-
jor limitations of the coupled isotope analyzer/IC system are
its high cost and the need for line power, which constrains its
use in remote locations. However, the laboratory analysis of
conventionally collected grab samples is also cost-intensive,
and the autosamplers used in conventional sampling schemes
also require a reliable energy supply (though at much lower
power levels).

The results of the high-frequency analysis system are pre-
sented here to provide a proof-of-concept and an illustration
of its functionality in the field, rather than to fully document
the hydrological and biogeochemical processes at this field
site. A more detailed interpretation would require additional
measurements of soil water and groundwater isotopes and
chemistry in order to better constrain the endmembers in the
mixing analysis. Nevertheless, our 1-month field experiment
demonstrates the marked short-term variability of several
natural tracers in a small, highly dynamic watershed. The hy-
drograph separation exercise clearly showed that long-term,
high-frequency isotopic and chemical analyses are essential
for capturing the “unusual but informative” events that shed
light on catchment storage and flow processes. We further
showed that the right timing for capturing peak event-water
contributions can easily be missed with conventional grab
sampling strategies at time intervals longer than 3 h, resulting
in an underestimation of the event-water fraction. In addition,
the relative timing of the isotopic and chemical responses
was highly variable, demonstrating the challenge of captur-
ing the right moments with episodic snapshot campaigns or
long-term monitoring with daily, weekly, or even monthly
sampling intervals.

As was shown here and elsewhere (e.g., Kirchner, 2003),
the short-term responses of streamflow and environmental
tracers may follow distinctly different patterns, which helps
to constrain streamflow generation mechanisms and quanti-
fying short transit times. Thus, high-frequency isotopic and
chemical measurements also have great potential for catch-
ment model validation. Potential future applications of the
system could include sites with rapid hydrologic responses,
such as urban streams (e.g., Jarden et al., 2016; Jefferson et
al., 2015; Soulsby et al., 2014), wastewater and drinking wa-
ter systems (e.g., Houhou et al., 2010; Kracht et al., 2007),
or agricultural catchments with artificial drainage networks
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(e.g., Doppler et al., 2012; Heinz et al., 2014). By eliminat-
ing the errors associated with the handling, transportation,
and storage of individual bottles, our analysis system may
also achieve better precision than conventional field sampling
followed by laboratory analyses. As a result, our system may
be able to detect subtle isotopic and biogeochemical signals
(associated with, e.g., evaporation effects or in-stream bio-
logical processes) that would be missed by conventional ap-
proaches to sampling and analysis. Thus, this system can po-
tentially shed new light on the linkages between hydrologi-
cal, biological, and geochemical processes.

7 Data availability

The data sets can be found in the Supplement to this article.

The Supplement related to this article is available online
at doi:10.5194/hess-21-1721-2017-supplement.
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