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Assessing the expression of large-scale climatic fluctuations in the hydrological
variability of daily Seine river flow (France) between 1950 and 2008
using Hilbert-Huang Transform

Nicolas Massei *, Matthieu Fournier

Continental and Coastal Morphodynamics Laboratory, UMR CNRS 6143, University of Rouen, 76821 Mont-Saint-Aignan cedex, France

Daily Seine river flow variability from 1950 to 2008 was analyzed and compared to the winter-months North-Atlantic Oscillation (NAO) using Hilbert-
Huang Transform (HHT). For the last 10 years, HHT has proven its efficiency for the analysis of transient oscillatory signals. HHT provides an interesting
alterna-tive to other techniques for time-frequency or time scale analysis of non-stationary signals. In this study we aimed at delineating the different
components characterizing daily flow of the Seine river, on the short-term, intra-seasonal, annual and interannual time scales and eventually interpret
them in the con-text of regional North-Atlantic climate regime fluctuations. HHT results highlighted the existence of similar scales of variability beard by
internal components of each NAO or river flow signal at interannual scales. Hypotheses on a possible link between the Madden-Julian Oscillation pattern
and intra-seasonal variability of river flow could be also proposed, which would highlight linkages between river flow var-iability and global climate
oscillations. Finally, all oscillating components were found to increase in amplitude in both climatic and hydrological signals in the end of the 1950-2008
period of study, with a first step in the late 1960s-early 1970s and a second step in the early 1990s, which demonstrated the capabilities of HHT to handle
non-stationarity of natural processes and to help interpreting hydrolog-ical variability in a context of climate changes.

1. Introduction

In a context of climate and environmental changes, studying
alterations of hydrological characteristics on the long-term scale
has become one major issue. Increasing knowledge is needed on
large-scale variations of hydrological variables and water cycle
parameters in order to assess their potential impact on water re-
sources availability and hydrologic hazards.

For the last 10 years, numerous studies investigated streamflow
variability in many different regions in the world, using various ap-
proaches. In the conterminous United States, McCabe and Wolock
(2002) investigated the temporal trends of streamflow variability
based on a compilation of 400 daily discharge records (i.e. 395 time
series) for watersheds relatively free of anthropogenic effects; they
reported a step increase in streamflow around the early 1970s.
Collins (2009) reached a similar conclusion of a clear change
around ~1970 in his study of streamflow based on watersheds of
the northeastern US. Labat et al. (2004) used wavelet analysis for
investigating the variability of global runoff including potential
links with climatic oscillations. In the same way, Massei et al.
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(2011) investigated the variability of streamflow in the Mississippi
river and its main tributaries and showed that it was characterized
by some significant scales of variability that could be more or less
directly inherited from climate oscillations observed through se-
lected climate indices. In the european area, Massei et al. (2007)
investigated the potential relationships between the North-Atlan-
tic Oscillation (NAO) at a daily time-step and daily precipitation
in northwestern France over the past decades, suggesting some
common variability scales and more importantly common charac-
teristic time periods of either high or low variability. Later on,
Massei et al. (2010) also highlighted the significant expression of
similar variability scales between winter-months NAO and daily
Seine river discharge, emphasizing on (and quantifying) the close
relation of flow interannual variability and climate fluctuations.
In a number of those works, spectral techniques, such as Fourier
spectral analyses and more recently during the past 10 years con-
tinuous and multiresolution wavelet analyses, have proven their
efficiency for investigating variability scales and scaling behavior
of hydrometeorological time series (Anctil and Coulibaly, 2004;
Labat, 2005; Massei et al., 2007): wavelet-based techniques -
either continuous or discrete - in particular, offered the possibility
to better characterize the complex modalities of variation inherent
to non-stationary processes. More recently, Huang et al. (1998)
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developed the so-called Hilbert-Huang Transform (HHT), an ap-
proach associating a newly developed multiresolution decomposi-
tion method named empirical mode decomposition (EMD), and the
Hilbert transform for detecting changes in the variability scales
across the signal analyzed. In Earth sciences, HHT has been already
applied in the field of atmospheric sciences, oceanography and
hydrological sciences (Peel and McMahon, 2006; McMahon et al.,
2007; Breaker et al., 2008; Sole et al., 2009; Franceschini and Tsai,
2010; Lee and Ouarda, 2010, 2011). One of the main flaw of EMD
consisted of mode mixing between separated components, i.e.
the distribution of the same scale of variability across several com-
ponents. Wu and Huang (2009) then proposed an improvement of
EMD called Ensemble EMD (EEMD) which proved much better
capabilities for extracting a limited number of physically meaning-
ful components of a signal. A synthesis on the principle, recent
methodological development and application of the Hilbert-Huang
Transform is provided in Huang and Wu (2008).

