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Abstract 
This study was carried out under the aegis of the program Surface Water and 
Ocean Topography (SWOT) associated with the National Center of Space Stu-
dies (CNES). The future SWOT mission will offer new opportunities to survey 
the hydrodynamic in the rivers because it will provide data on the water level/ 
discharges with a high spatial resolution (oceans: 1 km, rivers: 100 m of width) 
and with a global cover. However, it is important to estimate the capacity of 
SWOT to reproduce the hydrodynamic phenomena in the estuaries and the 
temporal and the spatial variability of this dynamic. The aim of this paper is 1) 
to estimate the capacity of SWOT to reproduce the hydrological variability of 
watersheds, and 2) to validate the use of these data for other zone without hy-
drometric station. Based on discharge measurements and simulated Surface Wa-
ter and Ocean Topography (SWOT) data, we have investigated the hydrolog-
ical variability of the main French rivers (Seine, Loire, Garonne and Rhône) by 
applying a series of statistical analyses to the time series of the discharge. A fre-
quency analysis has been also used using a technique of wavelet. Results have 
shown a similar hydrological variability of the four watersheds. Three differ-
ent periods of hydrologic variability has been identified: before 1970, between 
1970 and 1990, and after 1990. Using these analyses, simulated SWOT samples 
and discharges were compared during the three studied periods. Simulated SWOT 
data, obtained by a synthetic sampling of river discharges basing on the number 
of measurements per repeat orbit, reproduce the hydrological variability of 
rivers. Such reproduction seems to be independent in the number of SWOT 
passages (from two to four), except for the minimum and maximum annual 
discharges where number of overpass seems to have an influence. These results 
were validated by coherence wavelet which underlines coherence higher than 90% 
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between simulated SWOT data and in-situ discharges. Nevertheless, good cor-
relation was not observed for the minimum and the maximum annual discharge 
with an underestimation for SWOT maximum annual and an overestimation of 
the minimum annual SWOT ones. Moreover, best identification of minimum, mean 
and maximum annual discharge depends on SWOT overpasses. 
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1. Introduction 

In the present context of intensification of global water cycle associated with cli-
mate warming [1] [2], hydrological systems and water resources are continuously 
affected. Assessing the potential impact of global climate change on hydrological 
variability becomes crucial, particularly in France, in order to comply with the most 
recent EU Water Framework Directive and to reduce the potential threats on the 
national water bodies. The large watersheds, which are integrators of climate change 
and heterogeneities of many parameters, represent good indicators for global change 
determination. 

Many studies at large global watersheds [3] [4] and at French watersheds [5] [6] 
have already been performed to characterize the hydrological variability of differ-
ent global rivers. These studies are usually based on in-situ discharge data. How-
ever it is also possible to perform it using satellite data [7] [8]. Recently, a new space 
mission called Surface Water and Ocean Topography (SWOT) is being developed 
jointly by a collaborative effort of the international oceanographic and hydrologi-
cal communities for making high-resolution measurement of the water elevation 
of both the ocean and land surface water to answer the questions about the ocea-
nic submesoscale processes and the storage and discharge of land surface water. 
The key instrument payload is a Ka-band radar interferometer capable of mak-
ing high-resolution wide swath altimetry measurement. Data, collected by Surface 
Water and Ocean Topography SWOT, will provide measure 2D water heights over 
a 120 km wide swath. This satellite allows obtaining water level for all lakes greater 
than 250 m2 and discharges for river of width of greater than 100 m [9]. Many stu-
dies about the error budget [10] [11] contribution in modeling are carried out to 
prepare the mission spatial [12] [13].  

This study was carried out in the framework of the program Surface Water 
and Ocean Topography (SWOT) which is a partnership between National Cen-
ter of Space Studies (CNES) and National Aeronautics and Space Administration 
(NASA).  

The present research focuses on two objectives. The first one is to investigate the 
hydrological variability in four watersheds of the French rivers using different sta-
tistical approaches and frequency analysis with the aim to define a long-term sim-
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ilar variability between the four watersheds (1959-2010). The discharge variabil-
ity is then compared to SWOT data simulation in order to define the capacity of 
the satellite to reproduce temporal hydrological variability. The study is divided 
into five parts. Following the introduction, SWOT mission is detailed in Section 
2. Then, Section 3 describes data and methods used to investigate the hydrologi-
cal variability. The Section 4 introduces the results and discussion. Finally, Sec-
tion 5 presents conclusions. 

