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Abstract Spatial variability of surface suspended particulate matter (SPM) concentration in the Gironde
estuary and their relationships with environmental forcing are investigated through high spatial
resolution multispectral data collected from July 2013 to August 2018 by the Operational Land Imager
(Landsat‐8/OLI) and MultiSpectral Instrument (Sentinel‐2/MSI). A principal component analysis using
the T‐mode orientation is applied to the discontinuous multiannual time series composed of 41 remotely
sensed images. The three first principal components (PC1, PC2, and PC3) explain 65.7% of the total
variance. The SPM distribution associated with PC1 and PC2 exhibits a privileged along‐estuary direction
of the oscillation modes, while the spatial patterns of PC3 are clearly dominated by lateral oscillations
opposing channels and shoals. The main environmental factors affecting the SPM distribution are
identified by the analysis of their temporal patterns. The tidal range and the daily river discharge control
the spatial patterns of PC1 and PC2, while the tidal cycles and the wind speed are significantly
correlated with PC3. Furthermore, the analysis in the along‐estuary and lateral directions shows marked
longitudinal and transverse SPM gradients and a strong control of bathymetry on the SPM spatial
distribution. For the first time, we highlight that the maxima of surface residual turbidity are located on
the shoals regardless of the environmental (tidal and hydrological) conditions. Compared to previous
studies, usually based on single‐point in‐water column measurements, these results provide a novel and
complementary description of the spatial variability of SPM. They are useful to validate sediment
transport numerical models, but also may improve our understanding of suspended sediment dynamics
in estuarine systems governed by an estuarine turbidity maximum.

Plain Language Summary Suspended sediments trapped in estuaries form a so‐called estuarine
turbidity maximum, which is of primary importance on many levels. By settling through the water
column, suspended sediments induce bed sedimentation and changes in estuarine morphology. They also
play a key role on water quality. They reduce the water transparency, limiting primary production, and
eventually adsorb organic matter, bacteria, and pollutants. This study provides a statistical analysis of
surficial suspended sediment concentration in the Gironde estuary, retrieved from 41 high resolution
multispectral satellite images acquired between 2013 and 2018. For the first time, recurrent spatial
patterns of suspended particles are described, quantified and statistically related to tidal range, daily river
discharge, water depth, and wind speed. Results reveal the strong control of bathymetry on the surface
concentration and show that maximum surface turbidity signals are located on shoals regardless of
environmental conditions. Compared to previous studies, these results provide a novel and
complementary description of the spatial variability of suspended particulate matter. Furthermore, they
highlight that high resolution images are useful to validate sediment transport numerical models, but
also improve understanding of suspended sediment dynamics in estuarine systems governed by an
estuarine turbidity maximum.

1. Introduction

Morphodynamics, bio‐geochemical cycles, and community ecology of estuaries and surrounding coastal
environments are directly controlled by suspended sediment concentration and vertical sediment fluxes
(Etcheber et al., 2007; Talke et al., 2009; Turner & Millward, 2002). Improving our understanding of fine
sediment dynamics can be partly addressed by the characterization of the spatio‐ temporal distribution of
the concentration of suspended particulate matter (SPM; Jay et al., 2015; Hudson et al., 2016), which are
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the result of complex transport, deposition, and erosion processes (Dyer, 1988). However, the modes of varia-
bility of SPM show a high complexity, particularly in macrotidal systems dominated by estuarine turbidity
maximum (ETM) zones. Their spatial and temporal components are associated with a large range of scales,
from centimeters to kilometers and from second to years, respectively, which are related to the 3‐D estuarine
morphology (Grasso & Le Hir, 2019) and environmental forcing such as tide, river discharge, wind, and tur-
bulence (Jalón‐Rojas et al., 2017; Uncles et al., 2006). Observing and analyzing all the components of the
SPM variability signal remain a major technical and methodological challenge (Jay et al., 2015).

The scientific literature allows to infer that at least two complementary observation systems are required to
extensively record the spatio‐temporal variability of SPM. Continuous long‐term in situ monitoring pro-
grams provide high frequency data time series in a single‐ or multi‐points of the estuary (Druine et al.,
2018; Garel et al., 2009; Jalón‐Rojas et al., 2015; Jalón‐Rojas et al., 2016; Mitchell et al., 2012; Sottolichio
et al., 2011). These data enable to investigate the variability of the turbidity over the different time scales
using spectral decomposition techniques (French et al., 2008; Jalón‐Rojas et al., 2017; Schoellhamer,
2002). However, extrapolation of results to the whole system is hazardous because of possible local effects
related to the bathymetry (Ralston et al., 2012) and the difficulty to discriminate vertical mixing processes
from horizontal advection (Hudson et al., 2016). Water color remote sensing missions provide long‐term
data time series at a lower time frequency (from few days to few weeks) but with a spatial coverage and
resolution relevant to record the large range of spatial scales characteristic of estuarine environments
(Gernez et al., 2015).

