We would like to thank the Editor for pointing out two interesting areas to focus
on. Regarding the first one, we added Section 5, Future Work, which - besides
some general suggestions - points out specific issues raised in the review
(addition of indices such as the SPEI, further work on snow) and issues identified
thanks to the review (need for more aquifer properties and testing it in regions
with differing aquifer properties). The changes made in response to the
suggestions by the Editor and the reviewers have also helped providing a clearer
description of the new knowledge provided by our paper, and this is further
supported by additional modifications in the abstract and the conclusion section.

Regarding the second comment by the Editor and the related Referee comment,
we have added the available information about aquifer properties to Section 2.1.
In general, our subregions are unconfined and of a similar hydraulic conductivity,
but given their sedimentation history, certain irregularities are to be assumed,
but can not be pinpointed to a specific time series. This additional data enabled
us to add the concept of aquifer response time to the discussion given in Sections
4.3 and 4.4, which offers an explanation for the changes in correlations observed
under drought, flood, snow rich and poor conditions. The small subset of the deep
wells in the Aichfeld subregion is likely confined or semi confined, so the resulting
expected increase in diffusivity and thus reduction in response times offers an
explanation for the consistent high correlations of those wells SGI time series,
especially so under flood conditions (see Section 4.3). This is now also highlighted
in the conclusions.

We have updated our manuscript, following the comments of the reviewers and
our replies to them. In our manuscript, the changes are highlighted in red and
blue. Further - where applicable - we have added green markers to make it easier
to link a change to a specific comment by Referee #1 (C1-...) and Referee #2
(C2-...).

Following below, are the original comments (C: cursive) and our replies to them
(R: normal font) and further comments regarding the implemented changes as
well as page and line numbers where applicable (R: blue font).

Reply to Anonymous Referee #1, Received and published: 30 September 2016:

C:1. According to the first sentence of the abstract, the paper aims at “improving the
understanding how aquifers in different alluvial settings respond to extreme events in a
changing environment”. This is a highly relevant and interesting topic. The authors performed
a comprehensive correlation analysis of time series of SPI, SGI and SRSI for

numerous sites in three different subregions in the Mur catchment. In fact a thorough
correlation analysis can be a powerful first step. This study, however, is limited to the
description of the correlation matrices and speculation about the reasons of the identified
correlation patterns rather than providing a sound test of hypotheses or clearly

identifying single processes (see below). The authors often emphasize that observed
similarities might reflect the interplay of various effects. That has been known for long.
However, rather than speculating about different effects there is urgent need for disentangling
these different effects. Unfortunately, this paper falls short of the mark in this

regard.

R: The aim of our paper is to provide a tool for this important first step by enabling a
qualitative view on differences and similarities, instead of discussing all the possible
phenomena. The disentangling can be a following step (see also C2 and C6 by reviewer 2).



However, we do agree that there is a need to add some more quantitative information (see
also C4 by reviewer 1) and more care in the wording (see C3 by reviewer 1). Thus we will
revise parts of the manuscript accordingly.

R: We have added quantitative information about the significance of differences and changes
of the correlations and about the aquifer properties including a brief discussion on aquifer
response times. See the responses below for more details.

C:2. Time series of the SPI were used to assess the role of climatic drivers for groundwater
level and river stage dynamics. | would assume that snow melt would play a major

role for river discharge and groundwater dynamics in this alpine catchment which is not
accounted for, especially for the upstream parts (cf. p. 21, 1. 7-8 and p. 24, |. 12-13).
Correspondingly, the observed long-term increase of correlation between SPI and SGI

or SRSI (Fig. 4) could indicate a long-term tendency of decreasing snow cover. In

addition, unlike the SPEI (Vicente-Serrano et al. 2010, Journal of Climatology), SPI

does not account for evapotranspiration which is assumed to play an increasing role

with regard to drought risk due to climate change.

R: We do agree that snow could be an important factor when assessing the long term
development of the area. Nevertheless, we decided to omit snow cover since it is an
intermittent dataset by its nature and thus not fitting for our chosen method of using
correlation matrices. It is expected that the SPI values based on averaging periods of several
months (e.g. SPI6) are unaffected by intermittent snow cover and melt effects, probably in
part explaining their higher correlations with SGI (compared with shorter averaging periods,
e.g. SPI1). We intend to look more closely at the snow data of the study areas, and will add
this to the discussion of our results and observations.

We also agree that, in general, changes in evapotranspiration potentially affect groundwater
levels. Temperature-based approaches, such as that included in the SPEI, can be used for
considering these effects in a simplified way, although it is known that other factors (e.g., wind
speed, response of vegetation to climate change, etc.) may be important when assessing
changes in evapotranspiration (see e.g. “Global review and synthesis of trends in observed
terrestrial near-surface wind speeds: Implications for evaporation,” McVicar et al., J. Hydrol.,
2012 and “Projected increase in continental runoff due to plant responses to increasing carbon
dioxide,” Betts et al., Nature, 2007). Ignoring other effects, higher temperature would result in
higher evapotranspiration and thus potentially less correlation of SPI with SGI. In the given
case, however, the Leibnitzer Feld area shows the highest temperature, but also the highest
correlations between SPI and SGI. Which suggests that evapotranspiration cannot explain the
observed differences between the study areas. We intend to add a brief discussion of this
subject to the paper.

R: We have added an extensive discussion of snow to our manuscript, mainly regarding the
effects of snow rich and snow poor years. Most of this is found in the new Sections 3.3 and 4.3.
Since snow data is not feasible to be used with the standardization approach we used, we also
suggest that a Standardized Snow Index could be developed (see Section 5).

Whereas the discussion of snow provides important additional insight into the precipitation
data and the corresponding index SPI, a more extensive discussion of evapotranspiration and
the SPEI is beyond the scope of this paper. We are interested in the propagation of drought
from the atmosphere (and river) to the groundwater. The soil is an important intermediate
step and closely related to actual evapotranspiration. However, as the data set to our disposal
does not provide soil moisture data, any discussion about actual evapotranspiration would
remain speculative. As mentioned in our answer above, we agree that exploring the SPEI
generally might be interesting, but since this paper is focused on data analysis rather than on
the development or assessment of indices (apart from those directly representing the data
used herein) we only refer to this as future work (see Section 5).

C:3. P. 2, I. 6-7: It is stated that “the river is generally found to be a dominant factor,
frequently affecting not only the wells closest to the river, but also more distant parts
of the alluvial aquifer.” Correlation or coincidence does not necessarily imply a causal
relationship. In addition, the term “dominant” implies that river stage dynamics would
explain a large fraction of the variance in a statistical sense. But that has actually not
been quantified in the study. Approaches like that followed by Longuevergne et al.
(2007, Water Resources Research) are much more powerful in this regard and would
in fact allow to disentangle different effects in a quantitative way.



R: We assume the reviewer is talking about lines 6-7 on page 1.We agree that this sentence
can be worded more carefully. We suggest changing it to “river stages exhibit highest
correlations with groundwater levels, frequently affecting...”

Applying methods like the KLT described by Longuevergne et al. would be a promising next
step, but this is beyond the scope of this paper.

R: Changed as indicated in our answer above. See page 1, lines 6-7 and Section 5.

C:4. Comparing the correlation matrices for different groups of measurement sites, for the
flood year and the drought year, or for different 12-year periods, etc., the stated differences
should be tested for significance. The same holds to stated causal relationships,

where possible.

R: We agree that testing the significances of the differences would be a valuable addition to
the manuscript. We will revise it accordingly.

R: We have added extensive information about the significances of mentioned changes (t-
tests). Further we have tried to standardize our wording and have thus changed, added or
removed some words throughout the manuscript.

In order to have the changes and significances at a convenient location, we have added Table
5 for the changes between the three time periods and Tables 3 and 4 for the changes between
flood and drought and the newly added snow rich and snow poor years.

C:5.P. 4, 1. 25: | guess you mean “facies”, not “faces”.

R: In this area, the valley sides are partly made up out of cliffs and rock faces, thus the use of
the term “face”. To avoid misunderstandings, we would suggest changing the sentence to
“From the town of Bruck an der Mur at the beginning, the valley is incised into
metamorphic gneisses, amphibolites and shists of the Austroalpine crystalline basement.”

R: Changed as indicated in our answer above. See page 5, line 6.

C:6. P. 5, 1. 20-21: Shouldn’t elevation rather decrease from North to South, that is, along
the river flow direction?

R: Thank you for pointing out this error. The terms “northern” and “southern” got erroneously
switched in our manuscript and will be changed.

R: Changed as indicated in our answer above. See page 6 line 7.
C:7.P. 8, 1. 16-19: You mean lag times of maximum correlation?

R: Yes. We would suggest changing the first sentence to “According to Vekerdy and Meijerink
(1998), highest correlations between daily river stages and groundwater levels in
distances similar to those relevant for this paper are mostly found for lag times below 30
days”

R: We have implemented the change (see page 9, line 18 ff) and added a discussion of lag
times and our reasons to use no lag times to this Section 2.3.

C:8. P. 8, I. 21-23: The “mirror symmetry” needs not to be mentioned explicitly because
it is an inherent feature of correlation matrices.

R: While this is the case, it seems that correlations matrices might require some more
explanation. We suggest wording our description in the main body of text more concisely,
while adding an appendix, with more information about correlation matrices. See also our
reply to C3 and C14 by reviewer 2.

R: We have shortened the section in question (see Section 2.3), as well as the description of
Figure 2 regarding the description of the correlation matrices, but have added an extensive
description in the new Appendix A.



C:9. P. 9, caption of figure 2: | suggest to change the first sentence to “Correlation matrices
for the three subregions (left panel) and time series of standardized groundwater

head, SPI and SRSI (right panel)”. The second sentence of the figure caption can be
deleted. The labels of the colour scales in the figure are much too small.

R: We agree that the labels or the color scales and some other aspects of the figure(s) are too
small and will change them accordingly. For the other issues, please see above.

R: Changed as indicated in our answer above. See Figure 2.
C:10. P. 10, caption of table 2: What do you mean by “precipitation averaging periods”?

R: By this we mean the averaging periods in the SPI. We will check the manuscript for
consistency in the use of “Precipitation” and “SPI".

R: We have added this term (as introduced in the McKee (1993) paper) to section 2.2.1 (see
page 8, line 16), so that it’s use/meaning will be clearer.

C:11.P 17,1 14-20: The authors argue that poor correlation between SPI and SRS/

is due to the fact that river stage reflects more patterns of rainfall in upstream parts

of the catchment rather than local precipitation. They do not provide any evidence for
that. | would assume that snow melt plays a major role in parts of the alpine catchment
that is not accounted for by the SPI. In addition, the low-pass filtering of the temporal
pattern of rainfall is the strongest in the uppermost soil layer and has a major effect
even on the probability distribution of the resulting groundwater and river stage data,
thus presumably resulting in poor correlation between SPI and SGI or SRSI.

R: We will address snow (see also C2 by reviewer 1) and further investigate the connection
between the subregions. Evidently, the runoff process and thus the correlation between SPI
and SRSl is also influenced by the soil. We agree that the contribution of the various factors
cannot be disentangled with the data and approaches used in the paper and therefore will
consider rewording this passage.

R: We have added some discussion of the connection of the different stretches of river to
Section 4.1 (see page 23, line 10 ff.). We found that the differences between the different
gauging stations are not significant, which we deem to support our argument. Further, we
have added an extensive discussion of snow to our manuscript, mainly regarding the effects of
snow rich and snow poor years. Most of this is found in the new Sections 3.3 and 4.3.

C:12. Fig. 5-7: | guess that the respective indices have been determined for each site
separately and have then been averaged rather than first averaging the measured values

and then determining the index values, is that right? However, even then different

periods covered by time series of single sites might introduce some spurious trends.

Have you checked for that?

R: The assumption for the calculation of the average values is correct. There is indeed a risk
that the beginning and the end of the plots is dominated by a small number of time series,
which might introduce some trend that is not valid for the whole region. We suggest that we
either mention this possible issue in a more obvious way, or that we redo the plots with the
same dataset used in all other (matrix) plots.

R: We have redone the plots (now Figures 6 - 8), using the same dataset used for the
matrices. Additionally, we have added a Figure 9, showing the development of snow fall and
snow heights for the same time period.

C:13. P. 23, I. 4-5: What do you mean by “visual similarity”? What aspect of the time
series are you talking about?

R: We are talking about the fact that the time series discussed by Koutsoyiannis (figure 3 in
the cited paper) looks similar to our real time series. Of course the appearance of a plotted
time series is a result of its values, so we suggest to remove the word “visual” and to add
some more information on Koutsoyiannis work.



R: We have removed the word “visual” and added some extensive discussion of the cited
paper, to better explain our point (see page 31, line 15 ff.). We also suggest further work on
this apparent non-stationarity in our new Section 5.

C:Linguistic details: Often some rather sloppy and imprecise formulations are used which
is not only annoying but sometimes even confusing or misleading.

R: We have addressed the issues raised in the specific comments above and below, and will
check the manuscript for similar formulations.

R: We have checked the whole manuscript for imprecise formulations, such as those
mentioned in the following comment, and have made numerous changes.

” u

C:14. The plural form of “correlation”, “river level”, “time” etc. is not adequate. Instead, the

terms “correlation coefficients”, “time series of river stage”, “time periods” etc. should
be used. Using the term “rivers” rather than “river gages” (e.g., p. 12, 1. 18-19) is not
only misleading but false, because it is partly the same river throughout. Correspondingly
(p. 12, I. 23-24), not the wells are different but the time series of groundwater

head at different sites, and wells cannot be correlated to each other (p. 11, I. 11). It

is not the “matrix visualization” that is different but the matrices themselves that are
dissimilar (p. 12, . 21-22).

R: We will address these issues, and search for similar ones.

R: We went through the whole manuscript and used concise wording for issues raised above.
C:15. P. 3, 1. 9-10: What do you mean by a “starting data set”?

R: The historical development of the data set available at ehyd.gv.at which is tied to the
historical development of water supply in Austria. We will rephrase this and add some more

information. See also C11 by reviewer 2.

R: We have added some further information and sources on the development and
management of the ehyd.gv.at system to section 2.1. See page 3, line 11 ff.

C:16. P. 17, . 35: Please replace “depth” by “thickness”.

R: Yes.

R: Changed as indicated in our answer above. See page 24, line 2.

C:17. P. 18, |. 8-10: Please replace “decrease” by “lower correlation coefficients”. The

term “decrease” describes a more or less monotonic change over time which is not adequate
when you compare two distinct time periods without considering the transition

period in between.

R: Thank you for pointing out this imprecise formulation. We will change the sentence
accordingly.

