In this paper, the authors set out to reconstruct low-flow events in a reference network of
catchments across France from 1871 to present. Due to the lack of observed streamflow
records prior to the 1950s, downscaled climatological data (20CR) is used to reconstruct
streamflow using hydrological models. Using knowledge of more recent low flow events over
the past 50 years, the authors validate their novel approaches of low-flow event
identification, spatial matching, and hydrological modelling, which succeed in identifying the
well-known events of 1976 and 1989-1990. The approach highlights two additional extreme
low-flow events in the 19th century: 1878 and 1893 and the authors conclude that many
severe, long and widespread drought events occur prior to 1950.

This paper provides a valuable contribution to science in both methodology and results. The
methods are many and varied and though multiple subjective decisions are included, they are
well thought out and discussed. Whilst the many steps of the spatial matching procedure are
quite challenging to decipher, the results are well presented. The combined threshold level is
a particularly interesting concept. This is a very long paper, which might daunt the average
reader, but the content is valuable and in my opinion the many maps and graphs all convey
interesting information. The maps in Figures 15 and 16 are of particular merit, though Figure
15 would benefit from some slight adjustments (see comment below).

The authors would like to thank Referee 1 for his positive comments on the manuscript. We
also thank him/her for the specific and technical comments (in italic below) that will lead to
improve the manuscript. The detailed answers to the specific comments are presented
below.

If the editor deems the paper too long (which would be understandable), there are several
ways in which the main body of this manuscript could be cut down:

1. The introduction could be reduced.

We believe the introduction as it is introduces the reader with the numerous different
concepts covered in this paper. A shortened introduction might decrease the understanding
of all facets of the topic. Nevertheless, we will check again if it can be shortened.

2. The description of the derivation of the SCOPE climate data from 20CR-SANDHY-SUB could
be stated much more succinctly in the main text, and a detailed description provided in the
appendix.

Thank you for the suggestion. We will indeed only present the SCOPE Climate dataset in this
section and detail the entire SCOPE downscaling method (with more details) in the appendix.

3. Similarly the description of the spatial matching procedure is lengthy, and could be
summarised with a longer description in an appendix. Those who wish to reproduce your
methods would be willing to read the appendices, whereas others, who are mainly interested
in the results would not need to understand that level of detail.



The aim of this paper is to focus on the methodology developed for identifying spatio-
temporal events, a methodology that could be transposed in other contexts. In this way, the
results are only shown as basic example results of the method. As a consequence, we would
like to keep the entire method description in the main text.

4. The day of the year analysis in figure 12 could be cut out, however it does show the spread
of the start dates.

As this figure is the only example of low-flow seasonality, we would prefer to keep it in the
main text.

5. Furthermore, Figure 13 could be removed, as the majority of the information is given in
figures 10 and 11. Again however, it does show the linear relationship between severity and
duration of events.

Thank you for the suggestion. This figure will indeed be moved to the appendix or to some
supplementary material.

Comments that must be addressed:

1. The derivation of the SCOPE climate data is not well explained. Page 6 needs a lot of
attention. It appears to be a significant amount of work that is not published elsewhere. This
procedure needs to be clearly described, and moved to the appendix. For example, it is not
clear what variables from the 20CR are downscaled (500hPa geopotential height?)

We agree that this procedure would require a lot more details to be fully understandable,
and we also agree that having a deeper description in the appendix would be the way
forward. As mentioned above, only a description of the SCOPE Climate dataset would be
kept in the main text. Considering the question above: 20CR output variables are only used
as predictors (and not downscaled). As detailed in Caillouet et al. (2016), 20CR large-scale
predictors (geopotential height, air temperature, humidity and vertical velocity at different
pressure levels, as well as sea surface temperature) are used to derive local-scale
predictands (precipitation and temperature) in the SANDHY-SUB statistical downscaling
method. SCOPE adds two more steps (which will be detailed in the appendix) to SANDHY-
SUB.

2. Please indicate the ideal value of KGE (1 | assume?) on both the description of the metric
on page 7 and the map given as Figure 2. Furthermore, please check the equation provided
on page 7, as this indicates that a low value should be a good score. Gupta (2009) provide
the equation you present as the Euclidian Distance (ED), whilst KGE is 1-ED.

Indeed, the equation is incorrect. This will be corrected. The ideal value of KGE (1) will also
be specified.



3. Your description of the spatial matching procedure needs some work to improve its clarity.
I suggest it is lengthened and sent to an appendix.

As the wish of the authors is to produce a methodological paper with some example results,
we want to keep the spatial matching procedure in the main text. We will try to work on the
clarity of the method.

4. Page 25 Figure 17 - add a scale/legend to this figure
Indeed, it has been cut, this will be corrected.

5. Page 31 lines 3 and 4 — You state “Result also highlight that the worst events in terms of
severity and duration or spatial extent often belong to the pre-1950 period”. This statement
is not backed up by your graphics. Figure 14 indicates the majority of the most widespread
events were post 1940, Figure 15 indicates that 1990 and 1976 were the longest, and
similarly in figure 13 only 1945 is picked out among the most severe in the Corréze catchment.
Furthermore, figures 10 and 11 do indicate some long and severe droughts prior to 1950, but
the latter period on these graphs seem to show significantly more events and more serious
events than the earlier period. | think what you mean to say is that many severe, long and
widespread events occur prior to the 1950s, but | don’t think it’s true that the majority of the
most severe events are in the early part of your reconstructions. Please amend this sentence
accordingly.

Indeed, this is a mistake in the sentence writing. This is not pre-1950 but actually post-1940.
This will be changed accordingly.

Further recommended minor adjustments and comments:

1. Page 2 lines 2 to 6 — references here may be assumed to be based in French catchments
due to the outlining of the lack of available data in France, then using the word consequently
to start the next sentence. Rephrase to indicate these are not all French studies.

It will be clarified.

2. Page 3 lines 3 and 4 — “high spatial and temporal scales” and “large-scale atmospheric and
oceanic data” high scale means different things to different people. Do you mean high
resolution or not?

Indeed, this is a mistake. The right formulation is “small spatial and temporal scales”, this
will be corrected.

3. Page 3 line 13 — within which country was Dayon’s study based?

Dayon’s study is based within France, this will be specified.



4. Page 3 line 16 — downscaling of 20CR — what variables did you downscale and at what
resolution?

As mentioned previously, this will be added in the details of the SCOPE method in appendix.
Large-scale (2.5°) predictors are (1) temperature at 925 hPa and 600 hPa, (2) geopotential
height at 1000 hPa and 500 hPa, (3) vertical velocity at 850 hPa and (4) humidity as a
combination of the relative humidity at 850 hPa and precipitable water content in the entire
column.

5. Page 3 line 34 to page 4 line 1 — you mention the use of probabilistic data to account for
uncertainty, but very few of your figures display the uncertainty from the ensemble in the
results (only really Figures 10 and 11). It would be nice to see some spatial mapping of
uncertainty — perhaps a map of one of your events, with density of colour according to how
many of the 25 ensemble members identify that event, this map could accompany figure 17.

Thank you for this suggestion, this would indeed be a nice figure. For a specific event, the
spatial pattern would be similar to the one obtain for duration or severity. Indeed, there is a
higher probability that a high number of members detects the event if the latter is
particularly long or severe for a station. Below is an example of the number of members
detecting the 1893 event (to be compared to corresponding maps of return period in
duration and severity in Fig. 16):
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As this paper is a methodological paper with already a lot of example results, this will not be
added. But a sentence such as: “The more severe or the longer the event, the higher the
number of members detecting the event.” will be added.

6. Page 4 line 19 — what does “without direct human influence” mean?!

This means without abstractions, derivations and reservoir operations, i.e. human influence
of catchment processes

7. Page 4 line 27 — we are referred to Annex A which mentions Safran Hydro and SCOPE
Hydro before the datasets are introduced. | suggest you add “see section 2.2.1 and 2.2.2” to
the caption of Figure 18.

This will be added.

8. Page 7 line 20 — | don’t think it can be said to give “equal weights”, better to say “reduces
the bias towards high flows”

This will be corrected.

9. Page 7 line 24 — how many stations used CemaNeige then? State this. Could you highlight
them somehow on Figure 2?

All stations used for CemaNeige. CemaNeige is calibrated locally on 187 stations with high
snow influence. Median values of the calibrated parameters are then used for the
simulations on all 475 remaining stations. This will be rephrased.

10. Page 7 line 26 — so all the catchments were given the same values for the 2 CemaNeige
parameters? Is this realistic? Or were the catchments calibrated several times, and then the
median of those given to each individual catchment? This needs to be clearer.

Only catchments with little snow influence (475 catchments) have the same CemaNeige
parameters. Using fixed parameters for these catchments allows keeping realistic values as
there were not enough snowfall episodes during the calibration period to obtain realistic
calibrated CemaNeige parameters. This will be rephrased.

11. Page 8 lines 17-24 — | appreciate that this algorithm comes from reservoir design, but it
would be more appropriate to explain it in the context of flow deficit here.

This will be adapted to this context.

12. Page 8 line 25 - Your end date is defined as the time of maximum depletion. Do you think
this is representative of the end of an extreme low flow/drought period? What about the
time it takes for the stream to return to “normal” flows? See Parry et al (2016)

http://ppg.sagepub.com/content/early/2016/06/02/0309133316652801.refs



http://ppg.sagepub.com/content/early/2016/06/02/0309133316652801.refs

Our end date corresponds to the maximum depletion, so actually to the return to the normal
flow, i. e to the date where the flow exceeds the threshold again (but not the normal deficit).
But indeed, the date corresponding to the return to O deficit would be useful for assessing
drought recovery. This would be a nice additional study which is out of the scope of this

paper.

13. Page 11 Figure 4 — Station 11 shows a single black bar in (a), but a red and a grey bar in
(b), is this actually one event or is fig (a) not quite clear enough?

In fact, these are two very close but independent events with only a few days between
them, hence the two colors. The resolution of the figure will be increased in order to clearly
distinguish the two separate events.

14. Page 14 Figure 7 — why is the late 1990 event not picked up by Safran?

This event is not picked up for this particular station but is actually picked up for all other
stations of the HER (see Discussion section 6.3, p. 28, 1.27-30). This may happen locally, due
to the sensitivity of the method to different parameters like the local threshold.

15. Page 14 Figure 7 — this figure takes a very long time to load on my PC — it interrupts
scrolling significantly, and almost crashes my browser. Is its file size much larger than Figure
4? If so why? Can it be reduced without compromising its quality?

We actually had the same problem (even if the file size was the same than for the other
figures). The figure has been created differently and it now works correctly.

16. Captions for Figures 8 and 9 — don’t think you need to point out the different scales on the
yaxes.

Thank you for the suggestion.

17. Page 16 — provide an assessment of the bias in SCOPE Hydro (median) compared with
observed flows, for low and high flow seasons. Calculate the percentage of time the obs are
within the SCOPE Hydro range for all stations.

SCOPE Climate and SCOPE Hydro will be made available in forthcoming data papers. They
will also provide a deeper description of these two datasets, including median bias, KGE or
reliability. As this paper is already very dense, we do not wish to add further validation
results. For information, the maps of the KGE decomposition (in median) are the following
(alpha as variance, bias as beta and r as linear correlation on the calibration period):



Safran Hydro vs Observation SCOPE Hydro vs Safran Hydro SCOPE Hydro vs Observation
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18. Page 17 line 12 — not sure | agree that the observations are “most of the time” included in
the SCOPE Hydro range — the obs seem to be on the periphery most of the time — address
with comment above.

This will be rephrased. Further analyses on the reliability of the SCOPE Hydro ensemble (that
will not be shown here) actually support this statement.

19. Page 18 Figure 10 and page 20 Figure 12 — the dashed lines are visible on the computer,
but not on the print out for me. This could easily be a problem my end, but please double
check it prints correctly for you.

We did not encounter this problem.

20. Page 18 figure 10 — the “Whiskers” (note spelling!) do not extend to 1.5 times the IQR,
they extend to the largest (and smallest) observations still within 1.5 times the IQR

Indeed, this will be corrected.



