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" Monitoring snowpack outflow volumes and their isotopic composition to better understand

. . . ”
streamflow generation during rain-on-snow events

Dear Dr. Bettina Schaefli,

Please find attached the revised version of our manuscript entitled “Monitoring snowpack
outflow volumes and their isotopic composition to better understand streamflow generation
during rain-on-snow events” (hess-2019-11). We addressed all issues raised by the three
reviewers and you can find our detailed responses and the track-changed manuscript and the
supplement below.

We highly appreciated the thoughtful comments of the three reviewers, which helped to
improve the manuscript. We also thank you for a timely handling of the manuscript and we
are looking forward to the publication of our work.

We also found a glitch in our manuscript in Section 3.2.2, where we accidentally reported
the wrong ROS number in event #6. Due to malfunctioning of the snow depth sensor, we

adapted the snow depth in event #5. This improved the R? value in Figure 4.
The authors confirm that the article contains only original data. If you have any further
questions please do not hesitate to contact me.

Thank you very much.

Sincerely yours, Andrea Rucker

1/1 WSL: Swiss Federal Institute for Forest, Snow and Landscape Research



Response to reviewer 1

| thank the Anonymous Referee #1 for his comments. | have reproduced
those comments below (in normal type), with my responses (in bold).

General comments: The study of Rlicker et al. presents an analysis of rain-on-snow events
in a Swiss Pre-Alpine catchment for two winters. The focus of this study lies on
characterizing the snow conditions at the lysimeter measuring sites and analysing the
snowmelt response with respect to the discharge response. Moreover, an isotope based
hydrograph separation provides estimates for rainfall vs. snowmelt contributions to stream
runoff. In this context, the present work contributes to a better process understanding of rain-
on-snow events, being important for flood management and model calibration. The
manuscript is well structured and the language quality is appropriate.

Thanks for these remarks.

Although the manuscript sections seem to be well balanced to me, surprisingly, | could not
find research hypothesis at the end of the introduction section. These would make the study
much stronger and would directly lead to the titles already chosen in the result section.

The fundamental hypothesis of our study is that vegetation and elevation substantially
affect the generation and the isotopic composition of snowpack outflow, and thus
snowmelt contribution to streamflow. We will include this statement in the revised
version of the manuscript.

With respect to the result and discussion section, | noticed that the discussion part is
sometimes too short and references could be added. This lack probably results from merging
result and discussion section.

We are not sure what specific parts of the results and the discussion section the
reviewer refers to. In any case, some of the processes discussed here (e.g.,
evaporation, sublimation, refreezing) have not been specifically investigated in our
study, and thus we cannot go into further detail regarding individual mechanisms that
cause changes in snowpack outflow or snowpack isotopic compaosition.

A last point addresses the use of tenses. | recommend to the authors to check again the
when present tense and past tense was used. For example, results are normally described in
past tense, which sometimes is not the case.

We will correct the use of tenses in the revised version of the manuscript.

Specific comment:
Page 3, Line 11: provide a reference for the effect of the canopy structure.

We will add the reference Koeniger et al., 2008.

Page 3, Line 21: please comment whether sublimation plays a role in this context as well.

We will include sublimation as a relevant process for isotopic enrichment of the
snowpack in the revised manuscript.

Page 3, Line 29: snowmelt contribution.

We will change that in the revised manuscript.



Page 4, Line 1-4: please rephrase;how do you justify the rain snow transition zone?

We will indicate the exact elevation range covered with our snowmelt lysimeter
systems. Within this elevation range, precipitation frequently shifts from snow to
rainfall (Beniston, 2003; McCabe et al., 2007; Surfleet and Tullos, 2013; Zierl and
Bugmann, 2005).

Page 4, Line 8: add more details, such as elevation of these measuring stations

We will add more details concerning the field sites.

Page 5, Line 7: please argue on the representativeness of your lysimeter sites with respect
to the catchment (aspect, slope,elevation). What was the reason behind selecting MG and
MF sites so close to each other?

The MG and MF sites were installed at official research plots where power supply was
available (maintained by the Swiss Federal Institute for Forest, Snow and Landscape
Research, WSL). The elevation, slope and aspect of the landscape are similar at the
MG and MF sites, so that differences in snowpack outflow generation can be linked to
the differences in vegetation cover. Because technical installations were not permitted
in the upper part of the Erlenbach catchment, the HG site was installed at a nearby
location with similar elevation and line power access.

Page 5, Line 13: 30 m difference in elevation is redundant with line.

We will change that.

8 Page 6,Line 13: please specify the improvements made for this site.

The improvements have already been described in detail in the next paragraph; we will
add an introductory sentence to the first paragraph.

Page 6, Line 23: please comment and add in the text on fractionation though evaporation?
Could the sampling bottles automatically closed after filling?

We will clarify the effect on fractionation on our sample bottles. The filled sampling
bottles remained open until they were replaced with dry bottles once aweek. One
open sample bottle filled with 400 ml of a water sample of known isotopic composition
was placed in the automatic water sampler each week to test whether evaporative
fractionation occurred during the one-week sampling period. We did not find a
substantial isotopic enrichment effect in these open sample bottles and thus assume
that our sampling setup (automatic water sampler inside a protection hut) provides
sufficient protection against evaporative fractionation of the snowpack outflow
samples. For the automatic water samplers at the snowmelt lysimeter sites, the
sample bottles were not modified. However, the sample bottles of the automatic
watersampler sampling stream water of the Erlenbach were modified to reduce
evaporative fractionation.

Page 7, Line 24: did you use a recognition software to transfer webcam pictures into snow
depth data?



No, we did not use recognition software. We analysed the webcam pictures manually;
we will clarify this in the manuscript.

Page 7, Line 25: was HG site subject to blowing snow?

We cannot exclude the possibility that wind drift occurred at the HG site, however, we
did not observe substantial transport of snow due to wind during our field surveys. If
wind drift occurred, it seems likely that wind drift affected all of the three individual
lysimeter funnels similarly since they were located in close proximity to each other.

Page 8, Line 3: please use references to support these criteria.

These will be added.

Page 8, Line 15: were collected.

We will clarify this sentence.

Page 10, Line 7: please use a reference for the Gaussian error propagation
A reference to Genereux, 1998 will be added.

Page 11, Line 11: please characterize these cold conditions, how was the mean air
temperature?

We will include the specific information: 22 cm of snow depth was reached during 6
days; mean air temperature was -6.6 °C.

Page 12, Line 6: replace “several times” by a number to better quantify.
This will be changed.

Page 14, Line 6: replace by “Further four ROS".

This will be changed.

Page 15,Line 15: provide some statistics when reporting statistical significance

We do not understand this comment of the reviewer as it refers to the caption of
Figure 3: “(a) Rainfall 15 volumes at the MG site (light blue) and snowpack outflow
volumes at the HG (red, black-shaded), MG (yellow) and MF (light green: winter 2017;
dark green: winter 2018) sites.”

If the reviewer refers to page 15, Line 10, we already provided a definition of
statistically significant: “(i.e. larger than two times their pooled standard errors).” In
the revised manuscript, we will provide the actual difference between the incoming
rainfall and snowpack outflow volumes.

Page 15, Line21: 200-meter is already known and thus redundant, please remove.
This will be removed.
Page 16, Line 9:provide some statistics when reporting no statistical significance

In the revised manuscript, we will provide the actual difference between the incoming
rainfall and snowpack outflow volumes.

Page 17, Line 8: to which processes do you refer to? Please rephrase.
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We will remove this part of the sentence.

Page 17, Line 21: provide some statistics when reporting no statistical significance.

We will add the p-value.

Page 20, Line 4: be more quantitative with respect to variable responses and lag times.

We will include more information about the ranges of snowpack outflow volumes and
lag times between events and sites.

Page 23, Line 4: 200-meter is already known, please remove.

This will be removed.

Page 23, Line 10-11: this is not clear. Is the elevation gradient defined by your sites not large
enough to show the elevation effect?

Correct, we argue that a significant effect of elevation on the isotopic composition in
bulk snowpack cannot be seen at our field sites, probably because the elevation
difference of 220 m was too small.

Page 23,Line 24: provide results from a statistical test to show the similarity in isotopic
composition.

We think that the number of data points is too small to facilitate a statistical analysis.
Instead, we will rephrase our observation and will say that the isotopic composition of
snowpack outflow during ROS events responds to (not reflects) that of incoming
rainwater.

Page 30, Line 6: replace by “By using”.
This will be changed in the revised manuscript.

Page 30, Line 10: replace by “compared to that of open grassland”.

This will be changed in the revised manuscript.

Page 30, Line 18: as this is the summary, it would be helpful to repeat the initial criteria how
you defined the ROS events (precipitation amount, initial snow depth threshold)

This will be added in the summary.

Page 30, Line 26: IHS is already introduced before.

OK, but we should keep this abbreviation in the summary to improve readability.

Page 31,Line 23: the correct co-author name is McNamara

This will be corrected.

Fig. 1: add a map of Switzerland locating your study site. Why is the forest in the lower part
of the map dark green? Shading effect of the underlain hillshade? (in this case, hillshade
data not present in the legend) MG seems to lie in the forest.

We will add a map of Switzerland to Figure 1. The shading represents the hillshade
and not a change in vegetation cover. We will remove the hillshade and update the
figure.



Fig. 2: please make air temperature line thicker and improve grey bars, which are not so
visible

We will improve the figure.

Fig. 5: The snow depth subplots could be taller to increase visibility;

The same snowpack data are already shown in Figure 2. The snowpack data in Figure
5 are only shown to indicate the timing of snow-free periods at the sites.

Fig. 7: what is the meaning of the grey dashed line in all subplots?

We will specify this in the figure caption: including grey dashed lines that represent
the range between -85 %0 and -75 %o.

Fig. 8: why are event #3 and #4 results unrealistic?

The event water fraction resulted in negative results because the isotopic
compositions of stream water did not respond to the isotopic composition of the
snowpack outflow (event water). We will clarify this in the figure caption.
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Response to reviewer 2, Roman Juras

We thank Roman Juras for revising and commenting the manuscript. We have
reproduced those comments below (in normal type), with our responses (in bold).

General comments: The paper presents very interesting and current topic about snowpack
out-flow contribution to the catchment outflow during rain-on-snow (ROS) events. The
authors identified ten ROS events during two winter seasons, where the effect of snow cover
and further snowpack outflow to the stream were analysed. Authors employed two-
component hydrograph separation method using natural stable water isotopes and enhanced
system of water sampling. | like the study very much, because understanding of the
hydrological processes during ROS is still not sufficient and this study aims to contribute to
this knowledge. It is an interesting study and worth to publish in HESS. Nevertheless, |
recommend to do some minor revisions and | also have a couple of suggestions to improve
the study.

My major point to the study is that the authors should present results from the hydrograph
separation and provide more information about snowpack outflow composition. Since the
isotopic content of rain and snowmelt during ROS events were sampled, the rainwater
contribution in the outflow can be easily calculated.

We will include an additional analysis of the rainwater contribution to snowpack
outflow in the supplement. However, we want to stress that most events could not be
analysed because the pre-event signature of snowpack outflow was not known (i.e.,
no snowpack outflow occurred before the event).

The authors can also provide the separated hydrograph with all the components.

We will provide the hydrograph timeseries in the revised manuscript.

The authors define in section 2.2.1 the ROS event. Maybe | just missed something, but from
this definition it seems that duration of ROS equals duration of rain. This does not match with
the values in Tab. 1 (see columns Start time, End time and Rain-fall duration). This issue is
also connected with total ROS outflow volumes. Please describe it clearer.

We will clarify the definition of ROS events in the revised manuscript in section 2.1.1.
The Introduction section usually provides in the end some basic goals of the paper. | miss
this part in the particular section. Please reformulate the last paragraph (Page 3, lines 30 —
33, Page 4, lines 1 - 3).

We will specify the research hypothesis and the goal of this paper in the introduction.

Although, | am not a native english speaker, | recommend some proof reading regarding the
language.

Specific comments:

* Please use elevation units as “m a.s.l.” and not “m asl”.

We will correct this.



* Please present what time zone do you use (UTC, CET, etc.).
We will specify this.

* Figurel: Can you add an information about coordinate system of the map and how far is
HG site from the catchment. You should also add a small map of Switzerland, where the
study site is located.

A map of Switzerland and information about the distance between the HG site
and the MG site/catchment will be added in the revised manuscript.

» Lot of technical information regarding the field monitoring system is provided (page 5, lines
15 - 18, page 1 - 5). It would be beneficial to better readers clarity if you present these
information in tabular form. The sketch or photograph of the monitoring system would be also
very practical and provide better view how the system works.

An earlier paper:

Ricker, A., Zappa, M., Boss, S. and von Freyberg, J.: An optimized snowmelt lysimeter system for
monitoring melt rates and collecting samples for stable water isotope analysis, J. Hydrol.
Hydromechanics, 67(1), 20-31, doi:10.2478/johh-2018-0007, 2019.

provides a detailed description of the field monitoring system. We have only
included this reference in the manuscript in order to shorten the methods
section.

« If you state just water stable isotopes as such, do not use 3symbol, but only 2H and 180
(Page 3, line 3). Delta symbol refers to some defined standards.

We will change this in the revised manuscript.

* You mention that the snow was sampled by a snow tube (Page 7, lines 27 — 28). Do you
use any standardised tube? What is the material of the tube?

We did not use a standardized tube; the tube was custom-made at WSL from
from glass fibre with epoxy resin and edges made of steel.

* Please be consistent with presenting the time intervals. You often mix numbers and text
information, like 10-minute x ten minute (i.e. Page 7, lines 7, 9).

We will correct this.

* Page 16, line 1: According to Fig.2 the snow depth at HG does not look 97 cm deeper than
MG.

This was a typo, we intended to present this number as a depth of the HG
snowpack and not as the difference between the HG and MG snowpack depths.

» Page 16, line 14 — 15: Do you have any isotopic signature results of the through fall? Can
you compare it with rainfall on the open sites?

During the observed winter 2016/17, we did not explicitly sample throughfall at
the forested site.

» Page 18, line 2: How did you estimate the cold content of the snow? Did you also measure
the snow temperature or did you just guess it from the air temperature? If you consider just
mean air temperature, how long prior to the event? Maybe you should rather use cumulative



temperature from last x hour. Nevertheless, this statement is quite tricky, because the higher
cold content does not always mean that more incoming rainwater is stored in the snowpack.
Water storage is more related to the snow stratigraphy and layering.

Thank you for this thought, we will implement this into the revised manuscript.
« Figure 4: Can you add r? values to all subplots?

This will do this.
* Page 20, line 4: How do you define lag times?

We will specify lag times in the revised manuscript:

Lag time is the time between the beginning of the ROS event and the first
response of the snowpack outflow; the first response is defined as an increase
of snowpack outflow by at least 0.05 mm relative to the previous measurement.

» Page 20, line 6: How do you estimate saturation of the snowpack?

