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Abstract. The multidecadal hydroclimate variations of the Seine basin since the 1850s are investigated. Given the scarcity of
long term observations-of-hydrological-variableshydrological observations, a hydrometeorological reconstruction is developed
based on an-hydrological modelling and a method that combines the results of a downscaled long-term atmospheric reanalysis
and local observations of precipitation and temperature. This method improves %BWW%W&Q

e-and monthly river flows.
This new hydrometeorological reconstruction, available over more than 150 years while maintaining fine spatial and temporal
resolutions, provides an interesting tool to study-the-multidecadal-hydroclkimate-variability-of-improve our understanding of the
multidecadal hydrological variability in the Seine basin, as well as its possible-influence-on-extreme-hydrological-events-Based
mmmmwmmmmm
strong multidecadal variations of the Seine river flows;—¢

vartations-from-the-1850s—Spring-precipitationsplay-. The main hydrological mechanisms at the origin of these variations are
highlighted. Spring precipitation plays a central role by directly influencing the multidecadal variability ef-in spring flows,

representation of daily f

but also soil moisture and groundwater recharge, which then medulate-regulate summer river flows. Groundwater-controls—a

These multidecadal hydroclimate variations in the Seine basin
are driven by anomalies in large scale atmospheric eireulationscirculation, which themselves appear to be influenced by sea

surface temperature anomalies over of the North Atlantic Oeean-and the North PacificOeean—. The multidecadal hydroclimate

variations seem also to influence high flows and low flows over the last 150 years. The analysis of two particularly severe
historical droughts. the 1921 and the 1949 events, illustrates how long-term hydroclimate variations may impact short-term
drought events, with in particular an important role of groundwater-river exchanges. The multidecadal hydroclimate variations
described in this study, probably of internal origin, could play an important role in the evolution of water resources in the Seine

basin in the coming decades. The way in which the associated uncertainties are accounted for in future projections remains to
be addressed.
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1 Introduction

The future impacts of climate change on the hydrological cycle could have major socio-economic consequences (Pachauri et al.,
2014). In France, important hydrological changes are expected at the end of the 21st century in response to global warming,
with for example a strong reduction of river flows in summer (Dayon et al., 2018). Fer-adaptation—purpeses;—an-adequate
characterization-To develop robust adaptation strategies, an accurate assessment of the uncertainties in impact projections is
crucial.

Internal climate variability is a major source of uncertainties in future projections, especially over the coming decades (Deser
et al., 2012) and regarding hydrological-variables-precipitation (Hawkins and Sutton, 2009; Hingray and Said, 2014; Terray
and Boé, 2013). Internal-variations at decadat to Efforts to better evaluate the capacity of climate and/or hydrological models to
reproduce correctly hydroclimate variability are therefore necessary, to ensure that the uncertainties in impact projections are
correctly estimated. As a first and mandatory step, it is necessary to better characterize and understand hydrological variations

in the observations.

A large body of work has dealt with river flows variability over Europe. At interannual time scales, the large scale atmospheric

. The North Atlantic Oscillation (NAO) (Cassou et al.,

flows over Europe, mainly in winter (Kingston et al., 2006b, a; Bouwer et al., 2008; Steirou et al., 2017).
Regarding the uncertainties in impact projections due to internal variability, variations at longer time-scales, i.e. at decadal

and multidecadal time-scalesare-especially-importantin-thatcontext, are far more important than interannual variations, as they
may modulate the mean-hydroclimate state on several decades—, i.e. at climate time scales. They may temporarily reinforce or

2004; Hurrell and Deser, 2009) in particular is known to influence river

reduce, or even reverse, especially over the coming decades, the long-term impacts of climate change.

Suttonand-Deng(2042)-shewed-Sutton and Dong (2012) have shown that over the 20th century, the Atlantic Multidecadal
Variability (AMYV; Schlesinger and Ramankutty, 1994; Kerr, 2000; Deser et al., 2010; Cassou et al., 2018), the main mode of
decadal to multidecadal variability of the North Atlantic, characterized by basin-wide variations of sea surface temperatures

(SST), may-impaet-impacts the European climate through changes in large scale

are-observed-in-mean-river-flows-atmospheric circulation, The positive phases of the AMYV tend to reduce precipitation in
spring over France. Recent studies have highlighted the existence of strong multidecadal variations in river flows over France
(Bo¢ and Habets, 2014; Bonnet et al., 2017). These variations, which can reach up to 40% of the average river flows, are
especially important in spring and are consistent with the negative anomalies in spring precipitation associated with the AMV.

circulation over the North-Atlantic plays a major role in hydrological variations over Europe (Kingston et al., 2006b, a; Bouwer et al., 2008
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noted by Sutton and Dong (2012). The river flows variations over France however seem to lag the AMV (Bo¢ and Habets, 2014)
- Consistently, large multidecadal variations have also been observed on a glacier in the French Pyrénées and glaciers-over
Franee-and-are likely associated with the AMV (Boé-andHabets; 2044 Marti-et-al;2644)—These-(Marti et al., 2014). These
multidecadal hydrological variations seem to strongty-modulate secular trends in river flows (Dieppois et al., 2016).

Additionally, the AMV could influence extreme hydrological events:—with-. Willems (2013) notes the existence of multi-
decadal variations in extreme precipitation and river flows i-over Europe, including FrancetWillems; 2613)-Giunteli-et-al(2013)-
Hodgkins et al. (2017) shows a significant positive influence of the AMV on floods over Europe. A positive relation has also
been found between the AMV and heavy precipitation over Europe in all seasons (Casanueva Vicente et al., 2014). The role
of warm Atlantic sea surface temperature as provider of moisture has been put forward to explain this link. Based on current
literature, a competition may therefore exist between the AMV-driven changes in large scale circulation, that may lead to
increases or decreases in precipitation and / or extreme precipitation over Europe, depending on the region and the season,
and the increase in atmospheric moisture associated with the warmer SSTs of positive AMV_phases. Regarding droughts,
Giuntoli et al. (2013) show a statistical link between dreughts-severity-of-their severity for some French rivers and the averaged
SSFs-of-the North-Atlantie-North Atlantic SSTs on the second half of the 20th century, which are influenced-by-the AMV,-as

Tris diffieultto-go-furtherin-the-both impacted by internal variability and anthropogenic forcings.

Climate and hydrological observations before the 20th century are rare. As a consequence, the studies discussed previously
are very often limited to the 20th century or less, which represents a very short period to characterize decadal and multidecadal
variability. The sampling uncertainties are indeed very large when statistics of multidecadal variations are calculated over
barely more than 100 years and non-stationnarity may exist (Qasmi et al., 2017). Additionally, the climate of the 20th centur
especially after 1950, is strongly influenced by external forcings (Bindoff et al., 2013), such as greenhouse gases or anthropogenic
aerosols, which may also influence the hydrological cycle over Europe (e.g Bo¢, 2016). It is therefore difficult to disentangle
century, and consequently to understand the responsible mechanisms. The shortness of the observational record has been
recognized as a major challenge by the specialists of decadal climate variability and predictability, with the need to go further

back in the past using innovative new approaches (e.g Cassou et al., 2018).
It is also difficult to gain a deep understanding of multidecadal hydrological variations enty-based-based only on observations.

Long-term observations of river flows are rare, with very few stations starting before 1900 for example, and they may suffer
from non-climatic anthropogenic influences as well as temporal inhomogeneities. Fhe-Importantly, the other variables of the
continental hydrological cycle, such as evapotranspiration, soil moisture or snoweever, are virtually not observed on such long
time scales, which makes it very difficult to understand the hydrological mechanisms at play.

