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Dear Prof. Markus Weiler, 

Thank you very much for your final response and pointing out the two technical points, which we have corrected 
accordingly in the revised version of our manuscript.  

Best regards, 

Jana von Freyberg, Bjørn Studer and James W. Kirchner 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Zurich, 8 February 2017 

 

Dear Prof. Markus Weiler, 

Please find attached the revised version of our manuscript entitled “A lab in the field: High-frequency analysis 
of water quality and stable isotopes in streamwater and precipitation” (hess-2016-585).  

We addressed all issues raised by the reviewers (our detailed responses to the reviewers are already posted).  In 
particular, following the reviewer’s suggestion, we have compressed section 5, for instance by merging sections 
5.3 and 5.4 into one section.  We further added sub-headings to section 5.2 to better structure this part of the 
revised manuscript and to make it easier for the reader to follow the train of thought.   

Further, we included more references to previous studies to link our research to other potential approaches.  
Among others, we reference a review paper by Rode et al. (2016) that presents a comprehensive overview of the 
most recent applications of high-frequency measurements of isotopes and solutes in hydrology.  Unfortunately, 
we did not find any oceanography studies where high-frequency isotope measurements are used (or could be 
used), however, we hope that our paper may arouse interest within the ocean research community.  

We highly appreciated the thoughtful comments of you and the two reviewers, which helped to improve our 
manuscript.  We believe that the revised version of our manuscript illustrates more clearly the novelty of our 
analysis system and describes in more detail the application of high-frequency measurements of stable water 
isotopes and major ions in catchment studies.  

Thank you for considering our revised manuscript. 

Best regards, 

Jana von Freyberg, Bjørn Studer and James W. Kirchner 
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Abstract. High-frequency measurements of solutes and isotopes (18O and 2H) in rainfall and streamflow can 7 

shed important light on catchment flow pathways and travel times, but the workload and sample storage artifacts 8 

involved in collecting, transporting, and analyzing thousands of bottled samples severely constrain catchment 9 

studies where conventional sampling methods are employed.  However, recent developments towards more 10 

compact and robust analyzers have now made it possible to measure chemistry and water isotopes in the field at 11 

sub-hourly frequencies over extended periods.  Here we present laboratory and field tests of a membrane-12 

vaporization continuous water sampler coupled to a cavity ring-down spectrometer for real-time measurements 13 

of δ18O and δ2H, combined with a dual-channel ion chromatograph (IC) for synchronous analysis of major 14 

cations and anions.  The precision of the isotope analyzer was typically better than 0.03 ‰ for δ18O and 0.17 ‰ 15 

for δ2H, for 10 min average readings taken at intervals of 30 min.  Carryover effects were less than 1.2 % 16 

between isotopically contrasting water samples for 30 min sampling intervals, and instrument drift could be 17 

corrected through periodic analysis of secondary reference standards.  The precision of the ion chromatograph 18 

was typically ~0.1-1 ppm or better, with relative standard deviations of ~1% or better for most major ions in 19 

streamwater, sufficient to detect subtle biogeochemical signals in catchment runoff. 20 

We tested installed the coupled isotope analyzer / IC system in an uninsulated hut next to a stream of a small 21 

catchment and under field conditions by analyzeding streamwater and precipitation samples every 30 min over 22 

28 days in a small catchment.  These high-frequency measurements facilitated a detailed comparison of event-23 

water fractions via end-member mixing analysis with both chemical and isotope tracers.  For two events with 24 

relatively dry antecedent moisture conditions, event-water fractions were <21 0% based on isotope tracers, but 25 

were significantly overestimated (40 39% to 82 3%) by the chemical tracers.  These observations, coupled with 26 

the storm-to-storm patterns in precipitation isotope inputs and the associated streamwater isotope response, led 27 

to a conceptual hypothesis for runoff generation in the catchment.  Under this hypothesis, the pre-event water 28 

that is mobilized by precipitation events may, depending on antecedent moisture conditions, be significantly 29 

shallower, younger, and less mineralized than the deeper, older water that feeds base flow and thus defines the 30 

"pre-event" end-member used in hydrograph separation.  This proof-of-concept study illustrates the potential 31 

advantages of capturing isotopic and hydrochemical behavior at high frequency over extended periods that span 32 

multiple hydrologic events.   33 

1. Introduction 34 

Environmental tracers are widely used in hydrology to investigate recharge processes, subsurface flow 35 

mechanisms and streamflow components (Leibundgut and Seibert, 2011).  The most common environmental 36 

tracers are the naturally occurring stable water isotopes 18O and 2H (Klaus and McDonnell, 2013).  Solutes such 37 
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as dissolved organic compounds, nutrients, and major ions are also widely used, together with stable isotopes, as 38 

indicators of flowpaths and biogeochemical reactions (e.g., McGlynn and McDonnell, 2003; Vitvar and 39 

Balderer, 1997; Weiler et al., 1999).  Environmental tracer studies typically involve manual or automated 40 

sample collection, followed by transport, storage, and subsequent laboratory analysis.  The time and effort 41 

involved in sample handling are often a major constraint limiting the frequency and duration of sampling, and 42 

thus the scope of tracer studies.  While various automated, in-situ analyzers for certain solutes and nutrients are 43 

becoming standard tools in environmental monitoring studies (e.g., Bende-Michl and Hairsine, 2010; Rode et 44 

al., 2016b), high-frequency analyses of isotopes and major ions over longer time periods remain challenging. 45 

 46 

To date, isotope studies have maintained high sampling frequencies only during a few storm events (e.g., 47 

Berman et al., 2009; Lyon et al., 2008; Pangle et al., 2013), with the result that only limited ranges of catchment 48 

behavior have been explored.  Long-term catchment studies capture a wider range of hydrologic events, but 49 

generally collect water samples at only weekly or monthly intervals for subsequent laboratory analysis (e.g., 50 

Buso et al., 2000; Darling and Bowes, 2016; Jasechko et al., 2016, Neal et al., 2011), making higher-frequency 51 

behaviors unobservable.  As pointed out by Kirchner et al. (2004), sampling at intervals much longer much 52 

smaller than the hydrological response times of a catchment may result in significant losses of information.  For 53 

instance, sub-daily sampling is required to capture diurnal fluctuations in streamwater hydrochemistry, which 54 

reflect evapotranspiration effects or in-stream biological activity (e.g., Aubert and Breuer, 2016; Hayashi et al., 55 

2012).   Thus, high-frequency sampling can help to determine ecological effects or to identify biogeochemical 56 

hot spots and hot moments, which are characterized by disproportionately high reaction rates (e.g., McClain et 57 

al., 2003; Vidon et al., 2010).  In order to differentiate hydrological and biogeochemical catchment processes 58 

related to different water ages and flow pathways, long-term monitoring has to be complemented by additional 59 

high-frequency hydrochemical and isotope measurements.  So far, only a few long-term studies have sampled 60 

streamwater at daily or sub-daily intervals for on-site measurements or subsequent analysis in the laboratory, 61 

such as at Plynlimon, Wales (Neal et al., 2012), at the Kervidy-Naizin catchment in western France (Aubert et 62 

al., 2013) or at the Selke river in Germany (Rode et al., 2016a).  Such studies have yielded fundamental insights 63 

into catchment hydrological behaviour, not only at a wide range of temporal scales but also under varying 64 

hydro-climatic conditions (e.g., Benettin et al., 2015; Halliday et al., 2013; Harman, 2015; Kirchner and Neal, 65 

2013; Riml and Worman, 2015).  66 

 67 

The recent development of compact and robust isotope analyzers has fostered initial attempts to continuously 68 

measure δ18O and δ2H in streamwater or precipitation directly in the field.  The only previous field-based 69 

isotope monitoring of  4 contiguous weeks was carried out by Berman et al. (2009) with a customized liquid 70 

water isotope analyzer based on off-axis integrated cavity output spectroscopy (OA-ICOS; Los Gatos Research, 71 

Mountain View, CA, USA), which measured δ18O and δ2H in 90 samples per day.  As the system was based on 72 

repeated injections of samples into a vaporizer, daily maintenance (i.e., injection septa change, filter cleaning) 73 

was required to keep it running.  An alternative approach uses a semi-permeable membrane to generate water 74 

vapor from a continuous sample throughflow, which is then transferred to a wavelength scanned – Cavity Ring-75 

Down Spectrometer (CRDS) (e.g., Herbstritt et al., 2012).  Munksgaard et al. (2011) developed such a custom-76 

made diffusion sampler and attached it to a CRDS (Picarro Inc., Santa Clara, CA, USA) that was used to 77 
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measure δ18O and δ2H in precipitation at frequencies of up to 30s over a 15day period (Munksgaard et al., 78 

2012), as well as to monitor the isotopic response at 1 min resolution in streamflow during a storm event 79 

(Tweed et al., 2016).  80 

 81 

A similar diffusion sampling system has recently become commercially available (Continuous Water Sampler 82 