We did not directly measure saturation of the snowpack, however, we assume
that the snowpacks at the MG and HG sites were ripe prior to event #6 because
snowpack outflow volumes were continuously above 0.05 mm during the
previous days. This explains why the snowpack outflow volumes immediately
increased with the onset of the ROS event.

 Table 3: What does represent the last column (Rainfall MG) of the table? There are used
two terms in figure 6 —rain and rain-on-snow. Please be consistent with the naming.

We adapt these terms in the revised manuscript.

There are presented results of different water contribution to the catchment outflow only
during peak discharge. Can you also present results of outflow composition from the entire
event period?

We will include the plots of the hydrograph separation results in the revised
manuscript or supplement. In addition, we will provide the hydrograph
separation results (during peak flow and during maximum contribution of
snowpack outflow to streamflow) as a table in the supplement.

References
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Response to reviewer 3, Daniele Penna

We thank Daniele Penna for revising and commenting the manuscript. We have
reproduced those comments below (in normal type), with our responses (in bold).

General comment

First of all, | apologize with the Authors and Editor for my late review.

This is a very interesting manuscript that focuses on the role played by rain-on-snow (ROS)
events in enhancing snowpack outflow and thus snowmelt, ultimately contributing to stream
runoff. | worked for some years in a snow-dominated catchment and | had the opportunity to
observe the significant impact that ROS events have on the catchment hydrological response
in the melting period. Therefore, experimental work that provides a better understanding of
the controls on snowmelt contribution to streamflow during ROS events is welcome and
certainly appreciated by the readers of HESS. The manuscript is well written, solidly
structured, nicely illustrated, with updated and relevant references, and the data well support
the results interpretation. | basically agree with the comments by the two other Reviewers
and | overall like the response of the Authors. | have only a few specific comments that |
hope can contribute to improving the manuscript. In the end, | recommend a minor revision
before publication.

Specific comments

- In agreement with Reviewer 1, | also noticed the lack of a clear and testable research
hypothesis stemming from the knowledge gaps defined earlier in the Introduction. The
Authors replied that the main hypothesis “: : :is that vegetation and elevation substantially
affect the generation and the isotopic composition of snowpack outflow, and thus snowmelt
contribution to streamflow. In my opinion, this reply is not fully satisfactorily.

First, “vegetation” is quite a vague term in this context: reading the rest of the manuscript and
knowing the area it is clear that this term refers to forest trees but, in principle, this could be
valid for understory vegetation as well. So, | suggest being more specific here.

We will clarify in the revised manuscript that vegetation is meant to be forest
canopy.

Secondly, what does it mean that vegetation and elevation affect snowpack outflow
generation? | guess the Authors mean outflow amount or volumes, but again this should be
specified. Most importantly, this is only the general hypothesis. | suggest to complement it
with some specific hypotheses or specific research questions that better address the core of
this work and around which the Results and Discussion section could be built.

For instance, one specific research question could focus on the role of rainfall characteristics
and initial snowpack properties on the variability of snowpack outflow volume.

Another specific research question could deal with the spatial variability of snowmelt
contribution to streamflow in the catchment (comparison of hydrograph separation results
among the three sites) and a third one to the temporal variability of snowmelt contribution to
streamflow (comparison of hydrograph separation results among different ROS events).
These are only suggestions but | think that structuring the Results section so that its parts
reflect the specific questions posed at the beginning would tell a clearer story and
accompany the reader in a more linear way.



Thank you for this suggestion. We will propose a more general research
hypothesis and include four more specific research questions at the end of the
introduction.

- | think that what would be really interesting and novel is the application of three component
hydrograph separation to quantify the proportion of rainfall and pre-event snowmelt during
ROS events. As far as | understood, the instrumental design and the sampling scheme would
allow for the application of this mixing model that, of course, requires the availability of a
second tracer. Is there any additional tracer available? Is the application feasible? Are there
theoretical or practical constraints that prevent this analysis? | wonder if the Authors already
planned a follow up of this study considering this aspect. A comment on this is welcome.

We have also measured major anions and cations in all samples and it might be
possible to use an additional tracer (such as magnesium, calcium) to separate
the pre-event signature (high solute concentrations) from the rainwater and
snowpack outflow signature (low solute concentration). We are planning on
performing such an analysis, which, if it works, will result in a separate
publication.

- At lines 268 and 269 the Authors stated that the pre-event tracer signature (by the way,
talking about isotopes I think that the terms “signature” and “composition” are more
appropriate than “concentration”) was determined by sampling the stream on the day prior
the ROS event. In a previous study in a snowmelt-dominated Alpine catchment (Penna et al.,
2016, JoH, https://doi.org/10.1016/j.jhydrol.2016.03.040), we compared two different
methods to determine the pre-event stream signature for two component hydrograph
separation during snowmelt, i.e. the average of several samples taken during baseflow and a
sample taken before the snowmelt-induced runoff event. We found, in some cases, marked
differences in the estimated snowmelt proportions in the stream using the two methods, and
we related these differences to the fact that streamflow may have contained a small amount
of residual snowmelt water at night, especially late in the melt season, so that meltwater
influenced the isotopic composition of the stream between melt events. In the case
presented by the Authors, the ROS events occurred in winter (Jan-March) and so this effect
might not be so important but, nevertheless, | wonder if this effect could happen here as well
at least in the late winter events (e.g., March). A comment on this could be useful.

We will replace “concentration” with “composition” or “signature” in the
revised manuscript.

For five of our six ROS events, pre-event water signatures were very similar
(8'%0=-11.5+0.3 %o, 8°H=-81.5+1.4 %), so that using a single pre-event water
signature (determined from baseflow samples) would not substantially change
our hydrograph separation results.

For event #5, pre-event water signatures were slightly lighter (8'°0= -12.8 %o,
5°H=-86.3 %o) than the average of the other five events due to very light rainfall
during the preceding event #4. If the pre-event water sighature would
correspond to the mean value (8'°0=-11.5+0.3 %o, 8°H=-81.5+1.4 %0), we would
underestimate the snowpack outflow contribution during event #5 (i.e.,
absolute percent differences were between 16 and 530). However, in our
analysis we treat the stream water sample prior to each ROS event as our pre-
event water regardless of whether another event occurred beforehand. Thus,
we consider each event independently and not relative to baseflow conditions.



Minor comments and technical corrections
L126. Remove “at mid elevations”.

We will remove this in the revised manuscript.
L147-148. | suggest shortening the title.

We will change this.

L179: What is the relative measurement uncertainty of the tipping bucket?
We gave the average measurement uncertainties in L172, so we assume that
this gives the required uncertainties.

L223. Remove the delta sign, it's not needed here.
We will remove this in the revised manuscript.

L255. Replace “concentration” with “composition”.
We will replace this in the revised manuscript.

L259-260. Did the Authors/technicians apply any procedure to mitigate the carry over
(memory) effect that can affect laser isotopic measurements when analysing subsequent
samples with much different isotopic composition?

Every sample was measured a minimum of 6 times. To reduce the memory
effect only the last 3 results were used and averaged to derive the isotopic
composition of each individual sample.

Fig. 3b: Add “rainfall” before the word “retention” below the 1.1 line.
This will be added.

L445-446. | suggest skipping this, redundant with what previously mentioned in the M&M
section.

We would intend to leave this in the revised manuscript, so the definition about
snowpack water budget will be certainly clear to the reader.

L456. Is the regression statistically significant? Can the Authors report the p-value of this
regression?

We will add the p-values of these linear regressions.
L540-542. This sentence is not necessary and can be skipped.
We will remove this sentence.

Fig. 6. It is not immediately clear to me which rain samples are, which snowmelt samples,
and ROS samples and bulk snow, so | suggest making the box plot clearer.

We will do this in the revised manuscript.

In addition, did the Authors perform a statistical analysis in order to check for the differences
in isotopic composition?



We will perform the analyses to check for differences in isotopic compositions
between the different sources (at each site) and between the different sites (for
the same source). We will include this information in the revised manuscript.

Moreover, | wonder if the slope of the regression lines in the dual isotope space (Fig. 6d-f) is
statistically different between the MG site and the HG and MF sites (see, for examples,
another isotopic study on rain and snowmelt in the Alpine catchment mentioned above,
Penna et al., 2017, HP, https://doi.org/10.1002/hyp.11050). This could be performed and
discussed in the light of the inter-site comparison in rain and snowmelt isotopic composition.

We have performed a statistical analysis and found that the slopes of the
regression lines were not statistically different (p-value > 0.3). We will include
this information in the revised manuscript.

L658. Replace “concentration” with “composition”.
This will be changed in the revised manuscript.
L706-707. Which assumptions were violated to have unrealistic results?

The isotopic composition of the stream water and the rainwater were
overlapping during event #4. We will clarify this in the revised manuscript.

Table 1: Unpaired two samples t-Tests of the differences between the four sample types (snowmelt, rain-on-snow, rain,
bulk snowpack at each site) and between the three sites (HG, MG, MF site). Upper right triangle: t-values (in italic font);
lower left triangle: p-values (regular font). Statistically significant differences, i.e., p-values < 0.01, are shown in bold
font. Grey fields indicate sample combinations that are not informative.

HG_SPO Site MG_SPO Site MF_SPO Site
Rain Rain Rain
Location and (no  Bulk (no Bulk (no
sample type Snow- snow- Snow-|Snow- snow- Snow-|Snow- show-
melt ROS pack) pack | melt ROS pack) pack | melt ROS pack)
o Snowmelt -1.811 norain -0.131| 1.335 -0.163
Ls ROS 0.075 norain 1.408 0.987 -1.049
o' @  Rain (no snowpack) | no rain no rain no rain no rain
* Bulk Snowpack 0.896 0.169 no rain 0.759
o Snowmelt 0.185 -1.543 3.568 -0.091| 1.262
Lo ROS 0.334 0.128 3.289 1.263 1.469
0' @ Rain (no snowpack) no rain <0.01 <0.01 -2.778 -0.039
= Bulk Snowpack 0.454 | 0.928 0.220 <0.01
8 Snowmelt 0.871 0.210 -0.328 2.077
E' g ROS 0.304 0.159 0.744 1.740
= Rain (no snowpack) 0.969 0.042 0.092




Table 2: Coefficients of slope and intercept including standard error of the three sites (HG, MG, MF site). Analysis of
variance (ANOVA) of the slopes of the regression lines in the dual isotope space at the HG_SPO, MG_SPO and MF_SPO

sites. Upper right triangle: t-values (in italic font); lower left triangle: p-values (regular font). The three slopes are not
statistically different, i.e., p-values > 0.01.

Coefficients Analysis of Variance
Location Slope Intercept [%.] | HG_SPO MG_SPO MF_SPO
HG_SPO | 8.03+0.2 13.7¢2.6 -1.602 -0.689
MG_SPO 7.54£0.1 4.5+0.8 0.246 -1.186
MF_SPO 7.7¢0.2 10.2+1.9 0.770 0.462
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Monitoring snowpack outflow volumes and their isotopic
composition to better understand streamflow generation during
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Abstract. Rain-on-snow (ROS) events in mountainous catchments can cause enhanced snowmelt, leading to destructive
winter floods. However, due to differences in topography and vegetation-forest cover<{e-g-—grassland-and-forest}, the
generation of snowpack outflow volumes and #s-their contribution to streamflow is-are spatially and temporally variable

during ROS events. In order to adequately predict such flood events with hydrological models, an enhanced process
understanding of the contribution of rainwater and snowmelt to stream water is needed.

In this study, we monitored and sampled snowpack outflow with fully--automated snowmelt lysimeter systems installed
at three different lecations-elevations in a pre-Alpine catchment in Central Switzerland. We measured snowpack outflow
volumes during the winters of 2017 and 2018, as well as snowpack outflow isotopic compositions for winter 2017.
Snowpack outflow volumes were highly variable in time and space-space, reflecting differences in snow accumulation and
melt. In winter 2017, around 815 mm_of snowpack outflow occurred at our reference site (grassland 1220 m above sea
level, m a.s.l.m-asl), whereas snowpack outflow was 16 % less at the nearby forest site (1185 m a.s.l.m-asl), and 62 % greater
at another grassland site located 200- meters higher (1420 m a.s.l.m-asl). A detailed analysis of ten ROS events showed that
the differences in snowpack outflow volumes could be explained mainly by rainfall volumes and initial snow depths.

The isotope signals of snowpack outflow was-were more damped than that-those of incoming rairfal-rainwater at all
three sites, with the most damped signal at the highest-elevation site because its snowpack was the thickest and the residence
times of liquid water in the-its snowpack were the longest, thus enhancing isotopic mixing in the snowpack. The
contribution of snowpack outflow to streamflow, estimated by-with an isotope-based two-component end--member mixing
analysismodel, differed substantially among the three lysimeter sites (i.e., between 7+4 and 91+21%). Because the study
catehment-vegetation in our study catchment is a mixture of grassland and forest, with -and-altitudes-elevations ranginge

from 1000 to 1500 m a.s.l.m-asl, our site-specific hydrograph separation estimates can only provide a range of snowpack

outflow contributions to discharge from different parts of the study area. Thus, the catchment-average contribution of

1
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snowpack outflow to stream discharge is likely to lie between the end-end-member mixing estimates derived from the three

site-specific datasets.

be useful for improving hydrological models in snow-dominated catchments.

1 Introduction

Over the past 50 years, rain-on-snow (ROS) events have become more frequent in snow-dominated catchments, because
inereasing-rising global mean air temperatures haves led to greater fractions of winter precipitation falling as rain instead of
snow (Barnett et al., 2005; Beniston and Stoffel, 2016; Hartmann et al., 2013; Stewart, 2009). In Switzerland, mean air
temperature is predicted to increase by up to 1.6 °C by 2050 (Swiss Academics Reports, 2016), so thatand-thus the rain-to-
snow transition zone is likely to expand to aftitudes-above 2000 m above sea level (a.s.l.ast), while altitudes-elevations below
1500 m a.s.l. m-ask-might more frequently registerrain-onremain snow-free eenditions-(Beniston, 2003; McCabe et al., 2007;
Surfleet and Tullos, 2013; Zierl and Bugmann, 2005).

