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Abstract. The length of streamflow observations is gener-
ally limited to the last 50 years even in data-rich coun-
tries 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. To
overcome this limit, this work first presents a daily 140-
year ensemble reconstructed streamflow dataset for a ref-
erence network of near-natural catchments in France. This
dataset, called SCOPE Hydro (Spatially COherent Proba-
bilistic Extended Hydrological dataset), is based on (1) a
probabilistic precipitation, temperature, and reference evapo-
transpiration downscaling of the Twentieth Century Reanal-
ysis over France, called SCOPE Climate, and (2) continu-
ous hydrological modelling using SCOPE Climate as forc-
ings over the whole period. This work then introduces tools
for defining spatio-temporal extreme low-flow events. Ex-
treme 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 spa-
tial matching procedure is then established to identify spatio-
temporal events across France. This procedure is further-
more adapted to the SCOPE Hydro 25-member ensemble
to characterize in a probabilistic way unrecorded historical
events at the national scale. Extreme low-flow events are de-
scribed and compared in a spatially and temporally homoge-
neous way over 140 years on a large set of catchments. Re-
sults highlight 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 improving
our knowledge of historical events and provide a selection of
benchmark events for climate change adaptation purposes.
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. Chauveau et al., 2013; Vidal et al., 2016) — 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, hy-
dropower production, etc.). To adapt to climate change, com-
prehensive knowledge of major historical events that affected
France constitutes a reference basis for preparing for future
low-flow events. Studying these events requires a dense net-
work 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 cur-
rently available from 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 af-
ter 1950. Consequently, 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 for longer periods (see e.g. Hisdal et al.,
2001; Pfister et al., 2006, for studies in Europe).
Reconstructions of streamflow time series through hydro-
logical modelling using precipitation and temperature data
as inputs have been developed to overcome the limited his-
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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.

torical 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 se-
ries for specific locations in the UK, using recovered histor-
ical meteorological data. Spraggs et al. (2015) extended me-
teorological time series back to 1798 to derive daily stream-
flow 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 (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 limited availabil-
ity of surface temperature and precipitation observations in
France. It should be noted that climate proxies like den-
drochronology data may also provide relevant information
for reconstructing streamflow with low — seasonal to annual
— temporal resolution (see e.g. Meko et al., 2012; Nicault
etal., 2014).

A way to reconstruct meteorological data at small spatial
and temporal scales — and then catchment-scale hydrologi-
cal 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 Isére River (French Alps) based
on purposely rescued pressure data and statistical downscal-
ing with an analogue method. The recent release of two ex-
tended global reanalyses — 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 20th century (respectively from 1871 and 1900)
— prompted studies aimed at deriving meteorological recon-
structions of the 20th century through downscaling methods,
and at using these to reconstruct streamflow series. Kuentz
et al. (2013) reconstructed the 20th century hydrological vari-
ability of the Durance catchment (southern French Alps)
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based on an analogue downscaling method (Kuentz et al.,
2015) and a lumped conceptual hydrological model. More
recently, Brigode et al. (2016) applied the same downscal-
ing method and a hydrological model to reconstruct stream-
flow 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 downscal-
ing approach combined with a physically based hydrologi-
cal model to reconstruct hydrometeorological data in France.
Caillouet et al. (2016) recently provided a reconstruction of
meteorological fields at an 8 km spatial resolution and daily
temporal resolution in France through a probabilistic precip-
itation and temperature downscaling of 20CR.

When streamflow time series are available from observa-
tions or hydrological simulations, numerous methods allow
one to define and characterize extreme low-flow events. Two
main approaches can generally be distinguished (Tallaksen
and Van Lanen, 2004). The first one considers low-flow char-
acteristics like annual minimum n-day discharge (see e.g.
Smakhtin, 2001). The second one focuses on characteris-
tics 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 one to characterize events at the local scale but yet
has barely been used to study their spatio-temporal aspect.
Some studies have looked at the areal extent of droughts
as a spatial characteristic, but they did not identify indepen-
dent drought events (e.g. Bonaccorso et al., 2013; Tallaksen
and Stahl, 2014). Most of these studies focused on meteo-
rological droughts and used a gridded and spatially homo-
geneous 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
been developed (Andreadis et al., 2005; Vidal et al., 2010b).
However, to the authors’ knowledge no study has undertaken
a spatio-temporal definition of low-flow events based on sta-
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tion data, i.e. on data neither homogeneous in magnitude nor
continuous in space.

This paper presents an ensemble reconstruction of spatio-
temporal extreme low-flow events in France since 1871,
through an ensemble downscaling of the 20CR extended
reanalysis and the subsequent hydrological modelling of a
large number of near-natural catchments. Compared to pre-
vious low-flow studies, this study combines for the first time
three different features: (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 hydrometeorological reconstructions. This
work therefore presents beforehand the SCOPE Climate
(Spatially COherent Probabilistic Extended Climate) dataset,
derived from the statistical downscaling of 20CR, and intro-
duces the SCOPE Hydro (Spatially COherent Probabilistic
Extended Hydrological) dataset, the hydrological dataset de-
rived 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 ex-
ploited to extract relevant information from the SCOPE Hy-
dro historical reconstructions running from 1871 onwards.
The paper is structured as follows. Section 2 introduces
the different reanalysis and observation datasets used. Sec-
tion 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 characteris-
tics 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 from across France was
selected for hydrological modelling and study of extreme
low-flow events (see Fig. 2). These were derived from two
existing and partially overlapping datasets.