R: Changed as indicated in our answer above. See Section 4.2.
C:18. P. 22, I. 10: Please replace “culprit” by “reason”.

R: Yes

R: Changed as indicated in our answer above. See page 32, line 7.

C:19. P 24, |. 22-24: What is a “negative event”? Do you mean “periods with negative
index values”?

R: Yes, or, to be more specific, ,periods with index values below -2 in SPI6“ as discussed in
section 4.3.
We will reword the sentence to be more precise.



R: Changed as indicated in our answer above. See page 34, line 8 ff.
Reply to J. Huntington (Referee), Received and published: 10 December 2016:

C1: The manuscript aims to improve the understanding how aquifers in different alluvial
settings respond to extreme events through the use of standardized time series of
groundwater levels (5Gl), precipitation (SPI), and river stages (SRSI) for three study
areas within the river Mur river basin. Using correlation matrices to visualize results,
differences and similarities of the study areas are discussed.

C2: General Comments: | am impressed by the richness of the groundwater level data
in this region, and that is used in the manuscript. Also, | enjoyed learning about the
area. The paper presents a novel way to view water level correlations to each other,
and physical drivers via SPI and SRSI, for potentially understanding aquifer responses
to extreme events, human influences, and provides potential to gain insight of aquifer
properties.

C3: One of my main concerns is that the correlation matrix figures, which are the primary
results figures, are extremely hard to interpret given the current figure symbology, and
figure discussion. There should be very clear descriptions given on how to interpret

these figures when introduced, and also more during figure interpretation and discussion
when detailing results.

R: This statement contrasts C8 by reviewer 1. It seems that correlation matrices are either a
well known tool, or totally unknown, which also is in agreement with our experiences when
discussing them at various meetings (e.g. EGU and AGU). Thus we suggest providing only a
short description in the main text and a more thorough appendix explaining the method in
detail, so that both groups are addressed.

R: We have shortened the section in question, as well as the description of Figure 2 regarding
the description of the correlation matrices, but have added an extensive description in the
new Appendix A.

C4: | am disappointed that the words hydraulic conductivity, transmissivity, or permeability,
are not found in the paper, nor are there discussions on how these aquifer properties

(and aquifer storage) influence the results. It is recommended that the authors relate

the results to aquifer properties. If property information is no available, then it is suggested
that proxies and generalized properties should be used to make the results and
conclusions more complete.

R: We will peruse the publications about the areas and add some information on those and
their relation to the observed phenomena. However, most of the literature seems to be old
geologic surveys and government reports.

R: We have added the results of various reports about the areas to sections 2.1.1 - 2.1.3.
Mainly, the available data concerns hydraulic conductivity and (saturated) thickness of the
aquifers.

The addition of this also enabled us to calculate aquifer response times, which greatly
improves the discussion of flood and drought years (Section 4.2) and the newly added snow
rich and snow poor years (Section 4.3).

C5: Monthly correlations for different time scales of SPI were not considered, which could
show additional details on recharge, discharge, and surface and groundwater interactions.
Authors should consider the addition of monthly correlations similar to methods
presented in references pointed out in specific comments.

R: We do consider different averaging periods of SPI; perhaps the reviewer refers to the fact
that correlations without lag time are presented? If so, see our response to C13 for this issue.

C6: Perhaps the addition of a discussion on how a combination of modeling and this approach



could be used to calibrate and better understand the human / landuse / pumping
impacts surface and groundwater interactions might be a good addition.
Specific Comments

R: We are currently working on these issues, but that would be out of scope of the current
work. We will however add this as a possible further work at the end of the paper.

R: We have added a Section 5, discussing future work.

C7: -Many paragraphs are small/one sentence paragraphs. These should be combined
together.

R: We will consider merging some of the short paragraphs.
R: We have merged some paragraphs.

C8:-Page 1; line 1. Suggest adding “of” in “To improve the understanding (of) how
aquifers..”

R: We agree that this addition would improve the readability of the sentence.
R: Changed as indicated in our answer above. See page 1, line 1.

C9: -Precipitation measurements collected in valley bottoms, and assumed uniform over
each sub basin. What about spatial and temporal aspects of this assumption? Please
mention.

R: Our subregions appear to be small enough that the climate can be considered (at least as a
first assumption) as identical within. We use the average of a subregion to even out the effects
of phenomena such as a very short and very localized summer thunderstorm. Yet such local
effects might be responsible for some of the differences in correlations observed under flood
conditions. We will consider adding this aspect to the discussion of the flood and drought
years.

R: We have added some details on this, however we have placed it in Section 2.2 where we
discuss drought indices, see page 8, line 3 ff.

C10:-Page 6; line 24. “While there is some criticism of the gamma distribution (see e.g.
Guttman (1999)), it is generally a widely used and recommended mended index (see

e.g. Svoboda et al. (2012)).”

Good point - there have been quite a few questions raised lately about issues of the

SPI's assumed gamma distribution assumption - perhaps cite this new one and discuss

- and if these findings perhaps influence yours.

Blain, G. C., & Meschiatti, M. C. (2015). Inadequacy of the gamma distribution to calculate
the Standardized Precipitation Index.A"aRevista Brasileira de Engenharia Agricola

e Ambiental,A"al19(12), 1129-1135. http://www.scielo.br/scielo.php?pid=51415-
43662015001201129&script=sci_arttext

R: Thank you for providing this reference. The authors raise some relevant issues regarding
the gamma distribution and its fit (or lack thereof) for local precipitation. However, their
results for precipitation in Brazil are not necessarily applicable to precipitation in Austria. Since
assessing the suitability of indices is not the focus of our paper, we do not want to discuss this
issue further. But since the reference provides the interested reader with a wealth of further
information on this subject, we will add it to the paragraph.

R: Changed as indicated in our answer above. See page 8, line 21.

C11:-Page 3; line 8. “For these three subregions monthly groundwater levels as well as river
stages and precipitation are available at a the ehyd.gv.at website (BMLFUW, 2016).”

How are groundwater levels measured - steel tape, e-tapes, pressure transducers?

What type of precipitation data (i.e. snow, rain, both), and how is it measurements?

Please provide more background and details. Very impressive that all this historical

data exists, but more background would be great to get a better picture of how it is

done and perhaps other agencies can adopt.



R: See also C15 by reviewer 1. We will add some more information on the Austrian ehyd.gv.at
site and the underlying database.

R: We have added some further information and sources on the development and
management of the ehyd.gv.at system to section 2.1. See page 3, line 11 ff.

C12: -Page 8; line 10. “For each possible combination of standardized wells (5Gl),
standardized

precipitation (SPI) or standardized river stages (SRSI) a Pearson Correlation
coefficient was calculated. In order to facilitate the comparison of standardized
groundwater levels, river stages, and precipitation within the individual subregions, the
correlations between the indices have been plotted within a matrix, showing all the
groundwater monitoring wells, all the river stages and SPI1, 3, 6, 9 and 12 for each
subregion, similar to the matrices applied in Stoll et al. (2011) and Loon and Laaha
(2015).”

More details need to be discussed so the reader can get a better understanding of the
matrix plots - like “for example, along the x-axis is . . .. where each cell represents

a different . . .” etc.. Perhaps follow the descriptions by Stoll and Loon and Laaha to
provide further explanations.

R: Please see C3 by reviewer 2 and C8 by reviewer 1.

C13: -Page 8; line 16 - “According to Vekerdy and Meijerink (1998), correlations between
daily river stages and groundwater levels in distances similar to those relevant for this
paper are mostly below 30 days. Likewise, Bloomfield and Marchant (2013) as well

as Kumar et al. (2016) found with few exceptions the highest correlation between SGI
and SPI associated with a time lag of zero months. As this is particularly expected in
shallow alluvial aquifers, only Pearson Correlation coefficients without a time lag are
considered here.”

For all wells? Did you explore if optimal time scales were greater than or less than 1
month? This would be a fairly easy thing to explore, especially put into context of well
distance from the stream, etc. Presenting correlations without time lags seems odd.

R: According to the literature we cited, time lags are expected to be small to none. As this was
confirmed for several samples where we calculated them, we decided to use consistently the
correlation with zero time lag. We will evaluate further samples and add more information on
the results of the samples.

R: We have calculated the correlations with lag times from 0 to 48 months for all of our data
and found that our samples and our assumption where correct, meaning that we mostly have
the highest correlations for a zero month lag. Thus we added a summary of this, some data
and a discussion of lag times to Section 2.3. See page 9, line 25 ff.

C14:-Figure 2. This is really complex to interpret. Is there any additional labeling / symbology
that could help? For example | count 5 boxes under the SPI 1-12, and SPSI has 3

boxes. Can you help the reader interpret the figure better? For example the diagonal -

can you tell the reader what this means? What do the “bulls eyes” correlation features
represent? The figure caption should be pretty self-descriptive, so this one could be

long - or integrated into text.

R: See also C3 and C12 by reviewer 2 and C8 by reviewer 1. We suggest that we add some
more information on how to read a correlation matrix in a further appendix to the text, so that
the main body stays compact for those that are familiar with this method, yet those who are
not can find a description of them.

R: We added the mentioned appendix to our manuscript. See appendix A.

C15:--Page 10; line 6. “Most wells outside of the core of this region show a similar behavior,
resulting in an average Pearson correlation coefficient of all of these wells with each

other of 0.59. These wells show a low correlation with the SPI1 and moderate to

high correlations with the longer SPI averaging periods, as expected from the previous
literature (Bloomfield and Marchant, 2013; Kumar et al., 2016).”

Perhaps add that this is to be expected since these wells are further away?



R: This is indeed to be expected, however there are also some wells in this dataset that are
from a deeper aquifer. We will rephrase this section, to clarify on these two aquifers.

R: Changed as indicated in our answer above. We have also added markers to Figures 2 - 5, to
help identifying the wells in the deeper aquifer. See page 10, line 13 ff.

C16:-Page 11, line 6. The wells from the deeper aquifer also show a clear increase in
correlation with an increase in the length of the SPI averaging periods, starting with an
average correlation of the wells with the SPI1 of -0.04, reaching a maximum correlation
of 0.38 with the SPI12, which is significantly lower than the correlations seen in the
shallow wells. The average correlations of the deeper wells with the rivers range from
-0.13 with the local Péls to 0.24 with the downstream Mur.

Which deep well/labels should the reader be looking at exactly in Figure 2 to see this
longer / smoother water level signal?

R: The deep wells are represented by well AAn. We will add this information to the text and
add some more thorough labelling to the figures (see also C14 above).

R: We have done some rewriting of the sections mentioned in the comments above and tried
to generally clarify where and why we are using the deep and shallow wells from the Aichfeld
subregion. Additionally, all of the deep wells are now marked in Figures 2 - 5. See page 10,
line 33 ff.

C17:--Page 11, line 11. “The rivers are correlated well with each other, indicating a similar
flow regime in the upstream and downstream Mur, as well as in the tributary Péls, but
the correlations with the precipitation are low to moderate, ranging form an average of
0.27 with SPI1 to 0.48 with SPI6.”

-Perhaps the low correlation is the assumption of a standardized time scale of 0 months
for stream stage?

Can you describe the impact of snow accumulation and melt, and possible lag times in
this statement?

See McEvoy et al. (2012) and Abatzoglou et al. (2014) on evaluating precipitation and
streamflow indices for different time scales.

McEvoy, D. J., Huntington, J. L., Abatzoglou, J. T., & Edwards, L. M. (2012). An evaluation
of multiscalar drought indices in Nevada and Eastern California.A~aEarth Interactions,
A~al6(18), 1-18.

Abatzoglou, J. T., Barbero, R., Wolf, . W., & Holden, Z. A. (2014). Tracking interannual
streamflow variability with drought indices in the US Pacific Northwest.A aJournal of
Hydrometeorology,A al5(5), 1900-1912.

R: See also C11 by reviewer 1: It is generally expected that the runoff process transforms the
precipitation signal, which may result in low correlation of river stage with precipitation even if
lag times are considered. Nevertheless, when checking lag times for selected samples (see
C13 above) we will also consider river stages. In addition, we will also discuss some aspects of
snow cover and melt in our region (see C2 by reviewer 1). The stream stage is analyzed here
analogously to the groundwater level and therefore “not accumulated over specific time
periods due to the continuous nature of the underlying ground-water level (Bloomfield and
Marchant, 2013)"” (see p. 7, I. 4-5). Accumulated (or averaged) stream stages might result in
higher correlation e.g. with SPI6; however, we think that this contributes little to the main
questions addressed by the manuscript.

R: We also included river stages in our lag time analysis and found that over 95% of possible
SRSI-SGI pairings have their highest correlation at a zero month time lag (see Section 2.3,
page 10, line 4 ff.). We have added a thorough discussion of snow to the new Sections 3.3 and
4.3. These new additions do not impact our statement made in the line mentioned above.

C18:-Page 12; line 1. “Surprisingly, some of the wells closest to the Mur on both sides of
the river are not very well correlated with each other and are also not among the wells
with highest correlations with the rivers.”

Is this due to differences depth of well screen intervals / depths? Please explain.

R: The wells in question are well MKr and an unnamed (in our manuscript) well directly next to
well MKr but on the opposite site of the river. The cause for this difference is the construction



of a run of river power plant in this location, discussed in section 4.4. We generally try to
describe in section 3 and discuss causes in section 4, but we consider adding a remark
referring to section 4.4 to clarify this.

R: We have added a remark to well MKr earlier in the text (see page 14, line 2)and added a
referrer to section 4.5 to the end of Section 3.1.2 to point the reader to the discussion of the
phenomena that are solely described in this Section.

C19:-Page 12; Line 14. “Well MKr is located closest to the river Mur, yet it shows no high
correlation with it.”

Why is this? What is the well depth of MKr? Can you tell the reader what your idea is
about why this is?

R: Wells MKr and MDp are located close to a power plant, built from 1995 to 1998. We decided
to first describe our observations, and then to discuss the cause in section 4.4 but will
consider referring the reader to section 4.4. See also comment above.

R: As indicated in the previous response the reader is now referred to section 4.5 (formerly
4.4), see page 14, lines 16 -17.

C20:-Page 12; line 18. “The rivers are very highly correlated with each other, but only
show some minor correlations with the 3 and 6 month SPI with average correlation
coefficients of 0.38 and 0.39.”

Perhaps because monthly correlations were not considered? See figures 9 and

10 and respective discussions in McEvoy et al. (2012) for some ideas to further
describe why correlations were low, or if analyzed a different way, may increase.
https://www.researchgate.net/publication/236687241 An_Evaluation_of Multiscalar_
Drought Indices in_Nevada and Eastern California

R: The average correlation of the rivers with the 1 month SPI is even lower (0.26), as is the
correlation with SPI 9 (0.35) and 12 (0.37). For the sake of brevity we decided to only mention
the two highest average correlations. We suggest changing this sentence to “The rivers are
very highly correlated with each other, but only show some minor correlations with SPI1
(average correlation coefficient 0.26) and SPI3 - 9 (average correlation coefficients 0.35 -
0.39)".

