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A new method of snowmelt sampling for water stable isotopes
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Abstract:

We modified a passive capillary sampler (PCS) to collect snowmelt water for isotopic analysis. Past applications of PCSs have
been to sample soil water, but the novel aspect of this study was the placement of the PCSs at the ground-snowpack interface to
collect snowmelt. We deployed arrays of PCSs at 11 sites in ten partner countries on five continents representing a range of
climate and snow cover worldwide. The PCS reliably collected snowmelt at all sites and caused negligible evaporative
fractionation effects in the samples. PCS is low-cost, easy to install, and collects a representative integrated snowmelt sample
throughout the melt season or at the melt event scale. Unlike snow cores, the PCS collects the water that would actually infiltrate
the soil; thus, its isotopic composition is appropriate to use for tracing snowmelt water through the hydrologic cycle. The purpose
of this Briefing is to show the potential advantages of PCSs and recommend guidelines for constructing and installing them based
on our preliminary results from two snowmelt seasons. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Snow cover affects hydrological processes in many
regions of the world. Water stored in the snowpack limits
water availability during the cold season, but snowmelt
contributes significantly to river discharge and ground-
water recharge. For high-elevation mountain streams, the
largest portion of the annual streamflow occurs during
melting of snow that accumulated during late autumn to
early spring (Jin et al., 2012). In these environments,
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meltwater from snow cover was estimated to be critical to
downstream water resources for over 1 billion people
worldwide (Barnett er al., 2005) and can contribute as
much as 75% of annual flow in some northern regions
(Callaghan et al., 2011). Recent observations and climate
change predictions suggest that there will be significant
changes in snow water equivalent and snow cover
duration in some regions (Callaghan et al., 2011). Thus,
the volume, timing and duration of snowmelt are
expected to change as well (Barnett et al., 2005), raising
concern about water supply security (Quevauviller et al.,
2012). Monitoring the impacts of climate change on water
resources will require techniques capable of identifying
and quantifying the relative contribution of snowmelt in
surface water and groundwater.
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Water stable isotopes have been used to assess the
contribution of snowmelt to runoff and groundwater since
the 1970s (e.g. Herrmann et al., 1979; Hooper and
Shoemaker, 1986; Rodhe, 1987; Laudon er al., 2002;
Earman et al., 2006). Despite the uncertainties associated
with two-component or multi-component separation
methods (Burns, 2002), the use of oxygen and hydrogen
isotopes has become a standard tool in many hydrological
studies. A significant challenge in using these methods to
identify the snowmelt contribution is determining the
appropriate isotopic composition of snowmelt. The
isotopic composition of the snowpack is different from
that of snowmelt (Taylor et al., 2001; Dahlke and Lyon,
2013). Isotopic fractionation that occurs during evapora-
tion from the snowpack, water vapour diffusion in
snowpack accompanied by snow metamorphism, and
alternating melting/refreezing before and during the
snowmelt period can result in significant isotopic offsets
between the original snowpack composition and snow-
melt (Friedman et al., 1991; Zhou et al., 2008; Sokratov
and Golubev, 2009). In addition, the high spatial
variability in the isotopic composition of the melting
snowpack, also due to the complex snow stratigraphy
present at both small and large scales, further complicates
estimation of representative values for the isotopic
composition of snowmelt. Information on snowmelt
isotopic composition is useful for modelling hydrological
processes at differing spatial and temporal scales in snow-
dominated systems (e.g. hydrograph separation for small
catchments, interpretation of large river catchment
synoptic surveys). Isotope-based hydrological models
(e.g. Cable et al., 2011; Stadnyk et al., 2013) require that
snowmelt isotopic compositions are representative of the
spatially variable isotopic composition of meltwater at the
time of melting and infiltration that are difficult to
measure and monitor in situ. Indeed, true characterization
of the temporally and spatially variant isotopic compo-
sition of snowmelt is critical for these applications.