21. Page 19 line 17 — “A higher number of extreme events and higher severity values are
simulated after 1940 for the Corréze” — do you have any stats to prove this? Mann-Whitney
U test for step change? Is there statistical significance?

These assumptions are only based on the figures and detailed statistic trend tests have not
been considered as the aim of the paper was to provide basic examples of the method.

22. Page 20 line 9 — “There is no visible trend on the seasonality of start dates” — did you do
any statistical tests?

Cf. answer to above comment.

23. Page 22 Figure 14 — You have displayed months and years on this plot whilst all other
plots just categorise by year. You could remove the months from this plot to make the plot
clearer.

Other plots are categorised by event names (actually a year) on the contrary to this plot
which is categorised by date of maximum spatial extent. Keeping the months allows a better
understanding of the seasonality of the event and a coherence with the x-axis. Moreover,
removing the month might confuse the reader as the names of the events do not always
correspond to the year of maximum spatial extent (for example the 1990 event corresponds
to 12/1989).

24. Page 23 Figure 15 — this is a great Figure, but it really isn’t colour-blind friendly.
Remember 1 in 10 men is colour-blind. | know this will be difficult to take into account with a
map like this, but | suggest you make sure that the 3 or 4 main events you are picking out are
in contrasting colours that colour-blind people can differentiate from the others. At the
moment, for those with Protanope colour-blindness (the most common) 1990 is clearly
visible, 1893 and 1985 look the same as each other, 1878 and 1978 look the same as each
other, 1943 and 1949 look the same as each other, and the rest are all very similar. Try using
the mobile app “CVSimulator” to test your images (I’ve run your image through this app, see
graphic at end of document). On this note — Figures and 4 and 7 use orange and green which
are indistinguishable to the colour-blind. Reconsider this colouring if possible. Figures 16 and
17 are OK, Figure 20 isn’t but | don’t think the issue can be avoided here sadly.

Thank you for this remark and this very interesting app. We tried to use colorblind safe color
scales even if the result is not always perfect. Figure 15 requires 12 different colours and it is
not possible to find an entire adapted color scale. Nevertheless, we will indeed try and
change the colors to distinguish the major events from each other.

25. Page 23 line 4 — | think you have 1878 and 1893 the wrong way round in this sentence

You are right, this will be corrected.



26. Page 23 lines 7 to 9 — comment on the 2003 event — this is a major finding, | suggest you
add this to the conclusion!

This result should be taken carefully. As mentioned, it is not possible to automatically
compare events from Safran Hydro and SCOPE Hydro but it is possible to compare
exceptional events by manually selecting the events in each dataset. A comparison showed
that the 1976 and 1990 events are very well reconstructed by SCOPE Hydro but the duration
and severity of the 2003 event are understimated by SCOPE Hydro. This may be due to the
lack of soil-atmosphere retroactions which are important for this event and not taken into
account into our hydrometeorological reconstruction chain. A sentence will be added to the
paper to prevent the reader from any over-interpretation.

27. Page 26 lines 4 to 9 — this discussion seemed to suggest that 1990 wasn’t a particularly
severe event, whereas Figure 16 indicates it really was just as severe as the 1893 and 1976
events, especially in the massif central regions.

The sentence should be rephrased with the removal of “on the contrary”. The discussion
focused on the fact that this event was exceptionally long for a majority of France, more
than exceptionally severe.

28. Page 26 lines 10 and 11 — you state that the 1990 event start dates lie within a common 6
month period for all stations concerned — however | can definitely see some green dots on
that lower right map in Figure 16! | suggest rewording “all stations concerned” as “for the
vast majority of stations”

This will be corrected.

29. Page 30 section 6.6 — no mention of parameter uncertainty and model structural
uncertainty — e.g. GR4J and GR5J.

Model structural uncertainty is mentioned with the use of the Isba-Modcou hydrological
model. A sentence will be added on the parameter uncertainty.

30. Page 30 conclusion — no mention of the use of Safran Hydro

Indeed, the aim was to mention only the main datasets and results in order to make the
conclusion more understandable.

Spelling/Grammatical Errors

Thank you for your very attentive reading, all your corrections will be taken into account.
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Synthesis of my review :

Even if this paper appear to be rather long and sometimes "dense", | really appreciated
reviewing this paper. | am very happy to congatulate authors for such an amount of work
and very useful information and analyses on the drought history over France, since 140 years.
Having an experience on data-rescue and long-term historical reconstructions, | consider that
this work could have many applications, both in terms of reseach activities or operational
hydrology. This work could also help hydrologists to communicate with water managers,
decision-makers or stakeholders, in order to show them exemples of long-term hydrological
variability.

The authors would like to thank Referee 2 for his positive comments on the manuscript and
the specific and technical comments (in italic below) that will lead to improve the
manuscript. The detailed answers to the specific comments are presented below.

I really hope that SCOPE hydro time-series would be available soon ?

SCOPE Climate and SCOPE Hydro will be made available as soon as possible in forthcoming
data papers. In the meantime, preliminary packed datasets are available upon request to the
authors.

I would rate the scientific significance and quality as Excellent. However, | rate the
presentation quality as Fair to Good, because some paragraphs appear to be difficult to
understand, even with carefull attention. | would like to invite authors to improve the
explanation in a more pedagogical way of $ 2.2.2 (Bias correction and Schaake Shuffle) and
3.2.2 (spatial matching procedure, also used for the ensemble case). This could undermine
our appreciation of the quality of the paper, even if $4 and $5 are very Interesting.

Following our responses to comment from referee #1, we will only present the SCOPE
Climate dataset in section 2.2.2 and describe the entire SCOPE method (with more details) in
the appendix. Efforts will be made to improve the understanding of section 3.2.2. The issue
may however come from the low resolution of Figure 4 which can lead to a confusion of
event matching.

It might not be the objective of the authors, but a paper in two parts could be easier to read,
with a first part considering the methodology (basicaly from 20CR-SANDHY-SUB datasets to
SCOPE climate) and a second part considering hydrological analyses and the discussion
(basicaly, SCOPE Hydro and hydrological analyses).

Writing up a two-part paper with this material would be quite difficult. See the responses to
comments above on restructuring the climate part.



Major comments :

$2.2.2 SCOPE Climate : this paragraph presenting the bias correction via a resampling-based
correction approach and improvement of spatial coherence via Schaake Shuffle should be
improved in order to be easily understood ;

Indeed, SCOPE will be detailed in the appendix (see previous answer).

$3.2.2 spatial matching procedure : the overlapping process is not clear. This paragraph
should be improved in order to be easily understood

* the step from Fig 4a to Fig 4b is not clear on this example : | don’t understand why two
independent events are considered for red and grey colors, while there is only one event
considered with the purple color ? Station 11 event definition should be continous during
period covered by red and grey colors ?

This come from the lack of resolution of Figure 4. The correct figure is the following:

(a) Initial (b) After within-HER matching (e) Final France-wide matching
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Grey and red events are indeed two different events in 4(a), which was not clear in the
version included in the manuscript.



* the step from Fig 4d to Fig 4e is not clear on this example : again, | don’t understand why
an event could be discontinuous, for the two blue and two green events ?

4d to 4e is only a local report of the inter-HER matching to the stations of the HER. After the
inter-HER matching, the first two events of HER 11 are matched together (two bars with the
same blue color). If you go back to 4b, the local events corresponding to these two blue bars
are the red and grey events. So after the inter-HER matching, these two independent events
are matched together, giving the blue color instead of the grey and red. But this
misunderstanding may also come from the same problem than previously (it was not
possible to distinguish the two independent event for the grey and red bars).

Fig 7 : again, | don’t understand why there is only two spatio-temporal events and not four ?

This figure only illustrates the report of the spatial matching from average events to SCOPE
Hydro events. The colors you can observe in 7a are already the result of the spatial matching
on average events (spatial matching which is not shown before, as Figure 4 corresponds to
Safran Hydro and not average events). So the spatial matching on average events gives two
different events: one orange and one green. 7b shows the report of these two events to the
SCOPE Hydro events. At the top of the figure, Safran Hydro events are only shown for
information as it is used in the discussion (this is the only line which refers to a result shown
in Figure 4). Maybe it would be clearer to choose two different colors for average events and
events of the 25 members (than orange and green) as it is completely independent of Figure
4,

$3.1 hydrological modeling : since the aim of this study is to represent particularly well
drought events and that it is well-know that hydrological models are performing poorly on
drought, why authors didn’t consider an objective function based on hydrological signitures
specific for drought, such as distribution of drought duration, severity, etc (VCN 10, VCN30,

) ?

SCOPE Hydro has been created in order to be used in any type of hydrological studies. For
this reason, the objective function has been chosen to give equal weights to high and low
flows.

Minor comments :
p4, 126 : problem with the length of the line ;
This will be corrected with the final version.

p6, 111 : it might be out of the scope of this paper, but have you tryed to analyse the 20CR-
SANDHY-SUB bias using a weather type classification (the seasonal classification is
interesting but, beyond seasons weather type proportion might change from a season to
another) ?;



We didn’t try but indeed, it is a nice suggestion to better understand the origin of biases.
p7, 121 : KGE is expressed as KGE = 1-SQRT {(...);
Indeed, this will be corrected.

p7, §3.1 : a table with quantiles of catchments caracteristics and summary of performances
(KGE, r, alpha, beta) might be interesting (as Table 2, in Pushpalatha et al., 2012);

It might indeed be interesting and we will include it in the forthcoming paper describing
SCOPE Hydro in detail. Please note that KGE values are available in the manuscript in Fig. 2.

pld, 112 : is the number of members to consider an event (10 on Fig 6 example) adapted from
one station to another or roughly selected for the 662 stations ? If it’s different from one
station to another : give some quantile to precise the variability of this threshold ? Have you
tested an unique value for the whole station sample ?;

This number is different from one station to another. Below is the map of the final values:
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A unique value has not been tested as having a different value for each station allows a re-
calibration against Safran to improve low-flow event identification. But except for specific
stations, values are kept between 8 and 12.



pl7, 14, Fig 2 : | would appreciate to see distributions or boxplots of r, alpha, beta and KGE
criteria ;

See our response to a comment above. The manuscript is already very long and dense and
we would rather not add more figures not directly related to extreme low-flow events.

pl7, §4 : again, it might be out of the scope of this paper, but it could be interesting to
caracterise SCOPE hydro performances for drought simulation using hydrological signatures
and/or probabilistic criteria, such as CRPSS, etc. ?;

Cf. Response to comment above, and response to referee #1 for a figure showing the
median performance of SCOPE Hydro and Safran Hydro in terms of KGE and KGE
decomposition (alpha for variance, beta for bias and r for linear correlation on the
calibration period).
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pl18, figure 10 & p19, figure 11 : for the ones not used to duration values and severity values,
it could be interesting to put a panel on these figures with the distributions of event durations
and severity obtained with the Observation or Safran Hydro. Another option would be to add
a second y-axis with the quantiles corresponding to the duration/severity values ? ;

As the information brought by figures is already very dense, we would be prefer not to add
such a panel. However, the idea of translating values in mm /days into long-term quantiles
would be an interesting way of presenting the results, and we will keep it in mind for further
analyses.

p22, fig 14 : what is the total spatial extent of the 622 hydrological stations ? what is the
proportion of gauged surface over the France surface ?;

The gauges surface corresponds to around 41% of the France surface.

p22 : It would be interesting to distinguish snow-dominated catchments and raindominated
catchments and show a figures with the spatial extent of drought, given these two main
processes (snow/rain)? ;



This would be a very nice extension of this paper. As this paper is mainly a methodological
paper, we do not which to extend the results.

p25 & p26 114-22 : given the length and density of your paper, Figure 17 and its related §do
not appear necessary for me ;

Figure 17 is the only figure providing an ensemble characterisation of a spatio-temporal
extreme low-flow event. Figure 13 will be removed as it is partly redundant with figures 10
and 11.

p29, §6.4 : have you compared the Safran Hydro and SCOPE Hydro analyses on the 1958-
2012 period, where hydrological simulations are both available ? A scatterplot of duration,
severity or spatial extent by year could be interesting ?;

We actually did this analysis manually for a few exceptional events. Drawing a scatterplot as
suggested would require a formal temporal comparison of spatio-temporal extreme low-
flow events across different datasets (which is difficult for now -- see section 6.4). To give a
concrete example, the x-axis of Fig. 10 and Fig. 11 corresponds to the name of the events,
itself corresponding to a spatial center date, independent for each dataset. If we do not link
events across datasets, two events occurring during the same period (and that should be
linked together) will be identified differently in the x-axis. This would most likely generate
more questions than answers and this could hardly be done in an automated way.

p30, §6.6 : considering drought simulation, my experience is that conceptual RR models could
be strongly biased. In a future work, you could consider a very simple method, using a bias
correction of streamflow simulations by quantile classes, as proposed by F. Bourgin in its PhD
at IRSTEA.