Regarding the mentioned paper, please refer to our answer to C17.

R: Changed as indicated in our answer above. See page 14, lines 19 - 20.

C21:-Page 16; line 2. “Figure 4 shows the development of the three subregions when splitup
into time periods of 12 years.”
How so? Please further explain figure 4 to this point.

R: The time series are split up into the mentioned 12 year periods and then the correlation
coefficients making up the matrices are calculated on the basis of these 12 year periods. We
will add this to the appendix about the method mentioned in our other comments.

R: Changed as indicated in our answer above. See page 19, lines 8 -10 and appendix A.

C22:-Page 17; line 29. “At high water levels, the river feeds the groundwater, thus
superpositioning

its signal onto the groundwater, whereas the groundwater provides the river

baseflow in low water conditions, thus giving the river a groundwater signal at low water
levels.”

Can you show this point with the standardized time series? It is not clear from the
correlation matrix plots. What is the “groundwater signal at low water levels.” Is there a
“signal” during this condition?

R: The idea here is that we have a receiving stream under dry conditions and a feeding
stream under flood conditions. Partly this can be seen in figure 2, where many of the shown
wells show a behavior similar to the streams. We will add some further detail on this issue.



R: We have reworded parts of the paragraph (see Page 23, line 31) and added a reference to
section 4.2 where we discuss river-groundwater interaction in more detail, including a
discussion of aquifer response times.

C23:-Page 18; line 25 - suggest using the term groundwater discharge rather than
groundwater
runoff,

R: We decided to use the term “groundwater runoff” since to stay close to the cited passage
from Eltahir and Yeh, but we agree that “groundwater discharge” is a more fitting term.

R: Changed as indicated in our answer above (using “discharge” now).
C24:-Figure 5. What time scale are the SPI values - 0 month? Please specify.

R: We are working with the 1 month SPI. We will add some further information on this to the
revised figures. See also C12 by reviewer 1.

R: Changed as indicated in our answer above. See page 25, line 12.

C25:-Figure 5 and 6. Why not use 48 or 60 month time scales for SGI, SPI, and SRSI rather
than using a 0 month and then smooth using a 5 year moving average of the indices?
Seems a bit odd and misses the point of the use of multi-temporal time scale indices.
Please explain.

R: Since only the SPI is generally used for multiple time scales and we are only looking for
long term trends instead of single events in these specific plots, we deemed it adequate to use
a moving average on the precalculated indices.

C26:-Page 22; line 4 - change hydro(geo)ology to hydrogeology. Also, it is not agreed
that the “general consensus is that hydrogeology is stationarity.” Milly et al., 2008
states that stationarity it is dead - but that in water management stationarity is often
assumed. . . this is not the same as a “general consensus in hydrogeology seems to be
the assumption of stationarity” as stated - please revise.

R: We deemed this a fitting statement, considering that Milly et al. do acknowledge this
assumption and the general prevalence of stationarity in textbooks and engineering decisions,
since it seems to be the motivation for their letter. Also the two cited works by Koutsoyiannis
are arguing for the idea of stationarity. We suggest that we tone down the statement a bit, and
provide some more context.

R: We have reworded that part (see page 30, line 12 ff.) and added an extensive discussion of
the cited Koutsoyiannis (2011) paper to this section and suggest further investigations of
nonstationarity in Section 5.

C27:-Page 24; line 3. “It was shown that the correlation matrix approach enables a quick
visualization and comparison of different locations and time spans and that standardized
indices, such as the SPI, the SGI and the SRSI (5GI applied to river levels), allow

for a thorough comparison of groundwater wells, rivers and precipitation.”

More thorough labeling and discussion on how to interpret the matrix plots when they

are introduced, and during results discussion is needed for these plots to “enable a

quick visualization and comparison of different locations and time spans” - please provide
more details to help the reader digest these plots.

R: See the other comments on this matter. We will add an appendix explaining the method in
detail to those not familiar with it.

R: Changed as indicated in our answer above.
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Characterizing the spatiotemporal variability of groundwater levels
of alluvial aquifers in different settings using drought indices
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Abstract. To improve the understanding of how aquifers in different alluvial settings respond to extreme events in a changing
environment, we analyze standardized time series of groundwater levels (Standardized Groundwater level Index - SGI), pre-
cipitation (Standardized Precipitation Index - SPI), and river stages of three subregions within the catchment of the river Mur
(Austria). Using correlation matrices, differences and similarities between the subregions, ranging from the Alpine upstream

part of the catchment to its shallow foreland basin, are identified and visualized.

levels, frequently affecting not only the wells closest to the river, but also more distant parts of the alluvial aquifer. As a result,
human impacts on the river are transferred to the aquifer, thus affecting the behavior of groundwater levels. Hence, to avoid
misinterpretation of groundwater levels in this type of setting, it is important to account for the river and human impacts on it.
While the river is a controlling factor in all of the subregions, an influence of precipitation is evident too. Except for deep
wells found in an upstream Alpine basin, groundwater levels show the highest correlation with a precipitation accumulation
period of six months (SPI6). The correlation in the foreland is generally higher than that in the Alpine subregions, thus corre-
sponding to a trend from deeper wells in the Alpine parts of the catchment towards more shallow wells in the foreland.
Extreme events are found to affect the aquifer in different ways. As shown with the well known European 2003 drought
and the local 2009 floods, correlations are reduced under flood conditions, but increased under drought. Thus, precipitation,

groundwater levels and river stages tend to exhibit uniform behavior under drought conditions, whereas they may show irregular

behavior during flood. Similarly, correlations are found to be weaker in years with little snow as compared with those with
much snow. This is in agreement with typical aquifer response times over one month, suggesting that short events such as
floods will not affect much of the aquifer, whereas a long term event such as a drought or snow rich winter will.

Splitting the time series into periods of 12 years reveals a tendency towards higher correlations in the most recent time
period from 1999 to 2010. This time period also shows the highest number of events with SPI values below -2. The SGI values
behave in a similar way only in the foreland aquifer, whereas the investigated Alpine aquifers exhibit a contrasting behavior
with the highest number of low SGI events in the time before 1986. This is a result of overlying trends and suggests that the
groundwater levels within these subregions are more strongly influenced by direct human impacts, e.g. on the river, than by
changes in precipitation. Thus, direct human impacts must not be ignored when assessing climate change impacts on alluvial

aquifers situated in populated valleys.
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1 Introduction

Climate change is expected to alter the hydrological cycle and thus the amount and timing of groundwater recharge, storage,
and discharge. The future is likely characterized by more extreme hydrological events such as droughts and floods (Seneviratne
et al., 2006). Predicting the impact of future climate change on groundwater resources therefore requires a sound understanding
of the propagation of extreme events from the atmosphere to the groundwater.

One approach to understanding the variability of groundwater levels is the analysis of the aquifer responses to extreme
events in the past (Eltahir and Yeh, 1999; Weider and Boutt, 2010). However, fluctuations of groundwater levels may not only
be driven by hydrologic events. In particular, changes in land use or water management are known to be additional important
factors (Stoll et al., 2011). Evaluating long-term trends or short-term fluctuations in groundwater level data, therefore, requires
careful consideration of the factors potentially controlling the observed changes.

To be able to compare hydrologic extremes between different sites and different types of data various indices have been
employed. For instance, the Standardized Precipitation Index SPI (McKee et al., 1993) has been used to identify and analyze
the occurrence of extreme events in precipitation. Only recently a corresponding Standardized Groundwater level Index SGI
(Bloomfield and Marchant, 2013) has been proposed. SGI values computed for observation wells in the UK (Bloomfield and
Marchant, 2013) as well as in Germany and the Netherlands (Kumar et al., 2016) show significant correlation with SPI values.
However, the maximum correlation and SPI accumulation period are found to differ between the sites. Thus, as noted by the
authors of both studies, groundwater levels and SGI values are influenced by the local hydrogeological conditions.

This work aims to identify factors controlling SGI values of alluvial aquifers within a mountainous region and its foreland
(Mur valley, Austria). In this type of setting, groundwater levels measured in the vicinity of rivers are expected to show
correlations with the river stage. Going beyond earlier work, therefore, variations of standardized river stages are considered
in addition to SPI and SGI. To decipher influences of the local as well as the regional hydrogeological setting correlations
between the standardized hydrological time series within three subregions are evaluated and compared with each other. In
addition, distinct drought and flood periods as well as a snow rich and snow poor year are analyzed separately, as groundwater
levels are known to respond in different ways to floods and droughts (Eltahir and Yeh, 1999). Similarly, one may expect that
groundwater levels respond in different ways to abundant and deficient snowfall. Finally, the time series are split-up in several
multi-year periods to identify potential long-term changes in the correlations between groundwater levels, precipitation, and
river stages.

For this purpose, a novel approach employing correlation matrices is proposed. We visualize these subregions, showing how
they differ from each other, how the different bodies of water are related to one another, how they respond to extreme events
and how the dynamics in the systems changes over time. We use this approach to select single wells and discuss the limitations

of this approach.
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Figure 1. Map of the Austrian Mur catchment and its position within Austria, with the subregions studied in detail. See Appendix B for

detailed maps of the subregions.

2 Method
2.1 Study areas

The catchment of the river Mur (Austria) ranges over 300 km from its Alpine source area at 2000 m asl to the Austrian-
Slovenian border at 200 m asl (Figure 1). Three distinctive subregions, deemed to differ in their hydrological and hydroge-

5 ological situation, namely the Alpine Aichfeld region, a large and deep basin, the Murdurchbruchstal, a very narrow valley,
with small and shallow aquifer bodies and the Leibnitzer Feld, a shallow, mostly river distant lowland aquifer in the Mediter-
ranean/Pannonian climate border region, have been selected for closer investigation.

For these three subregions monthly groundwater levels as well as river stages and precipitation are available at a the

ehyd.gv.at website (BMLFUW, 2016). According to the local government agency (personal communication), the data set
10 started at private house wells, which used to be a common form of water supply in rural Austria. Thus, most of the moni-
toring wells are assumed to be influenced by human activities. The ehyd.gv.at website provides access to the data of (as of
2015) 950 precipitation measurement stations, 800 surface water gauging stations and 3040 groundwater wells as well as some
controlled by the Austrian ministry for agriculture, forestry, environment and water management (BMLEUW). According to
15 Miller (2006) systematic observation of groundwater began in 1955 with a comparably small number of measuring wells, with
dataloggers and quality control were introduced into the system. Most of the measurements are taken weekly by hand, but wells
are increasingly equipped with dataloggers. In order to assure the quality of the data, various guality controls are conducted
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Detailed maps of the following subregions are available in Appendix B. Locations mentioned in the description are marked

in said maps. The data sets mentioned are listed in detail in the supplementary material.
2.1.1 Aichfeld

The Aichfeld (also called Judenburg-Knittelfelder-Becken) is a large basin in the upper Mur valley. It covers an average
elevation of about 650 m asl and an area of around 70 km?. The basin itself is of Tertiary age and contains economic amounts
of coal in depths of up to 1000 m bgl (Worsch, 1963). Those have been exploited starting in the 17th century and with industrial
underground mining from approx. 1860 to 1978, in the town of Fohnsdorf, in the north-west of the basin (Scheucher, 2004).
Above its deep basin fill of Tertiary shales, marls and sandstones, it is filled with around 70 m of fluvio-glacial sediment - mostly

gravels and sands, with significant clay layers only in some areas - in a terraced structure and surrounded by mountainous area

subregion obtained from pumping tests conducted between 1975 and 1977. The conductivities range from 6.7 x 10_% m/s to
1.1 x10~% m/s, with their mean at 6.3 x 10_° m/s. The surveyed sand and gravel aquifer has an average thickness of 16.4
m and is covered by loamy and fine sands varying between 0.6 and 2 m thickness. The average saturated thickness is 14 m,
suggesting generally unconfined conditions.

Climatically, due to its basin structure, the region is prone to inversion climates with strong nightly cooling. For the climate
station Zeltweg - in the center of the basin - ZAMG (2016) gives an average yearly temperature of 6.6 °C, an average yearly
precipitation of 800 mm and an average 75 cm of snowfall (1971 - 2000).

The towns in the Aichfeld form an Alpine agglomeration with about 50000 inhabitants in the basin and about 80000 taking
the surrounding catchment into account. Given this population and the associated settlement history and industry density, the
area has a considerable infrastructure of groundwater wells, starting with the Knittelfeld drinking water supply from 1899 on
(Gemeinde Knittelfeld, 2016), and considerable drainage activities during the days of active coal mining.

The data set for the Aichfeld consists of 20 groundwater monitoring wells (see supplementary material) covering the time
span from 1975 to 2010. The surface elevations range from 693 to 619 m asl and the average depth of the wells below ground
level is 13.5 m with a high standard deviation of 8.5 m, which can be explained by the existence of a-second;-deeper-aquifer:
two aquifers, a shallow one and a deep one (see Section 3.1.1). A visual survey of aerial photography for the area shows that
only 1 of the 20 wells is not in the close vicinity of farm, residential or industrial buildings, so direct human influence on most
wells is likely. The river Mur in the Aichfeld region is only used by three small-scale run-of-the-river hydro power plants in its
upstream part. So only 3 wells are situated in the vicinity of a stretch of the river that is deemed impounded. Consequently, the
average distance from a well to an upstream power plant is 5.6 km, whereas the downstream distance - mostly to a power plant
outside of the subregion - is 26 km.

Out of this data set of 20 wells, 3 wells were selected for closer investigation (see Table 1 and Figure 2).
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2.1.2 Murdurchbruchstal

The Murdurchbruchstal is a narrow valley, where the Mur leaves the Mur-Miirz Furche and cuts through a mountain range,
thus forming a mostly very narrow and steep valley until it reaches the lowlands south of Graz.

This subregion covers an area of around 41 km? and an elevation from approx. 480 m asl at the town of Bruck an der Mur at
the beginning of the valley to approx. 368 m asl at the outskirts of the city of Graz at the end of the valley.
amphibolites and shists of the Austroalpine crystalline basement. At the town of Mixnitz, roughly in the upper third of the

subregion, this changes to the shales and mostly limestones of the Paleozoic of Graz, that is forming the Central Styrian Karst

and the Graz Highlands (Wagner et al., 2011). This change in geology is also reflected in the structure of the aquifer, where
considerable aquifer bodies are only found downstream of Mixnitz (Anderle, 1969).