Module, or CWS; Picarro Inc., Santa Clara, CA, USA), which allows for quasi-continuous measurements of 83 

δ18O and δ2H in liquid water samples when coupled to a CRDS analyzer.  Here we present initial laboratory and 84 

field verification experiments with this device, which we have combined with a dual-channel ion chromatograph 85 

(IC; Metrohm AG, Herisau, Switzerland) for real-time analysis of major cations and anions.  Laboratory 86 

experiments quantifying the precision and sample carryover memory effects of this system are presented in 87 

Section 3 below.  Section 4 illustrates the practical applicationperformance of the system in the field using a 28-88 

day deployment at a small catchment in Switzerland. Section 5 quantifies the fractions of event water that 89 

contributed to the flood hydrograph in eight major precipitation storm events, illustrating one potential 90 

application of high-frequency isotope tracer measurements of isotopes and major ions. 91 

2. Methodology 92 

2.1 Isotope analysis and ion chromatography�93 

For the analysis of the stable water isotopes 18O and 2H, the Continuous Water Sampler module (CWS; Picarro 94 

Inc., Santa Clara, CA, USA) was coupled to a Wavelength Scanned-Cavity Ring-Down Spectrometer (WS-95 

CRDS; model L2130-i, Picarro Inc., Santa Clara, CA, USA).  In the CWS, the water sample flows at a rate of 96 

�1mL min-1 through an expanded polytetrafluouroethylene (ePTFE) membrane tube.  This tube is mounted in a 97 

stainless steel chamber that is supplied with dry air to facilitate the steady diffusion of a small fraction of the 98 

through-flowing water as vapor through the membrane.  Through the continuous flow of dry air over the outer 99 

surface of the membrane, the vapor is carried directly to the CRDS for isotope analysis.  To minimize 100 

temperature-induced fractionation effects, the instrument keeps the temperatures of the membrane chamber and 101 

the inflowing water constant at (± 1 standard deviation) 45±0.1°C and 15±0.1°C, respectively.  A solenoid 102 

diaphragm pump situated upstream of the membrane cartridge draws water samples from the sample container 103 

and pushes them through the membrane tube at a flow rate of approximately 1 mL min-1.  As we show in 104 

Section 3.1 below, preliminary tests showed that this pump is not sufficient for our purposes, so we substituted a 105 

programmable high-precision dosing unit (800 Dosino, Metrohm AG, Herisau, Switzerland) in its place.   106 

 107 

Isotopic abundances are reported through the δ notation relative to the VSMOW-SLAP standards.  We used  For 108 

the laboratory experiments, we used the factory calibration of the isotope analysis system, because only relative 109 

isotope values are needed for quantifying precision, drift, and carryover, and thus the absolute isotope values are 110 

unimportant.  For the field experiment, however, we periodically measured two internal isotope standards (Fiji 111 

and Evian bottled water), which were calibrated by a Picarro L2130-i CRDS at the isotope laboratory of the 112 

University of Freiburg (Germany) to primary reference materials (IAEA standards SLAP, VSMOW, GISP; 113 

instrument precision 0.16 ‰ (δ18O) and 0.6 ‰ (δ2H)). 114 

 115 
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Major ions in liquid water samples, i.e. Na+, K+, NH4
+, Ca2+, Mg2+, F-, Cl-, NO3

-, SO4
2-, PO4

3-, were analyzed 116 

with an ion chromatograph (IC; model 940 Professional IC Vario, Metrohm AG, Herisau, Switzerland) with a 117 

two-column configuration (Anions: Metrosep A Supp 5 – 250/4.0, Cations: Metrosep c 6 – 250/4.0).  118 

Continuous operation of the instrument was possible due to fully automated eluent generation (941 Eluent 119 

Production Module).  To generate the full ion chromatograms of both anions and cations, approximately 28 min 120 

were required; thus the sampling interval of the combined analysis system was fixed at 30 min. 121 

2.2 Sample collection and distribution 122 

The water samples were distributed between the analyzers with high-precision dosing units (800 Dosino, here 123 

called simply ‘Dosino’; Metrohm, Herisau, Switzerland).  A Dosino contains a programmable piston that fills 124 

and empties a glass cylinder with up to 50 mL of sample at a resolution of 10,000 increments (implying 5 µL 125 

increment-1).  The design of the dosing unit minimizes the dead volume and thus the potential for sample 126 

carryover.  In the base of the glass cylinder sits a rotating valve disc that guides the liquid sample through one of 127 

four ports; thus each Dosino functions as both a switching valve and a syringe pump.   128 

 129 

Figure 1 depicts the schematic overview of the automatic sample collection and analysis system, showing how 130 

the different Dosinos distribute precipitation and streamwater samples between the isotope analyzer, the IC and 131 

and an autosampler (which can be programmed to save individual samples for subsequent analysis in the 132 

laboratory).  The sampling routine begins with a cleaning step when either the ‘P Dosino’ (which handles 133 

precipitation) or the ‘S Dosino’ (which handles streamwater) transports 10 mL of sample water for rinsing to the 134 

a sample storage beaker.  The ‘Isotope Dosinos’ also eject any remaining sample into the beaker, after which the 135 

beaker is emptied.  Then, 50 mL of fresh streamwater or precipitation sample is transported (by either the ‘S 136 

Dosino’ or the ‘P Dosino’ for streamwater or precipitation, respectively) into the rinsed beaker, from which one 137 

of the ‘Isotope Dosinos’ draws 30 mL of water and injects it at a flow rate of 1 mL min-1 into the CWS for 138 

isotope analysis.  The two ‘Isotope Dosinos’ operate alternatingly to minimize the time when the sample flow 139 

into the CWS is interrupted.  Meanwhile, either the ‘P Dosino’ or the ‘S Dosino’ takes up another 12 mL of 140 

water sample and pumps it through a 0.45 µm tangential filter into the ‘IC Dosino’, which discards the first 141 

2 mL of the filtered sample.  From the remaining filtered sample, 8 mL are filled into vials by the autosampler 142 

and 2 mL are delivered to the IC for direct ion analysis.  During the ion analysis (ca. 28 min), the ‘S Dosino’, ‘P 143 

Dosino’ and ‘IC Dosino’, the autosampler, and all tubing are rinsed with nanopure water to minimize carryover 144 

effects.  The entire sampling routine is programmed with the IC control software MagIC Net (Metrohm, 145 

Herisau, Switzerland), which facilitates detailed data logging and documentation of the sample handling. 146 

3. Laboratory experiments 147 

3.1 Optimization of sample injection into the Continuous Water Sampler module (CWS) 148 

In the original design of the CWS, water samples are transported by a small solenoid diaphragm pump between 149 

the inlet port and the membrane cartridge at a flow rate of approximately 1 mL min-1.  During preliminary tests, 150 

however, we observed that raising or lowering the sample container detectably altered the reported isotope 151 

ratios.  In order to quantify the sensitivity of the instrument to hydraulic head differences (i.e., the height of the 152 
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water table in the sample bottle relative to the waste outlet of the CWS), we changed the elevations of the 153 

sample container relative to the instrument while continuously analyzing a single water sample (nanopure 154 

water).  We measured the vapor concentration, δ18O and δ2H for the same water sample at five different 155 

elevations, ranging from 7 cm above to 98 cm below the waste outlet.  The end of the waste outlet tube was 156 

always freely draining.  Each configuration was measured for one hour and the average values and standard 157 

deviations of the uncalibrated 6 s measurements of vapor concentration, δ18O and δ2H were calculated from the 158 

last 10 min of each 1 h configuration. 159 

 160 

The results of this experiment are summarized in Fig. 2, which shows clear linear relationships between the 161 

hydraulic head differences and both the vapor concentrations and the isotope measurements.  Lowering the 162 

sample source relative to the outflow results in systematically heavier isotopic values in the vapor measured by 163 

the instrument.  Vapor concentrations show a similar trend, i.e. more vapor was generated for lower positions of 164 

the sample source.  These observations suggest that the hydraulic head difference directly affected the flow rate 165 

of the liquid sample through the CWS membrane tube.  Because the water is much colder than the surrounding 166 

air as it enters the membrane chamber, it is continuously warming as it travels through the membrane tube.  At 167 

greater head gradients (and thus smaller flow rates), the sample will travel more slowly through the membrane 168 

chamber and will warm up more.  Ats a consequence of higher water temperatures, water can be expected 169 

toshould diffuse more rapidly through the membrane and the resulting vapor can be expected towill be less 170 

fractionated relative to the liquid phase (Kendall and McDonnell, 1998), as observed in Fig. 2. 171 

