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Abstract. In this article, multi-decadal variations in the 1 Introduction
French hydroclimate are investigated, with a specific focus

on river flows. Based on long observed series, it is shown that ) o . .
river flows in France generally exhibit large multi-decadal The role of internal low-frequency variations in the evolution

variations in the instrumental period (defined in this study ©f the climate system has recently received increasing atten-

as the period from the late 19th century to the present), egtion, stemming from the societal need for relevant climate

pecially in spring. Differences of means between 21 yr pe_information on the next few decades for planning and adapta-

riods of the 20th century as large as 40 % are indeed foundion IN the context of climate change. Internal low-frequency
for many gauging stations. Multi-decadal spring river flow variations can indeed temporarily either aggravate, moder-

variations are associated with variations in spring precipita-2{€ O even reverse the long-term impact of global warm-
ing. Current climate projections suggest that internal low-

tion and temperature. These multi-decadal variations in pre:

cipitation are themselves found to be driven by large-scald'®duéncy variability is a major source of uncertainties on
atmospheric circulation, more precisely by a multi-decadalth® coming decades (Hawkins and Sutton, 2009; Deser et al.,

oscillation in a sea level pressure dipole between wester?010, 2012). For example, regarding precipitation change

Europe and the eastern Atlantic. It is suggested that th&@Ver France in the middle of the 21st century, uncertainties
Atlantic Multidecadal Variability, the main mode of multi- related to internal variability may be as large as uncertainties

decadal variability in the North Atlantic—Europe sector, con- due to clim_ate models (Terrgy and Boe, 201_3)' _

trols those variations in large-scale circulation and is there- The _rea_h_sm_ of those espme_ltlons of the impact of m_t_er-
fore the main ultimate driver of multi-decadal variations jn @l variability in future projections depends on the ability
spring river flows. Potential multi-decadal variations in river ©f climate models to correctly simulate low-frequency inter-
flows in other seasons, and in particular summer, are alsal modes of variability. Unfortunately, current models gen-

noted. As they are not associated with significant surfacér@lly present some moderate deficiencies in capturing the
climate anomalies (i.e. temperature, precipitation) in sum-exact spatio-temporal characteristics of the observed low-

mer, other mechanisms are investigated based on hydrolodf€duency variations in the North Atlantic Ocean, and more
ical simulations. The impact of climate variations in spring S€rous difficulties in correctly capturing the associated hy-
on summer soil moisture, and the impact of soil moisture indroclimate impacts over land (Kavvada et al., 2013). This

summer on the runoff-to-precipitation ratio, could potentially [SSU€ regarding hydroclimate variations is especially prob-
play a role in multi-decadal summer river flow variations.

lematic since, due to the multiplicity of the uses for water
The large amplitude of the multi-decadal variations in French@d the tensions that often already exist between demand and
resources, low-frequency fluctuations in continental hydro-

river flows suggests that internal variability may play a very "= A ; X !
climate, and in particular river flows, may have particularly

important role in the evolution of river flows during the next

decades, potentially temporarily limiting, reversing or seri- S€flous impacts for society.
ously aggravating the long-term impacts of anthropogenic Therefqre,.some progress nee_ds to be made towards b_etter
climate change. characterization and understanding of the low-frequency in-

ternal variations in the climate system, not only in the ocean,
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692 J. Boé and F. Habets: Multi-decadal river flow variations in France

which plays a central role in their existence, but also how After a description of the data, models and methods used
they impact continental hydroclimate. Despite the shortnesgSect. 2), multi-decadal variations in French rivers flows and
of the instrumental record when dealing with multi-decadal surface climate are characterized based on long observed se-
variations, and despite the fact that observed variations are akies (Sect. 3). In particular, large multi-decadal variations in
ways the result of both internal and forced components, andpring river flows and precipitation are described. The driv-
therefore do not allow for readily disentangling the contri- ing mechanisms of river flow variations in spring are investi-
butions of both sources of variability, observational studiesgated in Sect. 4. The importance of variations in large-scale
remain crucial in such a context. circulation in modulating precipitation in France, themselves
The main mode of multi-decadal variability in the North likely driven by the AMV, is particularly illustrated. Sec-
Atlantic—Europe sector is the Atlantic Multidecadal Variabil- tion 5 is dedicated to the study of potential multi-decadal
ity (AMV, also known as Atlantic Multidecadal Oscillation; variations observed in summer river flows that cannot be ex-
Kerr, 2000). The AMV is characterized by basin-wide varia- plained by variations in summer precipitation. The role of
tions in the North Atlantic sea surface temperature on multi-soil moisture in particular is investigated based on hydro-
decadal timescales (60—100 yr in the instrumental period (delogical modelling. Finally, the main results of this study are
fined in this study as the period from the late 19th century todiscussed in Sect. 6 and conclusions are given in Sect. 7.
the present); e.g. Schlesinger and Ramankutty, 1994; Kerr,
2000). Based on climate simulations, it is generally hypothe-
sized that buoyancy-driven variations of the Atlantic Merid- 2 Data, models and methods
ional Overturning Circulation (AMOC) intrinsic to the cli-
mate system largely drive the AMV (Delworth and Mann, 2.1 River flow data
2000). However, whether the AMV is mainly an internal
mode of variability or is to a large extent forced by external Daily river flows at 38 gauging stations across France are
forcing remains somewhat controversial. On the one handanalysed in this study. Data have been extracted from the
palaeoclimate data suggest that AMV-like variability is not national HYDRO databaséttp://www.hydro.eaufrance.jt/
limited to the instrumental period (e.g. Gray et al., 2004). These stations have been selected so that measurements
Moreover, pre-industrial control coupled climate simulations cover at least 70yr. Series at all selected gauging stations
generally exhibit modes of variability whose spatio-temporal start before 1940, and their median length is 94 yr.
characteristics are relatively similar to the observed AMV  Gauging stations where too many values are missing have
(e.g. Knight et al., 2005). On the other hand, other studiesbeen discarded. When less than three-quarters of daily val-
point toward a potentially important role of climate forcing ues are available during a given civil year (season), the cor-
on observed multi-decadal variations in the North Atlantic responding annual (seasonal) mean is considered as missing.
in the instrumental period, such as volcanic eruption (OtterdAt most, 6 % of years are missing for the selected stations
et al., 2010) or aerosols (Booth et al., 2012). with that definition. The missing values as previously de-
Independent of the driving mechanism(s), which are notfined in the selected series are filled by the corresponding
the object of our study, the results of previous studies sugiong-term climatological average. This approach has been
gest a potential impact of the AMV on continental hydro- chosen in order to be able to low-pass-filter the river flow se-
logical cycle over France, as is the case in the USA (Endfieldries (see Sect. 2.5) without introducing high-frequency noise
etal., 2001). Indeed, statistical relationships between droughor/and artificially enhancing low-frequency variability. This
severity for some French rivers and averaged North Atlanticvery crude infilling approach is conservative in the context of
sea surface temperatures (SST) have been found (Giuntothis study. Indeed, more sophisticated methods (e.g. tempo-
etal., 2013) and may be related to multi-decadal variations irral interpolation based on neighbour years, etc.) might artifi-
SST. Regarding multi-decadal timescales more specificallycially enhance low-frequency variations.
in the instrumental period, positive phases of the AMV are The location of the gauging stations and the length of the
significantly associated with larger temperature over Franceorresponding river flow series are shown in Fig. la. Sta-
in spring and to a lesser extent in summer and with belowtions are not uniformly distributed over France, as there are
average spring precipitation (Sutton and Hodson, 2005; Sutvery few stations in the north, while central France is well
ton and Dong, 2012). Physically, those changes in the sureovered. For the majority of gauging stations the catchment
face climate are expected to lead to multi-decadal river flowsize is smaller than 1000 KmOnly four stations exceed
anomalies. Additionally, multi-decadal variations in precipi- 50 000 kn? (Fig. 2a).
tation extremes have been found in Europe, including France, Metadata indicate that river flows are directly influenced
with potential links with the AMV (Willems, 2013a, b). by human activity at some of the selected gauging stations
The objective of the present work is to characterize the(e.g. dams or water intakes). It has been decided not to dis-
multi-decadal variations in the French river flows in the in- card those stations a priori because they may still provide
strumental period and to understand the physical mechavaluable information, so they have instead been flagged for
nisms responsible for those variations. the interpretation of the results (Fig. 1a). Note also that this
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Fig. 1. (a) Location of the gauging stations whose data are analysed in this study. The length of the record in years is given by the colour
scale. The symbols give an indication of the potential direct human influence on the hydrological regime for each station. Upward triangle:
no or little influence (74 % of stations); circle: strong influence (13 % of stations); downward triangle: strong influence on low flows (13 %
of stations). The large triangle in southwestern France corresponds to the Gave d’Ossau at Oloron-Sainte-Marie (ség) Fist@gram