To move forward, long-term hydrometeorological reconstructions based on hydrological modelling have been developed

(e.g Kuentz et al. 2015; Caillouet et al. 2016). Due to the scarcity of meteorological observations in the early 20th cen-
tury (Minvielle et al., 2015), the meteorological forcing needed for hydrological modelling may-be-obtained-by-downsealing;
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for-example-statistical-downsealing,ofa-must first be reconstructed. The recent release of long-term atmospheriereanalysis
National Oceanic and Atmospheric Administration (NOAA)) opens great opportunities in that context. Statistical downscalin
methods, typically used in climate change impact studies, can be applied to derive the high resolution meteorological forcing
necessary for hydrological modelling from these global atmospheric reanalyses, as in Caillouet et al. (2016). This approach

presents two main limitations. First, the quality of reconstructions-the reconstruction depends on the quality of the reanal-

yses. As the density of assimilated observations (e g. surface pressure in fhe#weﬁ&e&reeﬂfufy{%eaﬂalyﬁ%NOAA 20CRy

, Compo et al. 2011) strongly
evolves over time, potential unrealistic trends and/or low frequency variations may exist in-thereanalyses-(Krueger et al., 2013;

Oliver, 2016; Bonnet et al., 2017). Second, this approach is-farfrem-eptimal-as-it-dees-not-make-use-does not take advantage
of the long -term local meteorologlcal observations that may exist. {ndeed—eveﬁﬂ#fheyﬂfﬁeafee—hﬂg-femreb%eﬂf&&eﬂ%ﬁf

Given these limitations, following the same general idea as Kuentz et al. (2015), Bonnet et al. (2017) presented a new hybrid

method that combines available long-term monthly observations of precipitation and temperature with the results of a statistical

downscahng method apphed to long-term atmospheric reanalyses Based—efrfhe—lﬁrydfemefeefe}egteal—feeeﬂsfmeﬁeﬂ&evef

sCompared to standard dynamical or statistical downscaling methods
that only use large scale information and do not take advantage of local observations (e.g. temperature and precipitation) a more
realistic representation of local hydroclimate variations can be obtained (Bonnet et al., 2017).

In this study, we build upon the methodology developed in Bonnet et al. (2017) and target two main improvements. First,

the reconstruction is extended back in the past in order to assess more robustly the multidecadal variationseverFranee. Given

data availability, the reconstruction of Bonnet et al. (2017) began-begins in 1900. Focusing on the Seine basin (Figure 1), one
of the main French river basins, we are able to extend back-the-reconstruetion—to-the reconstruction back to the 1850s. ft-is

observed-multidecadal-variationsA_major interest of this basin is indeed the existence of a few long and varied series of
observations, which are useful either to develop or evaluate the reconstruction method. Additionally, we improve the method
to better capture daily variabilityand-therefore-extreme-events—such-as{floods-and-droughts, in order to study-their-potential
multideeadal-variationshaye a finer reconstruction of the high and low flows. This allows to study whether high and low flows

exhibit multidecadal variations, which may have important socio-economic impacts.
This study has _therefore three main objectives: (i) to characterize the hydroclimate variations of the Seine basin since the

1850s, (ii) to study the hydrological and climatic mechanisms that cause these variations and (iii) to investigate the influence

of these multidecadal variations on extreme-hydrological-eventslow and high flows.
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The data, models hydrometeorological-reconstruction—and methods used are presented in section 2. The development

of the hydrometeorological reconstruction is described in section 3. The hydrometeorological reconstruction is then evaluated
against observations in section 3-—4. From this reconstruction, the hydroclimate variations of the Seine basin are characterized in

section 45, and the hydrological mechanisms associated with these variations are analysed. Thetink-between-these-multidecadal
tati i i plored-inseetion5—In section 6, the elimatie

climate mechanisms underlying the hydrological multidecadal variations over the Seine basin are analysed. The link between

these multidecadal variations and high and low flows is then explored in section 7. Two historical droughts are then analysed

in detail. Finally, the conclusions of this study are summarized in section 78, and some perspectives are discussed.

2 Data, models and Methoedsmethods

2.1 Observations

Daily river flows at 136 gauging stations over the Seine basin (Figure 1) from the national HYDRO database (www.hydro.eaufrance.fr)

are used for the evaluation of the reconstruction. These river flows series of variable lengths all start before 1970 and may
een-tati-contain missing values. Some of the stations are very likely influenced by human activities (e.g. dams or water ab-
straction). Additionatty-these-These series are not homogenized, and therefore not necessarily free of measurement artifacts.
The interpretation of observed variations at any single station must therefore be carried out carefully. Two long-term series,
starting before 1900, are also available and used for the analysis of the link between extreme events and multidecadal hydro-
climate variations, one at Paris Austerlitz fon the Seine river (catchment area: 43800km?) and one at Aisy-sur-Armangon on
the Armangon river (catchment area: 1350km?) (Figure 1).

A long series of piezometric heights-levels is also used to evaluate the hydrological reconstruction (Figure 1). The Beauce

groundwater table at Toury, which has been monitored from the 1870s, is one of the few long piezometric measuring sta-

tions in France (Nicolas et al., 2013). These observations, which are used in particular to evaluate the hydrometeorological
reconstruction developed in this study, are independent from it.

Different meteorological observations are used for the reconstruction. Monthly homogenized series of temperature and pre-
cipitation over the Seine basin from the Série Mensuelle de Réference (SMR, monthly series of reference) data set, developed
by Météo-France (Moisselin et al., 2002) are used. 17 stations are available for precipitation and 4 for temperature, from 1885
to 2005. A long series of monthly precipitation at Paris (Slonosky, 2002), available since the late 17th century, is also used for
the periods not covered by the SMR observations series at Paris, from 1852 to 1885 and from 2005 to 2008.

Daily temperature and precipitation series from the Série Quotidienne de Réference (SQR, daily series of reference) data set
between 1885-2003 are also used (Moisselin and Dubuisson, 2006). They are not homogenized. The number of station-stations
varies greatly in time, from a-few-2-to-around-60-two to around sixty for precipitation and from one to seven for temperature.
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2.2 The Safran-Surfex-AquiFR hydrometeorological system

The hydrological reconstruction is based on the French AquiFR hydrogeological modelling plateform (Vergnes et al., 2019).
AquiFR couples several hydrogeological models over France to the Surfex land surface model (Masson et al., 2013). The ISBA
(Noilhan and Planton, 1989) component of the Surfex modular land surface model, used for example in the French CNRM-
CMS coupled climate model (Voldoire et al., 2013), computes the water and energy exchanges at the interface between the
soil, the vegetation and the atmosphere. In this study, the version 8.1 of Surfex is used, with the multilayer version of ISBA
(Decharme et al., 2013). The surface runoff and the drainage simulated by Surfex are then routed through the multi-layer
aquifers and rivers of the Seine basin by AquiFR.

Over the Seine basin, the EauDyssée hydrogeological model (Saleh et al., 2011) is used in the AquiFR plateform. This hydro-
geological model is an improved version of the Modcou hydrogeological model used in Bonnet et al. (2017). Unlike Modcou,
the EauDyssée hydrogeological model implemented in AquiFR includes the simulation of river water levels, allowing for a
better estimation of water exchanges between groundwater and rivers (Saleh et al., 2011). The water transfers in the unsatu-
rated zone are improved (Philippe et al., 2011), which ean-may be important considering that the unsaturated zone can be-reach
60 meters in the Seine basin, implying a delay in the groundwater recharge. Finally, AquiFR uses a 6-layer representation of the

aquifers (Viennot et al. 2009, shtt www.qgeosciences.ens. fr/aqui — fr

compared to the 3 layers used in Modcou Rousset et al., 2004). AquiFR has therefore a more

realistic representation of groundwater and water exchanges between groundwater and rivers compared to the version of

Modcou used in Bonnet et al. (2017). Water abstractions can alse-be taken into account by-in AquiFR. However, in order
to focus only on the-climatie—climate influences, the reconstruction used-developed in this study does not take these-water

abstractioninto-aceountwater abstractions into account, which may explain some of the differences between the reconstruction

and observations. In any case, water abstractions of the late 19th and-earty26th-centuries are not knownmostly-unkrown prior
to-1980-known.

The Safran analysis, based on abeut-thousands observation stations collected by Météo-France and an optimal interpolation
algorithm, provides the seven atmospheric variables necessary to force the Surfex-AquiFR system (liquid and solid precipita-
tion, incoming longwave and shortwave radiation fluxes, 10m wind speed, 2m specific humidity and temperature), at the hourly
time step, on an 8km grid, from 1958 to present. This-The Safran analysis is described and evaluated in Quintana-Segui et al.
(2008) and Vidal et al. (2010).

A simulation based on the Safran-Surfex-AquiFR system is available over the 1958-present period. This so-called reference
simulation in the following is used for the evaluation of the hydrometeorological reconstruction on their common period.

As they share the same hydrological model, potential differences between the reconstruction and the Safran-Surfex-AquiFR
reference simulation only depend on the quality of the reconstructed meteorological forcing.