— The French low-flow reference network consisting of
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 catch-
ment without direct human influence on river flow, and
(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
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Figure 2. Location of the 662 hydrometric stations, and the KGE
calibration score for the hydrological model. The ideal value of the
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).

least 26 years of daily records on the 1970-2005 pe-
riod, (b) with no or few anthropogenic influences, and
(c) with good quality during low-flow periods.

Streamflow data for these catchments were extracted from
the French HYDRO database (http://hydro.eaufrance.ft/).
Two case study catchments with contrasting regimes and
long observational records are selected to exemplify re-
sults in Sects. 3.1 and 5. These are the Correze @Brive-
la-Gaillarde with an oceanic-dominated regime, and the
Ubaye @Barcelonnette, with a snowmelt-dominated regime.
Figure Al in Appendix A shows their daily interannual
regimes. Observations have been available since 1 Jan-
uary 1918 for the Correze and since 1 January 1904 for the
Ubaye.

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 tempera-
ture on a 8 km resolution grid over France at a daily temporal
resolution from 1 August 1958 to the present. Daily reference
evapotranspiration is computed with the Penman—Monteith
formulation (Allen et al., 1998). Safran data have been ex-
tensively used for hydrological studies, including low-flow
studies (Vidal et al., 2010b; Soubeyroux et al., 2010; Push-
palatha 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 con-
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tributive 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 reconstruc-
tion of precipitation, temperature, and reference evapotran-
spiration fields over France. This dataset is available as a
25-member ensemble of Safran-like daily gridded time se-
ries over the period 1 January 1871 to 29 December 2012.
SCOPE Climate is obtained through the statistical downscal-
ing of 20CR (Compo et al., 2011) with the SCOPE method
(Spatially COherent Probabilistic Extension method), de-
tailed in Appendix B, as an extension of the work by Cail-
louet et al. (2016).

Validation experiments of SCOPE Climate have been per-
formed with both dependent and independent data at differ-
ent time steps (not shown). SCOPE Climate presents very
little bias in comparison to Safran on their common pe-
riod (1958-2012). There is a slight overestimation of pre-
cipitation in spring (approx. 10 % of Safran precipitation)
and an underestimation/overestimation (within 1 °C) in sum-
mer/winter mean temperature, respectively. The seasonal
variability of both precipitation and temperature is well re-
constructed and SCOPE Climate is able to capture the in-
creasing trend in temperature since the 1990s. SCOPE Cli-
mate shows an overestimation of reference evapotranspira-
tion, in particular in autumn and winter, as well as an under-
estimation of its seasonal variability. Catchment-scale data
used for the hydrological modelling are computed as for
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 de-
rives from the widely used GR4J model (Perrin et al., 2003)
— which has been used recently in a reconstruction con-
text by Brigode et al. (2016) — with a fifth parameter added
to better model exchanges between surface and groundwa-
ter (Le Moine, 2008) and a sixth 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 combined here
with CemaNeige (Valery, 2010; Valéry et al., 2014), a semi-
distributed snow-accounting routine with two parameters.
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GR6J is calibrated over the period 1 January 1973 to
30 September 2006, called CAL in the following, where
more than 90 % of the discharge stations have available data.
This period includes three well-known extreme low-flow
events: 1976 (see e.g. Bremond, 1976; Vivian, 1977; Zaid-
man et al., 2002), 1989-1990 (see e.g. Mérillon and Chap-
eron, 1990), and 2003 (see e.g. Moreau, 2004). A warm-up
period of 3 years before the calibration period is used to ini-
tialize 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 reduce the bias towards high flows — as an
objective function. The perfect value of the KGE is 1 and
this score is computed as follows:

KGE=1-/¢— 172+ @—12+ (B - 1), (1)

where r is the linear correlation coefficient between simu-
lation and observation, « the ratio between simulated and
observed variance, and 8 the ratio between simulated and
observed means. The two CemaNeige parameters are cali-
brated only for 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 the remaining 475 stations, the median values
of the calibrated CemaNeige parameters, from the 187 snow-
influenced catchments, are adopted to run CemaNeige. Cal-
ibrated 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; and

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

SCOPE Hydro is the dataset that will be used to derive ex-
treme low-flow events between 1871 and 2012. Safran Hydro
is the reference dataset that will be used to assess the quality
of SCOPE Hydro.

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 character-
izes 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

www.hydrol-earth-syst-sci.net/21/2923/2017/
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Figure 3. Extreme low-flow event characterization method. First
panel: fixed threshold. Second panel: variable threshold. Third
panel: mixed threshold. Fourth panel: sequent peak algorithm out-
put using a mixed threshold, and extreme low-flow event character-
istics. Fifth panel: event definition (start date to end date).

below the threshold level and continues 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 thresh-
olds described above. This mixed threshold thus allows one
to identify events deviating from the normal seasonal pattern
only during the low-flow period.