The valley itself is filled with various, mostly unconsolidated sediments. According to Zetinigg et al. (1966), these are mostly
postglacial riverine gravels, some old glacial terraces at the margins of the valley, the alluvial fans of tributaries and weathered

slope rock, all covered in part by clays. For the 2 km? location of Friesach in the lower part of the subregion, Zetinigg et al.

(1966) lists thicknesses of 8 to 27 m for the central valley fill gravels. For the whole valley Anderle (1969) also states that the
aquifer thickness is “very variable” with a saturated thickness between 15 and 20 m. The water level is close to the surface (0
=4 m depth to water table) and covered by 1 - 1.5 m loamy, fine sands in the areas close to the river Mur, whereas the cover
can extend to a thickness of 4 to 15 m of gravels and sands in the terraces and fans at the margins of the valley, suggesting
mostly unconfined conditions. The only hydraulic conductivity estimate available for the area is a value of 1 x 10~ my/s from
a pumping test near the town of Judendorf-Stralbengel in the lower part of the subregion (Zetinigg, 1982).

No climate data is available in the Murdurchbruchstal itself, but ZAMG (2016) provides information for the station in Bruck
an der Mur at the beginning of the valley, where an eastern Alpine valley climate with low winds prevails. The average yearly
temperature is 8.1 °C, the average yearly precipitation is 795 mm, with an average of 73 cm of snowfall (1971 - 2000).

The settlements in the area are mostly small, though with considerable industries (quarries, paper production) in some
locations and a chain of 8 run-of-the-river hydro power plants over a valley length of approx. 30 km, turning large parts of the
river into storage area for said power plants. Further, there is a large water plant for the city of Graz in the vicinity of the town
of Friesach, where extraction of drinking water is conducted since 1977 as well as infiltration of river water from 1980-1982
on and there are communal water plants at the towns of Gratwein, Judendorf-Straliengel and Gratkorn (Benischke et al., 2002),
(OVGW, 2016).

The data set for the Murdurchbruchstal consists of 24 groundwater monitoring wells (see supplementary material) covering
the time span from 1980 to 2010. The surface elevations range from 413 to 374 m asl and the average depth of the wells below
ground level is 10.7 m with a standard deviation of 4.3 m. Due to their vicinity to buildings, 16 of the 24 well are considered
likely to be directly human influenced. With the 8 large hydro power plants in the subregion, 4 wells are situated in the vicinity
of a stretch of river that is impounded, with an additional 10 wells where an influence is considered likely. The average distance

from a well to an upstream power plant is 2.4 km and the average distance to a downstream one is 3.2 km.

Cl1-5
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Out of this data set of 24 wells, 3 wells were picked for closer investigation (see Table 1 and Figure 2).
2.1.3 Leibnitzer Feld

The Leibnitzer Feld is a large and topographically relatively flat lowland basin of the river Mur, named after its central town.
Important rivers besides the Mur are the LaBnitz and the Sulm in the western part of the basin. Besides the town of Leibnitz,
the area is mostly used for agriculture.

This subregion covers an area of around 100 km? and an elevation from approx. 302 m asl at the town of Mellach at the
sottheranorthern tip of the subregion and approx. 258 m asl at the town of Ehrenhausen at the northera-southern tip of the
subregion.

The region is underlain by the Neogene Styrian Basin which consists of various layers of sea, lake and river sediments,
which are in turn underlain by the continuation of the Paleozoic of Graz. Apart from the Leitha limestones at the town of
Wildon at the northern border of the region, all of the Tertiary sediments are very soft, so they have been mostly eroded and
replaced with a series of quaternary gravels, sands and clays in a terraced form (Fabiani, 1971). The mentioned limestones at
Wildon are narrowing the aquifer and are thus a natural barrier against inflow from upstream, whereas the southern border is
well connected to its downstream regions.

The thicknesses of the groundwater bearing gravels in the vicinity of the river Mur is between 4 and 6 m in the north-east of

the region and 3 to 5 m in the south-east with coverages of fluvial gravels, sands and clays of only 0 to 3 m, whereas the higher

saturated thickness of the unconfined aquifer is less than 4 m (Fank et al,, 1993). Fank et al. (1993) compiled 20 hydraulic
conductivity estimates for various locations in the subregion obtained from various reports and pumping tests conducted
from 1967 to 1991. The conductivities range from 2.0 x 107° m/s to 1.6 x 102 m/s, with their mean at 4.89 x 10~% m/s.
Fank et al. (1993) conclude that the differences between the conductivies are “rather small”, however there are some areas
with highly variable values due to the inhomogenous sedimentation history of the river Mur, e.g. oxbows filled with fine sands

or coarse gravels.
According to ZAMG (2016), the town of Leibnitz has an average yearly temperature of 8.8 °C, an average yearly precipita-

tion of 908 mm and 49 cm of snowfall (1971 - 2000).

The data set for the Leibnitzer Feld includes 31 groundwater monitoring wells (see supplementary material) covering a time
span from 1975 to 2010. The surface elevations range from 298 to 259 m asl and the average depth of the wells below ground
level is 6.4 m with a standard deviation of 2.9 m. Due to their vicinity to buildings, there are only 3 wells where a direct human
influence is considered unlikely.

Since the Mur in the Leibnitzer Feld region is also heavily used for power production with 5 run-of-the-river power plants,
9 wells are located in areas where the Mur is clearly impounded, with another 11 wells where this is considered likely, and 8
wells where it is not clearly visible, leaving only 3 wells situated in parts of the area where the river is not impounded. Due to
the large extent of the region and the size of the hydro power plants, the average distance from a well to an upstream power

plant is 3.2 km and the distance to a downstream power plant is 3.2 km.
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Table 1. Wells selected for closer investigation or specifically mentioned in the text. The “HZB” (from Hydrographisches Zentralbiiro) refers

to their identifier at the ehyd.gv.at website. The “Identifier” is a short code used in this paper to identify the wells in the various plots.

“Influence” lists factors that might affect the behavior of the groundwater shown in the well.

Subregion HZB Location Identifier Influence
Aichfeld 314807 Aichdorf AAn Well located in a deeper aquifer body, only well in
the data set that is not located close to human settle-
ments or activities, deepest well in the data set
Aichfeld 315077 RaBnitz ARf Well deviating from the average behavior in the sub-
region in the 2009 flood year (see Section 3.2 and Figure 3)
Aichfeld 314922 Apfelberg AAr Well closest to the river Mur, very high correlation
with river-SRSI and neighboring wells SGI time series
Aichfeld 211128 Polsfluf APr Mid sized tributary stream, deemed mostly natural
Aichfeld 211185 Mur Leoben AMr River Mur, gauge downstream of the subregion
Murdurchbruchstal 325506 Friesach-St.Stefan MFd Well deviating from the average behavior in the sub-
region in the 2003 drought year (see Section 3.2 and
Figure 3), located next to the Friesach water plant
Murdurchbruchstal 325142 Deutsch Feistritz MDp Well located close to a power plant, no likely
direct human impact besides this
Murdurchbruchstal 325191 Kleinstiibing MKr Well without obvious human influence, close to the river
Murdurchbruchstal 328674  Judendorf-Strassengel Mlc Well located central in the highly correlated “cluster”
in Figure 2
Murdurchbruchstal 211649 Ubelbach MUr Mid sized tributary stream, deemed mostly natural
Murdurchbruchstal 211292 Mur Bruck MMr River Mur, gauge upstream of the subregion
Leibnitzer Feld 311514 Untergralla LUr Well located closest to the river Mur, no directly
visible human influence
Leibnitzer Feld 311001 Joess Llc Well highly correlated to most of the other wels-and-theSGI time
‘and the SPI, direct human influence likely, close
to river LaBnitz
Leibnitzer Feld 211466 Mur Spielfeld LMr River Mur, gauge downstream of the subregion
Leibnitzer Feld 211441 LaBnitz LLr Mid sized tributary stream, deemed mostly natural

Out of this data set of 31 wells, 2 wells were picked for closer investigation (see Table 1 and Figure 2).
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2.2 Drought indices

Monthly time series were obtained for the subregions from ehyd.gv.at (BMLFUW, 2016). Single time series have been used

topography of the subregions and our approach to work with monthly data, we consider an averaged precipitation over the
subregion —as a valid approach. However, some events (such as summer thunderstorms) can be very intense and affect only a

very small part of a subregion, so some wells or tributary streams could be affected by such an event that is not accounted for
in the average precipitation. Short gaps (only relevant for 1 to 4 wells per subregion) have been padded with the previous water

level.

Due to the different start and end dates of the single time series, the raw data has been cut to periods offering both the most
wells for the subregion in question and the longest possible time period.

To be able to compare both different types of data and different subregions the data was standardized using the Standardized
Precipitation Index (SPI, McKee et al. (1993)), the Standardized Groundwater Index (SGI, Bloomfield and Marchant (2013))
and the SGI applied on river stages (SRSI).

2.2.1 SPI

For precipitation, the SPI, developed by McKee et al. (1993) is used. This allows for both a standardization of data and the
computation of average standardized precipitation, where McKee et al. (1993) suggest averaging periods of 3, 6, 12, 24 or
48 months, which “represent arbitrary but typical time scales for precipitation deficits to affect the five types of usable water
sources”.

For the standardization, the data set gets split-up into time series for each month, which is then fitted to the gamma distribu-
tion to relate the respective months to each other instead of months from different seasons.

generally a widely used and recommended index (see e.g. Svoboda et al. (2012)).
2.2.2 SGI

For the groundwater, the relatively new Standardized Groundwater Index, SGI proposed by Bloomfield and Marchant (2013)
has been used. The SGI is based on the SPI, but whereas the SPI uses a fixed transformation of the raw data by fitting it on a
gamma distribution, the SGI uses a non-parametric normal scores transform on the raw data, taking into account the different
possible distributions of groundwater time series.

Similar to the SPI, the data set gets split-up into time series for each month (e.g. January 1982, January 1983, January 1984,
etc. ; February 1982, February 1983, February 1984, etc.) to relate the respective months to each other instead of months from
different seasons.

Unlike the SPI, the SGI is not accumulated over specific time periods due to the continuous nature of the underlying ground-

water level (Bloomfield and Marchant, 2013).
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2.2.3 SRSI

To characterize and monitor hydrological drought, streamflow indices were previously employed (e.g., Vicente-Serrano et al.
(2012); Lorenzo-Lacruz et al. (2013); Barker et al. (2016)). As we are interested in the impact of rivers on groundwater level
fluctuations, it is straightforward to consider river stages instead of streamflow.

In order to be able to compare river stages with precipitation and groundwater, we used the SGI on river water levels. Due
to its self fitting nature, it can also be used with river water levels, which have a probability distribution different from many
groundwater times series.

In order to fit with the naming convention of the other indices, we propose to name this index the SRSI - Standardized River

Stages Index.
2.3 Correlation matrix

For each possible combination of standardized wells-groundwater (SGI), standardized precipitation (SPI) or standardized river
stages time series (SRSI) a—Pearsen—Ceorrelation—a Pearson correlation coefficient was calculated. In order to facilitate the
comparison of standardized groundwater levels, river stages, and precipitation within the individual subregions, the-correlations

between-the-indiees-the above mentionend Pearson correlation coefficients have been plotted within—a-as correlation matrix,

showing all the groundwater-monitoring-welsSGI time series, all the riverstages-SRSI time series and SPI1, 3, 6, 9 and 12 for
each subregion, similar to the matrices applied in Stoll et al. (2011) and Loon and Laaha (2015). For a detailed description on

how to read correlation matrices, please refer to Appendix A.
According to Vekerdy and Meijerink (1998), highest correlations between daily river stages and groundwater levels in

distances similar to those relevant for this paper are mostly found for lag times below 30 days. Likewise, Bloomfield and
Marchant (2013) as well as Kumar et al. (2016) found with few exceptions the highest correlation between SGI and SPI

associated with a time lag of zero months. As-this-is-particularly-expeeted-in-shallow-alluvial-aquifers;-only Pearson-Ceorrelation

follows this expectation, with more than 80% of SGI-SPI pairings for the shallow part of the Aichfeld, the Murdurchbruchtstal
and the Leibnitzer Feld showing the highest Pearson correlation coefficient for a time lag of 0 months. In the cases where
the highest correlation coefficient occurs at a time lag other than 0 months, which mainly concerns correlations with the +te

—0 month corrrelation coefficient are neglible
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average difference: 0.003 for 6 SPI112-SGI pairings with 1 month lag in the shallow Aichfeld), small (average difference: 0.01

for 19 SPI12-SGI pairings with 1 month lag in the Leibnitzer Feld) or occur at very low correlated time series (6 SPII-SGL
pairings in the shallow Aichfeld with their highest correlation coefficient of < 0.2 occurring at time lags of 36 - 39 months
in the Murdurchbruchstal). A similar situation occurs with the SRSI-SGI pairings, where more than 95% have their highest
Pearson correlation coefficient at a time lag of O months, with the only exceptions being 8 low correlated (r < 0.2) SRSI-SGI
pairings with their highest correlation occurring at time lags of 39 - 48 months. Therefore, we consistently apply only Pearson

3 Results
3.1 Observations within the subregions
3.1.1 Aichfeld

In the Aichfeld subregion two patterns emerge (Figure 2):

A large area in the plot shows wels-SGI time series (standardized groundwater levels measured at different wells) that ,—-

are highly to very highly correlated with each other and with the rivers-SRSI time series (standardized river water levels at
measured at different gauging stations) in the subregion. These-wells-are-The SGI time series are from the wells situated
closest to the river Mur on both riverbanks (represented by well AAr). Most wells outside of the core of this region show a
similar behavior, resulting in an average Pearson correlation coefficient of all of these wells-SGI time series with each other of
0.59. These weHs-SGI time series show a low correlation with the SPI1 time series and moderate to high correlations with the
longer SPI averaging periods, as expected from the previous literature (Bloomfield and Marchant, 2013; Kumar et al., 2016).
The average Pearson correlation coefficient of all of these wels-SGI time series with SPI1 is 0.15, which raises to a maximum
with SPI6 of 0.57 and decreases to 0.38 with SPI12. The average correlation of the SGI with-the-rivers-time series with the
SRSI time series in the subregion is similar for all iversriver gauging stations, with an average eoerrelationfor-attrivers-of 0.52
(see also-"Aichfeld shallow” in Table 2).