Huang et al. (2009) already investigated the scaling behavior of
Seine river flow and compared it to a small river in northern France,
the Wimereux river, using EMD and Hilbert Spectral Analysis (HSA).
These authors proposed a methodology for HSA based on the gener-
alization of the Hilbert marginal spectrum for arbitrary order mo-
ments and refined the analysis of the scaling behavior of the
Seine and Wimereux river using an extended-self-similarity
approach. They eventually concluded to a higher degree of multi-
fractality and smaller scaling exponent for the small watershed,
which they interpreted in terms of larger inertia of the bigger Seine
watershed.

In this paper we focus on the characterization of the climatic
determinism in Seine river flow by comparing its variability it to
that of the NAO index. We investigate the aptitude of HHT for char-
acterizing the variability, detecting singularities and changes in
daily Seine river flow (France) in relation with climate fluctuations
in the North Atlantic as described by the NAO index. We aim to
define what internal components can be detected and extracted
by the non-parametric, auto-adaptive and orthogonal EEMD in dai-
ly Seine river flow and annual NAO index, and assess the potential
links between changes in Seine flow variability and recent changes
in climate fluctuations thanks to EEMD and to the determination of
instantaneous frequency trajectories by Hilbert transform.

2. General principles of the Ensemble Empirical Mode
Decomposition and the Hilbert-Huang Transform

The Hilbert-Huang Transform is a non-stationary data process-
ing method developed by Huang et al. (1998) which combines the
so-called Empirical Mode Decomposition (EMD) multiresolution
analysis (and more specifically its improvement, i.e. EEMD/Ensem-
ble Empirical Mode Decomposition) and the Hilbert transform in
order to achieve a time-frequency analysis of a given signal. It basi-
cally stands in two steps: (1) the decomposition of the time series
considered in IMFs (Intrinsic Mode Functions) by an empirical mul-
tiresolution analysis technique called EMD (Empirical Mode
Decomposition), (2) the determination of the time-varying instan-
taneous frequency associated to each IMF by calculation of its
Hilbert transform in order to achieve a time-frequency visualiza-
tion of the signal amplitude through time. In this study we used
the EMD R package by Kim and Oh (2009), the HHT Matlab pro-
gram provided by Wu and Huang (2009), and we eventually imple-
mented the EEMD procedure in R.

2.1. The Empirical Mode Decomposition (EMD) and Ensemble EMD
(EEMD)

The basic principle of EMD consists in extracting the orthogonal
intrinsic oscillatory modes (the IMFs) constituting the signal x(t) to

be analyzed. Basically, an IMF is a function that satisfies two con-
ditions: (a) the number of extrema and the number of zero cross-
ings in the signal must either equal or differ at most by one, (b) at
any point, the mean value of the envelope defined by the local
maxima and the envelope defined by the local minima is zero.
Extraction of the IMFs is performed by an iterative procedure de-
fined as the sifting process. In practice, the sifting process consists
of the following steps repeated n times from k = 1 to n, n being the
total number of IMFs:

1. Identify the local extrema in the original signal x(t) to get an
upper and a lower envelope. These envelopes are actually
obtained by performing a cubic spline interpolation over the
successive maxima (upper envelope) or minima (lower enve-
lope) across the signal.

2. Compute the local mean value of the maxima and minima enve-
lopes, which gives a mean series m;(t) and subtract it from the
signal x(t), which gives a function hy(t). If hi(t) satisfies the
requirement (a) and (b) above, than h(t) is the first IMF imf;(t)
of the signal x(t). If hy(t) does not meet requirements (a) and (b),
the steps (1) and (2) are repeated with h,(t) instead of x(t) until
one function h{t) is eventually identified as the first IMF
imfi(t)=hy(t). Steps 1- and 2-may be repeated i times within each
step k in order to identify the kth IMF.