The mixed threshold is computed here using the 90th per-
centile 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 aver-
age to improve the day-to-day consistency. Note that alterna-
tive daily variable threshold estimates using percentiles over
moving windows around the Julian date may be equally suit-
able (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 dis-
cussed in Sect. 6.1.

www.hydrol-earth-syst-sci.net/21/2923/2017/

The sequent peak algorithm method (SPA, Vogel and Ste-
dinger, 1987; Tallaksen et al., 1997) is then applied to pool
extreme low-flow events. For a period i, a deficit volume
is computed by cumulating the difference between the daily
discharge Q; and the threshold Q¢ — here corresponding to
the mixed threshold defined above. Only the periods with a
positive deficit are considered as periods with extreme low
flows. The daily deficit volume for the period i, S;, is com-
puted following Eq. (2):

S; =max (0, S;—1 + Qo — Qi) . ()

The fourth panel of Fig. 3 presents an example SPA curve,
corresponding to the deficit volume time series, S;. An unin-
terrupted sequence of positive S; defines an extreme low-flow
event. The event characteristics are then defined by a severity
(largest deficit volume, max(S), in millimetres), a start date
(the beginning of the deficit period), an end date (time of the
maximum deficit), and a duration (number of days between
these two dates). The bottom panel of Fig. 3 presents the for-
malization of a single event used in Sects. 3.2.2 and 3.2.3 as
a bar running between the start and end dates.

The above procedure is applied to identify and character-
ize extreme low-flow events for each gauging station, inde-
pendently on (1) observed time series, (2) Safran Hydro sim-
ulations, as well as (3) each of the 25 SCOPE Hydro recon-
structions.

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 sta-
tions to study, for example, their spatial extent or the worst-
affected region. The spatial definition developed in this sec-
tion relies on a concept similar to the one developed by Uhle-
mann 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
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 sta-
tions, 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 to be cho-
sen next. The matching is first done here within French
hydro-ecoregions (HERs, Wasson et al., 2002). The zoning
of France into 22 HERs shown in Fig. C1 of Appendix C
has been developed for the implementation of the EU Water
Framework Directive. It is based on geology, relief, and cli-
mate criteria to define biological, physico-chemical, and hy-
dromorphological reference conditions. The sub-division of
France into HERs follows recent research (see e.g. Sauquet
and Catalogne, 2011; Cipriani et al., 2012; Snelder et al.,
2013). The spatial matching is then done a second time
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Figure 4. Synthetic diagram detailing the spatial matching procedure. The procedures described in this figure provide the different panels of

Fig. 5.

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. In-
deed, a single-step spatial matching gathering events from all
662 stations would give too much influence to a single catch-
ment.

Figure 4 summarizes the different steps described here.
Figure 5 illustrates the whole spatial matching process for the
16 stations in HER 11 (“Causses aquitains”, south-western

Hydrol. Earth Syst. Sci., 21, 2923-2951, 2017

fringe of the Massif Central mountain range) during the
1 January 1989 to 31 December 1991 period. The corre-
sponding procedure is detailed below.

1. Figure 5a: local events resulting from the SPA proce-
dure are represented by black bars for each station.

Figure 5b corresponds to results from the within-HER
matching process in Fig. 4: five spatio-temporal events,
identified here through different colours, are built from
the temporal overlap of local bars. This overlapping pro-

www.hydrol-earth-syst-sci.net/21/2923/2017/
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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. The different panels of this figure are obtained by the procedures described in Fig. 4. (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. (¢) HER-representative events for the 22 HERs.
Each black bar represents one event. (d) Matched HER-representative events after inter-HER matching. (e) Spatial HER-representative events
matching reported to local events after France-wide matching. Each colour defines a spatio-temporal event at the France scale.

cedure often leads to pooling of formerly independent 4. Figure 5d corresponds to results from the inter-HER
local events into a single spatio-temporal event for a matching process in Fig. 4: all HER-representative
given station (see for example Station 16 with the sin- events are spatially matched together using the same
gle purple spatio-temporal event gathering several local overlapping process as in (b). The HER 11 represen-
events identified by different bars). In such a case, the tative events — again framed in red — are pooled here
new local characteristics of this extreme low-flow event among only three distinct spatio-temporal events at the
are computed from the former ones in the following scale of France.
way: the start date is the earliest start date, the end date )

5. Figure 5e corresponds to results from the France-wide

is the latest end date, the duration is the sum of dura-
tions, 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. 5b with label
“HER 117.

. Figure 5c: HER-representative events are shown for all
22 HERs with black bars. The HER 11 representative
events obtained above are framed in red.
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matching process in Fig. 4: the inter-HER matching for
HER 11 representative events — bottom of Fig. 5e — is
finally reported to each station through the local allo-
cation HER; process in Fig. 4, leading to some addi-
tional local pooling, and notably the merging of early
1989 events (red and grey in Fig. 5b) and of the late
1991 events (pink and brown in Fig. 5b). New local
event characteristics — start and end dates, duration,
severity — are computed using the same procedure as
above.
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Figure 6. Deriving average events for Station 1 in HER 11. (a) Daily number of members simulating an event between 1 August 1958 and
29 December 2012. (b) Zoom on the 1989-1991 period. Examples are taken with four possible minima, set at 5, 10, 15, or 20 members.

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 proce-
dure, including the building of HER-representative events.
This prevents once again too much aggregation in both space
and time. The France-wide 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 iden-
tified 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

The local characterization of extreme low-flow events (see
Sect. 3.2.1) applied to SCOPE Hydro leads to 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 en-
semble case. The proposed approach goes along three steps:
(1) reducing the ensemble reconstructions to a single deter-
ministic series of extreme low-flow events to get back to the
simpler Safran Hydro case, (2) applying the spatial matching
described above to these deterministic series, and (3) report-
ing the spatio-temporal definition of events to each ensemble
member.
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For the first step, the overall idea is to derive a single de-
terministic series of low-flow events from the 25-member en-
semble that matches approximately the behaviour of the one
derived from Safran Hydro. The reduction to a single deter-
ministic series is done independently for each station follow-
ing the procedure below, exemplified in Figs. 6 and 7 for Sta-
tion 1 in HER 11.