Rain on snow can either be retained in the snowpack or it can enhance the-snow meltmekting-ef-the-shewpack, so that the
snowpack can either reduce or amplify the volume of water reaching the ground surface; relative-compared to snow-free
conditions (Kattelmann, 1987; Lee et al., 2010). In the past, some ROS events that caused enhanced snow-melt have led to
severe floods (e.g., Garvelmann et al., 2015; Kroczynski, 2004; MacDonald and Hoffman, 1995; Marks et al., 1998; Sui and

Koehler, 2001; Wever et al., 2014), Although catchment models have been applied in the past to predict flood responses

during ROS events, these model simulations can be highly uncertain (McCabe et al., 2007; Réssler et al., 2014) because

Fhus-snowpack outflow (snowmelt or a mixture of rainwater and snowmelt) is not generated homogeneously at the
catchment scale (Berris and Harr, 1987; Wirzer et al., 2016). Peak flows caused by ROS events result from a complex

interplay of processes that mainly depend on the initial snowpack properties, rainfall characteristics and energy fluxes

Snowpack properties such as depth, density and snow water equivalent (SWE) can vary spatially and temporally across
the catchment landscape. Additionally, wind drift, landscape topography (i.e., slope, elevation, aspect) and vegetation cover
(i.e., forest, grassland) affect the snowpack properties (Marks et al., 1998; Molotch et al., 2011; Stéhli et al., 2000). Higher
elevations are generally associated with greater snowpack depths due to higher precipitation rates and lower air temperatures
(Beniston et al., 2003; Stewart, 2009). Compared to open grassland, forested landscapes tend to have shallower snow depths
due to enhanced canopy interception of snowfall (Berris and Harr, 1987; Lépez-Moreno and Stahli, 2007; Stéhli and

Gustafsson, 2006). Frus-snewpack-outflew{snewmeltora-mixture-ofralnwaterand-snewmelt-is-net-generated
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&y—Further, water flow paths within the
snowpack can be highly variable, so that calculating or measuring the snowpack outflow can be challenging {Eirikssen-etal:;

013: Kattelmann,-2000; Riickeretak2019: Unnikrishna-etak-2002:Webb-et-al2018)—(Eiriksson et al., 2013;

Kattelmann, 2000; Rucker et al., 2019; Unnikrishna et al., 2002; Webb et al., 2018; Yamaguchi et al., 2018),

A detailed understanding of snowpack outflow generation is needed at both the plot scale and the catchment scale to

at-runoff predictions during
ROS events are-more reliable (DeWalle and Rango, 2008; Marks et al., 1998; Sanda et al., 2014). To track the
heterogeneous contribution of snowpack outflow to streamflow during ROS events, environmental tracers can be used.
Stable water isotopes (620 and §°H) may be particularly useful as they allow streamflow to be separated into isotopically
distinct sources (Klaus and McDonnell, 2013). Thus, if snowpack outflow is isotopically distinguishable from catchment
groundwater storage, its relative contributions to streamflow during ROS events can be quantified through two—component
isotope-based hydrograph separation (IHS).

In some studies, the isotopic composition of bulk snow or of individual snow layers has been used as a proxy for
snowmelt isotopic composition (Cooper et al., 1993; Dinger et al., 1970; Huth et al., 2004; Maulé et al., 1994; Sueker et al.,
2000). The isotopic composition of bulk snow is known to be variable in time and space, depending on catchment
characteristics such as latitude, exposure and elevation gradients (Dietermann and Weiler, 2013), as well as the structure of

the forest canopy (Koeniger et al., 2008). Snowfall intercepted by the forest canopy is subject to sublimation, which is the

main cause for the isotopic enrichment of winter throughfall (Claassen and Downey, 1995; Koeniger et al., 2008; Stichler,
1987). Although the spatial variations in the isotopic compositions of bulk snow and snowmelt are likely to be similar
(Dietermann and Weiler, 2013), estimated meltwater contributions to streamflow can be significantly different when using
bulk snow instead of snowmelt as an end_member in IHS (Moore, 1989). Numerous studies have found that IHS in snow-
dominated catchments is less uncertain when snowmelt is collected by grab sampleding-direethy (Obradovic and Sklash,
1986; Penna et al., 2017), with melt pans (Bales and Williams, 1993; Taylor et al., 2001)_or snowmelt lysimeters (Beaulieu
etal., 2012; Buttle, 1994; Hooper and Shoemaker, 1986b; Laudon et al., 2002; Schmieder et al., 2016; Shanley et al., 1995b;
Unnikrishna et al., 2002; Wels et al., 1991). Some Ssnowmelt lysimeter_systems alse-facilitate water sampling at regular

timeempeoral intervals (i.e., daily or; sub-daily), which is recommended because the isotopic composition of snowmelt can be

highly variable over time. This variability is caused by isotopic fractionation in the snowpack during phase changes (i.e.,

freezing-and/-melting, -sublimation/recrystallization/condensation;} Juey-et-al-1970:Leeet-al2010b;-Schmiederetal;

- 000@0@00
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Juras et al., 2016; Shanley et al., 1995a). Furthermore, isotopic exchange and redistribution in the snowpack can cause the
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snowpack outflow to be isotopically different from incoming rainfall (Judy et al., 1970; Lee et al., 2010; Lee et al., 2010b;
Taylor et al., 2001).

To the best of our knowledge, only two scientific studies have estimated the contribution of snowpack outflow to
streamflow during ROS events threugh-byusing IHS (Buttle et al., 1995; Maclean et al., 1995). These studies used, however,
only one or two ROS events that occurred before and during snowmelt. So far, the effects of-beth; vegetation-forest
canopycover {e-gevergreenforest}-and elevation on the generation of snowpack outflow and snowmelt's contribution to

streamflow have not been investigated during ROS events.

To fill this research gap, we monitored snowpack outflow and its isotopic composition in the pre-Alpine Alptal catchment in

Central Switzerland. Threee snowmelt lysimeter sites were located between 1200 to 1400 m a.s.l., altitudes at which-where
precipitation frequently shifts frombetween snowfall and ~te-rainfall arefrequent-(Stewart, 2009). One of the lysimeter

systems was installed under forest canopy, whereasand the remaining two systems were installed in open grassland. -We

measured snowpack outflow volumes every 10 -min during the winters 2017 (1 January — 7 May 2017) and 2018 (1

10-min-intervals during winter 2017 and-2018_as-well-as 5°0 and §°H in snowpack outflow at daily reselutionintervals
during the winter 2017. initati j

Ourinitialworking-hypothesis-isWe hypothesize that snowpack outflow generation during ROS events is spatially and
temporally heteregenesusvariable at the catchment scale, depending on elevation and vegetation cover.

TFhereforeSpecifically, we will address the following research guestions:

- What role do rainfall characteristics and initial snowpack properties play in the variability of snowpack outflow Formatiert: Listenabsatz, Einzug:
Links: 0.5 cm, Hangend: 0.75 cm,
Aufgezahlt + Ebene: 1 + Ausgericht

an: 0.63 cm + Einzug bei: 1.27 crr

volumes?

- What is the relative contribution of snowpack outflow to streamflow during rain-on-snow events?

- What is the spatial and temporal variability of snowpack outflow contributions to streamflow? Formatiert: Einzug: Links: 0.5 cm

Héngend: 0.75 cm

——How does the choice of the event-water end-member (rainwater or snowpack outflow) affect the results of

hydrograph separations-results?

Aufgezahlt + Ebene: 1 + Ausgericht
an: 0.63 cm + Einzug bei: 1.27 cn

Formatiert: Listenabsatz, Einzug:
\ Links: 0.5 cm, Hangend: 0.75 cm,
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2 Methodology

2.1 Field site

Field work was conducted in the southern part of the 47 km? Alptal catchment, 40 km south of Ziirich in the northern pre-
Alps in Central Switzerland (Figure 1Figure1). The Erlenbach catchment is a 0.7 km?tributary of the Alp river with a
streamflow gauging station and a meteorological station.

In the Erlenbach catchment, winter precipitation is dominated by snowfall, which accounts for up to one-third of the total
annual precipitation of roughly 2300 mm y™ (Feyen et al., 1999; van Meerveld et al., 2018). The annual average air
temperature is 6 °C with a distinct seasonal cycle (-2 °C in February and 17 °C in August; Feyen et al., 1999). The
Erlenbach catchment covers an altitude range from 1080 to 1520 m a.s.l. m-askand precipitation events frequently shift

frequent shifts-between rain—and-snowfall-deminated-precipitation-events-eceurrainfall and snowfall during the winter
season (Stahli and Gustafsson, 2006). The bedrock of the Erlenbach catchment is dominated by tertiary flysch, overlain by

shallow soils with low permeability (Burch et al., 1996; Fischer et al., 2015). The landscape is characterized by coniferous
forests (53 %), grassland (25 %) and a mixture of both (22 %) (Burch et al., 1996; Fischer et al., 2015; Keller, 1990).
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Figure 1: The Erlenbach catchment (red outline) in the southern part of the Alptal valley, showing the distribution of vegetation
(grassland and forest), as well as the locations of the three snowmelt lysimeter systems (MG: mid-elevation grassland site; MF:
mid-elevation forest site; HG: high-elevation grassland site). A meteorological station is located near the MG site. At the
Erlenbach catchment outlet, river discharge and; precipitation (snow- and rainfall) rates are measured, along with -and-stable
water isotopes in stream water and precipitation-{spew—and-rainfal)-are-measured.

Two snowmelt lysimeter system-ssites, hereafter called the MG site (mid-elevation grassland) and MF site (mid-elevation
forest), are-were located at-mid-elevations-in the Erlenbach catchment at altitudes of 1216 and 1185 m a.s.l.m-asl,

respectively. The MG and MF sites were installed at field sites maintained by the Swiss Federal Institute for Forest, Snow

of forestcaneny oo o enferousfores —A third snowmelt lysimeter system was installed at a grassland site at 1405 m a.s.l.
higherclevation (2405-m-ast-m-ash)site(the HG site-or-high-elevation-grassland-site) ; outside of the maintained field-sites

6



by-the WSLin-the-Erlenbach catchment at a location where —TFhe HG-site-is-approximately 2 km-away-from-the- MG-site-and
was-chosen-because-of technical reasens-{e-g--power supply was available). FhisThe measurements from the HG site wereis
wsedassumed asto be-a representative field-site-for the 1400 m elevation zone of the Erlenbach catchmenthigher-elevations;
however, we acknowledge that; the HG site was located on a flat, slightlywhereas its-seuthnorth--erientedfacing plateau,

5| whereas aspeetthe -does-notrepresent the-east-oriented-Erlenbach catchment is characterized by a sequence of flat plateaus
and west-facing slopes. The terrain at the meteorological station and the MG site iswas relatively flat, whereas the MF and
HG-sites arewas located on slightly sloped terrain facing westsloping-ridges.

was-technically-net-feasible—The forest at the MF site is dominated by a-forest-consisting-of-Picea abies and Abies alba,
10| whereas the MG and HG sites are located on grassland. The MG and the MF sites are-were located 250 m apart from each
other with an elevation difference of only 30 m. _—TFhe-elevationslope-and-aspectare-similarat the MG-and-MFEsitesso

coniferous-forest).—In the following analysis, we use the MG site as a reference site because it iswas located in close

proximity to the meteorological station in the center of the Erlenbach catchment, whichand-it is practical allews-usfor to

15| comparinge the effects of vegetation cover (MF vs. MG) and elevation (HG vs. MG) on snowpack outflow generation.

‘74[ Formatiert: Einzug: Erste Zeile: 0

At the meteorological station, we measured air temperature (107 Thermistor Probe, Campbell Scientific, Loughborough,
Great Britain) every minute, as well as snow depth (Ultrasonic depth sensor, Judd Communications, Salt Lake City, Utah,
USA) and precipitation (Lambrecht meteo GmbH, Rain gauge 15189, Géttingen, Germany) at 10-minute temporal resolution
20| (Stahli and Gustafsson, 2006). Additionally, air temperature was measured at the HG and MF sites every +-minute (107
Thermistor Probe, Campbell Scientific, Loughborough, Great Britain). At the Erlenbach catchment outlet, river discharge
| was recorded every 10 -minutes (Burch et al., 1996) and a heated rain gauge (HOBO Rain Gauge, Metric Data Logger, RG3-
M, Bourne, MA 02532, USA) measured precipitation at 10-minute intervals. The rain gauge at the meteorological station
was not functioning during the period 18 February — 11 March 2017, and thus we filled the data gap with measurements
25| from another rain gauge (HOBO Rain Gauge, Metric Data Logger, RG3-M, Bourne, MA 02532, USA); installed near the
catchment outlet (von Freyberg et al., 2018b).
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2.2 A sA-Ssnowmelt lysimeter system for menitering-measuring and sampling snowpack outflow-and-ceHecting
o f | . .

The snowmelt lysimeter system was designed to measure the natural snowpack outflow and to collect samples for the
analysis of stable water isotopes (see details in Ricker et al., 2019). The MG lysimeter system site was installed in March
2016, whereas the HG and MF lysimeter systems were installed in October and December 2016, respectively. Fhus;tThe
design of the HG and MF lysimeter systems eetld-has been slightly improved-compared-to-thatat the MG-site- to facilitate
easier access to -se—that-the technical devieescomponents (e.q., tipping bucket) were-arranged-to-be-acecessible-during the
wintersnow-rich periods.

Each of the three snowmelt lysimeter systems (MG, MF and HG) consists of three individual funnels (dimensions:

0.42 -m diameter, 0.14 m? area, 0.059 m rim height) that are installed into the soil so that they collect the daily snowpack
outflow at the snowpack-soil interface. From each individual lysimeter funnel, the snowpack outflow ran through a silicon
rubber tube to a 10 L collection vessel. Every day at 05:40, an automatic water sampler (Maxx P6L — Vacuum System,
Maxx GmbH, Rangendingen, Germany) pumped up to 300 ml of water sample from the collection vessel into a dry 1-L
HDPE autosampler bottle. After that, pinch valves at the lower outlet of the collection vessel were opened for 10 minutes to
drain the remaining liquid. When the snowpack outflow volumes reached the 10 L storage capacity of the water vessel, an
additional bulk sample of each water vessel was collected by manually operating a pump cycle-via-a-wireless-connection. A
whole pumping and rinsing cycle took around 20 minutes so that the starting time for the collection of the next water sample

was set to 06:00, i.e. a one-day sample contained the cummulative snowpack outflow that left the snowpack bettween 6:00

and 5:40 of the following day. The filled sampling bottles in the automatic samplers remained open until they were replaced

with dry bottles once a week. One open sample bottle filled with a 400 ml ef-a-water sample of known isotopic composition

was placed in the automatic water sampler each week to test whether evaporative fractionation occurred during the one-week

sampling period. We did not find a substantial isotopic enrichment effect in these open sample bottles and thus assume that

our sampling setup (automatic water sampler inside a protection hut) provides sufficient protection against evaporative

fractionation of the snowpack outflow samples.