The second feature of the region are 5 wells (represented by well AAn in Figure 2) that show a very low to negative
correlation with-of their SGI time series with those of all other wells --SPls-and-rivers-as well as with all SPI and SRSI time
series in the subregion, but are extremely highly correlated with each other, with an average Pearson correlation coefficient of
wells-with-wells-these SGI time series with each other of 0.96-—TFhese-wells-, whereas the remaining wells have an average
the underlying data reveals that the wells first discussed reach an end depth significantly deeper (avg. 24.9 m bgl) than that of
the other wells in the data set (avg. 9.7 m bgl), so it is reasonable to assume that they show a different, deeper aquifer system.
This is also in accordance with Worsch (1963), who mentions that earlier wells of a similar depth for the military airfield at this

location encountered a conglomerate layer and Stadlbauer and Lorbeer (2000) who mention a significant groundwater inflow

in this area. The wells from the deeper aquifer also show a clear increase in-eerrelation-of correlation of SGI time series with ,—-

10
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Figure 2. Matrix-visualization-of-Correlation matrices for the eerrelations-within-the-three subregions (left side) with selected standardized
welstime series for SGI, SPI periods-and riverstages-SRSI (right side). The
data for ene-wel-(or-SPhaceumulation-periodeach subregion is sorted in three groups, i
%mmwwwﬁmwmmm WNMWWQL;%%W
river-stages12; 3 - Surface water, SRSI, for different Mur gauges or streams in the subregion (U: Mur upstream, D: Mur downstream, T:
Tributary stream). Deep wells in the Aichfeld are marked with an asterisk *. The three letter markers on top-of-the matrices-are-the-distanees
of-the-left highlight selected wells from-the-and river Mur{(negative-numbers—left-side;positive numbers:right-stde)-stages discussed in
metersthe text. See also Table 1 . Also shown are the time periods useH in Section 3.4 and Figure 5, the years 1985/86 and 1989/90 used in
Section 3.3 and Figure 4 and the years 2003 and 2009, used in Section 3.2 and Figure 3. For further details on correlation matrices, please
refer to Appendix A.
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Table 2. Average Pearson correlation coefficients for-at-wels-of a subregion for SGI time series with each other(SGI with SGI), al-wels

SGI time series with single rivers-and-preeipitation-averaging-periods-SRSI time series (SGI with SRSI 1, ...;-) and SPI averaging periods
SGI with SPII, ...) and the average correlation coefficient for all rivers-SRSI time series of a subregion with the preeipitation-SPI averaging

periods (SRSI with SPI1, ...) with their standard deviations for each subregion.

SGI with
Location SGI SRSI 1 SRSI2 SRSI 3 SPHSPI3SPI6SPI
Pols Mur up Mur down
Aichfeld shallow 0.59 0.15 0.55+0.14 0:50.50 £0.16 0.52£0.19 01564705704
Aichfeld deep 0.96 £0.031 -0.13 £0.022 0:040.045 £0.017 0.24 £0.015 -0:040-0050-196-
Mur down Ubelbach Mur up
Murdurchbruchstal 0.55+0.27 0.55+0.21 0:50:60-+60-410.51 £0.29  0:490.60 £0.11 047
Mur up Mur down LaBnitz
Leibnitzer Feld 0.73 x0.14 0.16 £0.15 0.38 £0.11 0.44 £0.14 02+
058 SGI with

072SPIL_ 0:68SPI3. 0:61SPI6 SP19 SPI12
Aichfeld shallow 0.15%0.085_ 0472013 057 £0.11 047012 038 %012
LeeatienAichfeld dee SPH-0.039 £0.013  SP13-0.0049 +0.023 S$P16-0.19 +0.048 SP19-0.32 +0.077 SPH20.38 0.
Murdurchbruchstal 0.16:£0.060 041 0.092 05120090 0.49:£0.094 0.47 £0.09
AichfeldshotowLeibnitzer Feld 6270212012 0:450.58 2010 04807220060 042068 £0.10 0340.61 £0.

SRSI with
SPIL SPI3 SPI6_ SPI9 SPI2.

Adehfeld-deepheightAichfeld 0.27 £0.083 0.45 +0.077 0.48 £0.088 0.42 +0.086 0.34 +0.074
Murdurchbruchstal 0.26 £0.044 0.38 £0.064 0.39 £0.095 0.35+0.11 0.37 £0.08(
Leibnitzer Feld 0.31 0.19 0.41 £0.20 0.36 £0.12 0.26 +0.095 0.24 +0.06¢

an increase in the length of the SPI averaging periods, starting with an average correlation of the wels-SGI time series with

the SPI1 of -0.04, reaching a maximum correlation of 0.38 with the SPI12, which is significantly lower than the correlations

seen in the shallow wells SGI time series. The average correlations of the deeper wells with-the-rivers-SGI with the SRSI time

series range from -0.13 with the local P6ls to 0.24 with the downstream Mur. In the following, the focus is on the shallow
roundwater, but in some places we will consider the deep wells for comparison.

Fhe-rivers-The SRSI time series are correlated well with each other, indicating a similar flow regime in the upstream and ,—-

downstream Mur, as well as in the tributary Pols, but the correlations with the preeipitation-SPI time series are low to moderate,

ranging ferm-from an average of 0.27 with SPII to 0.48 with SPI6.
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For further investigations, one of the wells from the shallow -highly-cerrelated-wells-wells with the highly correlated SGI
time series and one well from the deeper aquifer have been picked (see also Table 1).

Well AAr, with a SGI time series highly correlated with most other shallow wells SGI time series and closest to the river Mur,
shows frequent changes between wet and dry conditions of different lengths and magnitudes just as the highly correlated AMr
Mur gauge downstream of the subregion. Generally, this fast changing well shows only moderate correlation with preeipitation
SPI time series, no matter the averaging period. However, large events such as the 2002 and 2003 double drought are clearly
visible.

Well ASfAAnD, situated in the deeper aquifer system and furthest-far away from the river Mur, shows a much slower oscil-
lation of the water levels, overlain by a long-term trend from wet conditions into dry ones and then possibly back into wet.
Apart from significantlarge events, such as the double wet event in 1985 and 1986 and the double drought in 2002 and 2003,

no similarities with the shallow wells, the precipitation or the riverstiver gauging stations are obvious.
3.1.2 Murdurchbruchstal

In this subregion, the matrix visualization shows a picture signifieanthy-noticeably different from the upstream Aichfeld (see

Figure 2).

A highly significant (p < 0.01) difference is visible when comparing the SGI correlation coefficients of the complete Aichfeld

or the deep Aichfeld with the Murdurchbruchstal, which is also reflected in the differences between the average correlation

Aichfeld shows a _groundwater signal similar to the Murdurchbruchstal and thus no significant (p > 0.03) change in the
As expected in a narrow valley with small-aquifers-aquifers of small spatial extend, there is a high correlation between
SGI time series and SRSI time series. A cluster of highly correlated weHs-SGI time series (represented by well MJc) is

situated at the furthermost distances to the river on its right bank, which are all - except for one well - situated in the town

Gratwein-Straflengel and are also highly correlated with the single—weH-SGI time series of the single well situated in the

neighboring town of Gratkorn on the opposite side of the Mur.

This cluster and the majority of the wels-SGI time series in the subregion show high to very high correlations with the
riversQRSI time series. The average correlation for the groundwater-with-therivers-SGI with the SRSI time series is the highest
for the upstream Mur gauge with a Pearson correlation coefficient of 0.6 and the lowest for the local tributary Ubelbach
with 0.5. Correlations with the precipitation are generally lowest with the SPI1 with an average of 0.16 and have the highest

correlations with the SPI6 and 9 with average Pearson correlation coefficients of 0.51 and 0.49 respectively.

Surprisingly;-Surprisingly, some of the wells closest to the Mur on both sides of the river are not very well correlated with ,—-

each other and are also not among the wells with highest correlations with-the-rivers—

13
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The-between SGI and SRSI time series. In particular, the matrix view shows three clear outliers (well 4th closest and well
closest to the Mur on its left bank and second closest on its right );--whieh-(well MKr)), whose SGI time series are correlated
very low or negative with the rest of the welsSGI time series, but high to very high with each other. The pair of Mur-close
wells is situated in the same stretch of the river Mur opposite each other. These wells are also the only wells that are-have SGI
time series negatively correlated with the rivers-SRSI time series in the system.

For further investigations, one of the wells from the cluster (MJc), the well closest to the river Mur (MDp) and one well from
the outliers also very close to the river Mur (MKTr) have been picked (see also Table 1).

Well MJc is located centrally in the highly correlated cluster of wells and shows a trend from mostly dry conditions to
wetter conditions, which matches the observation of the local tributary Ubelbach (MUr). The SPIs for the subregion show no
such trends, however the SPI6 and 9-SPI9 show large dry events in the period from 1980 - 1992, as well as the 2003 drought
and 2009 flood. Some large events, such as the 2003 drought and 2009 flood are also noticeable in well MJc albeit not too
significantly due to the underlying trend from dry conditions to wetter conditions.

Well MK is located elesest-very close to the river Mur, yet it shows no high correlation with it. We observe wet conditions

until 1999 and dry conditions thereafter. Large events are also visible in this time series, albeit damped or amplified by the
change in conditions around 1999. Well MDp is located very close to well MKr and very close to the river Mur and shows an
opposite change from dominant dry conditions until 1999 to wet conditions afterwards. This phenomenon is discussed in detail

Fhe-rivers-The river gauges SRSI time series are very highly correlated with each other, but only show some minor correla-

tions with the3-and-6-month-SPI-with-SPI1 (average correlation coefficient 0.26) and SPI3 - 9 (average correlation coefficients
of-0:38-and-0.35 - 0.39-).

3.1.3 Leibnitzer Feld

In the Leibnitzer Feld, the situation is different again (see Figure 2). Besides the fact that this region has a much higher amount

of groundwater wells, the matrix visualization is-very-different-from-again shows a very different picture compared with the
previous two subregions. These differences in the correlations of the SGI time series in each subregion with each other are

Apart from a zone of differing-wets-wells with differing SGI time series on both benches of the river and-some-moderately
eorrelated-wells (represented by well LUr) and some wells with moderately correlated SGI time series on the left side, high

to very high correlations of most wels-SGIs with each other prevail, resulting in an average Pearson correlation coefficient of
0.73.
Nevertheless-Likewise high correlations of ereundwater—-with-preeipitation-SGI time series with SPI time series can be ob-

served in almost all wells, with the highest correlations found with the 6 and 9 month SPI, with average correlation coefficients
of 0.72 and 0.68 respectively. Unlike the other subregions, the correlations of the groundwater-with-therivers-SGI time series

with the SRSI time series are generally low to negative even for the SGI time series of wells very close to the Mur. The lowest

14



10

15

20

25

30

average correlation is seen with-at the upstream Mur with an average of 0.16 and the highest with-at the local river LaBnitz
with 0.44.

It should be noted that part of this can be explained by the fact that the Leibnitzer Feld is also a region ;-where the Mur is
heavily used for power production, so the river levels and their fluctuations are not natural. Due to the different times the dams
have been built, it is also likely that significant changes in the river regime have occurred during the life time of the data set.
In addition, both gauging stations for the Mur used for this subregion are outside of the subregion and outside of the area of
influence of the power plants in the subregion, so they likely show a behavior different from that of the river Mur within this
subregion.

For further investigations, one of the wells from the highly correlated group and one well close to the river have been picked
(see also Table 1).

Well Llc, swhich-whose SGI time series is highly correlated to most wwehls-SGI values in the subregion, shows frequent
changes between dry and wet conditions. Compared with the SPI1 or the riversriver gauges LMr and LLyr, it shows a smooth
signal visually similar to the highly correlated SPI6. Large events such as the two droughts between 1976 and 1979 are also
similar to the river Mur (LMr) or river LaBnitz (LLr) in the case of the 2002 and 2003 droughts.

WeH-The SGI time series of well LUT, situated right next to the river Mur, shows only moderate correlations with most wehs
SGI time series in the subregion. Just as well Lc, it shows frequent changes between dry and wet conditions. The correlation
is highest with the SPI3 (not shown in Figure 2), but despite a slightly lower correlation the SPI6 shows a good visual fit with
well LUr too. Large events such as the 1976 - 1979 and 2002 - 2003 droughts are visually similar to the river time series LMr
and LLr, but apart from that, the riversriver gauging stations show a behavior different from that of the nearby wells.

The mentioned discrepancies in the water levels of the river Mur are also visible in the correlations of the three river gauging
stations SRSI time series with each other. Here, unlike in the other regions, generally very low correlations are seen not only
when comparing the Mur with the LaBnitz - which is expected due to their different catchments - but also when comparing the
two Mur stations, which would be expected to show a similar signal, if they where behaving naturally. Only the local tributary
LaBnitz shows a moderate correlation with the 1 to 3 months SPI. For the average correlations with the riversSRSI time series,

the highest value is seen for the SPI3 with a Pearson correlation coefficient of 0.41.
3.2 Selected flood and drought years

Figure 3 shows the correlation matrices for the standardized time series for the well known European drought year 2003 (see
for example Beniston and Diaz (2004); van der Schrier et al. (2007); Garcia-Herrera et al. (2010) and Nobilis and Godina
(2006) and BMLFUW (2006) for Austria) and the local flood year 2009 (see BMLFUW (2011) for Austria and Hornich (2009);
Schatzl (2009); Stromberger et al. (2009) and Ruch et al. (2010) for the Mur region)fleed-year2069-—,

In the 2003 drought year, the Mur catchment saw only 80% of the 1961 - 90 average precipitation, 64% of discharge at
the Mur in Leoben (between the Aichfeld and Murdurchbruchstal), 59% of discharge at the Mur in Spielfeld (downstream
of the Leibnitzer Feld), compared with the 1991 - 2000 average and a general reduction in groundwater levels (BMLFUW,
2006). In the 2009 flood year, the Mur catchment saw 123% of the 1961 - 90 average precipitation, 128% of discharge at the
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Figure 3. Correlation matrices for the three subregions, showing the effects of the drought year 2003 and the flood year 2009. Legend for the

colors and description of the distances: see Figure 2

Mur in Leoben, 135% of discharge at the Mur in Spielfeld, compared with the 1991 - 2000 average and a general increase in
groundwater levels (BMLFUW, 2011).
Compared with the correlations over the total time period (see Figure 2 )-it-is-neticeable-that-and Table 3), the drought

ws-highe ween g we apart from the deep wells within the Aichfeld shows
mostly highly significant (p < 0.01) higher correlations of the SGI time series with each other, the-wells-and-the-preeipitation;
l e | theori . . I itation.
with the SPI6 time series and with the SRSI time series and higher correlations between SRSI and SPI time series, albeit
with differing significances. The flood year shows mostly highly significant (p < 0.01) lower correlations than the drought year;
howeverecompared-, Compared with the total time period, the difference is not as visible as with the drought yearsinee-with
l . ¢ theAichfeld hiel ati Hvstil i+

year generallysh
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Location & Avg.corr.  pvalue  Avg.corr  prvalue  Avg.corr.  povalue
type of data coeff.dstdey 2003 coeff.astdev  2003-  coeff dstdey 2009
SGL Aichfeld” 0594015 <00l 071021 <00l ~ 0132043 <00l
SGL Murdurchbruchstal 0554027 <00l 080023 <00l ~ 050£030 <005

SGL Leibnitzer Feld 073004 <00l 0774009 <00l 070%020  <00!
SGLSPIG, Aichfeld’ 0574011 <00l 083%0.12 <00l 0142030 <00
SGLSPI6, Murdurchbruchstal — 0.5140.090 <001 084009 <001 0534027 <00
SGLSPIG, Leibnitzer Feld | 072#0.069 <001 083002 <001 0284015 <00
SGLSRSI, Aichfeld’ 0524016 <00l 075+0.19 <00l 020050 <00
SGLSRSI, Murdurchbruchstal 0554022 <001 081016 <001 0424030 <001
SGLSRSI, Leibnitzer Feld 0324018 005 032031 2005 0274027  »005
SRSLSPI6, Aichfeld’ 048+0.088 <00 08820051 >005 027033  >005

SRSLSPI6, Murdurchbruchstal — 039#0.095 <005 08540020 2005 034035 »005
SRSLSPIG, Leibnitzer Feld 0364012 005 043024 2005 0414030 »005

T Only shallow wells

which is also visible in the somewhat reduced significances. The strongest difference between flood and drought is visible
in the Aichfeld, where negative correlation prevails under flood conditions, going even lower than the -0.45 threshold chosen
for the color scheme in the figures.