1. Figure 6a: the daily number of ensemble members
detecting an extreme low-flow event between 1 Au-
gust 1958 and 29 December 2012 — the common pe-
riod between Safran Hydro and SCOPE Hydro - is
computed and represented by a curve (between 0 and
25 members). For a given number of members be-
tween 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. Figure 6a plots four differ-
ent possible numbers of members and associated aver-
age events.

Figure 6b: for a number of members set at five (respec-
tively 10, 15, or 20), six (respectively 4, 3, or 4) average
events are created between 1989 and 1991.

Figure 7a: the 25 possible series of average events are
created between 1 August 1958 and 29 December 2012,
using the 25 possible number of members. They repre-
sent 25 deterministic series of events that could summa-
rize the events obtained from the 25 initial series. Actual
events from Safran Hydro are also represented (in red).

Figure 7b: the total duration of average events over the
whole period is computed for each of the 25 series. The
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).
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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
Safran Hydro and average series created with a threshold between 1 and 25 members. (b) Computation of the number of days simulating an
extreme low-flow event for Safran Hydro and the 25 series of average events. The number of members providing the closest average events’
total duration to the Safran Hydro events’ total duration — here 10 — is selected.

or the second step, the spatial matching developed in
Sect. 3.2.2 is applied to these average events considered as
a single deterministic series of reconstructed events, similar
to this from Safran Hydro.

The final step deals with reporting spatio-temporal (deter-
ministic) events to each ensemble member of SCOPE Hydro.
It is illustrated in Fig. 8 with the same station as above over
the 1989-1991 period. Spatio-temporal events obtained from
Safran Hydro are presented in Fig. 8 only for a discussion in
Sect. 6.3. They do not take part in the spatial matching pro-
cedure for the probabilistic case. The third step is as follows.

1. Figure 8a: events from all 25 SCOPE Hydro ensemble
members are represented as well as average events. Four
independent average events are available in this period
(see also Fig. 6b). After the spatial matching (which is
not shown), they are pooled into two spatio-temporal
events (red and mauve).

2. Figure 8b: for each of the 25 ensemble members,
events temporally overlapping with average events are
matched together. Ensemble member events not over-
lapping with an average event (in grey) are removed.
These are the events detected by less than the final num-
ber of ensemble members (here 10 for this station).

The choices made during the spatial and probabilistic
matching will be further discussed in Sects. 6.2 and 6.3.

Characteristics of extreme low-flow events — start date,
end date, duration, and severity — are then computed inde-
pendently for each ensemble member following the rules de-
tailed in Sect. 3.2.2. A duration of 0 days and a severity of
Omm are attributed to an ensemble member that does not
detect an event, e.g. ensemble member 22 for the late 1991
event in Station 1 of HER 11 (see Fig. 8). This allows one
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to keep a homogeneous ensemble definition of events, which
is particularly relevant when considering ensemble statistics
like the median value of extreme low-flow event characteris-
tics (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 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 centre date for plotting corresponding lo-
cal summary characteristics along a temporal dimension. For
each station where at least one ensemble member detects the
event, a local median start date is computed. The spatial start
date is then computed as the median date over all stations
detecting the event. The same procedure is applied for end
dates, and the spatial centre date is taken as the middle date
between the spatial start date and the spatial end date. It thus
allows one to plot the characteristics — start and end dates,
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 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’s
surface area is computed based on the surface area of each
HER and the percentage of stations affected within each HER
weighted by catchment areas. This estimate is used to com-
pute 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-
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Figure 8. Ensemble spatial matching for Station 1 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 colour 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. Grey events not overlapping average events are considered probabilistic noise and are removed from the dataset. Dashed

lines are set at the start and end dates of each average event.

selves and across different catchments. As extreme low-flow
events are not a regular phenomenon occurring every T year,
the approach developed by Shiau and Shen (2001) is used
here: a mean interarrival time between two events is consid-
ered as the basis for computing return periods. Severity and
duration variables can further be equal to zero. This is ac-
counted for in the following way. Let X denote the target
random variable and Fx denote its cumulative distribution
function (cdf). Then for all x > 0, the cdf can be computed
as follows using the total probability law:

Fx(x) = po+G(X) x (1= po), 3

where pg (the probability that X =0) is simply estimated as
the empirical frequency of zeros in the observed sample, and
G (x) is the cdf of the distribution estimated on the non-zero
values in the observed sample. A generalized Pareto distri-
bution with three parameters (GPD3) for the duration and a
Pearson type III (P3) distribution for the severity are selected
based on an L-moment diagram (not shown). These distribu-
tions are calibrated for each reconstruction ensemble mem-
ber and each catchment. Only ranges in return periods are
considered in order not to put too much confidence in fitted
values.
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4 SCOPE Hydro: examples of reconstructed
streamflow time series

This section briefly gives some quantitative results on the hy-
drological model calibration, and then shows SCOPE Hydro
reconstructed streamflow time series for the two case-study
catchments to 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 mountain-
ous areas (Massif Central, Alps, Pyrenees) and the mini-
mum value is 0.61. It has to be noted that thorough vali-
dation experiments not shown here have been performed to
carefully quantify the overall hydrological modelling perfor-
mance. 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 pa-
rameters when they were validated on independent periods.
Detailed investigations have shown that the decrease in per-
formance identified for a few stations was related to anthro-
pogenic influences.