As shown in the response to referee #1 and more specifically the figure plotting biases
between SCOPE Hydro and Safran Hydro, a slightly negative bias may be detected, but
remains largely under 10%. Moreover, we didn’t want to implement any streamflow
guantile-quantile bias correction as it would add some more temporal transferability
hypotheses in the hydrometeorological modeling chain.



Synthesis of my review :

General comments Overall | find this an excellent paper which makes an important
contribution to understanding French low flows but also in providing a highly transferable
method for reconstruction of daily river flows in other countries/locations. The authors are to
be congratulated; this paper provides a benchmark study. The paper would however benefit
from some additional work on grammar and tightening the communication. Some aspects
are a little hard to follow and would benefit from some careful thought on how to present in
a clearer way to help the reader follow what is going on. | think that a lot of the appendix
information should be integrated — e.g. the work flow figure is very useful to understanding
what is going on. All of my specific comments below are minor and try to be constructive.
Finally I apologise from my delay!

The authors would like to thank Referee 3 for his positive comments on the manuscript. The
detailed answers to the specific comments (in italic) are presented below.

Specific comments In section 2.2.2 SCOPE climate it would be useful if the authors could
introduce the data, then outline the steps in its use and then deal systematically with the
additional treatments...for example it would be helpful to the reader of the final sentences in
the section appeared earlier. These steps could then be used to organise the section

For a better understanding, we will detail the SCOPE method in appendix. Only the SCOPE
Climate dataset will be detailed in the main text. See also the related responses to referee
#1 and referee #2.

Given the objective of creating an ensemble reconstruction, why was only one hydrological
model used and why is no consideration given to the uncertainty in the GR6J parameters. The
model is calibrated for the period Jan 1973- sept 2006. Was there a reason for choosing this
period based on variation in flow conditions? | ask as the model is expected to reconstruct
conditions that are potentially very different from the calibration period. If the focus is on low
flows — was consideration given to how the model performed for different duration/intensity
events during the period of observations.

There is a work in progress concerning the hydrological modeling structural uncertainty (see
section 6.6). This will be presented in a future paper. The calibration period has been chosen
as 90% of the observed date were available during this period. Moreover, it indeed includes
three important extreme low-flow events (1976, 1990, 2003).

| note that validation across the full set of catchments is not shown but is done — what were
the salient points — it would be useful to summaries these in a couple of sentences. “It has to
be noted that thorough validation experiments not shown here — out-of-sample experiments,
split-sample experiments — have been performed to carefully quantify the overall
hydrological modelling performance.”

Thank you for this suggestion. A few salient points will be added to the manuscript.

| find the spatial mapping procedure difficult to follow and its communication would benefit
from more clearly laying out the steps and then showing the example application



The principle is first explained (simply an overlap of dates). Then the definition of the
required parameters is developed (spatial domain for the matching). Finally, the example
only provides a better understanding of the use of two spatial domains (by HER and then
over France). We do not think it would be possible to explain these two steps without an
example. Nevertheless, we will try to improve the understanding of this step.

Is it possible to make a conclusion around which aspect of drought — severity or duration —
uncertainties are greatest?

It would be difficult to establish such a statement as severity and duration are two different
variables with different units (mm and days). It would be possible to compute the range of
values using return periods but it would add uncertainties related to the distribution fitting.
Moreover, these two aspects highly depend on the specific event considered. Figure 16
shows for example that there are more stations detecting a long event rather than a severe
event in 1990. This is the contrary for the 1893 event.

When reporting seasonality you mention no visible trend — is there evidence of trend in the
other parameters- severity/duration? There would seem to be for severity in the Correze
catchment.

These assumptions are only based on the figures and formal trend tests have not been
considered as the aim of the paper was to provide basic examples of the method.

Please dont start section 4 with figures — text first.
This will be corrected

On page 22 the text states “More generally, this figure highlights the fact that the only
events having hit more than 70% of France occurred after 1940.” How confident can you be
that this is a real trend or an artefact of the quality of the underlying data. While 20CR and
such reanalysis data are hugely valuable confidence will reduce in time. Just a thought to
consider which might be mentioned in the discussion.

As mentioned previously, no statistical tests have been performed. We will mention
uncertainties deriving from 20CR in the discussion (already discussed in Caillouet et al.,
2016).

| dont think there is a need to have so many sub sections in 6.2 — these would be better
consolidated.

Thank you for the suggestion. As this paper covers many subjects, the subsections allow the
reader to quickly find a specific item.

I think it would be more helpful to the reader to have the workflow image and other material
in the appendices integrated into the text. This would not lengthen the paper and increase its
readability.



Indeed, thank you for the suggestion, we will integrate this figure into the main text.

The next generation 20CR gets back to 1850 if | am not mistaken. It would be useful to
indicate this here with the potential to extend a further 20 years.

You’'re right (even if there is less confidence in 20CR before the 1870s)!

Minor points

Thank you for your very attentive reading, your corrections will be taken into account.
Page 4 line 27 — are these daily observation since gauge commencement?

Yes, they are.

References

Caillouet, L., Vidal, J.-P., Sauquet, E., and Graff, B.: Probabilistic precipitation and
temperature downscaling of the Twentieth Century Reanalysis over France, Clim. Past, 12,
635-662, d0i:10.5194/cp-12-635-2016, 2016.



Dear Kerstin Stahl,

Please, find attached the revised manuscript.
According to the reviewer’s comments, the manuscript has been changed following these main points:

- Introduction has been slightly reduced,

- The SCOPE Climate dataset is described in the main text and the SCOPE method is detailed in
appendix,

- The spatial matching procedure has been improved by several sentences and — more
important — three figures have been modified: Figure 4 (added), Figure 5 (more detailed and
some mistakes corrected) and Figure 8 (different colours).

- Figure 13 (in the previous version) has been removed.

Minor revisions:
- KGE formulation has been corrected,
- Captionin Figure 17 has been added,
- All the clarifications asked by the referees have been added,
- The errors pointed out by the referees have been modified.

Best regards,
Laurie Caillouet
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Ensemble reconstruction of spatio-temporal extreme low-flow events
in France since 1871
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Abstract.

The historieal-depth-length of streamflow observations is generally limited to the last 50 years even in data-rich countries like
France. It therefore offers too small a sample of extreme low-flow events to properly explore the long-term evolution of their
characteristics and associated impacts. In order to overcome this limit, this work first presents a daily 140-year ensemble recon-
structed streamflow dataset for a reference network of near-natural catchments in France. This dataset, called SCOPE Hydro
(Spatially COherent Probabilistic Extended Hydrological dataset), is based on (1) a probabilistic precipitation, temperature and
reference evapotranspiration downscaling of the Twentieth Century Reanalysis over France, called SCOPE Climate, and (2) a
continuous hydrological modelling using SCOPE Climate as forcings over the whole period. This work then introduces tools
for defining spatio-temporal extreme low-flow events. Extreme low-flow events are first locally defined through the Sequent
Peak Algorithm using a novel combination of a fixed threshold and a daily variable threshold. A dedicated spatial match-
ing procedure is then set up to identify spatio-temporal events across France. This procedure is furthermore adapted to the
SCOPE Hydro 25-member ensemble in order to characterize in a probabilistic way unrecorded historical events at the national
scale. For the first time, extreme low-flow events are described and compared in a spatially and temporally homogeneous way
over 140 years on a large set of catchments. Initial results bring forward well-known recent events like 1976 or 1989-1990, but
also older and relatively forgotten ones like the 1878 and 1893 events. These results contribute to improve our knowledge on
of historical events and provide a selection of benchmark events for climate change adaptation purposes. Fhis-study-moreover
Moreover, this study allows for further detailed analyses of the effect of climate variability and anthropogenic climate change

on low-flow hydrology at the scale of France.

1 Introduction

Hydroclimate projections for the 21st century generally agree on an increase in low-flow severity in France (see e.g. Chau-
veau et al., 2013; Vidal et al., 2015) — and more generally in Southern Europe (see e.g. Forzieri et al., 2014; Prudhomme
et al., 2014; Giuntoli et al., 2015) — that could undermine current water management practice and require drastic measures for
adapting water uses and for sharing resources among different economic sectors (irrigation, hydropower production, etc.). In

this context of adaptation to climate change, a deep-comprehensive knowledge of major historical events that affected France
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Figure 1. Evolution of the monthly averaged number of available precipitation and temperature stations in the Météo-France database (as of

March 2015) since 1871 as well as the daily number of discharge stations in the Banque HYDRO French database since 1871.

constitutes a reference basis for anticipating future severe low-flow events. Studying these events requires a dense network of
long and reliable streamflow series to derive robust characterizations at the national scale. However, even in a data-rich country
like France, few local observations are currently available in databases before the 1950s, as shown by Fig. 1. Data from less
than 10 hydrometric stations were available before 1900, and their number shows a slow increase after +956-enly-1950. Con-

sequently, country-scale low-flow studies using observations usually focus on recent periods when enough data are available

see e.g. Giuntoli et al., 2013) or on a few stations available

periods—for longer periods (see e.g. Hisdal et al., 2001; Pfister et al., 2000, for studies in Europe).

Reconstruction of streamflow time series through hydrological modelling, and using precipitation and temperature data as

inputs, have been developed to overcome the limited historical depth-extent of hydrometric records (see Jones et al., 2006,
and references therein). Crooks and Kay (2015) and Lennard et al. (2015) for example reconstructed daily streamflow series
for specific locations in the UK, using reeenstituted-recovered historical meteorological data. Spraggs et al. (2015) extended
meteorological time series back to 1798 to derive daily streamflow reconstructions and study the implications of extreme low-
flow events for the Anglian region in the UK. In France, comprehensive reconstructions of droughts and low flows from 1958
onwards have been carried out with a hydrometeorological modelling chain (Vidal et al., 2010b; Soubeyroux et al., 2010),
providing a reference basis for future spatio-temporal drought projections (Vidal et al., 2012). The latter reconstructions were
however limited by the availability of upper-air and surface meteorological data before the 1950s. Figure 1 illustrates this lim-

ited availability of surface temperature and precipitation observations in France. It has-to-should be noted that climate proxies
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like dendrochronology data may also provide relevant information for reconstructing streamflow with low — seasonal to annual

— temporal resolution (see e.g. Meko et al., 2012; Nicault et al., 2014) Pendrochronology-datais-mest-oftenused-to-derive

A way to reconstruct meteorological data at high-small spatial and temporal scales — and then catchment-scale hydrological
data — is to use climate downscaling methods from large-scale atmospheric and oceanic data. Auffray et al. (2011) for example
reconstructed hydrometeorological conditions that led to the 1859 flood of the Iseére river (French Alps) based on purposely
rescued pressure data and statistical downscaling with an analogue method. The recent release of two extended global reanal-
yses — the Twentieth Century Reanalysis (20CR, Compo et al., 2011) and the European Reanalysis of the Twentieth Century
(ERA-20C, Poli et al., 2016) spanning the entire twentieth century (respectively from 1871 and 1900) — prompted studies aimed
at deriving meteorological reconstructions or-of the 20th century through downscaling methods, and at using these to recon-
struct streamflow series. Kuentz et al. (2013) reconstructed the 20th century hydrological variability of the Durance catchment
(Southern French Alps) based on a-an analogue downscaling method (Kuentz et al., 2015) and a lumped conceptual hydrologi-
cal model. More recently, Brigode et al. (2016) applied the same downscaling method and a hydrological model to reconstruct
streamflow variability in a Northern Québec catchment. Few studies have been performed at a country scale, with the exception
of Dayon (2015) who used a deterministic statistical downscaling approach combined te-with a physically-based hydrological
model to reconstruct hydrometeorological data in France. Caillouet et al. (2016) recently provided a reconstruction of mete-
orological fields at a 8 km spatial resolution and daily temporal resolution in France through a probabilistic precipitation and
temperature downscaling of 20CR.