Another noticeable phenomenon is that certain wells can deviate-signifieantly-show a behavior that strongly deviates from

5 their average behavior and the general trends for a given time span. For example well MFd in the Murdurchbruchstal and well
ARf in the Aichfeld are among the highly-correlated—wels-wells with highly correlated SGI time series in their respective
subregions for the complete time period (see Figure 2) but show low correlations under flood conditions (well ARf, 2009,
Figure 3) or drought conditions (well MFd, 2003, Figure 3). Well MFd shows less wet conditions in spring and is less affected
by the 2003 summer drought than most other wells in the subregion. Well ARf shows a drier spring and winter than most other

10 wells in the subregion during the wet year 2009.
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Table 4. Average Pearson correlation coefficients of a subregion for SGI time series with each other, SGI time series with the SPI6 and
SGI time series with SRSI with their standard deviations for each subregion for the complete time series, during snow rich (1985/86) and

snow poor (1989/90) conditions. Also shown is the p-value indicating the the statistical significance of the difference between the correlation

coefficients between the full time period, snow rich and snow poor conditions.

Location & Avg.corr.  pvalue  Avg.corr  pvalue  Avg.corr.  pvalue
type of data coeff.dstdey  1985/86-  coeff.#stdev  1985/86-  coeff: +stdey  1989/90-
SGL Aichfeld” 0594015 <001 079019 <001 029£046  <0.01
SGL Murdurchbruchstal 0554027 <001 079016 <001  052£031  >0.05
SGL Leibnitzer Feld 0734014 >005 073026 <001 040044  <0.01
SGL:SPI6, Aichfeld! 0574011 <005 072021 <001  022£034  <0.01
SGLSPI6, Murdurchbruchstal — 0.51+0.090 <001 0774010 <001~ 00262031 <001
SGLSPI6, Leibnitzer Feld 0720069 <005  080+021 <001 045027 <001
SGL:SRSI, Aichfeld’ 0524016 <001 074016 <001 033050 <005
SGLSRSI Murdurchbruchstal - 055022 <001 067+0.18 <001 0444032 <005
SGLSRSI, Leibnitzer Feld 0324018 <001 060016 <001  -0.055+041  <0.01
SRSLSPI6, Aichfeld’ 048£0.088  >005 062014 ~ >005 024023 <005
SRSLSPI6. Murdurchbruchstal -~ 039 #0.095 <005 0720042  >005 0182041  >0.05
SRSLSPI6, Leibnitzer Feld 0364012 <005  066+0.099 >005 014044  >005

 Only shallow wells

3.3 Selected snow rich and snow poor years

In order to compare the effects of a snow rich and a snow poor year on the groundwater system, we selected the winters of ,—-

1985/86 (snow rich) and 1989/90 (snow poor). In 1985/86 (Nov 1985 - Oct 1986), the average snow height (including the

summer months) was 11.98 cm in the Aichfeld, 9.4 cm in the Murdurchbruchstal and 6.2 cm in the Leibnitzer Feld, with
5 cumulated fresh snow of 390 c¢cm in the Aichfeld, 274 ¢cm in the Murdurchbruchstal and 193 cm in the Leibnitzer Feld. In

N AR ARIAAR AR AR AN AAANARAANALANAAAASRAAANNANANR R AR AANAANARAANANAN N AT AN ANAANANANARAARAAARNARAANRANAR AR NIRAAANRII AN A

1989/90 (Nov 1989 - Oct 1990), the average snow height was 0.32 cm in the Aichfeld, 0.11 cm in the Murdurchbruchstal and
0.04 cm in the Leibnitzer Feld, with cumulated fresh snow of 55 ¢m in the Aichfeld, 23 cm in the Murdurchbruchstal and 9.3

cm in the Leibnitzer Feld.

Compared with the correlations over the total time period (see Figure 2 and Table 4), the snow rich year generally shows

10 higher correlations between the SGI time series with each other and the SGI and SRSI time series whereas the snow poor year
shows lower correlations. Similar to the situation with flood and drought (see Section 3.2) most of the differences are highly
significant

< 0.01) or significant (p < 0.05), although there are some non-significant differences (see Table 4). Comparin
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Figure 4. Correlation matrices for the three subregions, showing the effects of the snow rich winter of 1885/86 and the snow poor winter of

1989/90. Legend for the colors and description of the distances: see Figure 2

the snow rich year with the snow poor year, all of the differences, except for the correlations of the SRSI with the SPI6 time

In all cases, some patterns also visible in Figures 2 and 3 remain. The set of five deeper wells in the Aichfeld is almost always
visible, but appears clearest for the years 1985/86, with a sixth well showing a similar behaviour under these conditions. The

3.4 Development over time

Figure-S5—shews-Figure 5 and Table 5 show the development of the three subregions when split-up into time periods of 12
years (1975-1986, 1987-1998, 1999-2010). It should be noted that the Murdurchbruchstal only got a significant number of

10 groundwater wells after 1980, so the first time period differs for this region, and is only 7 years long, from 1980 to 1986.
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Figure 5. Correlation matrices for the three subregions split into three time periods. Note that the first period for the Murdurchbruchstal is

from 1980 - 1986 due to lack of data before 1980. Legend for the colors and description of the distances: see Figure 2
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In the Aichfeld, there is no noticeable trend over time-, besides the deviating behavior of the deep wells in the last period. As
mentioned in Section 3.1.1, we are going to focus on analyzing the shallow wells in the Aichfeld. From the first to the second
period, we see an increase in eerrelationsin-SGI correlations for a cluster of wells around the river and thus an increase of
correlation of those wells with-theriverSGI time series with the SRSI time series. In the last period, the-correlations-generatly

in-these correlations decrease. These small changes in
the correlations of the SGI time series are also reflected by their average correlation coefficients (see Table 5). However the
averages do not necessarily reflect the significance of the change. While the second and last time period have similar averages,
the change in the underlyin < 0.05), as it is the case with the SGI-SPI6
correlations which also show a significant (p < 0.03) change from the second to the last period. On the other hand, the average

correlation coefficients can show noticeable changes between the time periods, but the changes are not significant (p > 0.05)
as it is the case for the SGI-SRSI correlationswith-the-other-wels.

set of SGI-SGI correlations is still significant

The Murdurchbruchstal shows similar behavior in the first and second period, with some slightly different clusters. In the
first period, the upstream and downstream Mur gauges are-show SRSI time series highly correlated with each other. In the last
period, we see higher correlations of all wels-SGI time series with each other, the preeipitation-and-the-riversSPI time series

and the SRSI time series, with only the one month SPI and the downstream Mur gauge showing some low correlations. These

visible changes are also reflected in the average correlation coefficients for the SGI time series within the subregion (see Table
5). Highly significant (p < 0.01) changes occur in the SGI-SGI and SGI-SPI6 correlations between the second and last period

as well as for all periods for the SGI-SRSI correlations.
The Leibnitzer Feld also shows a slight decrease in correlations in the middle period, followed by a significant-strong

increase in the last time period. Compared with the complete time period shown in Figure 2, the Leibnitzer Feld shows higher
correlations of groundwater-with-therivers-SGI time series with the SRSI time series for the shorter time periods, but wells close

to the river show a comparably lower eerrelation—correlated SGI time series. The mentioned decrease followed by an increase
for the first, second, and third time period. The correlations of SGI and SPI6 also seem to follow the decrease-increase pattern,

4 Discussion
4.1 Spatial variability

As already shown in Section 3.1, a large number of groundwater wells in each subregion is-shows SGI time series highly
correlated with each other. Some of those wells are also in close vicinity to each other (e.g. the cluster of highly correlated

wells in the Murdurchbruchstal subregion, all located in the town Gratwein-Stralengel), to the river Mur (e.g. most of the
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Table 5. Average Pearson correlation coefficients of a subregion for SGI time series with each other, SGI time series with the SPI6 and SGI
time series with SRSI with their standard deviations for each subregion and each time period. Also shown is the p-value indicating the the
statistical significance of the difference between the correlation coeffcients of the two time periods.

Location & Avg.corr.  pvalue  Avg.corr  prvalue  Avg. corr.
type of data coeff, Estdey. coeff, #stdey. coetf, stdey
SGL Aichfeld” 0632016 >005 062015 <005 0662011
SGL Murdurchbruchstal 0642019 >005 062020 <00l 0752010
SGL Leibnitzer Feld 0774012 <001 071015 <00l 0802014
SGL:SPI6, Aichfeld! 0622014 >005 05540075 <005 0.670.072
SGLSPI6, Murdurchbruchstal - 0.61£0.12 >005 048013 <00l 0.670.057
SGLSPI6, Leibnitzer Feld 07640069 <001 0690082 <00l  0.74£0.060
SGI-SRSI, Aichfeld’ 058£0.13  >005 055019  >005  0.5820.17
SGLSRSI Murdurchbruchstal - 044026 <001 056017 <00l 0.6520.11

SGLSRSI, Leibnitzer Feld ~ 041#0.15 2005 0382021 <001 046405

* For the Murdurchbruchstal this period is from 1980 - 1986 due to lack of data before 1980; * Only shallow wells

shallow wells in the Aichfeld subregion) or located in a similar geologic setting (e.g. the deep wells in the Aichfeld subregion
or almost all the shallow wells in the Leibnitzer Feld subregion).

As a result of the different behavior of the groundwater wells in the different subregions, the correlations of greundwater
wells-with-the-preeipitation-also-differs-SGI time series with the SPI time series also differ between the subregions (see Table

2). While the SPI1 still shows similar, low eerrelations<{averages-of-01-016-and-0- or-Adchfeld-Murdurchbruchstal-an

Leibnitz-Feld);-average correlations, the longer SPI averaging periods show a different behavior in the subregions. Hence, we
are only discussing the higher averaging periods, except for parts of the Aichfeld.

Since there are 2 distinct aquifer bodies in the Aichfeld, the groundwater data was split-up into a shallow (average depth of
the wells: 9.7 m) and a deep (average depth of the wells: 24.9 m) part. The deep wells SGI time series are only lowly correlated
with preeipitationSPI time series, with a minimum for the SPI1 of -0.04 and a maximum of 0.38 for the SPI12. The average
SPI-SGI correlations for the shallow wells range from 0.38 for the SPI12, to a maximum of 0.57 for the SPI6.

In the Murdurchbruchstal, where all of the wells have similar depths (average: 10.7 m), the correlations-between-groundwater

and-preeipitation-average correlations between SGI and SPI time series range from a minimum of 0.41 for the SPI3 to a
maximum of 0.51 for the SPI6.

The wells in the Leibnitzer Feld also have similar depths (average: 6.4 m). Here, the average correlations between greundwater
and-preeipitation-SGI and SPI time series range from 0.58 for the SPI3 to 0.72 for the SPI6.
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All subregions (or the shallow part of the subregion in the case of the Aichfeld) have the highest correlation with the
preeipitation—with-an—-SPI-SPI time series for an averaging period of 6 months. Only the deep part of the Aichfeld has its
maximum correlation with the 12 month SPI, which fits the findings of Kumar et al. (2016) who found that deeper wells
correlate better with longer SPI averaging periods.

The SPI6 - SGI correlations follow the average depths of the wells, with the highest correlation found in the most shallow
Leibnitzer Feld, and the lowest correlation found in the deep part of the Aichfeld, a pattern that is also repeated for all other
averaging periods. The shallow part of the Aichfeld and the Murdurchbruchstal have very similar average depths (9.7 and 10.7

m, compared to 24.9 and-6-4-for-Aichfeld-deep-and-m for the deep Aichfeld and 6.4 m for the Leibnitzer Feld), so that they
show similar correlations, ranging between those of the deep wells in the Aichfeld and the shallow wells in the Leibnitzer Feld.

correlation coefficient for SPI with SRSI ranging from 0.47 in the Aichfeld to 0.37 in the Leibnitzer Feld (see also Table 2), with
the highest correlations between river and precipitation generally found for the 3 and 6 month SPI. This-indicates-thatthe-This
suggests that, in addition to the transformation of the rainfall signal due to the runoff processes within the subregion, the rivers
can transport a precipitation signal from a region upstream of the subregion in question, which can have a different precipitation
signal from the local precipitation. This is also supported by the fact that the differences between the correlations of the SRSI

time series from each subregion with the SRSI time series from the different subregions appear not to be significant (p > 0.05).
Also, this upstream signal can in itself be a “collection” of many different regional precipitation patterns. This suggests that

the correlation of the SRSI time series with the 3 and 6 month SPI results from the influence of the large, general “climate” in
the region.

Another factor affecting the rivers are the numerous run-of-the-river power plants, which alter the natural course and timing
of the rivers and remove their natural short-term precipitation signal. For the Aichfeld, where there are only 5 small-scale
power plants in its upstream part, this does not affect the river Mur too much, shown by the high average correlation of the river
gauging stations SRSI time series with each other of 0.65. A similar value of 0.61 is observed in the Murdurchbruchstal, even
though there are 8 hydro power plants in the subregion. In the Leibnitzer Feld however, the combination of 5 power plants,
and the fact that the gauge-gauging stations are located outside of the subregion results in an average correlation of the river
gauging stations-SRSI time series with each other of only 0.17. However, as mentioned above, the differences in SRSI time
series between the subregions are still not significant (p > 0.05).