(in relative frequency, no unit) of the catchment sizes corresponding to the gauging stations. Notextlaighs logarithmic.

data set is not homogenized and therefore stations in the “nstep and a spatial resolution of roughly:22°. The only

or little influence” categories are not necessarily free of otherobservation assimilated by the 20CR system is surface pres-
artefacts (e.g. change in measurement). Therefore, one mustire (SP). Observed sea surface temperature, sea ice cover,
be cautious in the interpretation of variations at any particulartime-varying global mean Cfand volcanic aerosol con-
station, and the focus of this study is on large-scale patternsentration, as well as incoming solar radiation, are used as

of coherent variations. forcing in the atmospheric model of the 20CR system. Some
caveats are associated with 20CR data. SP observations are
2.2 Long precipitation and temperature data set very sparse at the beginning of the period (and well within

the 20th century for some areas), and therefore the accuracy

In order to study the local climate variations concomitant Of the reanalysis is necessarily more limited then. As only
with river flow variations in France, different precipitation SP is assimilated, this reanalysis cannot in theory have the
and temperature data sets are considered. For precipitatiof@me level of accuracy as more classical reanalyses for vari-
a |arge set of month|y homogenized time series aggrega’[e@b'GS that are not Stl’Oﬂg'y controlled by Iarge-scale circula-
by department to form 51 time series that sample a largdion. On the other hand, temporal inconsistencies associated
portion of France, from Météo-France, is used (HPS — ho-With changes in instruments (new satellites, etc.) are avoided
mogenized precipitation series; Moisselin et al., 2002). HPSN 20CR. However, the change over time of the number of
data are available from 1900 to 2000. In this work, HPS is SP observations assimilated may still result in artificial tem-
seen as the reference data set for multi-decadal variationgoral variations (Krueger et al., 2013). One cannot expect the
in precipitation. quality of 20CR precipitation to be on par with observed data

Unfortunately, this high-quality data set does not cover thesets. However, it remains interesting for our study as it is an
beginning of the 21st century. A second precipitation data setestimation of precipitation that is completely independent of
that covers this period, from the Global Precipitation Clima- HPS and GPCC. The comparison of the three precipitation
tology Centre (GPCC), is also used (full data reanalysis fromdata sets based on different data and/or statistical treatment
1901 to 2011; Rudolf and Schneider, 2005). This monthlyWill be useful in assessing the robustness of our results.
gridded data set with a resolution of 0.5 not adjusted to For temperature, monthly homogenized series at differ-
study long-term variability. Most notably, the stations used €nt stations over France from Météo-France are used in this
to estimate precipitation in each grid cell vary in time. Using study (Moisselin et al., 2002).
GPCC in this study therefore requires caution and it is a pri-
ori less suitable than HPS to study low-frequency variability. 2.3  Large-scale climate

Precipitation from the 20th Century Reanalysis project
(20CR in the following; Compo et al., 2011) is also analysed.In order to study the link of hydroclimate variations in France
This data set covers the 1871-2010 period, with a daily timewith large-scale circulation, sea level pressure (SLP) has
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694 J. Boé and F. Habets: Multi-decadal river flow variations in France

described in Sect. 2.5) with the impact of anthropogenic tem-
perature rise removed. A linear trend has commonly been
used (e.g. Enfield et al., 2001; Knight et al., 2005) to es-
timate the anthropogenic temperature increase in this con-
text. However the trend is not expected to be linear, espe-
cially for such a long period as the one studied here. The
global average of SST is also commonly used as an estima-
tor of the forced temperature rise (e.g. Trenberth and Shea,
2006). However, as there are initially very few observations
outside the North Atlantic, the global average is expected to
be biased towards the North Atlantic average at the begin-
ning of the period. This procedure could therefore lead to
an underestimation of the AMV variations at the beginning
of the period. Here, a non-linear trend is estimated by lin-
early regressing the North Atlantic SST average of the ob-
() served (non-linear) COconcentration series in order to re-
1000 T T T T 3 move the impact of anthropogenic temperature rise. As is the
] case with others, this method has drawbacks, but tests we
1 performed with the different methods described in this sec-
| tion have shown that the results presented in this study are
not crucially dependent on the way the anthropogenic tem-
____________ perature rise is removed when computing the AMV index.

By definition in the following, through the use of AMV we
mean the detrended and low-pass-filtered AMV index.

no units

T

MTM power

10

2.4 Hydrological model

T T T

— To investigate the role of land surface processes in river
p—rcN flow variations in summer, results of a hydrometeorological

j Y IR Loy Lo ay Loy Loy . . .
0.0 01 02 03 04 simulation over France for the period 1961-2012 are also
Frequency (cyclesiyear) analysed. This simulation is based on the SAFRAN-ISBA-

Fig. 2. (a) Standardized (undetrended) river flows of the Gave MODCQU (Sim) hydrometeorological coupled _SySte.m' SIM
d'Ossau at Oloron-Sainte-Marie (Oloron-Ste-Croix). Bars: annualiS described and evaluated against observations in Habets

means. Thick lines: low-pass-filtered seasonal and annual serie€t al. (2008). SIM is the combination of three independent
(b) Multi-taper method (MTM) spectrum (Mann and Lees, 1996; systems. SAFRAN (Durand et al., 1993), based on observa-
Ghil et al., 2002) of seasonal and annual river flows of the Gavetions, analyses the seven atmospheric variables at an hourly
d’Ossau (thick line) and associated 0.05 significance level relativetime step on an 8 km grid, which are necessary to force the
to the estimated noise background (dashed line). The Gave d’OSS%"_VegetatiOn_atmosphere transfer (SVAT) scheme ISBA.
at Oloron-Sainte-Marie is shown in Fig. 1 with a larger triangle.  Those variables are liquid and solid precipitation, incoming
long-wave and short-wave radiation fluxes, 10 m wind speed,
2m specific humidity and temperature. A description and

been extracted from the 20CR reanalysis, described in th&!éments of validation of SAFRAN are given in Quintana

previous subsection. Following Sutton and Dong (2012), a>€9ui et al. (2008) and Vidal et al. (2010). ISBA (Noilhan

sea level pressure index, SLPI, is defined as the differenc@"d Planton, 1989) computes the surface water and energy
of averaged SLP for the region 3580, 12> W-25' E and budgets, and then MODCOU (Ledoux et al., 1984) routes
averaged SLP for the region 20-248, 40-12 W. It corre- the surface runoff simulated by ISBA in the hydrographic

sponds to the pressure difference between western Eurod%e'[work' Contrary to the other precipitation data sets used
and central eastern Atlantic. in this work and previously described, SAFRAN provides a