2.3 TheSeine-hydrometeorologicalreeonstruetionMethod

OCUIMNE
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In order to extract the multidecadal variations from interannual series, a Lanczos low-pass filter (Duchon, 1979) with a cutoff
frequency of 30 years and 31 weights is applied. No padding at the ends of the series is applied: the first 15 years and the last
13 years of the unfiltered series are considered as missing values in the filtered series. As this study is focused on multidecadal
variations, long-term trends are first removed for most of the analyses presented in this study. As it is very unlikely for the
trend to be linear on the long periods analyzed in the paper, non-linear trends are computed using an ensemble empirical
mode decomposition algorithm (EEMD; Wu and Huang 2009). This algorithm decomposes a series into a sum of signals that
characterize the different temporal variability scales that compose this series. The algorithm also extracts a non-linear trend.
The interest of this method is that it is adaptive to the signal studied and non-parametric.

In order to avoid an artificial skill induced by the annual cycle when calculating daily or monthly correlations between the
observations and the reconstruction, the series are deseasonalized beforehand. For daily series, a centered running average of
31 days is applied first to limit the noise in the computed annual cycle. Then, the climatological average is calculated for each
day of the year. For monthly series, the annual cycle is simply calculated as the climatological average of each month,

In this paper, winter means December-January-February (DJF), spring means March-April-May (MAM), summer means
June-July-August (JJA) and fall means September-October-November (SON).

3 Development of the Seine hydrometeorological reconstruction

A new hydrological reconstruction, based on hydrological modelling, is developed over the Seine basin, improving en-the
method presented in Bonnet et al. (2017), with two main objectives: (i) to inerease-extend the study period to the 1850s, in
order to characterize more robustly the-multidecadal hydroclimate variations, and (ii) to improve the representation of river
flows, particularly at the daily time scale, in order to obtain a better representation of extreme-events—such-as-droughts-and
floods-in-orderto-high and low flows and study their multidecadal variations. Figure 2 describes the main steps of the method
developed in the present study and highlights the improvements over the one used in Bonnet et al. (2017).

To extend-the-study-period;—the-obtain the meteorological forcing necessary for hydrological modelling the main idea of
the Bonnet et al. (2017) method is to use the analog method (Lorenz, 1969), a stochastic statistical downscaling method, to
downscale a long-term atmospheric reanalysis such as NOAA 20CRv2c (Compe-et-al;201)-which-beginsin1851is-used—
‘Fhis-reanatysis-and produce an ensemble of trajectories of precipitation and temperature over France (Step 1, Figure 2). Then,
local long-term monthly precipitation and temperature observations are used to select the best trajectory.

The analog method is based on a—g i Hg i

scale atmospheric states (e.g. large scale atmospheric circulation over the North Atlantic) are characterized by similar local
weather conditions. In its most basic form, for each day D of the reanalysis, the day D, (the assimitation-of surface-and
so-called analog day). with the closest large scale atmospheric state is searched in the learning period, defined as the common
period between the reanalysis and the observational database with the local variables necessary for hydrological modelling,
e.g. here the Safran analysis. The local variables of interest of the day D, in the observational database are selected as an
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estimate of the local weather conditions for the day D. To quantify the similarity between large scale atmospheric states,
four predictors are used in the present work: precipitation, surface temperature, sea level pressure and specific humidity at
850 hPa. An Euclidean distance is computed for each predictor, except for sea level pressureobservations:—, for which the
Teweles and Wobus score (Teweles Jr and Wobus, 1954; Obled et al., 2002) is calculated. The distances and the score are then

combined after standardization to give the same weight to each predictor. Two domains of analogy are used. The domain

observations—An-ensemble-of potential-trajeetories-of °N, -11°E, 16°E. The domain for the three other predictors is defined b

In Bonnet et al. (2017), instead of searching only for the best analog day D, for each day D of the reanalysis, the N best
analog days were selected D1, D,9,...D .y, with N = 10. The corresponding maps of precipitation Pr(D,;), Pr(Dy2),...Pr(D,

and temperature

Tas(Dyy), Tas(Daa)sLas(Don).
from Safran constituted different estimates of precipitation and temperature for the day . Multiple trajectories of precipitation
and temperature over the domain of interest were then created by repeatedly selecting randomly one of the 10 analog days
for each day D of the reconstruction. In practice, 5000 trajectories were created. The monthly averages of precipitation
(temperature) for these trajectories were computed. From the 10 different maps of precipitation (temperature) over France
obtained with the analog method (as IV = 10) for each day D of the reanalysis, 5000 different monthly maps of precipitation
(temperature) were obtained with this procedure (Bonnet et al., 2017).

For each month of the reconstruction, the 5000 maps of precipitation (temperature) obtained on the Safran grid were
regridded and compared to the actual observed precipitation (temperature) map, using the long-term homogenized precipitation
(temperature) series over France (see section 2-H-is-seleeted-

trajectories-at the-daity time seale2) as reference. Regridding simply consisted in selecting the Safran grid point the closest to
the long-term homogenized precipitation (temperature) stations. The spatial root mean square errors (RMSE) were computed
for temperature and precipitation. The sum of the RMSEs corresponding to precipitation and to temperature was then computed,
after the temporal standardization of the series of RMSEs in order to give the same weight to each variable. In the end, for
each month of the reconstruction, the daily series of analog days among the 5,the-56-members-of the-000 ones that leads to the
lowest sum of RMSEs was selected. The term "monthly constraint” used in this study refers to this last step (it corresponds to

This approach benefits from the advantages of the analog statistical downscaling method. From the analog days, all the
meteorological variables from Safran necessary to force the Surfex-Aquil'R hydrological model were obtained. The spatial
and inter-variable consistencies were maintained after this procedure, because for each day of the reconstruction the entire
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map of precipitation (and temperature, humidity etc.) over France from Safran was selected based on a single analog day.
Compared to a basic statistical downscaling method, this approach allows additionally taking into account local observations
in_the downscaling process and not simply large scale information. This approach is therefore more accurate, as shown
in Bonnet et al. (2017). Note that the temporal consistency of the meteorological forcing is ensured by both the temporal
consistency of the predictors and of the local observations.

In the present study, to extend the study period, the long-term NOAA 20CRv2c reanalysis—are-downsealed—The same
%Wm%wmmmwwwﬁm
1851, is used. This reanalysis is based on '
used:precipitations; surface-temperature;-a global atmospheric model, using observed sea ice and sea surface temperature
as boundary conditions, and with the assimilation of surface and sea level pressure and-specific-humidity at-850-hPa-—For-each
day Dr-observations. 56 members, sampling the reanalysis uncertainties, are available,

Compared to Bonnet et al. (2017) where only one member of the long term reanalysis is downscaled, here we statistically
downscale with the same analog method as described above, the 56 members of NOAA 20CRv2c. It leads for each day D) of
the reconstruction period (to a much larger pool of analog days, which allows adding a new step: a daily constraint with local
observations (Step 2, Figure 2). The objective of this additional daily constraint is to obtain a better representation of the dail

As previously, for each day D of the reconstruction period (1852-2008) -the-56-of a given member, the N best analog days
Ai=t50-Dyy, Dyo,...Dy n in the learning period (1958-2008)-, limited by the availability of Safran) i.e. with the most similar

large-scale atmospheric state-tas-characterized-by-the-4-predictors)-states are searched. Theloeal-variables-ef-interests-of-the

Here;-the-50-best-analog-days-of-each-of-the-In the present method, IV = 50. As the 56 downsealed-members of NOAA
20CRv2c members-are-conserved;whichresultsin-are downscaled, in the end 2800 potential analog days are obtained for each

day D of the reconstruction period (with potentially similar analog days infor the different members). As each analog day
corresponds to a day of the learning period, the corresponding daily map-maps of precipitation and temperature from Safran
are selected and compared to the daily station observations (SQR, see section 2.1) after regridding. Reggriding-Regridding
consists in selecting the Safran grid point the eloser—closest to each observation station over the Seine basin. Note that the

number of stations vary-varies on the 1852-2008 period:-the-eemparisen-is-. The comparison is therefore done each day of the
reconstruction en-with the available stations. The-

The daily comparison is based on the following approach:

(i) The average daily bias in mean precipitation averaged over the Seine basin is calculated for the 2800 analog days, and
the 60 analog days with the lower-bias-are-conservedlowest bias are selected.
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(ii) The spatial root mean square errors for to-the 60 analog days are calculated for temperature. For precipitation, the error
to the cubic power rather than to the square power is used, in order to give more weight to strong values of precipitation,

and the absolute value is then-used.