Before the snowpack outflow reached the water vessel, its volume was measured through a tipping bucket mechanism

inat 5--ml volume increments (i-e~each corresponding t0,0.0364 mm of outflow.m). The tipping bucket mechanism was

1

Formatiert: Einzug: Erste Zeile: 0.
cm

installed either directly below each individual lysimeter funnel (MG) or between the end of the silicon rubber tube and the
collection vessel (MF, HG). The arrangement of the tipping bucket was changed for the MF and HG systems, so that it
could easily be replaced or repaired if necessary. Because the tipping bucket mechanisms of each-the snowmelt lysimeter
systems were slightly adapted to the local properties at each field site, the average measurement uncertainties of the

snowmelt outflow volume measurements were determined from replicate measurements of known water volumes poured

|
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into each funnel. The average measurement uncertainties differed-by-lecation-and-were 15 %, 7.5 % and 10 % at the HG,

MG and MF sites, respectively, //{ Formatiert: Schriftartfarbe:
Automatisch

In an earlier study that evaluated the performance of the snowmelt lysimeter design at the MG site, we found that the

three individual funnels registered highly variable snowpack outflow volumes, thus reflecting temporal and spatial
5| variability of the snowmelt processes at the plot scale (Riicker et al., 2019). In the analysis presented here, we calculated the
site-averagesé of the-snowpack outflow volumes collected with the three individual funnels at each lysimeter site. To
express the uncertainty of these measurements at the plot scale, we calculated the eembined-standard errors of these mean
snowpack outflow site-average velures-considering both the relative measurement uncertainty of the tipping bucket and the
spatial variability of snowpack outflow generation. Measurements at 10-minute resolution were aggregated to daily
10| resolution for the time period 06:00 till 05:40 of the following day. This time interval was-ehesen-toe-corresponds with-to
thate aggregation-time-used by the Federal Office of Meteorology and Climatology (MeteoSwiss). 10Fer-minute data were

aggregated to hourly data over the periods HH:40 till (HH+1):30 with HH denoting the hour of the measurement. | Formatiert: Schriftartfarbe: Text 1

To prevent freezing in the tubes or in the tipping bucket mechanisms, a heating cable (Pentair, Raychem, BZV self-
regulating heating band, Wisag, Féllanden, Switzerland) was attached to the silicon tubes of the MG and HG lysimeter
15| systems in December 2017. In addition, a 12--W heating patch (110 mm x 77 mm) was attached next to the tipping bucket
mechanism below the lysimeter funnel of the MG lysimeter system. The MF site was not equipped with either a heating
patch or a heating cable, because freezing was less problematic in the forest than at the open grassland sites. During winter
2018, the lysimeter funnels at the MG and HG sites were damaged due to the heavy snow cover. Thus, snowpack outflow
| volumes for the 2018 winter period were only avaiable-measured at the MF site.

20 At all three lysimeter sites, snow depths were measured with stakes located next to the individual lysimeter funnels. A

webcam at each site recorded a picture of the stakes every hour,
from-the-images—Wand we used one image taken between 09:53 and 11:23 to estimate the mean-daily snow depth at each
lysimeter loeationsite. At the meteorological station near the MG site, the snow depth sensor provided additional
measurements-information ef-about maximum hourly snow depth, which were-was used to validate the mean-daily snow

25| depths data-obtained from the webcam images. The snow depth sensor was not functioning during the period 8 March 2017
16:30 and 9 March 2017 00:50;-and-thus-we-filled-the-data-gap-with-the-snow-depth-estimates-from-the- webcam-pictures.

At the MG and HG sites, snow surveys were carried out at weekly intervals. In addition, snow surveys at monthly

intervals were carried out at the MG and MF sites, so that the MG site was surveyed twice in the same week roughly once a
month. During each survey, snow depth and bulk snow density were measured along a ca. 30-meter snow course with a

30 snow tube (diameter 50 mm, length 1.2 m) to determine the snow water equivalent (SWE) (Stahli et al., 2000; Stahli and
Gustafsson, 2006). Additionally, soil conditions were characterized (frozen or not frozen) with a 1-cm diameter aluminium

stake. At the MG site, the SWE prior to a ROS event was estimated by the product of the actual snow depth recorded by the



snow depth sensor and the bulk density derived from the most recent snow survey. At the MF site, only two surveys were

carried out in-during the 2017 winter seasonef-2017.

‘/{ Formatiert: Uberschrift 2

2.3 21— Identification of rain-on-snow (ROS) events

ROS events during winter 2017 were identified based on the temperature and rainfall measurements and-show-properties
5| atthe meteorological station and the snow properties the MG site. For winter 2018, measurements from the meteorological

station and the MF site were used because the MG site was not functional. Criteria for identifying ROS events are often

arbitrarty and largely ehesen-depending on the research purpose and data availability (Mazurkiewicz et al., 2008; McCabe et
al., 2007; Wirzer et al., 2016). The-Ourln our study, we eriteria-for-identified ROS events werebased on following criteria:

rainfall rates greater than 0.1 mm per—hf"“i, a total rainfall volume of at least 20 mm within 12 hours, air temperatures above /[ Formatiert: Hochgestellt

10| 0 °C and an-initial snowpack depth of at least 10 cm. Because the beginning and the end of the snowpack outflow generation

were generally delayed relative to rainfall, we defined the end of a ROS event as the point in time when the snowpack

outflow volumes receded to the pre-event flow rates or when a new rainfall event started. We applied the same ROS timing

for all three sites based on the measurements from the MG site during winter 2017 and from the MF site during winter 2018.

To compare the volumes of snowpack outflow with those of incoming rainfall during the ROS events, we aggregated

15| snowpack outflow volumes- over these ROS event periods.-

reached-the-pre-eventflow rates-or until-a-new rainfall-event started—We defined-calculated the “snowpack water budget” of

a ROS event as the difference between aggregated snowpack outflow volume and rainfall volume.

‘/{ Formatiert: Uberschrift 2

24 2.2——Sample collection and isotope analysis

20 We measured stable water isotopes (6'°0, §2H) in stream water, in-precipitation (snow- and rainfall), in-snowpack
outflow and in-melted bulk snow samples. All of these samples were collected once each day except for the bulk snow,

which was collected roughly once each week during the snow surveys. At each of the three snowmelt lysimeter sites, daily

composite samples of snowpack outflow from each of the three individual funnels was collected with autosamplers for
subsequent isotope analysis (Sect. 2.2). As shown in Riicker et al. (2019), the isotopic compositions of snowpack outflows
25| from the three individual funnels at each site were very similar, and thus we averaged the isotope values efsnowpack
outflow-offrom the three individual lysimeter funnels at each site and expressed their spatial variability through the standard

error of the mean.
Composite stream water samples were collected with an automatic water sampler (6712-Fullsize Portable Sampler,
Teledyne Isco, Lincoln (NE), USA) that pumped 100 ml of stream water into a dry 1-L HDPE bottle four times a day (at
30 05:40, 11:40, 17:40, and 23:40). Every three weeks, the filled autosampler bottles were replaced with empty ones. Stable

10
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water isotopes in precipitation were measured at hourly resolution directhy-at the Erlenbach catchment outlet with a
wavelength-scanned cavity ring-down spectrometer (CRDS; model L2130-I; Picarro Inc., Santa Clara, CA, USA) coupled to
Picarro Inc.’s Continuous Water Sampler module. The analytical uncertainty of the analyser was 0.09 %o 50 and 0.21 %o
for 8?H (von Freyberg et al., 2018a). More details about the high-frequency sampling approach can be found in von
Freyberg et al. (2017) and von Freyberg et al. (2018). To obtain mean-daily precipitation isotope values, these hourly
precipitation isotope measurements were volume-weighted with hourly precipitation volumes everfor the time period
056:400 till 0565:3900 of the following day. Whenever possible, this volume-weighting was based on precipitation
measurements from the meteorological station at the MG site; however, during the-a period of instrument failure

(18 February — 11 March 2017), precipitation measurements from the heated rain gauge at the catchment outlet were used
instead (i.e., for ROS events #4 and #5).

During the snow surveys, bulk snow was collected from the entire snow profile close to the lysimeter sites with a snow
tube (diameter 50 mm, length 1.2 m) and transferred to a HDPE plastic bag (300 x 500 x 0.1 mm, Plasti-Pac Zirich AG,
Zirich, Switzerland), which was sealed immediately. At the MG site, one or two bulk snow samples were collected near the
lysimeter funnels at two different days every week during the snow surveys in winter 2017. Because there-was-generaty
moere-snow depths were generally greater at the HG site, three bulk snow samples were collected there en-the-same-day-onece

perduring each weekly snow survey and —tFhe isotopic compositions of these three bulk snow samples were averagedwere
mgemm‘m%mme#@w j .

All water samples that were collected in the field were stored in sealed bottles and refrigerated at 4 °C in the laboratory

until sample preparation. Frozen samples were melted in the laboratory at room temperature. All samples were filtered
through 0.45-um Teflon filters (DigiFilter micron Teflon, S-Prep GmbH, Uberlingen, Germany) and filled into 2-ml glass

vials with silicon seals. Isotopice eencentrations-compositions of all water samples were measured with an LGR IWA-45EP

off-axis integrated cavity output spectrometer (ABB Los Gatos Research, San Jose, California, USA) at the laboratory of the
Swiss Federal Institute for Forest, Snow and Landscape Research (WSL). Isotopic abundances are reported using the &
notation relative to the IAEA-VSMOW-11 and SLAP-II standards. The analytical uncertaintiesy of the analyser was-were
0.21 %o for 520 and 0.37 %o for 8°H, which wasere estimated from replicate check-standard measurements within the same
batch.

243  Two-component isotope-based hydrograph separation

We used two-component isotope-based hydrograph separation (IHS) to estimate the relative contribution of snowpack
outflow to catchment streamflow. The calculation of the relative contribution of snowpack outflow to streamflow (Fgy,) was
based on the conventional mass balance equation of Pinder and Jones (1969):
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V. Cs—C
Fspo = = * b2 ’ 1)
Vs Cspo—Cpe

where Vg, denotes the volume of snowpack outflow in streamflow (Vs), and Cs, Cpe and C¢p,, denote the tracer
coneentrations-signatures in stream water, pre-event water and snowpack outflow, respectively. We used daily time steps for
all calculations. The pre-event tracer signaturecencentration (Cy) Was represented by the isotopic composition of stream
water of the day prior to the ROS event of interest, and was assumed to be constant during the event (Blume et al., 2008;
Penna et al., 2016). The isotopic composition of snowpack outflow at day i was calculated as the incremental volume-
weighted mean using the measured volumes of snowpack outflow or rainfall since the beginning (index k=j) of the event

(McDonnell et al., 1990):

* _ 2:;c:j(Vspo,szpo,k)
spo,i — .

@

Efc=,v Vspo,k
Equation (3) quantifies the standard error of Cgp, (SEc;po), which is a combination of the measurement uncertainty of the

isotope analyser (first summand on the right side) and the spatial variability of the snowpack outflow volumes collected by

the three individual funnels of each lysimeter system (second summand on the right side):

2 i 2
_ i Vspok i Cspok Zie=j(CspokVspok)
SEc;,,; = \/Z;Fj (7 SECSNR) + ke [( - SEvgpor | - (3)

i i . 2
Zk=jVspok Zg=jVspok (Ec:j Vspo,k)

In Eq. (3), SEcqpe is the standard error of the isotope data, which is assumed to be the measurement uncertainty of the
isotope analyser, and SEy, is the standard error of the mean of the three individual snowpack outflow volumes measured

with the individual lysimeter funnels. Using Gaussian error propagation (Genereux, 1998), the uncertainty of Fg,, was

estimated as

-1 2 Cs—CZ 2 Cpe—Cs 2
_ (—X g _Cs=Cspo_gp _Se=Cs g, )
SErspo \j((cpec§po) CS) + ((Cpe—C§po)2 Cpe) + ((Cpe—5§p0)2 Gpo ) - )

We assume that the standard errors of Cs and Cy. (SE¢ and SEcpe) are equivalent to the measurement uncertainty of the

isotope analyser.

Since we measured snowpack outflow volumes and their isotopic compositions only at three locations and not across the
entire Erlenbach catchment, we cannot reliably estimate the catchment-wide snowpack outflow contribution during
individual ROS events. Instead, we performed IHS for each ROS event and individually for each sampling site by using the
site-specific measurements of snowpack outflow volume and isotopic composition. Thus, we obtained the relative
contributions of snowpack outflow to streamflow for three different scenarios during winter 2017, under the assumption that
the catchment-wide average snowpack outflow is represented either by the measurements from the mid-elevation grassland

(MG), the mid-elevation forest (MF) or the high-elevation grassland (HG) site. By comparing the IHS results of the three

12
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scenarios for each ROS event, we seek to quantify the effects of spatial variability in snowpack outflow generation due to
vegetation and elevation. Since no snowpack outflow could be measured at the HG and MG sites during winter 2018, a
three-scenario comparison was not possible for that period.

We also quantified the relative contributions of rainwater (subscript R) and pre-event water to streamflow with-as

VR Cs—C;
FR =— = *—pe ) (5)
Vs Cr=Cpe

Where Vg and Cg denote the rainfall volume and the volume-weighted isotopice eeneentration-composition in rainwater,

respectively. The standard error of C (SE; ) was estimated withas:

i « \?
SEg. = Zk=;VR,k(CR,k—CR,k) ' ©)

Ri U= Zhj VR

To quantify the standard error of Fg (SEFRMSE&E)—we used Eq. (4), in which we replaced SECEpo with SEcx and Cgpo

with Cg. We determined Fr based on the measurements collected at the meteorological station of the Erlenbach catchment.
Because snowpack outflow volumes and isotopic compositions were also measured at the same location (i.e., the MG site),
we can compare Fgy,, with Fg to study the role of snowpack storage for-in streamflow generation. We expect that mixing
processes and storage of incoming rainfall in the snowpack result in a more damped isotope signal of snowpack outflow

compared to the isotope signal of incoming rainfall. In this case, and-all else equal, the fraction Fgp, will be larger than the

fraction Fg.
3 Results and Discussion
3.1 Variable snow conditions at the three snowmelt lysimeter sites and response of discharge

3.1.1  Spatial and temporal variability of snow properties due to elevation and vegetation

During winter 2017 (1 January — 7 May 2017), most of eur-studythe Erlenbach catchment was covered with a seasonal
snowpack. In the beginning of January 2017, when snowfall occurred over several consecutive days during cold conditions

(22 cm of snow depth was reached durirgwithin 6 days,; mean air temperature was -6.6 °C), the seasonal snowpack

established simultaneously at all three snowmelt lysimeter sites (HG;-MG-and-MFE-Figure 2a-c). Figure 2 shows that the
snow depths at the three sampling-snowmelt lysimeter sites differed from one another and varied considerably over time.

At the MG site, snow depth was highest on 17 January 2017 (82.2 cm) and SWE was greatest on 20 February 2017

(168 mm; Figure 2b). The seasonal snow cover was established on 3 January, became discontinuous on 17 March 2017 and
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was melted completely by 20 March 2017. Two short-term snowpacks became established during additional snowfall events

in mid and late April 2017. The snow depth measurements at 10-minutehourly and daily resolution agreed well for most of
the study period except for the last 3 weeks of the seasonal snowpack (1-24 March 2017). For this period, the daily snow
depth readings from three measurement stakes indicated lower mean snow depths compared to the readings of the snow
depth sensor (20-minutehourly data). These measurement differences can be explained by small-scale spatial heterogeneities
of the seasonal snowpack caused by wind drift or enhanced melt around the measurement stakes.

Compared to the MG site, maximum snow depth at the 200-meter higher HG site was reached about seven weeks later
and was 55 cm greater (137 cm; Figure 2a). The maximum SWE (303.4 mm) occurred about nine days after the peak in
snow depth, and was almost twe-times-larger-thantwice the maximum SWE at the MG site. According to Stéahli et al. (2000)
and Stahli and Gustafsson (2006), snow depths, and thus SWE, were generally larger at higher elevations in the Alp
catchment due to lower temperatures and thus a greater tendency for winter precipitation to fall as snow. Due to the greater
snow depth at the HG site, the seasonal snowpack lasted around 21 days longer than at the MG site. Similar to the seasonal
snowpack, the two short-term snowpacks in mid and late April 2017 reached greater snow depths and SWEs compared to the
MG site.