When streamflow time series are available from observations or hydrological simulations, numerous methods alows-allow

defining and characterizing extreme low-flow events. Two main approaches can generally be distinguished (Tallaksen and

Van Lanen, 2004). The first one considers low-flow characteristics like annual minimum n-day discharge {see;-e-g—Smalkhtin; 200 (see e.g.

The second one focuses on characteristics of events temporally defined by deficits under a given threshold (see e.g. Fleig et al.,
2006; van Huijgevoort et al., 2012; Van Loon and Van Lanen, 2012). The latter approach allows characterizing events at the
local scale but has yet barely been used to study their spatial aspect. Some studies indeed looked at the areal extent of droughts
as a spatial characteristic, but they did not identify independent drought events (e.g. Bonaccorso et al., 2013; Tallaksen and
Stahl, 2014). Most of these studies focused on meteorological droughts and used a gridded and spatially homogeneous index to
characterize the spatial extent of drought events (often the Standardized Precipitation Index, McKee et al., 1993). Algorithms
defining spatio-temporal events as a sequence of spatially contiguous and temporally continuous areas where the index is under
a given threshold value have even been developed (Andreadis et al., 2005; Vidal et al., 2010b). However, to the authors’ knowl-
edge no study proposed a spatio-temporal definition of low-flow events based on station data, i.e. on data neither homogeneous
nor continuous in space.

This paper proposes an ensemble reconstruction of spatio-temporal extreme low-flow events in France since 1871, through

an ensemble downscaling of the 20CR extended reanalysis

dataset-developed-by-Caillouetet-al-{2016)—and the subsequent hydrological modelling of a large number of near-natural
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catchments. Compared to previous low-flow studies, this study has three main combined specificities: (1) local events are
characterized by a combination of a fixed threshold and a daily variable threshold, (2) they are defined in a probabilistic way
to take account of the uncertainties of the downscaling step in the streamflow reconstruction process, and (3) a spatio-temporal
characterization of extreme low-flow events is provided at the scale of France.

The main objective of this work is to develop a method for identifying spatio-temporal extreme low-flow events based on
probabilistic hydrometerological reconstructions. This work therefore presents beforehand the refinement-steps-applied-te-the
20ER-SANDHY-SUB-dataset{Catllouetet-al; 2016 - to-ereate the SCOPE Climate (Spatially COherent Probabilistic Extended
Climate) dataset, derived from the statistical downscaling of 20CR, and introduces the SCOPE Hydro (Spatially COherent
Probabilistic Extended Hydrological) dataset, the hydrological dataset derived from SCOPE -Climate. The last objective of
this work is to present some examples of how characteristics of spatio-temporal extreme low-flow events may be analysed and
exploited to extract relevant information from the SCOPE Hydro historical reconstructions running from 1871 onwards. The
paper is structured as follows. Section 2 introduces the different reanalysis and observation datasets used. Section 3 describes
the hydrological modelling step as well as the new spatial and probabilistic definition of extreme low-flow events. Section 4
shows some examples of reconstructed streamflow time series. Section 5 provides some characteristics of the extreme low-flow

events that occurred in France since 1871. Results are finally discussed in Sect. 6.

2 Data
2.1 Observed streamflow

A set of 662 near-natural catchments in France has been selected for the hydrological modelling and the study of extreme

low-flow events (see Fig. 2). It is a combination of two existing datasets:

— The French low flow reference network consisting in 236 gauging stations, selected by Giuntoli et al. (2013) and meeting
the following criteria: (a) at least 40 years of daily records, (b) the gauging station controls a catchment without direct

human influence on river flow, (c) data quality is suitable for low flow analysis.

— A set of 632 gauging stations selected by Catalogne et al. (2014) and meeting the following criteria: (a) at least 26 years
of daily records on the 1970-2005 period, (b) with no or few anthropogenic inflaeneeinfluences, (c) with a-good quality

during low-flow periods.

Streamflow data for these catchments were extracted from the French HYDRO database (http://hydro.eaufrance.fr/). Two

case study catchments with contrasted regimes and long observation records will be used to exemplify local-scale reconstruc-

tion results in Sect. 3.1 and Sect. 5: the Corréze @Brive-la-Gaillarde with an oceanic dominated regime, and the Ubaye @BareelonnetieBarce

lonnette, with a snowmelt dominated regime. Figure 18 in Annex A shows their daily interannual regimes. Observations are

available since 1 January 1918 for the Correze and since 1 January 1904 for the Ubaye.


http://hydro.eaufrance.fr/
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Figure 2. Location of the 662 hydrometric stations, and KGE calibration score for the hydrological model. The ideal value of KGE is 1. Red
circles highlight the two case study catchments: the Corréze @Brive-la-Gaillarde (Western slope of the Massif Central mountain range) and

the Ubaye @Barcelonnette (Southern Alps).

2.2 Meteorological forcing datasets
2.2.1 Safran near-surface reanalysis

Safran is the French near-surface meteorological reanalysis (Quintana-Segui et al., 2008; Vidal et al., 2010a). It provides
meteorological variables such as precipitation and temperature ente-on a 8-km resolution grid over France and-at a daily
temporal resolution from 1 August 1958 to present. Daily reference evapotranspiration is computed with the Penman-Monteith
formulation (Allen et al., 1998). Safran data have been extensively used for hydrological studies, and notably for some ef-them
dedicated to low flows (Vidal et al., 2010b; Soubeyroux et al., 2010; Pushpalatha et al., 2012; Nicolle et al., 2014). Catchment-
scale data are computed with a weighted mean (for temperature) or sum (for precipitation and evapotranspiration) of each

contributive cell of the 8-km grid to the catchment surface, based on the river network defined by Sauquet (2006).
2.2.2 SCOPE Climate

SCOPE Climate is a daily 8-km spatially coherent reconstruction of precipitation, temperature, and reference evapotranspira-
tion fields sinee-1+871-over France.

datesfor-each-dayduring-This dataset is available as a 25-member ensemble of Safran-like daily gridded time series over
the period 1 January 1871 to 29 December

{Cailouetetal;2016)—These-analogues—are-2012, SCOPE Climate is obtained through the statistical downscaling of the
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a20CR (Compo et al., 2011) with the SCOPE method
Spatially COherent Probabilistic Extension method), detailed in Annex B, as an extension of the work by Caillouet et al. (2016).

Validation experiments of SCOPE Climate have been performed with both dependent and independent data at different time
steps (not shown). SCOPE Climate presents very little bias in comparison to Safran on their common period. There is a slight

technique—of Safran precipitation) |

i —a_slight underestimation (resp. overestimation) of
temperature in summer (resp. winter), that does not exceed 1°C in absolute terms. The seasonal variability of both precipitation
and temperature is well reconstructed and SCOPE Climate is able to capture the increasing trend in temperature since the
1990s. SCOPE Climate shows an overestimation of reference evapotranspiration, in particular in autumn and winter as well as
an underestimation of its seasonal variability.
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used for the hydrological modelling are computed as for the-Safran data.

3 Methods

This section first presents the hydrological modelling step. The method specifically developed to characterize extreme low-flow
events is then described in three steps: the local definition of events, the spatial matching of events and the application of this

matching to the ensemble case.
3.1 Hydrological modelling

The hydrological model selected for this work is GR6J, a daily lumped continuous rainfall-runoff model developed specifically
for low-flows (Pushpalatha et al., 2011). It derives from the widely used GR4J model (Perrin et al., 2003) — which has been
used recently in a reconstruction context by Brigode et al. (2016) — with a 5th parameter added to better model exchanges
between surface and groundwater (Le Moine, 2008) and a 6th parameter added to better model low-flow periods (Pushpalatha
et al., 2011). GR6J has been intensively used in France, in particular for low-flow studies (see Pushpalatha et al., 2012). It is
here combined with Cemaneige-CemaNeige (Valery, 2010; Valéry et al., 2014), a semi-distributed snow-accounting routine
with 2 parameters.

GRO6] is calibrated over the period 1 January 1973 to 30 September 2006—, called CAL in the following—-when-, where more
than 90% of the discharge stations have data;-and-which-available data. Moreover, this period includes three well-known ex-

treme low-flow events: 1976 = : - : = — -s)(see e.g. Bremond, 1976; Vivian, 1977; Zaidmz

1989-1990 (see e.g. Mérillon and Chaperon, 1990) and 2003 (see e.g. Moreau, 2004). A warm-up period of 3 years before the
calibration period is considered to initialise the levels of the different water stores. The calibration uses Safran data as inputs

and the Kling-Gupta-Efficiency (KGE, Gupta et al., 2009) on the square root transformed streamflow {to-give-equal-weightste
high—andJew-flews)— to reduce the bias towards high flows — as objective function. The KGE-is—perfect value of KGE is 1

and this score is computed as follows:

KGE=1-/(r—1)2+(a—1)2+ (8 —1)2 €))
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where r is the linear correlation coefficient between simulation and observation, « the ratio between simulated and observed
variance and f3 the ratio between simulated and observed mean. The two Cemaneige-CemaNeige parameters are calibrated
only for stations-catchments with a snowfall/rainfall ratio over 10% — representing 187 stations out of 662 — in order to prevent
unrealistic values for stations without enough snow episodes. For these-the remaining 475 stations, the median values of the
calibrated Cemaneige parametersare adoptedCemaeige parameters, from the 187 snow-influenced catchments, are adopted to
run CemaNeige. Calibrated models are then run with the two meteorological datasets described in Sect. 2.2 on the 662 stations

to obtain:
Safran Hydro: 662 daily streamflow series over the 1 August 1958 to 31 July 2014 period using Safran as input,

SCOPE Hydro: 662 x 25 daily streamflow series over the 1 January 1871 to 29 December 2012 period using SCOPE Climate

as input.
3.2 Characterizing extreme low-flow events
3.2.1 Local definition of extreme low-flow events

An approach based on deficit characteristics under a given threshold is adopted here to identify extreme low-flow events
(Tallaksen and Van Lanen, 2004; Fleig et al., 2006). The first two panels of Fig. 3 present two commonly used thresholds.
A fixed threshold characterizes the low-flow season which depends on the hydrological regime of the catchment (see e.g.
Tallaksen et al., 1997). A variable threshold characterizes any deviation from the normal seasonal pattern (see e.g. Van Loon
and Van Lanen, 2012). A period of water deficit — filled in red in Fig. 3 —is considered when discharge falls below the threshold
level and continues se-until the threshold is exceeded again. As the aim of the study is to characterize extreme low-flow events,
the third panel proposes a mixed threshold as the daily minimum values of the two thresholds described above. This mixed
threshold thus allows identifying events deviating from the normal seasonal pattern only during the low-flow period.

The mixed threshold is computed here using the 90th percentile of daily streamflow over the CAL period: (1) from all days
for the fixed threshold, and (2) independently from each Julian day for the daily variable threshold. The daily variable threshold
is then smoothed through a 10-day moving average to improve the day-to-day consistency. Note that alternative daily variable
threshold estimates using percentiles over moving windows around the Julian date may be equally suitable (Van Loon and
Laaha, 2015). The choice of percentile will highly condition the identification and characterization of extreme low-flow events.
This aspect will be further discussed in Sect. 6.1.