Thus in small systems such as the Aichfeld and the Murdurchbruchstal - and to some amount probably also the Leibnitzer
Feld -, the river and the groundwater will be closely related to each other. At high water levels, the river feeds the groundwater,

thus superpositioning its signal onto the groundwater, whereas the groundwater provides the river baseflow in low water

conditions, thus giving-the-river-a-groundwater-signal-controlling river flow and river stage at low water levels —(see also
Section 4.2).

In summary, the most obvious differences between the subregions are the low correlation of the river gauges with—the

groundwater-SRSI time series with the groundwaters SGI time series in the Leibnitzer Feld, described in detail in Section
3.1.3, and the differences between greundwater-preeipitation-SGI-SPI correlations, where Aichfeld and Murdurchbruchstal
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show generally low to moderate correlations, and the Leibnitzer Feld shows generally high to very high correlations, following

the depths-thickness of the aquifers in the subregions.

4.2 Selected flood and drought years

As shown in Figure 3 and Section 3.2, the drought and flood years of 2003 and 2009 show a very different behavior in the

regions investigated herein. As mentioned in Section 3.1.1, we are mainly going to discuss the shallow Aichfeld, since the
shallow aquifer is directly affected by this relatively short term events.

Generally, we see an increase in correlations under drought conditions and a decrease under flood conditions—The-average

not only reflected by the color coded, single correlations coefficients shown in Figure 3.2 but also by most average correlations
coefficients shown in Table 3. Apart from the correlations between the SGI and SRSI time series in the Leibnitzer Feld under

the SRSI and SPI6 time series which do not show a significant change (p > 0.05), all of the differences between the 2003 with
drought year and the 2009 w

preetpitationflood year are highly significant (p < 0.01).

In order to interpret these differences, it is important to look at the differences in the underlying drought and flood. As

shown in Section 3.2, the 2003 drought was a long term and large-scale event, affecting all of Europe for most of the year
(e.g. Beniston and Diaz (2004); Nobilis and Godina (2006); van der Schrier et al. (2007); Garcia-Herrera et al. (2010) and
BMLFUW(2006)). The 2009 flood on the other hand, was a more small-scale event, split-up into multiple flood peaks (e.g.
Hornich (2009); Schatzl (2009); Stromberger et al. (2009); Ruch et al. (2010) and BMLFUW(2011))

The 2003 deficit of only 59% of discharge at the Mur gauge in Spielfeld (BMLFUW, 2006) was the result of long term
and country wide dry conditions, whereas the 2009 excess discharge of 135% in Spielfeld (BMLFUW, 2011) is the result
of multiple flood events, often very localized in the small tributaries to the Mur (Schatzl, 2009; Hornich, 2009), partly also
resulting in considerable, localized overbank flow.

While the 2003 drought showed a slow decrease in water levels in the aquifer and the rivers, the 2009 flood showed fast
increases in water levels, which in case of the rivers get transported downstream to an area that might not be affected by a
localized precipitation maximum.

The observation that a long-term drought affects the whole aquifer and that a short-term flood only affects parts of the aquifer

fits the idea of aquifer response times (Downing et al., 1974; Alley et al., 2002). The aquifer response time 7"* is a function of

our unconfined case by the specific yield (S,,) and T by multiplying the average K of a subregion with its average saturated
aquifer thickness (see Sections 2.1.1, 2.1.2 and 2.1.3). For S,, we use a value close to the average porosity of 22% compiled
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by Fank et al. (1993). For L we are using the average distance perpendicular to the river Mur within which most wells of a
particular subregion are situated. With these values and assumptions, we obtain values for 7™ ranging from over 1 month to
over 1 year. Thus a short event, such as a flood will not affect the whole aquifer, whereas a long term event such as the 2003
drought affects the whole area or at least most parts of it. The aquifer response time also offers a possible interpretation of

the deeper aquifer in the Aichfeld, which generally shows high correlations of SGI time series with each other, irrespective of

conditions, but especially so under flood conditions (see Figure 3). The deep aquifer likely is confined or semi-confined, so

that the storativity S is orders of magnitude lower than the .S, of the shallow unconfined aquifers and thus results in response

times from hours to days. This allows for all of the wells in question to react to a perturbation such as a short flood well within

The phenomena discussed above also match the findings of Eltahir and Yeh (1999), who stated that droughts have a much
more “persistent signature on groundwater hydrology , in comparison to [...] floods”. They suggest that floods - increases in
groundwater levels - can dissipate very quickly by groundwater runeff;-discharge, whereas there is no dissipation mechanism
available for low groundwater levels. Following this interpretation, Eltahir and Yeh (1999) argue that this explains the asym-
metry of the water levels response to a flood or drought event and suggest that this mechanism deserves further investigation.
We argue that this asymmetry is not only seen in a single hydrograph, but also in the whole area, resulting in the different
pictures shown in Figure 3, where only the SPI1 shows similar correlations under flood and drought conditions.

Looking at the parts of the aquifers not influenced by rivers, an increase in precipitation will increase infiltration and thus
simply increase the water levels, keeping the general flow direction and thus correlations between neighboring wells time series
intact, shown by the areas of high correlations in Figure 3.

However, looking at the parts of the aquifer close to the rivers-river - which includes many wells that are close to small
creeks and streams that are not considered for the general discussion in this paper - a multitude of possible phenomena is seen.
As a direct pathway, bedload during floods can erode the clogging layer in the river bed ;-and thus provide a significant short-
time improvement in infiltration (Schubert, 2002). Sophocleous (1991) shows that river floods can transport pressure pulses in
highly conducting channels, as described in Zetinigg et al. (1966). A similar phenomenon, is shown by Vekerdy and Meijerink
(1998) following floods through the aquifer for distances of over 2 km. Doble et al. (2012) describes wells at similar distances
that show a strong and fast reaction to a river flood within 1.5 to 6 days, both with inundation and without. In a further paper,
Doble et al. (2014) argue that “overbank flood recharge is not an insignificant volume”. As discussed in Workman and Serrano
(1999), flood events - with overbank flow - can make up significant parts of the recharge in river-close parts of an aquifer.

The mechanisms described above can result in two phenomena besides the still existing baseflow: a pressure pulse propa-
gating through the aquifer or a real and rapid infiltration, both being oriented against the usually dominating flow towards the
river, and a potential for local backwaters where the inflow from the river and the baseflow towards the river meet.

This results in similar changes in all of the aquifer under normal and drought conditions, resulting in high correlations,

whereas flood conditions can cause differing changes in the aquifer, resulting in low correlations.
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4.3 Selected snow rich and snow poor years

As shown in Figure 4 and Section 3.3, the snow rich and snow poor years of 1985/86 and 1989/90 show a very different behavior ,—-

in the regions investigated herein. As mentioned in Section 3.1.1, we are mainly going to discuss the shallow Aichfeld, since
the shallow aquifer is directly affected by this relatively short term events.

Generally, we see an increase in correlations under conditions with a lot of snow and a decrease under conditions lacking
snow, which is not only reflected by the color coded single correlation coefficients shown in Figure 4 but also by most average
correlation coefficients shown in Table 4. The differences between the snow rich year 1985/86 and the snow poor year 1989/90
are all highly significant (p < 0.01), except for the differences between the correlations of the SRSI time series with the SPI6
time series in all subregions (p > 0.05). As with drought and flood, we have again singled out the SPIO6 for detailed investigation,
since this appears to be the highest correlated SPI averaging period. Unlike drought and flood however, the SPI6 is the only SPT

averaging period that shows consistently high correlations (compare Figures 3 and 4) under snow rich conditions. In contrast

to SPI1 and SPI3, SPIG is highly correlated with SGI in the snow-rich year, suggesting that an aggregation period of 6 months
is sufficient to account for the effect of the snow accumulation, which prohibits most groundwater recharge, just as a lack of
precipitation under drought conditions does. However while drought conditions still allow for a connection of precipitation and
groundwater, a closed snow cover essentially breaks this connection, with subsequent precipitation just adding to the existing.
snow cover. It is noteworthy that the correlations are also much weaker though for the longer aggregation periods (SPI9 and
SPI12) just as generally observed in the entire time series of all three subregions (see Section 3.1).

The observation that a snow rich year affects the whole aquifer whereas a snow poor year affects parts of the aquifer also fits
the idea of aquifer response times as discussed in Section 4.2. Since the aquifer response time 77 ranges from over 1 month
to over 1 year, a lack of snow will enable the aquifer to react to short term and localized events such as precipitation, melt or
flood events, whereas the delayed groundwater recharge and runoff under snow rich conditions is a long-term event that will
be able to affect the whole aquifer.

4.4 Development over time

As shown in Figure 5 and Section 3.4, the Murdurchbruchstal and Leibnitzer Feld subregions show an increase of correlations

with time within the aquifer and between the aquifer and the rivers and the precipitation time series. In contrast, the Aichfeld

periods.
Compared with the increased correlations under drought conditions (Sections 3.2 and 4.2), one simply could assume that the

split-up time series show a development towards dryer conditions, which is in line with the general assumption of an already

warming and drying climate for Austria (Kromp-Kolb et al., 2014). Another assumption could be that the split-up time series
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Figure 6. Average values (dotted lines) for the SGI (blue), SPESPI1 (yellow) and SRSI (red) and their 5 year running means (solid lines) for

the Aichfeld subregion.Nete-that-atargernumber-of-wells-with-differentstart-and-end-dates-has-been-used-eompared-with-Figures 2, 5-and

show a development towards increasing amounts of snow, as the comparison of snow rich and snow poor years has shown that
the correlations between the SGI time series of the wells and those between the SGI and the SPI tends to be stronger in the
snow rich years. However, looking at the underlying means (see Figures 6, 7and-8--and-counting-the-extreme-events, 8 and 9),
a different picture manifests itself. The average unstandardized snow levels and fresh snow amounts shown in Figure 9 show an
increase in snowfall and heights in the first period, with a sharp drop, followed by a strong increase again in the second period
and a drop and an unsteady development in the third period. Thus, the most recent time period. which exhibits the highest
correlations, is clearly less affected by snow than the preceding time periods. This is contrary to the observation made when
comparing snow-rich and snow-poor years (Section 4.3). Thus, the following discussion focuses on a tendency towards drier

conditions as potential explanation for the observed increase in correlations.
While the average standardized-preeipitation-SPI in all regions remains more or less stable, there are some noticeable changes

in groundwater-and-river-stagesSGI and SRSI. As shown in Figure 6, the Aichfeld shows a elear-deerease-slight increase in

groundwater levels enly-for-the-beginning-of the-first period-and-the-timebefore-thatfor the first half of the time, followed b

a decrease, whereas the Murdurchbruchstal (see Figure 7) shows an increase in groundwater and river water levels in all time

periods. Contrary to those two regions, the Leibnitzer Feld, shown in Figure 8, shows an incoherent signal.

When analyzing the occurrence of extreme events (SGI, SPI and SRSI below/above -2/+2), we observe the following:
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Figure 7. Average values (dotted lines) for the SGI (blue), SPESPI1 (yellow) and SRSI (red) and their 5 year running means (solid lines) for
the Murdurchbruchstal subregion Nete-that-atarsernumber-of-wels-with-differentstart-and-end-dates-has-beenused-compared-with-Figu

2ZS-and3

For values below -2, the SPI1 has the largest count in 1987 - 1998 in the Aichfeld and the Murdurchbruchstal and in 1987 -
1998 and 1999 - 2010 in the Leibnitzer Feld. This only is reflected in the groundwater in the Leibnitzer Feld, where the largest

count of below -2 events is seen in the 1999 - 2010 SGI.

The SGI does not follow this pattern for the Aichfeld and the Murdurchbruchstal, where the highest count is observed in the
1975 (1980) - 1986 period, medium count is observed in 1999 - 2010 and lowest count is observed in 1987 - 1998. As shown
in Sections 3.1 and 4.1, the SPI6 is highest correlated to the grotundwaterSGI. For this SPI averaging period, the highest count
of below -2 events is observed in the 1999 - 2010 period in all subregions.

Only the Leibnitzer Feld shows the highest number of below -2 events in the same (1999 - 2010) period in the SGI, the SPI1
and SPI6, which is another indicator for the dominant role of precipitation in this subregion.

The most extreme values below -2.5 only occur in SPI, most prominently in the Murdurchbruchstal, where we are observing
an increase from 0 in the 1980 - 1986 period to 2 events (one each in SPI1 and SPI3) in 1987 - 1998 to 17 (SPI6: 3; SPIO: 6;
SPI12: 8) in 1999 - 2010. The other subregions show smaller counts, with most of the below -2.5 events being observed in the
higher SPI averaging periods and the 1999 - 2010 period.

28



10

1975 1980 1985 1990 1995 2000 2005 2010
Date

Figure 8. Average values (dotted lines) for the SGI (blue), SPESPI1 (yellow) and SRSI (red) and their 5 year running means (solid lines) for

the Leibnitzer Feld subregion. Nete-that-atargernumber-of-wells-with-different-start-and-end-dates-has-been-used;-compared-with-Figu ;
oo

The SRSI behaves inconclusive. For the Aichfeld it shows the same pattern of events with values below/above -2/+2 as the
SPI6, indicating a delayed precipitation controlled river system. In the Murdurchbruchstal, it follows the same pattern as the
groundwater, which fits the interpretation of the rivers being the driver of the groundwater dynamics.

The SRSI pattern of the Murdurchbruchstal (highest counts of negative events in 1975/1980 - 1986, lowest in 1987 - 1998)
is also seen in the Leibnitzer Feld, but here it fits neither the behavior of the SPI nor that of the SGI. This is in accordance
with our other observations that the river in this subregion is intensively human influenced and that both, the upstream and the
downstream gauging station are outside of the subregion.

For extreme flood values above +2.5, it is again only the SPI where those occur, but with a lower count of only 1 in SPI1
and SPI3 each in the Aichfeld in the 1975 - 1986 period and 11 (SPI6: 1; SPI9: 4; SPI12: 6) in the Murdurchbruchstal in the
1999 - 2010 period.

SPI1 and SPI6 values above +2 show the same patterns as SPI1 and SPI6 values below -2, with the largest counts mostly
occurring in the 1999 - 2010 period. In contrast SGI above +2 shows the 1975 - 1986 period as the wettest in the Aichfeld and

the Leibnitzer Feld. Only in the Murdurchbruchstal, the highest count of +2 SGI events occurs in the time period from 1999 -
2010.
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Figure 9. Average values (dotted lines) and their 5 year running means (solid lines) for the fresh snow (pale colors) and the snow height for
the Aichfeld subregion (red), the Murdurchbruchstal subregion (purple) and the Leibnitzer Feld subregion (green).