At the forested MF site, the snowpack was generally much thinner compared to the nearby grassland MG site, and thus
melted out several times during our study period (Figure 2c). The maximum snowpack depth at the MF site was around
30 cm lower than at the nearby MG site. Based on monthly surveys, the largest SWE (72 mm) occurred on 25 January 2017,
roughly one month earlier than the maximum at the MG site. Because of the generally smaller snow depths at the MF site,
its seasonal snowpack became discontinuous on 21 February 2017, which was 24 days earlier compared-tothan at the MG
site. Several-Four snowfall events (24 February, -anrd-6 March 2017, 18 April,_-anrd-27 April 2017) resulted-inbuilt up
shallow snowpacks at the MF site that lasted only several days (Figure 2c). An earlier study in the Alp catchment observed
that roughly twice as much snow accumulated at grassland sites than at nearby forested sites (Stahli et al., 2000). Generally
Ssnow accumulation under forest is often significantly smaller due to interception and canopy effects on radiation (i.e. lower
shortwave and higher longwave radiation; Berris and Harr, 1987; Briindl, 1997; Gustafson et al., 2010; L6pez-Moreno and
Stahli, 2007; Molotch et al., 2011; Montesi et al., 2004).

Total volumes of snowpack outflow, cumulated over the entire study period, were largest at the HG site (1319+214 mm)
and smallest at the MF site (685+78 mm). At the MG site, cumulative volumes of snowpack outflow (816+128 mm) were
similar to cumulative volumes of incoming rainfall (833+£17 mm) and discharge at the catchment outlet (786 mm).

Weekly snow surveys at the MG site showed that the shallow soil was frozen between 28 December 2016 and
12 March 2017, likely because air temperatures were mostly below 0 °C before the seasonal snowpack was established and

the seasonal snow cover prevented the soil frost from thawing despite warmer conditions until mid-March (Goodrich, 1982).
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At the MF site, soil frost was monitored monthly and the only survey that indicated soil frost was on 28 December 2016, i.e.,

before the seasonal snowpack was established. On 25 January 2017, the shallow soil at the MF site was no longer frozen.

() High elevation grassland (HG) w"\ﬂ . M ig
NN, 'u ‘.ns \ g W
jw‘,[_‘,\w F\“‘J\ W’J 1‘?‘ H k- N "'a"ﬁu‘ \Nﬁ'ﬁ, iy, Kb‘dd'd \“_.I.I,ﬁ ol ! 0

. -10
Air temperature [°C]

5 150 3
(=3 200 ’
€ 50 100 32
% 04 1 0 2m
3% %
EF 100
<93
i (b) Mid-elevation grassland (MG) ! il 20
i dodPWbe i ol
@ Wi, lU YU“JH‘«' " %lw L}kp \U&f' |, e ,\,HU ! Wyl W"‘u.-,f‘w r.q,‘.u}w\.w l 60
! Y air temperature [*c) [-10
= "‘l"' : J L il N ' L 0 3 &
= E_ 150 Ydeta gap I | ) T
S < ~ 10-mjin snow depth [cm] g 2
”g e’ 200
50 _ 100 3 2
o 27
{c) Mid-elevation forest (MF) 20

v J l|| J i H‘HJ"JL 10
l[]JU ‘\“L‘ UJ‘"U \“wﬁ h.';“‘ilb ;\f! " W, ]l['lh \’ i\wj; ﬂ] |fl| iy 0

|1\ ‘

= Alrtemperature [*C] -10
28 450 T |»—- 7 R N Ty YT 0
o = * 4 |
c data gap £n
» g

h=l
= 504
<]
5= 0
° 8
ﬁ‘é 504
1]
c%zg 100 4
5 50.00
5% 1.00 -
2=
2 E 0.10
a&

01-Jan 29-Jan 26-Feb 26-Mar 23-Apr 21-May

Figure 2: Measurements-of-dDaily precipitation {srew-and-rainfal)-volumes (snow and rainfall) measured measured-at the MG
meteorological station (MG, right axis, panels a-c)site-during-winter 2017, along with: as-wel-as-hourly air temperature, snow
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depth, snow water equivalent (SWE) and snowpack outflow volumes measured at the {a)-high-elevation grassland site (HG,
redpanel a), (b)-mid-elevation grassland site (MG, yelewpanel b), and-e} mid-elevation forest site (MF, greenpanel c) for the study
period 1 January — 22 May 2017. Panel (d) shows daily discharge at the Erlenbach catchment outlet (on log scale). Vertical grey
bars indicate the six rain-on-snow (ROS) events that are-were analysed in this study. AFhe-asterisks (*) indicates data gaps.
Winter Bata-Timeseries-of the datafrom-winter-2018 data are shewn-provided in the supplement.

3.1.2  The spatially variable response of snowpack outflow to rain-on-snow (ROS) events

The 2017 study period was characterized by frequent ROS events; which altered the snowpack properties at the three
snowmelt lysimeter sites-during-the-winterof2017. Six ROS events are-weare discussed in detail below to compare the
snowmelt processes at the HG, MG and MF sites. A-fFurtherfour more ROS events occurred during winter 2018, but only

the MF site provided data-ef-snowpack outflow volume_measurements during that winter, so that-a site-to-site comparison
was not possible.

Figure 2 and Table 1Fable-1 provide overviews of the-six ROS events during winter 2017 (events #1-#6) and the-four
events during winter 2018 (only MF: events #7-#10). During ROS event #1, the tipping bucket rain gauge at the
meteorological station stopped working after 13 January 2017 03:40, which coincided with an air temperature decrease to
values below 0 °C (Figure 2). At that point, 21.6 mm of rainfall had been recorded since the beginning of the ROS event on
12 January 2017 17:40. Our webcam images and snow depth data show, however, that snow depth increased after 03:40,
indicating the transition from rainfall to snowfall. Also, river discharge peaked soon afterwards at 05:40, providing further
evidence of a catchment-wide transition from rain to snow. Thus, despite the malfunctioning of the tipping bucket rain
gauge, we considered the rainfall measurements until 03:40 to be representative for the total volume of incoming rainfall
during ROS event #1.

Table 1: Start and end times (UTC+1hour) of the-ten rain-on-snow (ROS) events that were identified in the winters of 2017 (all
sites) and 2018 (erty-MF site_only, since n}—No reliable snowpack outflow volumes were measured at the HG and MG sites in
winter 2018). Rainfall characteristics (measured-at-the-meteorological station-near-the-MG-site),-sueh-as-cumulative rainfall of the
ROS event, maximum 4-hour rainfall volume, maximum 8-hour rainfall volume,and rainfall duration) and snowpack outflow
volumes at the three snowmelt lysimeter sites HG-MG-ard-MF-are shown. The standard errors (SE) of the snowpack outflow
measurements represents the combined effects of measurement uncertainty and spatial heterogeneity of the melt process at each
samphng-lysimeter site.

Snowpack Snowpack Snowpack
ROS Start time End time Rain- Max@um Maxmum Rainfall outflow outflow outflow 4\{ Formatierte Tabelle
event (d.my (d.my fall 4-hrainfall  8-h rainfall duration (h) volumes + volumes + SE volumes +
number hr:min) hr:min) (mm) (mm) (mm) SE (mm) at (mm) at MG SE (mm) at
HG site site MF site
12.1.2017 16.1.2017 2
#1 17-40 14-40 216 10.2 20.1 10 25413 10.1+2.4
30.1.2017 2.2.2017
#2 15:40 04:40 99.2 19.4 29.6 44 125.7421.6 67.8+44.5 87.1+16.8
21.2.2017 22.2.2017
#3 04-40 10:40 20.0 5.6 5.8 22 62.3+34.7 22.5%7.2 46.5+10.3
1.3.2017 3.3.2017 a)
#4 18:40 01:40 336 10.4 19.8 19 29.65.1 35.0+4.2
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@ no snowpack outflow occurred

Figure 3a compares the cumulative volumes of rainfall and snowpack outflow (MG-MFE-and-HG-site}-of the ten ROS
events during winter 2017 (MG, MF and HG sites) and 2018 (erby-MF site only). The snowpack outflow volumes measured

at the three snowmelt lysimeter sites were often associated with large uncertainties (Figure 3a, b), mainly because snowmelt
at the plot scale can be very heterogeneous (Kattelmann, 2000; Riicker et al., 2019; Unnikrishna et al., 2002). Because each
sampling site eensists-consisted of three individual lysimeters, we were able to estimate (at least approximately) this spatial
variability of snowpack outflow.

At the MG site, the snowpack response to ROS events was highly variable (Figure 3b), i.e., snowpack outflow was less

than incoming rainfall (events #1 and #5), similar to incoming rainfall (events #2, #3 and #4) or more than incoming rainfall

(event #6). For events #1; and #5 and-#6-the differences between rainfall volumes and snowpack outflow were 19 mm and ——| Formatiert: Nicht Hervorheben

42 mm, respectively, which were statistically significant,-{i.e. larger than two times their pooled standard errors}. /[ Formatiert: Nicht Hervorheben
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Figure 3: CThe-Geomparison of the-ten10 rain-on-snow (ROS) events ef-during winter 2017 (HG, MG and MF site) and 2018
(events #7-#10; enly-MF site_only) indicates large spatial and temporal variability of snowpack outflow generation in response to
incoming rainfall. (a) Rainfall volumes at the MG site (light blue) and snowpack outflow volumes at the HG (red, black-shaded),
MG (yellow) and MF (light green: winter 2017; dark green: winter 2018) sites. Error bars indicate the standard error (SE) of the
snowpack outflow measurements (combining measurement uncertainty and spatial heterogeneity of the melt process at each
sampling site). (b) Comparison of snowpack outflow volumes and rainfall volumes during the ten18 ROS events at the MG and
MF sites (colour coding as in Fig. 3a). ROS events with enhanced melt plot above the 1:1 line, whereas events with rainfall
retention in the snowpack plot below the 1:1 line. Error bars indicate +SE. Please note that the MF site was already snow-free
during event #6.

At the 200-meter-higher-HG site, snowpack outflow volumes were similar to those measured at the 200- metwer lower MG
site (within their pooled standard errors), except for event #4 and #6. During event #4, no snowpack outflow was generated
at the HG site, probably because the local air temperature was lower and the snowpack was 97-cm-deeper (95 cm) and thus
retained more rainwater than the snowpack at the MG site (Figure 2a). Similarly, less snowpack outflow was recorded at the
HG site than at the MG site during ROS event #6, probably because the deeper HG snowpack was not yet saturated. For
event #2, however, the measurement differences between the three individual lysimeters at the MG site were particularly
large, likely due to lateral flow in the snowpack (Eiriksson et al., 2013; Webb et al., 2018).

The MF and MG sites are-were located close to each other, so that-deviations-differences in snowpack outflow ean
couldcan be mostly attributed to the effects of vegetation-forest cover-(grasstand-vs—forest). For the-ROS events #1 and #5,
snowpack outflow at the forested MF site was larger compared to the grassland MG site, whereas it was smaller for event #6.
For the remaining events #2, #3 and #4, the differences between ineemingrainfall-and, the measured snowpack outflow

,/{ Formatiert: Nicht Hervorheben

volumes efat the MF and MG sites were only 19.3 mm, 24.1 mm and 5.4 mm, and thus-not statistically significant. Note that { Formatiert: Nicht Hervorheben

for events #3 and #4 the MF site had snowpacks of only 5 cm and 8 cm, respectively. Larger snowpack outflow volumes
(events #1 and #5) at the MF site can be explained by the shallower snow depths below the forest canopy (Figure 2a).

Hence, the shallower snowpack saturated more rapidly during ROS events and additional meltwater was released, so that
more snowpack outflow was generated compared to the MG site where the snowpack was deeper (Berg et al., 1991; Berris
and Harr, 1987; Wever et al., 2014). During event #6, the MF site was already snow-free so that-the lysimeter funnels
captured only under-canopy throughfall, which was less than the rainfall volumes measured near the MG site due to
interception losses (DeWalle and Rango, 2008; Saxena, 1986). For the-ROS events #7, #8, and-te- #9, the snowpack outflow

volumes of the MF site were larger compared to the incoming rainfall volumes, thus indicating enhanced melt. The highest

snowpack outflow volumes during winter 2018 were registered during event #9, which followed one day after ROS event #8.

The snowpack at the beginning of event #9 was thinner (event #8: 23 cm; event #9: 10 cm) and probably more saturated,
with a higher snow bulk density compared to event #8.

The detailed analysis of the six ROS events at the three lysimeter sites during winter 2017 shows that incoming rainfall
was attenuated differently in the snowpacks (both among sites and among events), illustrating the challenge of adequately

estimating snowpack outflow volumes during ROS events at the plot and catchment scale. Previous studies used rainfall

18




10

15

20

25

30

characteristics and snowpack properties to predict the effects of ROS events on catchment outflow (DeWalle and Rango,
2008; Kattelmann, 1997; Wirzer et al., 2016). Thus, in the following section, we analysed the processes and properties that

control the outflow response of the snowpack.

3.1.3  The effects of snowpack properties and rainfall characteristics on snowpack outflow generation during ROS
events

Figures 4a-c compare the snowpack water budgets of the ROS events with-to the initial snow properties (i.e., bulk snow

density, SWE and snow depth) and rainfall characteristics during the event period (maximum cumulative 4-h rainfall,

maximum cumulative 8-h rainfall, event duration and mean air temperature) to better understand their effects on snowpack
outflow generation. The snowpack water budget was calculated as the volumetric difference between snowpack outflow and
incoming rainfall, so that positive values of the snowpack water budget indicate enhanced snowmelt whereas negative values
indicate retention of incoming rainfall in the snowpack (Table 1Fable-1). Note that the MF site was already snow-free prior
to ROS event #6, and thus we excluded this data point from the following analysis. At the MG site, ROS event #6 had the
most positive snowpack water budget (42.0 £ 26.1 mm); i.e. snowpack outflow was 1.6- times larger than incoming rainfall.
The most positive snowpack water budgets at the MF site occurred during events #5 (winter 2017) and #9 (winter 2018).
Figure 4 shows that most of the relationships between the snowpack water budgets and initial snow properties or rainfall

characteristics are highly scattered, indicating a thelarge heteregeneityvariability-ef in snowpack outflow generation due to

lateral flow and preferential flow pathways in the snowpack. ;tikehyrbecausedifferentprocessescontroltheflowof
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0.00004) and rain volume (p-value=0.004). The effects-of-other variables (rainfall intensity, rainfall duration, mean air

temperature during event) were not significant predictors of ea snowpack outflow volumes ignifi -value > //{ Formatiert: Nicht Hervorheben
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A better understanding of snowmelt processes during ROS events ean-could be obtained when individual events or - -
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event pairs are-were analysed in greater detail. Formatiert: Einzug: Erste Zeile: 1.