2. Surface Water and Ocean Topography Mission 

The SWOT mission will provide high-resolution measurements of water surface 
elevations over the ocean and continental surface water bodies. The main satellite 
payload is the Ka-band Radar Interferometer (KaRIN), a wide swath radar inter-
ferometer. Two antennas separated by a 10 m boom will observe two ground swaths 
of 50 km on each side of the nadir separated by 20 km. The distance between the 
two swaths will be partially covered by the measurements from a nadir altimeter 
[13] [14]. The intrinsic pixel resolution will vary from 60 m (near range) to 10 m 
(far range) across-track and will be at best around 2 m along-track (however, this 
value is also dependent upon decorrelation time). The chosen orbit has a 890.5 
km altitude and 77.6˚ inclination, in order to observe almost all the continental 
surfaces. SWOT will measure water surface elevation for all lakes greater than 
250 m2 and rivers with widths greater than 50 - 100 m, with a vertical precision of 
at least 10 cm [14]. The satellite is currently planned to be launched in 2020. The 
nominal lifetime of the mission ranges approximately between 3 and 5 years. The 
first three months will be a calibration-validation period. After the initial three 
months, the remaining time during the mission will be undertaken with an orbit 
that meets the nominal science requirement to obtain a global coverage of the 
earth and that has a 21 days repeat. Number of observations change according to 
the localization of study domain per repeat period (21 days) for this orbit (890.5 
km).  

3. Data set and Methods 

The different hydrometric stations Montjean sur Loire, Poses, Beaucaire and Mas 
d’Agenais have been selected, as explored previously in [15], to investigate the 
hydrological variability of Loire, Seine, Rhone and Garonne rivers, at long term 
scales (Figure 1). Daily river discharge time series of Seine, Rhone and Loire 
rivers were extracted from the database of Banque Hydro  
[http://www.hydro.eaufrance.fr/selection.php (accessed 17 July 2013)]. Garonne 
data have been provided by Bordeaux harbor “Grand Port Maritime de Bordeaux”. 
Hydrometric stations have been selected according to two criteria: 1) the longest 
time series which requires measurements between 1959 and 2010; and 2) the short-
est distance between the studied station and the outlet, for river area not subject 
to tidal influence.  

The discharge data have been used to extract synthetically SWOT samples  
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Figure 1. The main French rivers and their hydrometric stations used for this study. 

 
Table 1. SWOT overpass at each location: Seine, Garonne, Loire and Rhone. 

Rivers Latitude Longitude Numbers of SWOT passages Temporal sampling intervals 

Seine 49.31 1.24 3 4.19  11.57  15.12 

Garonne 44.24 0.13 2 4.19  12.57 

Loire 47.23 0.51 4 1.63  4.19  15.12  20.5 

Rhone 13.48 4.39 3 0.63  2.18  20.50 

 
according to the number of overpasses per repeat cycle (21 days) and the selected 
orbit (890.5 km). The number of SWOT samples and the temporal sampling in-
tervals were calculated for each hydrometric station of its geographical coordi-
nates (Table 1). 

First, qualitative statistics (minimum, mean and maximum yearly values) have 
been applied to the discharge time series to quantify the variability of French rivers 
discharges.  

Then, trend analysis in discharge was realized using a local polynomial regres-
sion non-parametric algorithm (LOESS), proposed by [16] and developed by [17]. 
The locally weighted polynomial non-parametric fitting procedure is applied using 
three degrees of smoothing successively in decreasing order so as to emphasize both 
trend behavior and get a first approach of the main leading fluctuations in the se-
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ries. The three smoothing windows used span, respectively, 100%, 25% and 10% 
of the data. 

Finally, continuous wavelet (CWT) was used to decompose a signal on the ba-
sis of scaled and translated versions (daughter wavelets) of a reference wave func-
tion (mother wavelet). Here, CWT has been used in univariate mode aiming to 
identify more accurately the dominant modes of variability as spectral components 
and the time scales involved. For a more complete overview of CWT analysis and 
its application to hydrometeorological or climatic signals, the reader is referred to 
literature [15] [18] [19] [20]. 

4. Results and Discussion 
4.1. Characterization of the Hydrological Variability of the French 

River from the in Situ Measurements 

Using the methods presented previously, the discharge in the different French 
rives have been studied. Figure 2 presents the variations about the mean of each 
annual series of maximum, minimum and mean discharges. The values are not 
standardized, in order to preserve information on discharge. A LOESS smooth-
ing, also shown in the same figure, has been applied to time series (maximum, 
minimum and mean yearly discharges). The comparisons between the dis-
charges evolutions in time define five identical periods for all rivers: before 1970, 
between 1970 and 1980, between 1980 and 1990, between 1990 and 2000 and af-
ter 2000. 

