Authors’ final response to interactive comments of the Referees

Black text: Referee comment

Blue text: Authors’ final response

Author’s technical comment: Please note that we created new figure (newly Fig. 2) which replaced
original Table 3. Thus, figures and tables numbering used in the revised version as well as in our final
response differs from numbering used in original manuscript. The changes of numbering are also
highlighted when referring to specific figure.

Firstly, we thank both reviewers for the many valuable comments and suggestions to improve our

contribution. We want to highlight new analyses which has been made and included to the revised
version of manuscript. These analyses consider some comments of both referees and thus we put

their description in front of point-by-point responses introduced below.

1. Asannounced in responses to both referees, we extended analysis of changing effect of
maximum SWE and minimum discharges using weekly Theil-Sen slopes (Fig. 4 in original
version of manuscript, newly Fig. 5) by including dates of melt-out (snow-free dates). The
melt-out date was calculated from SWE data for each catchment and year. The procedure
was described in the section 2.3 of revised version (see manuscript with marked-up
changes). Consequently, Fig. 5 was modified in order to display melt-out dates which
enables better interpretation of the memory effect length (how long the snowmelt affects
runoff after melt-out). Longer snowmelt contribution to minimum discharges in higher
elevation catchments is clear even when consider different date of melt-out (black points
and whiskers in Fig. 5). Analysis mentioned above was done both for complete observation
period and when only dry preceding conditions were considered. This enabled to assess
the catchment sensitivity also when liquid precipitation in the warm period is below
average. No figure from this specific analysis was included in the manuscript (the
differences to Fig. 5 are rather minor), but all results are described in section 3.2 of revised
version.

2. We did additional analysis of relations between predictors and response variables in order
to better describe the differences between catchments. In the original manuscript, these
relations were analyzed using Spearman rank correlation coefficients and shown in Table 3
and described in the section 3.1. However, Table 3 did not allow a detailed look at
differences between catchments (all catchments were analyzed as a one set). Thus, we
decided to remove the original Table 3 and replace it with a new figure (Fig. 2) that
displays heatmaps showing Spearman rank correlation coefficients for all predictors and
response variables separately for three elevation groups. Dendrograms were used to show
clusters of similar predictors and response variables. Additionally, the melt-out date was
added as a new predictor. The new Fig. 2 improved the interpretation of changing
influence of predictors both in time and at different elevations. Additionally, Fig. 2 shows
the suitability of individual predictors to describe the variability of low flows (such as the
difference between maximum SWE and winter precipitation as mentioned by the Referee
#2) in a clearer way. As a consequence, section 3.1 and respective parts in the discussion
(section 4.4) were completely rewritten (see revised manuscript with marked-up changes).

3. We modified Table 3 (former Table 4) by including drainage density as a catchment
property (suggested by Referee #1). We found a significant correlation between the
drainage density and the low flow sensitivity in summer to the change of maximum SWE



(Table 3). The findings from this new analysis are described in the section 3.2 of the
revised version.

4. Many parts of original manuscript were largely rewritten in order 1) to better highlight the
novel findings resulting from analyses and 2) to improve the readability of text which we
believe is now more helpful for the reader. This included abstract, introduction, methods,
results, discussion and conclusions.

5. Additionally, we modified most of the figures as suggest by both referees and Michael
Stoélzle in his short comment. All changes are described in the “Modification of figures”
section in this document.

Major comments of the Referee #1

Jenicek and colleagues present a data driven study, which uses climate and runoff data to study the
effect of snow storage and precipitation on summer low flows for 14 catchments in Switzerland. The
main findings of the paper are (i) maximum winter snow accumulation influenced summer low flow,
but is not the only controlling factor, (ii) in years with below average precipitation amounts during
spring and summer the importance of snow accumulation increased, (iii) the sensitivity of summer
low flow to snow accumulation is higher in high elevation catchments. Although understanding the
role of (changing) snow conditions on summer low flows is a relevant topic for HESS | do have some
serious concerns about the current version of the paper, and the papers needs to be significantly
improved before this paper can be considered for publication in HESS:

1. lam not sure if the findings of the paper are significantly novel, or if they provide useful new
insight in the role of snow for summer low flow conditions, because the analysis only relies on
statistical relationships between snow conditions and summer low flow conditions but does not
provide any mechanistic explanations of the relationships you describe. The statistical findings
by itself (in my opinion) only confirm some obvious qualitative findings that are not surprising:
the fact that (i) maximum winter snow accumulation influenced summer low flow, but is not
the only controlling factor is not surprising, and differences with for example Godsey et al.
[2014] are not really surprising either if you consider the strong Winter dominated precipitation
regime of the Western US compared to more constant (and even sometimes summer
dominated) precipitation regimes of Switzerland. Also finding (ii) in years with below average
precipitation amounts during spring and summer the importance of snow accumulation
increased only seems obvious to me, similar to (iii) the sensitivity of summer low flow to snow
accumulation is higher in high elevation catchments because in these catchments snow is a
higher fraction of the total water balance of the catchment (compared to rain) thus a % change
in snow is likely to lead to a larger % in runoff (if all other factors are the same). | do not argue
that results of empirical analyses are only valuable if they confirm some unexpected, but | do
think there is some novelty lacking in this paper as | don’t see how the paper really provides
new understanding, refined previous understanding, or helps with better prediction of summer
low flow conditions in Switzerland. Thus, | would recommend the author’s to (i) either write the
manuscript such that novel contributions are better highlighted where you show how we really
improved our understanding of ability to predict, or come up with some additional analyses
that would allow this.

We agree, that most of findings are not surprising as they mostly support our existing
qualitative knowledge of how snow contributes to summer runoff. However, we believe that
the quantification of snow importance is a valuable and novel contribution. We also argue that
the findings are still important even if they do not change our process understanding.
Additionally, results of this study indicated regions which might became more vulnerable to
drought occurrence in the future because of decrease of snow accumulations and snowfall



fraction during cold period. We benefit from recently generated SWE data sets which, in our
opinion, significantly improved presented analyses.

The referee suggested to “(i) either write the manuscript such that novel contributions are
better highlighted, or (ii) come up with some additional analyses that would allow this.”

We combined both of mentioned recommendations in the revised version of manuscript.
Please, see our final response at the beginning of the document which introduces all major
analyses and changes which has been made in the revised version. Additionally, see the final
response to major comment 3 focusing on catchment properties.

. You choose at set of 8 predictors for summer low flow conditions. Maybe the choice of
indicators is obvious for you, but clarify why you chose them.

We agree, that the explanation was missing in the original version of manuscript. We clarified
this in the methodology part of revised version (section 2.3 “Statistical analysis and
assessment”, 3" paragraph). The advantage of this choice is that only SWE, precipitation, air
temperature and runoff data are needed for the calculation of all predictors. These data are
often available also for other regions which enables to test our results also elsewhere with
possible transfer to ungauged catchments.

. You state that “maximum winter snow accumulation influenced summer low flow, but could
only partly explain the observed inter-annual variations. One other important factor was the
precipitation between maximum snow accumulation and summer low flow". Although | agree
with statement, | think the manuscript lacks a more thorough discussion of other factors that
can explain low flow conditions. As an example, what about evaporation differences between
years? They are a major component of you catchment’s water budget, affect water storage
(and thus low flow conditions), but are completely unmentioned. Or what about the role of
landscape draining properties (e.g. Tague et a., [2004])

We agree that our results presented in this study do not fully explain the process causality. It
means we are not able to precisely explain possible reasons of relations shown in our results.
We just explored the dependencies and quantified them for different catchments. It means, we
are able to estimate how sensitive the catchments are to any change of winter snowpack but
process-based understanding at the catchment scale is limited and has to be further
investigated. Still, we give partial explanation related to catchment properties, namely
elevation, size, slope, drainage density, S/P and maximum SWE (Table 3 in revised version of
manuscript).

In the revised version, we modified Table 3 (former Table 4) by including drainage density as a
catchment property. We found significant correlation between the drainage density and the
low flow sensitivity in summer to the change of maximum SWE (Table 3). Findings resulting
from this new analysis are described in the section 3.2.

In this study, we did not do a thorough analysis of potential and actual evapotranspiration
because of a lack of available data. However, water balance component estimates for the
entire Switzerland during the last 100 years show that annual precipitation and runoff vary far
more than evaporation (Hubacher and Schéadler, 2010). So we expect that variations of ET from
year to year are relatively minor compared to changes in SWE and if there are any, than we
would expect more actual evapotranspiration in wet years and less in dry ones. This feedback
leads to the hypothesis that actual evapotranspiration is less useful as predictor for low flows.
The ET changes were not discussed in the original version of manuscript so above mentioned
explanation was included in the discussion section 4.1.

Additionally, the discussion section 4.1 was largely modified to better focus both on catchment
properties (elevation, slope, drainage density etc.) and meteorological properties (including
evapotranspiration).



4. The analysis is based on catchment average values and the catchment divided into two parts. Is
this strongly limiting your analyses for a catchment larger than 1500km??

We are aware that using catchment means in catchments with different size can make the
interpretation more difficult. However, we decided to do the analysis for entire catchment
scale (but not for large basins). Thus, we used both SWE calculated as a catchment mean and
SWE calculated from higher situated 50% of catchment area. We assumed, that snow in higher
elevation could be more important for summer low flows. However, both approaches brought
nearly identical results (see Fig. 2 and related parts of the section 3.1 in the revised version of
manuscript). Additionally, Spearman rank correlations are not significant when looking on the
effect of catchment size on catchment sensitivity to SWE decrease (Table 3). On the contrary,
we cannot exclude the effect of size in very large basins (except Hinterrhein, all studied
catchments are smaller than 800 km?). Including larger catchments is not feasible, as the larger
catchments in Switzerland are significantly affected by hydropower regulation. All findings and
the explanation mentioned above were better highlighted in the section 3.2 of revised version.

5. I have difficulty to efficiently read the results section. The section refers to the graphs and
tables but does not explicitly takes the reader by the hand in explaining what part of the graph
we should focus on when you conclude anything from these graphs.

Thank you for this comment. As mentioned in the final response at the beginning of this
document, many parts of the original manuscript were largely rewritten. One reason was to
improve the readability of the text. We believe, it is now more helpful and clearer for the
reader.

Major comments of the Referee #2

| reviewed the paper “Importance of maximum snow accumulation for summer low flow in humid
catchments” by Jenicek et al. Overall, | am quite intrigued by this topic, hence my reason for
reviewing the paper. However, | found the paper lacking a clear takehome message and was often
confused by the writing and organization of the paper.