In order to investigate the potential role of the AMV on high-resolution and adequate spatial estimation of precipita-

large-scale circulation variations, the monthly HadSST3 sedion over France for hydrological modelling (Quintana Segui

surface temperature (SST) data set with a spatial resolutiofft &l 2008; Vidal et al., 2010). However, SAFRAN does not
of 5° x 5° (Kennedy et al., 2011a, b) from 1850 to 2012 is COVer the first half of the 20th century, mainly because of the

used. The AMV index is defined as the low-pass-filtered av-P°r spatial coverage of observations in France during this

erage of SST in the North Atlantic (in our case, the domainPeriod-
is 0-60 N, 75—-7.8 W and the low-pass-filter used is the one

Hydrol. Earth Syst. Sci., 18, 691708 2014 www.hydrol-earth-syst-sci.net/18/691/2014/
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In this study, simulated river flows, evapotranspiration, variables over France, the signal-to-noise ratio being gener-
runoff and the soil water index (SWI, the difference betweenally weaker, it is much less clear whether a non-linear model
the volumetric water content of the soil column and the wilt- for trend should be preferred. As a result, linear trends have
ing point divided by the difference between the field capacitybeen used for all the variables considered in this study except

and the wilting point) from SIM are analysed. for the computation of the AMV.
To assess the significance of correlations computed from
2.5 Methods the low-pass-filtered series, which exhibit a very high level

of serial correlation, the test proposed by Ebisuzaki (1997)
To extract the multi-decadal variations in the series analysednd applied in the same context by, for example, Enfield
in this study, a 19-weight Hamming window low-pass filter et al. (2001) is followed. The test is based on a Monte Carlo
is used. For yearly data, the half-amplitude point is aboutapproach, with a randomization of phases in the frequency
an 18yr period. Oscillations with a period of less than 9 yr domain in order to generate random surrogate series with the
are virtually eliminated. In order to maintain the accuracy same level of serial correlations than the original ones.
of the filtered series at the edges, no padding is applied: the Through this paper, winter means December-January-
first 9yr and last 9yr of the unfiltered series are considered~ebruary, spring means March-April-May, summer means
as missing in the filtered series. The choice of the 19-weightlune-July-August and autumn means September-October-
Hamming window filter lies in our objective to isolate multi- November. Civil years, i.e. from January to December,
decadal variations from interannual noise without losing tooare used.
many extreme points because of a larger window.

An important methodological issue for this study is
whether or not the series should be detrended prior to thg Multi-decadal variability in observed French
analyses. On the one hand, if multi-decadal variability exists  hydroclimate
in the variable of interest, there is a risk that the trend com-
puted on raw data is itself spuriously created or influenced3.1 Hydroclimate variations
by the multi-decadal variations. Removing this trend from
the original series would then generally lead to an underesThe objective of this section is to characterize the multi-
timation of multi-decadal variability. On the other hand, if a decadal variations in French river flows and the potentially
real long-term trend exists in a variable of interest, for exam-associated variations in surface climate. Simple visual in-
ple a trend that could potentially be caused by anthropogenispection reveals important multi-decadal fluctuations in river
forcing, not removing the trend would generally lead to anflows for many of the gauging stations examined in this
overestimation of multi-decadal variability. Moreover, and study, especially in spring. As an example, Fig. 2a shows that
likely more importantly, a spurious relationship between two the Gave d'Ossau, a small river in southwestern France (see
variables caused by long-term trends could exist and be erroFig. 1), exhibits large decadal variations in spring and annual
neously attributed to multi-decadal variability. No perfectly river flows, clearly discernible even in unfiltered series. For
satisfying solution to this issue exists. The risk of multi- this particular river, large decadal variations are also seen in
decadal variations interfering with the estimation of long- summer. Decadal minimums in the 1950s and 2000s contrast
term trends is more or less serious depending on the length ofith maximums in the 1920s and 1970s. Spectral analysis
the series. While the issue is major when dealing with shortconfirms that the Gave d’Ossau exhibits strong multi-decadal
time series (relative to the period of oscillation, e.g. 40yr), variations, significant for periods roughly greater than 30yr
for longer series (e.g. 100 yr long series), it is much less pro-in spring and summer and for annual mean (Fig. 2b).
nounced. Moreover, removal of a trend is expected to gen- To quantify the importance of multi-decadal variations in
erally remain conservative, as it will tend to lead to an un-river flows in France, the ratio of the standard deviation of
derestimation of multi-decadal variability rather than to an low-pass-filtered and detrended series to the standard devia-
overestimation. As a consequence, we decided to remove thigon of unfiltered and detrended series is shown for the sea-
trends prior to most of the analyses described in this studysonal and annual averages (Fig. 3a). The 25th, 50th, 75th and
when dealing with secular time series. In Sect. 5, where shor®5th percentiles of the same ratio computed for 10 000 ran-
hydrological simulations are analysed, results obtained withdom white noise series of length equivalent to the ones of ob-
both detrended and undetrended series are shown, as it is ne¢rved series are also shown in order to estimate the values
clear which approach is preferable in such a case. of the ratio that can be obtained for series with no temporal
A second related question is then what kind of trend shouldautocorrelation.

be removed. For the computation of the AMV, a non-linear Seasonally, for river flows, the importance of multi-
trend has been used, as there is evidence (for example fromecadal variations relative to the total variability is gener-
climate modelling) that a linear trend is not the best model ofally much greater in spring. Large decadal variations are also
the long-term anthropogenic influence on the average of SSEeen in the annual series. For spring and annual series, the
in a large domain and over a long period. For hydroclimateshift compared to the distribution of ratios obtained for white

www.hydrol-earth-syst-sci.net/18/691/2014/ Hydrol. Earth Syst. Sci., 18, 69108 2014
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(@ River dscharges ) Preciiaion QTemperature seen in spring and annual means, as for river flows. Large
* * [ values are also seen in summer.
os i % ° To test the sensitivity of those results to the detrending
1 g T % step, the same analyses are shown for undetrended series
o 8 gii : %i (Fig. 3d—f). As expected, a shift towards larger values of the
L T SR N ratio is generally seen when the trends are not removed, es-
h % S * [ pecially for temperature. This is consistent with the fact that
U oRwAiam sowvER D AWM SONYEAR DY AN A SONYEAR large trends exist in surface temperature. The shift is mod-
QR deharaes () A fepaon ) e erate for river flows, and very small for precipitation. Even
" P if, as previously noted, the question of detrending is delicate,
o F . detrending the data seems to be more conservative, as pre-
o 1 g o %% viously argued, as it tends to lower the estimation of multi-
o | i -}% decadal variabilty.
o 1 +i o A S The same temporal pattern as for the Gave d’Ossau, with a
RN gL T N decadal minimum in the 1950s and maximums in the 1930s
DIF MAM JIA SONYEAR DIF MAM JIA SONYEAR DIF MAM JJA SONYEAR and 1980s is seen for many gauging stations in France, espe-

Fig. 3. Box plots of the ratio of the standard deviation of low-pass- cially in spring (not shown), suggesting coherent variations

filtered seasonal and annual river flow series to the standard devid! Mver flows on a large scale over France. This point is il-
tion of the corresponding unfiltered series at the different stationslustrated in Fig. 4, with the relative differences in detrended