The SRSI also shows inconsistent patterns for positive events, where only the Murdurchbruchstal has the same behavior in
the +2 SRSI as it does in the +2 SGI, confirming again the influence of the river on the groundwater.

This different patterns follow our previous interpretation of river dominated upstream subregions and a precipitation domi-
nated Leibnitzer Feld. It thus appears that the influence of precipitation is sufficient to cause a similar behavior in groundwater
levels within the shallow aquifer of the Leibnitzer Feld, while it is overruled by direct human impacts in the upstream part of
the catchment. When looking at detailed time series (e.g. well MJc or river gauge MUr in Figure 2), it becomes obvious that
many events above the +/-2 threshold are not flood or drought events, but result from an overlying trend or are the result of
direct human activities. The only exception from this is the SPI since there is no direct human influence on precipitation. This

poses the question of the feasibility of the indices, which is going to be discussed in the following section.
4.5 Feasibility of the indices and synthesis

As already discussed in Section 2.2, SPI and - to a smaller amount - SGI have seen considerable use. However, the shallow

aspect of most of our region presents a challenge to the SGI - or similar indices such as the SRSI: While-the-general-consensusin
hydrofgeo)logyseems-to-be-the It has been suggested that the assumption of stationarity underlying many hydrogeological and ,—-
hydrological assessments and the engineering decisions based upon them is inadequate in view of the ongoing hydroclimatic
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change (Milly et al., 2008; Koutsoyiannis, 2010, 2011). In fact, some of the time series singled out in this investigation show
a different-behavior—behavior that is nonstationary within the observed period of time. Besides the looming threat of climate
change, as for example mentioned by Milly et al. (2008), various events that cause a deviation from a stationary trajectory
(see also Section 3.4 and Section 4.4) can be observed. As shown in Figure 2, the wells MDp, MKr and MJc and the river
gauges MUr and LLr exhibit a split pattern, where at a certain point in time, the standardized values change from a wet( dry)

dominated to a dry( wet) dominated regime.

construction of the power plant “Friesach” in 1998 with a pondage of approx. 7 m upstream and a decrease in tailwater of
approx. 1 m (VERBUND AG, 2016a). Well MDp is situated approx. 200 m upstream of the weir, and thus shows “dry”
conditions before the construction and “wet” ones afterward. MKr is just located 1.1 km downstream of MDp and 1 km
downstream of the weir, and thus shows “wet” conditions before the construction and “dry” ones afterward.

Other time series also seem to be linked to a certain event, such as the case with MJc and MUr, where a change from a wet
to a dry regime happens around 1990. However, in this case, both points are situated 9 km apart from each other, and none of
the power plants that could affect them have been built at the time in question.

It is interesting to note that those time series discussed above are visually-very similar to the synthetic time series discussed

that is running for 1000 terms which has the following properties: When looking at the first 50 terms, it appears very irregular
but can be assumed to have a constant mean over time. We argue that this phenomenon is also visible in our time series
MDp and MKr, where the period from 1975 to 1998 shows a similar behavior to Koutsoyiannis synthetic series. Zooming
out, Koutsoyiannis (2011) shows the first 100 terms of the synthetic time series, which now show two distinctive periods with
different averages and an apparent “shift” or “change” between those periods. This phenomenon is also visible in our time series
MDp and MKr, where this apparent “shift” or “change” occurs around 1998. Following this, Koutsoyiannis (2011) zooms out
further to 1000 terms of the synthetic time series, to show that it still is stationary in the long term. This latter step cannot be

seen in our data, but we would expect a similar picture, when looking at the time series MDp and MKr 1000 years from now.
This effect of apparent stationarity when “zeoming-in--zooming in can also be seen in Sections 3.4 and 4.4, where it becomes

apparent that the split-up time series are generally showing higher correlations than the full time series, since only comparably
smaller parts of the time periods are affected by a large change.

A quantification and counting of extreme events for the full time, as attempted in Section 4.4, is thus problematic. Calling
e.g. an index value of -1 to -1.49 “moderate drought” (McKee et al., 1993) can be misleading when assessing a nonstationary
time series, such as well MDp (Figure 2). Here the first approx. 18 years would be interpreted as a period of multiple and
persistent moderate to severe droughts, followed by a period of multiple and persistent moderate to severe floods. What the
time series really shows is an aquifer in equilibrium with its surroundings before and after the construction of a run-of-the-river
power plant and the associated change in groundwater level. To enable a quantification of the negative (and positive) events, the
time series in question could be split-up at the time of the change, standardized independently and put back together. However,

this requires knowledge of the nature and the timing of the underlying events, which in our case was not always available.
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For systems understanding and correlation however, these jumps in time series are not an issue. As shown with wells MDp
and MK, the construction of a run-of-the-river power plant does not only change the water levels of the river in question, it
also does affect the groundwater up- and downstream of it. With our matrix-view (Figure 2), it can be shown that this change
did not only affect the two wells singled out, but also at least one other well downstream in the case of MKr, where the first
“blue outlier” above it is situated directly across the Mur from MKr. The second one however is upstream of MKr and its power
plant, but in a similar downstream distance from another power plant (VERBUND AG, 2016b). With well MDp, there are at
least two other wells upstream that show very high correlations with MDp.

This shows that large events or human induced changes in the river, such as the construction of a run-of-the-river power
plant ean—not-cannot only affect its direct vicinity, but also large portions of the surroundings. This is a further important
factor besides other human induced changes, such as change in land use (surface sealing, afforestation, deforestation etc.) and
pumping activities as for example mentioned by Stoll et al. (2011). In small, and heavily human impacted systems, such as
in the Mur valley described herein, those human induced changes can be among the most important influences, rendering the
concept of “natural conditions’ almost impossible in shallows wells. Short-term disruptions on the other hand (as demonstrated

by well MFd in the Murdurchbruchstal in 2003), do not affect the long term correlations.

5 Future work

The correlation matrix approach shown herein could be applied to other regions, since it offers a quick first step to visualize

correlations and thus relations between the different bodies of water found in a region. As we have shown, we see considerable

differences between our subregions, even though their aquifer properties are similar (see Section 2.1). However, while we do
have a wealth of data available, the aquifer properties are of a rather coarse resolution and thus missing information about
possible inhomogeneities. It would be interesting to see whether the differences and similarities identified in our subregions
also hold for different areas in a similar setting (alpine basin, narrow valley, shallow foreland aquifer) and how different settings
differ in their relations. Specifically, it would be beneficial to identify a region where more aquifer properties are know in a finer
resolution. Also, the apparent differences between unconfined and (semi)confined aquifer bodies warrants further investigation.

Future applications of correlation matrices would also benefit from the inclusion of other phenomena. With the SPEL
Vicente-Serrano et al., 2010) one could already add evapotranspiration to this visualization, which could add valuable insights
for many regions. In locations similar to ours, snow plays an important role, as discussed herein in Section 4.3. However, due
to its intermittent nature, standardizing snowfall or snow heights is not possible with the approaches used herein. Since the
development of new indices was not the focus of this paper, we opted to discuss snow outside of the matrix visualization, but
an SSI (Standardized Snow Index) could be a beneficial addition to the hydrologists toolbox. Other possible additions or new.
indices could be for atmospheric phenomena, such as for example blocking (which is related to cold spells in our region, see
Brunner et al. (2017)). Also possible connections between different (subjregions and the role of rivers as connector of far away.
regions does warrant further investigation.
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The finding that river stages exhibit the highest correlation with groundwater levels in some subregions also warrants further
investigation into the causations and mechanisms behind this correlation. A possible start to disentangle the different influences
could be using methods such as the Karhunen-Loéve transform, as for example used by Longuevergne et al. (2007) in the Rhine
valley aquifer.

Regarding the differences between flood and drought as well as snow rich and snow poor time periods and more generally
regarding changes over time (non-stationarity) caused by climate change or more direct human impacts such as hydraulic
engineering measures, modelling approaches such as that employed by Peters et al. (2005) or a groundwater model fed with
precipitation time series from a local climate model could be used to further assess the feasibility of the matrix approach to

detect trends over time.

6 Conclusions

Three subregions of the Austrian Mur catchment were analyzed. Long-term time series (1975/1980 - 2010) of 75 groundwater
monitoring wells, 9 river gauging stations and 3 regional average precipitation time series have been standardized and correlated
in order to gain insight into the controlling factors for groundwater in alluvial aquifers, the effects of extreme events, the impacts
of human activities and the development over time.

It was shown that the correlation matrix approach enables a quick visualization and comparison of different locations and
time spans and that standardized indices, such as the SPI, the SGI and the SRSI (SGI applied to river levels), allow for a
thorough comparison of groundwater wells, rivers and precipitation.

With the help of these tools, it was shown that subregions in a catchment can show very different behavior, stemming
from their different climatic and geologic conditions as well as human impacts. In general, in small subregions and shallow
alluvial aquifers as shown here, the river is always a-domirant-an important driver in the system. As a consequence, (human)
impacts on the river (e.g. construction of a run-of-the-river power plant) propagate into the aquifer system. When assessing
shallow groundwater basins in a densely populated area, human impacts must be taken into account. Without this context,
many phenomena observed in the system can easily be misinterpreted.

The correlation of standardized groundwater levels with standardized precipitation is more significant in the foreland than in
the upstream, Alpine part of the catchment. This corresponds to a tendency towards more shallow water tables in the foreland,
and the existence of a second, deeper aquifer in the upstream basin. The shallow wells show time series that are highest
correlated with the SPI6, whereas the deep wells have-show the highest correlation with the SPI12. This highest precipitation -
groundwater correlation of the deep wells is still considerably lower than the highest precipitation - groundwater correlation of
the shallow wells. Besides being only lowly correlated with precipitation, the deep wells also appear to be unaffected by river

stage fluctuations.

poor winter, significantly impact the correlations between the standardized time series, but differ in their effects. Drought shews

and snow rich conditions show a tendency towards higher correlations and thus uniform behavior of precipitation, surface water
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and groundwater, whereas flood results-and snow poor conditions result in lower correlations and thus irregular behavior. A

possible explanation for this observations is the fact that the unconfined aquifers in our subregions have response times of at
least one month; therefore short term events, such as floods, will not affect the whole aquifer, whereas events of long duration,
such as a drought will propagate through the whole subregion, which will be reflected in the mentioned high correlations. In
5 contrast, the aquifer represented by the deep wells in the Aichfeld subregion are likely confined or semi-confined, which results
in much lower response times explaining the consistently high correlations amonng those wells even under flood conditions.

When assessing the development over time, the most recent time period from 1999 to 2010 shows significant changes and a

trend towards higher correlations. This corresponds to an increase of the number of negative-events in precipitation with index
values of SPI6 below -2 in all subregions and in the groundwater of the foreland subregion, suggesting the increased number
10 of drought events as a possible cause of the observed trend towards higher correlations. The investigated Alpine aquifers,
however, exhibit a contrasting behavior with the highest number of negative events in the time before 1986. This suggests
that the groundwater levels within these subregions are more strongly influenced by direct human impacts, e.g. on the river,
than by changes in precipitation. Thus, direct human impacts must not be ignored when assessing climate change impacts on
alluvial aquifers situated in populated valleys. Accounting for human impacts within such assessments remains a challenging
15 task that requires further investigation into the nature of the various impacts and the mechanisms of their propagation through
the hydrological system. Further work could address different types of aquifers, including larger aquifer bodies or aquifers in

different climate zones.

Appendix A: Correlation matrix

The correlation matrices used in Figures 2 to 5 and Figure 10 in this Appendix are similar to the matrices applied in Stoll et al. (201

20 Loon and Laaha (2015). Each colored rectangle in a matrix refers to a single, color coded Pearson correlation coefficient for

two standardized time series.

This a

Figure 3) or to pic arbitrary periods (as done in Figure 4 with a 12 month period spanning from November to October) and to
calculate a single Pearson correlation coefficient for those parts of the time series, making it possible to show a development

25 over time (Figure 5), or to compare certain years or periods(Figures 3 and 4). In order to plot all possible combinations of SGI.
SPI and SRSI, the matrices have a mirror symmetry, shown by the clearly visible diagonal, which is a representation of the
The data is sorted from left to right - and top to bottom due to the inherent symmetry - starting with the well that is the
furthest away from the Mur in the subregion on its left riverbank with the distance to the river getting smaller until the closest

30 well to the river on its left side is reached, from whereon the distance to the river on its right side starts to increase, ending the
groundwater block of the matrix on its right side with the well that is the furthest away from the river on its right riverbank.

Following the wells standardized groundwater levels (SGI) the standardized precipitation (SPI) shows the averaging periods of

1,3,6,9 and 12 months (SPI1, SPI3, SPI6, SPI9, SPI12). The final group are the standardized surface water time series (SRSI)

roach enables us to split time series into e.g. 12 year periods (as done in Figure 5), pick single years (as done in
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showing selected gauging stations of the river Mur in the subregion or tributary streams. In order to enable easier reading of

the plot, each group is divided by a blank column (or row).

As discussed above, the top and the left side of Figure 10 are sorted identically. Thus, looking at the first row, its first ent

shows the Pearson correlation coefficient for the standardized groundwater time series (SGI) “0” with itself, which is 1. The

second entry in the first row is identical to the second entry in the first column, showing the Pearson correlation coefficient for

the SGI “0” with SGI “1”, which is approximately 0.2. This continues until we reach the 7th entry, which is marked as time
series “6” in the example. This is intentionally left blank, to provide some spacing to the group of the entries “7” to “9” which
are representations of standardized precipitation with different averaging periods. Here, SPI1 is represented by entry “7”, SPI3

“8” and SPI6 by “9”. The 9th entry (time series “10) is again intentionally left blank, to provide some spacing to the single

standardized surface water time series (SRSI) in this example. When looking at the second row, it becomes clear that its first
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entry is the Pearson correlation coefficient for the SGL 707 with SGL71” (which is the same as the second entry in the first row)
and that the second entry in the second row is SGI “1” with itself, whichis 1.

Due to this symmetry, the sorting and the spacing between different groups of data, we also get 6 distinctive blocks of
correlation coefficients: A - the correlation coefficients for all groundwater wells standardized time series with each other; B
- the correlation coefficients for all groundwater wells standardized time series with all standardized precipitation averaging.
periods; C - the correlation coefficients for all groundwater wells standardized time series with all the standardized surface
water gauging stations time series; D - the correlation coefficients for all standardized precipitation averaging periods with
each other; E - the correlation coefficients for all standardized precipitation averaging periods with all standardized surface
water gauging stations time series and F - the correlation coefficients for all standardized surface water gauging stations with

each other.

Appendix B: Maps
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Background maps for Figure 1 and Appendix B: ESRI World shaded relief
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Figure 12. Detailed map for the Murdurchbruchstal subregion
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