For Seine River, as demonstrated by [6], a change from below-to above average 
values can be observed for the maximum, mean and minimum annual series, lo-
cated around the mid-1970s. Before 1970, the maximum annual discharges de-
crease where the mean and the minimum annual discharges show a slight increasing 
followed by a decreasing trend. Then, the general trend can described by an in-
creasing between 1970 and 1980, a decreasing between 1980 and 1990, an increas-
ing between 1990 and 2000 and decreasing after 2000. Similarly, Loire discharges 
illustrate a series of successive discontinuities (mid 1970s, 1980, 1990 and 2000), 
excepted before 1970 when the mean annual discharges increase. In the case of Ga-
ronne, before 1970, the maximum annual discharges decrease, the mean and the 
minimum annual discharges increase. Between 1970 and 1980, the maximum, the 
mean and the minimum annual discharges increase. Between 1980 and 1990, the 
maximum, the mean and the minimum annual discharges decrease. Between 1990 
and 2000, the maximum and the mean annual discharges increase, then decrease. 
After 2000, the maximum annual discharge increase and the mean annual discharges 
decrease. The minimum annual discharges keep a constant trend after 1990. Regard-
ing Rhone River, a decreasing trend was observed before 1970 which increases in 
1970-1980 and decreases in 1980-1990. Between 1990 and 2000, the maximum, 
the mean and the minimum annual discharges increase and then decrease after 
2000. 

According to these results, five periods with different hydrological variability  
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Figure 2. Annual discharge time series for French watersheds (from left to right: annual maximum, mean and minimum dis-
charge). LOESS smoothing (locally weighted polynomial fitting) is performed for each time series.  
 

can be defined showing four main discontinuities: 1970, 1980, 1990 and 2000. 
Following, LOESS smoothing was applied to daily time series of discharges. Dif-

ferent degrees of smoothing (100%, 25% and 10%) have been tested. Only, a 25%-span 
smoothing is presented in Figure 3 since similar results have been obtained with 
other smoothing degrees. This evolution highlights the presence of well-structured 
interannual fluctuations with increasing amplitudes at the end of the period of 
study.  
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Figure 3. Daily discharge in grey and 25%-span LOESS in black lines for 1959-2010. 

 
Then, the time variability of discharges has been deeply investigated using a 

frequency analysis of wavelet which is displayed in Figure 4. Here, the CWT 
show four modes of variability, statistically tested by Monte Carlo simulation 
against white noise (AR (1) = 0) with confidence level of 90%, as the following: 
1) 1 year band (annual hydrological cycle), 2) 2 - 4 year band in 1960s and 1970s 
detected only for Garonne and Rhone (this band present lower energy than oth-
er band), 3) 5 - 8 year band from 1980-1990s, except for Rhone where this mode 
is present during the full period of study, 4) 16 - 32 year band during the full 
time period except for Garonne where this mode appears since 1980. Similarities 
of the variability modes were detected for all studied basins, except the 2 - 4 year 
band which is only present at Garonne and Rhone for these time series (1959- 
2010). However, 2 - 4 year band is detectable for Seine and Loire despite this 
band is not significant (it is not represented by the black and white dotted line 
which indicates the modes of variability statistically tested at a confidence level 
of 90%). For the Seine discharges, this point is validated by [21] indicating 2 - 4 
year band between 1940 and 1970, for other time series (1940-2010). For all si-
milarities between watersheds, many discontinuities are observed: 1) 1960, 1970 
at Seine and Rhone, and 1990 at Loire, Garonne and Rhone for the 1 year mode, 
2) 1980s associated to the appearance at Loire, Seine and Garonne of the 5 - 8 
year band which is observed since 1960 at Rhone; while the 2 - 4 year mode dis-
appears at Rhone and Garonne. Some similarities in the frequency mode were 
emphasized, despite these small differences observed in French watersheds dis-
charges.  
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Figure 4. Wavelet analyzes of discharges of the Seine (a), the Garonne (b), the Loire (c) and the Rhone (d) (the 
black and white dotted line indicate the modes of variability statistically tested at a confidence level of 90%; the 
black line indicates the cone of influence; the white colour indicates the presence of mode of variability). 