The series have been linearly detrended prior to the analyses (théver flows between the 1938-1958 and 1965-1985 periods.
linear trend is computed for the longest possible period for each staT he largest multi-decadal differences in river flows are gen-
tion). (a) River flows, (b) precipitation andc) temperature. Onthe erally seen in spring, with a signal shared by virtually all
box plots, the 25th and 75th percentile and the median of the datagauging stations over France. Differences in the 21 yr aver-
are shown by the lines. The whiskers are defined as the minimunyge as large as or even greater than 40 % are seen in spring
a”‘;sr?r?Xim”mt‘_’lalules in t:e sample ‘T by 1.5 time;z eitqe; tthe 25:"between the two periods. Several stations also exhibit im-
or percentle. In such a case, values greater than 1.o imes : H H H
25th or 75th percentile are shown with a circle. The red dashed hon‘fortant multi-decadal dlf_‘ferences in summer (espeglally over
izontal lines correspond to the 25th, 50th, 75th and 95th percentiIe%’ves’.tern France), and W!nter to a lesser extent, while th? SIg-
of equivalent ratios computed for 10 000 random white noise serieglaI is generally Weak?r in autumn, except for a few stations.
of length: 94 yr for river flows (which corresponds to the median At the annual level, differences as large as 30 % and greater
length of the river flow series), 101 yr for precipitation and 107 yr than 25% are noted for most stations in western and central
for temperature(d) to (f) are the same &&) to (c) except that the ~ France. Corresponding precipitation and temperature anoma-
series have not been detrended. lies between the two periods are also depicted in Fig. 4. The
smaller spring river flows in the 1938-1958 period compared
to the 1965-1985 period are associated with strong nega-
tive precipitation anomalies over France (up-t80 %) and
noise is large, while it is small in winter and even more sowarmer temperature (up to 1K). No significant differences
in autumn. In summer, several stations exceed the ratios olih temperature or precipitation are generally observed for the
tained with white noise. Note that as the standard deviation obther seasons.
unfiltered series is greater for spring averages than for yearly The 1938-1958 and 1965-1985 periods are not excep-
averages, in absolute terms, the multi-decadal signal is muctional with regard to multi-decadal anomalies, as shown in
larger in spring than for annual means (1.8 times larger orFig. 5; this figure shows, by means of box plots, the relative
average over France, not shown). anomalies in river flows that correspond to all the decadal
A straightforward hypothesis to explain the multi-decadal minimum and maximum seen for the Gave d'Ossau. The
variations in river flows is that they are driven by surface cli- 1910-1930 period corresponds to positive river flow anoma-
mate fluctuations. Figure 3b shows that spring precipitationlies for the great majority of gauging stations except in win-
over France indeed also exhibits large multi-decadal fluctuater, while the last period (1995 to present) is generally as-
tions. Multi-decadal variations for the other seasons are muclsociated with negative anomalies. In this figure, both the re-
weaker and do not emerge from what is obtained for whitesults obtained for all the stations and with a subset of sta-
noise. Interestingly, the magnitude of multi-decadal varia-tions that excludes the ones identified as having strong in-
tions in river flows is generally greater than in precipitation. fluences (even only in low-flows; see Fig. 1) are shown. The
Indeed, the median over France of the ratio of multi-decadalifferences remain modest, indicating that those strongly in-
standard deviation to interannual standard deviation is, foffluenced stations are not responsible for the multi-decadal
example, 0.28 (0.25) in JJA (DJF) for river flows and only variations noted in the complete data set.
0.19 (0.20) for precipitation (Fig. 3). The same analysis is Multi-decadal fluctuations in river flows illustrated for
shown for temperature in Fig. 3c. The strongest ratios ardhe Gave d’Ossau in Fig. 2a in spring are therefore part of
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Fig. 4. Relative differences in detrended river flows between the 1938-1958 and 1965-1985 periods. The reference is the 1938-1985 average
(a) Winter, (b) spring,(c) summer(d) autumn ande)year.(f-j) Same aga—e)but for detrended precipitatiotk—o0) Differences in detrended
temperature between the 1938-1958 and 1965-1985 periods. Black circles show where the differences are significarit WitResults

for the Seine at Paris gauging station are missing in this graph as it ends in 1973.
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(a) DIF (b) MAM seasons are more puzzling as they are not associated with
o4l N oaf T T T T T significant specific precipitation anomalies.
02k © : : : ] 02F : : : ]
o o i il éé lé %1 3.2 Link between multi-decadal variations in river flows
°-°'%i? -T2 oop ~b-fk---F *%* and precipitation
I I 10 O I I I
-0.2 1© 9y l q -0.2 \@ @\ l B ) L. i ) )
! ! ! ! ! ! To assess whether multi-decadal variations in spring precip-
g S ML el 1L L itation and river flows are in phase over the entire avail-
1E 1IN 2E 2N 3E 3N 4E 4N 1E IN 2E 2N 3E 3N 4E 4N . .
able periods, correlations are computed between detrended,
— © fJOA — L @soN low-pass-filtered spring precipitation averaged over France
' ! ! ! 1o o! ! ! (GPCC data) and detrended, low-pass-filtered spring river
02p ! ! ! 1 02 210 o ! 1 flows at each gauging station (Fig. 6a). GPCC data are used
ook Lo LSS T T ook ?F T L2 here as they_ cover a longer period than HPS. The use of
1 1 1 5, | | i GPCC data is supported by the fact that on average over
o2r 1 1 1 1 o 1 } } 1 France, GPCC remains very close to our reference data set,
oaf 0 ] oaf 0] HPS, for their common period as shown later in Fig. 7.
1E IN 2E 2N 3E 3N 4E 4N 1E IN 2E 2N 3E 3N 4E 4N Very high significant correlations are obtained for the great

(€) YEAR majority of the gauging stations. Note that the average of pre-
T cipitation over France is used here because the poor spatial
1 1 sampling of HPS, the low resolution of GPCC and 20CR, and
%% li l their potential inaccuracies at the grid cell level (see discus-
oof L1 EE] sion in Sect. 2.2) make it impossible to robustly estimate pre-
* ] cipitation for each river basins, which are often small, over
] the whole period of interest. It is not an important limitation
1E IN 2E 2N 3E 3N aE aN to our study as the multi-decadal variations in spring precip-
itation over France are very spatially coherent, as shown in
I':ig- 5.tMean_l;i|ver ﬂ‘_"'é ?nomalri]est rte_latiyefto the ?Vgragglfgrltgg Fig. 6b. Except in southeastern France, precipitation at each
ongest possible period for ach stalion in four perioas. . oint is indeed highly correlated with spatially averaged pre-
(1E and 1N), 1938-1958 (ZE ar.]d 2N), 1965-1985 (3E and 3N) an cipitation. Becauze ):)f the orography,pprecigitationgther% is
1995-2012 (4E and 4N) ia) winter, (b) spring, (c) summer,(d) . . . .
known to be often associated with particular synoptic con-

autumn and fofe) annual mean. The letter E means that all the sta- ", ;
tions are used and the letter N means that only the stations with n&“t'ons compared to the rest of France. Overall, this analy-

influence (see Fig. 1) are used. The series have been linearly dé&iS shows that in spring it is justified to focus on spatially
trended prior to the analyses (the linear trend is computed for theAveraged precipitation over France in order to understand
longest possible period for each station). In the box plots, the 25ttthe bulk of river flow variations as the precipitation signal
and 75th percentile and the median of the data are shown by thés large-scale.
lines. The whiskers are defined as the minimum and maximum val-  Fig. 6¢ shows that there is also a high anti-correlation be-
ues in the sample or by 1.5 times either the 25th or 75th percentilepween low-pass-filtered and detrended temperature averaged
In such a case, values greater than 1.5 times the 25th or 75th pe[ France and river flows in spring. As explained previously,
centile are shown with a circle. this link could be a sign that multi-decadal variations in evap-
otranspiration also occur and influence river flows.
At this point, it is clear that at most gauging stations, river

large-scale hydroclimate perturbations over France and arfoWs exhibit large multi-decadal variations in spring, prob-
likely caused to a large extent by precipitation variations. 2Py due to a large extent to variations in precipitation. The