3. The first residual r1(t) resulting from the substraction of imf;(t)
from x(t) at k=1 is then passed through steps 1- and 2-itera-
tively until the last function hf-‘(t) computed cannot meet the
requirements (a) and (b): at this last step k =n, all the original
signal has been decomposed into n IMFs and a residue r(t)
(Eq. (1)).

x(t) = S imfi(©) 1 () 1)
k=1

The residue r(t) represents the trend existing in the signal x(t) and
is not parametrically defined unlike with polynomial fitting or
LOESS smoothing as utilized in Massei et al. (2010) on the same
data, for instance.

In order to avoid a distribution of the same scales amongst dif-
ferent IMFs as a result of intermittency in the original signal, that
may alter interpretation of the physical meaning of IMFs, Wu
and Huang (2009), inspired by works from Flandrin et al. (2004)
and Gledhill (2003), improved the EMD algorithm and developed
the so-called Ensemble Empirical Mode Decomposition (EEMD)
which consists of a noise-assisted data analysis method . Indeed,
Flandrin et al. (2004) and Wu and Huang (2004) showed that the
EMD method is effectively an adaptive dyadic filter bank when ap-
plied to white noise. In brief, the principle of EEMD relies of adding
noise in the original data, which provides a uniformly distributed
reference scale in the initial series and then cancel the problem
of intermittency in the decomposition via the EMD filter bank.
Added white noise is eventually removed by averaging on (taking
the ensemble mean of) the decomposed IMFs over a large number
of decompositions, each involving the original signal altered with a
different white noise each time (Wu and Huang, 2004, 2009). Up to
now, EEMD has been only used in a few amount climate/hydrolog-
ical studies such as Lee and Ouarda (2010, 2011).

2.2. Determination of instantaneous frequencies by Hilbert transform

One interest of the Hilbert-Huang Transform lies in the fact that
applying the Hilbert transform to the identified IMFs allows a time-
frequency representation of the energy associated to each IMF. It is
then possible to achieve an orthogonal decomposition of the
signal analyzed by EMD in a similar way as discrete wavelet



multiresolution analysis and to obtain a time-frequency diagram,
similarly as the time-scale diagram obtained by continuous wavelet
transform, by calculation of each IMF's Hilbert transform. A short
comparison between these different approaches will be given later
in the discussion section.

The Hilbert transform y(t) of a real-valued function x(t) is
defined as:

t):%P[xm%dr (2)

where P is the principal Cauchy value. The complex-valued analytic
signal s(t) associated to x(t) is:

s(t) = x(t) +1-y(t) 3)
or:
s(t) = a(t) - e (4)
with
a(t) = \/x(t)” +y(t)° (5)
and

_ X()
o(t) = arctan (y(t)) (6)
The so-called instantaneous frequency is defined as:

1 dp(b)
o) =5 4 (7)

Each IMF is then associated to an instantaneous frequency function
o(t). One eventually obtain a time-frequency-energy diagram for
each IMF that reads in a similar way as a continuous wavelet
spectrum.

3. Hydroclimatic data
3.1. Daily flow data of the Seine river watershed

The Seine river is 777 km in length and drains an area of about
78,650 km?. Its watershed is characterized by intensive agricul-
tural activities and by the presence the city of Paris. In its entirety,
the Seine river watershed gathers a little less than 30% of the
French total population (i.e. nearly 20,000,000 inhabitants). The
Seine river discharges into the English Channel near the city of Le
Havre through a megatidal estuary. As a result, flow assessment
is made virtually impossible at the very downstream part of the
river. On the other hand, data are available at Poses, a small town
upstream of the city of Rouen, more precisely at the level of the
Poses lock (dam), which is located 160 km upstream from the estu-
arine mouth and corresponds to the tidal limit of the Seine estuary.
Since 1941 the “Service de la navigation en Seine” (Seine naviga-
tion office) provides daily data of River flow measurements
achieved 1 km upstream of the lock (Fig. 1, top panel). Before
1995 estimation of the river flow was achieved once a day by mea-
suring the slope between Poses and the other upstream locks. This
technique was based on two rating curves for low and high river
flow conditions. The two curves were not totally recovering for riv-
er flow between 900 and 1000 m? s~. As a consequence this range
of river flow may have been slightly underestimated before 1955.
Since 1995 an ultrasound probe (one burst every 15 mn) provides
accurate river flow measurements. Overall between 1950 and
2008, daily Seine river flow is 445 m®s~! on average and its stan-
dard deviation is 329.6 m®>s~!. Over the 1950-2008 period of
study, flow ranged from 40 m> *1 up to nearly 2300 m>s~.
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Fig. 1. Daily Seine river flow time series (upper panel) and annual winter-months
NAO index (lower panel).