The authors lay out two interesting research questions: 1) determine the length of memory effect on
low flow conditions for maximum SWE and 2) estimate the sensitivity of catchments to changes in
snowpack. While | find these questions compelling they don’t seem to be very well answered by the
study (see major comments below). In particular, the authors seem to neglect discussing the very
high correlation between low flows and winter precipitation (almost always explaining more
variability than maximum SWE). | think this may be an opportunity, rather than a limitation, to
identify a novel response (see major comments). Shifting the study questions to better reflect the
[potential] novelty of the work is needed. Secondly, | do not feel that the authors adequately address
their second question about sensitivity to changing snowpacks. They seem to suggest that high
elevation catchments are as much or more sensitive to warming as low elevation catchments. This
seems like a large simplification (see major comments below). | lay out several potential ways to
reframe the work that may help address its novelty.

We agree, that most of findings are not surprising as they mostly support our gualitative existing
knowledge of how snow contributes to summer runoff. However, we believe that the quantification
of snow importance in selected area is a valuable and novel contribution and that the findings are
still important also if they don’t bring any change of our process understanding. Additionally, we
benefit from recently generated SWE data sets which, in our opinion, improved presented analyses.
Below, we provide answers to major comments of the reviewer. Because we found several valuable
comments in the reviewer’s text, we used sub-headers to separate the individual issues.

Novelty of the work: To me the important questions for a climate like Switzerland are 1) does
changes in the timing of snowmelt or changes from winter snow to rain alter summer baseflow? and
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2) can summer precipitation counteract the effects of changing winter precipitation inputs? The
paper currently feels like it is arguing that SWE is more important than precipitation (which is not
supported by the results) and that SWE becomes more important during dry summers (which is really
not surprising). From my perspective the real question is does SWE (timing or amount or S/P) explain
additional variability in low flows beyond what winter precipitation explains. This may require a
different analysis, possibly normalizing for winter precipitation or some type of step-wise regression.
One might hypothesize that snowpacks release water later in the year, so the timing of snow
disappearance may be the critical information (in addition to winter precip amount). Currently, the
paper suffers greatly by not discussing that winter precipitation explains as much or more variance of
low flows than SWE variables (Table 3). | also suggest that the authors use wet and dry summers to
ask when summer precipitation can overcome poor snowpacks or dry winters. Perhaps this could be
accomplished using an elasticity type relationship for both summer and winter precipitation and
SWE. Do you need more summer precipitation to drive the same low flows that winter precipitation
(i.e. winter precipitation is more efficiently partitioned to streamflow)? This is an important question
that has large climate change impacts. Along those same lines, | strongly encourage the authors to
move away from their second research question about sensitivity to changing snowpacks unless they
significantly bolster related analyses (see comment below). This is a great discussion point, but
currently poorly addressed.

Research questions

We thank the reviewer for suggestions to modify the research questions. We do believe that there
are still many interesting questions and issues related to the topic which are currently not fully
answered and should be definitely investigated in the future. The drought occurred in central Europe
this year is a good reason for further research of this topic.

We worked towards 1) quantifying how long snowmelt affects runoff after melt-out and 2)
estimating the sensitivity of catchments with different elevation ranges to changes in snowpack.
Referee expressed certain doubts if these goals were fully addressed in the original manuscript. We
hope that the additional analyses presented in the revised version of manuscript could dispel these
doubts. All new analyses (focused both on “memory effect” and catchment sensitivity) are described
at the beginning of this document. Additionally, many parts were largely rewritten in order 1) to
better highlight the novel findings resulting from analyses and 2) to improve the readability of the
text which we believe is now more helpful for the reader.

Combined effect of snow and precipitation

We do not intend to argue that SWE is more important than precipitation (this is really not supported
by our results). Due to moderate humid climate in Switzerland with precipitation almost equally
distributed in a year (opposite to western US), the aim was to show the combined effect of snow and
liquid precipitation and their changing role in time (in different months) and in catchments with
different elevation. Additionally, we wanted to quantify the effect of snow on minimum discharges
when liquid precipitation is below average (or opposite, when SWE is below average) as documented
in Fig. 8 of revised version. This could increase the reliability of predictions of minimum discharge
during summer as newly mentioned in the section 4.4 “Practical use of a quantification of snow
influence on summer low flows” of revised version (this section was newly added to the revised
version). To clarify this point, we significantly modified the discussion section 4.3 (last paragraph).

Timing of snow disappearance

We agree that timing of snow disappearance in specific catchment represents critical information (as
also mentioned by the Referee #1). So we did a new analysis, focusing on the “memory effect” of
individual catchments. We included date of melt-out (snow-free date) as a new predictor to better
describe the “memory effect” of catchments. Please see our final response at the beginning of this
document which describes this in more detail. Exact procedure is described in the section 2.3, results
are shown in Fig. 5 (former Fig. 4) and section 3.2 of revised version.



Wet and dry years

The separation to wet and dry years (both in terms of SWE and liquid precipitation during warm
period) was already used in the original version of manuscript. The Fig. 8 (former Fig. 7) shows this
separation.

Additionally, the procedure used to create Fig. 5 (former Fig. 4) was repeated both for complete
observation period and when only dry preceding conditions were considered. This enabled to
assess the catchment sensitivity also when liquid precipitation in the warm period is under its
average. There is no figure resulted from this specific analysis (the differences to Fig. 5 is rather
minor), but all results are described in the section 3.2 of revised version.

Winter precipitation

In original version of manuscript, we used winter precipitation as a predictor and we expected similar
results as with maximum SWE. Winter precipitation (from November to April) is highly correlated
with SWE and we expect increasing mutual correlation for higher elevation catchments with higher
S/P. Despite higher correlations (Table 3 in original version), we consider winter precipitation to be
less suitable as a predictor than maximum SWE. One of the reason for this is that winter precipitation
is not corrected for undercatch of snowfall. Thus, we expect larger errors varying between stations
according to site conditions and wind speed. This explanation was not provided in the original
version of manuscript, thus we put it to the discussion section 4.4 of revised version.

As described in final response at the beginning of this document, we did new analysis of relations
between predictors and response variables in order to better describe the differences between
catchments. We created hetmaps (new Fig. 2) showing Spearman rank correlation coefficients for
all predictors and response variables separately for three elevation groups. This new figure
enabled better description of suitability of individual predictors to describe the variability of low
flows (such as the difference between maximum SWE and winter precipitation). The maximum
SWE (both averaged per catchment and in upper 50% of the catchment area) was in most cases
the best predictor for higher elevation catchments during summer (July and later). Additionally,
maximum SWE and the sum of new SWE were better predictors than winter precipitation in snow
dominated catchments to predict the number of days with low discharge (No. days < Q25%). On
the contrary, winter precipitation was a better predictor than maximum SWE for lower elevation
catchments (June to September) and for middle elevation catchments during spring (May, June).
Since our focus was primarily on middle and high elevation catchments and summer months,
maximum SWE seems to be the best predictor, although differences are not large.

Findings related to differences in predictors and response variables are described in the section
3.1 which was completely rewritten.

Climate change effects are oversimplified: The authors use elevation as a means to organize the
catchments and their sensitivity to SWE. This seems problematic given that there is generally a large
gradient of precipitation and S/P ratios across elevation. The discussion seems to imply that high
elevation catchments are as much or more sensitive as low elevation catchments. This may be true if
catchments are all near zero degrees and precipitation is evenly distributed across the winter,
however, this is not discussed. | can imagine situations where high elevation catchments are less
sensitive to a given amount of warming because they are well below 0 C for most of the winter.
Given that the authors do not partition variance well between winter precipitation and SWE effects
on low flows, | think the discussion of climate change is very weak. It is quite possible that the points
suggested above may improve discussion points here, however, | suggest the authors do not make
that a central research question but a discussion point (or significantly bolster the associated
analyses).

Discussion of climate change



The insufficient discussion of climate change effect was mentioned by the other reviewer as well.
Thus, the discussion section related to the climate change (part 4.2) was largely modified in the
revised version. Instead of discussion toward climate change (which was not in the scope of this
paper), it goes more towards the role of the changing snow conditions. Thus, the title was modified
as well. Additionally, section 4.2 discusses the uncertainty arising from using mean catchment
elevation instead of more detail representation of catchment elevation (using elevation ranges, for
instance).

Catchment sensitivity

We do not argue that higher elevation catchments are more sensitive to low flow occurrence in all
circumstances. Based on our results we can only quantify the potential decrease of minimum
discharges in case of decrease of maximum SWE. We did not explore relations between possible
warming in the cold season and minimum discharges in the warm season (although some indirect
evidence of this could be found in Fig. 2 using predictor named “sum of positive air temperature”).
We do not know if this SWE decrease will occur. However if it happens, than the same percentage
SWE decrease in higher elevation catchments will results in stronger percentage decrease of
minimum discharges (see Fig. 6 in revised version showing the elasticity). Additionally, different
sensitivity to drought in catchments with different elevations was also described by Staudinger et al.
(2015) who made similar conclusions. We agree, that this was not clearly written in the original text
so we put mention explanation to the discussion section 4.2 of revised version.

Findings showing the catchment sensitivity which are displayed in the Fig. 4 and 6 (former Fig. 3 and
5) were described in the section 3.2 of revised version in more detail. Together with findings resulting
from Fig. 2 (heatmaps) we believe that we better addressed the research question dealing with the
catchment sensitivity. However, we are aware that our results could only partly answer these
guestions and we think this needs to be investigated in the following research.

Use of monthly/weekly low flows: | am mixed about the use of monthly/weekly low flows. On one
hand, this fits with the question about memory effects on low flows that the authors pose. It also
gets around potential issues with noisy annual low flow data. On the other hand, what is a low flow
in May and why does anyone care? | find the use of the lowest summer flow as a much more
compelling response variable to predict. The use of monthly low flows is particularly problematic
early in the summer when some watersheds are storing water as snow and others are not. In some
ways the current effort is quantifying the recession relationship of the watersheds, which is [in my
opinion] not the focus of the paper. Perhaps | am missing something here that could be better
explained in the text.

Monthly/weekly low flows

Clearly we see the lowest summer flow as a compelling response variable, given the water
management interest and possible issues connected to it. However, for the development of the role
of snow compared to liquid precipitation this one response variable is not sufficient. We agree that
the mixing of monthly/weekly data could lead to some confusion. We think that monthly approach is
sufficient for most analysis we did. However, for memory effect calculation we used weekly data
which enabled to see slowly decreasing effect of snow on minimum discharges (see Fig. 5 in the
revised version). We agree that mentioned explanation was missing in the original version of
manuscript, so we added it to the discussion section, part 4.3 of revised version. Additionally (as
discussed above), we included melt-out days to improve the interpretation of the catchment’s
memory effect.