 172 

It is unknown whether the empirical linear relationships shown in Fig. 2 are generally applicable, or are specific 173 

to each individual membrane or to the properties of the sample.  Nevertheless, for this membrane and this 174 

sample, the results indicate that changing the hydraulic head by 50 cm changes the reported isotope values by 175 

approximately 0.12 ‰ for δ18O and 0.52 ‰ for δ2H, respectively.  This flow-rate artifact might become 176 

particularly important for applications in which isotope standards and samples are drawn from sample 177 

containers at different elevations relative to the waste outlet of the CWS (e.g. shipboard sampling).  In such 178 

cases, a vapor concentration correction relative to a reference height would have to be carried out to account for 179 

the changes in flow rate that affects the isotopic composition in the measured water vapor.  Alternatively, a 180 

different injection system could be used to deliver a specified flow rate, independent of the position of the 181 

source relative to the CWS.  We used the Dosino for this purpose, since it functions as a high-precision syringe 182 

pump whose delivery rate is specified by the pulse rate of the stepper motor, independent of the hydraulic head 183 

gradient. 184 

 185 

Because of the limited volume of each Dosino’s glass cylinder (50 mL), a sample could be injected at a flow 186 

rate of 1 mL min-1 for a maximum of 50 min.  For longer injections, or to switch samples, a second Dosino had 187 

to take over the sample delivery.  The handoff between the Dosinos interrupted the sample flow to the CWS for 188 

around 2 s.  This interruption was reflected in a sharp but brief increase in vapor concentrations and isotope 189 

values, which returned back to stable values approximately 10 min after the injection started (see Fig. 3 for an 190 

example).  For our application, i.e. synchronous IC measurements, we programmed a 30 min injection period 191 

for the isotope analysis.  To obtain the final isotope values of a liquid sample we averaged the individual 6 s 192 
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measurements reported by the WS-CRDS during the last 10 min of each 30 min injection period, using the first 193 

20 min to minimize any memory effects from the previous sample or from Dosino changeover.  The advantage 194 

of the Dosino-based sample injection handling system is the very steady, pressure-independent sample injection. 195 

3.2 Performance of the isotope analyzer with Continuous Water Sampler (CWS) 196 

We quantified precision, drift coefficients and carryover effects of the isotope analyzer with CWS and Dosino-197 

based sample injection, using a continuous 48-hour laboratory experiment that alternated between three water 198 

samples (i.e., to mimic streamwater, precipitation and a reference standard).  The sample handling system was 199 

as shown in Fig. 1, except that the precipitation collector was replaced with a 10 L bottle of nanopure water and 200 

the streamwater sampler was replaced by a 10 L bottle of tap water.  The sampling system alternated between 201 

these two sources, and for each eighth injection it introduced an isotopically heavier secondary standard (Fiji 202 

bottled water) (Fig. 3).  The isotopic differences between Fiji bottled water and tap water were about 203 

(± 1 standard error, SE) 4.54 ± 0.02 ‰ and 32.67 ± 0.08 ‰ for δ18O and δ2H, respectively.  The isotopic 204 

differences between tap water and nanopure water were much smaller (0.05 ± 0.01 ‰ for δ18O and 205 

0.12 ± 0.03 ‰ for δ2H) because the nanopure water was generated from the same tap water by reverse osmosis.   206 

 207 

The precisions of the isotope values, as quantified by the standard deviations of the individual 6s measurements 208 

during the last 10 min of each injection period, were better than 0.08 ‰ for δ18O and 0.18 ‰ for δ2H.  These 209 

standard deviations imply that the standard errors of the 10 min averages should be better than 0.008 ‰ and 210 

0.018 ‰ for δ18O and δ2H, respectively.  These standard errors overestimate the repeatability of successive 211 

measurements, however.  As a measure of sample-to-sample repeatability, the standard deviations of the 10 min 212 

averages for the entire 48-hour experiment were 0.03 ‰ (δ18O) and 0.17 ‰ (δ2H), or better, for each of the three 213 

water samples (excluding two outliers associated with an interruption in the sampling routine), much larger than 214 

the calculated standard errors.  Thus, the major uncertainties in the 10 min averages do not arise from the 215 

counting statistics of the instrument itself, but rather, we suspect, from sample-to-sample variability in the 216 

performance of the vaporizer.  We use these larger estimates of uncertainty (0.03 ‰ for δ18O and 0.17 ‰ for 217 

δ2H) in the error propagation calculations presented in Section 5.1. 218 

 219 

Instrument drift was analyzed by linear regression of the 10 min averages from the ends of each 30 min 220 

injection period.  Instrument drift for δ18O was statistically indistinguishable from zero for two of the three 221 

waters, averaging (±1SE) -0.009±0.008, -0.009±0.006, and -0.015±0.007 ‰ day-1 for Fiji, nanopure, and tap 222 

water, respectively.  Instrument drift for δ2H was slow but statistically significant for two of the three waters, 223 

averaging 0.133±0.040, 0.084±0.016, and -0.021±0.021 ‰ day-1 for Fiji, nanopure, and tap water, respectively.  224 

Thus, the accumulated drift over one day was typically smaller than the measurement precision for individual 225 

10 min averages for either isotope.  As explained in Section 4.2 below, substantially faster drift occurred during 226 

the field experiment due to biofilm growth on the membrane that , but could, however, be easily be measured 227 

and corrected using regularly injected reference standards.  This faster drift can be explained with biofilm 228 

growth on the membrane, which could be observed on the inside of the membrane tube during preliminary tests 229 

with streamwater samples at the field site. 230 

 231 
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Between-sample memory mainly arises from small remnants of previously injected samples that remain in the 232 

sample handling system (e.g., tubes, membrane, valves, pumps) or the analyzer itself, and are carried over to the 233 

following analysis.  We quantified the between-sample memory effect of the isotope analyzer using two 234 

isotopically contrasting samples, Fiji water and nanopure water.  The true isotopic difference was obtained from 235 

the 7th (=last) injection of nanopure water, which was measured around 3 h after the reference standard (Fiji), 236 

and was thus assumed to be free of any memory effects.  We calculated the memory coefficient (X) as a measure 237 

of carryover effects using Gupta et al. (2009): 238 

! = #$%#$&'
#()*+%#$&'

       (1) 239 

where C denotes the isotope ratio (or the solute concentration), the indices (i) and (i-1) denote the current and 240 

the previous injection, and (true) denotes the true value taken from the last value of multiple injections.  Based 241 

on the 10 min averages from the end of each 30 min injection period, tThe average carryover from the Fiji 242 

bottled water to the next 30min sample was 100%·(1-X)≈0.9 % for δ18O and 1.2 % for δ2H, respectively (Table 243 

1).  The carryover during the first and second 10 min of each 30 min injection period was, however, much larger 244 

(up to 53 % and 6 %, respectively) implying that our 30 min sampling cycle is indeed necessary to prevent 245 

unacceptably large carryover effects.  246 

3.3 Performance of the ion chromatograph (IC) 247 

With the IC, a 48h-hour laboratory experiment was carried out as well.  However, the sampling sequence 248 

differed slightly from that of the isotope analyzer described previously: each measurement of tap water or Fiji 249 

water was followed by two to six samples of nanopure water, which mimics precipitation samples with 250 

generally very low solute concentrations.  Due to the low solute concentrations in the nanopure water, carryover 251 

effects can be quantified efficiently. 252 

   253 

Average concentrations, of the major anions and cations during the 48h48-hour experiment are reported in Table 254 

1, along with their absolute and relative standard deviations.  For tap water and Fiji water, relative standard 255 

deviations were <5% for all constituents with concentrations above the limit of quantification (LOQ) and ~1% 256 

or less for most major ions, indicating that the IC measurements were stable over the 48h48-hour period and that 257 

they were sufficiently precise to detect even subtle biogeochemical signals in streamwater.  D.  Consequently, 258 

drift effects in the instrument were not statistically significant (p>0.05) for most constituents in Fiji water and 259 

tap water.  For Cl-, NO3
- and SO4

2- in the Fiji water, the linear drift was statistically significant but also very 260 

slow: accumulated drift over 24h was never much larger than the LOQ (Table 1).  Average % carryover 261 

(100%·(1-X), Eq. (1)) in the nanopure water sample, following immediately after a tap water or Fiji water 262 

sample, was ≤ 3.8 %.  263 

4. Application in the field 264 

4.1 Setup 265 

For the field experiment, the system was installed in a hut (area 1.7x1.7m) next to a small perennial stream 266 

flowing behind the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) near Zurich, 267 

Switzerland.  The creek drains an area mainly covered with open grassland, grain fields, and suburban 268 
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residential neighbourhoods (Fig. 4).  The dominant soil type is colluvial, partly gleyic brown soil (GIS-ZH, 269 

2016).  270 

 271 

Stream stage, temperature and electrical conductivity of streamwater were recorded in the stream every 10 min 272 

using a data-logging sonde (model DL/N 70; STS SensorTechnik Sirnach, Switzerland).  The volumetric 273 

discharge was not gauged, but we assume that the times of the highest stream stage coincided with peak flow, 274 

and thus use both terms synonymously.  Once a day at 7:30 am, daily pPrecipitation (rainfall and snow) was 275 

measured measured with an unheated collector and snow depth was recordeddaily at 7:30am.  For a higher 276 

temporal resolution, we used the hourly CombiPrecip dataset (MeteoSwiss), a grid-data product that combines 277 

radar estimates and rain-gauge measurements to compute precipitation rates at 1 km2 spatial resolution.  A the 278 

site were estimated as the average of 10min measurements at three nearby weather stations (Stetten, Zurich 279 