3.2. The North-Atlantic Oscillation

In Europe, the North-Atlantic Oscillation (NAO) reflects the main
fluctuations of climatic conditions (Hurrell and Van Loon, 1997). As
described by Hurrell et al. (2003), “The NAO refers to a redistribu-
tion of atmospheric mass between the Arctic and the subtropical
Atlantic, and swings from one phase to another produce large
changes in the mean wind speed and direction over the Atlantic,
the heat and moisture transport between the Atlantic and the
neighboring continents, and the intensity and number of storms,
their paths, and their weather. Agricultural harvests, water man-
agement, energy supply and demand, and yields from fisheries,
among many other things, are directly affected by the NAO”. The
NAO reflects the main fluctuation of climatic conditions in Europe
and also affects the eastern/northeastern coast of North America:
during positive NAO, these regions undergo wetter weather condi-
tions and conversely for negative NAO.

The relationships between NAO and both global and local weath-
er patterns such as precipitation and storm track activity (Rogers,
1997; Ulbrich et al., 1999; Mares et al., 2002; Keim et al., 2004),
but also ecosystems dynamics (Parsons and Lear, 2001; Greene
et al., 2003; Lomas and Bates, 2004), contaminant transport in the
atmosphere (Macdonald et al., 2005) are wide and complex. This
highlights the major interest of investigating the temporal varia-
tions of this climatic indicator, accurately detect their modalities
and confront them to the leading modes of hydrological characteris-
tics variations. Bradbury et al. (2002) studied the relationships
between monthly NAO and streamflow in New England (East coast
of the USA) and suggested that such relationships would be better
expressed in the lower frequency part of their respective spectra.
Kingston et al. (2007) underlined a probable positive relationship
between the NAO and New England streamflow, but at the same
time strongly suggested that further research would be needed to
get deeper insights into the complex NAO-streamflow link, which
appears definitely not straightforward according to these authors.
In this sense, some of our previous works highlighted the existence
of some potential links between NAO fluctuations and hyhydrolog-
ical signals in northwestern France: interannual patterns similar to
those that characterize NAO were detected in precipitation (Massei
etal., 2007; Fritier et al., 2010), streamflow of the Seine river (Massei
et al.,, 2010) and also in the variability of the Chalk aquifer ground-
water ressources (Slimani et al., 2009).

In the present study the annual winter-months NAO index avail-
able at http://www.cgd.ucar.edu/cas/jhurrell/indices.html was used
(Fig. 1, bottom panel), which is computed from the station-based sea
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level pressure (SLP) difference for winter months (December
through March:) between Lisbon, Portugal and Stykkisholmur/Rey-
kjavik, Iceland since 1864. SLP anomalies at each station is normal-
ized by dividing each seasonal mean pressure by the long-term
(1864-1983) mean standard deviation.

4. Determination of the leading scales of variability character-
izing daily Seine river flow variations from 1950 to 2008

4.1. Intrinsic components of daily Seine river flow and energy
distribution

EEMD of daily Seine river flow lead to the detection and extrac-
tion of 13 IMFs (or components) and a residue (Fig. 2). Some of these
components clearly highlight strong intermittency: for instance,
components C3-C6 are characterized by very localized peaks, and
component C6 is also affected by a relatively low variability roughly
between 1970 and 1980. One can notice that, contrary to what was
obtained by Huang et al. (2009) using EMD on the Seine river also,
the EEMD algorithm seems to actually act rather well as a dyadic
filter bank (Fig. 3): the evolution of mean frequency with IMFs
obeys a power law of the form

o(n) =y (8)

with y = 2.06.

The distribution of energy given by the various components of
Seine river daily flow obtained by HHT displayed a similar scaling
behavior when compared to a Fourier transform of the same signal
(Fig. 4). Various power law ranges of scale invariance show up both
on the Fourier spectrum and the HHT: (1) a short-term, lower than
7-day range, (2) from 7 days to intra-seasonal (~31 days), (3)
intra-seasonal scales to annual/sub-annual scales, (4) from an-
nual/sub-annual to pluridecadal scales. These different scale
ranges are separated by dashed lines in Fig. 4. One can notice the
very good accordance between the distribution of energy obtained
from HHT and the Fourier spectrum.