An additional driver could be evapotranspiration. Indeed, agPotential causes of those variations in precipitation are inves-

spring evapotranspiration in France is expected to be energyidated in the next section.

limited rather than water-limited (Boé, 2007), positive tem-

perature anomalies at the interannual level in spring are exz  Mechanisms of spring hydroclimate variations

pected to be associated with greater evapotranspiration. Fol-

lowing this line of reasoning, and supposing that this rela-4.1  Role of large-scale circulation

tion is still valid on multi-decadal timescales, larger tempera-

tures in the period 1938-1958 would therefore be consistenBased on the previous analyses, and considering the straight-
with greater evapotranspiration, which would also result inforward physical link between precipitation and river flows,
smaller river flows. While multi-decadal variations in spring it appears highly likely that multi-decadal fluctuations in
river flows could be explained by surface climate anoma-spring river flows are driven to a large extent by large-
lies, the decadal differences in river flows observed in otherscale precipitation variations over France. Assessing the
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Fig. 6. (a) Correlation between low-pass-filtered spring precipitation averaged over France (GPCC data) and low-pass-filtered spring river

flows at the different gauging stations. The correlation is computed for the longest possible period for each gauginfpy@tmelation

between low-pass-filtered spring precipitation averaged over France (GPCC data) and low-pass-filtered spring precipitation at each location

(HPS data) for the 1910-1991 period. The use of different data sets for local precipitation and France average is intended to highlight

the consistency of precipitation data sé€td.Correlation between low-pass-filtered spring temperature averaged over France and low-pass-

filtered spring river flows at the different gauging stations. The correlation is computed for the longest possible period for each gauging

station. Linear trends have been removed from the series prior to the analyses. Black circles show where the correlations are significant with

p <0.1.

w8 S reciRton e Francs SLP e, ) HPS. However, the statistical treatment of raw data for the

| : two data sets is largely different. HPS is a priori more adapted
to the study of low-frequency variations because of the ho-
mogenization procedure applied. The extremely small differ-
ences seen between multi-decadal precipitation variations in
GPCC and HPS show the robustness of those features to the
statistical pre-treatment of precipitation data and to the exact
number and location of stations. Moreover, it shows that even
if it is not homogenized, GPCC data can be used to estimate
10 L L, GRS DU averaged precipitation over France, as it has the advantage of
B~ I being available for a longer period compared to HPS.

Fig. 7. (a) Average spring precipitation over France from three data Spring preCIpltqtlon over Erance in 20CR eXh'?'tS a tem-
sets (HPS, GPCC, 20CR) and standardized SLP index. The sLiporal pattern that is very similar to the one seen in HPS and
index (SLPI) is defined as the difference of averaged SLP for theGPCC, even if some limited differences exist, especially at
region 35-60N, 122 W-25 E and averaged SLP for the region the beginning of the record. This consistency with direct ob-
20-45 N, 40-12 W. The series have been linearly detrended (thin servations (GPCC, HPS) is noteworthy, as 20CR provides an
lines) and then low-pass-filtered (thick lines). The correlations be-indirect and completely independent estimation of precipita-
tween low-pass-filtered precipitation series (HPS, GPCC, 20CR}jon. Indeed, no observed precipitation is used in 20CR. Note
and SLP! in the respective maximum overlapping periods&84  that SP observations, the only variable assimilated in 20CR,
(p <0.01), ~0.89 (p < 0.01), ~0.86 (p < 0.05). The correlations 5.6 mych sparser in the early period of the reanalysis, which

between low-pass-filtered precipitation series from the three dat . .
sets of the common 19101991 period are 0.99 (HPS/GPCC), 0.9?%“9” has animpact on the quality of 20CR data (Compo etal.,
011). This likely explains to a large extent the limited dis-

(HPS/20CR) and 0.96 (GPCC/20CRY)) Correlation between low- ) L
pass-filtered and detrended SLPI index and precipitation at each lo¢repancies between 20CR and observed precipitation at the

cation (HPS data). Black circles show where the correlations ard?@ginning of the 20th century. The fact that low-frequency
significant withp < 0.1. variations in spring precipitation are well captured by 20CR

also suggests that they may be largely driven by SLP.

The previous analysis shows that the large multi-decadal
robustness of the multi-decadal signal seen in spring prevariations seen in spring precipitation over the 20th century
cipitation and understanding its physical causes are thereforare a robust feature of French climate. Indirectly, it also re-
crucial. inforces the confidence in the general robustness of multi-

Averaged and detrended precipitation over France indecadal variations seen in spring river flows.
spring from three data sets (GPCC, HPS and 20CR) are de- The multi-decadal variations in spring precipitation
picted in Fig. 7a. Very similar multi-decadal signals are vis- noted here are consistent with the results of Sutton and
ible for all three data sets. GPCC and HPS data are not inDong (2012). Those authors also suggest that there is a link
dependent, as some stations used in GPCC are also used letween the AMV and spring precipitation variations. In
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4.2 Role of the AMV

Sutton and Dong (2012) suggest those large-scale circulation
fluctuations are likely driven by the AMV. Figure 8 shows
that there is indeed a strong covariability between the AMV
and SLPI. However, this graph also suggests that the varia-
tions may not be exactly in phase. The AMV tends to lead
SLPI; this is confirmed by Fig. 9a. Maximum correlations
between the AMV and SLPI are found when the AMV leads
SLPI by 5 or 6yr. As expected a similar lag relationship with
the AMV is found for spring precipitation (Fig. 8b). It can
be seen in Fig. 8 that the lag tends to vary on the period as it
seems to be generally larger at the beginning of the 20th cen-
tury. Obviously, one must keep in mind that when dealing
] with multi-decadal variations, 130yr is a very short period
. ] with which to robustly estimate a potential small lag between
1940 1960 1980 2000 two low-pass-filtered series. One must therefore remain cau-
Fig. 8. Low-pass-filtered and detrended standardized SLPI andious abPUt th? mterpretatlon of th|§ lag betwgen AMV_ and
AMV index. The vertical lines delimit the period used for analy- SLP! or its variation. In any case, this lag remains consistent
ses described in Sect. 5. with the idea that the AMV drives SLPI variations (rather
than the opposite). From a physical point of view, it is pos-
sible that the lag noted is due to the evolution of the exact
spring, the positive phase of the AMV is associated with anspatial pattern of SST anomalies in the North Atlantic during
anomalous ridge over western and central Europe, betweehe phase of the AMV as well as to the sensitivity of SLP
two anomalous negative SLP anomalies over the eastern Afto the precise SST pattern. Further work, based, for exam-
lantic and northeastern Europe (Sutton and Dong, 2012)pje, on dedicated numerical experiments with an atmospheric
This circulation pattern is expected to be associated with anmodel forced by different SST patterns, would be needed to
increase in southerly flows over France, with an advection oftry to unambiguously demonstrate that the AMV is the driver
warmer and drier air, and therefore generally with negativeof SLP| multi-decadal fluctuations and to better understand
precipitation anomalies over France. Sutton and Dong (2012jhe physical mechanisms responsible for the potential lag.
define an SLP index to capture this potential impact of theHowever, the success of this approach would lie in the ca-
AMV on atmospheric circulation on the North Atlantic— pacity of GCMs to realistically capture the potential impact
Europe sector in spring. A similar SLP index (SLPI) is used of the AMV on large-scale circulation, which is not neces-
in our study. sarily granted.