Here, we present the results of a coordinated research
project ‘Use of environmental isotopes in assessing water
resources in snow, glacier, and permafrost dominated
areas under changing climatic conditions’ managed by
the International Atomic Energy Agency, Vienna. We
evaluate the use of passive capillary samplers (PCSs) for
snowmelt sampling for water stable isotope (oxygen and
hydrogen) analysis over a wide geographical range of
sites where snowmelt is an important part of the
hydrologic cycle. To our knowledge, this is the first
application of the PCS approach to collect exclusively
snowmelt water at the ground-snowpack interface. We
specifically aim to (i) present this new method of
snowmelt sampling to the hydrological community and
(i1) assess the potentials and limitations of PCS compared
with more traditional approaches for snowmelt sampling

Copyright © 2014 John Wiley & Sons, Ltd.

for isotopic analyses. Our results indicate that estimates of
the isotopic composition of snowmelt obtained by PCS
are equivalent to other methods with the advantage that
their low cost and ease of installation allow for improved
characterization of the range and variation of snowmelt
isotopic composition.

MATERIALS AND METHODS

Manufacture of passive capillary samplers

Passive capillary samplers were developed to collect
soil water samples (e.g. Holder et al., 1991). Our PCS
(Figure 1) was modified from the design of Frisbee et al.
(2010). The PCS was made from an 80-cm long, 9.5-mm
diameter fibreglass wick that was soaked and rinsed in
deionized water and allowed to dry before deployment.
One end of the wick (about 20-cm length) was rolled into
a tight coil of about 40 mm diameter and secured with a
plastic band (Figure 1). The remaining length was
encased in plastic tubing and led into a sample collection
bottle, sealed except for a small hole (<1 mm) to allow air
escape. The coil, where snowmelt water enters the wick,
was placed on top of a plastic barrier and secured to the
ground with U-shaped pins. Snowmelt was collected in
0.5-1 to 5-1 bottles, sized for expected snowmelt volumes.
The bottles were buried beneath the ground (typically in a
plastic box) to prevent the sample from freezing. The
sample was collected by removing the bottle from the
ground. The type of wick used is critical, and it should be
made of fibreglass with a central core, and we recommend
that its ability to collect water be tested in the lab prior to
field deployment. The effect of different braiding patterns
of outer strands of the wick on permeability is not clear,
and we advise that consistent wick material be used
throughout a given study.

Field deployment and sampling campaigns

All PCSs were built in 2011 in the same lab, to ensure
consistent construction. We installed prototypes in the
field in six countries during the 2012 snowmelt season as
a preliminary test of the applicability and reliability of the
method. After data analysis and discussion of first results,
we deployed the PCSs in the field during the 2013
snowmelt season in ten partner countries at 11 sites
worldwide representing a broad range of climate
conditions (Figure 2, Table I). In most countries, we
deployed multiple arrays of PCSs, where a typical array
had five PCSs in close proximity with the five collection
bottles placed together in a water-tight box (Figure 1).
Arrays were deployed in various landscape settings
depending on specific research questions and require-
ments of the site. In nearly all cases, the PCSs collected
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Figure 1. Drawings and photos of the passive capillary sampler showing details of the construction and deployments
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Figure 2. World map showing the sampling sites (red dots) where passive capillary samplers were installed

sufficient water for analysis, and there were few problems
with bottle overflow and incorporation of soil water (as
indicated by colour and electrical conductivity). We
report here on sampling results from 194 individual PCSs.

At eight of the 11 sites where PCSs were installed
either traditional snow cores (using snow tubes) or
snowmelt samples from snowmelt lysimeters were also
collected. Snowmelt lysimeters have a plastic or metal
plate beneath the snowpack, slightly sloped so that
meltwater flows into a collection vessel. Some snowmelt
lysimeters have a plastic tube for meltwater to drain from

Copyright © 2014 John Wiley & Sons, Ltd.

the plate to the collection vessel (e.g.Shanley et al.,
2002), whereas in other snowmelt lysimeters the sample
is collected directly at the base of the plate (e.g. Holko
et al., 2013). Like PCSs, snowmelt lysimeters are
effective at collecting snowmelt, and they have the
potential advantage of integrating small-scale variability
over a discrete area (e.g. 1 m?). Only in two countries
(Slovakia and USA) were samples from all three types of
devices (snow tubes, snowmelt lysimeters and PCSs)
taken at the same time in a consistent way so that a sound
comparison could be made only for those two sites.