The first two scale ranges would correspond well to the response
of the Seine river watershed to synoptic events, obviously modu-
lated by the physiographical characteristics of the watershed. Con-
centration times on the Seine watershed range between 2 and
3 days for the very downstream part and around 13 days for the
most upstream sub-watersheds. A simple cross-correlation be-
tween mean daily precipitation on the watershed and flow gives a
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Fig. 2. EEMD of daily Seine river flow from 1950 to 2008.
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Fig. 3. Decreasing frequency with increasing order of the IMFs. The evolution of
mean frequency with IMFs obeys a power law of the form w(n)=y — n with y = 2.06,
showing that the EEMD algorithm acts as a dyadic filter bank.
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Fig. 4. Fourier energy spectrum (black solid line) and Hilbert Spectrum based on
EEMD of daily Seine river flow. Dotted vertical lines indicate the detected range of
scale invariance.

reasonable idea of the average flood following precipitation at a
daily scale (Fig. 5): it indicates a peak time of ~9 days and a peak
duration of less than 50 days. Time scales lower than 7 days would
then correspond to the most rapid increase in streamflow moni-
tored, i.e. probably linked to the most downstream, higher concen-
tration time parts of the Seine watershed. These most rapid events
then represent flow resulting almost directly from precipitation.
The longer 7-31-day scales, on the other hand, would be related
to the response of longer concentration time parts of the watershed.
Flow variability within this range of time scales would strongly
reflect the physically-modulated response of the watershed.

Between 31 days and ~100 days, another range of time scales
shows up. The HHT spectrum clearly indicates that power in this
range is gathered within components 4 and 5, i.e. around time
scales of ~33 and ~66 days respectively. These time scales seem
too long to be associated to synoptic activity; their expression in
Seine river flow as a distinct range of scale invariance would rather
represent intra-seasonal variations, possibly related to more global
climate fluctuations as suggested in Huang et al. (2009) for the
same river.

Beyond time scales superior to ~100 days, components C6 and
C7 correspond to the annual cyclicity and its semi-annual harmonic
(respectively ~359 days and ~149 days on average), whereas at
interannual scales, components C8 to C13 would indicate fluctua-
tions linked to the oscillations of global climate as it could be



0
o

-
c
L
Qo
=
1}
o
o
c
.2
=
©
]
bl
=
Q
o
7
")
7]
o
2
O

I I I [ I I I
0 50 100 150 200 250 300

lag (d)

Fig. 5. Cross-correlation function between daily mean precipitation averaged over
the Seine watershed and daily river discharge.

demonstrated by Massei et al. (2010). Once all IMFs have been de-
tected, a residue indicates a slight, monotonous increase of flow.

4.2. Instantaneous frequency trajectories of the IMFs for characterizing
non-stationarity of Seine river flow

The Hilbert-Huang Transform applied to each component pro-
vide information of the temporal changes in variance or amplitude

at each time scale determined, which can be visualized by plotting
the instantaneous frequency trajectory associated to each IMF
(Fig. 6). On these plots, for reading convenience the y-axis actually
indicates, the natural logarithm of instantaneous period (that is,
log[1/w(t)]) in years instead of instantaneous frequency, which
means that ordinate O is 1 year on the figure; the color scale indi-
cates the distribution of amplitude (in cubic meters per second)
with time and frequency for each component. Several main conclu-
sions can be drawn from these results:

- For the highest frequency components C1 and C2 (correspond-
ing to scales ~4 and ~7 days), increasing amplitudes are visible
from ~1990 to 2008.

- The annual cycle (component C7) is well detected, concentrat-
ing amplitudes around ~359 days on average. Higher ampli-
tudes (of the order of 400-500m>s~') are identified very
localized in time: for instance, around 1980, in the mid-90s
and the very beginning of the 2000s.

- Interannual component C10 around 7.48 years is affected as
well by an increase in amplitude from the late 80s-early 90s
up to 2008. Component C10 corresponds to flow rates ranging
from ~125 m>s~! to 200 m> s~ ! between 1990 and 2008. Such
an increase is non-negligible, recalling here that mean Seine
river flow is 445 m>®s~! and standard deviation is 329.6 m>s~!
during this period. This also the case for the C11 component
(~13.69 years), with amplitudes around 20 m? s~! before 1970
reaching ~80-100 m® s~! afterward.
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Fig. 6. Instantaneous frequency trajectories from Hilbert-Huang Transform (HHT) applied to each component (IMF) of daily Seine river flow extracted from EEMD. The color

scale indicates amplitudes expressed in m>s~1.