As shown in Fig. 7a, there is a very good anti-correlation  Gijven the well-understood link between precipitation and
between IOW-paSS-filtered SLPI and precipitation anoma"eﬁ'iver flows (F|g 6a), and as multi-decadal precipitation
over France in spring. High and significant anti-correlationsyariations are driven by SLPI, multi-decadal variations in
with precipitation series between0.86 and—0.94 depend-  SLP| generally explain a large part of multi-decadal varia-
ing on the precipitation data set (and therefore on the exacfions in detrended spring river flows (Fig. 10b). Large anti-
period) are noted. A positive value of SLPI corresponds tocorrelations with the annual mean are also generally noted.
positive SLP anomalies over central/western Europe and neg- Some significant correlations are also seen between SLPI
ative anomalies over the eastern Atlantic and is associated, gf spring) and river flows in summer or even in autumn;
physically expected, with negative precipitation anomaliesthese are not straightforward to explain. Obviously, no syn-

over France. Figure 7b shows the correlation map betweeghronous relationship between atmospheric circulation in
the low-pass-filtered and detrended SLPI index and HPS prespring and river flows in summer is possible. This issue is

cipitation at each station in France in spring. The impact ofexamined in the next section.
SLPI on precipitation is large-scale and very consistent over Here at the end of this section, it can be concluded that
France. multi-decadal variations in river flows in spring are very
The previous result is strong evidence that the multi-jikely due to a large extent to variations in precipitation
decadal variations in spring precipitation over France anddriven by large-scale circulation. Those multi-decadal vari-
therefore in river flows are driven by large-scale circulation. ations in large-scale circulations are likely associated with
an oceanic mode of multi-decadal variability, the AMV.
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Fig. 9. Lag correlations between the AMV index and low-pass-
filtered and detrende@) SLPI in spring,(b) averaged precipitation \/\?;« '
over France in spring (from GPCC and, in order to have a longer pe:
riod, from 20CR) for different lags in years. Positive lags mean tha
the AMV leads. Crosses show where the correlations are significanf:ig_ 10. Correlation between low-pass-filtered SLPI in spring and

with p <0.1. low-pass-filtered river flows at different gauging statiofa: win-
ter, (b) spring, (c) summer,(d) autumn and(e) year. The series
have been linearly detrended prior to the analyses. Note that the

-1.00-0.78-0.56-0.33-0.11 0,11 0.33 0,56 0.78 1,00

5 Summgr variations: hydrometeorological correlations are computed for the longest possible period for each
simulations gauging station (and therefore not for the exact same period every-
where). Black circles show where the correlations are significant

5.1 Hypotheses with p < 0.1.

Results from previous sections suggest that multi-decadal
variations in river flows may exist in other seasons than
spring, and most notably in summer. However, no physi-
cal explanation to support the existence of those potentiain Fig. 4. Positive SLPI anomalies would be associated with
signals has emerged, as multi-decadal variations in summencreased evapotranspiration in spring and therefore a de-
river flows are not directly associated with significant climate crease in soil moisture. The negative soil moisture anomalies
(i.e. precipitation and temperature) variations (Fig. 4 ). associated with the variations in precipitation and evapotran-
If those variations in summer river flows are not syn- spiration in spring might then persist until summer, and in
chronously caused by local climate anomalies, they might inturn impact river flows. Indeed, over drier soils, a smaller
volve hydrological processes. Negative precipitation anomafraction of precipitation results in runoff and more water is
lies associated with positive SLPI in spring are expectedstored in the soil or is lost as evapotranspiration in the end.
to lead to drier soils. Moreover, as explained previously, An impact of spring precipitation and evapotranspiration on
a modulation of spring evapotranspiration could also be ensummer flows through a modulation of aquifer levels could
visaged given the multi-decadal temperature variations note@lso theoretically be possible. However, deep aquifers are not

www.hydrol-earth-syst-sci.net/18/691/2014/ Hydrol. Earth Syst. Sci., 18, 69108 2014



702 J. Boé and F. Habets: Multi-decadal river flow variations in France

expected to play an important role in river flows for many of * ,,
the stations analysed here (BRGM, 2006).
In this section, we focus on the possible bridge betweer
spring climate variations and summer flows through a mod-
ulation of soil moisture. To study those mechanisms, knowl-
edge of hydrological variables such as soil moisture and
evapotranspiration is needed. Observations of those variable
with a correct spatio-temporal sampling do not exist, and
therefore one has to use hydrological modelling in that con-\;\?« :
text. Here, the SIM system described in Sect. 2.4 is used. g
The availability of the meteorological forcing limits the 202030040 050 050 070 050 0.0 1.00
SIM hydrological simulation over France to the 1961-2012.
period (and therefore limits the analyses to 1970-2003 (<)
when low-pass-filtered series are involved). This is obviously
a very short period with which to study low-frequency vari-
ability. With such a short period it is particularly difficult to
disentangle the impact of internal multi-decadal variations
from the one of long-term trend that might, for example, be
associated with increase in greenhouse gas (GHG) concel
tration, as discussed in Sect. 2.5. Also, for such a short sarr-
ple of time, it is difficult to reach significance levels for sta- f}\?;f -
tistical tests involving low-pass-filtered series. The objective
of this section therefore remains modest: we want to evalu-

ate the general plausibility of the mechanism previously de- ., WE oK

0.10 0,20 0.30 0,40 0.50 0,60 0.70 0,80 0.90 1,00

scribed rather than unambiguously demonstrate its role. Noti
that as shown in Fig. 8, the period 1961-2012 mostly cor-
responds to a negative phase of the AMV, starting in the
1960s and ending in the 1990s. Over this period, SLPI fol-
lows a very similar temporal pattern.

First, spring, summer and annual simulated river flows by
SIM are compared to observations, at the interannual leve
(19612012 period) and after low-pass filtering (1970—2003\&? Y
period), in order to assess the ability of SIM to capture ob-gms ‘
served river flow variations (Fig. 11). Eor the vast majority 0.10 0,20 0.30 0,40 0.50 0,60 0.70 0,80 0.0 1,00| _0.10 0,20 0.30 0,40 0.50 0,60 0.70 0,80 0.80 1,00

of the St?‘“‘?r,‘s _SIUQ'ed here, the model captures the Interar]fig_ 11. Correlation between simulated and observed undetrended
nual variability in river flows well. Correlations lower than v er flows 1961-2012(a) annual meangc) spring and(e) sum-

0.70 are seldom found. Regarding low-frequency variations mer. Correlation between low-pass-filtered and undetrended simu-
the model also performs well, except at a few stations, espetated and observed river flows, 1970—2008) annual meangd)
cially in summer. It is not clear whether deficiencies in the spring andf) summer. Some stations are missing compared to pre-
hydrological model, direct anthropogenic influences on rivervious figures because of unavailability of simulated or observed data
flows or some measurement issues explain those poor coin the period of interest.

relations. Note that as SIM does not take into account direct

human influence on river flows (dams, pumping, etc.) the fact

that simulated river flows are most of the time consistent withof water balance. However, this realism cannot be strictly
observed river flows suggests that direct anthropogenic infludemonstrated because of insufficient observations.