Snowmelt at the MG site was most enhanced during event #6, when 66.9 mm of rainfall resulted in 63+39 % cm

(42.0£26.1 mm) more snowpack outflow (total outflow 108.9+26.1 mm). This ROS event occurred during the melt-out
phase of the seasonal snowpack at the MG site, when it was isothermal, ripe and already melting (high density 0.402 g cm’®,
small snow depth 16.9 cm, low SWE 67.9 mm; Table 2Fable-2). At the end of the ROS event, the snowpack was entirely
melted. In addition, rainfall intensities during event #6 were the highest of all six events (maximum 4-hour rainfall:

29.1 mm, maximum 8-hour rainfall: 36 mm). As a result, the time lag of snowpack outflow relative to incoming rainfall was

short (Figure 5) and incoming rainfall accelerated the melt- process (Berg et al., 1991; Colbeck, 1977; MacDonald and
Hoffman, 1995; Marks et al., 1998; Wever et al., 2014).

The 90.2 mm ROS event #5 resulted in the most negative snowpack water budget (-68.4+13.1 mm) at the MG site, with
76+14 % of incoming rainfall rainfal-being retained in the snowpack. By comparing event #5 to event #2, during which a
similar amount of rain fell (99.2 mm) and the average snowpack water budget was less negative (-31.4+44.5 mm or

32+45 %), we find-found that the mean air temperatures during these events were similar (4.43 °C and 3.14 °C, respectively;

Table 2Fable-2). However, the main difference between both-the events was the higher hourly mean air temperature prior to /{ Formatiert: Nicht Hervorheben

event #2 (5,0 °C) compared to event #5 (1.6 °C). This suggests that the cold content of the snowpack prior to event #5 was //{ Formatiert: Nicht Hervorheben

could have been higher due-to-initially-colderatmespheric-conditions-and-so that more rainfall froze-and-was retained as ice //{ Formatiert: Nicht Hervorheben

T
in the snowpack compared to event #2 (DeWalle and Rango, 2008; Maclean et al., 1995; Marks et al., 1998; Wever et al., f Formatiert: Nicht Hervorheben

2014). Jtis also possible that the porosity of the snowpack prior to event #5 was higher than prior to event #2 because ofa [ Feldfunktion geandert
\\\[ Formatiert: Englisch (GroB3britannie

short snowfall event in the morning of 8 March 2017 (Figure 2). A higher snowpack porosity would increase the potential

snowpack storage capacity (DeWalle and Rango, 2008). However, we enly-have measured snow density only two days prior /{ Formatiert: Nicht Hervorheben

to event #5, and thus we can only speculate whether snowpack porosity was larger during event #5 than event #2., /{ Formatiert: Englisch (GroRbritanni
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Table 2: Event characteristics and snowpack water budgets of the ten rain-on-snow (ROS) events. Snowpack water budgets were
calculated for the MG and the MF site by subtracting the snowpack outflow volume from the rainfall volume. Standard errors
(SE) of the snowpack water budget were estimated from the measurement uncertainty and the spatial variability of snowpack
outflow measurements at the sampling site. Manual snow surveys provided initial snow bulk density and initial snow water
equivalent (SWE). Snow surveys were generally performed once or twice a week at the MG site but only monthly at the MF site
during the winter of 2017, providing insufficient information at that site (-). Weekly snow surveys at the MF site in winter 2018
did not properly represent the snow properties at the MF site (-) because the snow depth under the forest canopy was much
shallower and highly variable over time compared to the MG site, and thus measured snow bulk densities at the MF site were
likely not constant over several consecutive days.

ROS ] ROS event start Date of Initial SWE Initial snow ’g]ei;itil fsr r(\)omw Mean air Snowpack
event Fl_eld tlme. (d_.m.y snow from bulk density webcam or timperat_ure water budget
umber S i © ey ey OMANEY gy ey CSIAIS g (o)
I o sensor (cm)

#1 MG 12.1.2017 17:40 9.1.2017 39.78 0.152 26 11 -19.1+1.3
#2 MG  30.1.2017 15:40  30.1.2017 12759 0.262 49 31 -31.4+44.5
#3 MG 21.2.2017 04:40 20.2.2017 135.14 0.343 39 5.0 2.4+7.2
#4 MG 1.3.2017 18:40 27.2.2017 157.35 0.363 433 2.7 -4#5.1
#5 MG 8.3.2017 16:40 6.3.2017 138.22 0.312 5444 4.4 -68.4+13.1
#6 MG  18.3.201706:40  12.3.2017 67.94 0.402 17 5.3 42+26.1
#1 MF  12.1.2017 17:40 - - - 18 0.8 -11.5+2.4
#2 MF 30.1.2017 15:40 - - - 29 2.7 -12.1+16.8
#3 MF 21.2.2017 04:40 - - - 5 4.0 26.5+10.3
#4 MF 1.3.2017 18:40 - - - 8 23 1.4+4.2
#5 MF 8.3.2017 16:40 - - - 20 3.9 43+18.4
#6 MF  18.3.2017 06:40 - - - 0 6.5 -25.845.6
#7 MF 3.1.2018 22:20 - - - 31 4.4 61+42.7
#8 MF 20.1.2018 17:50 - - - 23 1.2 55+13
#9 MF  21.1.2018 23:10 - - - 10 25 159.3+32.6
#10 MF  15.2.2018 11:10 - - - 22 34 54.1+11.5

A similar analysis couldean be carried out for ROS events #1 and #3, during which 21.6 mm and 20.0 mm of rain fell,

respectively. During event #1, snowpack outflow volumes at the MG site were 8846 % (19.1+1.4 mm) less than rainfall,
indicating significant retention of rainwater in the snowpack. The air temperature was low before this event (0.4 °C),
resulting in a less dense snowpack with a high cold content, which could retain more rainfall by freezing (DeWalle and
Rango, 2008). During event #3, however, the snowpack water budget was very small (12+36 % or 2.45+7.2 mm),
suggesting that-either that most of the rainwater percolated through the snowpack, or that incoming rainwater was stored in
the snowpack and replaced an equal volume of meltwater, or a combination of both. The initial conditions of event #3

differed to-from those of event #1, with a rainfall duration beirg-twice as long (22 h), a 3.7 °C higher initial air temperature

(e.g., mean hourly air temperature prior to the event), being-3-7°C-higher-and a nearly two-times denser snowpack
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(0.34 g cm’®; Figure 4). Thus, although the initial snowpack of event #3 was slightly deeper (39.4 cm) than that of event #1
(26.2 cm), the longer rainfall duration, higher air temperatures and denser snowpack reduced the storage capacity in the
snowpack and less rainfall was retained. The significant role of rainfall duration in snowpack outflow generation during

ROS events has previously been shown by Kattelmann (1997) and Kroczynski (2004).
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Figure 4: The correlation of snowpack water budgets (snowpack outflow subtracted by rainfall volume) with initial snow
conditions and rainfall characteristics (measured at MG site) of the rain-on-snow (ROS) events show the strongest relationship
with initial snow depth. Positive values of the snowpack water budget indicate enhanced snowmelt, whereas negative values
indicate retention of incoming rainfall in the snowpack. Error bars indicate the uncertainty of the snowpack outflow, i.e. the
combined effects of measurement uncertainty and spatial variability. The different scatter plots compare the snowpack water
budgets at the MG site of winter 2017 with (a) initial snow density, (b) initial snow water equivalent (SWE), (c) initial snow depth,
(d) rainfall intensity presented as maximum 4-hour and 8-hour rainfall volumes, (e) rain duration, and (f) mean air temperature
(°C) during the ROS event. In Figure (c) and (f), data from the MF site are included (light green: winter 2017; dark green: winter
2018), and the sizes of the seatter-points indicate the rainfall volume (mm) on event basis.
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The analysis of the ten ROS events measured at the MG and MF sites illustrates that the generation of snowpack <—[ Formatiert: Einzug: Erste Zeile: 1.
cm

outflow dees-did not entirely depend on the incoming rainfall volume, but also on the initial snowpack conditions that

controlled retention of rainfall-rainwater and melt processes. This isjwas further illustrated by the hourly measurements of /{ Formatiert: Nicht Hervorheben

snowpack outflow that indicated highly variable responses and lag times (e.g., the time between the beginning of the ROS /[ Formatiert: Nicht Hervorheben

event and the first response of the snowpack outflow; the first response is defined as an increase of snowpack outflow by at Formatiert: Schriftart: (Standard)
Times New Roman, Nicht Fett

least 0.05 mm relative to the previous measurement) across the lysimeter sites (Figure 5). ,
For three ROS events (event#1, #2 and #5), the lag times of the MF site were the lowest compared to the HG and
MG sites, which-mightbepossibly due to thea generally shallower snowpack at the forested site. The snowpacks at the MG
and HG sites were deeper, and for most of the events they likely had a higherlarger buffer capacity for incoming rainwater
than at-the shallower snowpack at the MF site. Buring-fourROS-events{#1,#2#3 anrd-#5);HighestThe longest time lags /{ Formatiert: Schriftartfarbe: Rot
were observed at the MG site during event #2 (e.g., 26 -hours) when the ROS event occurred with relatively low rainfall
volumes (21.6 mm/event) on a fresh snowpack with low density (Table 1Fable-1; Table 2Fable-2). The-ROS event #6
occurred when the snowpacks at the HG and MG sites were already ripe (e.g., more than 6:053 mm/day during the previous
days), so that snowpack outflow increased immediately without lag times -snrowpack-eutflow-occurred-much-earlieratthe
MF-site-than-at the- MG-and-HG-sies-(Figure 1Figure-t; MF site was already snow-free). Our observations indicate that e [Feldfunktion geandert

41 Formatiert: Nicht unterstrichen

the magnitude and timing of snowmelt at the
catchment scale strongly depended on the snow properties (such as density and depth) and the degree of ripeness of the
snowpack (Berg et al., 1991; DeWalle and Rango, 2008; MacDonald and Hoffman, 1995; Maclean et al., 1995; Wever et al.,
2014).

Measurements from the MG, MF and HG sites revealed that snowpack outflow generation is-was highly variable
across spatial-and-temperal-sealesspace and time and as a result, the contribution of snowpack outflow to river streamflow is
was very heterogeneous across the catchment landscape. For instance, the streamflow response to ROS event #2 was
particularly large,; tkehy-probably because of large snowmelt inputs from higher elevations (HG site; Figure 5b). Daily
pulses of snowmelt from the HG site in late March were also reflected in distinct diurnal variations in stream discharge,
suggesting input of snowmelt mainly from high elevations (Figure 5b). In contrast, during events #1 and #4, no snowmelt
was generated at the HG site, so that the observed discharge peak was likely to be caused by snowmelt from low and mid
elevations (MG and MF sites; Figure 5¢ and d). However, the synchrony of responses does not allow drawing any

conclusions about the water sources of streamflow (McDonnell and Beven, 2014). tr-erderto-investigate-the-flow-pathways
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Figure 5: Hourly measurements of (a)—pre(:lpltatlon (snow- and ramfall )_nd air temperature (Ieluepanel a) as WeII as ;-snow
depth v
and snowpack outflow measured at the HG 5|te at—(panel b) at the Mgh-elevaaen—gFassiandMG sﬂe-(HG—FeeB— (Qane c) and at the
5| mid-elevation-grassland-site-(MEG site-yyellow); (panel d) mid-elevation-forestsite- (M -green)-during the period 01 January —

22 May 2017. Discharge at the Erlenbach catchment is also shown in panels b, ¢, and d. Vertical grey bars indicate six rain-on-
snow (ROS) events that are analysed in this study. Due to a data gap in the snow depth sensor (asterisk (*) in panel c), daily snow
depth values of the webcam are shown for that period.

3.2 Contribution of snowpack outflow and rainfal-rainwater to catchment outflow
10 3.2.1  Isotopic composition of rainwater and snowpack outflow

Figure 6Figure-6 compares the isotopic composition of water samples collected with the three lysimeter systems during

the 2017 winter period. Because the lysimeter funnels were permanently installed_in the field, they collected snowmelt and

rain-on-snow during snow-covered periods, as well as rainfall during snow-free conditions. We thus classified the samples
either as rainwater (no snowpack), rain-on-snow or snowmelt to better quantify the effects of elevation and vegetation cover
15 on the isotopic signatures of the different water sources. Because of the more persistent snow cover at the HG site, rainfall
occurred only as rain-on-snow during the study period, so the HG lysimeter system collected predominantly snowmelt or a
mixture of rain and snowmelt. Additionally, the isotopic composition of bulk snow samples at the HG and MG sites are
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shown (no regular bulk snow sampling was carried out at the MF site)._\We testedevaluated, the isotopic differences in

isotopic-compositions-between the differentwater sources {at each site} and between the differentsites {for the same source),
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with an unpaired two-samples t-test. ardWe, found that, only at the MG site, rainwater (no snowpack) was on average
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statistically significantly differentpees (i.e., p-value < 0.01) from snowmelt, rain-on-snow and bulk snow-ealhy-at-the MG-site
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rain-no-snowpack-vs-bulk-snowpack). For the MF and HG sites, the average isotopic composition of all sources were
statistically similar.
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Figure 6: Isotopic composition of the samples collected with the three snowmelt lysimeter systems (rainwater during snow-free
10| conditions, snowpack outflow during rain-on-snow events and snowmelt) rainwaterain-en-snows-snewmelt-and bulk snow
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measured-at-the-three lysimeter-sites-at the (a, d) high-elevation grassland (HG) site, (b, ) mid-elevation grassland (MG) site and
(c, f) mid-elevation forest site for the study period 1 January — 5 May 2017. Except for bulk snow, all samples were collected with
the same lysimeter systems; rainwater was collected during snow-free conditions, whereas rain-on-snow and snowmelt were
collected during conditions with snow- cover. The isotopic composition of bulk snow is added for the HG and MG site (panels a
and b; grey). Panels (a-c) show boxplots of the isotope values §°H (left) and 5'°0 (right). Panels (d-f) show the isotope values §°H
and §'°0 plotted in dual isotope space together with the local meteoric water lines (dashed lines and equations, derived from
rainwater samples collected at each field site between May and October in 2616-ard-2017._The slopes of the three regression lines
were not statistically retstatistically-different, i.e., p-values > 0.01).

We also evaluated the isotopic differences between the sites for the same source (unpaired two-samples t-test), however,

none of them were statistically significant. Nevertheless, some site-to-site isotopic differences could be observed that permit

a more detailed analysis of the isotope effects due to forest cover and elevation.