- Singularities are detected in the form of abrupt changes in the As a methodological parenthesis, it is informative at this stage
instantaneous period, for instance around the mid-1970s for to compare the instantaneous frequency trajectories obtained from

C8, (9, C10. EMD (Fig. 7) to those used here subsequently to EEMD (Fig. 6).
Although, fortunately, the main characteristics are recovered,
For all components but two (the C8 and C9 of mean period mode mixing consecutively to EMD is clearly visible in a number
respectively equal to 1.57 and 3.42 years), the calculated ampli- of cases, that can substantially alter the interpretation of any phys-
tudes are increasing through time as indicated by a simple trend ical meaning of the IMFs: for instance, the distribution of ampli-
analysis using linear regression on the data (Table 1). tudes in component C1 is much less concentrated around the
Table 1
Mean period, amplitude and linear regression trend test for each IMF (= component) of daily Seine river flow.
Mean period Mean amplitude (m?s~1) Slope (m®s~ ! year™') F p-value
1 ~4d 25 0.26 1178.10 <2.2e-16
1 ~7d 20 0.16 550.80 <2.2e-16
C3 ~15d 35 0.36 351.64 <2.2e-16
C4 ~33d 62 0.54 348.31 <2.2e-16
c5 ~66d 80 0.38 146.24 <2.2e-16
C6 ~149d 98 0.39 179.59 <2.2e-16
c7 ~359d 242 1.1 652.90 <2.2e-16
c8 ~1.57 years 94 -08 1771.60 <2.2e-16
c9 ~3.42 years 85 -06 2205.30 <2.2e-16
C10 ~7.48 years 93 22 38266.00 <2.2e-16
c11 ~13.69 years 65 0.97 9750.50 <2.2e-16
C12 ~27.65 years 11 0.08 2241.70 <2.2e-16
C13 ~58.5 years 11 0.008 284.92 <2.2e-16
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Fig. 7. Instantaneous frequency trajectories from Hilbert-Huang Transform (HHT) applied to each component (IMF) of daily Seine river flow extracted from EMD instead of
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Fig. 8. Temporal distribution of amplitudes for the first three components of daily Seine river flow. Amplitudes increase significantly since the mid-1970s and seem
modulated by an interannual scale of variability, leading to a pseudo-periodicity of the short-term amplitudes.

mean period of 4 days, and the annual cycle is distributed over
three components (C7, C8, C9).

The increasing amplitudes in the end of the 1950-2008 period
of study for the short-term components C1, C2 and C3 deserve a
closer investigation. For all three components, there is a clear in-
crease from the beginning of the 1970s. These short-term scales
inferior to 15 days represent the fastest response of the watershed
to precipitation as illustrated by the precipitation/river flow cross-
correlation (Fig. 5). We analyzed the temporal distribution of
amplitudes for components C1, C2 and C3 using local polynomial
regression (LOESS algorithm) in order to investigate the variability
in the short term (Fig. 8). In some previous works, Massei et al.
(2011) emphasized a longer-term control on the evolution of
short-term flow events of Mississippi river flow using the same
approach. Here, smoothing over 20% of those noisy data actually
revealed the existence of lower frequency structures controlling
the variability of these components at interannual scales of about
6-8 years, which would in fact correspond rather well to an ampli-
tude modulation by the C10 ~7.48 year component. The intensity
of short-term events in daily flow would then also be clearly con-
trolled by interannual processes.

5. Hypotheses on a climatic control on daily flow variability of
the Seine river

On interannual scales, Massei et al. (2010) already suggested a
possible link between daily Seine river flow and NAO variability
based on the comparison of their continuous wavelet transforms.
Here we propose a characterization of NAO variability using
EEMD/HHT applied to the winter-month annual NAO index time
series from 1864 to 2008. The EEMD multiresolution decomposi-
tion leaded to six components and a residue (Fig. 9), on which
HHT was applied in order to determine the corresponding charac-
teristic time scale. The resulting Hilbert-Huang spectra display the
instantaneous frequency trajectories associated to each IMF ex-
tracted (Fig. 10): the mean periods calculated for components
C1-C6 are respectively 2.67, 5.88, 13.33, 30.77, 76.92 and
133.33 years (the latter corresponding to the length of the series).
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Fig. 9. EEMD of the winter-months annual NAO index time series from 1865 to
2008.