Starting day of low flow analysis

We chose the period from May to September to show the changing importance of snow contribution
to low flows in different catchments, both in lower and higher elevations (melt-out occurs usually in
early April in lower elevation catchments of our selection). We believe that this is helpful especially



when looking on Fig. 3 and Fig 5 in the revised version of manuscript. We also tested the effect of
snow on summer minimum discharge (June-August, not shown in the paper). The results for most of
catchments were very similar to existing relations calculated for August as most of summer (June-
August) minimum discharges occurred in August. This was also the reason why we chose a
monthly/weekly step. We agree that mentioned explanation was missing in the original version of
manuscript, so we added it to the discussion section, part 4.3 of revised version.

Minor comments of the Referee #1

Abstract Line 3: It isn’t really “winter" precipitation that is sensitive to temperature changes, which
implies a 3-month season, but rather something like “cold season".

We agree. We changed “winter” to “cold season”.
Lines 3-4: “snow" does incorporate both “snowfall" and “snow storage"?
We agree. We changed “snow” with “snow storage”.

Line 4-5: Does it necessarily relates to “groundwater" recharge as water in some catchments may
mostly only reach the unsaturated zone?

We understand the point, although this is only general information. We changed the sentence to
“...will affect soil and groundwater storages” to be clearer.
III' "

Line 8: Instead of “snow", be specific if you mean “snowfall", “snowpack" or both.

The sentence was modified as follows: “We worked towards 1) quantifying how long snowmelt
affects runoff after melt-out and...”.

Line 21: since you haven’t defined the elasticity index it is difficult to interpret your statement by just
reading the abstract.

We think, the elasticity should be generally known as it is often used in many studies (mainly climate
studies). However, we modified the sentence as “We assessed the sensitivity of individual catchments
to the change of maximum SWE using the non-parametric Theil-Sen approach as well as an elasticity
index”. This should refer to the information that elasticity describes sensitivity of catchments.

Introduction (7025), Line 2-3: Is “The shift from snowfall to rain" one of the most important effects of
predicted climate change “in general" (as you currently state) or “on the hydrological cycle".

We agree. We added “..on the hydrological cycle” to be clearer.

Line 9: The reference of Berghuijs et al [2014] studies inter-annual and mean-annual water balances
and only speculate what the changes in seasonal hydrology could be. Hence the reference is not
really appropriate here. Also, please be specific with what you mean by “might influence"; e.g.
modelling results indicated that ....

We agree. Reference Berghuijs et al. (2014) was replaced with Godsey et al. (2014) who explored the
effect of SWE on summer minimum discharges. Formulation “...will affect groundwater recharge
during spring and might influence...” was changed to “...will affect groundwater recharge during
spring and as a consequence also low streamflow values...”.

Line 10-21: There are clear differences between the findings of the reduced snow days in Switzerland
(mainly in spring) and western US (mainly in Winter). It might be good to highlight that more
explicitly.

The decrease of S/P in winter (January) in the US is typical for the West Coast with generally higher
air temperatures during winter than in the rest of study area. This information was newly added into
the text.



Introduction (7026), Lines 8 - 12: Since studies find regional differences in the streamflow trends, do
they also have different physical explanations, and are these explanations relevant to mention?

Studies mentioned in this paragraph were selected just to document regional differences in
streamflow trends. As some of these studies tried to explain differences within a studied region
(Birsan et al. 2005; Fiala et al. 2010), physical explanation for differences between regions is not clear
(could be e.g. due to increasing continentality from west to east direction in Europe). However, we
didn’t change the text since the physical explanation is not fully clear from mentioned studies and it
would be rather speculative.

Line 15: “above 1000ma.s.l. and below 2500" or “between 1500 and 2500 m.a.s.|"?
We agree. We reformulated it as: “between 1500 and 2500 m a.s.I”.

Line 16: Can you be more specific than “more sensitive"? Was it a large or small difference? Does this
still focus on mean runoff?

We added more information related to the study for clarity. The exact quantification was not
presented in the paper since the sensitivity was expressed based on proposed similarity measures
(level of agreement) typically ranging from 0 to 1 (Speich et al. 2015). It means only relative
comparison was done by Speich et al. (2015).

Line 26-28: “However, the ... al., 2015)." Rewrite the sentence such that it reads well and that it is
clear if you made up a statement yourself or it is based on a reference.

We modified the sentence to be clearer as: “However, snow cannot solely explain the sensitivity to
drought, although higher elevation catchments in the Swiss Alps were found to be less sensitive to
drought origin (Staudinger et al., 2015). Additionally, some modelling experiments suggested larger
groundwater storages in higher elevation Swiss catchments which may additionally explain the lower
sensitivity of higher elevation catchments to low flows (Staudinger and Seibert, 2014)”

Introduction (7027), Line 3: Specify this is the Sierra Nevada in the US (and not Spain, or Colombia).
We added “in the western USA”.

Line 7: Unclear what a “longer memory effect" exactly means. It is important to make this clear as
this is also mentioned in your objectives of the study.

We modified the sentence and we changed also the paragraph with objectives of our study as: “In
this study we want 1) to quantify how long snowmelt affects runoff after melt-out and 2) to estimate
the sensitivity of the catchments to changes in snowpack.”

Line 16: what about spring precipitation?

We agree. We modified the sentence as: “Our study adds to earlier studies, by focusing on the
combined effect of snow and liquid precipitation during the warm period and its varying importance
for individual catchments.”

Line 17: |1 do not see how you look at their spatial influence. Do you mean between catchment
differences?

Yes, with spatial influence we mean the differences between investigated catchments in different
elevations. We modified whole sentence as described in previous comment.

Lines 18-19: | don’t think this statement is very clear “To explore ... amounts overall". Why is this
more important here?

With this sentence we wanted to highlight the fact that majority of studies focusing on the effect of
snow on summer minimum discharges have been made in regions with different precipitation
patterns. The example is western US which is the region with different precipitation seasonality and
lower total annual precipitation compared to Switzerland (humid climate where annual precipitation



are more equally distributed during year and their total amount is considerably higher in some
cases). We reformulated the sentence as: “Exploring this combined effect is particularly important in
humid regions where annual precipitation is approximately equally distributed over the year, while
most studies were performed in climates with more seasonal precipitation and/or smaller
precipitation amounts overall (such as in the western USA).”

Study area, Lines 25-26: What do you mean by “as close as possible to natural conditions". Does this
mean there are no land-use changes? Does it only refer to dams in the river?

We mean that streamflow is near-natural and no major human influences by dams, water transfer
etc. are present. This information was added into the text by adding new sentence: “Catchments as
close as possible to natural conditions were selected, i.e. streamflow is near-natural and no major
human influences such as dams or water transfer are present.”

Page 7028, Line 22-24: Be more specific in what Jorg-Hess et al. (2014) already did regarding the link
of SWE and low flows.

We modified the sentence as: “Additionally, J6rg-Hess et al. (2014) used this SWE data to assess the
influence of snow conditions on summer low flows for a large Swiss catchment with possible use for
minimum spring and summer runoff forecast based on SWE as the only predictor.”

Page 7029, Line 12: Clarify why you chose this set of predictors. Maybe it is very obvious, but you
currently do not explain your choice

Please, see answer to major comment 2. The explanation mentioned in this comment was added to
the manuscript (part 2.3 “Statistical analysis and assessment”).

Line 26: why did you set the threshold at 1.1C? Is this based on another study? Does the threshold
affect your choice?

The threshold temperature near 1°C was used by several authors (Dai, 2008; Feiccabrino and
Lundberg, 2008) who used data from stations where the information about phase of precipitation
were available. Additionally, we tested different threshold temperatures, and found no sensitivity of
our results on an exact value. This explanation was added to the section 2.3 “Statistical analysis and
assessment”.

Page 7031, Line 2: What do you exactly mean by “is more obvious"

Thank you for this notice, the original sentence was really not fully clear. The sentence was modified
in the revised version as: “The higher the value, the steeper the slope of regression and thus the more
sensitive is the dependent variable (e.g. minimum discharge) to the change of the independent
variable (e.g. maximum SWE). “

Page 7032: Section 3.1: be explicit which results of the table you use to make these conclusions.

The section 3.1 was completely rewritten (since we removed Table 3 and replaced it with a new Fig. 2
showing heatmaps). Please, see our final response at the beginning of this document for detail
information.

Page 7034: Section 3.3 Explain why you use these three catchments?

We selected three snow-dominated catchments in high and middle elevations (as mentioned in the
text) in order to show the effect of combined effect of snow and liquid precipitation. These
catchments were selected as typical representatives. Although, there are some differences between
all studied catchments in high and middle elevations, all of them show similar behavior. Therefore, to
reduce the manuscript extent, we decided to show only three representatives. The first paragraph of
section 3.3 was modified in the revised version in order to reflect mentioned explanation.

Discussion section: the discussion of the sensitivity to climate change is really short and does not
include any effects different expected SWE changes between the different altitudes. In lower
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elevation catchments the % of SWE is much more sensitive to temperature changes, than high
elevation catchments. This needs to be emphasized. Also, a statement as “This reduction might
increase problems with water availability in affected regions" is not really helpful if you do not
provide any numbers of changes you expect with for example a 2 degrees warming.

This point was mentioned also by second reviewer. The discussion section relating to climate change
(part 4.2) was largely modified in the revised version. Instead of discussion toward climate change
(which was not in the scope of this paper), it goes more towards the role of the changing snow
conditions. Thus, the section title was modified as well.

| don’t learn anything from the the discussion section on “Combined effect of snow and
precipitation”.

This paragraph aimed to highlight that liquid precipitation could only partly overlay the effect of
snow. Even in case of high liquid precipitation, the minimum discharge remains lower in case of low
snow conditions in previous winter. The discussion section related to combined effect of snow and
precipitation (part 4.3) was largely modified in revised version. New paragraphs related to this topic
were added. Moreover, we add new section 4.4 “Practical use of a quantification of snow influence
on summer low flows” which summarizes the potential for use our results for practical use.

Maybe to my ignorance but | do not understand the argument of using SWE since you don’t have
groundwater data “Snow melt ... minimum discharge (Fig. 2)"

We agree. This sentence is not necessary in the result section and it was removed.