Figure 9 presents the observed and simulated daily stream-
flow time series for the Corréze and Ubaye catchments dur-
ing 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
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Figure 9. Corréze 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.
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Figure 10. Corréze and Ubaye annual discharge time series during the 1871-2012 period, from observations, Safran Hydro, and SCOPE Hy-

dro. Note the different scales for the y-axis.

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 hy-
drological model (see also Fig. Al). Safran Hydro is most
of the time included in the SCOPE Hydro ensemble range,
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showing a reasonable reliability of the ensemble reconstruc-
tions for this period. This statement is also valid for the ob-
servations even if they are more often on the periphery of the
SCOPE Hydro ensemble range. Additionally, the low-flow
periods — summer 1972 for the Correze and winter 1971-
1972 for the Ubaye — are reasonably well simulated.
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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 repre-
sents the spatial centre dates of the events (see Sect. 3.2.4). The 25 ensemble members are represented with a boxplot for each event. The
lower and upper hinges correspond to the first and third quartiles, respectively. Whiskers extend to the smallest and largest values still within
1.5 times the interquartile range. Events with remarkable values from any given ensemble member are labelled with the year of the spatial

centre date. The dashed line shows the 1-year duration for information.

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

5 Extreme low-flow events since 1871

This section provides example results that can be derived
from the SCOPE Hydro reconstruction dataset after the def-
inition of extreme low-flow events (Sect. 3.2.1) and the en-
semble 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. 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 Correze and Ubaye
catchments

Figure 11 shows the ensemble durations for each spatio-

temporal extreme low-flow event as experienced by the Cor-
reze and Ubaye catchments over the 1871-2012 period. For
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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 the 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 to a large extent different from
one catchment to another, some common ones may be iden-
tified 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 Correze
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 oc-
curred between 1910 and 1940, here again interrupted by the
1921 event. Some events appear 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.
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Figure 12. As for Fig. 11 but for severity (in millimetres).
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Figure 13. Extreme low-flow event start date (Julian days) for the Correze and Ubaye catchments over the 1871-2012 period. The x-axis
represents the spatial centre dates of the events (see Sect. 3.2.4). The dashed line is set to 1 January. Grey points represent the start dates of
individual ensemble members detecting the event. Black points represent the average dates of the grey points.

Based on Figs. 11 and 12, a higher number of events oc-
curred for the Corréze catchment than for the Ubaye catch-
ment. A higher number of extreme events and higher severity

values are simulated after 1940 for the Correze. These recon-
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structions also identify long and/or severe low-flow events
during periods for which no streamflow observation is avail-
able, notably the last decades of the 19th century.
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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.

Figure 13 presents the start date of each spatio-temporal
extreme low-flow event for the Corréze and Ubaye catch-
ments over the 1871-2012 period. An average date repre-
senting the ensemble central tendency is computed using a
seasonal index (Burn, 1997). As for Figs. 11 and 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 catch-
ments. Indeed, extreme low-flow events start between April
and November for the oceanic-dominated regime (Correéze),
and between October and April for the snowmelt-dominated
regime (Ubaye). The only exception is the particular event
of 1880 which began in December 1879 for the Correze
River. There is no visible trend in the seasonality of start
dates.

5.2 Spatio-temporal characterization of extreme
low-flow events since 1871

The probabilistic and spatial matching done in Sect. 3.2.3
ensures the spatial consistency of extreme low-flow events.
This critically allows one to study these events at the na-
tional scale. Unless mentioned otherwise, plotted values in
the following figures are median values over the 25 ensem-
ble 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 affected by the event in terms of sur-
face 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
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last event is the only one having affected almost the whole
of France. More generally, this figure highlights the fact that
events covering more than 70 % of France have only occurred
after 1940.

Figure 15 highlights the longest and most severe events
that affected individual catchments. Two events are high-
lighted in terms of duration: the 1976 event for the north
of France and the 1990 event for the centre of France. The
1972 (1945) event was the longest one, having affected the
east (south). The pattern is more patchy for the most severe
events. The 1976 event is still predominant for the north of
France. The 1893 event was most severe in the north-east,
whereas the 1878 event still has the record for some parts of
the Mediterranean coastal area. The 1949 and 1990 events
share first place for the centre of France. This 1921 event is
highlighted for different stations scattered in France, from
the north-west to the south-east. It may have been an ex-
ceptionally severe event for the whole of France, 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. 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 feedback, which is important
for this event and is not taken into account in our hydrome-
teorological reconstruction chain. The events highlighted by
Fig. 15 are identified as benchmark events and their charac-
teristics 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

www.hydrol-earth-syst-sci.net/21/2923/2017/



L. Caillouet et al.: Ensemble reconstruction of spatio-temporal extreme low-flow events

2937

Duration (days) Severity (mm)

2600 - Benchmark
events
O 1878
24004 QX ® 1893
= O 1921
= @ 1943
5 2200 0 1945
g @ 1949
< 0 1972
> 20004 @ 1976
O 1978
@ 1985
1800 01990
@ @ 2011

16004 . . . . . .
0 400 800 12000 400 800 1200

X Lambert [km]

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 four other ones. These events are not listed in the legend.