Four of these six components (C’2-C’5) are characterized by a sig-
nificant increase in amplitude after approximately 1960 (Fig. 10).

Following these results, some NAO components appear to vary
according to approximately the same time scale as Seine river flow.
A graphical comparison illustrates those variations (Fig. 11):

1. Components C10 (~7.48 years in Seine flow over 1950-2008)
and C2 (~5.88 years in NAO over 1865-2008) display striking
similarities (Fig. 11a). Positive NAO anomalies at this scale cor-
respond well to flow excess, which is in accordance with the
expected physical impact of NAO in the northern european
region. Although Massei et al. (2010) also reached the same
result using continuous wavelet transform and reconstruction,
EEMD definitely proved here to perform much better. NAO
and Seine flow variations do not match during the 1970s, which
was also highlighted by Massei et al. (2010): this period is
known worldwide as one major climate shift in the North Atlan-
tic, closely linked to a change in the thermohaline circulation in
the Atlantic (Dima and Lohmann, 2010) and that strongly
impacted ecosystems at the global scale (Alexander et al.,
2008; Alheit and Niquen, 2004; Daskalov, 2003; Dickson and
Osterhus, 2007; Serreze et al., 2000).



2. Components C11/C'3 (~13-14 years), on the other hand, seem
to vary almost out of phase (Fig. 11b). This result had also been
highlighted through the comparison of NAO and precipitation
in the Seine river watershed by wavelet coherence (Fritier
et al., 2010). On such a time scale, it would then appear that
positive NAO would not lead to wetter than usual conditions
in this area as usually expected in northern european regions.
As a matter of fact, the impact of NAO is not very distinctive
in northern France, which is a transition zone with respect to
this climate pattern.

3. Components C12/C'4 (~27-30 years) also seem to vary out of
phase (Fig. 11c). This characteristics is much less clear, how-
ever, between approximately 1980 and 1990. In Seine river
flow, this component has a significantly lower amplitude com-
pared to the previous ones (C11 and C10).

The residue of EEMD applied to Seine river flow enlighted the
presence of a trend in the daily flow time series. This trend delin-
eates a progressive change from below- to above-average values of
flow and its significance is not easy to interpret as is. However,
comparison with the C'5 of NAO (mean period ~76.92 years) en-
light a similar temporal evolution, with an increase starting in
the early 1970s and a zero-crossing in the vicinity of the early
1980s (Fig. 11d). This would strongly suggest that the trend esti-
mated in daily Seine river flow over the period 1950-2008 could
be actually linked to a larger scale NAO fluctuation, hence denoting
a reversible phenomenon.

In their analysis of Seine river flow on a time period (1976-2008)
shorter than used in the current study (1950-2008), Huang et al.
(2009) identified a range of scale invariance between 4.5 days and
60 days in the Seine river Fourier spectrum, i.e. between synoptic
and intra-seasonal scales. According to the 60 days upper limit,
these authors suggested a possible relation between Seine river
flow and the Madden-Julian Oscillation (M]O), since the MJO wave
packet propagates eastwards around the globe with a typical 30-
70-day cycle as recalled by Cassou (2008). Although the M]JO is
rather known to have an influence on the East and West Pacific
coast climate, Cassou (2008) demonstrated that the MJO would
partly control the distribution of the four daily weather regimes
defined over the North Atlantic-European region in winter (i.e.
the so-called NAO+, NAO—, Atlantic ridge and Scandinavian block-
ing), and would even more particularly affect the two daily NAO+
and NAO- regimes. In the results presented here, the Fourier spec-
trum of daily Seine flow would display two distinct scale ranges on
both sides of ~31 days, which would be confirmed by the distribu-
tion of energy given by the HHT spectrum (Fig. 4). The scale range
encompassed by components C4 (33 days) and C5 (66 days) would
then possibly correspond to the 30-70-day typical scale of
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Fig. 11. Comparison between daily flow and winter-months NAO interannual
components obtained from EEMD. The lower panel represents the Seine river flow
EEMD residue (black line) and the ~77-years long-term component of NAO.