Fluntern, and Zurich Affoltern) in the MeteoSwiss observation network.  gGood agreement (R2 > = 0.8286) was 280 

observed between measured daily precipitation at our field site and the daily sums of hourly the averages of the 281 

three MeteoSwiss stationsCombiPrecip data , thus indicateing that the MeteoSwiss CombiPrecip data dataset are 282 

is a reasonalble proxy for precipitation rates variability at the field site.  To distinguish rain and snowfall events, 283 

air temperature was recorded near the instrument hut every 10 min (Haeni, 2016; Schaub et al., 2011).  The 284 

uninsulated hut was not temperature controlled; however, the instruments produced heat so that inside air 285 

temperatures were on average 12°C higher than outside.  Outside air temperature variations were reflected 286 

inside the hut, where air temperatures ranged from 7 to 23°C.  287 

 288 

The hut was connected to the electricity grid to allow continuous operation of all instruments.  A submersible 289 

pump (Eheim GmbH, Deizisau, Germany) continuously pumped streamwater at a rate of 6 L min-1 into a 290 

through-flow bucket inside the hut.  The volume of the bucket was 10 L; thus every several minutes the contents 291 

of the bucket were effectively exchanged.  Every 30 min, water was drawn from the bucket by the ‘S Dosino’ 292 

through a 1µm cellulose filter to supply the isotope analyzer, IC and autosampler (Fig. 1).  Precipitation was 293 

collected with a heated 45 cm diameter funnel installed 2.5 m above ground.  Precipitation flowed into a 294 

Teflon®-coated collector with a level detector that triggered at a threshold volume of 72 mL (equaling roughly 295 

0.5 mm of precipitation).  The status of the level detector was queried before the end of each measurement 296 

routine and a precipitation sample was drawn taken only if the threshold volume of 72 mL (equaling roughly 0.5 297 

mm of precipitation) was exceeded.  For initial filtration of the precipitation sample, a ceramic frit filter was 298 

attached on the suction tube of the ‘P Dosino’ that drew the sample from the precipitation collector.  After 299 

precipitation was sampled, a peristaltic pump emptied the precipitation collector to avoid mixing fresh and old 300 

precipitation samples.  The sampling routine was programmed to always alternate between streamwater and 301 

precipitation samples in order to obtain enough streamwater samples during storm periods.  To reduce biofilm 302 

growth on the membrane in the CWS, copper wool was placed in the beaker from which the ‘Isotope Dosinos’ 303 

drew the samples.  Sampling was interrupted approximately once a week for basic maintenance (i.e., replacing 304 

the filter membranes, cleaning Dosinos, refilling reference standards and eluent stock solutions). 305 

 306 
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To correct for instrument drift, internal rReference standards were analyzed every 3h to correct for instrument 307 

drift.  Correction for drift was carried out  Ffor the five samples between two bracketing measurements of the 308 

same reference standard following equation was applied: 309 

,-.// = ,/01 + (,4/56 −
#8(9,$;#8(9,<

= )       (2) 310 

with C denoting the solute concentration or the isotope ratio, respectively.  The indices represent the corrected 311 

value (corr), the current raw measurement (raw), the true value of the reference standard (true), and the 312 

previous and successive measurements of the same reference standard (std) measured at time i and 3h later at 313 

time j.  For the isotope analyzer, Fiji bottled water was used as drift controlinternal reference standard, which 314 

was injected directly from a container by one of the ‘Isotope Dosinos’ (Fig. 1).  The measurements of the IC 315 

were drift-corrected with another reference standard (Evian bottled water) in the autosamplerthat was 316 

transferred directly to the IC by the ‘IC Dosino’.  Evian bottled water was used, as its mineral composition 317 

resembles that of streamwater more closely than Fiji bottled water does. 318 

4.2 Temporal high-resolution measurements of stable isotopes and major ions in precipitation and 319 
streamwater 320 

The measurement system was deployed at the field site from 13 February 2016 to 11 March 2016 and more than 321 

1000 streamwater and precipitation samples were analyzed for stable water isotopes and major ions, .  Although 322 

the field-based measurement period covered only around 1 month, this real-time analysis system capturinged a 323 

wide range of hydrological and hydrochemical conditions. Table 2 provides an overview of the eight storm 324 

events during that period.   A comparison of the aggregated precipitation data with the on-site daily 325 

measurements from the un-heated rainfall collector indicated that Air temperature measurements at the site and 326 

daily observations of the snow height showed that pprecipitation during Events #1-#7 was mostly rainfall..    327 

SSnowfall occurred occasionally after 1 March, while during Event #8 most precipitation fell as snow. 328 

 329 

We calculated the response time of streamflow as the time difference between the first detection of precipitation 330 

and the first significant increase in streamwater level relative to the initial conditions.  Typical Rresponse times 331 

were between 0 h and 2.5 h (Table 2), suggesting an influencefast runoff from the residential area in the eastern 332 

part of the catchment.  The most A more delayed streamflow response (4h2.5h) was observed after the snowfall 333 

Eevent (#8), reflecting delayed snowmelt.  As illustrated by Fig. 5, a 30 min sampling interval was sufficient to 334 

resolve the temporal patterns of stable isotopes and solutes in streamflow during the rising limb of the 335 

hydrograph, even during low-intensity precipitation periods such as Event #5.  336 

 337 

Compared to the laboratory experiment with the isotope analyzer, during the field experiment we observed 338 

carryover effects in the isotope measurements of up to 100%·(1-X)=3%, which can be explained by the copper 339 

wool in the beaker from which the “Isotope Dosinos” drew the water samples.  Despite the rinsing routine of the 340 

beaker, the wool retained small volumes of sample from previous injections that affected the isotopic 341 

composition in the fresh sample.  Consequently, the wool was removed and the prior isotope measurements 342 

were adjusted with X=97% and Eq. (1).  Further, instrument drift was substantially faster during the beginning 343 

of the field experiment due to biofilm growth in the membrane tube.  For instance, during the first week, 344 

instrument drift for raw δ18O and δ2H measurements in Fiji bottled water was statistically significant, averaging 345 
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(±1SE) -0.185±0.006 and -0.288±0.015 ‰ day-1, respectively.  The variations of air temperature outside and 346 

inside the hut were not reflected in the isotope measurements because the CWS regulates inlet air and water 347 

temperatures using Peltier thermoelectric controllers.  348 

 349 

Figure 6a depicts illustrates thatthe local meteoric water line obtained from the isotopic measurements in 350 

precipitation.  T the isotopic composition of precipitation varied over a range of 14.9 15.72 ‰ in δ18O and 351 

11509.634 ‰ in δ2H.  By capturing many precipitation events over weeks to months, our isotope analysis 352 

system provides a more detailed insight into the variability of precipitation isotopes compared to previous 353 

studies that only monitored individual storms at high frequency (e.g., Moerman et al., 2013; Pangle et al., 2013; 354 

Tweed et al., 2016).  At our site, aA correlation between air temperature and the isotopic composition of 355 

precipitation is evident during for most storm events.  Figure 5 shows that, for instance, precipitation samples 356 

became isotopically heavier during Events #2 and #8 when air temperature increased, while the precipitation 357 

samples became isotopically lighter opposite behavior was observed during Events #1, #3 and #5, when air 358 

temperature decreased.  During Events #4, #6 and #7, however, the correlation with temperature was not as 359 

distinct as during the other five events.  Moerman et al., 2013Pangle et al., 2013Tweed et al., 2016 360 

 361 

The isotopic composition of streamwater varied by less than half as much as that of precipitation, i.e. by 362 

56.24.9 ‰ for δ18O and by 45.1143.6 ‰ for δ2H, respectively (Fig. 6b).  For all eight events, the isotopic 363 

signature of pre-event streamwater was relatively constant, averaging -110.0489±0.21 ‰ for δ18O and -364 

764.9788±1.460 ‰ for δ2H, respectively (±1 standard deviation, n=8).  During the events, δ18O and δ2H in 365 

streamwater changed by up to 4.8054 ‰ and 364.3843 ‰, respectively (Event #7). 366 

 367 

For the IC, memory effects were negligible during the field experiment (because the sample did not make 368 

contact with the copper wool), so the measurements were corrected only for drift effects.  Solute concentrations 369 

in precipitation and streamwater varied widely, as shown for instance in Fig. 5 for Cl- and NO3
-.  For Li+, NH4

+, 370 

K+, F- and PO4
3- in streamwater, as well as concentrations of Mg2+ in precipitation, measured concentrations 371 

were generally below the LOQ.  Ca2+, NO3
-  (as well as Ca2+ and SO4

2-, not shown) in streamwater exhibited 372 

clear dilution patterns during all precipitation events (Fig. 5e-dg).  Concentrations of Ca2+, NO3
-, Ca2+ and SO4