Rainwater at the MG site and throughfall at the MF site had similar isotopic compositions (differences in median 5°H and
880 were 0.4 %o and 0.0 %o, respectively), however, interception and mixing of rainwater in the forest canopy resulted in a
wider range of isotope values in throughfall at the MF site compared to the grassland site (Figure 6b, ¢). Our data show
further that rain-on-snow and snowmelt under the forest canopy (MF site) were isotopically slightly heavier than the
corresponding samples from the nearby grassland (MG) site. The absolute differences in the median 8°H values between the
two sites were 8.6 %o and 5.3 %o for rain-on-snow and snowmelt, respectively (the corresponding differences in median 5'%0
were 1.5 %o and 0.5 %o for rain-on-snow and snowmelt, respectively).— This isotopic difference suggests that canopy-
intercepted snow at the forest site underwent enhanced isotopic fractionation such that throughfall (and thus the snowpack)
became isotopically heavier under forest cover compared to open grassland (Claassen and Downey, 1995; Koeniger et al.,
2008). -

At the 200-meter-higher-grassland (HG) site, the median isotopic composition of bulk snowpack and snowpack outflow
(rain-on-snow and melt) was heavier than at the lower grassland (MG) site; the median °H values differed by 8.4 % in rain-
on-snow, by 2.4 %o in snowmelt and by 3.2 %o in bulk snow (Figure 6a, d), but the isotopic differences in median 'O were
smaller than 0.4 %o. The isotopically heavier bulk snow and snowpack outflow at the higher site is the opposite of the
expected altitude effect (Dietermann and Weiler, 2013; Moser and Stichler, 1970), but one must remember that the

snowpacks at the three different sites lasted for different spans of time, during which they received different rain and snow

inputs with different isotopic compositions. Additionally, the elevation range captured withby our snowmelt lysimeter sites
was only 220 m, so -and-One-sheuld-thereforeone should not expect to see a conventional altitude effect (which in any case

would be small) in field data like ours.

3.22  Temporal and spatial isotopic variation of bulk snow and snowpack outflow during rain-on-snow events and
snow melt

Due to frequent melt periods and ROS events, values of 2H in bulk snow and snowpack outflow were highly variable

over time at all three lysimeter sites (Figure 7). Similar to other studies (Gustafson et al., 2010; Taylor et al., 2002a), our

26

[ Formatiert: Schriftart: Kursiv

,,,,,,/—/[ Formatiert: Nicht Hervorheben




10

15

20

25

30

data show that snowpack outflow, and thus catchment recharge, is-can be much more variable in time than would be implied
by weekly bulk snow samples alone. Nonetheless, bulk snow samples at the HG and MG sites mirrored the general isotopic
pattern of the snowpack outflow samples. For instance, at the HG site, both sample types indicate a clear isotopic
enrichment during melt-out of the seasonal snowpack in early April 2017 (Figure 7a). However, bulk snow samples, which
were collected only weekly or twice a week, could not capture the high temporal variability that was observed in snowpack
outflow (e.g. during ROS event #6 at both HG and MG sites, and during event #5 at the MG site; Figure 7).

Our daily isotope measurements of rainwater and snowpack outflow across the catchment landscape allowgd ferstudying [ Formatiert: Nicht Hervorheben

us to study the temporal and spatial isotopic variation of snowpack outflow during rain-on-snow events and snow melt. Our

main observations are:

1. The itsotopic composition of precipitation efaffects that of Ssnowpack outflow-respends-to-that-ef reflects-the

During most ROS events, the isotopic composition of snowpack outflow mirrored reflected-that of incoming rainfall (#'s

1,3, 5, and 6; Figure 7; no rainfall data available for #2). For instance, during event #65, §°H in incoming rainwater

was -143.5 %o and 8°H in snowpack outflow (rain-on-snow) of-the-changed from -80.0 %o to -137.3 %o and from -88.8 %o

[ Feldfunktion geandert

to -110.5 %o at the MG and HG sites, respectively.

2. Snow depth controls isotopic response to ROS events

Similar to the snowpack outflow volumes (Sect. 3.1.3), the isotopic response of the snowpack to individual ROS events
likely depended on the local initial snowpack properties and the event magnitude. Isotopic responses in snowpack outflow
were more damped at the HG site compared to the signals measured at the MG and MF sites, because the snowpack was
deeper at the higher elevation site. A similar effect of the-snow depth was also apparent at all other sites: the isotopic
variability of snowpack outflow was smaller when the seasonal snowpack was relatively deep (e.g., between events #2 and
#5 at the MG site), and the variability increased when the snowpack became shallower, including during the two short-term
snowpacks (e.g., between 17 April and 4 May 2017 at the MG site). At the MG site, rainwater and snowpack outflow had
very similar isotopic compositions during event #6 (i.e., no damping), because the ripe shallow (17 cm) snowpack enabled
the vertical percolation of incoming rainwater (Figure 7b; Kroczynski, 2004). At the HG site, however, the snowpack was
deeper (91 cm) during event #6, and incoming rainwater was mostly retained in the snowpack, resulting in a damped isotopic
response in snowpack outflow (Figure 7a).

The isotopic signal of incoming rainwater can be altered as it percolates through the snowpack, depending on snow
metamorphism and isotopic exchange (Judy et al., 1970). A significant isotopic depletion or enrichment of snowpack

outflow due to such rain-on-snow events has already been reported in other studies (Herrmann, 1978; Juras et al., 2016;
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Shanley et al., 1995; Unnikrishna et al., 2002). The isotopic exchange in the snowpack is mainly controlled by the residence
time of liquid water (snowmelt and rain-on-snow) in the snowpack, which, in turn, is determined by the depth and the
density of the snowpack (Taylor et al., 2001; Taylor et al., 2002), the rainfall magnitude (Herrmann, 1981), and the flow rate
of percolating liquid water. As a result, deeper snowpacks generally cause-a slower rainwater throughflow, which enhances
isotopic redistribution in the snowpack; and isotopic exchange between the liquid water and solid ice (Lee et al., 2010; Lee et
al., 2010b; Taylor et al., 2001).

3. Lightisotopes preferentially leave the snowpack during melt

Isotopic variations in snowpack outflow can also result from freeze-melt processes in the snowpack during rain-free
periods. For instance, snowpack outflow at the MG site became isotopically lighter than bulk snow after ROS event #3,
despite rainwater being isotopically heavier than bulk snow during ROS event #3 (Figure 7b).

The isotopic contrast between the snowpack outflow of the last day of event #3 and the following day was 13.4 %o for
8%H and 2.2 %o for §*%0. This depletion signal occurred simultaneously with a decrease in air temperature to below 0 °C,
suggesting isotopic fractionation effects in the snowpack because-efdue to partial phase transitions of liquid water to ice
(Herrmann et al., 1981; Shanley et al., 1995; Stichler et al., 1981; Taylor et al., 2001). During partial freezing, the liquid
phase becomes isotopically lighter, because the heavier isotopes preferentially transition into the solid phase, i.e., the lower
free energy state (Hoefs, 2018). During this partial freezing process, lighter isotopes preferentially leave the snowpack, and
over cycles of melting and refreezing, the snowpack becomes isotopically heavier and more homogeneous (Huth et al., 2004;
Judy et al., 1970; Lee et al., 2010b; Schmieder et al., 2016; Taylor et al., 2002b, 2001; Unnikrishna et al., 2002). During the
melt-out period of the seasonal snowpack, this fractionation effect results in snowpacks and snowpack outflows that become
isotopically heavier over time. This trend ean-could be observed at the HG site, where rising air temperatures and dry
conditions between 26 March and 9 April 2017 resulted in progressive melt of the seasonal snowpack (Figure 7a). This
melt-out of the seasonal snowpack was accompanied by a gradual isotopic enrichment in snowpack outflow §*H
from -96.5 %o t0 -84 %o. The isotopic composition of streamflow mirrored this isotopic trend in snowpack outflow,

suggesting that snowmelt from higher elevations contributed to catchment outflow during the melt-out period.

28

[ Feldfunktion geandert




i i ]
—40 | (a) [ @ High elevation grassiand s

U stream water 5H [%e] & og B

&°H [%d]
|
=

=

e ___L_,_.ag‘--—-&

o

o
=120 1
1at ]
I fata gay l o
—401 (b) © Mid-elevation grassland u [
L B ®
i — ]
] 2 =

57H [%e]

O Precipitation
—= Bulk snow

~707(d) 'Catchment outlet |

1 bl | - Snowpack outflow
- + rain
N ~= " | ® rain-on-snow
T — — i} © | * snowmelt
£ e o o — -
T 2 e o - b
B & [ 3 . -
=90+ - ] " -
-100+ £1 #2 #3 #4 #5 #6
01-Jan 29-Jan 26-Feb 26-Mar 23-Apr 21-May

Figure 7: Deuterium (8°H) values concentrations-compesitions-in precipitation (snow- and rairfalirainwater; light blue) and
snowpack outflow (separated in-into rain, rain-on-snow and snowmelt) indicate spatial and temporal variability represented
byacross the (a) high-elevation grassland (HG; red) site, (b) mid-elevation grassland (MG; yellow) site and mid-elevation forest
(MF; green) site (d), and in stream water (grey) at the Erlenbach outlet during the study period 01 January - 22 May 2017.
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3.23  The contribution of rainwaterfal and snowpack outflow to river discharge

1. Implications of isotopic variability in snowpack outflow for end member mixing analysis
Figure 7 shows that the isotopic signal of Erlenbach stream water respended-was affected by incomingte-the rainfal

rainwater and snowpack outflow during the individual ROS events. In the following section we quantifiyed the contribution

of rainfal-rainwater and snowpack outflow to streamflow, using stable water isotopes as conservative tracers in two-
component hydrograph separations. These analyses were carried out individually for each sampling site using the volumes
and isotopic compositions of their snowpack outflows. Thus, our results reflect the relative snowpack outflow contribution
to streamflow for three different scenarios that assume that the catchment-average snowpack is represented by the mid-
elevation grassland (MG), mid-elevation forest (MF) or high-elevation grassland (HG) site, respectively. For comparison,
we also performed hydrograph separation using rainfall-rainwater as the "new water" end member. In all cases, pre-event

stream water isotopic composition was used as the "old water" end member, following conventional practice in two-

component hydrograph separations. Wi

—Here we present our results based on SZH,

for which the temporal variations in stream water were larger, and the measurement uncertainties were smaller, compared to
%0

2. IHS results are highly variable across sites and rain-on-snow (ROS) events

Figure 8Figure-8 summarizes the estimated contributions of rainfal-rainwater and snowpack outflow to peak streamflow
during the six ROS events. Snowpack outflow contributions to peak streamflow varied among the six ROS events and the
three snowmelt lysimeter sites, ranging from 34+7 % to 42+2 % at the HG site, from 13+1 % to 58+3 % at the MG site, and
from 714 % to 91+20 % at the MF site (Figure 8Figure-8, Table 3Fable-3). The maximum fractions of snowpack outflow
during each event were different compared to the contribution to peak streamflow (Table A2 the supplement). Maximum
fractions of snowpack outflow to streamflow during the-events most often occurred were-derived-meosthy-for-the day after the
peak streamflow, and were often significantly higher than during peak streamflow (for example, using 5°H from the HG site
as the snowmelt source during event #6, estimated snowmelt contributions to streamflow were -ane-were-up-to-41+11 %
higher(e.gevent #6-at HG site-34 + 7 % during peak streamflow but 75 + 18 % the day afterwardbased-on-8°H)-compared

o-the-estimated-contributions-duringpea eamflow-{e-gevent #6-at HG-site + 18 % based-on-8°H). ;This indicates
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that pre-event water dominates the streamflow during peak flow, whereas snowpack outflow contributions dominates the
streamflow after the peakflow-during the recession limb (von Freyberg et al., 2018b).

The different results among the three sampling locations reflect the highly variable isotopic compositions of the

snowpack outflow across the catchment. For example, during event #6, isotope data from the HG site suggested a significant
snowpack outflow contribution to discharge (3417 %), whereas isotope measurements from the lower-elevation MG site
implied a much smaller (13+1 %) contribution of snowpack outflow to streamflow. The different estimates at the two sites
can be explained by the stronger retention of incoming rairfatt-rainwater in the higher-elevation (HG) snowpack (resulting in
snowpack outflow that was isotopically closer to streamflow) and the transmission of rainwaterrainfall through the snowpack
at the MG site (resulting in snowpack outflow that resembled the isotopically light incoming precipitation; see :-Sect. 3.1.3;
Figure 8Figure-8, and; Table 3Table-3).

This comparison raises an important point of interpretation. Any two-component hydrograph separation is based on the
fundamental assumption that there are only two end members (in our case, one of the snowpack outflows, and "old water"
represented by pre-event streamflow). Thus one cannot interpret the results above as demonstrating that more snowpack
outflow reached the stream from high elevation sites like HG than from lower elevation sites like MG. Instead, what these

results show is that jif the catchment-wide snowpack outflow resembled that from the MG site, it could only make a small

contribution to streamflow (because otherwise the peak streamflow would need to be isotopically lighter than it in fact was),
but that if the catchment-wide snowpack outflow resembled that from the high-elevation HG site, it could plausibly make a
larger contribution to streamflow.

3. Larger contribution of snowpack outflow to streamflow compared to rainwater

The contributions of rainwater rainfali-to streamflow during four events (#1, #3, #5 and #6) ranged between 5+2 % and
3442 % (no estimate could be obtained for event #2 due to a gap in rainwater isotope sampling, and unrealistic hydrograph

separation results were obtained for event #4 due to overlapping isotope values of stream water and rainwater). Based on

snowmelt lysimeter data from the MG site (unrealistic hydrograph separation results were obtained for event #3), the
contributions of snowpack outflow to streamflow were larger than those of incoming rainwaterrainfall during three events
(34+2 % vs. 58+3 % for event #1, 25+1 % vs. 5045 % for event #5, and 12+1 % vs. 13+1 % for event #6; Table 3Fable-3).
The isotopic composition of snowpack outflow at the MG site was often more damped compared to that of rainwater during
most events because of mixing and fractionation processes in the snowpack (Sect. 3.2.2; Figure 8Figure-8). Asa
consequence, the snowpack outflow was isotopically more similar to that of streamflow, which resulted in larger fractions
Fspo cOmpared to Fg.