1893 events have been selected because of the lack of re-
lated quantitative or even qualitative hydrometric observa-
tions available. Information on their meteorological drivers —
or their socio-economic impacts — have however been docu-
mented elsewhere: see Moureaux (1880b) for the 1878 event,
and Vimont (1893), Plumandon (1893), Dehérain (1893),
or Cook et al. (2015) for the 1893 event. In contrast, the
1976 and 1990 droughts have been 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 affected the south of France, and particu-
larly the Mediterranean coast. In contrast, the 1976 event
spared only this coastal area. The 1893 and 1990 events both
affected the whole of France except for 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 the northern half of the country for
the 1976 event. The 1990 event was exceptionally long over
most of France, as already suggested in Fig. 14. Differences
between the return 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 these benchmark events. Both the 1893 and 1990 events’
start dates lie within a common 6-month period for the vast
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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 dis-
cussed in Sect. 6.2.

All the above results are drawn from median character-
istics 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 vari-
ability of spatio-temporal characteristics within this ensem-
ble, Fig. 17 presents the 25 individual reconstructions of the
1893 event in 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. mem-
bers 11 and 24), the west (e.g. members 1 and 21), or the
south-west (e.g. members 4 and 8). All members however
indicate that the Mediterranean coast was not severely af-
fected by this event. This high variability among the ensem-
ble members has already been noticed for the meteorolog-
ical reconstructions (Caillouet et al., 2016). The 25 maps in
Fig. 17 represent 25 plausible reconstructions of the 1893 ex-
treme low-flow event that may have occurred under the syn-
optic 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 pre-
sented in Sect. 6.1. Different issues raised by the spatial
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Figure 16. Median value of the return period (in years) for duration (left panels) and severity (middle panels), as well as median start date, as

the number of days after the earliest start date (right panels) for the 1878, 1893, 1976, and 1990 extreme low-flow events. The earliest start
date is shown in the top-right corner for each event. Filled grey circles represent stations that did not detect the event.
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Figure 17. Return period in severity for the 25 ensemble members of the 1893 event. Filled grey circles represent stations that did not detect

the event.
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matching and the ensemble matching are then discussed in
Sects. 6.2 and 6.3, respectively. Section 6.4 touches upon is-
sues that may arise when comparing spatio-temporal events
from two datasets. Some limitations of summary statistics
derived from the ensemble values are discussed in Sect. 6.5.
Lastly, Sect. 6.6 discusses additional sources of uncertain-
ties 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 (His-
dal et al., 2001; Fleig et al., 2006; Van Loon and Van Lanen,
2012) — would lead to a different definition of events and dif-
ferent results in Sect. 5. A higher threshold value, e.g. based
on the 80 % exceedance probability (Qgp), would for exam-
ple lead to a higher number of events, but also to a new defini-
tion 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 Qgo threshold for the Correze
River, which is not the case with the chosen Qgg. 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 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 summarizing 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 the spatial domain. Different spatial do-
mains (for example, the whole of France, or HER, or a spe-
cific set of stations) would lead to different spatio-temporal
event definitions. Consequently, this matching should prefer-
ably be done on a consistent set of stations along time to
have a homogeneous definition of events. This is the reason
why the spatial matching had not been applied to stream-
flow 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
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value — in mm or m3s~! — used for defining local events,

the higher the number of such events (see Sect. 6.1 above).
Consequently, the higher the threshold value, the greater the
risk of aggregating potentially independent spatio-temporal
events.

1

6.2.3 Consequences of spatial matching limitations

Figure 16 (right panels) shows that the choices made here —
Qg threshold 4 two-step (HERs then France) spatial match-
ing — might lead to too much spatio-temporal aggregation for
specific events like 1878 and 1976. Further research shows
that for these two events, two groups of stations can be dif-
ferentiated by their start dates. The groups are pooled into
one event due to some stations linking the periods, which
leads to a possible overconfident aggregation.

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. These periods
were linked together throughout winter 1975/1976 with sta-
tions mainly located in the northern half of the country (not
shown). This very dry winter in northern France has been ex-
tensively 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 panel) — notably in the Alps (Vivian,
1977). This also prevented severely affected northern catch-
ments from late summer 1975 onwards from fully recovering
during the regular recharge season and thus from experienc-
ing an extreme low-flow event spanning more than a year
(Bremond, 1976; Gazelle, 1977). This analysis also helps in
interpreting the north—south difference in duration and sever-
ity shown in Fig. 16. It thus validates the spatio-temporal ag-
gregation of this event found here with the specific choices
of threshold and spatial domain(s).

The 1878 event also has two temporal peaks, but avail-
able 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 re-
gion 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 Mediterranean area, but also
the Pyrenees and the Massif Central (Mascart, 1880, p. 33),
leading to a second component of the spatio-temporal ex-
treme low-flow event.

Beyond these two specific cases, it has to be noted that
both the 1893 and 1990 events appear quite satisfactorily de-
fined 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 summa-
rizing local events from all ensemble members in a single de-
terministic way of applying the spatial matching procedure.
Events from individual ensemble members that do not over-
lap temporally with average events are removed from the fi-
nal dataset.

In Fig. 8, very short events detected by only a few en-
semble 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 de-
tected by 8 ensemble members before July 1989 are also re-
moved — the threshold for deriving an average event being set
at 10 for this station — while being detected in the Safran Hy-
dro dataset (in blue). Even if the threshold definition is cal-
ibrated against Safran Hydro summary statistics (total du-
ration of events during a given period), it may thus intro-
duce some limited discrepancies between the two datasets. It
has to be noted that this particular discrepancy is only local:
Fig. Se 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 at 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 match-
ing choices.

Figure 8b shows another case of local discrepancy be-
tween the two datasets for Station 1 in HER 11: the late
1990 event is clearly detected locally by SCOPE Hydro
(in red) but not by Safran Hydro (in orange). However,
Fig. 5e 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
affected by an event around this period in the SCOPE Hy-
dro dataset (not shown). This shows once again that the two
datasets agree well when considering the regional occurrence
of low-flow events.