2- 373 

in precipitation during the eight events were on average (±1 standard deviation) 12.1±2.9 mg L-1, 1.5±1.1 mg L-374 
1, 12.1±2.9 mg L-1 and 0.5±0.8 mg L-1, respectively.  Solute concentrations in pre-event streamwater were on the 375 

order of (±1 standard deviation) 160.8±9.7 mg L-1 for Ca2+, 11.7±1.8 mg L-1 for NO3
-, 160.8±9.7 mg L-1 for Ca2+ 376 

and 21.5±3.3 mg L-1 for SO4
2-, whereas concentrations during all storm events dropped to values as low as 377 

64.6 mg L-1 (Ca2+), 3.73 mg L-1 (NO3
-), 64.6 mg L-1 (Ca2+) and 5.12 mg L-1 (SO4

2-).  In contrast, EC and the 378 

concentrations of Cl- (and Na+, not shown) in streamwater showed dilution patterns until Event #3, and then 379 

showed distinct enrichment patterns occurred thereafter (Fig. 5dc), likely associated with road salt wash-off.  380 

Due to possible road-salt effects on Na+ and Cl-, we will focus on Ca2+, NO3
- and SO4

2- in the analysis below. 381 
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5. Comparison of event-water fractions estimated from isotopices and chemical tracers 382 

5.1 Hydrograph separation methodology and uncertainty analysis 383 

To illustrate a potential application of high-frequency isotope and chemical measurements, here we quantify the 384 

event-water fractions during the eight major events captured during the 1-month observation period.  We used 385 

two-component end-member mixing analysis to quantify the fractions of event water in streamflow during the 386 

precipitation events.  Weby applyingied the conventional mass balance equation (Pinder and Jones, 1969): 387 

?@ = AB
AC
= #C%#D

#B%#D
         (3) 388 

The fraction of event water relative to total streamflow (FE = QE/QS) was calculated from the isotope values or 389 

solute concentrations in total streamflow (CS), event precipitation (CE) and pre-event streamflow (CP).  Here, CP 390 

was obtained for each event from the average of the five streamwater samples immediately before the onset of 391 

precipitation.  The value of CE was the incremental, volume-weighted mean (McDonnell et al., 1990) of all 392 

precipitation samples that were collected before the respective streamflow sample: 393 

,@,E =
F$#$<

$GH
F$<

$GH
          (4) 394 

with Pi being the precipitation depth associated with the isotope value (or solute concentration) Ci collected at 395 

time i since the starting time k of the precipitation event.  396 

 397 

Uncertainty in the hydrograph separation was quantified with Gaussian error propagation (Genereux, 1998), 398 

using calculated standard errors (SE) arising from analytical uncertainties and the temporal variability of the 399 

isotope values (or solute concentrations).  Because CE is a volume-weighted mean, the standard error SECE is 400 

calculated with 401 

IJ#B,< =
F$(#$%#B,<)K<

$GH
(E%L) F$<

$GH

'
K
        (5) 402 

where CE,j  denotes the volume-weighted mean, Ci denotes the ith concentration that comprises that mean, and (j) 403 

is the number of samples included in the volume-weighted mean.  The standard error of CS, SECS, arises from 404 

the measurement uncertainties given in Table 1.  For SECP, the same measurement uncertainties are applied, as 405 

well as the temporal variability of the five measurements comprising CP. The standard error of the event-water 406 

fraction (SEFE) can then be obtained by Gaussian error propagation: 407 

IJMB =
%N

#D%#B
IJ#C

=
+ #C%#B

(#D%#B)K
IJ#D

=
+ #D%#C

(#D%#B)K
IJ#B

= N/=
   (6) 408 

The varied weather conditions during the 28-day field experiment led to complex hydrologic responses, 409 

resulting in a data set that illustrates the potential of these high-frequency measurements for hydro-chemical 410 

analyses.  Mixing analysis for two end-members, event water and pre-event water, was carried out for eight 411 

storm events between 20 February and 8 March 2016, based on isotopic and chemical tracers.  Event #8, where 412 

precipitation fell partly as snow, was included in the analysis as river discharge and streamwater EC responded 413 

within 4h after the onset of precipitation (Table 2).  Hence, the temporal change in the snowmelt isotopic signal 414 

due to fractionation was assumed to be negligible. Isotope hydrograph separation (IHS) was performed using 415 

both δ18O and δ2H, whereas chemical hydrograph separation (CHS) was carried out with the three constituents 416 

Ca2+, NO3
- and SO4

2- (Cl- and Na+, were not used for CHS due to the influence of road salt at the site) and .  We 417 
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also performed hydrograph separation based on streamwater EC.  EC was used here, since several studies have 418 

usedapply EC in lieu of chemical concentrations for hydrograph separation, owing to the ease of obtaining 419 

continuous EC measurements (e.g., Dzikowski and Jobard, 2012; Matsubayashi et al., 1993; Muñoz-Villers and 420 

McDonnell, 2012; Pellerin et al., 2008).  As we did not measure EC in precipitation directly, we had to estimate 421 

it empirically.  For this, we used a standard conversion equation, i.e., the pseudo-linear approach following 422 

Sposito (2008), to calculate EC in precipitation from the ionic strength of the major cations and anions in the 423 

precipitation samples.  We assume that the ion concentrations measured by the IC account for the great majority 424 

of the ionic strength.  In order to estimate the uncertainty of this method, we also calculated the EC values in 425 

streamwater and compared them with the actual measurements of the EC probe in the stream.  The (absolute 426 

value) difference between the calculated and measured streamwater-EC values averaged 20 µS cm-1.  427 

 428 

For the uncertainty analysis of the calculated event-water fractions, analytical uncertainties of in the isotope 429 

measurements were assumed to be 0.03 ‰ and 0.17 ‰ for δ18O and δ2H, respectively (Section 3.2, Table 1).  430 

Relative uncertainties of in the IC measurements were 0.006·C+0.087 mg L-1 for Ca2+, 0.028·C+0.002 mg L-1 431 

for NO3
- and 0.037·C+0.006 mg L-1 for SO4

2-, respectively ((where C is concentration in mg L-1; Table 1).  For 432 

the EC values, a measurement uncertainty of 2 % was assumed for the EC probe based on the specifications 433 

given by the EC probe’s manufacturer.  The assumed uncertainty in the EC values in precipitation was 434 

20 µS cm-1, as calculated above.   435 

5.2 Event-water fractions for eight storm events 436 

Mixing analysis for two end-members, event water and pre-event water, was carried out for eight storm events 437 

between 20 February and 8 March 2016, based on isotopic and chemical tracers.  Event #8, where precipitation 438 

fell partly as snow, was included in the analysis asbecause river discharge and streamwater EC responded within 439 

4h after the onset of precipitation (Table 2).  Hence, the temporal change in the snowmelt isotopic signal due to 440 

fractionation was assumed to be negligible.  Two illustrative precipitationstorm events are analyzed in more 441 

detail, followed by a general discussion of the hydrograph separation results based on all eight events. 442 

Two storm events 443 

Figures 7 and 8 show the , together with their hydrologic, isotopic and chemical responses in streamwater and 444 

precipitation during, are shown in Figs. 7 and 8 (Events #1 and #2, respectively).  During Event #1, total rainfall 445 

was 6.7 6.8 mm within 610h 40min, while 110.53 mm rain fell within 139h 40min during Event #2.  Antecedent 446 

moisture conditions, estimated as inferred fromby  the total rainfall within 48 h and 24 h before the event, as 447 

well as initial streamwater level, were relatively wet for Event #1 and relatively dry for Event #2 (Table 2).  448 

 449 

For Event #1, δ18O and δ2H in streamwater followed the observed patterns in precipitation, i.e. streamwater 450 

became isotopically lighter over time.  Isotope hydrograph separations (IHS) for this event yielded maximum 451 

event-water fractions (FE,max) of 8078±110 % and 5960±14 % for δ18O and δ2H, respectively, similar to the 452 

results obtained from the chemical tracers Ca2+, NO3
- and SO4

2- (57±1 %, 65±2 % and 65±3 %) and EC 453 

(56±3 %, Fig. 7d and e).  The larger uncertainties of the IHS compared to CHS can be explained with the large 454 

temporal variability of the isotope values in precipitation, which substantially exceeds analytical uncertainty.  455 
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During Event #1T, the fraction of event water increased rapidly after the start of rainfall and declined 456 

continuously as stream stage receded.  A difference in response timing of FE,max is was evident for the chemical 457 

and isotopeboth tracer typess in (Fig. 7d- and 7e): FE,max based on tThe chemical tracers exhibited the strongest 458 

dilution effectoccurred during 1 h after peak flow, whereas FE,max based on the isotope tracers was showed the 459 

largest response to the event roughly 32h laterdelayed, possibly because the isotopic signature in precipitation 460 

became lighter as the event progressed.  Consequently, if CS -values at the time of peak flow Qmax were used to 461 

perform hydrograph separation (Eq. (3)), isotope-based FE-values would be substantially smaller (i.e., 462 