Hydrol. Process. (2014)



D. PENNA ET AL.

Table I. Sampling site characteristics

Cold period Max snow
Country Altitude precipitation depth Max SWE Land cover
(region) (masl) MAT (°C) MAP (mm) (mm) (cm) (mm) type Climate
Argentina  2580-2800 5 450 300400 150 150-250  Bare rock Dry summer subtropical
Canada 231 3 519 110 6 100 Grass Warm summer continental
Georgia 1676 14 154 90 103 160 Grass Mountain continental
Italy 1950-1990 4 1220 158 >150 >700 Grass Mountain continental
Morocco 3229 10 600 45 <50 300 Bare rock Dry summer subtropical
Pakistan ~ 2002-2539 — 2200 700-950 45 — Grass Dry summer subtropical
Russia 192 5 727 246 77 236 Grass Warm summer continental
(Moscow)
Russia 210 —-10 230 75 40 75 Forest taiga Continental subarctic
(Siberia)
Slovakia  560-2494 7 700-2000 60450 >200- >600 Grass, forest Mountain continental
Slovenia 735-742 7 1839 380 191 — Grass Mountain continental
USA 550 5 1250 450 120 272 Forest Mountain continental

SWE, snow water equivalent; MAT, long-term mean annual temperature; MAP, long-term mean annual precipitation.
Cold period: days with average temperature below 0°C. The climate description is based on the Koppen — Geiger Climate Classification (Kottek et al.,
2006). Meteorological data were derived from the nearest weather stations available at each site.

RESULTS AND DISCUSSION

Comparison among different sites

The collective PCS results from all sampling sites
spanned a large range of isotopic values (5'%0 from
—32.1 to —4.3%, 8*H from —239 to —22%0) and plotted

along the global meteoric water line (Figure 3). The sites
grouped into distinct isotopic populations by climate. The
mountain continental group included five of the 11
sampling sites and plotted in a tight band in the range
from —18.0 to —10.7%0 for §'0 and from —129 to
—76%o for 6*H. The three dry subtropical and semi-arid

0 vk 1) dry summer subtropical (n=28)
© 2) mountain cont. (n=112)
-501 < 3) warm summer cont. Europe (n=37)
€ 4) warm summer cont. N. Am. (n=14)
O 5) cont. subarctic (n=3) ;
3 -100+
I
% -150+
-200+
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T~ GMWL: 82H = 85'80 + 10
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Figure 3. Relation between 5'%0 and & *H of snowmelt sampled by passive capillary samplers in different climatic regions in the world. The global

meteorological water line is also plotted. Countries represented in each group are: (1) dry summer subtropical (Argentina, Morocco, Pakistan); (2)

mountain continental (Georgia, Italy, Slovakia, Slovenia, USA); (3) warm summer continental — Europe — (Russia); (4) warm summer continental —
North America — (Canada); and (5) continental subarctic (Russia-Siberia). Site characteristics are presented in Table I

Copyright © 2014 John Wiley & Sons, Ltd.
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sites (Argentina, Morocco and Pakistan) included our
lowest latitude but highest elevation sites and were
relatively more isotopically enriched. Snowmelt from
Russia (Moscow, warm summer continental) partially
overlapped with the mountain continental group and
plotted at its lower limit. Canada (warm summer
continental but at the border with the continental subarctic
zone) and Russia (Siberia, continental subarctic) formed
distinct individual groups and were progressively more
isotopically depleted.

To quantify the contribution of snowmelt to the
hydrologic cycle, and to get an accurate isotopic signal
of the meltwater, hydrologists must capture the water that
actually infiltrates the soil. The position of the PCS at the
base of the snowpack enables collection of the percolating
meltwater, and the fidelity of the points to the global
meteoric water line confirms that the PCS design prevents
evaporation from the sample without the need for added
measures such as mineral oil in the sample bottle. In fact,
the lack of evidence for sample evaporation is noteworthy
considering that the 11 sites varied widely in snow
amount and characteristics and that details of the field
deployment differed from site to site. The lack of
evaporation is also confirmed by deuterium excess
calculated for all PCS measurements (Dansgaard, 1964).
Deuterium excess for the 11 sites was on average 12.3%o
(standard deviation =4.8%0, n=194) and took on typical
values of each climatic zone. The distribution of
deuterium excess for our measurements was not skewed
toward low or high values but was very close to the
normal theoretical distribution (Figure 4), suggesting that
no significant evaporation (which would lower the values,
even to negative ones) or other secondary processes had
occurred in the samples.