(i) The daily series of the-spatial errors obtained for precipitation and temperature errers-obtained-are then standardized
over-the-whele-based on the statistics of the entire period and added, with a weight of 1 for precipitation and 0.5 for

temperature. Different-tests-have-been-conducted-to-choose-the-bestcombination-of-weights-—Each

(iv) Finally, each day of the reconstruction period, the 3 best analog days (out of 60)with-the-lewer-errorsarefinally-conserved,
i.e. with the smallest errors, are selected.

Based on these 3 selected analog days, a monthly constraint is then applied as in Bonnet et al. (2017) —The-interestof-alse

and described above, except that the number of analog days is different (3 versus 10) (Step 3, Figure 2). Multiple trajectories
are created by repeatedly randomly selecting one of the 3 analog days for each day D of the reconstruction. The monthl

averages are computed over the Seine basin and then long-term monthly homogenized precipitation and temperature series are
used to select the best overall trajectory. The interest of using a monthly constraint after the daily constraint is that monthly

data are homogenized contrary to daily data (Section 2) and therefore it allows for a better representation of low-frequency

variations.

Multiple tests have been conducted to set-up the different ad-hoc aspects of the method, trying to obtain the best overall
hydrometeorological reconstruction. These tests concern, for example, the best combination of weights given to precipitation
and temperature errors, the number of analogs selected at each steps etc. For example, selecting only the 3 best analog days
leads to best overall performance in capturing daily and monthly variations. Using more analog days may allow for a better

representation of monthly variations but degrade the representation of daily variations.
To sum up, the hydrometeorological reconstruction developed on the Seine basin is constrained on a daily basis over the

period 1885-2003 by observations of precipitation and temperature (SQR), on a monthly basis over the period 1885-2005
by homogenized observations of precipitation and temperature (SMR), and over the periods-1852-1884 and 2005-2008 by-a
periods by the monthly series of precipitation at Paris (Stonesky,20062)-((Slonosky, 2002) (see section 2.1 for more detailsabotit
the-observations-used)-). The results, especially at the daily time scale have therefore to be interpreted with more caution over
the period only constrained by the monthly series of precipitation.

During the development of the reconstruction, mean climatological biases were found on reconstructed preeipitations-precipitation

and incoming shortwave radiation with comparison to Safran on their common period. These mean climatological biases are
simply corrected based on Safran as reference before forcing the hydrological model.

The meteorological forcing obtained on the 1852-2008 period with the approach described in this section is finally used to
force the Surfex-AquiFR hydrogeological model to obtain the hydrological reconstruction over the Seine basin (Step 4, Figure

2).

3.1 Method
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4 Evaluation of the Seine reconstruction

4.1 Mean river flows

The daily and monthly river flows variations are well represented in the Seine reconstruction. The medians of the correlations
with observations over the 1958-2005 period are respectively of 0.7 and 0.97 for daily and monthly river flows (Figure 23).
At the monthly time scale, the river flows variability is even almost as well reproduced as in the reference simulation (Figure
23). For most gauging stations, the representation of daily and monthly river flows is improved in the Seine reconstruction
compared to the reconstruction developed over France by Bonnet et al. (2017) (Figure 23). Some low correlations are still seen
atfor a few stations (Figure 23). These stations are identical in the reconstructions and in the reference simulation, showing that
this issue is not due to the reconstructed meteorological forcing. Non-climatic anthropogenic influences (e.g. dams, pumping or
land use changes) that are not taken into account by the hydrological model, or measurement artifacts may-might be responsible

for these lower correlations. Alternatively, they may be due to hydrological-modellingthe hydrological model, especially since
these lower correlations are seen for small catchments (not shown), generally less well simulated by the hydrological system.

si-evaluate

the reconstruction on a longer period, river flows from the reconstruction are compared to the-reconstructed-riverflows
(Figure-3observations at the two stations with long-term data on the catchment: the Seine at Paris and the Armancon at
Aisy-sur-Armancon (Section 2). The reconstruction correctly reproduces interannual-variability-of both-tong-term-river-flows
observations—(Figure 3a-b)—River-the interannual variability at both stations (Figure 4a-b), even if differences in terms of
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amplitude are seen. For example, river flows in 1910, influenced by an exceptional flood, are underestimated at Pariswhile-itis
. They are rather correctly reproduced at Aisy-sur-Armancon. The multidecadal variability of observed flows is also quite well
reproduced by the reconstruction (Figure 3e-éy—+For-the4c-d), even if the anomalies for the Seine at Paris —these-vartations
are-tend to be underestimated at the beginning of the 20th century and underestimated-overestimated at the end (Figure 3e4c).
Differences in long-term trends, with a mueh-stronger negative trend in the observed series compared to the reconstruction (not
shown), are probably at the origin of these differences. The meteorological forcing variables-of the reconstruction that-can-be
evatuated;and-in-partieutar preeipitation;is very likely not responsible for the potentially unrealistic trend in river flows, as
reconstructed precipitation and temperature do not show an-unrealistie-trend-unrealistic trends (not shown). It is possible that
measurement artifacts, or non-climatic anthropogenic influences, not taken into account in the reconstruction, have influenced
the long-term variability-of-the-variations of observed river flows in this-highly-anthropized-region—

that region heavily impacted by human activities. Multidecadal river flows variations at Paris and at Aisy-sur-Armangon are
in-phase;-with-a-generally in phase. A strong positive multidecadal phaseareund-1920-and-, which corresponds to a succession

of years with higher than average river flows, is visible around 1920. On the contrary, a negative phase is present around 1890
and 1960.

4.2 Annual maximum ef-daily river flowsflow

The interannual variability of the annual maximum value-of-daily-—riverflows-daily river flow of the Seine at Paris is well
captured in the Seine reconstruction, with a correlation of 0.88 with the observations on the 1900-2005 period (Figure 45).

The correlation is consistent over time, with a correlation of 0.92 over the 1900-1960 period, and of 0.89 over the 1960-2005
period. On the later period, the correlation between the reconstruction and the observation is close to the correlation obtained

with the reference simulation (r=0.95).

it-The annual maximum daily river flow is generally underestimated in
the reconstruction before the 1960s (Figure 45). As a result, the magnitude of the exceptional 1910 flood is largely underesti-

mated in the reconstruction, even if this event remains the strongest one of the reconstruction. The bias is far less pronounced in
the reconstruction after 1960 and in the reference simulation, as a result of a-deerease-of-an apparent decrease in the observed
annual maximumvalees-ef-daily-riverflows. The construction of large reservoirs over the Seine basin upstream from Paris that
started in the 1960s, whose objectives include flood control, may-might be the cause of this-the observed decrease.

4.3 Piezometric levels

In France, long-term observations of piezometric levels (measure of the head of a groundwater table) are very rare. The
measurements at the Toury sugar plant, which have monitored the Beauce groundwater table from the beginning of the 20th
century, is especially interesting in this context. The Beauce aquifer is a limestone aquifer from the Oligocene, and it is drained
by rivers mainly at its borders. The observed piezometric level at Toury shows strong multidecadal variations, with a positive

phase around the 1920-1940 period, preceded by a negative phase in the early 20th century and followed by a negative phase
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in the 1950s (Figure 56). Strong decadal peaks are also seen after 1950, consistent with Flipo et al. (2012). The evolution of
the Beauce groundwater is therefore-generally consistent with that of river flows (Figure 34) at multidecadal time scales.

The Seine-reconstructionreproduces—quite—welthe-interannual variations of piezometric heads at Toury are quite well
reproduced in the reconstruction, with a correlation of 0.74 over the 20th century. The intensity-amplitude of these variations is
however strongly underestimated, by a factor 2, both in the reconstruction and in the reference simulation. This might be linked
to a coarse representation of the aquifer complexity (Vielette;personnakin AquiFR (S. Violette, personal communication). A

partially captive part of the aguifere-limestone aquifer, which contains lenses of clay, is not represented in the model due to his
insufficient resolution. This part of the aguifere-aquifer amplifies the flow time and, therefore, the memory of the aquifer.