1343±46 % and 1542±39 % for δ18O and δ2H, respectively) than the FE,max-values reported above. 463 

 464 

During Event #2, the solutes in streamwater showed a clear dilution signal (Fig. 8c), similar to Event #1.  The 465 

isotopic composition in streamwater, by contrast, showed only a very weak and inconsistent response to 466 

precipitation.  For instance, δ2H in precipitation increased continuously through the event, whereas δ2H in 467 

streamwater first decreased and then, ca. 4 hseveral hours after the onset of precipitation, began to increase 468 

again.  Consequently, IHS and CHS yielded substantially different interpretations for Event #2.  Maximum 469 

event-water fractions based on CHS ranged from 678±1 % (Ca2+) to 823±35 % (SNO4
23-), similar to Event #1.  470 

In contrast, FE,max-values based on IHS ranged from 87±1 % to 156±3 %, indicating that pre-event water was the 471 

dominant source of streamwater during peak flow.  472 

 473 

How can such a large discrepancy between the event-water fractions calculated from different environmental 474 

tracers be explained? From Fig. 5 it can be seen that precipitation was isotopically lighter than streamwater 475 

during the six days leading up to Event #2.  Thus, the initial decrease in the δ18O and δ2H values in streamwater 476 

during Event #2 suggests the release of isotopically lighter soilwater and groundwater that were recharged 477 

during previous events.  An activation of this pre-event water storage might have been triggered by enhanced 478 

infiltration after relatively dry antecedent moisture conditions (AMC), compared to the previous event, whereas 479 

wet AMC would be more consistent with surface runoff generation.  This hypothesis is further supported by the 480 

isotopic responses in streamwater during Event #5, another isotopically heavy event with dry AMC, following 481 

earlier inputs of isotopically lighter precipitation.  In Event #5, small event-water fractions (12±1 % and 482 

210±1 % for δ18O and δ2H, respectively; Fig. S1) were again obtained, indicating that pre-event water 483 

dominated streamflow, similarly to Event #2.  And in Event #5, just as in Event #2, the chemical tracers showed 484 

strong dilution, leading to an overestimate of the maximum event-water fraction (>40±2 %).  In both Event #2 485 

and Event #5, the chemical and isotopic data point indicate to a large contribution from recent antecedent 486 

moisturesoilwater or groundwater that had not yet become highly mineralized, rather than from either event 487 

precipitation or from older groundwater that presumably accounted for most of the pre-event baseflow. 488 

General discussion of hydrograph-separation results 489 

Figure 9 summarizes the estimated event-water fractions for all eight events, based on IHS and CHS, for two 490 

points in time during each event: the time with the largest isotopic or chemical response (i.e., FE, max) and the 491 

time of peak flow (Qmax).  Maximum event-water fractions varied greatly across the eight events (for example, 492 

from 156±3% to 7368±174% based on δ2H, Fig. 9, Table S1 and S2).  Also, within individual events, 493 

hydrograph separations based on different isotopic and chemical tracers differed, often by much more than their 494 
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uncertainties.  Inconsistencies between the estimated event-water fractions can be explained with the fact that 495 

different tracers are shaped by different hydrochemical processes and flow pathways, and thus may describe 496 

different end-members (e.g., Richey et al., 1998; Wels et al., 1991).  While stable water isotopes are considered 497 

to be ideal conservative tracers, chemical tracers are altered by biogeochemical processes on their way through a 498 

hydrological systems.  These biogeochemical processes also vary over time, as they depend on antecedent 499 

conditions and precipitation characteristics.  Continuous  Hhigh-frequency analysis of environmental tracers can 500 

document this temporal variability, which, in turn, helps to constrain conceptual catchment models.  As 501 

illustrated by Events #2 and #5, comparing chemical and isotopic tracers can be useful in identifying the 502 

temporally variable contributions of different water storages in the subsurface.  503 

 504 

For Event #7, IHS based on δ18O resulted in event-water fractions >100%, which can be explained by the fact 505 

that the first precipitation sample of this event was isotopically very similar to the pre-event water signature 506 

(CE=-11.69‰, CP=-11.09‰).  The incremental, volume-weighted mean of the event-water end member was 507 

thus isotopically heavier than the streamwater end member, resulting in a smaller difference from the pre-event 508 

water end member signature (Eq. 3).  Precipitation samples after this first, less-δ18O-depleted sample had an 509 

average δ18O value of -16.86±0.73‰ (±standard deviation, n=6).  For δ2H, such a strong effect did not occur 510 

and we could obtain reasonable isotope-based hydrograph separation results similar to the chemical hydrograph 511 

separation. 512 
 513 
Figure 9 illustrates further that for three events (#2, #5 and #8), estimated event-water fractions for the two 514 

isotopes, δ18O and δ2H, differed significantly (i.e., by more than twice their pooled uncertainties).  These 515 

differences did not follow any particular pattern, for instance, FE(δ18O) > FE(δ2H) for Event #8, while FE(δ18O) 516 

< FE(δ2H) for Events #2 and #5.  A possible explanation for Ssuch discrepancies is might be caused by 517 

temporally variable δ18O-δ2H relations (d-excess) of contributing water sources (groundwater, soil water, 518 

overland flow), resulting in different event-water fractions based on both isotopes.  An alternative explanation is 519 

that the isotopic signature of precipitation sampled at one location might not be representative of the spatially 520 

distributed precipitation that generated the sampled streamflow (e.g., Fischer et al., 2015; Lyon et al., 2009).  521 

Alternatively, the pre-event streamflow signature (CP) may not reflect the isotopic signature of the entire pre-522 

event water storage, but only of the components that feed baseflow (e.g., Klaus and McDonnell, 2013).  Another 523 

way of viewing this problem is that the precipitation event may have mobilized a third pre-event water storage 524 

with unknown isotopic composition (e.g., Tetzlaff et al., 2014).  This conjecture is strongly supported by the 525 

initial shift toward isotopically lighter streamflow early in Event #2, even though the event precipitation was 526 

isotopically heavier than the pre-event baseflow.  Event #5 also showsed divergent event-water fractions 527 

between the two isotopes, and like Event #2, it also had strongly contrasting pre-event precipitation inputs.  528 

Thus, the history of both events suggests that pre-event storage in this catchment was isotopically 529 

heterogeneous.  This observation is unsurprising, given the pervasive heterogeneity of typical catchments, but a 530 

more detailed explanation is not possible with our spatially limited data set.  Spatially distributed measurements, 531 

such as from groundwater and soil water storages, would help in constraining the individual end-members that 532 

contribute to streamflow (e.g., Hangen et al., 2001).  Additional high-frequency time series of the groundwater 533 

table and soil moisture profiles would allow for documenting the effects of antecedent wetness conditions on the 534 

response times and on the activation of different storages at the site.  Finally, a spatially distributed precipitation 535 
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sampling network might help to fully quantify the uncertainty inherent in the event-water signature (e.g., Fischer 536 

et al., 2017 Fischer et al., 2016;Fischer et al., 2017; Lyon et al., 2009).  537 

5.3 Variable response times of chemical and isotope tracers 538 

Measuring isotopes and solutes at high temporal resolution over several storm periods allows for a detailed 539 

investigation of response times of hydrological and hydrochemical variables and their linkages to the event 540 

characteristics.  As can be seen for instance in Fig. 7, during Event #1 the timing of the largest hydrological and 541 

hydrochemical responses did not always coincide.  For only three events (i.e., #2, #4, #6) the timing of peak 542 

flow coincided with the FE, max values for both chemical and isotope tracers.  During Event #3, the isotope 543 

tracers resulted in FE, max values 1.5h±1.0 h before peak flow.  For Events #7 and #8, which were affected by 544 

snowmelt, both tracer types showed the strongest responses up to 2.0±1.0 h earlier than the actual flow peak.  In 545 

contrast, during Event #1 the peak responses in the isotope tracers and EC came up to 2.0h±1.0 h after peak 546 

flow.   547 

 548 

These examples illustrate that the hydrological conditions of the stream (i.e., the stream stage or flow rate) are 549 

not reliable proxies for the timing of the maximum event-water contribution.  As a consequence, collecting 550 

samples only during or after peak flow may result in a significant underestimation of event-water fractions.  Our 551 

data indicate that the time window for sample collection at our site must extend more than 3h before and after 552 

peak flow in order to capture the whole range of event water dynamics.  In the case of the snowmelt Event #8, 553 

the EC data suggest an even longer sampling period in order to capture unusual events such as the inflow of 554 

water contaminated by road salt. 555 

 556 

5.4 3 The role of the sampling frequency for capturing hydrological and hydrochemical catchment 557 
processes  558 