The Sequent Peak Algorithm method (SPA, Vogel and Stedinger, 1987; Tallaksen et al., 1997) is then applied to pool

extreme low-flow events. This method-if often-assimilated-to-a procedure for preliminary

to-a—reserveir-For a period i, a deficit volume is computed by cumulating the difference between the daily discharge @Q; and
a-desired-yield-Qu-the threshold — here corresponding to the mixed threshold defined above;-the-required-storage-at-the

beginning-of-a—. Only the periods with a positive deficit are considered as periods with extreme low flows. The daily deficit
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Figure 3. Extreme low-flow events characterization method. First panel: Fixed threshold. Second panel: Variable threshold. Third panel:
Mixed threshold. Fourth panel: Sequent Peak Algorithm output using mixed threshold, and extreme low flow events characteristics. Fifth

panel: Event definition (Start date to End date).
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volume for the period i, S;, is definred-by-computed following equation 2:

Si—1+ Qo —Q;, if positive

S; =
0, otherwise
Si=maz(0,8i1 + Qo — Q1) @

The fourth panel of Fig. 3 presents an example SPA curve, corresponding to the required-storage-deficit volume time series,
S;. An uninterrupted sequence of positive S; defines a-period-with-sterage-depletion-and-asubsequent-filling-upan extreme
low-flow event. The event characteristics are then defined by a severity (required-storage-in-the-pertodlargest deficit volume,
max(S), in mm), a start date (the beginning of the depletion-deficit period), an end date (time of the maximum depletiondeficit),
and a duration (number of days between these two dates). The bottom panel of Fig. 3 presents the formalisation of a single
event used in Sect. 3.2.2 and Sect. 3.2.3 as a bar running between the start and end date.

The above procedure is applied for identifying and characterizing extreme low-flow events for each gauging station, indepen-

dently on (1) observed time series, (2) Safran Hydro simulations, as well as (3) each of the 25 SCOPE Hydro reconstructions.
3.2.2 Spatial matching of extreme low-flow events

The development of a spatio-temporal event definition is required to precisely characterize a specific event across France.
Indeed, events should be defined across the 662 stations to studyfor-example-the-spatial-extent-of-an-event, for example, their
spatial extent or the worst-affected region. The spatial definition developed in this section relies on a concept similar to the
one developed by Uhlemann et al. (2010) for assessing trans-basin flood events. The definition is presented below for a single
set of independent events by station (deterministic case). The adaptation to the probabilistie-ensemble case is developed in
Sect. 3.2.3.

The spatial definition developed here only uses the start and end dates as represented in the bottom panel of Fig. 3. When an
overlap of event dates occurs between different stations, the local events are considered as parts of the same spatio-temporal
event. The spatial domain, i.e. the set of stations over which the matching is done, has next to be chosen. The matching is here
first done within French Hydro-ecoregions (HERs, Wasson et al., 2002). The zoning of France into 22 HERs shown in Fig. 20
of Annex C has been developed for the implementation of the EU Water Framework Directive. It is based on geology, relief and
climate criteria to define biological, physico-chemical and hydromorphological reference conditions. The France subdivision
in HERs have been widely used in recent hydrological studies (see, e.g., Sauquet and Catalogne, 2011; Cipriani et al., 2012;
Snelder et al., 2013). The spatial matching is then done a second time across HERs to derive spatio-temporal extreme low-flow
events at the national scale.

This two-step approach originates in the large variability of extreme low-flow periods across catchments in France. Indeed,

a single-step spatial matching gathering events from all 662 stations would lead-te-teo-much-aggregated-eventsin-both-space
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station—give too much influence to a single catchment.

Figure 4 inAnnex-22-summarises the different steps described here. Figure 5 illustrates the whole spatial matching process

for the 16 stations in HER 11 (“Causses aquitains”, South-Western fringe of the Massif Central mountain range) during the

1 January 1989 to 31 December 1991 period. The corresponding procedure is detailed below:
1. Figure 5(a): Local events resulting from the SPA procedure are represented by black bars for each station.

2. Figure 5(b) corresponds to results from the within-HER matching process in Fig. 4: Five spatio-temporal eventsbuilt

from-temporally-overlapping-bars-are-, identified here through different colours, are built from the temporal overlap of
local bars. This overlapping procedure may-often lead to pool formerly independent events-local events into a single

spatio-temporal event for a given station within-a-single-one:(see for example Station 16 with the single purple spatio-
temporal event gathering several local events identified by different bars). In such a case, the new local characteristics of
this extreme low-flow event are computed from the former ones in the following way: the start date is the earkier-earliest
start date, the end date is the latest end date, the duration is the sum of durations, and the severity is the maximum of
severities. For each spatio-temporal event, a HER-representative event is defined using the median of start dates and
end dates from all stations concerned. This HER-representative event is shown at the bottom of Fig. 5(b) with label
“HER 117.

3. Figure 5(c): HER-representative events are shown for all 22 HERs with black bars. The HER 11 representative events

obtained above are framed in red.

4. Figure 5(d) corresponds to results from the inter-HER matching process in Fig. 4: All HER-representative events are
spatially matched together using the same overlapping process than in the (b) subfigure. The HER 11 representative

events — again framed in red — are here pooled among only 3 distinct spatio-temporal events at the scale of France.

5. Figure 5(e) corresponds to results from the France-wide matching process in Fig. 4: The inter-HER matching for HER 11
representative events — bottom of Fig. 5(e) — is finally reported to each station through the local allocation HER; process
in Fig. 4, leading to some additional local pooling, and notably the merging of early 1988 events (red and grey in
Fig. 5(b)) and of the late 1991 events (pink and brown in Fig. 5(b)). New local event characteristics — start and end dates,

duration, severity — are computed using the same procedure as above.
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Figure 5. Spatial matching procedure for the local events reconstructed from Safran Hydro over the 1989-1991 period, through the example
of the 16 stations in HER 11. (a) Independent events represented by black bars (see bottom of Fig. 3). (b) Matched events after within-HER
matching. Each colour defines a spatio-temporal event at the HER scale. HER 11 representative events are represented at the bottom of
the panel. (c) HER representative events for the 22 HERs. Each black bar represents one event. (d) Matched HERrepresentative events
after inter- HER matching. () Spatial HER representative events matching reported to local events after France-wide matching. Each colour
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Twenty catchments with major aquifers — most of them in HER 9 — for which extreme low-flow events can last several years
are sidelined from the whole spatial matching procedure, including the building of HER-representative events. This prevents
once again too much aggregation in both space and time. The France-wide definttion—of-spatio-temporal-events-matching
obtained with all other stations is reported to the local events for these stations by overlapping with their HER-representative
events. This may therefore lead to local events in these catchments being identified as belonging to several distinct spatio-
temporal events defined at the scale of France, and consequently to prevent any meaningful comparison of characteristics.

This spatio-temporal definition of events is applied to events from Safran Hydro between 1958 and 2012.

3.2.3 Adaptation to the ensemble case

Charaeterizing-The local characterization of extreme low-flow events folowing-(see Sect. 3.2.1and-) applied to SCOPE Hy-
dro leads to 25-member-ensemble-offoeal-event-definition-an ensemble of 25 local event definitions, for the 662 stations in

France over the 1871-2012 period. The ensemble aspect leads to several questions: How many ensemble members out of 25

detecting an event are necessary to consider that it actually occurred? How to match events across the 25 ensemble members
at the station scale? How to link spatially local ensembles of events that are detected, or not detected, or partially detected?
This section attempts to provide responses to these questions by adapting the spatial matching described above to the ensemble
case. The proposed approach goes along three steps: (1) reducing the ensemble reconstructions to a single deterministic series
of extreme low-flow events to get back to the simpler Safran Hydro case, (2) applying the spatial matching described above to
theresutting-these deterministic series, and (3) reporting the spatio-temporal definition of events to each ensemble member.
Fhe-For the first step, the overall idea is to derive a single deterministic series of low-flow events from the 25-member
ensemble that matches approximately the behaviour of the one derived from Safran Hydro;-and-thatmatehes-morespeeifieally

S ow-flow—conditions—givenby-the-SafranHydro-simulation. The reduction to a single deterministic
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series is done independently for each station following the procedure belowand-as-, exemplified in Fig. 6 and Fig. 7 for Station 1

in HER 11.

(a) Daily number of reconstructions simulating an event (b) Zoom
25 Zoom n
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Figure 6. Deriving average events for Station 1 in HER 11. (a): Daily number of members simulating an event between the 1 August 1958

and the 29 December 2012. (b): Zoom on the 1989-1991 period. Examples are taken with 4 possible minima, set at 5, 10, 15 or 20 members.

1. Figure 6(a): The daily number of ensemble members detecting an extreme low-flow event between 1 August 1958 and

5 29 December 2012 — the common period between Safran Hydro and SCOPE Hydro — is computed and represented by a
curve (between 0 and 25 members). For a given number of members between 1 and 25, an average event is created each

time this number intersects the curve. This event starts when the curve exceeds the number and the event continues until

the curve falls below it. Fig. 6(a) plots 4 different possible number of members and associated average events.

2. Figure 6(b): For a number of members set at 5 (resp. 10, 15, 20), 6 (resp. 4, 3, 4) average events are created between

10 1989 and 1991.

3. Figure 7(a): The 25 possible series of average events are created between the 1 August 1958 and the 29 December 2012,

using the 25 possible number of members. They represent 25 deterministic series of events that could summarise the
events obtained from the 25 initial series. Actual events from Safran Hydro are also represented (in red).

4. Figure 7(b): The total duration of average events over the whole period is computed for each of the 25 series. The ehosen
5 final number of members is the one giving the closest value to the total duration of Safran Hydro events over the same

period (10 for this specific station).

The-For the second step, the spatial matching developed in Sect. 3.2.2 is then-applied to these average events considered as

a single deterministic series of reconstructed events, similar to this from Safran Hydro.
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Figure 7. Choice of the minimum number of members for creating the average event series for Station 1 in HER 11. (a): Events from
extreme low-flow event for Safran Hydro and the 25 series of average events. The number of members providing the closest average events

The final step deals with reporting spatio-temporal (deterministic) events to each ensemble member of SCOPE Hydro. It

10 is illustrated in Fig. 8 with the same station as above over the 1989-1991 period;-and-gees-. Spatio-temporal events obtained

from Safran Hydro are presented in Figure 8 only for a discussion in Sect. 6.3. They do not take part into the spatial matchin
rocedure for the probabilistic case. The third step is as follows:

1. Figure 8(a): Events from all 25 SCOPE Hydro ensemble members are represented as well as average events. SafranHydro
. . . ,

15 Four independent average events are available en-in this period (see also Fig. 6(b)). After the spatial matching (which is

not shown), they are pooled into two spatio-temporal events (erange-and-greenred and mauve).

2. Figure 8(b): For each of the 25 ensemble members, events temporally overlapping with average events are matched
together. Ensemble member events not overlapping with an average event (in grey) are removed. Fhis-actually-coneerns

These are the events detected by less than the ehosen-final number of ensemble members (here 10 for this station).

20 The choices made during the spatial and probabilistic matching will be further discussed in Sect. 6.2 and 6.3.
Characteristics of extreme low-flow events — start date, end date, duration, and severity — are then computed independently
for each ensemble member following the rules detailed in Sect. 3.2.2. A duration of 0 days and a severity of 0 mm are

attributed to an ensemble member that does not detect an event, e.g. the ensemble member #22 for late 1991 event in Station 1
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Figure 8. Ensemble spatial matching for Station I in HER 11 during the 1989-1991 period. Events from Safran Hydro, average event series
and the 25 members of SCOPE Hydro are represented. (a): Each color defines one spatio-temporal event for Safran Hydro and average series.
Events from average series and Safran Hydro are independently spatially matched, leading to different colours (not the same datasets). Black
bars are independent local events from the 25 members of SCOPE Hydro. (b): Matching between the 25 event members from SCOPE Hydro
and average events. Black events not overlapping average events are considered as probabilistic noise and are removed from the dataset.
Dashed lines are set at the start and end dates of each average event.

of HER 11 (see Fig. 8). This allows keeping an-a homogeneous ensemble definition of events, which is particularly relevant
when considering ensemble statistics like the median value of extreme low-flow event characteristics (see Sect. 5).
The spatial matching procedure adapted to SCOPE Hydro finally leads to spatio-temporal extreme low-flow events that are

characterized locally for each station by an-a 25-member ensemble of start date, end date, duration, and severity.
3.2.4 Conventions for representation purposes

Spatio-temporal events from SCOPE Hydro are assigned a specific spatial eentre-center date for plotting corresponding lo-
cal summary characteristics along a temporal dimension. For each station where at least one ensemble member detects the
eventsevent, a local median start date is computed. The spatial start date is then computed as the median dates-date over all
stations detecting the event. The same procedure is applied for end dates, and the spatial eentre-center date is taken as the

middle date between the spatial start date and the spatial end date. It thus allows plotting characteristics — start and end dates,
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duration, and severity — of a specific spatio-temporal event reported locally for different stations in a homogeneous way along
the temporal axis.