Comparison of different sampling techniques

An ANOVA applied to snow cores and snowmelt data
collected from PCSs and snowmelt lysimeters in Slovakia
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deuterium excess residual value (%o)

Figure 4. Normal probability plot for deuterium excess data derived from
the passive capillary sampler measurements

Copyright © 2014 John Wiley & Sons, Ltd.

and USA showed that the mean values of the PCS,
snowmelt lysimeter and snow core sample populations
were statistically different (at the 0.05 significance level).
The PCS and snowmelt lysimeter samples were statistically
similar and were both statistically different and isotopically
more enriched compared with the snow core samples
(Figure 5). These results are as we expected; because the
snowpack progressively fractionates through the ablation
period, the resulting meltwater (as collected by PCSs and
lysimeters) is relatively isotopically enriched (Taylor et al.,
2001; Unnikrishna et al., 2002; Zhou et al., 2008; Dahlke
and Lyon, 2013). At the Canadian and Siberian sites,
however, the isotopic composition of snow cores and
snowmelt from the PCSs was identical, presumably because
the entire snowpack melted too rapidly for significant
fractionation to occur. Particularly, our observations at the
Canadian and Siberian sites are in agreement with the results
by Lee et al. (2010), who found that the mean isotopic
values of snowpack and meltwater (although the latter were
not collected by snowmelt lysimeters) for a mountain site in
Sierra Nevada (USA) were not significantly different.
Moreover, they noticed that the standard deviations from
the snowpack to snowmelt decreased, indicating that the
variability of isotopic composition decreased during snow
metamorphism and melting, as shown at other sites (Taylor
et al., 2001; Unnikrishna et al., 2002). Consistent with these
studies, we observed larger variability in snow core data
(longer whiskers in Figure 5) compared with snowmelt data
from snowmelt lysimeters and PCSs.

On the basis of these first tests on PCS and the experience
of our group in using more traditional snowmelt lysimeter
and snow core approaches, we can provide some compar-
ative information about the potential and the limitations of
PCS for the isotopic characterization of snowmelt (Table II).
First of all, PCS was shown to yield representative values of
snowmelt isotopic composition at all sites, unlike snow
cores, which are still commonly used in hydrograph

-10 n=25 n=86 n=33
-114 —|— T J—
g 121
R
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-16 . . .
PCS SNOW LYSIM. SNOW CORE

Figure 5. Box-plots of snowmelt composition collected by passive

capillary samplers, snow lysimeters and of snow cores at the two sites

(Slovakia and USA) where data were collected in a comparative way in

spring 2012. The boxes indicate the 25" and 75" percentiles, the whiskers

indicate the 10™ and 90™ percentiles, and the horizontal line within the
box indicates the median
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Table II. Comparison of strengths and weaknesses of different sampling methods for the determination of the snowmelt isotopic
composition

PCS

Lysimeter with tube®  Lysimeter without tube®  Snow core

Representativeness of the snowmelt isotopic composition *

3
Cost 3
Installation 3
Ease of sampling 3
Collection of samples at multiple locations 3
Collection of season-integrated samples 3
Collection of day-integrated samples 2
Snowpack disturbance 3
Risk of malfunctioning due to ice clogging or leakage 3

*
*
*
*

sekok

1
3

— W W W W
W= W LW N W
| v |

PCS, passive capillary sampler.

Legend: 1: poor performance; 2: fair performance; 3: good performance;
#: according to Shanley et al. (2002);

b, according to Holko et al. (2013).

*: this study;

**: this study plus personal experience;

##%: Taylor et al., (2001) plus personal experience.