A sampling frequency can be considered optimal when the gain of information from additional measurements is 559 

marginal (Kirchner et al., 2004; Neal et al., 2012).  With our high-resolution data set we can thus investigate the 560 

potential of different sampling frequencies for capturing hydrological and hydrochemical catchment processes, 561 

by subsampling the 30 min time series at smaller sampling frequencies, i.e. at 3-hourly, 6-hourly, 12-hourly and 562 

daily intervals.   For concentrations and isotope values in streamwater, data were simply sub-sampled from the 563 

30min resolution time series to mimic grab sampling.  To mimic the effects of integrated bulk precipitation 564 

samples, we calculated the volume-weighted averages of concentrations and isotope values in precipitation were 565 

calculated from the volume-weighted averages of the 30min data over the respective corresponding time 566 

intervals.  567 

 568 

Figure 10 shows that 3 h sampling intervals frequencies would still be sufficient to capture the isotopic 569 

variations in streamwater, including during low-intensity precipitation events.  However, the short-term 570 

variability within single storm periods, as well as the rapid changes in precipitation isotope values, cannot be 571 

resolved at this lower sampling frequency.  Thus, even sampling intervals of 3 h can result in a significant loss 572 

of information relative to 30 min sampling, and at sampling intervals of 12 h or longer, diurnal fluctuations and 573 

some isotopic and chemical responses to low-intensity precipitation events would also be lost.  Likewise, the 6 h 574 
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or 12 h bulk precipitation samples shown in Fig. 10 fail to reflect the large isotopic variability revealed by the 575 

30 min samples. 576 

 577 

To further illustrate the effect of lower sampling frequencies, we performed hydrograph separation with the 578 

subsampled data sets, for which illustrative results of the maximum event-water fractions are shown for the 579 

isotope tracer δ2H and EC in Fig. 11.  With a sampling interval frequency of 3 h, maximum event-water 580 

fractions similar to those for the 30 min sampling can still be obtained, except for Events #3 (EC) and #4 (EC) 581 

where FE,max is underestimated, except for Event #3, when the 3h sampling interval captured a streamwater 582 

sample that was isotopically very similar to the pre-event water.   For Events #2, #3, #5 and #7, Llonger 583 

sampling intervals (6 h, 12 h) result in underestimate event-water fractions.  With 12h sampling intervals, IHS 584 

with δ2H yields much smaller event-water fractions for all most events except Event #4, and yields unrealistic 585 

results for two Events (#1, #5), as the isotopic differences between the two end-members become too small.   586 

 587 

Because the hydrologic response times in this catchment were only mostly between 0 h and much shorter than 588 

2.5 h, the durations of the maximum hydrochemical variations were similarly short.  As can be seen for instance 589 

in Fig. 7, during Event #1 the timing of the largest hydrological and hydrochemical responses did not always 590 

coincide.  For only three events (i.e., #2, #4, #6) the timing of peak flow coincided with the FE, max values for 591 

both chemical and isotope tracers.  During Event #3, the isotope tracers resulted in FE, max values 1.5h±1.0 h 592 

before peak flow.  For Events #7 and #8, which were affected by snowmelt, both tracer types showed the 593 

strongest responses up to 2.0±1.0 h earlier than the actual flow peak.  In contrast, during Event #1 the peak 594 

responses in the isotope tracers and EC came up to 2.0h±1.0 h after peak flow.ThusConsequently, sampling at 595 

longer time intervals increases the risk of missing this critical peak response; if the sample is taken before or 596 

after the maximum hydrochemical response, the event-water signal in streamwater (CS) may be too weak, which 597 

will inevitably underestimate event-water fractions, or even lead to unrealistic negative values.  Furthermore, 598 

the rapid changes observed in precipitation isotopic composition (Fig. 6) suggests that high-frequency 599 

measurements are crucial for adequately representing the signature of the event-water end member.  Capturing 600 

the short-term responses of environmental tracers also helps in better quantifying transit time distributions (e.g., 601 

Birkel et al., 2012; Stockinger et al., 2016; Timbe et al., 2015) and in constraining concentration-discharge 602 

models (e.g., Stelzer and Likens, 2006; Jones et al., 2012). 603 

 604 

Our data also show that peak flow is not always a reliable predictor for the time when FE becomes largest.  As 605 

can be seen for instance during Event #1 (Fig. 7), FE, max based on IHS occurred up to 3.0±1.0 h after peak flow. 606 

The timing of peak flow and the FE, max values for chemical and isotope tracers coincided for only four events 607 

(i.e., #2, #6, #7, #8).  During the remaining events, the tracer signal showed the strongest responses up to 608 

2.5±1.0 h after peak flow, indicating that the time window for sample collection at our site must extend more 609 

than 3 h before and after peak flow in order to capture the whole range of event water dynamics.  In the case of 610 

snowmelt Event #8, when the maximum EC response occurred 5 h before peak flow, an even longer sampling 611 

period would be required in order to capture unusual events such as the inflow of water contaminated by road 612 

salt.   613 
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6 Concluding remarks 614 

This paper presents the first field hydrology application of Picarro’s Continuous Water Sampler (CWS) module, 615 

which was coupled to a L2130-i Wavelength Scanned-Cavity ring-down Spectrometer to measure the stable 616 

water isotopes δ18O and δ2H in streamwater and precipitation at a temporal resolution of 30 min.  We combined 617 

this real-time isotope analysis system with a dual-channel ion chromatograph for synchronous analysis of major 618 

cations and anions.  Good instrument performance and high measurement precision could be achieved during 619 

continuous 48-hour laboratory experiments and a 28-day deployment in the field at a small, partly urbanized 620 

catchment in central Switzerland.  621 

 622 

Problematic issues such as sample degradation during storage and transportation, which arise in conventional 623 

sampling for catchment tracer studies, become irrelevant with the system presented here.  At the same time, 624 

potential registration errors arising during the collection and handling of large numbers of water samples are 625 

avoided.  Conversely, two major limitations of the coupled isotope analyser analyzer / IC system are its high 626 

cost, and the need for sufficient electricalline power (around 1.7 kW), constraining its use in remote locations.  627 

However, laboratory analysis of conventionally collected grab samples is also cost-intensive, and autosamplers 628 

used in conventional sampling schemes also require a reliable energy supply (though at much lower power 629 

levels). 630 

 631 

The results of the high-frequency analysis system were are presented here to provide a proof-of-concept and an 632 

illustration of its functionality at the field, rather than to fully document the hydrological and biogeochemical 633 

processes at this field site.  A more detailed interpretation would require additional measurements of soilwater 634 

and groundwater isotopes and chemistry, in order to better constrain the end-members in the mixing analysis.  635 

Nevertheless, our one-month field experiment demonstrates the marked short-term variability of several natural 636 

tracers in a small, highly dynamic watershed.  The hydrograph separation exercise clearly showed that long-637 

term, high-frequency isotopic and chemical analyses are essential for capturing the “unusual but informative” 638 

events that shed light on catchment storage and flow processes.  We further showed that the right timing for 639 

capturing peak event-water contributions can easily be missed with conventional grab sampling strategies at 640 

time intervals longer than 3 h, resulting in an underestimation of the event-water fraction.  In addition, the 641 

relative timing of the isotopic and chemical responses was highly variable, demonstrating the challenge of 642 

capturing the right moments with episodic snapshot campaigns or long-term monitoring with daily, weekly, or 643 

even monthly sampling intervals. 644 

 645 

As was shown here and elsewhere (e.g., Kirchner, 2003), short-term responses of streamflow and environmental 646 

tracers may follow distinctly different patterns, which helps in constraining streamflow-generationng 647 

mechanisms and quantifying short transit times. Thus, high-frequency isotopic and chemical measurements also 648 

have great potential for catchment model validation.   Potential future applications of the system could include 649 

sites with rapid hydrologic responses, such as urban streams (e.g., Jarden et al., 2016; Jefferson et al., 2015;  650 

Soulsby et al., 2014), wastewater- and drinking water systems (e.g., Houhou et al., 2010; Kracht et al., 2007) or 651 

agricultural catchments with artificial drainage networks (e.g., Doppler et al., 2012; Heinz et al., 2014).  By 652 

eliminating errors associated with the handling, transportation and storage of individual bottles, our analysis 653 
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system may also achieve better precision than conventional field sampling followed by laboratory analyses.  As 654 

a result, our system may be able to detect subtle isotopic and biogeochemical signals (associated with, e.g., 655 

evaporation effects or in-stream biological processes) that would be missed by conventional approaches to 656 

sampling and analysis.  Thus, this system can potentially shed new light on the linkages between hydrological, 657 

biological, and geochemical processes. 658 
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Tables 

Table 1: Average isotope values and solute concentrations, as well as standard deviations (and relative standard deviations RSD) of three water samples 
analyzed during two different 48-hour laboratory experiments with the isotope analyzer and IC, respectively.  In Fiji bottled water, diluted tap water 
and nanopure water, concentrations of F-, Li+, K+, NH4

+ and PO4
3- 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 of the IC measurements were obtained 5 
by simple linear regression analysis of the average value and the standard deviation of the respective constituent.  