variability of MJO through NAO, more especially as we previously
provided some evidence of a potential link between NAO and Seine
flow variability. Note that using EMD instead of EEMD did not al-
lowed identification of components at these time scales (Fig. 7).
Grouping internal components following the interpretations ex-
posed above eventually lead to a separation of the Seine flow
1950-2008 hydrograph as displayed in Fig. 12, where one can dis-
tinguish an intra-seasonal variability possibly related to the Mad-
den-Julian Oscillation, an annual/semi-annual component, and
some interannual variability linked NAO. MJO and NAO-like fluctu-
ations in Seine river flow would reflect the imprint, not only of
North-Atlantic but also global climate oscillations in hydrological
processes. It is also readily visible in Fig. 12 that the 1970s period,
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Fig. 10. Instantaneous frequency trajectories from Hilbert-Huang Transform (HHT) applied to each component (IMF) of winter-months NAO extracted from EEMD. The color

scale indicates normalized unit of the NAO index.
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Fig. 12. Synthesis of intra-seasonal, annual/semi-annual, interannual components and trend of Seine river flow. The upper panel displays intra-seasonal components of
~33 days and ~66 days that might be related to the expression of the Madden-Julian Oscillation. The middle panel represents the annual and semi-annual variability. The
lower panel shows the interannual the sum of components C10 (~7.48 years), C11 (~13.69 years), C12 (~2765 years) and the residue of EEMD of daily Seine river flow,

grouped according to their similarity with NAO components.

corresponding to one abrupt climate shift at the global scale, is a
period of low amplitudes in river flow at all time scales. In addition,
this 1970s period marks the transition to a higher variability in riv-
er flow studied as emphasized by increasing amplitudes of interan-
nual components on instantaneous frequency trajectories (Fig. 6),
in agreement with changes in NAO (Fig. 10).

6. Conclusion

In this study, we investigated the capability of EEMD to detect
physically meaningful internal components explaining the vari-
ability of daily flow in a regional-scale watershed in the northern
half of France. Indeed, previous investigations of time-scale hydro-
logical variations of Seine flow using continuous wavelet transform
provided reference for comparing the results obtained in this
study.

EEMD revealed to act as a dyadic filter bank. Comparison of the
Hilbert spectrum resulting from Hilbert-Huang Transform applied
to each identified IMF with a Fourier energy spectrum of Seine
river flow highlighted the same type of scaling behavior, with a
multifractal behavior associated to different ranges of scale invari-
ance. However, compared to the Fourier approach, HHT allowed
concentrating the energy of the hydrological process analyzed on
well-defined components (= IMF), each related to a specific time
scale. The analysis of instantaneous frequency trajectories of each
component revealed for most of them a significant increase in
amplitude.

Conducting the same approach for the analysis of annual winter-
months NAO variability for the period 1865-2008) leaded to the
identification of components that displayed some similar charac-
teristics as those of river flow in terms of time scale of variability
and non-stationarity, with increasing amplitudes starting from
the 1970s. According to these, it was possible to suggest reasonable
hypotheses on the expression of region (i.e. North-Atlantic) to
global climate fluctuations in hydrology of the Seine river, involving
the NAO pattern in particular. This is also consistent with some pre-
vious results obtained using wavelet approaches, although EEMD/
HHT proved to perform much better for detecting characteristic

scales of variability, singularities and changes in variance. In addi-
tion, we also suggest that the intra-seasonal variability of Seine riv-
er flow could be linked to the Madden-Julian Oscillation, inasmuch
as (1) EEMD allowed detection of flow components which varied on
the same typical time scale as MJO (i.e. a scale range between
~33 days and ~66 days), (2) the recent literature gave evidence of
a connection between MJO and NAO.

A trend in Seine flow is detected as a residue of EEMD which
appears non-negligible over the period 1950-2008: according to
this trend, river flow would increase by ~150m>s~' between
1950 and 2008. However, this trend was also found to match ade-
quately a longer-term (~76.92 years) component of NAO variabil-
ity, denoting a reversible phenomenon. However, the increasing
variability determined by EEMD/HHT for both river flow and
NAO since ~1970, along with another in the early 1990s, seems,
according to the changes in NAO variability since 1865, to be a re-
cent phenomenon possibly related to recent climate change.
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