5 Multidecadal hydroclimate variations on-in the Seine basin
5.1 Characterization

Annual river flows of the Seine at Poses (Figure 1) from the reconstruction show strong multidecadal variations during the

20th century (Figure 67), consistently with the observed variations over France described in Boé and Habets (2014). Fhe

length-of-the reconstruction—aHowsto-show-As said in the introduction, major sampling uncertainties exist when dealing
with multidecadal variations on the short observational record. Additionally, since the mid-20th century, the climate has been
strongly impacted by anthropogenic forcings, making it difficult to disentangle the respective role of internal variability and
external forcings in observed hydroclimate variations.

It is therefore interesting to note, thanks to the extended length of our reconstruction compared to previous works, that
multidecadal variations are-also-present-also exist before the 20th century, with in-particular-a-strong-negative-phase-around
lower than average river flows around the 1885-1905 —period (about 15% lower than the average of 446m3/s for annual river

flows). It reinforces our confidence in the reality of the multidecadal hydrological variations in France observed over the 20th
century and in the idea that they are at least partly of internal origin. Phased multidecadal variations also exist for the seasonal

averages, with the strongest absolute variations seen in spring and winter. Note however that as climatological river flows are
smaller in summer and early fall, the multidecadal variations seen in these seasons are also important.
To better understand the mechanisms at the origin of the multidecadal hydroclimate variations on the Seine basin, a com-

posite analysis between dry-and-wetmultideeadal-the negative multidecadal phases, which correspond to the drier than average
periods identified on the riverflows-of-the-Seine-atPeses-Seine river flows at Poses after low-frequency filtering, and positive

multidecadal phases, which correspond to the wetter than average periods, is conducted for the main hydrological variables
(Figure 67). The pesitive-negative phases are defined as the +9+6-1936-and-1+975-1995-1885-1905 and 1940-1960 periods, and
the negative-positive phases are defined as the 1885-1965-and-1940-1960-1910-1930 and 1975-1995 periods. The use of four
20-year periods thanks to the length of the reconstruction makes the analysis of these variations more robust in comparison to
previous works (e.g. Boé and Habets 2014 and Bonnet et al. 2017).
Mest-simulated-stations—on-the-Seine-basinshow-strong-Strong river flows variations between the negative and positive
multidecadal phases (Figure-7a-e-i-mare seen at most simulated stations (Figure 8a-e-i-m). The relative differences are stronger
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ins spring-spring and summer, as large as 40% for some stations, and significant almost everywhere. The-differenees

In spring, the river flows variations-anomalies are concomitant with strong and significant precipitation variations-anomalies
over the entire Seine basin (Figure 7£8f). During the negative multidecadal phases, spring precipitation is on average 20% lower
than during the positive phases. These precipitation anomalies also lead to significant soil moisture anomalies, between 5 and
10% (Figure 7g8¢g). The evapotranspiration in spring does not show significant differences between the negative and positive
multidecadal phases of the Seine river flows (Figure 7h8h), likely because it-evapotranspiration is energy-limited rather than
water-limited in this region in spring.

Exceptfor-a-small-area-in-the south-east-of the-catchmentin+allln summer, unlike in spring, no significant differences in
precipitation are-neted-execeptinspringbetween positive and negative multidecadal phases are noted (Figure 8j). The significant
summer river flows variations in-winter-and-summer-therefore cannot be explained by concomitant precipitation variations
alone, suggesting that hydrological processes are at play. Large soil moisture anomalies, significant over a large part of the
catchment, are noted in summer between positive and negative multidecadal phases (between 10 and 15%, Figure 8k). The
absence of significant precipitation and evapotranspiration anomalies in summer suggests that the persistence of soil moisture
anomalies from spring to summer (e.g. Bo¢ and Habets 2014) is responsible for the multidecadal variations of summer soil

moisture,

In winter, the relative variations in river flows between the positive and negative multidecadal phases ofthe-Seineriverflows

are weaker than in spring and summer, but they are still significant for most of the stations. Slight differences in precipitation,
between 5 and 10% on average over the Seine basin, are noted, but they are not significant. The variations in precipitation alone
therefore likely cannot explain such river flows variations in winter. The negative multidecadal phases of the Seine river flows
are characterized by significantly lower evapotranspiration than-in-the-positive-phases<(Figure-Sdanomalies (Figure 8d). Neg-

ative temperature anomalies, close to 6-8-0.8K and significant over the whole basin (not shown), are likely the cause of these
evapotranspiration anomalies. As the evapotranspiration anomalies are negative during the dry phases, they are not responsible
for the river flows anomalies and they actually tend to mederate-mitigate them. The soil moisture presents significant variations
between the negative and positive phases over a part of the Seine basin in winter (between 5 and 10%) (Figure 7€8¢). They are

probably related to differences-of preeipitationbetween10-and15%the differences in precipitation previously noted, even if

they are not significant.

a-In fall, only a few stations show

significant differences in river flows between the positive and negative multidecadal phases, between—1+0-and-15% -are-noted

variations-of summer-soil-meoisturealthough some stations, mainly in the south east of the catchment, still show strong variations
of 30% (Figure 8m). A

a small area in the south east of the catchment (Figure 8n).

art of these anomalies are likely driven by the concomitant variations in precipitation, significant over
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Two important conclusions arise from the previous analysis. (i) Significant multidecadal variations ef-in soil moisture exist
in spring and summer from the mid-19th century, with potential important societal consequences, for example regarding agri-
culture, which is highly developed over the Seine catchment. (ii) Large and significant multidecadal variations in summer and
winter river flows exist, which cannot be explained by concomitant variations in precipitation. Hydrological mechanisms that

could be responsible for these variations are now investigated.
5.2 Role of groundwater table

In the Seine basin, the groundwater-river waterexchanges-plays-exchanges play an important role in sustaining summer flows
on-the-Seine-eatehment-(Rousset et al., 2004). Interestingly, the groundwater-river exchanges ever-the-Seine-basin-show strong
multidecadal variations over the past 150 years for all seasons (Figure 89). These variations are in phase with the multi-
decadal variations in river flows noted previously and their amplitude is large (compare Figure 6-and-Figure-87 and Figure
9), pointing to an important role of groundwater dynamics in multidecadal river flows. We calculated the standard deviation
of filtered river flows series (as in-Figure-6shown in Figure 7) before and after the removal-of-the-contribution-of-subtraction
of groundwater-river exchanges shown in Figure 8--9. The standard deviation is 64% lower in summer, 52% lower in autumn,
41% lower in spring and 38% lower in winter after the removal-subtraction of the contribution of groundwater to river flows.
Groundwater-river exchanges are therefore the dominant driver of multidecadal variations in summer and autumn river flows,
with also an important influence in winter and spring. The multidecadal variations in groundwater recharge-and-therefore
levels are very likely due to variations in the recharge explained by the multidecadal variations seen-in-tate-winter-and-early
springpreeipitationsnoted previously in spring precipitation, especially in early spring, a period favorable to the recharge.

5.3 Role of soil moisture

Groundwater-river-As groundwater-river exchanges roughly explain 2/3 of the strong multidecadal river flows variations that
exist in summer, pointing-to-the-role-of-other-mechanism(sjother mechanisms are involved. As seen in Figure 7k8k, a large part
of the basin in summer is characterized by significant negative soil moisture anomalies during negative multidecadal river flows
phases. Soil moisture anomalies may impact river flows through the modulation of the partitioning of precipitation between
runoff and infiltration (e.g. Boé and Habets 2014), as higher soil moisture may favor runoff against infiltration. Consistently,
the-during the dry multidecadal phases, the ratio between total runoff and precipitation in summer is significantly lower over a
large part of the basin, where the soil moisture anomalies are significant -during-the-dry-multidecadal-phases-(Figure- 9(Figure
10). As suggested by Bonnet et al. (2017) for the Loire Basin (see Figure 1), positive multidecadal anomalies of-in spring soil
moisture due to anomalous preeipitations-precipitation persist in summer, especially over the upstream part of the catchment,

and then influence summer river flows by favoring runoff against infiltration.
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6 Influence Role of multidecadalriver-flow-variations-on-extreme-eventslarge-scale circulation and influence of ocean
variability

6.1 FEinks-with-fleeds-and-dreughts

‘Fhe-Strong multidecadal hydroclimate variations in the Seine basin from the 1850s have been highlighted in the previous
section. They are mainly linked to variations in precipitation and therefore the question is now to understand their origin._

Large-scale atmospheric circulation shows significant differences between the positive and negative hydroclimate phases
identified in section 5.1 (Figure 11a). The negative multidecadal phases of the Seine river flows are characterized by significantl
higher pressures over northern Europe, and significantly lower pressures over North Africa, This circulation pattern leads to
lower westerlies over Western Europe and therefore to negative precipitation anomalies over the Seine basin. This dipole pattern
of sea level pressure bears resemblance with the NAO, but with slight shift to the south.