7039, Line 11: Be more specific than “significantly affected low flows". Does it change the volume of
low flows, the timing of low flows or both?

This point summarized the different period by which snowmelt contributes to minimum discharge in
catchments with different elevation (it means only timing is considered in this case). The sentence
was modified to be clearer. Please, see “Conclusions”, bullet 1.

It is unclear if the statement “Low flows occurred later in the year for years with above average snow
accumulations. A decrease of maximum snow accumulations by 100mm resulted in earlier runoff
minima by 12 days" is applicable for all catchment?

This statement is valid for all selected catchments (on average) considering their mean day of
minimum discharge occurrence. The sentence was reformulated. Please, see “Conclusions”, bullet 2.

Line 20-24: “Snow and ... were considered." It is unclear if the combination of rain and snowpack can
sufficiently explain low flow conditions or if more information is needed.

We agree that the formulation was not fully clear in the original version. Even if consider both snow
and liquid precipitation, there is still some portion of annual variability which cannot be explained by
these two predictors. The sentence was reformulated in revised version to be clearer. Please, see
“Conclusions”, bullet 4.

Figure 1: Does it make sense to also have the altitude differences in Switzerland indicated on the
map?

This was also suggested in the short comment posted by Michael Stélzle. We added DTM as an
additional information into Fig. 1.

Figure 2: | doubt this will be readable when printed on a A4 format.

Figure labels were enlarged. Additionally, we modified this figure in the way as suggested in short
comment of Michael Stélzle (mainly unnecessary labels were removed). This figure is newly Fig. 3.

Figure 4: How do you explain the significant negative correlations?

11



We do not see any physical explanation for negative correlation and we consider them as a noise.
Additionally, most of them are not statistically significant (0.05 level). Most probably, they indicates
mixed effect of snow and liquid precipitation in the warm season. The explanation was added to
result section 3.2 of revised version.

Figure 6: Make clear what the reference date is on the y-axis.

The day of year “1” represents the first day of calendar year (1.1) and day of year “365” represents
31.12. This information was added to the figure caption. This figure is newly Fig. 7.

Figure 8: Are the labels of this figure readable when printed on A4 format? Can you provide a color-
scale for the elevation indication?

Figure labels were enlarged. Additionally, we modified color scale for elevation; only three elevation
groups thus three distinct colors were used (as suggested by Michael Stélzle). Same color coding was
used also for Fig. 6 and 7. This figure is newly Fig. 9.

Minor comments of the Referee #2

Abstract has no quantitative results
The abstract was modified and quantification was added.

Introduction seems to wander from idea to idea without a clear structure. Too many paragraphs that
talk about similar ideas.

When writing the Introduction, we followed sequence “changes of SWE/winter precipitation (mainly
due to climate change) — consequences to runoff changes — liability/sensitivity of different regions to
described changes in snowpack”. In the revised version, we made some changes in the Introduction
in order to better specify selected ideas resulting from studies described. Some changes also reflect
minor comments of the Referee #1.

| would like to see a table of the mean and CV of all predictor variables and response variables.

To get valuable information it would be necessary to specify all values separately for individual
catchments and in case of response variables also for individual months (for instance, mean value of
maximum SWE of all catchments as a one set do not tell much even if Cv is provided). Mentioned
solution would result in a huge table (>500 values) which probably has to be placed as an appendix.
So we decided to enlarge Table 1 and put most important values into this table (except those which
were already there, we included drainage density, melt-out date and winter precipitation). However,
we can provide the complete table if it would be requested by the Referee/Editor.

The figures are extremely hard to read in black and white, which many people will do when printed.
Particularly Figure 4, 7, and 8.

The use of colors enables to provide the reader with additional helpful information (e.g. catchment
elevation as it is in Figs. 6, 7 and 9 of revised version). Actually these days many readers will not print
papers but read the pdfs at a computer or tablet, where color makes figures more readable.
However, we did some modification (either we changed colors or we changed to black-white) as
described in the following section “Modification of Figures” below.

Modification of Figures

Modification of Figures reflected comments of both referees and short comment of Michael Stolzle
as explained below. The numbering reflect the revised version of manuscript:

Fig. 1: DEM was added into Figure.
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Fig. 2: Completely new figure showing heatmaps and dendrograms of predictors and response
variables for three elevation groups.

Fig. 3: Figure labels were enlarged. Additionally, we modified this figure in the way as suggested by
short comment of Michael Stélzle (unnecessary labels were removed).

Fig. 4: The figure was not changed.

Fig. 5: The figure was largely modified according to results of new analysis (mainly the information
about melt-out date was added into this figure).

Fig. 6: Figure labels were enlarged. Additionally, we modified color scale for elevation; only three
elevation groups thus three distinct colors were used (as suggested by Michael Stolzle). Same color
coding was used also for Fig. 7 and 9.

Fig. 7: Same color coding for elevation groups was used as in Fig. 6 and 9. Additionally, dots with min
and max values were remove to be clearer.

Fig. 8: The figure was changed to black-white and unnecessary labels were removed.

Fig. 9: Figure labels were enlarged. Same color coding for elevation groups was used as in Fig. 6 and
7.
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Abstract

The expected increase of air temperature will iaseethe ratio of liquid to solid precipitation
duringwinterthe cold seasaand, thus decrease the amount of setawage especially in mid-

elevation mountain ranges across Europe. The deered snow will affectsoil and
groundwaterechargestorageduring spring and might cause low streamflow vslue the
subsequensummerperiodwarm seasofho evaluate these potential climate change inspact

we investigated the effects of inter-annual vaoiagi in snow accumulation on summer low

flow-and-addressed-the-followingresearch-guestion8e(worked towardi) hew-tmpertant
is-snow-forsummerlow-flows-andquantifyihgw longis-the—“memery-effect™in snowmelt
affects runoff after melt-out and 2) estimating gensitivity of catchments with different

elevations?{(2)y How-sensitive-are-summerlow-fldexsion rangeso any-change-of-winter

changes isnowpack. To find suitable predictors of summer low flow ug&ed long time series

from 14 alpine and pre-alpine catchments in Swlianel and computed different variables

qguantifying winter and spring snow condition&‘e—assessed-the—sensitivity—of-tndividual

A A o
- Ci C -, C I axj C v -,

; -In general, the results indicated

that maximum winter snoaceumulationwater equivalent (SWiBjluenced summer low flow,

but couldexpectedlyonly partly explain the observed inter-annual vasies.On average, every

decrease of maximum SWE by 10% caused a decreas@iaoium discharge in July by 6% to

9% in catchments higher than 2000 m a.s.l. Towéatss summer and in lower elevation

catchments this effect is reduced. Consideringsyaéth below-average SWE maximum, the

minimum discharge decreased to 75% of its normadlléAdditionally, a reduction in SWE

resulted in earlier low flow occurrenc@ne other important factor was the precipitation
between maximumsrew-aceumulationSWaNd summer low flow. When ontite-years-with
below—average—preeipitation—ameunts—ddringdry pilige conditions inthis period were
considered, the importance sfeow-aceumulationmaximum SW4S a predictor of low flows
increasedrhe-slope-ofthe regression-between S\iBnd-summerlow-flow-and-the-elasticity
index-bethWe assessed the sensitivity of individaathments to the change of maximum SWE

using the non-parametric Theil-Sen approach as agehln elasticity index. Both sensitivity

indicatorsincreased with increasing mean catchment elevafibis—indicated indicatin@
higher sensitivity of summer low flow to snow acaulation in alpine catchments compared to
lower elevatiorpre-alpinecatchments.
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1 Introduction

The shift from snowfall to rain is one of the mosportant effects of predicted climate change
on the hydrological cycléFeng and Hu, 2007; Laghari et al., 2012; Bergheijsl., 2014,

Zhang et al., 2015). This shift results in a deseeaf the fraction of solid precipitation

(snow/total precipitation, known as S/P) and thesin adecrease of snow accumulation
especially in mid-elevation mountain ranges (Knami al., 2006; Pellicciotti et al., 2010;

Speich et al., 2015). The decrease of S/P willcaffgoundwater recharge during spring and

mightinflueneeas a consequence dtsw streamflow values in the subsequent summeoger
(Bavay et al., 200BerghuijsGodsewet al., 2014).

For the western US the decrease of S/P in low addlenelevations during the last decades
could be explained mainly by an increase of airgerature during wet days in wintero{d
season) Knowles et al.,-2006). Thesimultaneously—feundsimultaneowhange in winter
precipitationamountfor that region explained only a minor part of thexrease in S/P (Feng
and Hu, 2007)Ferthisregion-theThkargest decrease in S/P was found in Maeclatingfor

the whole study region and additionally in Januagar the West Coast with generally higher

air temperature during winter (Knowles et al., 200khis leadto the conclusion that an air

temperature increase from December to Makekshad the largest impact on snow
accumulation, while warming from April to June rathaffectsaffectedsnowmelt onset,
dynamics and melt-opoint in time at which all snow melt out of thetchmentKnowles et
al., 2006; Feng and Hu, 2007).

Serquet et al. (2011) used the ratio of snowfajisdand precipitation days (SD/PD) to assess
the effect of air temperature increase on snowfeélwitzerland. They found decreased SD/PD

over the last three decades especially in loweradilens, i.e. at regions with air temperatures

close to the melting poinThe decrease in SD/PD was stronger in springithamter (Serquet
et al., 2011).

Berghuijs et al. (2014) showed th&tea higher fraction of precipitation fallen as snow is
associated with higher long-term mean streamfloeomparisomithto catchments with lower
snowfall fraction. Higher air temperatures duringisg affect the onset of snowmelt
streamflow shifting it towards earlier spring (Batinet al., 2005; Dankers and Christensen,
2005; Lundquist and Flint, 2006; Hanel et al., 20&2dsey et al., 2014; Langhammer et al.,
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2015). These changes lead to a higher fractionmfial flow occurring earlier in the water year
as evident from many studies across the wester(Qagan et al., 2001; Stewart et al., 2005;
Day, 2009). However, snowmelt and consequent sgtiegmflow are affected by a wide range
of factors, such as topography, vegetation and ected radiation as well as shading effects
which might overlay the effect of increasing aimfgerature (Jost et al., 2007; Jenicek et al.,
2012; Pomeroy et al., 2012; Kucerova and Jenid@k4p Earlier onset of snowmelt could, for
instance, be slowed down by less shortwave radiatice to lower sun inclination in early
spring (Lundquist and Flint, 2006).