separation studies (see Laudon et al., 2002 and Taylor et al.,
2002 for a discussion on how snow core isotopic data can
affect hydrograph separation results). In addition, PCS has
the significant advantage, compared with snowmelt lysim-
eters, of being relatively inexpensive and easy to produce and
install in the field. Thus, it is practical to install many PCSs in
order to characterize the isotopic composition of snowmelt at
different sites in the same research area and at different
spatial scales, enabling statistical analyses to assess
snowmelt variability and uncertainty in measured composi-
tions. This is particularly important in mountainous areas
with accessibility issues and where spatial variability in snow
cover isotopic values can be considerable even at the small
scale (Dietermann and Weiler, 2013), as also shown in an
ongoing study by our group. PCS is especially useful to
obtain seasonally integrated samples needed, for instance, to
compute the snowmelt contribution to yearly runoff or
groundwater recharge (Earman et al., 2006). Moreover,
according to our preliminary laboratory and field tests, PCS
can also be used to collect samples during individual melt
events (e.g.at the daily scale) for hydrograph separation
applications. However, further studies are needed in order to
develop a robust methodology for proper use of PCS for
high-frequency snowmelt sampling. PCS is not prone to
problems that can affect snowmelt lysimeters, such as ice
clogging the drain tube (in the case of devices such as those
reported in Shanley et al. (2002)) or disturbance of the
snowpack during sampling (in the case of devices such as
those reported in Holko et al. (2013)). Finally, although
we have not tested this, PCS could be also used for the
determination of solutes and other geochemical tracers,
therefore expanding their usefulness in catchment
hydrology studies. Tests and experiments on this aspect
are still needed.

Copyright © 2014 John Wiley & Sons, Ltd.

-: not applicable.

During the field campaigns carried out by the different
teams, we also noticed a few drawbacks. In some cases,
when capturing the winter-integrated snowmelt samples,
underestimation of the cumulated depth of the snowpack
could lead to the choice of a bottle too small to
accommodate the entire sample. Moreover, in some
mountain catchments with rugged topography (e.g. Italy),
PCSs placed on steep hillslopes could be potentially
destroyed by avalanches. Conversely, PCSs installed in
riparian areas prone to soil saturation, especially at peak
melt, could lead to sampling saturation overland flow in
addition to snowmelt. Careful installation procedures and
snow depth estimations can significantly reduce these
risks. At sites and/or during particular years when
snowpack melts, re-accumulates and melts again during
the season, leaving the ground almost snow-free for some
days (as was the case of Canada in our study), the wick or
the sample in the bottle can freeze during very cold
periods, despite being installed in a box buried in the soil.
Moreover, precipitation during mid-winter thaws or
toward the end of the melting season could occur as
rainfall that would percolate through the snowpack and
affect the isotopic signature of sample (but the overall
PCS sample still reflects the integrated winter recharge
signal). The amount of rainfall possibly collected in the
bottle depends on storm characteristics (e.g.rainfall
intensity, storm duration), the volume of water already
stored in the bottle and the hydraulic properties of the wick.
The latter should be tested especially for application of PCS
at sites where direct rainfall on the device may occur.

While our preliminary investigations have shown that
PCS gives similar isotopic results to existing methods and
has some significant logistical advantages, some aspects
of our results are not yet explained, and we are addressing

Hydrol. Process. (2014)
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these in follow-up studies. Although evaporative
fractionation appears minimal, there are slight deviations
from the GWML, which differ among sites. We plan
controlled laboratory analyses to investigate the effects of
wick length and sample volume on possible fractionation
within the wick. We also will develop methods for sizing
the collection bottles to prevent overflow. Finally, we will
assess whether the samplers may collect differentially at
different melt rates, which could affect the representa-
tiveness of the seasonally integrated snowmelt sample.

CONCLUSIONS

In this paper, we present a new approach for obtaining
snowmelt for isotopic (and potentially geochemical)
analysis. Although additional tests are needed, we found
that the PCS method reported here has some significant
advantages over existing snowmelt sampling techniques:
(1) snowmelt is sampled directly at the base of the
snowpack, avoiding artificial ponding and reducing the
potential for evaporative enrichment that can occur with
other methods; (2) the materials are inexpensive; (3) they
are easy to construct and install; (4) unlike snow cores,
which may miss mid-season snowmelt and late-season
snowfall, PCS will collect integrated snowmelt water
throughout the season, and (5) arrays of PCSs can be used to
investigate snowmelt variability at scales ranging from sub-
metre to many km without prohibitive installation costs.