The existence of significant atmospheric circulation anomalies on a few decades suggests the existence of a slow external
forcing acting on the atmosphere. Because of its inertia, the ocean could be involved. Significant variations of sea surface
temperature in the North Atlantic are visible between the multidecadal phases of the Seine river flows. During the negative
phases, the North Atlantic basin is characterized by warmer surface temperatures, around 0.4 to 0.7°C, especially in the
subpolar gyre and the tropical North Atlantic (Figure 11b). These SST anomalies in the North-Atlantic are reminiscent of
those associated with the AMYV, the main mode of multidecadal variability in the North-Atlantic / Europe region. Our results
are _therefore consistent with Sutton and Dong (2012) who suggested, based on an observational analysis, that the AMV is
associated with negative precipitation anomalies over France in spring, the season during which the decadal precipitation
anomalies are the largest (Figure 8f), through a modulation of large scale atmospheric circulation. Boé and Habets (2014)
came to a similar conclusion, but suggested the existence of a lag between the AMV and river flows anomalies, with the AMV_
leading by several years. Interestingly, considering a 10-year time lag in the composite analysis (with the SST leading), SST
anomalies in the North Atlantic are much higher than with no lag (Figure 11c¢).

Significant SST anomalies between the negative and positive multidecadal phases of the Seine river flows are also observed
in the North Pacific. SSTs there are significantly warmer during the negative multidecadal phases of Seine river flows compared
to the positive phases. The potential mechanisms linking the SST anomalies in the North Pacific and multidecadal hydroclimate
variations over France are not clear. Ding et al. (2017) suggest that the Pacific decadal variability (PDV) (Mantua and Hare, 2002)
combined with L.a Nifia events could result in precipitation and temperature anomalies over Europe by favoring NAO-like
circulation patterns. The phase of the NAO and therefore the sign of precipitation and temperature anomalies is dependent on
the type of La Nifia. Note also that the apparent link between the North Pacific SSTs and Seine river flows might not be causal.
Indeed, the SST anomalies in the North Pacific might be to a certain extent also driven by the AMV. Ruprich-Robert et al. (2017)
indeed suggest that the AMYV may influence North Pacific SSTs, mainly through an atmospheric teleconnection originating
from the tropical Atlantic.

In order to further investigate the relationship between the AMV and the multidecadal hydroclimate variations over the
Seine basin, the lagged correlations between the AMYV and spring river flows and precipitation are computed. Significant
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anti-correlations (around -0.8 and -0.9) are found between the AMV index calculated with the SSTs from the 20CRv2¢

reanalysis and low-frequency filtered spring precipitation over the Seine catchment, with a lag of about 10 years, consistent with
the lag found by Boé and Habets (2014) (Figure 12a). Similar results are obtained using the AMYV index from Wang et al. (2017)

. This paleoclimate reconstruction, based on multiple proxies, is lareely independent of the first AMV index. Given the length

of the paleoclimate AMYV index of Wang et al. (2017) and the availability of a very long observed series of precipitation at Paris

Section 2), it is possible to investigate the temporal stability of the AMYV / spring precipitation relationship. Very interestingl

similar results are obtained on the 1779-1889 and 1890-1990 periods, highlighting the robustness of the relationship.
The influence of the AMYV on spring precipitation is reflected on spring river flows. Significant anti-correlations are found
between the AMV and the river flows of the Seine at Paris at multidecadal time scales on the 1876-1985 period, with a lag of
about 10 years, as for precipitation (Figure 12b). The results obtained with the observations and the reconstruction are very.
As said in the introduction, the 20th century is a very short period to characterize multidecadal climate variations. On such
a short period, the sampling uncertainties are extremely large, which may question the robustness of the results. Additionally,
non-stationnarities may exist (Cassou et al., 2018) and the strong influence of anthropogenic forcings on the climate of the
second half of the 20th century may complicate the interpretation of observed multidecadal variations. The results previously
described are therefore important because they confirm those obtained in previous works, but on a period considerably longer,
at least from the end of the 18th century. They show the robustness of the teleconnection between the AMYV and spring.
precipitation over France described in Sutton and Dong (2012) and confirm the existence of the lag suggested in Bo¢ and Habets (2014)
~even if its physical origin is still unknown. These results also confirm that the multidecadal hydroclimate variations observed

7 Influence of multidecadal river flow variations on high and low flows

7.1 Links with high and low flows

The improvements to the reconstruction described in section 2:3-3 allows for a better representation of high-frequency vari-
ations compared to previous works (Bonnet et al. 2017, see Figure 23) and therefore of extreme-events;—such—as—floods
and-droughtslow and high flows. To assess the influence of multidecadal hydroclimate variations on extreme-hydrological

eventshigh and low flows, the ratios of the number of fleed—(drought)-days—during-high (low) flow days during the positive
and negative multidecadal phases of the Seine river flows are calculated. A flood-high flow day is simply defined here as a

day with flows larger than the 95th percentile computed on the four multidecadal phases considered +(1910-1930, 1975-1995,
1885-1905 and 1940-1960) for the flood season, from November to April. Converselydrought-, low flow days are defined as
days with flows lower than the 5th percentile at-on the same periods considering-the-whele-but considering all months of the
year.

Fleods-Days with high flows are on average twice as likely to occur during a positive multidecadal phase of the Seine river

flows, and up to three times more likely for some stations (Figure +0a13a). During the flood season, the positive multidecadal
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phases of the Seine river flows are characterized by higher mean precipitationsprecipitation, wetter soils (Figure 78) and
higher groundwater levels (not shown). Such anomalies favor the occurrence of fleedshigh flows. The positive multidecadal
phases are also characterized by a-highernumber-of-intense-preeipitations-more days with intense precipitation (not shown),
which also faver-favors the occurence of fleed—This-results-high flows. This result is consistent with Willems (2013), which
who highlighted the existence of multi-decadal variations in observed intense-precipitation;correlated-to-rainfall extremes in
Europe, correlated with intense river flows. The results from the reconstruction are consistent with the enes-from-observations
for the two long series of-observed-flows-available-on-available in the Seine basin (Seine at Paris and Armangon at Aisy-sur-

Armangon, see triangles in Figure +0al3a).

r-The multidecadal hydroclimate variability of the
Seine basin does not seem to strongly influence daily low flows for many stations. The ratio of low flow days between negative

and positive multidecadal phases is indeed between one and two (Figure—10b)—Jtis-the-easefor-the-for a large number of
stations (Figure 13b). For the observations at Aisy-sur-Armangon —with-a—ratie-ef-(triangle in the south east of the basin) the

ratio is 1.1eensistents-, consistent with the reconstructiont

attons. For the observations at Paris, days with low
flows are more than four times more frequent during negative multidecadal phases, whereas there are only twice more frequent

in the reconstruction. This discrepancy might be explained by the important influence of human activities on the Seine at Paris.
Some stations, notably in the central part of the catchment ;-stil-show a ratio close or superior to two, pointing to an influence

of multidecadal hydroclimate variations on droughts-low flow days there. It may be due to the multidecadal variations seen
previously in groundwater-river exchanges (Figure 89), which may impact the daily low flows. For-the-observations-atParis;