While an increase of mean monthly runoff and lcaw# during winter and spring months were
documented in several catchments in Switzerland ianather central European countries
(Birsan et al., 2005; Fiala et al., 2010; Klimeh&k, 2011), a significant decreasing trend of
mean monthly discharge during winter was detectedetected mountain catchments in

Slovakia (Blahusiakova and Matouskova, 2015).

Speich et al. (2015) demonstrated the sensitivitgatichments in the Swiss Alps tbea
reduction of snow contribution to total runoff bppdying bivariate-mapping techniques.

FheThe combination of total runoff and snowmelteaned to be more sensitive to predicted

future changes of air temperature and precipitatiiam the combination of precipitation and

potential evapotranspiration (Speich et al. 20A8ditionally, theelevationbanrds-abeveband
betweenl000and 2500m a.s.l.ard-below-2500-werewdsund to beelativelymore sensitive

to future temperature and precipitation scenarln tlower elevatioreatehments.bands.

Further, Zappa and Kan (2007) demonstrated that the presehcabove-average snow
resources contributed to mitigating the effectghef 2003 summer drought in some high-
elevation areas within the Swiss Alps.

Snow conditions in winter can effect low flows dwgithe subsequent summer especially in
areas with large differences in winter and sumnrecipitation. The total amount of snow
precipitation in winter affects groundwater recleaegmd hence also runoff during dry summer
periods (Earman et al.,, 2006; Beaulieu et al., 20¢a@n Loon et al., 2015). While
meteorological drivers and overall catchment steragth affect the drought duration during
summer, seasonal storage in snow and glacierd #ftedrought deficit (Van Loon and Laaha,
2015). Howeverthe snow cannot solely explain the sensitivity to dyot) although higher
elevation catchmentse-generallyin the Swiss Alps were found tddss sensitive to drought

origi—as_(Staudinger et al., 2015). Additionallgpme modelling experimentsave

4
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shewnsuggesteldrger groundwater storages in higher elevatiorsSwatchmentg/hich may

additionally explain the lower sensitivity of highelevation catchments to low flows

(Staudinger and Seibert, 2033kaudingeret-al—20)5

Based on historical records from selected SiernzgaNa catchmenis the western USpevery

10% decrease in snow water equivalent maximum limgpeads to a decrease of 9-22% in
minimum runoff during summer months and the rumaifiimum occurs about 3-7 days earlier
(Godsey et al., 2014). Higher elevation catchmshtaved a longer memogffectto previous

seasons climate variabilithan lower elevation catchments (Cayan et al. 31 88dan-effect

efsome catchments in the Sierra Nevada mountaime afected bythe snowpack of the
preceding yeasnduringthe subsequent summer runefis-found-forseme-catchmentsin the
SierraNevada-meuntailf&odsey et al., 2014).

The above mentioneeksulisstudieshow that the influence of snow amount on earlyngp
discharge is widely studied and known. Howeverstilelack a quantitative assessment of the
sensitivity of summer low flows on snow conditidnem the preceding winter. In this study

the-atm-waswe warit) to quanUMheJeng%h@HhememepyLeﬁeePeﬁmdeuaLeam%&m

wshow long snowmelt

affects runoff after melt-oudnd 2) to estimate the sensitivity of the catchisiém changes in

snowpackWe benefit from a recently generated SWE datasethadilowed for an in-depth

analysis of snowpack changes and detection of ouglttatesOur study adds to earlier studies,

by focusing on the combined effect of snow ameérmerliquidprecipitationduring the warm

periodandtheirits varyingspatial-and-temperaknfluence—TFo-exploreimporgafae individual
catchments. Exploringhis combined effect iparticularly important espeetaliyin humid

regionsaswhere annual precipitation is approximately dguhstributed over the year, while

most studies were performed in climates with maasenal precipitation and/or smaller
precipitation amounts overalMereever (such as in the western USA). Furthegnare

deseribe-different-sensitivityset the sensitivitafslow flows to varying snow conditions in
catchments-with-differentcontext to simple catchtypropertiesvhich offers a way to indicate

regions that might become more vulnerable to druighthe future
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2 Material and methods

2.1 Study area

We selected 14 alpine and pre-alpine catchmer8svitzerland with a catchment aneanging
from 0.93 to 1577 ki (Fig. 1 and Table 1). Catchments as close as lgesg natural
conditions were selectad-minimize-the-effectof, i.e. streamflow is nemtural and no major
humanaetivity-en+unef.influences such as dams or watensfer are preserfurther, in the

studied catchments therersastlyzero or only a very small area covered by gladier2%,

with-the-exception-ofexcepip to 4% for Vorderrhein and Simme).

2.2 Data

Daily gridded precipitation and air temperatureadé by 2 knm resolution—which) were
obtained from the Swiss Federal Office of Meteoggl@and Climatology (MeteoSwiss; Frei
and Schar, 1998; Frei, 2034~ere) andaveraged over the catchment area for use in the
analyses. Daily snow water equivalent (SWE) dateewabso available as a gridded dataset with
a 1 by 1 km resolution. The SWE was calculated based on daibyv depth observations and

a snow density model (Jonas et al., 2009) usirggpotation and post-processing procedures
first presented in JOrg-Hess et al. (2014). st $tep, available station data were mapped to
a grid using de-trended distance weighting procesiihat were specifically adapted to
interpolate SWE data. To further account for changehe number of available snow stations,
the gridded dataset was homogenized using the itpiardpping method. Quantile mapping is
a statistical calibration method that allows acehaps to be improved based on fewer stations,
by accounting for persistent spatial patterns irpsnenat are based on a larger number of
stations. This procedure resulted in a homogeniizgdset that covers the period 1971-2012
and-the-months-Neovemberto-May-respectivelhis same data set has already been adopted
to update initial conditions of a hydrological mbdsed for ensemble monthly predictions of
SWE and runoff (Jorg-Hess et al., 2015). Furthéailieon the methodology used to process
the SWE data are available in Jorg-Hess et al.4R@thich further assessed the accuracy of

the homogenized maps. Additionalbgthers-shewed-the-first usage 0fJOorg-Hess eP@1.4)

usedthis SWE data to assess the influence of snowittonsl on summer low flows for a large

Swiss catchmenwith possible use for minimum spring and summaeaioffiforecast based on
SWE as the only predictor
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Daily discharge data were obtained from the SwesteFal Office for the Environment (BAFU).
Data from 1971 to 2012 were used in all analysiis-the-exception-ofexcepa few shorter
time series, as specified in Table 1.

2.3 Statistical analysis and assessment

We selected different predictors related to wirded spring meteorological conditions and

water storage conditions in the catchments (Taple 2

These predictors were tested to explain the vditialif three variables describing low flow

conditions: i) minimum 7-day moving average of gailischarge was calculated based on
BAFU data. Different sizes of the moving window Band 15 days) were tested without
significant influence on the results. ii) The ddyyear of 7-day minimum of discharge was
calculated from June to September to exclude lowdlbefore snowmelt or after the onset of
new winter snow accumulation. iii) Number of dagédwv a specified discharge threshold (25%

guantile of discharge from May to October).

We usedeightninevariables as predictors of future summer low flaiWable 2).Fhe-The

advantage of this choice of predictors is that @UWYE, precipitation, air temperature and runoff

data are needed for their calculation. These dataailable for many regions which allows to

test our methods also elsewhere with possiblef@ais ungauged catchments.

Late winter conditions were represented by niximum SWE before snowmelt onses
calculated using thabeve-describe8WE data from February to May-erdertorepresentlate
winter-spew-cenditiondNe used both the maximum SWE calculated as &mcmict mean and

the maximum SWE calculated from the highest 50%hefcatchment area, assuming that

snowpack at higher elevations melts later and cbelthore important for summer discharges.

The melt-out date was calculated from SWE datsefmh catchment and year. The melt-out

date was defined as the first occurrence of snew donditions (snow cover fraction less than

10%) after the day of maximum SWHEhe sum of positive SWE changes (sum of new snow)

and the sum of positive air temperatures were aseuell. Both variables were calculated as a
sum from November 1 to April 30.

While the variables related to snow describe tlaesof the individual catchment before
snowmelt, total winter precipitation calculatednfrdNovember 1 to April 30 describes the

available water amount from winter precipitatiorddiionally, we calculated the fraction of
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snowfall to total winter precipitation (S/P). Sinoéormation on whether precipitation occurred
as rain or snow was not available, we used a tbrestr temperature (1.1°C) to determine the

phase of precipitationChe threshold temperature near 1°C was used ®raleauthors (Dal,

2008; Feiccabrino and Lundberg, 2008) who used flam stations where the information

about phase of precipitation were available. Addiily, we tested different threshold

temperatures, and found no sensitivity of our tssoh an exact value.

The day of year with maximum SWE was used to shmwdependence of low flows on this
variable.Usingln this way, we could investigate if low flows occur later time year and if

theylow flowsare higher with later occurrence of maximum SWE.

A current precipitation indexCp; (Smakhtin and Masse, 2000) was used to describe th
influence of preceding liquid precipitation on Idlews. Cp; was calculated for each month

from June to September for the day when 7-day mimrdischarge occurred (Eq. 1).
Crity = Cpie-n K + Py, (1)

whereCpit) [Mmm] is Cp for dayt , P [mm] is the catchment precipitation for dagndK [-] is
the daily recession coefficient, which usually earfrom 0.85 to 0.98 (Smakhtin and Masse,
2000). We used K value of 0.93 in this study. The statistical modgéd in our study is not

sensitive to the exact value I§f

All parametersxeeptCpr-were calculated assuming a complete data series@idonally

considering only years with below-average sprind simmmer precipitationFhe-aim-was-to
separateBy doing thithe effect of spring and summer liquid precipdaton low flowscould

be separatednd thushighlightthe effect of snoweould be highlighted

To assess the relations between predictors andnsspvariables we used the Spearman rank
correlation coefficient and the bivariate lineagnession. Most ofhe predictors and response
variables were expressed as a percentage diffefemrethe mean value, which enabled a
comparison between individual catchments. The fimegression was computed from log-
transformed variables. Prediction intervals of éineegression were used, which allowed the
future observation aofhe response variable to be estimated. The R softwaeused for all

calculations in this study (http://www.r-projecigoy.

The slope of regression calculated using the nampeiric Theil-Sen method was used to
evaluate our statistical modelgie Theil-Sen slope is a median of slopes calculatecddah

pair of observations (Birsan et al., 2005; Pelbdciet al., 2010). The higher the value, the
8
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steeper the slope of regression and thussiae
andmore sensitive is tldependent variable (e.g. minimum dischakgehere-ebvious.to the

change of the independent variable (e.g. maximunEEWhe Theil-Sen linear regression

model is suitable for non-normally distributed daith outliers.