ACKNOWLEDGEMENTS

We gratefully acknowledge the technical and funding
support of International Atomic Energy Agency Cooper-
ative Research Project number F3.20.06 ‘Use of
environmental isotopes in assessing water resources in
snow, glacier, and permafrost dominated areas under
changing climatic conditions’, which made this project
possible. We also thank Brent Newman for introducing
us to the idea of using the PCS, Tom4s Vitvar for useful
discussions, and Manfred Jaklitsch and Joze Heri¢ for
their help with the PCS design. We also thank the many
technicians and collaborators who helped with the field
and experimental work at each nation’s site, and the
respective national funding agencies. We thank John
Campbell (US Forest Service) for giving suggestions on
an early version of the paper and two anonymous
reviewers for their constructive comments.

REFERENCES
Barnett TP, Adam JC, Lettenmaier DP. 2005. Potential impacts of a

warming climate on water availability in snow-dominated regions.
Nature 438(7066): 303-309. doi: 10.1038/nature04141

Copyright © 2014 John Wiley & Sons, Ltd.

Burns DA. 2002. Stormflow-hydrograph separation based on isotopes : the
thrill is gone — what’s next? Invited commentary. Hydrological
Processes 16(7): 1515-1517.

Cable, J, Ogle, K, Williams D. 2011. Contribution of glacier meltwater to
streamflow in the Wind River Range, Wyoming, inferred via a Bayesian
mixing model applied to isotopic measurements. Hydrological
Processes 25: 2228-2236. doi: 10.1002/hyp.7982

Callaghan TV, Johansson M, Brown RD, Groisman PY, Labba N,
Radionov V, Barry RG, Blangy S, Bradley RS, Bulygina ON,
Christensen TR, Colman J, Essery RLH, Forbes B, Forchhammer
MC, Frolov DM, Golubev VN, Grenfell TC, Honrath RE, Juday GP,
Melloh R, Meshcherskaya AV, Petrushina MN, Phoenix GK, Pomeroy
J, Rautio A, Razuvaev VN, Robinson DA, Romanov P, Schmidt NM,
Serreze MC, Shevchenko V, Shiklomanov Al, Shindell D, Shmakin
AB, Skold P, Sokratov SA, Sturm M, Warren S, Woo M-K, Wood EF,
Yang D. 2011. Changing snow cover and its impacts. In AMAP (Eds.)
Snow, Water, Ice and Permafrost in the Arctic (SWIPA): Climate
Change and the Cryosphere. Arctic Monitoring and Assessment
Programme: Oslo; 4 14 58.

Dahlke HE, Lyon SW. 2013. Early melt season snowpack isotopic
evolution in the Tarfala valley, Northern Sweden. Annals of Glaciology
54(62): 149-156. doi: 10.3189/2013A0G62A232

Dansgaard W, 1964. Stable isotopes in precipitation, Tellus 16: 436—468.

Dietermann N, Weiler M. 2013. Spatial distribution of stable water
isotopes in alpine snow cover. Hydrology and Earth System Sciences
17(7): 2657-2668. doi: 10.5194/hess-17-2657-2013

Earman S, Campbell AR, Phillips, FM, Newman BD. 2006. Isotopic
exchange between snow and atmospheric water vapor : estimation of
the snowmelt component of groundwater recharge in the southwestern
United States. Journal of Geophysical Research 111: D09302. doi:
10.1029/2005JD006470

Friedman I, Benson C, Gleason J. 1991. Isotopic changes during snow
metamorphism. In Stable isotope geochemistry: a tribute to Samuel
Epstein. (Geochemical Society Special Publication 3), Taylor HP, O’Neill
JR Jr., Kaplan IR (eds). Geochemical Society: Washington, DC; 211-221.

Frisbee, MD, Phillips, FM, Campbell, AR, Hendrickx, JMH. 2010.
Modified passive capillary samplers for collecting samples of snowmelt
infiltration for stable isotope analysis in remote, seasonally inaccessible
watersheds 1 : laboratory evaluation. Hydrological Processes 24(7):
825-833. doi: 10.1002/hyp.7523

Herrmann A, Martinec J, Stichler W, 1979. Study of snowmelt-runoff
components using isotope measurements. In S.C. Colbeck and M. Ray
(Eds.) Meeting on Modeling of Snow Cover Runoff, 26-28 September
1978, Hanover, New Hampshire. Proceedings (CRREL Special report,
SR 79-36). Hanover, NH: CRREL, 288-296.