7.2 The 1921 and 1949 droughts

To go alittlefurther in the understanding of the influence of multidecadal hydroclimate variability on droughts, we focus
on two major droughts of the last 150 years: the 1921 and 1949 events. The 1921 drought, characterized as the most severe
hydrological drought of the Seine basin since the 1850s in our reconstruction (not shown), occurred in the middle of a strong
positive multidecadal phase of the Seine river flows (Figure 67). The 1949 drought, which-is-characterized as the second longest
and third strongest hydrological drought of the Seine basin according to the hydrometeorological reconstruction (not shown),
occurred on the contrary in the middle of a negative multidecadal phaseof-the-Seine-riverflows—Considering-, Considering
the 20-year periods areund-centred on these events, the average-climatie-mean climate conditions during which these events
developed are therefore very different. Groundwater-Climatological groundwater levels are very high in the decades around
1921 compared to the decades around 1949 (Figure +1+d14d), with therefore higherlarger groundwater-river exchanges (Figure
+Hel4c). The same applies to river flows (Figure +1b14b).
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For both droughts, preeipitations-are-precipitation is below the climatological average from the autumn of the previous year
(i.e. n-1) and extremely small in February, March, April of the year n. Between October of year n-1 and December of year n,
the-year1921-has-a-lower-average-preeipitation-than-average precipitation was lower in 1921 than in 1949 with-averages-of

(1.25 and 1.50 mm/j-respeetively—These-averagepreeipitation-are-day respectively, well below the climatological average in
both cases). The groundwater levels at-the-end-of-in autumn 1920 are very high, partly because of the multidecadal variations

previously described, are-very-highin-the-automn1920;-while the heads are already below average in the-autumn 1948. In both
cases, the tevel-fatls-levels fall down during the drought, but they remain not extreme in 1921, while extremely-exceptionally
low values are reached from-the-in spring 1949. As a result, the water to river exchanges in 1921 remain above those of 1949 by
between 17 and 83 m3m?®/s from augustef the-August of year n-1 to September of the-year n (Figure ++e-d14c-d). Despite the
lower groundwater-river exchanges, the rivers flows of the 1949 event generally remain above those of the 1921 drought from
the autumn of the-year n-1 to spring-of-the-the spring of year n. The larger groundwater-river exchanges in 1921 allowed by the
high climatological levels during this period thanks to favorable multidecadal hydroclimate variations contributed to moderate

mitigate the severity of the 1921 hydrological drought, while in 1949groundwater-riverexchangesin-, the lower climatological

groundwater levels contributed to increase its-severity—The-the severity of the drought. The already exceptional 1921 drought
could have been even worse should it had occurred during a dry multidecadal phase sueh-as-as for the 1949 droughtpointing

8 Conclusions and perspectives

In this study, a new hydrometeorological reconstruction focused on the Seine basin frem-the1850s-have-been-highlighted-in

origi-of these precipitation-variations-is presented. The method improves upon the one described in Bonnet et al. (2017). It
leads to a better representation of daily river flows. This reconstruction is therefore suitable to study the multidecadal variability
of high and low flows, as well as hydrological extremes. The reconstruction is extended back to middle of the 19th century.
The longer study period compared to previous works (e.g. Bo¢ and Habets 2014, allows for a more robust characterization of
multidecadal hydrological variations, which is crucial in that context (e.g. Cassou et al. 2018).
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‘hydrological cycle over the Seine basin,
it is obviously not perfect. Uncertainties are present throughout the modelling chain. The statistical downscaling method used
at the first step of the reconstruction method assumes that the learning period, over which the large-scale reanalysis and the
Safran analysis overlap (1959-2010), is representative of the meteorological conditions of the 1851-2010 period. The consistent
performances of the reconstruction over the entire period shown by several analyses in this study suggest that this hypothesis
has no major impact on our results. Important uncertainties are associated with the 20CRv2c reanalysis at the beginning of
the period, due to the smaller number of assimilated observations (Krueger et al., 2013). We use monthly homogenized local
precipitation and temperature observations to constrain the results of statistical downscaling in order to improve the temporal
homogeneity of the reconstruction, but the homogenization method is not state-of-the-art, The good agreement between the
low-frequency variations of the homogenized monthly precipitation series and of the Global Precipitation Climatology Centre
m@%mmmmm

temperature-anemalies—in-The hydrological model used in this work is also not perfect, with potential consequences on our
results. The amplitude of the N
eﬂgﬂ%ef—ﬂﬂylagts—s%ﬁkﬁﬂklw—{%eet&d—b&\@g@mhe ﬂgﬁﬁf—wfe&eae&m%befweeﬂ—SSTs—mﬂ%he—afmespheﬂe

the AMV-is-a-robust-featurepiezometric levels at Toury in particular is strongly underestimated. Although this is a one-point
measurement, it is possible that this underestimation exists for the entire Beauce aquifer, which could imply an underestimation
of the multidecadal variability of reconstructed river flows, especially in summer when the role of groundwater is particularly
important, This underestimation is likely due to hydrological modelling, and could come from a too simple representation
of the limestone aquifer that neglects some confined parts. The river channel dimensions and conveyance capacity are also
supposed constant over time, whereas they could be affected by multidecadal climate variability (Slater et al., 2019).
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Some important uncertainties are also associated with the observations used for the evaluation of the reconstruction, They
may indeed be influenced by non-climatic anthropogenic influences such as dams and pumping, not taken into account in the
hydrological model, or changes in measurement methods for example. We have evaluated the reconstruction against multiple
observations in an effort to ensure that our results are not too dependent on a particular source of information and to better
understand the potential limitations of the reconstruction.

f-Even if it is not the object of this study,

as-an important difference of long-term trends
in river flows exists between the reconstruction and the observations for the Seine at Paris. The origin of these differences is
not understood currently. The meteorological variables used as forcing for the reconstruction, and precipitation in particular,
don’t show unrealistic trends (not shown) and therefore the trends in reconstructed river flows may not be unrealistic. As the
Seine basin is heavily impacted by human activities, it is possible that non-climatic anthropogenic influences, which are not
taken into account in the reconstruction, are responsible for the large negative trend in the observed series. It is something

worth investigating in future work.
We-Based on the reconstruction, we show the existence of strong multidecadal variations in river flows over the Seine

catchment since the 1850s. Consistently with previous studies over France (Boé and Habets (2014) and Bonnet et al. (2017)),
strong variations are noted in spring. For many stations, even stronger variations are noted in summer. Significant multidecadal
variations are also noted in winter thanks to the longer period studied here.

Multidecadal variations in spring preeipitations-precipitation play a major role, as in-suggested by previous studies over
France. Spring preeipitations-directhy-impactriver-flows-of-the-same-seasen-and-precipitation directly impacts river flows in
spring but also river flows in the other seasons through different hydrological processes. Spring preeipitationstead-to-variations
of-sotl-meisture-precipitation leads to soil moisture anomalies in spring that persist until summer and medulate-regulate the
runoff-to-precipitation ratio in summer. Precipitations-variations-in-late-winter-and-Precipitation variations in early spring play
on groundwater recharge and then on river flows during all seasons through groundwater-river exchanges. Both the multi-
decadal variations in soil moisture in-spring-and-swmmer-and-and in groundwater may have important direct societal impacts,
forexample-independently of their impacts of river flows, in particular with regards to agriculture. Interestingly, the variations

in summer river flows are much larger than seen in Bonnet et al. (2017). These differences are likely both due to the longest

o different hydrogeological models, with a

period studied here and

differentfiner representation of aquifers in the present study.
The multidecadal hydroclimate variations over the Seine basin are due to large-scale atmospheric circulation anomalies,

themselves associated with sea surface temperature anomalies in the North Atlantic. F-confirms-the-Interestingly, a potential
impact of the North Pacific, not described before, is also noted.
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As discussed by Cassou et al. (2018), because of major sampling uncertainties and potential non-stationnarities, it is crucial

to extend observational works further back in time in order to confirm or infirm the results obtained by most studies on the
20th century. Our results confirm the link between the AMV and French hydro-climate variations seen in previous studies on

much shorter periods, pointing to its robustness. Intere

to-exist—The fact that multidecadal hydroclimate variations are-present-exist before the 20th century, which-is-a period where
anthropogenic-foreings-were-very smati-reinforee the role of anthropogenic forcings is small, also reinforces the idea that they
are of internal origin and-netto a large extent and not primarily forced by greenhouse gases er-nor sulphate aerosols.

An interesting new result is that the multidecadal variations previously described for the mean hydroclimate may influenee
extreme-eventsalso influence high and low flows. The positive multidecadal phases seem to be more conducive of flooding. Over
large parts of the catchment the probability of fleeds-high flows is more than doubled during wet multidecadal phases. Although
these events are mainly the result of exeeptional-specific weather conditions, the average-mean state of the hydrological system
7(e.g. soil moisture or groundwater) influenced by the multidecadal hydroclimate variabilityvariations, may amplify or reduce
the magnitude of these events. The influeree-impact of multidecadal variations en-hydrological-droughts-isless—eclear—and
in low flows is more regional. Still, we have illustrated for two major droughts of the 20th century, that of 1921 and that of

1949, how multidecadal hydroclimate variations, through their impact on groundwater, may modulate the intensity of droughts.