The daily number of stations eoneerned-affected by a given spatio-temporal low-flow event can be computed. An estimate
of the spatial extent of this event in terms of percentage of France surface area is computed based on the surface area of each
HER and the percentage of stations hit-affected within each HER weighted by catchment areas. This estimates-estimate is used
to compute the maximum spatial extent reached during each spatio-temporal event.

Duration and severity may be expressed in terms of return period in order to compare event characteristics among them-
selves and across different catchments. As extreme low-flow events are not a regular phenomenon occurring every 1" year, the
approach developed by Shiau and Shen (2001) is used here: a mean interarrival time between two events is considered as the
basis for computing return periods. Severity and duration variables can further be equal to zero. This is accounted for in the
following way. Let X denote the target random variable and F'x denote its cumulative distribution function. Fhe-Then for all

x > 0, the cdf can be computed as follows using the total probability law:
Vo > 0,Fx(x) =po+ G(X) x (1 —po) 3)

where pg is(the probability that X = Oand-) is simply estimated as the empirical frequency of zeros in the observed sample, and
G(z) is the cdf of the distribution estimated on the non-zero values in the observed sample. A Generalized Pareto Distribution
with 3-parameters (GPD3) for the duration and a Pearson type III (P3) distribution for the severity are selected based on a
an L-moment diagram (not shown). These distributions are calibrated for each reconstruction ensemble member and each

catchment. Only ranges in return periods are considered in order not to put too much confidence in fitted values.

4 SCOPE Hydro: Examples of reconstructed streamflow time series

This section briefly gives some quantitative results on the hydrological model calibration, and then shows SCOPE Hydro

reconstructed streamflow time series for the two case-study catchments to briefly illustrate the hydrological inputs used to
study extreme low-flow events.

Figure 2 shows the KGE calibration values for all 662 modelled catchments. More than 70% of the catchments have values
over 0.9. KGE values are lower for mountainous areas (Massif Central, Alps, Pyrenees) and the minimum value is 0.61. It has
to be noted that thorough validation experiments not shown here —eut-of-sample-experiments;split-sample-experiments—have
been performed to carefully quantify the overall hydrological modelling performance. Out-of-sample experiments have shown
overall good reconstructions, with a slight underestimation of streamflow. Split-sample experiments across the 1973-1989 and
1990-2006 periods have shown a good stability of calibrated parameters when they were validated on independent periods.
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Detailed investigations have shown that the decrease in performance identified for a few stations was related to anthropogenic

influences.

Figure 9 presents the observed and simulated daily streamflow time series for the Corréze and Ubaye catchments during the
extreme low-flow event of 1972 (see e.g. Duband, 2010; Chauveau et al., 2014). The temporal dynamics at both the seasonal
and daily scales are fairly well simulated by SCOPE Hydro for both catchments. SCOPE Hydro but also Safran Hydro tend to
underestimate spring streamflow for the Ubaye catchment for these specific years, possibly due to a non-satisfactory modelling
of the early snowmelt in the hydrological model (see also Fig. 18). Safran Hydro and-observations—are-is most of the time
included in SCOPE Hydro ensemble range, showing a geed-reasonable reliability of the ensemble reconstructions for this
period. This statement is also valid for the observations even if they are more often in periphery of the SCOPE Hydro ensemble.
range. Additionally, the low-flow periods — Summer 1972 for the Corréze and Winter 1971-1972 for the Ubaye — are reasonably

well simulated.
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— Observation — Safran Hydro — SCOPE Hydro

Figure 9. Correze and Ubaye daily discharge time series during the extreme low-flow event of 1972, from observations, Safran Hydro and

SCOPE Hydro. Note the different root scales for the y-axis.

Figure 10 shows the annual streamflow time series for the two catchments over the whole period. The observed interannual
variability is well simulated by both Safran Hydro and SCOPE Hydro. Here again, Safran Hydro and observations are generally
included in the SCOPE Hydro ensemble range. SCOPE Hydro allows to fill data gaps for years with missing observations (for
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example around 1925 for the Corréze and 1918 for the Ubaye) and to extend our knowledge back until the end of the 19th

5 century.
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Figure 10. Correze and Ubaye annual discharge time series during the 1871-2012 period, from observations, Safran Hydro and

SCOPE Hydro. Note the different scales for the y-axis.

5 Extreme low-flow events since 1871

This section provides example results that can be derived from the SCOPE Hydro reconstruction dataset after the definition of
extreme low-flow events (Sect. 3.2.1) and the ensemble and spatio-temporal matching (Sect. 3.2.2). The first part focuses on
spatio-temporal events examined only at the local scale for the two catchment case studies (Corréze and Ubaye). The second

part then provides summary results on spatio-temporal events drawn at the scale of France.

5.1 Temporal ensemble reconstruction of extreme low-flow events for the Corréze and Ubaye catchments
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Figure 11 shows the ensemble durations for each spatio-temporal extreme low-flow event as experienced by the Corréze and

Ubaye catchments over the 1871-2012 period. For both catchments some long events occurred at the end of the 19th century
— for example 1893 and 1898 for the Correze, and 1878, 1888, and 1897 for the Ubaye — followed by a wet period until
the beginning of the 1940s, interrupted only by the 1921 event. Several clusters of events can be identified: during the 1940s
and 2000s for the Correze, and 1940s and 1980s for the Ubaye. Other long events also occurred in-between these clusters
like the 1955, 1962 and 1972 events for the Correze, and the 1957, 1962 and 1972 events for the Ubaye. Even if long events
are for a large part different from one catchment to another, some common ones may be identified in 1945, 1962, 1972 and
1990. The majority of events are not detected by all 25 ensemble members — as shown by the bottom of boxplots reaching 0
days — with the exception of some specific events like the 1990 event for the Corréze and the 1921 and 1972 events for the
Ubaye. This illustrates the large uncertainty in the characterization of events, as each of the 25 ensemble members is a potential
reconstruction of the event.

Figure 12 shows in a similar way the severity obtained for each spatio-temporal extreme low-flow event for both catchment
case studies. As for the duration, a wet period occurred between 1910 and 1940, here again interrupted by the 1921 event.
Some events appear as exceptionally severe like the 1976, 1978 and 1990 events for the Correze, as well as the 1921 and 1972
events for the Ubaye. Moreover, these events are detected by all 25 ensemble members.

Based on Fig. 11 and Fig. 12, a higher number of events occurred for the Corréze catchment than for the Ubaye catchment.
A higher number of extreme events and higher severity values are simulated after 1940 for the Correze. These reconstructions
also identify long and/or severe low-flow events during periods for which no streamflow observation is available, notably the
last decades of the 19th century.

Figure 13 presents the start date of each spatio-temporal extreme low-flow event for the Corréze and Ubaye catchments
over the 1871-2012 period. An average date representing the ensemble central tendency is computed using a seasonal index
(Burn, 1997). As for Fig. 11 and Fig. 12, there is a high variability among ensemble members, with start dates of individual
members lying within a range of +/- 2 to 3 months around the average start date. The seasonality of the start dates illustrates the

different regimes in the two catchments. Indeed, extreme low-flow events start between April and November for the oceanic-
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Figure 11. Extreme low-flow event duration (in days) for the Corréze and Ubaye catchments over the 1871-2012 period. The x-axis represents
the spatial center dates of the events (see Sect. 3.2.4). The 25 ensemble members are represented with a boxplot for each event. The lower

dominated regime (Correéze), and between October to April for the snowmelt-dominated regime (Ubaye). The only exception

10 is the particular event of 1880 which began in December 1879 for the Correze river. There is no visible trend on the seasonality

of start dates.

5 5.2 Spatio-temporal characterization of extreme low-flow events since 1871
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Figure 12. As for Fig. 11 but for severity (in mm).

The probabilistic and spatial matching done in Sect. 3.2.3 ensures the spatial consistency of extreme low-flow events. This

critically allows studying these events at the national scale. Unless mentioned otherwise, plotted values in the following figures
are median values over the 25 ensemble members.

Figure 14 introduces the spatial extent of the spatio-temporal extreme low-flow events identified over the 1871-2012 period.
This spatial extent represents the maximum percentage of France hit-affected by the event in terms of surface area, regardless
of the intensity or duration of the event. Some events already mentioned in Sect. 5.1 are emphasized such as the 1893, 1921,
1945, 1976 or 1990 events. This last event is the only one having affected almost the whole of France. More generally, this
figure highlights the fact that the-only-events-having-hit-events covering more than 70% of France have only occurred after
1940.

Figure 15 highlights the longest and most severe events that hit-affected individual catchments. Two events are highlighted
in terms of duration: the 1976 event for the north of France and the 1990 event for the centre of France. The 1972 (resp. 1945)
event was the longest one having hit-affected the east (resp. south). The pattern is more patchy for the most severe events. The
1976 event is still predominant for the north of France. The +878-1893 event was the most severe in the north-east whereas
the +893-1878 event still has the record for some parts of the Mediterranean coastal area. The 1949 and 1990 events share the

first place for the centre of France. This 1921 event is highlighted for different stations scattered in France, from the north-
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Figure 14. Median value of the maximum spatial extent of spatio-temporal events from individual ensemble members of SCOPE Hydro over
the 1871-2012 period. See text for details. X-axis coordinates are the median of the dates when the maximum spatial extent is reached. Years
and months of the median dates are labelled for events with a spatial extent over 60% of France.

west to the south-east. It may have been an exceptionally severe event for the entire France even if not the most severe for all
stations. Note that the 2003 event, which is often used as a reference at the European scale (see e.g. Laaha et al., 2016) is not

highlighted as the most severe event for any station in France. These-events-After further investigation, the 2003 event seems to

be underestimated by SCOPE Hydro in comparison to Safran Hydro or the observations, both in terms of severity and duration
not shown). This may be due to the lack of soil-atmosphere retroactions which are important for this event and are not taken
into account in our hydrometeorological reconstruction chain. The events highlighted by Fig. 15 are identified as Benchmark

events and their characteristics can be drawn for France as a whole.

Four of these benchmark events are further studied in Fig. 16 in terms of median characteristics. The 1878 and 1893 events
have been selected because of the lack of related quantitative or even qualitative hydrometric observations available. Infor-
mation on their meteorological drivers — or their socio-economic impacts — have however been documented elsewhere: see
Moureaux (1880b) for the 1878 event, and Vimont (1893), Plumandon (1893), Dehérain (1893) or Cook et al. (2015) for the
1893 event. On-the-eontraryln contrast, the 1976 and 1990 droughts have been targety-widely studied in terms of low flows in
France: see e.g. respectively Bremond (1976) and Mérillon and Chaperon (1990). The first two columns of Fig. 16 show the
local return period of duration and severity of these spatio-temporal events. They show that the four selected events had very

different spatial patterns. The 1878 event only hit-affected the south of France, and particularly the Mediterranean coast. On
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Figure 15. Benchmark events selected from median characteristics over the 1871-2012 period. Filled white circles identify stations which

share their most extreme event with less than 4 other ones. These events are not listed in the legend.

the-eentraryln contrast, the 1976 only spared this coastal area. The 1893 and 1990 events both hit-affected the entire France
exeepted-except the high-elevation snow-influenced alpine stations — as well as some lower elevation stations in the south for
the 1893 event. Return periods for duration and severity highlight regions with the most extreme values reached during each
event: north-east for the 1893 event, and northern half of the country for the 1976 event. The 1990 event en-the-eontrary-was
exceptionally long over most of France, as already suggested in Fig. 14. Differences between the twe-returaperiodsreturn
periods in duration and severity may also be spotted: the 1893 and 1976 events were more outstanding in terms of severity —
with return periods higher than 50 years for many stations — than duration, whereas the 1990 event was exceptional in terms of
duration, with return periods higher than 20 years or even 50 years for the majority of stations. The third column presents the
start date for each of the-four-extreme-low-flow-these benchmark events. Both the 1893 and 1990 events’ start dates lies within
a common 6-month period for all-stationsconcerned—On-the-contrarythe vast majority of stations. In contrast, two groups of
stations are distinguished for the 1878 and 1976 events, with one of them displaying start dates occurring more than a year
later than the first reconstructed one. This may be a consequence of choices made for the spatial matching and will be further
discussed in Sect. 6.2.