ences are not dominant in the interannual and multi-decadal

fluctuations in the period simulated here for most stations.5.2 Analysis

Note that a much more complete evaluation of SIM is given

in Habets et al. (2008). As low-frequency variations in river The central element of the hypothesis tested in this section
flows are generally well simulated, and as the precipitationis that soil moisture at the end of spring can impact river
forcing is derived from observations, the previous analysisflows in summer through a modification of the part of pre-
reinforces our confidence in the realism of low-frequency cipitation that contributes to runoff. Figure 12a shows the
variations in the other components of the continental waterink between the soil wetness index (SWI) at the end of
cycle (evapotranspiration, SWI) simulated by SIM, which is spring and the runoff-to-precipitation ratio simulated by SIM
strongly constrained by precipitation and river flows becausein summer for all the stations examined in this section, on
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Fig. 12. (a)Runoff-to-precipitation ratio in JJA as a function of theé  _,.0-0.6-056-033-0.11 0.11 035 056 0.78 100 ~1.00-0.78-0.56-033-0.11 0,11 033 056 0.78 1.00
SWI at the end of spring. (Runoff and SWI are simulated by SIM
and precipitation comes from SAFRAN, the forcing of SIM.) Each
colour corresponds to a simulated station of Fig. 11. The points arg
interannual values, while the lines correspond to low-pass-filterec
data.(b) Spearman rank correlation between runoff-to-precipitation
ratio in JJA and the SWI at the end of spring at the interannual level!
The stars show the values for raw data and the line the values for de
trended data. Stations have been ranked according to the correlatic
for raw data.

interannual and multi-decadal timescales. A clear non-linear ) \m >
relation exists. Dry soils in spring are associated with a very L
|0W runoﬁ-to-precipitaﬁon ratio in Summer, Wh||e for SW| -1.00-0,78-0.56-0,33-0.11 0,11 0.33 0,56 0.78 1,00 -1.00-0.78-0.56-0.33-0.11 0,11 0.33 0,56 0.78 1,00
at the end of spring close to 1, most of the precipitation
is transformed into runoff. To confirm the link between the
S_Wl at the end of Spring a,n(_j the runc_)ff-to-prempltatlon ra- pass-filtered simulate@) evapotranspiration in spring aifl) soil
tio in summer for each individual station, the rank correla- \ atness index at the end of spring (31 Magg) and (d) are the
tions at the interannual level between those two quantitieame aga) and(b) except that evapotranspiration in spring and soil
are shown in Fig. 12b. The impact of detrending is very lim- wetness index at the end of spring (31 May) have been detrended.
ited, pointing towards the robustness of the relationship at thelack circles show where the correlations are significant with
interannual level. 0.1.

Now that it is clear that the basic mechanism is effective at
the interannual level, multi-decadal variations in soil mois-
ture at the end of spring are investigated. Results for bottrific precipitation event, is not necessarily the best way to
detrended and undetrended variables are shown for the folmaximize the signal between SWI and SLPI or evapotran-
lowing analyses as both approaches have important drawspiration in spring. However, we made this choice because
backs when such a short period is studied (see discussiothe value of SWI in summer is physically more related to the
in Sect. 2). value of SWI on 31 May than on any day before that, and it

First, the links between SLPI and spring evapotranspira-s therefore preferable for the next step of the analysis.
tion and soil moisture at the end of spring are studied. As It is now tested as to whether soil moisture at the end of
previously hypothesized, positive SLPI is generally associ-spring may have a non-negligible impact on summer flows
ated with greater evapotranspiration in spring. Because obn the multi-decadal timescale. Large positive correlations
lower precipitation and higher evapotranspiration, lower lev-are seen for most stations between low-pass-filtered SWI at
els of soil moisture at the end of the spring are thereforethe end of spring and river flows in summer (Fig. 14). How-
also associated with positive SLPI (Fig. 13). Although de- ever, detrending the data has a large impact on the analysis
trending simulated data does have an impact and results ifor most of the stations in the Massif Central, while other sta-
smaller absolute correlation, especially for soil moisture, thetions maintain high correlations even after detrending. This
general picture remains the same. It has also been confirmed the case for the two stations of the Loire (the two north-
that there is a strong relationship between evapotranspiratioern stations in western France) and in southwestern France.
in spring and soil moisture at the end of the spring (Fig. 14aThose are also stations where important multi-decadal varia-
and c). This is true whether the variables are detrended or ndtons in summer flows are observed (Fig. 4).
before computing the correlations. Note that using a single- The results described in this section suggest that the
day SWI (on 31 May), which may quickly answer to a spe- AMV, through a modulation of SLPI, may also affect

Fig. 13. Correlation between low-pass-filtered and detrended SLPI
(the linear trend is computed for the 1871-2010 period) and low-
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increase in GHG concentration, the multi-decadal variations
in sulfate aerosols over France, with a transition from dim-
ming to brightening in the early 1990s (Wild, 2012), could
therefore have resulted in multi-decadal fluctuations in evap-
otranspiration somewhat in phase with SLPI and the AMV in
the short period analysed in this section. The possibility can-
not be excluded that the apparent correlations between SLPI
and evapotranspiration over the period studied in this section
could be partly coincidental and related to aerosol forcing.
The results described in this section should therefore be
treated with great caution. Longer hydrological simulations
over the entire 20th century would be needed to reach
stronger conclusions. This would allow for better separa-
tion of multi-decadal variations from potential anthropogenic
trends and not only relying on a short period potentially af-
fected by external forcing on multi-decadal timescales.

6 Discussion

Large multi-decadal variations in river flows over France in
the instrumental period have been described in this study.
To fully grasp the importance of those multi-decadal varia-
tions, it is interesting to put them into the context of climate
change. Boé et al. (2009) and Chauveau et al. (2013) give an
estimate of the multi-model climate change signal projected
Fig. 14. (a)Correlation between low-pass-filtered simulated evap-in French river flows from an ensemble of CMIP3 models.
otranspiration in spring and soil wetness index at the end of springn the middle of the 21st century (2046—2065 average), the
(31 May). (b) Correlation between low-pass-filtered soil wetness ensemble mean Change (Wh|Ch is genera”y seen as the “best
index at th_e end of spring (31 May) and low-pass-filtered simulatedagtimate” of the climate change signal) over France is gen-
summer river flows(c) and (d) are the same a) and (b), re- rally of the order of-15 to —30% in spring and-25 to
spectively, except that all the variables have been detrended. BlacE % f | Fi 4 in this study theref
circles show where the correlations are significant with 0.1. 35% for yearly average. Figure = In this study theretore
suggests that decadal differences might be as large or even
greater than the climate change signal in the middle of the
evapotranspiration over France in spring. Increased evapoglst century in spring, anq often no t far from what is sim-
’ ulated at the annual level in the climate change context. If

transpiration and decreased precipitation lead to soil mois- : 2 .
. . : ) s .~ one supposes that observed multi-decadal variations mainly
ture depletion. Negative soil moisture anomalies in spring

. o . ; have an internal origin, internal low-frequency variability is
may lead to drier soils in summer because of soil moisture . . .