 
Obtained results, using different approaches, show a similar hydrological va-

riability between the four studied French watersheds. Then, three periods are in-
dicated: 1) before 1970, 2) between 1970 and 1990, and 3) after 1990. These find-
ings are also confirmed by previous works. Indeed, two discontinuities in hydro-
logical time series has been detected by [22] which have concluded the occurrence 
of a step increase in discharge variability around 1970. [23] and [24] have studied 
79 rivers by wavelet analyses and have shown striking climate-related features be-
fore the 1950s and after the 1970s in mean annual discharges. [21] have demon-
strated discontinuities, in 1970s and 1990s, around 1970 and 1990 on both in the 
precipitation, discharge and piezometry of the Atlantic Ocean watersheds (NW 
France, N Africa, USA). 
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According to these analyses, three periods with different hydrological varia-
bility can be observed: 1) after 1970, 2) between 1970 and 1990 and 3) after 1990.  

4.2. Determination of the Hydrological Variability Observed by SWOT 

SWOT samples have been simulated during a series of time periods of 5 years. 
Three periods were selected (1965-1969, 1985-1989 and 2000-2004) and the me-
thods, used previously, were applied to sampled data in order to visualize influ-
ence of numbers of SWOT passages on hydrological variability restitution by 
SWOT. 

Initially, compared results of maximum, mean and minimum annual values were 
studied for 1965-1969, 1985-1989 and 2000-2004 period. Figure 5 represents the 
maximum, mean and minimum annual values for in-situ (black) and simulated 
SWOT (grey) data of the four watersheds and for three periods.  

Generally, variations of mean annual SWOT data are similar to those of dis-
charges. The annual maximum, mean and minimum discharge is tendency to 
decrease, except for annual minimum of Garonne and Loire for 1965-1969 pe-
riods. However, whatever tendency the ability of SWOT to it reproduces is well. 
However, the maximum and the minimum annual data were underestimated 
and overestimated, respectively (Figure 5). In order to quantify underestimation 
and overestimation, averages of under/overestimation are calculated for each 
river and for three periods (Table 2 and Table 3). For minimum annual data 
(Table 2), overestimation is more important to Rhone, where average of overes-
timation by SWOT is greater than 200 m3∙s−1. Average of overestimation by 
SWOT for Seine, Loire and Garonne River is less than 60 m3∙s−1. For maximum 
annual data (Table 3), underestimation is more important to Rhone, where av-
erage of underestimation by SWOT is between 717 m3∙s−1 and 3026 m3∙s−1. Av-
erage of underestimation by SWOT for Garonne is between 460 m3∙s−1 and 747 
m3∙s−1. For Loire, average of underestimation is between 203 m3∙s−1 and 332 
m3∙s−1. Average of underestimation by SWOT for Seine is less than 132 m3∙s−1. To 
conclude, SWOT seems less good restitute 1) maximum annual data for Rhone 
and Garonne, and 2) minimum annual data for Rhone. These over and underes-
timations for the maximum and the minimum annual SWOT data are due to 
probability that SWOT passages coincide with the maximum and the minimum 
of discharges.  

Underestimation and overestimation for the maximum and the minimum an-
nual SWOT data can be explained by the sampling effect. Figure 6 shows discharge 
in black and sampling SWOT data in grey circle indicating that the maximum 
and the minimum discharges are less sampled than other values. This point as-
sociated with high peak floods for Rhone and Garonne can explain the worst res-
titution for maximum annual SWOT data for both rivers. However, peak floods 
of Loire present also high value and minimum/maximum annual values are bet-
ter restituted by SWOT. Loire presents four passages of SWOT unlike other riv-
ers. It seems to appear a better restitution of maximum/minimum annual value  
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Table 2. Average of overestimation for minimum annual data by SWOT (m3∙s−1). 

 1965-1969 1985-1989 2000-2004 

Seine 32 65 60 

Garonne 14 10 8 

Loire 8 4 6 

Rhone 293 225 276 

 
Table 3. Average of underestimation for maximum annual data by SWOT (m3∙s−1). 

 1965-1969 1985-1989 2000-2004 

Seine 21 6 132 

Garonne 460 747 743 

Loire 203 332 274 

Rhone 717 1143 3026 

 

 
Figure 6. Daily discharge (black line) and simulated SWOT data (grey circle). 

https://doi.org/10.4236/gep.2017.513004


L. Chevalier et al. 
 

 

DOI: 10.4236/gep.2017.513004 65 Journal of Geoscience and Environment Protection 
 

by SWOT for higher number of SWOT passages. 
Secondly, different degrees of LOESS (100%, 25% and 10% of data) were stu-

died. The same results were obtained for different rivers. The results for only on 
Rhone River are presented in Figure 7 which shows a strong similarity of loess 
provided by in-situ discharges and simulated SWOT data. The same variation be-
tween both span-LOESS was also observed.  

SWOT can reproduce general trends of discharges. However, simulated SWOT 
data could not describe the maximum annual values and the peak flood events 
which are poorly shown. 