Multidecadal variations in groundwater may have reduced the intensity of the 1921 drought and increased the intensity of the
1949 drought.

S 5o

confined-parts—It-would-be-interesting-to-confirm-this-hypoethesis—The results described in this paper illustrate how dangerous
it can be for practical purposes to rely on short periods of few decades (e.g. three) to characterize hydrological hazards.

The-origin-of-the-This study reinforces the idea that the hydroclimate variability over the Seine basin seems-te-be-and more

enerally over France results from a teleconnection with SSTs-ef-the Nerth-Atlantic-and-potentially-the North-Pacifie —Sueh

teleconneetions-North Atlantic SSTs, and suggests a potential role of North Pacific SSTs. The associated mechanisms are still
poorly understood, yet. The Decadal Climate Projection Project (Boer et al., 2016) of the Coupled Model Intercomparison
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Project Phase 6 (Eyring et al., 2016) proposes some dedicated numerical experiments to tackle these questions. The-stady-of
theirresults They will hopefully allow some progresses in our understanding of the physical origin of multidecadal hydrological
variations over France.

Given the large multidecadal hydroclimate variations described in this study, it is crucial to assess whether climate models
reproduce them correctly and therefore if the uncertainties due to internal variability are correctly captured in current projec-
tions. It may not be the case. For example, Qasmi et al. (2017) show that climate models may have seme-issues-difficulties to
capture some properties of the AMV. Simpson et al. (2018) suggest that current climate models may-have-difficultiesto-eapture
underestimate the multidecadal variations of the atmospheric jet over the North Atlantic in late winter / early spring, which
would have consequences for the French hydroclimate. Understanding the potential consequences of these issues ferregarding

the uncertainties in hydroclimate projections is now crucial.
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Figure 1. Location of the Seine catchment (red area) corresponding to the Seine at Poses station, considered as the outlet (red dot), and of
the Loire catchment (green-magenta area) for the Loire at Montjean sur Loire station (green-magenta dot). Location of hydrometric stations
both observed and simulated (black circles), and of the two long-term river flows observations available: the Paris Austerlitz station (dark
blue triangle) and the Aisy-sur-Armangon station (light blue triangle). Location of the long-term piezometric level series at Toury (brown

rhombus).
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Figure 2. Schematic representation of the methods used to obtain the hydrological reconstruction, with on the right the method used in this

study and on the left the method used in Bonnet et al. (2017), which doesn’t include the daily constraint.
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Figure 4. Annual series of river flows for the (a) Seine at Paris station and (b) Aisy-su-Armangon-Aisy-sur-Armancon station (see Figure
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31



1 — Observation i

2500 — — Reconstruction _

] — Safran-Surfex-AquiFR [

2 2000 -

E 1 :

» ] i

5 1500 — —
s 1
£ 1000
500

. [ [ [ [ [ [
1860 1890 1920 1950 1980 2010
time (year)

Figure 5. Annual maximum of daily river flows at-for the Seine at Parisstationfor-the-, Black: observationstblack)-the-. Red: Seine recon-
structionreey-and-the-, Blue: reference simulation (based-on-Safran-Surfex-AquiFR).

32



60 | | | | | |

-1 = Observation -
| = Reconstruction B
] Safran-Surfex-AquiFR ~

piezometric levels (m)

-6.0 I I I I I I

1900 1920 1940 1960 1980 2000
time (year)

Figure 6. Annual anomalies of the piezometric levels of the Beauce groundwater table at Toury. The reference period is 1960-2005. Black:

Observations. Red: the Seine reconstruction. Blue: thereference simulation (Safran-Surfex-AquiFR).
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Figure 7. Low-pass filtered interannual anomalies of the Seine river flows at the Poses station. Black: annual, blue: winter, green: spring,

redyellow: summer and brown: autumn. The annual mean over the whole period is 446m3/s.
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Figure 8. Relative differences of-in detrended (a-e-i-m) simulated river flows, (b-f-j-n) preeipitationsprecipitation, (c-g-k-o) soil wetness
index (SWI) and (d-h-1-p) evapotranspiration, between the negative multidecadal phases of the Seine river flows (1885-1905 and 1940-1960)
and the positive phases (1910-1930 and 1975-1995). The reference is calculated as the average of these four periods. (a-b-c-d) winter, (e-f-g-
h) spring, (i-j-k-1 summer) and (m-n-o-p) autumn. Simulated river flows, preeipitationsprecipitation, SWI and evapotranspiration come from
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the Seine reconstruction. Black circles and dots show where the differences are significant with p<0.05 based on a t-test.
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Figure 9. Annual low-pass filtered anomalies of the (black) annual, (blue) winter, (green) spring, (redyellow) summer, (brown) autumn

average groundwater-river water exchanges over the Seine basin in the reconstruction. The reference period is 1852-2008.
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Figure 10. Relative differences of-in the ratio between the total runoff and precipitation of the reconstruction, calculated in summer between
the negative multidecadal phases of the Seine river flows (1885-1905 and 1940-1960) and the positive phases (1910-1930 and 1975-1995).
The reference for the calculation of the relative anomalies is calculated as the average of these four periods. Dots show where the differences

are significant with p<0.05 based on a t-test.
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Figure 11. Differences in (a) Rati

e
pressure at sea level (SLP) (Pa). (b) detrended sea surface temperature (SST) (K) between the Wﬁ%&a&muludeeadal phases
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Figure 12. (a) Evelution-Correlations between the paleoclimate AMYV index of monthty-Wang et al. (2017) and the long series of annual pre-
cipitation tmm/)-observed at Paris (Slonosky, 2002) over the Seine-basin-from-august+920-toFuty+922-period 1780-1889 (red-dotsyellow),
BWM)Nand #em—Augus{~1948~te—}u+y—¥95&1779 1989 (green—dotsred). TheJee*pletHemeseﬁ%In blue, the ehmafe}egea}
the reconstruction over the +852-2608-period 1882-1979. Red-(green)-erossesrepresent-The AMYV index is defined as the menthly-average of
the piezometrietevels(m)-of-the unconfined-part-of the-aguiferhighest latitudes. The data-come-trends in precipitation and river flows series
mewwﬁom the mmwm%mmm

BoxptotsThe series are
with a 21-year window. The points represent significant correlations with p<0.05 (at least 95% of the null hypothesis is rejected) according.

defined g h-pereentile-median; 75th-pe ntitefiltered with a Lanczos filter
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Figure 13.

of the number of days with river flows equal to or greater than the 95th percentile between the negative—positive multidecadal phases
of the Seine river flows (1885-1905-1910-1930 and +946-19661975-1995) and the pesitive-negative phases (+94+6-1936-1885-1905 and

+975-19951940-1960) —calculated for the reconstruction (edots):-same-as-, and for the two available long term observation series (btriangles,

see figure 1)eonsidering-atagt0-yearseartieroverthepertods. SEP-eomesfrom-Only the NOAA20€Rv2e reanatysis—SSTeomesfrom-days
of the ERSSTFv5-reeonstruetion-flood season are used (Huanget-at26+7November to April). Fhe-trends-are-ealentated(b) same as (a) for

the days with river flows equal to or lower than the EEMB-method-5th percentile between the negative and remeved-foreach-grid-points:
Dets-indicate-where-the differences-are-significant-with-p<0-05-(based-en-a-t-tespositive multidecadal phases, considering the whole year.
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Figure 14. a) Byolution of monthly precipitation (mm/j) averaged over the Seine basin from august 1920 to July 1922 (purple dots) and
from August 1948 to July 1950 (beige dots). The boxplots represent the climatological monthly distributions calculated over the 1852-2008
period. Purple (beige) crosses show the monthly average over the 1910-1930 (1940-1960 period). (b) Same as () for river flows at Poses
(m3/s), (¢) water exchanges between groundwater and rivers (m3/s) and (d) the piezometric levels (m) of the unconfined part of the aquifer.
The data come from the Seine reconstruction. Boxplots are defined as: 10th percentile, 25th percentile, median, 75th percentile and 90th
percentile.
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