Although the number of ROS events in our data set is small, our results are in line with previous studies showing that the
differences between hydrograph separation results obtained for rainwater and snowpack outflow can potentially be large and

should be considered in snow-dominated catchments (Buttle et al., 1995). Our analysis assumes that the end members of the
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different scenarios (i.e., snowpack outflow at the MG, MF or HG site) are representative for the whole Erlenbach catchment.
However, the catchment is characterized by a diverse vegetation cover (22 % partially forested, 53 % forested and 25 %
grassland) and surface topography (altitude 1000-1500 m a.s.l.m-ast), so that the “real” contribution of snowpack outflow to
streamflow is likely to lie between the estimates derived from the three scenarios. The hydrograph separation estimates for
5 the three lysimeter sites can only provide a probable range of snowpack outflow contributions to discharge from different
landscapes of the catchment. As shown here, the estimated contributions of snowpack outflow to streamflow can vary
considerably due to differences in landscape characteristics, rainfall magnitude and snowmelt processes. Future sampling

strategies should take this spatial and temporal variability in snowpack outflow into account.
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4, End-member mixing analyses at the snowpack scale

Our data-set can potentially aHowsfor performingbe used for isotope-based end member mixing analysies at the /{ Formatiert: Nicht Hervorheben
snowpack scale, to estimate the fractional contribution of rainwater to snowpack outflow. Such an analysis -of rainwaterthat w Formatiert: Nicht Hervorheben
percolates through the snowpack-—requires Forthis the-isotope measurements in ic-compeosition-of-the event_-water Formatiert: Nicht Hervorheben
endmember (rainwater), the pre-event water endmember (pre-event snowpack outflow) and the mixture of both (snowpack Formatiert: Nicht Hervorheben

Formatiert: Nicht Hervorheben

outflow)-are required. For onexX>X- of the 10six ROS events (e.q., event #1), no pre-event waterendmember could be

Formatiert:

Nicht Hervorheben

determined because no snowpack outflow was generated before the onset of the event at all three lysimeter sitess. Due to a

Formatiert:

Nicht Hervorheben

data gap in rainwater sampling, no analysis could be performed during event #2. For the remaining 20-X>Xfour -events, we

estimated the fraction of rainwater in snowpack outflow at all three sites, {except for the HG site, where no pre-event /{ Formatiert:

Nicht Hervorheben

snowpack outflow occurred prior to event #3 and #4-{supplementary-material). The results, summarized in Table S3 in the /{ Formatiert:

Nicht Hervorheben

supplementary information, show that event water (rainfall) can comprise almost none, or almost all, of snowpack outflow;

however, these results are highly uncertain and do not allow for an in-depth analysis.

Table 3: Relative cContributions of rairfat-rainwater or snowpack outflow to daily peak discharge based on two-component
isotope hydrograph separation (IHS) using 8°H. The IHS was carried out with four different isotope data sets that were collected
with snowmelt lysimeters at the HG (high-elevation grassland) site, MG (mid-elevation grassland) site and MF (mid-elevation
forest) site and with the rainwaterrainfall collector at the catchment outlet.

Fraction of daily peak discharge +SE (%-)
ROS event number

Snowpack outflow Snowpack outflow Snowpack outflow Ramfau
HG MG MF RainwaterMG

#1 2 058 £06:03 0-76 £06:30 034 £0.02
#2 042 +06.02 o) 091 +06:20 R

#3 -0-16 +6.08 -1.28 £ 1:43 007 +0.04 005 +6.02
#4 3 029 +6.04 046 + 0-06 2:28 £ 2:13
#5 2:63 + 0:64 050 + 6:65 0:32+0.02 025 +6.01
#6 034 +6.07 0:13+06.01 0:20+6.01 012 +6.01

% no snowpack outflow occurred

% data gap
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Figure 8: Relative contribution of snowpack outflow to streamflow at peak flow based on isotopic hydrograph separation for the
six rain-on-snow events from winter 2017, including the incoming rairfal-rainwater (blue, not filled) and the snowpack outflow of
the high-elevation site (red, black-shaded), mid-elevation grassland site;-grasstand (yellow), and the mid-elevation_forest site ;
forest-(green). For some events, no data (*) were available (no melt) or the results were unrealistic due to overlapping isotopic
composition of the snowpack outflow (event #3) and rainwater (event #4) with stream water (**). The error bars indicate the
standard error of the snowpack outflow contribution to streamflow (see section 2.4).

4 Summary and conclusions

In Switzerland, rising-air-temperatures-are-kehy-toglobal warming is predicted to lead to more frequent rain-on-snow
(ROS) events-in-the-future, which can enhance snowmelt and-thus-te increase_thed risks ef-ferof destructive winter floods;

partly-due-to-enhanced-snowmelt. However, the processes leading to such enhanced melt are spatiotemporally
heterogeneous, and-so that model-based predictionsng of streamflew-discharge peaks irduced-during by-ROS events reguires

a-better-understanding-of- how-water-sources-contribute-to-streamflowcan be highly uncertain.

By Yusing three automated snowmelt lysimeter systems, located along an elevation gradient of 1185 to 1420 m a.s.l.
m-askin a partly forested pre-Alpine catchment, we were able to capture the spatial and temporal variability of snowpack
outflow generated over the winter season (Figure 2; Figure 5). A comparison of snowpack properties at a grassland and a
nearby forested site showed that canopy interception significantly reduced incoming snowfall, and thus the maximum snow
depth under forest cover was around 20 cm shallower eompared-tothan that of open grassland. Measurements from two
grassland lysimeter sites located at different altitudes-elevations (1220 and 1420 m a.s.l.m-ast) showed that the snowpack

was on average 55 cm deeper; and snowmelt occurred 21 days later; at the 200-m-higher site.
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To better understand how snowpack outflow is generated during ROS events across the catchment landscape, we studied
ten ROS events in greater detail (Figure 3). The ROS events were defined by rainfall rates greater than 0.1 mm per hour, a

total rainfall volume of at least 20 mm within 12 hours, air temperatures above 0 °C and an initial snowpack depth of at least

10 cm. We found that the snowpack outflow volumes during ROS varied considerably across the three lysimeter sites, and
that this variability was linked to rainfall characteristics and initial snowpack properties (Figure 4). Initial snow depth and
rainfall volume explained most of the event-to-event variability in snowpack outflow volumes. Overall, more rainwater was
retained in the snowpack at the grassland sites (Figure 3), which had deeper snowpacks compared to the forest site. Our data
show that long and high-intensity ROS events can result in particularly high discharge peaks, even in mid-winter when the
snowpack is not saturated (e.g., ROS event #2). This suggests that enhanced snowmelt during ROS events, and/or high
antecedent moisture due to ongoing snowmelt, are not limited to late winter when the snowpack is mature and saturated.

We used daily stable water isotope measurements in snowpack outflow, rainwater and stream water to draw inferences
about transport and mixing of rainfall within the snowpack during individual ROS events. Depending on the local rainfall
characteristics and the snowpack properties, the isotopic responses in snowpack outflow could be either strongly or weakly
damped, indicating large spatiotemporal variations of the snowmelt process (Figure 7). Consequentially, isotope-based two-
component hydrograph separation (IHS) for estimating snowpack contributions to streamflow often yielded very different
results (Figure 8Figure-8), depending on which site-specific snowpack outflow isotopic compositions were used. This range
of IHS results provides reasonable estimates of relative snowpack outflow contributions to streamflow during individual
ROS events, under the assumption that the three lysimeter sites are representative for the snowmelt processes at the
catchment scale. Further, the-range-of-our IHS results vary over a wide range, implyingneiecate that in steep, partly forested

catchments_like Erlenbach, estimates of snowpack outflow contributions to streamflow derived from bulk snow samples or
outflow samples collected at only one location can be highly uncertain. This is in line with Fischer et al.'s (2017) study that
showed strong spatial variability in rainwater isotopic composition in the southern Alptal catchment. Using rainwater
isotope data in the IHS analysis suggests that the relative contribution of rainwater to streamflow may often be much smaller
than the contribution of snowpack outflow, because snowpack outflow is a mixture of both rainwater and snowmelt. Our
analysis suggests that snowpack outflow can contribute substantially to streamflow during ROS events and that these
contributions depend strongly on the local snowpack properties and rainfall characteristics.

In order to obtain more realistic estimates of snowpack outflow contributions to streamflow during ROS events,
snowpack outflow volumes and their isotopic compositions could be interpolated across the study area using a spatially-
distributed snowmelt model. Recent snowmelt modelling approaches at the catchment scale do not, however, explicitly
simulate snowpack outflow during rain-on-snow events (Ala-aho et al., 2017; Lyon et al., 2010; Smith et al., 2016), or use

stable water isotopes to track the-flow pathways (Kormos et al., 2014; Marks et al., 2001; Rossler et al., 2014; Storck et al.,
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1998). Our spatiotemporally distributed isotope measurements could thus be beneficial for testing and improving existing

snowmelt models (Zappa et al., 2015).
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e Figure S1: Measurements of hourly air temperature (a), daily precipitation (snow-and rainfall) and snow

depth (b), and daily snowpack outflow volumes (c), measured at the mid-elevation forest site (MF) for
the study period 1 November 2017 — 6 April 2018. Panel (d) shows daily discharge at the Erlenbach
catchment outlet (on log scale). Vertical grey bars indicate the four rain-on-snow (ROS #7-#10) events
during winter 2018 that are analysed in this study only at the MF site.Figure-St:-a)y Hourly-mean-air

e Table S1: Estimated contributions of rainfall or snowpack outflow to streamflow during peak flow

based on two-component isotope hydrograph separation using 5'30 (HG: high-elevation grassland site;

MG: mid-elevation grassland site; MF: mid-elevation forest site).
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e Table S2: Maximum contributions of rainwater or snowpack outflow to streamflow during daily Formatiert: Listenabsatz, Aufgezah
cm + Einzug bei: 1.27 cm

discharge based on two-component isotope hydrograph separation using §*°0 and 8°H (HG: high-

elevation grassland site; MG: mid-elevation grassland site; MF: mid-elevation forest site). The grey

boxes with bold numbers indicate a different fraction compared to the fractions during peak flow (see

Table 3 in the main text).
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e Table S3: Relative contribution of rainwater to snowpack outflow during peak daily snowpack outflow ‘—‘ Formatiert: Listenabsatz, Aufgezah

+ Ebene: 1 + Ausgerichtet an: 0.63

based on two-component isotope hydrograph separation using 5*°0 or §°H (HG: high-elevation cm + Einzug bei: 1.27 cm

grassland site; MG: mid-elevation grassland site; MF: mid-elevation forest site). Fable-S3: Relative

o Figure S2: Isotope hydrograph separations (IHS) using °H for the six ROS events during winter 2017,

for "new water" end members comprised of snowpack outflow at the lysimeter sites HG (red), MG

1



(yellow) and MF (green) as well as for rainwater sampled at the MG site. The coloured bars indicate

the rate of snowpack outflow or precipitation. The black lines indicate daily stream discharge, and the

grey lines indicate the "new water" contribution from snowpack outflow or precipitation, as estimated

by isotope hydrograph separation. Figure-S2:8°H-based-hydrograph separationresults for the sixROS
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Figure S1: Measurements of hourly air temperature (a), daily precipitation (snow-and rainfall) and snow depth (b), Formatiert: Beschriftung, Vom
and daily snowpack outflow volumes (c), measured at the mid-elevation forest site (MF) for the study period 1 néchsten Absatz trennen

November 2017 — 6 April 2018. Panel (d) shows daily discharge at the Erlenbach catchment outlet (on log scale).
Vertical grey bars indicate the four rain-on-snow (ROS #7-#10) events during winter 2018 that are analysed only at
the MF site (no measurements of snowpack outflow were available for the HG and MG site).

Table S1: Estimated contributions of rainfall or snowpack outflow to streamflow during peak flow based on two-

component isotope hydrograph separation using $**0 (HG: high-elevation grassland site; MG: mid-elevation
grassland site; MF: mid-elevation forest site).

Fraction-Relative contribution to peak ef-daily peak-discharge +SE

(-%)
Rainfall
ROS event Snowpack Snowpack Snowpack MGRainwater
number outflow HG outflow MG outflow MF (Qutlet)
#1 ? 117+021  191+1.18  0.68x0.11
#2 0.43 +0.09 & 1.67+0.92 &
#3 -6:19+6:15  -6.59+6.61 0:26 +6:19 6:11+6.08
#4 3 0:30 £ 6:12 051 +6:16 2:05 £ 9:47
#5 170 £ 0-61 0:41 £ 6.09 0-30 + 0:06 0:2+0:04
#6 0:78 + 0:26 0:12 + 6.65 0:22 + 0:08 0-09 + 0:04

? no snowpack outflow occurred

Y data gap



Table S2: Maximum contributions of rainwater or snowpack outflow to streamflow during daily discharge based on
two-component isotope hydrograph separation using 8°0 and 6°H (HG: high-elevation grassland site; MG: mid-
elevation grassland site; MF: mid-elevation forest site). The grey boxes with bold numbers indicate a different
fraction compared to the fractions during peak flow (see Table 3 in the main text).
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Contribution of rainwater to snowpack outflow

Isotope hydrograph separation at the scale of an individual snowpack can potentially quantify how much

rainwater contributes to snowpack outflow during a ROS event, compared to pre-event water which was already

stored in the snowpack (e.g., snowmelt). Such results can thus indicate how much rainwater was retained in the

snowpack, especially when a snowpack was not yet saturated with pre-event liquid water. Unfortunately we

could not perform these snowpack-scale hydrograph separations whenever the pre-event isotopic composition of

snowpack outflow could not be obtained due to limited snowpack outflow generation prior to the event (event

#1: HG, MG and MF; event#2: HG, event #6: MF was already snow-free) or during a data gap in the rainwater

sampling (event #2). Thus, the results of this analysis should be used with caution.

In some cases, the estimated contributions of rain to snowpack outflow were unrealistic (e.g., negative

contribution based on §**0 and/or §*H) because the isotopic composition of snowpack outflow did not respond to

that of the incoming rainwater. These results indicate that rainwater infiltrated into the snowpack and pushed out

pre-event liguid water, which thus made up most of the snowpack outflow with very little contribution from

current rainfall (event #3: MG; event #4: MG, MF; event #5: HG). During event #5, the relative contribution of

rainwater to snowpack outflow was heterogeneous among the three snowmelt lysimeter sites. At the MF site, the

snowpack was already shallow (e.g., 8.6 cm), so that rainwater contributed significantly to snowpack outflow

(74 + 3 % based on §°H) whereas the snowpack outflow at the HG site was less dominated by rainwater due to a




deeper snowpack and higher contribution of pre-event liquid water (16 + 2 % based on §°H). At the MG site,

snowpack outflow was a mixture of both rainwater and pre-event liquid water (49 + 3 % based on 5°H).

During event #6, the contribution of rainwater to the snowpack outflow at the MG site was high (e.q.,88 + 1 %

based on 52H) indicating that rainwater dominated the snowpack outflow. This result agrees with the

observations in section 3.1.3, because this rainfall (66.9 mm) caused the melt-out of the ripe and shallow

snowpack (e.qg., 17 cm), so that rainwater primarily contributed to the snowpack outflow. At the HG site, the

measured snowpack outflow volumes indicated that the snowpack was not yet saturated (section 3.1.2), so that

more rainwater was retained in the snowpack, pushing out pre-event liquid water and leading to a small

contribution of rainwater to snowpack outflow (24 + 8 % based on §2H).

Table S3: Relative cGontribution of rainwater to snowpack outflow during peak daily snowpack outflow based on

two-component isotope hydrograph separation withusing using-er-5-°0 andor 6°H (HG: high-elevation grassland site;

MG: mid-elevation grassland site; MF: mid-elevation forest site).
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—
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Figure S2; 1sotope hydrograph separations (IHS) using §*H for the six ROS events during winter 2017, for "'new

water" end members comprised of snowpack outflow at the lysimeter sites HG (red), MG (vellow) and MF (green) as
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well as for rainwater sampled at the catchment outlet. The coloured bars indicate the rate of snowpack outflow or

precipitation. The black lines indicate daily stream discharge, and the grey lines indicate the "'new water"

contribution from snowpack outflow or precipitation, as estimated by isotope hydrograph separation.
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