Holder M, Brown KW, Thomas JC Zabcik D, Murray HE. 1991.
Capillary-wick unsaturated zone soil pore water sampler. Soil Science
Society of America Journal 55(5): 1195-1202. doi: 10.2136/
8852j1991.03615995005500050001x

Holko L, Danko M, Désa M, Kostka Z, Sanda M, Pfister L, Iffly JF. 2013.
Spatial and temporal variability of stable water isotopes in snow related
hydrological processes. Die Bodenkultur — Journal for Land Manage-
ment, Food and Environment 64(3—4): 39-45.

Hooper RP, Shoemaker CH. 1986. A comparison of chemical and isotopic
hydrograph separation. Water Resources Research 22(10): 1444-1454.
doi: 10.1029/WR022i010p01444

Jin L, Siegel DI, Lautz LK, Lu Z. 2012. Identifying streamflow sources
during spring snowmelt using water chemistry and isotopic composition
in semi-arid mountain streams. Journal of Hydrology 470-471: 289-301.
doi: 10.1016/j.jhydrol.2012.09.009

Kottek M, Grieser J, Beck C, Rudolf B, Ribel F. 2006. World Map of the
Koppen-Geiger climate classification updated. Meteorologische
Zeitschrift 15(3): 259-263. doi: 10.1127/0941-2948/2006/0130

Laudon H, Hemond HF, Krouse R, Bishop KH. 2002. Oxygen 18
fractionation during snowmelt : implications for spring flood
hydrograph separation. Water Resources Research 38(11): 1258, 40-
1-40-10. doi: 10.1029/2002WR001510

Lee J, Feng X, Faiia AM, Posmentier ES, Kirchner JW, Osterhuber R,
Taylor S. 2010. Isotopic evolution of a seasonal snowcover and its melt
by isotopic exchange between liquid water and ice. Chemical Geology
270: 126-134. doi: 10.1016/j.chemgeo.2009.11.011

Hydrol. Process. (2014)



D. PENNA ET AL.

Quevauviller P, Barcelo D, Beniston M, Djordjevic S, Harding RJ, Iglesias
A, Ludwig R, Navarra A, Navarro Ortega A, Mark O, Roson R, Sempere
D, Stoffel M, van Lanen HA, Werner M. 2012. Integration of research
advances in modelling and monitoring in support of WFD river basin
management planning in the context of climate change. Science of the
Total Environment 440: 167-177. doi: 10.1016/j.scitotenv.2012.07.055

Rodhe A. 1987. The origin of streamflow traced by oxygen-18. PhD
Thesis, Uppsala Univ., Dept. Phys. Geogr., Div. Hydrol., Report Series
A41, 290 p.+Appendix 73 p.

Shanley JB, Kendall C, Smith TE, Wolock DM, McDonnell JJ. 2002.
Controls on old and new water contributions to stream flow at some
nested catchments in Vermont, USA. Hydrological Processes 16(3):
589-609. doi: 10.1002/hyp.312

Sokratov SA, Golubev VN. 2009. Snow isotopic content change by
sublimation. Journal of Glaciology 55(193): 193, 823-828. doi:
10.3189/002214309790152456

Copyright © 2014 John Wiley & Sons, Ltd.

Stadnyk T, Kouwen N, Edwards TWD. 2013. Mesoscale hydrological
model calibration and validation using stable water isotopes:
iSOWATFLOOD. Hydrological Processes 27(25): 3791-3810.

Taylor S, X Feng JW Kirchner R Osterhuber B Klaue, CC Renshaw.
2001. Isotopic evolution of a seasonal snowpack and its melt. Water
Resources Research 37(3): 759-769. doi: 10.1029/2000WR90034 1

Taylor S, Feng X, Williams M, McNamara J. 2002. How isotopic
fractionation of snowmelt affects hydrograph separation. Hydrological
Processes 16(18): 3683-3690. doi: 10.1002/hyp.1232

Unnikrishna PV, McDonnell JJ, Kendall C. 2002. Isotope variations
in a Sierra Nevada snowpack and their relation to meltwater.
Journal of Hydrology 260(1-4): 38-57. doi: 10.1016/S0022-1694
(01)00596-0

Zhou S, Nakawo M, Hashimoto S, Sakai A. 2008. The effect of refreezing
on the isotopic composition of melting snowpack. Hydrological
Processes 22(6): 873-882. doi: 10.1002/hyp.6662

Hydrol. Process. (2014)