FheSimilar to the slope of regression, #lasticity index (Eg. 2) was used to describe how

sensitive the minimum discharge is to the chang8WE. The climate elasticity is often used
to describe sensitivity of streamflow to the chawofelimate variables (Andréassian et al.,
2015). A similar concept was used in this studydscribe what percentage change of minimum

discharge is caused by a defined percentage clumgaximum SWE (Eq. 2).
Elasticity = % change of minimum discharge/ % change of maximum SWE (2)

While the relationship between maximum SWE and mum discharge is usually not linear,
the elasticity index changes for different SWE dbiads. The elasticity index in this study is
usually lower than ,which means that a particular percentage chang@ximum SWE causes
a lower percentage change of minimum discharge eldsticity index was calculated from the
50% probability of prediction derived from the iadiual linear models.

The relative influence of snow and liquid precipdga during the warm season on low flows

was analyzed calculating scores for both SWE andEg. 3 and Eq. 4).

SWEscore = YL, (SWE; x Qmin;/100)/n (3)

Cprscore = Yy (Cpriy X Qmin;/100)/n (4)

whereSWE; is maximum SWE in year Omin is the 7-day minimum discharge irspecific

month of yeai andCpy(;_is the current precipitation index on the day wikinin occurs. All

input values are expressed as a percentage dié=feszm the mean (e.g.100% SWE 100%

represents the average maximum SWE in a catchnldw)higher the score, the stronger the

respective effect on low flows.

All analyses were done separately for each catchareimestlyalmost alfor the period May

to Septembeto highlight the changing importance of snow cimition to low flows in

different catchments and tima&nalyses of the combined effect of snow and tiqariecipitation

were made only for the period from June to Septepiiaeause liquid precipitation (expressed
asCpj) was not calculated for May. In May there is stilow in some catchments and including

it in Cp; would affeetcomplicatdhe interpretation of the results.
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3 Results

3.1 Correlation of selected predictors and response variables

Spearman rank correlation coefficients between ipitemd and response variables were

calculated separately for three elevation clasbaghé€st elevation catchments: above 2000

m a.s.l.; middle elevation catchments: 1300-2008.sd; low elevation catchments: 850-1300

m a.s.l) (Fig.2). .

Fable Using these three elevation classes showadging correlations for catchments in

different elevation and thus different influence ssfow storage on runoff. Spearman rank

correlation coefficients were displayed as heatmimoether with dendrograms showing

clusters of similar predictors and response vaemlFig. 2).

The maximum SWE (both averaged per catchment angper 50% of the catchment area)

O C - [ITtC O v - Ci Ci Ci

them-are-significant-at-the-0-051evelThere iegative-trend-in cases the best predictor for

higher elevation catchments during summer (Julylaied). Additionally, maximum SWE and

the sum of new SWE were better predictors than ewriprecipitation in snow dominated

catchments to predithe number of days witlischarge-below-the-specified-thresheld-in-case
of-low discharge (No. days < Q25%). On the contravinter precipitation was a better

predictor than maximum SWE for lower elevation batents (June to September) and for
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middle elevation catchments during spring (May, eJurFurthermore, the melt-out date

explained a relatively high portion of the intemanl variability during spring time for the

lower elevation catchments (~60%).

Minimum discharge and S/P were surprisingly weak dignificantly correlated (0.05 level)

from June to July (Fig. 2). Less prediction abilityboth higher and lower elevations could be

explained by a general reduced importance of smolewer elevation catchments and high

snowfall fraction (> 80%) in higher elevation cataénts with a consequent smaller variability

of snowfall fraction in higher than in lower elenat catchments.

The role of spring and summer liguid precipitati@xpressed a€p) changed both for

elevation classes and in different months showindeereasing importance of preceding

precipitation in the warm period from lower elewa$ to higher elevations and mcreasing

days importance from

June to September (Fig. 2). The correlation betwgedictors and the day of year with

minimum discharge changed for three elevation elssowing decreasing correlatiomish

SWE-related predictors and
increasing correlationsith alatereceurrence-of peak- SWE. preceding liguatipitation Cp)

from higher to lower elevations.

Despite the significance of the correlatidasnéd their values are not high which indicates that

low flows are influenced by more than a single afale _(maximum explained inter-annual

variability in the group was 60%)Additionally, some of the predictors are not miliua

independent (see dendrograms in Fig. 2). Since our focus pvasarily on middle and high

elevation catchments as well as on summer monthgimmum SWE seems to be the best

predictor, although differences are not large.

3.2 Influence of maximum SWE on low flows

Snow melt affects groundwater recharge and thasitan effect on low flow values even after
the melt-out of the snowpac
catchment-secale-and-have-to-be-simulated—Thus,ensad maximum SWE asvariable to

predict 7-day minimum discharge (Fig). Snow2-A-decrease-of-snomfluencedecreased
with time—is—seen—in_monthly progression as shownselected catchments representing

differenthigh, middle and lowlevation rangeg:or the three elevation ranges maximum SWE

differed not only in the overall amount but alsatghannual variability (Fig. 3).

11



~N o o WN

o

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31
32

Therelationshiprelationshipisetween the 7-day minimum discharge and maximunik $¥ig.
23) are characterized by a large variabilitgicating. This indicatethat only a certain portion

of low flow variability can be explained usinthe-maximum SWE. Coefficients of
determination (R were not higher than 0.65 for high elevation katents during late spring

and early summeHowever R
general, the data—Therefore,ability of maximum SWE to explainnimum discharges

decreased from June to September and from highewtr elevations.

The relationship between predictor and respondablarwere in more detail described e
Theil-Sen slope of the regression abgd the elasticity indexwere—used-to—describe—the

relationship-betweenpredictor-andresponse-var@ig. 3-and4,Fig. 45 and Fig.  Both

Theil-Sen Slope and elasticity describe the sessitof low flows to both decrease and

increase of maximum SWiEempared—to—the—mean—value—Fhe—sensitivity—ofividdal

1A me N alaa¥laYa a

The elasticity index for high (mean elevation higtian 2000 m a.s.l.), middle (mean elevation
between 1300 and 2000 m a.s.l) and low (mean ébevdietween 850 and 1300 m a.s.l.)

elevation catchments (Fig. 4) decreased progredsimg June to September. The elasticity

index for high elevation catchments was for eacmtimdigher than the elasticity index for

middle and low elevation catchments and the eigstindex of the middle elevation

catchments was higher than for the low elevatidgahraents. While the spread of the elasticity

indices per elevation class was about equal fdr Aigd middle elevation catchments the spread

for the low elevation increased progressing froomthao month. This means the general

sensitivity to SWE is lower for lower and middleghtion catchments than for high elevation

catchments and decreases for each class progréssimdune to September.

Theil-Sen slopes for each catchment and for evegkwWrom the beginning of May to the end
of September, allowed an analysis of gensitivity in terms of thenemory effect of each

catchment (Figd5). These weekly slopes describe how long water soow melt contributes
to runoff formation and thus how lomgrewsnowmelaffects low flows. With this approach, a
significant effect of snow on low flows became blsi during the whole summer and until
September for catchments higher than 2000 m ggil.5).Snow affected low flows until July
in catchments with mean catchment elevation inréimge of 1500 to 2000 m a.s.l. However,

12
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snow did not affect summer low flow (July to Sepbem) in catchments lower than 1500 m
a.s.l. Here, snow affected low flows during May dade only, which is probably caused mostly
by lower SWE (maximum less than 250 mm).

Fhe-effectThere was a clearly longer snowmelt d¢oution to minimum discharges in higher
elevation catchments even when differeigih-peakmelt-out dates (black points in the Fig. 5

were considered. This could be related to morelahai water released from snow in higher

elevation catchments despite their steeper slopéslaallow soils. The negative correlations

in some of the lower elevation catchments (usuadly statistically significant) indicates a

mixed effect of snow and liguid precipitation irettvarm season.

Additionally, Theil-Sen slopes for each catchmamd for every week from the beginning of

May to the end of September were calculated anthsmintext to the melt-out days only for

situations with dry preceding conditions, i.e. wHaquid precipitation prior to minimum

discharge in a specific week was below averageilfeesot shown in the paper). Considering

only these situations, the sensitivity of minimuimsctharges to maximurBWE isincreased.

This was due to the reduced influence of liguidcimigation in the warm season. As a

conseguence, snow became maneportant for groundwater recharge ardus any

decreasel/increase of snow storage in individual sesulted in a more sensitive response of

minimum discharge.

The sensitivity as described by Theil-Sen slopaadifZidual catchments strongly depends on

catchment properties, such as mean catchment ieleyvataximum SWE and S/P (Table 3).

The significant positive correlations (Table 3) ignthat the sensitivity of minimum discharge

to maximum SWE increases with increasing value h&f tatchment property. Summer

minimum discharges in higher elevation catchmerith steep slopes, high drainage density

and high maximum SWE were more sensitive to maxin@WWE changes than minimum

discharges in lower and less steep catchmentslovithr drainage density and low maximum

SWE (Table 3). These correlations clearly varied ddferent months and reached their

maximum in July and Auqust and they decreased wieBgher. Maximum SWE affects

groundwater recharge amfluences mainly the volume of water in the growater zoneFhe

effect-of-elevationElevatiomfluences mainly the timing of snowmelt with latenowmelt
onset in higher elevations. Thus, the water infiat the groundwater zone occurs later in

spring and it is distributed over a longer timeipeérFherefore,Which is whygroundwater

recharge from snow affects low flows even in latmmer.Maximum SWE shows significant

13
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correlations in June through September, while wingeecipitation was not significantly

correlated to the Theil-Sen slopes (Table 3). Addélly, Spearman rank correlations were not

significant with regard to catchment area.

The elasticity calculated for the 50% probabilifypcediction enables us to describe the impact
of future changes of snowpack either due to nammalial variability or due ttrepredicted
climate change (Fige)—thrcase-ofbasins6). For catchmemigher than 2000 m a.s.l., every
decrease of the maximum SWE by 10% will cause eedse of minimum discharge in July by

6% to 9% (Fig56, top right). This means that the decrease of minindischarge is almost
proportional to the decrease of SWE in some ca3ea Da Cluozza and Ova dal Fuorn). For
catchments with a mean elevation between 1500 @664 & a.s.l, the decrease of minimum
discharge ranges from 2% (Grande Eau) to 5% (Simnibg lowest catchments are
characterized with even lower values indicating Hray decrease of maximum SWE will not
significantly affect low flows at least from July September. However, there is some small
effect during June (Fig6, top left). Generally, the sensitivity of low fleno the change of
SWE increases with elevation and decreases from ttuSeptember. However, the elasticity

is not linear and the decrease of low flows acedésrwith decreasing SWE.