Figure 8b also features a favourable case where the late
1991 event (shown in mauve) is detected by 23 SCOPE Hy-
dro ensemble members as well as by Safran Hydro (in green).
The cases discussed above thus perfectly illustrate the com-
promise reached here to derive a deterministic series of
events from an ensemble of series and to then apply the spa-
tial 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 from a larger spatio-temporal perspective. One may then
want to make a more formal comparison of spatio-temporal
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events between the two datasets (and possibly with a spa-
tial matching of events derived from observations, but see
comments in Sect. 6.2.1). This section discusses further the
limitations of automating such comparisons.

The simplest approach would consist of identifying lo-
cally previously defined spatio-temporal events through a
date overlapping procedure. However, this can lead to the
identification of multiple spatio-temporal events from one
dataset but only one event from the second dataset, call-
ing into question the initial spatial matching done (indepen-
dently) for each dataset. Moreover, this approach would iden-
tify 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 temporal and spatial dimensions.

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 formalize due to
the irregular location of hydrometric stations (and upstream
catchments). One way forward would be to start the identifi-
cation 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, aver-
age events as defined in Sect. 3.2.3 may be a promising way
forward. 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 14-16 display median characteristics — duration and
severity — in order to show summary results at the scale of
France. Nevertheless, Fig. 17 showed a strong variability be-
tween events from each individual ensemble member. Tak-
ing maximum characteristics instead of median characteris-
tics would lead to very different results in Sect. 5. Bench-
mark events shown in Fig. 15 could alternatively be deter-
mined based on these maximum characteristics and used for
adaptation purpose scenarios. The ensemble characteristics
of each spatio-temporal event should therefore be kept un-
til the very last step of 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.
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6.6 Uncertainties in reconstructed streamflow

Several other sources of uncertainty in streamflow recon-
structions are not considered in this work. First, all results
presented here are conditional on the large-scale informa-
tion 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 hydrometeo-
rological modelling chain used here to derive the SCOPE Hy-
dro dataset — SCOPE and GR6J 4 CemaNeige — is only one
of the many choices for reconstructing high-resolution me-
teorological fields and catchment-scale streamflow. In order
to assess the uncertainty related to this choice, a follow-up
study will compare the SCOPE-Hydro dataset (1) to 20CR-
driven reconstructions made by Dayon et al. (2015) with a
different downscaling method and the physically based Isba-
Modcou hydrological chain, and (2) to reconstructions mix-
ing their downscaling method and the GR6J+CemaNeige hy-
drological model. Both above-mentioned reconstructions as-
sume a constant land cover and land use, while the wooded
area for example is known to have strongly expanded in
France since the 19th century (see e.g. Koerner et al., 2000).
Model parameter uncertainty could also be assessed by modi-
fying the optimization process for the calibration step. Lastly,
possible changes in channel morphology and associated hy-
drometric uncertainty have not been considered in this study.

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 CO-
herent Probabilistic Extended Climate) and SCOPE hydro
(Spatially COherent Probabilistic Extended Hydrological)
datasets. SCOPE Climate builds on a probabilistic downscal-
ing of the 20CR reanalysis over France as described by Cail-
louet et al. (2016). This ensemble high-resolution daily mete-
orological dataset is used as forcings for the GR6J hydrolog-
ical model — together with the 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 hydrometeorological studies, and not only for low
flows, by extending the limited historical amount of surface
meteorological and streamflow observations currently avail-
able in databases (see examples in Figs. 9 and 10 for stream-
flow and Caillouet et al., 2016, for precipitation and temper-
ature).

This work provides an innovative analysis of extreme low-
flow events from the SCOPE Hydro dataset based on two
distinct 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
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allows one to retain periods with both absolute low-flow val-
ues and values significantly lower than the average seasonal
cycle, thereby combining the advantages of the two types of
thresholds. Second, a spatial matching procedure is devel-
oped to identify events both in time and space, thus extend-
ing previous approaches that could only be applied to data
continuous in space like gridded meteorological drought in-
dicators. 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 char-
acteristics 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 tem-
porally 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 for-
gotten ones like the 1878 and 1893 events. These results
contribute to improving our knowledge of historical events
by taking advantage of the more abundant historical upper-
air atmospheric data compared to hydrometric data, and by
deriving benchmark events over France. Results also high-
light that benchmark events may be found as early as the
19th century for specific regions, and often before the second
part of the 20th century. Use of recent events (e.g. 2003) for
building worst-case scenarios for adaptation planning should
be reconsidered in light of the results presented here. Such
worst-case scenarios could instead be derived from histori-
cal benchmark events, and more specifically from events in
any individual ensemble member in the SCOPE Hydro re-
constructions, 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 more comprehensive historical per-
spective, without resorting only to meteorological drought
indicators as proxies for historical low flows (Van Lanen
et al., 2016). This study moreover allows for further de-
tailed analyses of the effect of climate variability and anthro-
pogenic 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 multidecadal variability on
trends (Hannaford et al., 2013).

Data availability. The SCOPE Climate and SCOPE Hydro
datasets are available upon request to J.-P. Vidal (jean-
philippe.vidal @irstea.fr). Data papers are currently under prepara-
tion to make their access easier in the future.
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Appendix A: Observed and simulated interannual
regimes for the two example catchments
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Figure Al. 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.