. - : . therefore expected to be a very important actor in shaping
memory, with a potential influence on river flows in summer.

o . . . . -~ the future evolution of river flows in France during the com-
This is a physically plausible mechanism, compatible with . ) .
ing decades. If multi-decadal variations as large as the ones

the decadal variations simulated at several stations in France : . ) . )
. I . .~ “Observed in the instrumental period can still happen in the
in summer. However, for the majority of stations, the link

between the SWI at the end of spring and summer flows isCIm.mlte of the future, E.md given the chmate_ c_hange signal
; estimated by past studies, multi-decadal variations could po-
very dependent on the detrending step. As the trends ma

capture both the potential impact of GHG rise and internalklentially temporarily reverse the long-term effect of global

. R . . .. warming or strongly enhance the climate change signal, de-
multi-decadal variability in our short period of interest, it is . . . : ) .
difficult to reach strong conclusions for those stations. pending of its phasing. Note that as mentioned in the intro-

Moreover, the situation is complicated by the fact that it duction, a debate currently exists regarding the nature of the

is not impossible that sulfate aerosols have played a role iAMV' Ifthe AMV is not mainly a natural mode of variability
P play Booth et al., 2012), then there is no reason to expect it to

the multi-decadal variations of evapotranspiration in the sec- "~ . ) )
Co continue in the future climate in the absence of adequate ex-
ond half of the 20th century and the beginning of the 21st . . o . X
. ) . ternal forcing. Our interpretation is that the mainstream view
century (Douville et al., 2012; Teuling et al., 2009). Con- .~ : . o
. . . s still that the AMV is largely an internal mode of variability
trary to GHG, sulfate aerosols are associated with negativ:

anomalies in the surface radiation budget and therefore po?_Zhang etal., 2013).

tentially in evapotranspiration. Superposed to the monotonic

—-1.00-0.78-0.56-0.33-0.11 0,11 0.33 0,56 0.78 1,00 -1,00-0.78-0.56-0.33-0.11 0,11 0,33 0,56 0.78 1,00
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It might seem somewhat surprising that such strong multi-enized and we choose to use all available stations with long
decadal hydroclimatic variations across France, and espeseries to have the largest possible data set, even if some of
cially regarding river flows, have received little attention so them are known to be influenced by direct anthropogenic
far. The amplitude of multi-decadal variations is very season-effects. If direct anthropogenic influences or measurement
dependent, and often much larger in spring, especially forartefacts can artificially generate low-frequency variations
precipitation and temperature. Studies have often focuseth river flows locally, it is indeed unlikely for those artifi-
preferentially on winter and summer, with a major exception cial influences to be in phase over entire France. The large-
being Sutton and Dong (2012), who have already describedcale and very consistent signal that appears over France, es-
such multi-decadal variations in precipitation and temper-pecially in spring, suggests that the observed multi-decadal
ature over France during spring and discussed their linkriiver flow variations are generally robust. Consistently with
with the AMV. Multi-decadal variations in precipitation ex- this idea, multi-decadal variations are noted even when the
tremes in Europe, including France, have also been describeglauging stations with strong influences are excluded from the
(Willems, 2013a, b). Regarding rivers flows over France, toanalyses (Fig. 5).
the best of our knowledge, such large and widespread multi- Moreover, it has been shown that multi-decadal varia-
decadal variations have not been described before. The link8ons in spring river flows are strongly associated with multi-
between SST averaged in the North Atlantic (called AMO decadal variations in precipitation (and temperature) that
in those studies but probably best called the North Atlanticare themselves driven by large-scale atmospheric circulation.
SST (NASST) index as those studies do not specificallyHigh confidence can be attached to the existence of such
deal with multi-decadal variations) and river flows in France multi-decadal variations in precipitation; these variations are
have been studied by Oubeidillah et al. (2012) and Giuntolivery consistently seen in homogenized and unhomogenized
et al. (2013). Other than at a few gauging stations, Oubeidilprecipitation data, and independently in precipitation from
lah et al. (2012) report no significant relationships betweenthe 20CR reanalysis that does not assimilate precipitation ob-
NASST and river flows in the Adour-Garonne Basin. Giun- servations.
toli et al. (2013) show significant relationships between hy- The above are strong arguments to support the existence
drological drought severity at some gauging stations overof large multi-decadal river flow variations in spring, and
France and the NASST index. The stronger signal is seefry extension in annual means. The same points cannot be
in southwestern France (including in the Adour-Garonnemade for the other seasons. Multi-decadal variations in win-
Basin), with negative correlations, which is generally consis-ter, summer and autumn river flows are generally weaker, less
tent with what is seen in our study. A weaker signal is seen inspatially consistent and are not associated with strong sur-
northern France, with significant positive correlations there.face climate variations. Even if a plausible mechanism has
Equivalent positive correlations are not seen in our studybeen proposed as a potential cause of those multi-decadal
but several reasons for that may exist. First, the spatial samwvariations in summer, it has not been unambiguously demon-
pling in northern France of the long river flows series studiedstrated to be responsible for them.
here is especially poor. Second, the NASST index studied by Note also that as the SIM hydrological model does not
Giuntoli et al. (2013) includes both multi-decadal and inter- take into account direct anthropogenic effects (e.g. impact
annual variations, and it is therefore not clear to what extenbf dams or extraction of water for irrigation) and as simu-
the link between drought severity and NASST is impacted bylated flows are free of measurement errors, the consistency
interannual timescales. Finally, the fact that we do not look atbetween simulated and observed river flows during the pe-
the same variables (mean river flow versus drought severity)riod for which the hydrological simulation exists is also an
period and season may also play a role. element that gives confidence in the reality and in the cli-

The results described in this paper have some practicamatic causes of the variations seen in river flows, at least in
consequences. The existence of large multi-decadal varigthe simulated period.
tions in river flows has to be kept in mind when interpret-
ing the results of trend analyses. In order to maintain cor-
rect spatial sampling, trend analyses often have to rely on
relatively short time periods. Strong multi-decadal variations7 Conclusions
can seriously impact such short-term trends as noted by Han-
naford et al. (2013) and Giuntoli et al. (2013), and there-Multi-decadal variability in river flows over France in the in-
fore one has to remain cautious when attempting to attributestrumental period has been investigated. Multi-decadal vari-
short-term trends. From a more applied perspective, it is cleaations in observed river flows have been noted. In general,
that large multi-decadal variations in river flows may also those variations are clearly more important in spring (and, as
have some practical implications, for example regarding hy-a result, in annual means), and have been shown to be asso-
dropower production. ciated with multi-decadal variations in precipitation that are

Note that some important caveats apply to the results dethemselves driven by large-scale circulation. Those multi-
scribed in this article. River flow data used are not homog-decadal variations in large-scale circulation can likely be
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interpreted as an atmospheric response to the SST anomali@s the continental hydroclimate (Kavvada et al., 2013; or in

associated with the AMV. the climate variables necessary to statistically or dynamically
Although less important and less widespread than indownscale climate models to force hydrological models), this

spring, potential multi-decadal variations have also beerpoint needs to be further investigated.

noted in summer and winter for several stations. Those vari- Because the multi-decadal variations in French river flows

ations are not associated with specific large precipitation andire likely due to internal climate variability, and especially

temperature anomalies. It has been suggested that the sursince they are related to the AMV, one could hope to try to

mer variations could be associated with climate variationspredict those variations thanks to decadal climate predictions

in spring through soil moisture memory: lower precipitation (Goddard et al., 2013). However, the skill of current decadal

and greater evapotranspiration in spring would result in drierpredictions regarding continental variables such as precipita-

soils in summer, which would then lead to smaller river flows tion and temperature is generally limited even for small lead

in summer. Those results are, however, based on a hydrologtimes, but further work is also needed to better characterize

cal simulation, which is short in the context of multi-decadal the potential decadal predictability for river flows.

variability, and are therefore subject to caution. Note also
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