All above results are drawn from median characteristics of the 25-member ensemble reconstruction. Generally, the more

severe or the longer the event, the higher the number of members detecting the event. To give an idea of the variability of
spatio-temporal characteristics within this ensemble, Fig. 17 presents the 25 individual reconstructions of the 1893 event in
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Figure 16. Median value of return period (in years) for duration (left) and severity (middle), as well as median start date, as the number of
days after the earliest start date (right) for the 1878, 1893, 1976 and 1990 extreme low-flow events. The earliest start date is shown on the to

right corner for each event. Filled grey circles represent stations that did not detect the event.
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terms of severity. Even if most of the members display an intense drought in North-Eastern France, some of them also simulate
an extreme event in the centre (e.g. member 11 and 24), the west (e.g. member 1 and 21) or the south-west (e.g. member 4 and
8). All members however indicate that the Mediterranean coast was not severely hit-affected by this event. This high variability
among the ensemble members has already been noticed for the meteorological reconstructions (Caillouet et al., 2016). The 25
maps in Fig. 17 represent 25 plausible reconstructions of the 1893 extreme low-flow event that may have occurred under the

synoptic conditions from the 20CR reanalysis for this period. This aspect will be further discussed in Sect. 6.5.

6 Discussion

This section discusses some issues previously broached. The sensitivity of the definition of local extreme low-flow events
through the Sequent Peak Algorithm to the threshold is presented in Sect. 6.1. Different issues raised by the spatial matching
and the ensemble matching are then discussed in Sect. 6.2 and Sect. 6.3, respectively. Section 6.4 touches upon issues that
may arise when comparing spatio-temporal events from two datasets. Some limitations of summary statistics derived from the
ensemble values is discussed in Sect. 6.5. Lastly, Sect. 6.6 discusses additional sources of uncertainties not considered in this

study. Uncertainties derived from 20CR have already been discussed in Caillouet et al. (2016) and will not be further developed

here.
6.1 Threshold sensitivity for the local definition of events

This study is based on a quantile threshold defined in Sect. 3.2.1 for identifying local extreme low-flow events. Changing the
threshold — even within the 70-95th percentile range commonly used for defining low-flow thresholds (Hisdal et al., 2001; Fleig
et al., 2006; Van Loon and Van Lanen, 2012) — would lead to a different definition of events and different results in Sect. 5. A
higher threshold value, e.g. based on the 80 percent exceedance probability (Q80), would for example lead to a higher number
of events, but also to a new definition of the events studied here. A sensitivity analysis showed for example that the 1921 event
would be pooled with an event occurring in 1922 with a Q80 threshold for the Correze river, which is not the case with the
chosen Q90. The choice of the threshold also somewhat conditions the appropriate spatial domain for the spatial matching
applied in Sect. 3.2.2. This is further discussed in-Seet—6:2:2-below. _

6.2 Spatial matching sensitivity

Section 3.2.2 introduced the method developed to spatially match local events, in the deterministic case. This section aims at

summarising the sensitivity of this matching process to different parameters.
6.2.1 Sensitivity to the spatial domain

The spatial matching is done considering a specific set of gauging stations as spatial domain. Different spatial domains (for
example entire France, or by HER, or by a specific set of stations) would lead to different spatio-temporal event definitions.

Consequently, this matching should be preferably done on a consistent set of stations along time to have an-a homogeneous
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definition of events. This is the reason why the spatial matching had not been applied to streamflow observations that have an

evolving network — less than 30 stations before the 1910s and more than 600 stations after the 1970s — but also missing data.
6.2.2 Sensitivity to the threshold defining local events

The spatial matching procedure tends naturally to aggregate in time consecutive and overlapping local low-flow events from
different stations. Moreover, the higher the threshold value — in mm or m?/s — used for defining local events, the higher the
number of such events (See Sect. 6.1 above). Consequently, the higher the threshold valuein-mm-or-m?/s, the greater the risk

to aggregate potentially independent spatio-temporal events.
6.2.3 Consequences on-of spatial matching limitations

Figure 16 (right) shows that the choices made here — Q90 threshold + two-step (HERs then France) spatial matching — might
lead to too much spatio-temporal aggregation for specific events like 1878 and 1976. For these two events, a possible overcon-
fident aggregation might indeed reveals itself through the differentiation of stations in two groups by their start dates.

When looking more into details in the reconstructed 1976 event, it appears that it had two main components — one in
summer 1975 and one in summer 1976 — that were linked together throughout winter 1975/1976 for stations mainly located in
the northern half of the country (not shown). This very dry winter in Northern France has been fargely-extensively documented
(Brochet, 1977; Vidal et al., 2010b), and has led to extreme winter and spring low-flows in snow-dominated catchments —
visible as pale green filled circles in Fig. 16 (third row, right) — notably in the Alps (Vivian, 1977). This also prevented severely
hit-affected northern catchments from late summer 1975 en-onwards to fully recover during the regular recharge season and
thus to experience an extreme low-flow event spanning more than a year (Bremond, 1976; Gazelle, 1977). This analysis also
helps interpreting the north-south difference in duration and severity shown in Fig. 16. It thus validates the spatio-temporal
aggregation of this event found here with the specific choices of threshold and spatial domain(s).

The 1878 event also has two temporal peaks, but available references and hydrometric data related to this specific event are
much too scarce to finely assess the spatio-temporal aggregation from SCOPE Hydro. Precipitation observation summaries
however suggest that the second half-year of 1877 was very dry all around the Mediterranean and especially in the Eastern
Pyrenees (Moureaux, 1880a, p. 22). This region remained relatively dry throughout 1878, and especially during February
(Moureaux, 1880b, p. 10). The month of September 1878 was then exceptionally dry over a large part of France, including not
only the Mediterrean area, but also the Pyrenees and the Massif Central (Mascart, 1880, p. 33), leading to a second component
of the spatio-temporal extreme low-flow event.

Beyond these two specific cases, it has to be noted that both the 1893 and the 1990 events appear quite satisfactorily defined

in space and time by the spatial matching procedure proposed here (see Fig. 16, rows 2 and 4.).
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6.3 Ensemble matching sensitivity

Section 3.2.3 introduced average events as a way of summarizing local events from all ensemble members in a single deterministic
way for applying the spatial matching procedure. Events from individual ensemble members that do not overlap temporally
with average events are removed from the final dataset.

In Fig. 8, very short events detected by only a few ensemble members during May 1990 for Station 1 in HER 11 (shown in
grey) are for example adequately removed in the final spatio-temporal event definition. However, events detected by 8 ensemble
members before July 1989 are also removed — the threshold for deriving an average event being set at 10 for this station — while
being detected in the Safran Hydro dataset (in blue). Even if the threshold definition is calibrated against Safran Hydro summary
statistics (total duration of events during a given period), it may thus introduce some limited discrepancies between the two
datasets. It has to be noted that this particular discrepancy is only local: Fig. 5(e) shows that an event occurred in early 1989
for 12 out of 16 stations in HER 11 in the Safran Hydro dataset, and an event concurrently occurred in 8 stations for average
events in the SCOPE Hydro dataset (not shown). The two datasets therefore agree well in the occurrence of an event during this
period over a large part of this HER, even if differences may occur locally due to the local sensitivity of ensemble matching
choices.

Fig. 8(b) shows another case of local discrepancy between the two datasets for Station 1 in HER 11: the late 1990 event
is clearly detected locally by SCOPE Hydro —by-23-eut-ef-25-ensemble-members—-(in red) but not by Safran Hydro (in
orange). However, Fig. 5(e) shows that Station 1 is the only one (out of 16) in HER 11 where no event is detected during
this period in the Safran Hydro dataset. Moreover, 15 stations in this HER are hit-affected by an event around this period in
the SCOPE Hydro dataset (not shown). This shows once again that the two datasets agree well when considering the regional
occurrence of low-flow events.

Figure 8(b) also features a favourable case where the late 1991 event (shown in greenrmauve) is detected by 23 SCOPE Hydro
ensemble members as well as by Safran Hydro (in green). The cases discussed above thus perfectly illustrate the compromise
reached here to derive a deterministic series of events from an ensemble of series and to then apply the spatial matching

procedure.
6.4 Comparison of spatio-temporal events from two different datasets

The previous section briefly touched upon a comparison of extreme low-flow events derived from the Safran Hydro dataset
and the SCOPE Hydro dataset, at the local scale, but also ir-a-from a larger spatio-temporal viewperspective. One may then
want to draw-make a more formal comparison of spatio-temporal events between the two data-sets-datasets (and possibly with
a spatial matching of eventevents derived from observations, but see comments in Sect. 6.2.1). This section discusses further
the limitations for automating such comparisons.

The simplest approach would consist #n-of identifying locally previously defined spatio-temporal events through a date
overlapping procedure. However, this can lead to identify-the identification of multiple spatio-temporal events from one dataset,

but to only one event from the second dataset, calling into question the initial spatial matching done (independently) for each
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dataset. Moreover, this approach would identify events only locally and through a temporal dimension, not considering the
spatial extent of the event at the scale of France, which would be too restrictive in practice as shown by the above examples.
One response would be to formally identify a spatio-temporal event from one dataset to a spatio-temporal event from another
dataset. Some further technical developments would thus have to be set up and tested for comparing any two spatio-temporal
extents of extreme low-flow events in both a-temporal and spatial dimensiondimensions.

When some temporal overlapping rules may rather easily be set up at the local scale, corresponding rules for allowance in
spatial extent would be much harder to formalise due to the irregular location of hydrometric stations (and upstream catch-
ments). One way forward would be to start the identification based on HER-representative events, which carry less spatio-
temporal variability, and report this identification to the local scale. Lastly, one would also need to deal with the ensemble
property of the SCOPE Hydro dataset. Again, average events as defined in Sect. 3.2.3 may be the-right-a promising way for-
ward. Nevertheless, wrongly identifying multiple spatio-temporal events from one dataset to only one event from the second

dataset is still a possibility.
6.5 Use of median event characteristics

Figures 14, 15 and 16 display median characteristics — duration and severity — in order to show summary results at the scale
of France. Nevertheless, Fig. 17 showed a strong variability between events from each individual ensemble member. Taking

maximum characteristics instead of median characteristics would lead to very different results in Sect. 5. Fhis-is-iHustrated-in

Benchmark events shown in Fig. 15 could alternatively be determined based on these maximum characteristics and used for

adaptation purpose scenarios. The ensemble characteristics of each spatio-temporal event should therefore be kept as far as
possible along the analysis. Indeed, this ensemble reconstruction provides 25 plausible spatio-temporal events corresponding
to specific synoptic conditions as given by the 20CR reanalysis. This can be used to better understand the relationship between

meteorological conditions and extreme low-flow events.
6.6 Uncertainties in reconstructed streamflow

The above section dealt with the uncertainty related to the statistical downscaling step in the SCOPE approach. Several other
sources of uncertainty in streamflow reconstructions are not considered in this work. First, all results presented here are condi-
tional on the large-scale information provided by the 20CR atmospheric reanalysis, and using an alternative extended reanalysis
like ERA-20C (Poli et al., 2016) may lead to different outputs. Second, the hydrometeorological modelling chain used here for
deriving the SCOPE Hydro dataset — SCOPE and GR6}-Cemaneige-GR6J+CemaNeige — is only one of the many choices for
reconstructing high-resolution meteorological fields and catchment-scale streamflow. In order to asses the uncertainty related

to this choice, a follow-up study will compare the SCOPE-Hydro dataset (1) to 20CR-driven reconstructions made by Dayon
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et al. (2015) with a different downscaling method and the physically-based Isba-Modcou hydrological chain, and (2) to re-
constructions mixing their downscaling method and the GR6J+Cemaneige-CemaNeige hydrological model. Lastly, both above
mentioned reconstructions assume a constant land cover and land use, while the wooded area for example is known to have

strongly evelved-expanded in France since the 19th century (see e.g. Koerner et al., 2000). Model parameter uncertainty could
also be assessed by modifying the optimisation process for the calibration step.