Fhe-veolume-ofaceumulated-snowMaximum SWéEeach catchment impacted the day of year
with minimum discharge (Fig)-—Fhe7). Ouhypothesis was that minimum summer discharge

would occur later in the year for highgeakmaximumSWE. However, later low flow
occurrence may be additionally influenced by arlatelt-out and thus later maximum of
groundwater storage. Low flows occurred in Septendel October for higher elevation

catchments with a higher SWE maximuffig. 7, brown points)in contrast, July and August

are typical months for low flow occurrences for Evelevation catchments with lower SWE

maximum_(Fig. 7, green points)On average, every decreasep@akmaximumSWE by

100 mm resulted imareffdischargeminima occurring about 12 days earlier. Howeveter-
annual variability markedly increases in lower aligan catchments indicating an increasing

role of summer precipitation.

3.3 Combined effect of snow conditions and preceding precipitation on

summer low flows

Snow is an important component for groundwater aegh during the snowmelt period.

However, the relation between snow and minimumbdisge during the summer period is not

14
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often clear and may be overlaid by several othetofa, mostly precipitation after melt-out. To
demonstrate the combined effect of snow and pr@atiph on summer low flows, three snow-
dominated catchments in high and middle elevatif@ga da Cluozza, Vorderrhein and

Limpenenbach) were selectesltypical representativasdthenfurther analyzed.

For low Cp, yearswith-lower-than—averagepreceding—precipitatisnow became a better

predictor to explain the variability of minimum disarge indicated by steeper regression slopes

and higher coefficients of Spearman rank corretafieig. 78, top). Minimum discharges did

not decrease much with a low SWE aithve-average-preceding-precipitationh@h (top
plots, bluedashedines). However, snow was more important $geations—withlow liguid

precipitation—h-these-cas€s, years, whereninimum discharges were more sensitive to the
change of summer precipitation (top pletsisolidlines).

The minimum discharge decreased significantly imrgewith lower than averag8WEe
maximum SWE and average preceding precipitation compared #ysyaith higher than
average SWE maximum and same amount of precedaugpgation (Fig#8, bottom). For the
Ova da Cluozza catchment, as an example, and evimgjdonly years with above-average
SWE maximum, there is a 50% probability that giaeraverage preceding precipitation there
will be a 7-day minimum discharge equal or highemt 107% of its normal in July. On the
contrary, considering years with below-average SWéimum, the 7-day minimum discharge
will decrease to 75% of its normal level. Similaaages are predicted both for higher elevation
catchments and lower elevation catchments, althaughe latter this decrease is somewhat

smaller.

The combined effect of snow and liquid precipitatan low flows was analyzed using “score
plots”. In these plots the position of each catchineshown according to its average influence
of snow and precipitation on the 7-day minimum désge separately for the period from June
to September (Fig)—Fhe-SWE-seore{(x-axis)aneiSecore{y-axis)were-caleulated-aceording
to-the following-equations{EQ.98-and-Ea-4).

SWEscore = YL, (SWE; x Qmin;/100)/n )

Cpyscore = NI, (Cpyzy X Qmin;/100)/n 4
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Points located below the=x line indicate catchments where snow has a straeffeet on low

flows compared to rain. Catchments with a meanagien higher than 1600 m a.s.l in June and
July and higher than 2000 m a.s.l in August aré&calpepresentatives for a stronger effect of

snow (Fig. 9, brown points)Points located above the line indicate catchmeiitsa stronger

effect of rain on low flows (lower elevation catcénts in June, July and August and all

catchments in SeptembeProgressing from June to September the relatieetsdn low flows

shifted from the highest elevation catchments shqwai stronger effect of snow and a weaker

effect of liquid precipitation which is reversed Bgptember.

4 Discussion

4.1 The role of catchment properties

related-to-the-winter-perioBased on our results it seems that dependeheiegeen predictors

and response variablesay be connected to catchment properties and teinréavers to some

degree, such as elevation and thus maximum SWES#&hdHowever, the variability of low

flows cannot be explained by one single parameteich are indicated by relatively low values

of Spearman rank correlatigdespite-theirprevating-sighificance-at-0-01dy

The correlation of the dependencies of summer lmwds on catchment elevation can be
explained by lower air temperature in higher elemvaand thus more snow accumulation and
may be supported by results of Birsan et al. (200% Staudinger et al. (2015) in Swiss
catchments. Staudinger et al. (2015) showed tigaiehielevation and steeper catchments were
less sensitive to droughts mainly because of ar#asing snow influence but also because of
potentially larger storages for the higher elevatcatchments of the selection. Our results
showed that this sensitivity might increase witlerdasing SWE either due to natural annual
variability or due to climate change.

The elevation was also related to the memory eftéandividual catchments which was
generally longer for the highest elevation catchimeathan for middle or low elevation

catchments. However, even with the highest elematiatchments, we did not find any
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significant correlations of snow and minimum disgjes in October and later. In contrast,

Godsey et al. (2014) found significant correlatienen with the previous year's snowpack for

some catchments in the westé&is-

A longer memory effect in catchments with highesvation is not only connected to higher
snowpack accumulations but also to the simple tfeatt snowmelt occurs later in spring and
persists longer compared to catchments in lowaaéltens (often until late spring or even early
summer). The dependence of the day of year of &ék on day of year of minimum discharge
was confirmed in our study. Similar dependencesvieund also in Whitaker et al. (2008),

using the timing of the first significant snowmeltent instead of the day of year of peak SWE.
A negative trend in the number of days with disgeabelow specified threshold in case of
increasing peak SWE was proved. A 25% quantilesaficairge from May to October was used

in this study. A 10% quantile was also tested aothdl to have only minor impact on the results.

As documented by Beaulieu et al. (2012) in Britablumbia, snow from headwater parts of
catchments contributes significantly to base flowlower parts of the catchments during
summer. Earlier snowmelt onset and thus decreasgenainum streamflow has been observed
(Jefferson, 2011) and a further shift of snowmalards earlier spring is predicted (Cayan et
al., 2001; Barnett et al., 2005; Stewart et alQ22Mavay et al., 2009; Godsey et al., 2014).

Al Ceeonnecos ol clpno e oo nc

Of course there are many other factors togethdr snibw in winter that influence and can

explain low flow conditions in summer. For instaneeapotranspiration may change from year

to year. In this study we did not do a thorougHhysiga of potential and actual evapotranspiration

because of a lack of available data. However, wadEmce component estimates for the entire

Switzerland during the last 100 years show thatiahprecipitation and runoff vary far more

than evaporation (Hubacher and Schadler, 2010erGilvat, we expect that variations of ET

from year to year are relatively minor compare@hanges in SWE and if there are any, than
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we would expect more actual evapotranspiration et wears and less in dry ones. This

feedback leads to the hypothesis that actual exepgdiration is less useful as predictor for

low flows. We tested also drainage density to antdor landscape draining properties (e.g.

Tague and Grant, 2004) and found significant cati@h of low flow sensitivity to the change

of maximum SWE (Table 3). Draining properties ttgetwith catchment storage properties

may help understanding the process causality lgadisummer low flow. Combining this kind

of catchment properties with the snow informatianmbe useful for prediction. However, in

this study we explored and guantified the geneepetidency and sensitivity to winter

snowpack in humid reqgions.

However, the results presented in this study doemptain the process causality in detail. It

means we quantified the relations based on datased, but process-based understanding at

the catchment scale is limited and has to be furthestigated.

4.2 Influence of changing snow conditions

The influence of snow conditions on summer low flell likely decrease due to predicted air
temperature increase during winter and thus theedse of S/P ratio and SWE in middle
elevations. The snow fraction has an importantceié@ not only annual discharge (Berghuijs
et al., 2014; Speich et al., 2015; Zhang et al152(but also on summer low flows as
documented by Godsey et al. (2014) in the west&and Laghari et al. (2012) in Austria. Our

results are similar fonigh and mid elevatiogatchments in Switzerland, and based on these

studies, we may conclude that summer low flows sagaificantly sensitive to any SWE
changes. Althoughour study did not focus on existing trends in data expect a reducing
effect of snow on late summer low flows in the ld@ghelevation catchments. This reduction
might increase problems with water availabilityaiffiected regions.

We did not explore possible impact of climate clmog SWE and minimum discharges, such

as relations between possible warming in the oedsdsn and minimum discharges in the warm

season or explore if any SWE decrease will occlatad to it. However if there was a SWE

decrease, then the same percentage decrease oihS\¢gRer elevation catchments will result

in a stronger percentage decrease of minimum digebdhan the same percentage decrease of

SWE in lower elevation catchments (see Fig. 6 shoulhe elasticity).

In this study we looked at catchment mean elevatand for some analyses we also classified

catchments as high, mid or low elevation catchmeéntpractice this might be oversimplified
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as there is generally a large gradient of predipitaand S/P ratios across elevation. Hence,

also depending on the percentage of a catchmenisthell below 0°C for most of the winter

even with warming conditions the effect of SWE daies will be more or less strong.

Nevertheless, we argue that the guantification otkthtroduced in this study could be applied

also for a more discretized set up with regarcetevant elevation zones.

4.3 Combined effect of snow and precipitation

The correlation between minimum discharge and mamrBWE considering years with little
rain; was higher than in years with a lot of rain. Ldewfs are usually higher during years with
above-average snow conditions. Even in the cakwidintecedent precipitation, low flow was
higher than in years with below-average snow camut Therefore, snow plays an important
role, although below-average snow conditions doneaessarily indicate below-average low
flows. Preceding precipitation seems to be moreomant in this case. Because of the combined
effect of snow and summer precipitation on summerflows, snow-related parameters cannot

fully explain the annual variability of low flowis humid regiongs documented by Godsey et

al. (2014)or strongly seasonal regioasen for the highest elevation catchments. Nevieske
most of detected trends in our stugging-TFhel-Sen-slepayere significant at less than the

0.05 leve] showing the significant influence of snow on suenhow flows

The decrease ohaximumSWE and snowfall fraction increased the relatpartance of rain

during summer and rain thus became a relativelyemimportant source for groundwater

rechargeAOur results showed that tleentinuous decrease ofaximumSWE and snowfall
fraction in the future might increase the sengiiaf catchments in mid and high elevations to

hydrological droughts. This conclusion is in ac@rce with results of Birsan et al. (2005).