In frequency domain, wavelet analyses were performed (Figure 8) for discharge 
and simulated SWOT data of Rhone between 2000 and 2004. 

Figure 8 shows the same mode of variability for discharges in situ and simu-
lated SWOT data: 1) two year mode, 2) one year mode, 3) six months mode (cor-
responding at 0.5 years of the Figure 8) in 2001 and 2003, and 4) two-three months 
mode (corresponding at 0.125 and 0.25 years of the Figure 8) located in December 
and January of each year. One year mode corresponds to annual hydrological cycle, 
and six months mode corresponds to half of year mode. Six months mode is proba-
bly associated to annual hydrological cycle. The reconstruction in temporally in do-
main of two-three months mode, using inverse Fourier transform, confirms the 
presence of this mode in December and January (Figure 9). Indeed, the variabil-
ity is higher in December and January. 

In order to quantify the coherence between both variables, wavelet coherence 
is realized. Wavelet coherence is useful to determine the similar patterns of va-
riability between simulated SWOT data and discharge. The wavelet analyses  

 

 
Figure 7. Daily discharge and simulated SWOT data in grey (from top to bottom) and different degrees of LOESS in black lines 
(from left and right: 100%, 25% and 10% span LOESS) for Rhone for 2000-2004. 
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Figure 8. Wavelet analyzes of discharges and simulated SWOT data of Rhone, between 2000 and 2004 (the grey line indicate the 
modes of variability statistically tested at a confidence level of 90%; the black line indicates the cone of influence; the white colour 
indicates the presence of mode of variability). 
 

 
Figure 9. Reconstruction in temporal domain of two-three months mode, for Rhone, discharges (in black) and simulated SWOT 
data (in grey), between 2000 and 2004. 
 

Table 4. Coherence percentage obtained by wavelet analyses between the variability of 
discharge of the French watersheds and simulated SWOT observation, for three periods, 
between 0.125 and 4 years frequencies.  

 1965-1969 1985-1989 2000-2004 

Seine 99.50% 99.06% 99.38% 

Garonne 96.36% 98.44% 96.25% 

Loire 98.84% 99.02% 98.39% 

Rhone 95.75% 91.30% 94.73% 
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estimate the wavelet coherence of two time series objects with the Morlet wave-
let. Wavelet coherences indicate a strong coherence between the variability of 
discharge and simulated SWOT data: coherence higher than 90% (Table 4) for 
all watersheds.  

5. Conclusions 

This study focuses on the hydrological variability of four French watersheds (Seine, 
Loire, Garonne and Rhone) with different features basing on discharges (in situ 
measurements) and simulated SWOT data by the use of a series of statistical ana-
lyses. 

Time series and spectral analyses of in-situ data between 1959 and 2010 show 
same results between four watersheds. A high similarity of variability’s modes 
was found for the four stations, with: 1 year, 2 - 4 year, 5 - 8 year and 16 - 32 year 
modes. The coherence between the four basins was important ranging between 
73% and 92% for discharge during the period between 1959 and 2010. Moreover, 
three periods are identified: 1) before 1970, 2) between 1970 and 1990, and 3) after 
1990.  

These three periods were chosen for the simulation of SWOT samples which 
was released during three periods of 5 years: 1968-1969, 1985-1989 and 2000-2004. 
The comparison between in-situ discharge and simulated SWOT data has dem-
onstrated similar results showing a strong capacity of the satellite to reproduce 
the hydrological variability of rivers despite the number of SWOT passages. Further-
more, comparison shows that SWOT has difficulties to reproduce the minimum 
and the maximum annual: the minimum annual discharge is over-estimated and 
the maximum annual discharge is under-estimated. This discrepancy in estima-
tion seems to be more important for the rivers with high peak flood such as Rhone, 
Loire and Garonne. However, the river of Loire having four SWOT passages shows 
a good reproduction of maximum/minimum annual values by SWOT. Best identi-
fication of minimum, mean and maximum annual discharge depends on SWOT 
overpasses. Coherence wavelet indicates a correlation higher than 90% between 
both variables. The same modes of variability are detected by wavelet analyses: 
one year mode corresponding to annual hydrological cycle, six months mode as-
sociated to annual hydrological cycle, and two-three months mode correspond-
ing to annual flood period. 

This finding shows that satellite data provided by SWOT represents a useful step 
to characterize the variability of hydrological systems and water resources. This 
database can be an excellent alternative to study the evolution in rivers where the 
measurements are not available and for large spatial scales. However, care must 
be taken when using data for rivers with discharges at high peak floods.  
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