7 Conclusions

This paper describes an ensemble reconstruction of spatio-temporal extreme low-flow events since 1871 over 662 near-natural
catchments in France based on reconstructed climate and streamflow from the SCOPE Climate (Spatially COherent Probabilis-
tic Extended Climate) and SCOPE hydro (Spatially COherent Probabilistic Extended Hydrological) datasets. SCOPE Climate
builds on a probabilistic downscaling of the 20CR reanalysis over France as described by Caillouet et al. (2016). This ensemble
high-resolution daily meteorological dataset is used as forcings for the GR6J hydrological model — together with the Cemaneige
CemaNeige snow-accounting model — to derive the SCOPE Hydro 25-member ensemble daily reconstructed streamflow dataset
over a large set of catchments. These two consistent datasets may thus be used for various hydrometerological studies—, and not
only for low flows—, by extending the limited historical depth-amount of surface meteorological and streamflow observations
currently available in databases (see examples in Fig. 9 and Fig. 10 for streamflow and Caillouet et al. (2016) for precipitation
and temperature).

This work proposes an innovative analysis of extreme low-flow events from the SCOPE Hydro dataset based on two dis-
tinct features. First, extreme low-flow events are defined locally using the Sequent Peak Algorithm with a combination of a
constant threshold and a daily variable threshold. This allows retaining periods with both absolute low-flow values and values
significantly lower than the average seasonal cycle, therefore combining the advantages of the two types of thresholds. Second,
a spatial matching procedure is developed to identify events both in time and aeross—a—set-ofstationsspace, thus extending
previous approaches that could only be applied to data continuous in space like gridded meteorological drought indicators.
This spatial matching procedure is then adapted to the ensemble case as provided by SCOPE Hydro.

The above low-flow analysis features are then applied to the SCOPE Hydro dataset to derive and intercompare characteris-
tics of individual spatio-temporal extreme low-flow events at the country scale. For the first time, these events are qualified,
quantified and compared in a spatially and temporally homogeneous way over 140 years on a large set of catchments. Results
bring forward well-known recent events like 1976 or 1989-1990, but also older and relatively forgotten ones like the 1878 and
1893 events. These results contribute to improve-ourknowledge-on-improving our knowledge of historical events by taking
advantage of the higher-histerieal-depth-of-more abundant historical upper-air atmospherlc data compared to hydrometrlc data,

and to derive benchmarks events over France. Results also highlight that

or-spatial-extent-often-belongto-the-pre-1950-periodbenchmark events may be found as early a the 19th century for specific
regions, and often before the second part of the 20th century. This strongly suggests to reconsider the common use of only

very recent events like 2003 as referencesreference for building worst-case scenarios for climate change adaptation strategies.
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Such worst-case scenarios could instead be derived from historical benchmark events, and more specifically from events in any
individual ensemble member in the SCOPE Hydro reconstructions, taken as a plausible hydrological consequence of specific
large-scale atmospheric situations. They may also help to put recent events and their socio-economic impacts like the 2015
event into a deeper-more comprehensive historical perspective, without resorting only to meteorological drought indicators as
proxys-proxies for historical low-flows (Van Lanen et al., 2016). This study moreover allows for further detailed analyses of
the effect of climate variability and anthropogenic climate change on low-flow hydrology at the scale of France over the last
140 years, by for example extending recent works on the influence of deeadal-multidecadal variability on trends (Hannaford

et al., 2013).
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Appendix A: Observed and simulated interannual regimes for the two example catchments
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Figure 18. Daily interannual average streamflow — from observations, Safran Hydro and SCOPE Hydro (see Sect. 3.1) — over the CAL period

for the Correze and Ubaye rivers, smoothed by a 10-day moving average.

34



10

15

20

25

30

35

The interannual regime of the two catchment case-studies are presented in Fig. 18. The Correze catchment with an oceanic-
dominated regime has a summer low-flow period. The Ubaye catchment with a snowmelt-dominated regime has a main low-
flow period in winter and a second one at the end of the summer. The simulated seasonal cycles mateh-generatty-wet-generally
match the observed ones well, with some discrepancies for the Ubaye catchment during the snowmelt period, probably due to

remaining upstream reservoir operation management.

Appendix B: Synthetie- diagram-for-the The SCOPE method

the—(Spatially COherent Probabilistic extension method) is a statistical downscaling tool based on the SANDHY method

Stepwise Analogue Downscaling Method for HYdrology, Ben Daoud et al., 2011; Radanovics et al., 2013; Ben Daoud et al., 2016),

improved by different steps.

The SANDHY method is a probabilistic statistical downscaling method following an analogue approach based on the idea
introduced by Lorenz (1969) that similar atmospheric situations lead to similar local effects. The analogue approach uses two
concurrent data sets over an archive period, from a large-scale reanalysis and a local-scale meteorological data set, Large-scale
predictors (like atmospheric circulation patterns) from any date in the target period are compared to those of the archive period
and dates with the most similar predictors are chosen as analogues. Local-scale variables (or predictands) like precipitation
or temperature from the analogue dates are taken as plausible values for the target date. The SANDHY method is described
by four analogy levels optimized by Ben Daoud et al. (2011, 2016) on the Seine and Sadne basins. The predictand considered

is daily precipitation, as the initial aim of this method was quantitative precipitation forecast. Large-scale predictors are (1

temperature at 925 hPa and 600 hPa, (2) geopotential height at 1000 hPa and 500 hPa, (3) vertical velocity at 850 hPa and
(4) humidity as a combination of the relative humidity at 850 hPa and precipitable water content in the entire column. The
spatial domain where the analogy is sought has been optimized by Radanovics et al. (2013) on 608 zones covering France for
the analogy level on geopotential

The application of SANDHY using predictors from 20CR and predictand from Safran provides an ensemble of 125 analogue
dates for each day during the period 1 January 1871 to 29 December 2012, independently for 608 climatically homogeneous
zones covering France. Analogues dates from the period 1 August 1958 to 31 July 2008 are converted to meteorological
variables by resampling Safran reanalysis data. The analogues obtained from SANDHY are also used for temperature and
reference evapotranspiration even if the predictors have been chosen for their link to precipitation. SANDHY has been
improved by two new analogy steps by Caillouet et al. (2016). A first level on the large-scale sea surface temperature (or
SST) selects 80 analogues from the 125 initial analogues derived from SANDHY. It allows to improve the seasonal cycle
of precipitation. A second level on the large-scale 2-meter temperature selects 25 analogues from the 80 previous analogues.
It allows to reduce the bias in temperature and to improve its seasonal variability. The dataset obtained with the improvement of
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SANDHY by two additional analogy levels — called 20CR-SANDHY-SUB - is further described and validated by Caillouet et al. (2016).

The median of annual precipitation between Safran and 20CR-SANDHY-SUB for the 1959-2007 period shows a dry bias
of around 10% on average over France (see top right panel of Fig. 7 in Caillouet et al., 2016). This bias. due to too many dry
days resampled during the analogue selection in comparison to Safran, may call into question any interpretation of derived
hydrological features — and especially extreme low flows —, and a bias correction step s-had to be set up. In a similar context,

Timbal et al. (2006) introduced a correction factor to adjust the reconstructed rainfall series but this technique — as well as

common bias correction techniques — does not allow to retain the physical consistency and multivariate correlation structure
el et al. (2016) is

inherent in the analogue approach. A resampling-based correction approach similar to the one adopted by Si

therefore considered here: for each day between 1871 and the-Sehaake Shuffle step-2012, the N analogues giving the lowest
precipitation are removed. N analogues are then randomly resampled among the (25-N) left to keep a 25-member sample size.
NUis independently defined for each of the 608 zones in France. It is chosen between 0 and 3, so that the bias with respect
to Safran data is minimized. By construction, this number increases with the precipitation underestimation. Importantly, this
resampling-based correction for precipitation does not affect the temperature bias and interannual correlation described in
Caillouet et al. (2016) (not shown). This
summer, autumn, and winter, the mean bias over France is decreased in comparison to 20CR-SANDHY-SUB as most of the
zones were affected by a negative bias. Only the spring season — where the precipitation was sometimes overestimated in
20CR-SANDHY-SUB _ is affected by the same bias in absolute terms but with an opposite sign.

In order to build gridded time series from the 20CR-SANDHY-SUB dataset, Caillouet et al. (2016) independently combined
analogues dates from one zone to another. The resulting lack of spatial continuity (see the discussion by Caillouet et al., 2016) could
be heavily detrimental to the identification of spatio-temporal low-flow events. This issue is here addressed through the Schaake
Shuffle procedure, initially developed to reconstruct space-time variability in forecast meteorological fields (Clark et al., 2004).
This procedure has been widely used as a post-processing of ensemble meteorological forecast fields for streamflow forecasting
. Robertson et al., 2013; Verkade et al., 2013; Demargne et al., 2014 Sipek and Darhelka, 2015). Vrac and Friederichs (2015) alsc
adapted it recently for multivariate bias correction of downscaled climate simulations. In the Schaake Shuffle approach, which
can be seen as an empirical copula on rank correlation (Wilks, 2014), the ensemble members are reordered so that their rank
correlations across both space and variables match the ones from a randomly-picked sample of observed multivariate fields.
In the present application, rank correlations are considered across the 608 climatically homogeneous zones and across the
three variables (precipitation, temperature, and reference evapotranspiration), and observed fields are taken from the Safran
reanalysis. For each target date, 25 dates are randomly selected within a 120-day window around the corresponding Julian
day and from the period 1 August 1958 to 31 July 2008, a period consistent with the archive period for analogue dates in
the SANDHY downscaling step (Caillouet et al., 2016). Observed rank correlations are derived from the Safran multivariate
meteorological fields from these dates and applied to the reconstructed ensemble, thus ensuring a spatial and inter-variable
coherence of any single ensemble member. As the set of analogues remains the same for each day ans is only shuffled across
ensemble members, but with different positions, local characteristics such as bias or correlation do not change.

technique allows to retrieve a bias in precipitation around 0%. Considering onl
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The succession of steps (1) SANDHY (Radanovics et al., 2013; Ben Daoud et al., 2016), (2) subselection with additional

analogue levels (Caillouet et al., 2016), (3) Bias Correction (see above), and (4) Schaake Shuffle (see above) is called SCOPE

and is summarised by Fig. 19. The use of 20CR as the large-scale reanalysis input provides the SCOPE Climate dataset

described in Sect. 2.2.2.
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Figure 19. Synthetic diagram showin

Appendix C: Hydro-Ecoregions

Figure 20 shows the 22 HERs used for in-the spatial matching procedure. HER 1 (“Pyrénées” and HER 2 (“Alpes internes”)
include high mountainous areas whereas HER 3 to HER 5 (“Massif Central sud”, “Vosges”, “Jura-Préalpes du Nord”) in-
clude mountainous areas with lower elevations. HER 6 to HER 8 (“Méditerranéen”, “Préalpes du Sud”, “Cévennes”) include

Mediterranean areas where convective precipitation events often occur in Autumn.
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Figure 20. Map of the 22 Hydro-ecoregions, adapted from Wasson et al. (2002).
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