	

Isotope analyzer 48-hour 
laboratory experiment   IC 48-hour laboratory experiment 

 δ18O  δ2H  Na+  Mg2+  Ca2+   Cl-  NO3
-  SO4

2-  
Limit of quantification (LOQ)        
(mg L-1)  -  -  0.1 0.1 0.1 0.05 0.05 0.05 

Measurement uncertainty (‰) or     
(mg L-1) 0.03 0.17   

0.053+ 
0.005·C 

0.008+ 
0.006·C 

0.087+ 
0.009·C 

0.027+ 
0.003·C 

0.028+ 
0.002·C 

0.037+ 
0.006·C 

Water sample Fiji bottled water  Fiji bottled water 

Number of measurements 12 12  10 10 10 10 10 10 

Average value (‰) or (mg L-1) -4.86 -35.89  21.6 15.7 24.3 9.69 1.05 1.56 

Standard deviation (‰) or (mg L-1) 0.06 0.26  0.1 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 (mean±standard error) 
((‰ 24h-1) or              (mg L-1 24h-1) -0.009±0.008 0.133±0.040  

0.129± 
0.056 a 

0.058± 
0.036 b 

0.093± 
0.160 c 

0.088± 
0.019 

 -0.078± 
0.008 

0.045± 
0.007 

Water sample Tap water    Diluted Ttap water  

Number of measurements 34 34  1718 18 18 18 18 18 

Average value (‰) or (mg L-1) -9.40 -68.55  10.9 34.4 133.2 12.41 4.96 17.29 

Standard deviation (‰) or (mg L-1) 0.03 0.12  0.12 0.2 1.3 0.057 0.03 0.14 

RSD (%)  -  -   0.71.6 0.6 1.0 0.5 0.7 0.8 

Water sample Nanopure water   Nanopure water (last sample) 

Number of measurements 43 43  27 27 27 27 27 27 

Average value (‰) or (mg L-1) -9.44 -68.67  <LOQ 0.1 0.6 <LOQ <LOQ 0.09 

Standard deviation (‰) or (mg L-1) 0.02 0.18  0.02 0.003 0.1 0.03 0.02 0.05 

Carryover (%) 0.9 1.2 		 2.8 3.3 3.8 2.1 1.9 2.3 
a p > 0.05 
b p > 0.15 
c p > 0.50 



 
 

25 

 

 

Table 2: Characteristics of precipitation events and antecedent moisture conditions during the field experiment.  Initial stream stage is used here as a 
proxy for initial discharge.  

Event Start of event 
Total 

precipitation 
(mm) 

Total 
precipitation 

until peak 
flow (mm) 

Response 
time (h) 

48h 
antecedent 

precipitation 
(mm) 

24h 
antecedent 

precipitation 
(mm) 

Initial 
stream stage 

(cm)  

#1 14 February 2016 10:30 6.7 5.1 01:40 8.5 2.9 0.44 
#2 20 February 2016 12:30 10.3 9.2 00:00 1.3 0.0 0.36 
#3 23 February 2016 07:00 5.0 4.8 00:00 0.2 0.2 0.37 
#4 24 February 2016 15:30 15.3 11.1 01:00 5.2 3.3 0.41 
#5 28 February 2016 05:50 10.6 2.9 01:10 0.0 0.0 0.38 
#6 02 March 2016 12:30 6.0 6.0 01:50 11.9 2.0 0.46 
#7 05 March 2016 05:20 9.4 8.6 01:30 4.3 0.9 0.45 
#8 07 March 2016 21:00 6.4 6.4 04:00 1.9 0.0 0.45 

 5 

 

Event Start of event 
Total 

precipitation 
(mm) 

Total 
precipitation 

until peak 
flow (mm) 

Response 
time 

(h:min) 

48h 
antecedent 

precipitation 
(mm) 

24h antecedent 
precipitation 

(mm) 

Initial 
stream stage 

(m)  

#1 14 February 2016 11:00 5.8 2.2 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 8:00 5.8 3.5 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 12.3 1.9 0.46 
#7 5 March 2016 4:00 11.5 9.4 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 
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Figures 

 
Figure 1: a) Schematic overview of the coupled isotope analyzer / IC- system for the collection and measurement analysis of 
streamwater and precipitation samples.  Components of the sample distribution and the IC are shown in blue color, while the 
isotope analyzer with CWS is shown in green color.  Panel b) shows a photo of the coupled isotope analyzer / IC- system in the 5 
wooden hut during the field experiment.  

 

 

 
Figure 2: Experiment showing the isotope effects of sample injection into the continuous water sampler (CWS). Panel a) shows 10 
mMeasured vapor concentrations, and (panels ba) and c), show the and raw, uncalibrated isotope ratios values (panels b) and c)) 
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. 
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Figure 3: Nine hourNine-hour excerpt showing raw, uncalibrated data of vapor concentrations (panel a)) and isotope 
measurements (panels b) and c)) in tap water (T), nanopure water (N) and Fiji bottled water (F) during the 48-hour laboratory 
experiment.  Samples were injected alternately with two Dosinos for 30 min each at a flow rate of 1 mL min-1. 
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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.  Catchment boundaries are approximate. 
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Figure 5: Time series of a) precipitation and, air temperature, as well as (ba) and stream stage (b) at the field site during the four-
week study period. Panels c) and d) shows streamwater EC the chloride and nitrate concentrations, whereas panels d – g) show the 
chloride, calcium, nitrate and sulfate concentrations, respectively.  Panels he) and if) show the isotopic compositions of 
precipitation and streamwater samples.  Streamwater samples are shown by blue dots and precipitation samples are shown by 5 
open circles.  Vertical grey bars indicate the periods of the eight precipitation events used for hydrograph separation.  
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Figure 6: Dual-isotope plot of all δ18O and δ2H values measured in a) precipitation (a) and b) streamwater (b) during the field 
experiment.  Streamwater samples are also plotted in grey in the upper panel for comparison (note the difference in scales). The 
global meteoric water line (GWML, Craig (1961)) and the linear fit to the precipitation data (local meteoric water line, LMWL) 
are shown in blue and in grey, respectively.   5 



 
 

32 

 
Figure 7: Precipitation Event #1 together with the a) hydrologic (a), b) isotopic (b) and c) chemical (c) responses in streamwater.  
Panels d) and e) show the fractions of event-water based on isotopic and chemical hydrograph separation, respectively, which are 
similar for both types of tracers.  However, the timing of the maximum event-water fraction (FE,max) differs, withi.e. the isotopes 
indicatinge the largest contribution of event water around 32h after the flood peak flow(Qmax) was reached.  In panel e), gaps in 5 
the FE time series based on calcium concentrations are due to measurement outliers. 
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Figure 8: Precipitation Event #2 and the a) hydrologic, b) isotopic and c) chemical responses in streamwater.  Panels d) and e) 
show the fractions of event water (FE) based on isotopic and chemical hydrograph separation.  Chemical tracers greatly 
exaggerate the event-water fraction. 

 5 
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Figure 9: Event-water fractions (FE) based on isotopic and chemical hydrograph separation for eight storm events.  Panel a) shows 
FE during peak flow, and panel b) shows the maximum event-water fractions (FE,max)  of each event.  Unrealistic FE and FE,max 
values based on δ18O were obtained for Event #4 based on δ18O because the isotopic signatures in precipitation and pre-event 
streamwater were too similar (*).  For Event #8, wash-off of road salt resulted in unrealistic FE and FE,max values based on EC, i.e. 5 
-96±6% and -95±76% (**), respectively.  The larger uncertainties of the IHS results compared to CHS can be explained with the 
large temporal variability of the isotope values in precipitation, which substantially exceeds analytical uncertainty during most 
events.   
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Figure 10: Time series of precipitation, stream stage and streamwater EC, (at 10min temporal resolution), as well as δ2H values in 
streamwater and precipitation at sampling intervals of 30 min, 3 h, 6 h, 12 h and 24 h.  Streamwater isotope values at 3 h – 24 h 
temporal resolution were obtained by sub-sampling from the 30 min time series.  To mimic the effects of integrated bulk 
precipitation samples, isotope values in precipitation were calculated from volume-weighted averaging the 30 min data over the 5 
corresponding time intervals.  Vertical grey bars indicate the periods of the eight precipitation events used for hydrograph 
separation. 
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Figure 11: MEvent-water fractions at peak flow (a) and maximum event-water fractions (b) at sampling intervals of 30 min, 3 h, 
6 h and 12 h based on a) δ2H and b) EC. measurements at sampling intervals of 30min, 3h, 6h and 12h.  With lower sampling 
frequencies, the event-water fractions are often underestimated or become even unrealistic, as the likelihood increases that the 
point of largest δ2H or EC variations in streamflow will be missed (.Streamwater δ2H and EC time series were subsampled at 3-5 
hourly, 6-hourly, 12-hourly and daily intervals; concentrations of integrated bulk precipitation samples were calculated from the 
volume-weighted averages over the respective time interval.  For Event #8, wash-off of road salt resulted in unrealistic FE,max 
values based on EC (*).).   