We chose the period from May to September to shHwmevchanging importance of snow

contribution to low flows in different catchmenbgith in lower and higher elevations. We also

tested the effect of maximum SWE on summer minindisoharge (June-August, not shown

in this paper). The results for most of catchmangsvery similar to existing relations calculated

for August because most of summer minimum disclsaogeur in Auqust. Clearly we see the

lowest summer flow as a compelling response vagjaiiiven the water management interest

and possible issues connected to it. Howeverhfdevelopment of the role of snow compared

to liquid precipitation this one response variablaot sufficient.
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Our results do not provide a general answer togtestion whether snow storage is more

important than precipitation. Due to moderate hudfiithate in Switzerland with precipitation

almost equally distributed in a year (opposite &stern US), the aim was to show the combined

effect of snow and liquid precipitation and théiaaging role in time (in different months) and

in catchments with different elevation. Summer fmiéation in Switzerland is relatively higher

than summer precipitation in the western USA argh®wn in our study, summer precipitation

dominates over the effect of snow, especially withincreasing time from the snowmelt period

and with decreasing elevation. This combined effeqgilains the contrary results for the

western USA and Switzerland.

4.4 Practical use of a guantification of snow influence on summer low flows

We used winter precipitation as a predictor ancewmected similar results as using maximum

SWE as predictor. Winter precipitation (from Novemto April) is highly correlated with

SWE and we expect increasing mutual correlatiorhfoher elevation catchments with higher

S/P. Despite higher correlations in some cases figve consider winter precipitation to be

less suitable as a predictor than maximum SWE. Mawmi SWE showed significant

correlations with the Theil-Sen slopes in JuneublbSeptember, while winter precipitation

was not significantly correlated to any of theses#gvity parameters (Table 3). Additionally,

winter precipitation is not corrected for undertatd snowfall. Thus, we expect larger errors

varying between stations according to site conadtiand wind speed. Given these facts and

given that maximum SWE showed better predictiotitgliompared to winter precipitation

for higher elevation catchments maximum SWE seemiset suitable predictor for forecast

models. Hence, we believe that SWE data offersaa@h to improve hydrological prediction

models.

Our results quantified the effect of snow on minimdischarges when liquid precipitation is

below average (or opposite, when SWE is below aras documented in Fig. 8. This could

increase the reliability of predictions of minimutischarge during summer. Additionally, we

provided information about sensitivity of low floim individual catchments to changes in

maximum SWE using prediction intervals showing 5080 probability as well as prediction

bands enabling the prediction of future observatiith this approach, it was possible to

quantify not only the effect of snow storage onimum discharge, but also on other low flow
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parameters, such as length of the period with miningdischarge, day of year of minimum

discharge occurrence and number of days belowafiguerunoff threshold.

We used new SWE data covering the entire SwitzérlBrom our study we see a big potential

to use this data for instance to regionalize thehmaent sensitivity and the length of snowmelt

contribution to runoff in poorly gauged areas.

5 Conclusions

Fhisln this study we describedand quantifiedthe influence of winter and spring snow

conditions on summer low flows. Specifically, wevéistigated the memory effect related to
snow influence in runoff and the sensitivity of techments to low flow reduction due to any

change of snowpack. The main conclusions are tle\ing:

=—SnewSnowmeltsignificantly affectediew—fHowsminimum dischargein May to

September (with decreasing importance) for catchsneigher than 2000 m a.s.l., up
to, in July and August in mid-elevation catchmeamsl only in June and July in the
lowest elevation catchments.

— _The sensitivity of low flows to maximum annual SWE&s higher for catchments at
higher elevation.

- Low flows occurred later in the year for years wattove average snow accumulations.

AConsidering the mean day of minimum discharge oeaice in all study catchments,

a decrease of maximum snow accumulations by 100 esulted in earlier runoff
minima by 12 days.

- Maximum SWE showed the best prediction ability frathwinter-related predictors

used in this study especially for higher elevattatchments. Applicable results were

achieved also with winter precipitation (Novembayri). However, winter

precipitation is not suitable to describe the cateht sensitivity and they are not

corrected for undercatch. Thus, using maximum S¥Wecommendable for sensitivity

studies.
— Snow and summer precipitation had a combined efiestummer low flows, and snow

accumulationalone cannotaleneexplain the annual variability of low flows even in

high-elevation catchments. Snow was a better piadior the variability of low flows

when only years with lower than average precediregipitation were considered.
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However, even if both snow and liquid precipitateme considered, there is still some

portion of annual variability which cannot be exp&d by these two predictors.

- mallervalbes—fo WE-and-snowia actionweetalied-to-an-increasedrelative

importance-of rain-during-summerforlow-flows.Suerow flows are significantly

sensitive to any SWE changes. Thus, a reducinagtedfiesnow on late summer low

flows in highest elevation catchments is expecissl td predicted climate changés

a consequence the sensitivity of catchments in m@ndi high elevations to
meteorological droughts might increase.
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1 Tables

2 Table 1. Study catchments and selected charaatsr{(§&/P refers to the ratio of snowfall to

3 total precipitation).

Data
. . Winter ;
Catchment Area Mea_n Elevation Mean Me Mean Mean s/p recipit peroe
(gauging station) (km?  elevation range slope density SWEna melt-out [ p—gation dfrom
) (masl) (mas.l) © (kmkm® 4 (mm) ——— (mm (to

2012)
Dischmabach 1971
(Davos) 42.9 2368 1667-3138 22.9 4.44 484 26 Jun 0.97 365 2012
Ova Da Cluozza 1971
(Zemez) 27.0 2361 1507-3160 26.8 3.75 339 22 Jun 0.98 349 2012
Ova Dal Fuorn 1971
(Zemez) 55.3 2328 1706-3156 18.9 3.59 339 15 Jun 0.97 338 2012
Hinterrhein 1974

(Fiirstenau) 1577 2113 649-3406 21.9 3.64 333 1 Jul 0.91 403
Vorderrhein 1971
(lanz) 774 2023 691-3605 23.0 3.69 391 27 Jul 0.88 627 2012
Riale di Calneggia 1971
(Cavergno) 23.9 1986 883-2911 29.1 3.87 423 15 Jun 0.88 790 2012
Allenbach 1971
(Adelboden) 28.8 1851 1296-2753 19.7 3.94 351 17 Jun 0.78 720 2012
. ] 1971
Simme (Oberwil) 344 1632 776-3242 18.1 3.54 530 16 Jul 0.74 729 2012
Grande Eau 1971
(Aigle) 132 1557 417-3204 21.1 3.50 249 28 Jun 0.71 789 2012
. 1974

Limpenenbach 0.93 1318 1100-1515 15.1 323.11 207 10 May 059 883
. 1975

Emme (Eggiwil) 124 1275 581-2220 14.2 3.44 185 17 May  0.59 680
. 1971
Sitter (Appenzell) 74.4 1247 769-2501 17.8 3.56 193 25 May 0.62 787 2012
Sense 1971
(Thorishaus) 351 1068 551-2181 9.9 953.14 94 8 May 0.39 588 5012
. 1971+
Gurbe (Belp) 116 845 518-2169 8.7 352 51 28 Apr 0.41 551 2012

28



1 Table 2. Predictor and response variables usedalyses.

Predictor variables Response variables

Maximum of SWE during winter before meltingMinimum of 7-day moving average of discharge
(catchment mean)

Maximum of SWE during winter before meltingDay of yeafDOY) with 7-day minimum of discharge
(SWE mean calculated from higher situated 50% of
catchment area)

Sum—of-winter—precipitation{Nevember-April)Melt-Number of days below specified runoff threshold

out date (Snow-free date) (25% quantile of runoff from May to October used)

Sum of winter precipitation (November-April)

Rate of snowfall vs. total winter precipitation ¥/

Sum of positive SWE changes from November to
April

Sum of positive air temperatures from November to
April

Current precipitation inde€p; (Smakhtin and Masse,
2000)

Day of yeafDOY) with maximum SWE
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1 Table 3.Spearman rank correlation coefficients for thatieh between catchment properties
2 and Theil-Sen slopes (TS), which were compute@é$sessing the low flow sensitivity to peak
3 SWE. Statistically significant correlations (at ;@5 level) are shown in bold.

Catchment property TS May TSJURS Jul TS Aug TS Sep

Area 0.18 0.02 -0.12 -0.17 0.16
Elevation -0.09 058 088 0.80 0.52
Slope 0.07 0.28 083 0.73 0.49
Drainage density  -0.42 052 060 0.74 0.42
Maximum SWE 0.00 0.67 0.60 0.57 0.66
S/IP -0.13 0.62 0.87 0.84 0.54
Winter precipitation 0.41 -0.29 -0.32 -0.39 -0.17
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Figure 3.Dependence of 7-day minimum discharge on maximit $or individual months.
Top: Ova da Cluozza River representing a high él@vacatchment with a mean catchment
elevation of 2361 m a.s.l., correlations from MaySeptember are statistically significant
(0.05 level). Middle: Simme River, representing aldfe elevation catchment with a mean
catchment elevation of 1632 m a.s.l., correlatifstosn May to June are significant. Bottom:
Sitter River as a representative of a low elevatiaithment with a mean catchment elevation
of 1247 m a.s.l., only the correlation in May igrsficant. Solid lines represent the low flow

occurring with a 50% probability, dotted lines repent the 95% prediction interval.
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Figure 78. Top plots: 7-day minimum discharge in July agaimsximum SWE for years
grouped according to the current precipitation ind&. Bottom plots: 7-day minimum
discharge in July against current precipitationeidp for years grouped according to
maximum SWE in-beoth-cases-blue—colorindicatesLines repredemtminimum discharge

occurring with a 50% probability;s rrepresents Spearman rank correlation coefficient.

Transparent circles and dashed lines indige@rs with above average values aad-celor

indicatesblack points and solid lines indicggars with below average values.
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Figure89. Score plots indicating the combined effect ofveramd liquid precipitation on low
flows in the different months (four plots for JutteSeptember). Points below the one-to-one
line indicate catchments with a stronger effecBWE on low flows compared to spring and
summer precipitation (expressedGag and vice versa. The color of thgmbelscirclandicates
the catchmentgroup according to meaglevation (dark brownkighest—dark>2000 m a.s.l.;
light brown: 1300-2000 m a.s.greeniewest)}.<1300 m a.s.l.).
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