The interannual regimes of the two catchment case stud-
ies are presented in Fig. Al. The Corréze 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 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.
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Appendix B: The SCOPE method

The SCOPE method (Spatially COherent Probabilistic ex-
tension method) is a statistical downscaling tool based on
the SANDHY method (Stepwise Analogue Downscaling
Method for HYdrology, Ben Daoud et al., 2011, 2016;
Radanovics et al., 2013), improved by different steps.

The SANDHY method is a probabilistic statistical down-
scaling method following an analogue approach based on the
idea introduced by Lorenz (1969) that similar atmospheric
situations lead to similar local effects. The analogue ap-
proach uses two concurrent datasets over an archive period,
from a large-scale reanalysis and a local-scale meteorologi-
cal dataset. Large-scale predictors (like atmospheric circula-
tion 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 ana-
logue 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 pre-
cipitation, as the initial aim of this method was quantitative
precipitation forecast. Large-scale predictors are (1) temper-
ature at 925 and 600 hPa, (2) geopotential height at 1000 and
500 hPa, (3) vertical velocity at 850 hPa, and (4) humidity as
a combination of the relative humidity at 850 hPa and pre-
cipitable water content in the entire column. The spatial do-
main 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 predictands from Safran provides an ensemble of
125 analogue dates for each day during the period 1 Jan-
uary 1871 to 29 December 2012, independently for 608 cli-
matically homogeneous zones covering France. Analogue
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 pre-
cipitation. 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
one to improve the seasonal cycle of precipitation. A second
level on the large-scale 2 m temperature selects 25 analogues
from the 80 previous analogues. It allows one to reduce the
bias in temperature and to improve its seasonal variability.
The dataset obtained with the improvement of 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 the top right
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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 interpre-
tation of derived hydrological features — and especially ex-
treme low flows —, and a bias correction step had to be set up.
In a similar context, Timbal et al. (2006) introduced a correc-
tion factor to adjust the reconstructed rainfall series, but this
technique — as well as common bias correction techniques
— does not allow one to retain the physical consistency and
multivariate correlation structure inherent in the analogue ap-
proach. A resampling-based correction approach similar to
the one adopted by Sippel et al. (2016) is therefore consid-
ered here: for each day between 1871 and 2012, the N ana-
logues giving the lowest precipitation are removed. N ana-
logues are then randomly resampled among the (25 — N) left
to keep a 25-member sample size. N is independently de-
fined for each of the 608 zones in France. It is chosen be-
tween 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 temper-
ature bias and interannual correlation described in Caillouet
et al. (2016) (not shown). This technique allows one to re-
trieve a bias in precipitation around 0 %. Considering only
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 overesti-
mated 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) indepen-
dently combined analogue 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 addressed here through the Schaake shuffle procedure, ini-
tially developed to reconstruct space—time variability in fore-
cast meteorological fields (Clark et al., 2004). This proce-
dure has been widely used as a post-processing of ensem-
ble meteorological forecast fields for streamflow forecasting
(see e.g. Robertson et al., 2013; Verkade et al., 2013; De-
margne et al., 2014; §1’pek and Danhelka, 2015). Vrac and
Friederichs (2015) also adapted it recently for multivariate
bias correction of downscaled climate simulations. In the
Schaake shuffle approach, which can be seen as an empiri-
cal 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 vari-
ables (precipitation, temperature, and reference evapotran-
spiration), and observed fields are taken from the Safran re-
analysis. For each target date, 25 dates are randomly selected
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Figure B1. Synthetic diagram showing the sequence of steps for the SCOPE method and its use for (20CR-driven) SCOPE Climate recon-

structions. See Sect. 2.2.2 for details.

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 mul-
tivariate 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 and is only
shuffled across ensemble members, but with different posi-
tions, local characteristics such as bias or correlation do not
change.

The succession of steps (1) SANDHY (Radanovics et al.,
2013; Ben Daoud et al., 2016), (2) subselection with addi-
tional analogue levels (Caillouet et al., 2016), (3) bias correc-
tion (see above), and (4) Schaake shuffle (see above) is called
SCOPE and is summarized by Fig. B1. 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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Appendix C: Hydro-ecoregions 2 700 000

Figure C1 shows the 22 HERs used for the spatial match-
ing procedure. HER 1 (“Pyrénées”) and HER 2 (“Alpes in-
ternes”) include high mountainous areas, whereas HER 3 2400 000-
to HER 5 (“Massif Central sud”, “Vosges”, “Jura-Préalpes

€
du Nord”) include mountainous areas with lower elevations. %:
HER 6 to HER 8 (“Méditerranéen”, “Préalpes du Sud”, é > 100 000
“Cévennes”) include Mediterranean areas where convective s
precipitation events often occur in autumn. >
1800 000~
‘ 4 4 ‘
250 000 500 000 750 000 1000000 1250000
X Lambert [km]

|:| 1-Pyrenees : 12-Armoricain

. 2-Alpes internes | [13-Landes

. 3-Masif Central sud | |14-Coteaux aquitains

. 4-Vosges | |15-Plaine Saone

. 5-) ura-Prealpes du Nord | [16-Corse

. 6-Mediterraneen | | 17-Depressions sedimentaires

. 7-Prealpes du Sud | |18-Alsace

. 8-Cevennes L 19-Grands causses

. 9-Tables calcaires . 20-Depots argilo sableux

10-Cotes calcaires est 21-Massif Central nord
11-Causses aquitains 22-Ardennes

Figure C1. Map of the 22 hydro-ecoregions, adapted from Wasson
et al. (2002).
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