These last years, the ocean color data of the medium spatial resolution multispectral missions, Moderate
Resolution Imaging Spectroradiometer (MODIS) and Medium‐Resolution Imaging Spectrometer (MERIS),
have been extensively used to analyze the variability of the surface SPM in turbid coastal environments, such
as estuaries and deltas (Dogliotti et al., 2016; Doxaran et al., 2009; Feng et al., 2014; Hudson et al., 2016;
Loisel et al., 2014; Shi et al., 2011). The statistical analyzes of the SPM variability were predominantly con-
ducted from twomain approaches. Climatological analyses based on a segmentation of the dataset by season
or environmental forcing allow to characterize the average spatial distributions of SPM (Dogliotti et al., 2016;
Hudson et al., 2016; Shi et al., 2011). The S‐mode spectral decomposition identifies recurrent temporal pat-
terns over space (Loisel et al., 2014) and quantify their statistical contribution to the total variance. These
approachesmainly address the temporal variability of SPM but do not allow to statistically examine themain
recurrent spatial patterns. Further, medium resolution data strongly limit the capability to investigate the
spatio‐temporal variability of SPM in the vicinity of bathymetric transition areas which play a major role
on the distribution of sediment transport and trapping (Ralston et al., 2012). The launch in recent years of
high spatial resolution sensors (HRS) on board Landsat‐8 for the Operational Land Imager (OLI) and
Sentinel‐2 for the MultisSpectral Instrument (MSI) provide high‐quality water color data (Pahlevan,
Sarkar, et al., 2017; Pahlevan, Schott, et al., 2017; Zhu et al., 2019) relevant to analyze the SPM variability
at small (O~10 m) to large (O~105 m) spatial scales (Caballero et al., 2018; Novoa et al., 2017; Qiu et al.,
2016; Zhang et al., 2014).

The main objective of this study is to explore the high potential of HRS in order to statistically quantify the
spatial variability of surface SPM in a complex estuarine environment. First, a principal component analysis
using the T‐mode orientation is carried out using a discontinuous multiannual time series composed of 41
OLI and MSI images collected from July 2013 to August 2018 in order to identify the main spatial patterns
and to quantify the contribution of each environmental forcing. Then, a descriptive analysis of SPM is
conducted to characterize main patterns of turbidity at decametric‐to‐kilometric scales.

2. Study Site
2.1. Physical Settings

The study site is the whole Gironde fluvio‐estuarine system (FES), which is composed of the Gironde Estuary
and the lower tidal portions of the Garonne and Dordogne rivers. Arbitrary limits have been chosen for this
study, Bordeaux for the Garonne portion and Libourne for the Dordogne portion. The Gironde FES is located
on the French Atlantic Coast (44°40′N to 45°40′N; 1°10′W to 0°0′E). It is the largest estuary of the Western
Europe with a length of 75 km and a total surface of 635 km2 (Figure 1a). The Gironde FES is a prototype of
funnel‐shaped system, where width increases exponentially in a seaward direction, from 3.2 km at the
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confluence between the Garonne and Dordogne rivers to 11 km in the lower reaches (Ross
& Sottolichio, 2016).

Between 2000 and 2018, daily freshwater discharges were comprised between 50 and 2,500 m3/s for the
Garonne River and from 20 to 1,600 m3/s for the Dordogne River, with the highest values in January to
March and the smallest in August to September. (http://hydro.eaufrance.fr/). On average, 66% of the total
freshwater inputs into the estuary are supplied by the Garonne River and 34% by the Dordogne River.

The morphology of the Gironde Estuary consists of a main (western) and secondary (eastern) channels sepa-
rated by elongated sand bars and shoals in the lower area (Figure 1b) and by small islands in the mid‐reaches
of the estuary (Figure 1c). The western channel is used for navigation and has a mean depth of 9 m, artifi-
cially maintained by dredging, while the eastern channel has a depth of 7m and evolves naturally. The depth
can reach 20 m near the mouth (Sottolichio & Castaing, 1999). The morphology becomes simpler in the flu-
vial part of the system, featuring a broad channel and narrow shoals (Figure 1d).

In the Gironde FES, the tide is mainly semidiurnal with amplitudes ranging from 2.5 to 5 m at the mouth
(Allen et al., 1974), classifying the estuary as macrotidal. The tide propagates up to the Garonne and the
Dordogne Rivers along a distance of about 100 km upstream the confluence, before being completely
damped by friction in both rivers. During its propagation along the estuary, the tide becomes asymmetric,
and is characterized by a shorter flood and a longer ebb. For example, 4 hr and 8 hr 25 min are recorded
for flood and ebb, respectively, in Bordeaux (Ross & Sottolichio, 2016). In addition, the tidal range increases
regularly in the upstream direction. At spring tides, tidal range is about 5 m at the mouth and 6 m in
Bordeaux, the maximum range being measured at 130 km from the mouth (Bonneton et al., 2015).

Figure 1. (a) Location of the Gironde fluvio‐estuarine system (in the red box) and (b) bathymetry of lower area (from the
mouth to Pauillac), (c) mid‐reaches (from Pauillac to the confluence of the Garonne and Dordogne rivers, located at
Bec d'Ambès), and (d) upper area (tidal portion of the Garonne and Dordogne rivers). The solid and dotted lines represent
two longitudinal transects associated with themain channel and central shoal, respectively. The shaded boxes (from 1 to 7)
represent different subareas used to generate average cross‐sectional transects.
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The aforementioned estuarine morphology and tide propagation are in permanent interaction. At the scale
of the last 60 years, the general morphology has experienced continuous but weak trends of progressive
infilling due to the natural siltation (Sottolichio et al., 2013). This lead to tidal amplification in the
Dordogne and Garonne rivers, where the average tidal range increased for almost 80 cm between 1953
and 2014 (Jalón‐Rojas et al., 2018). However, the main morphological features of the lower estuary (position
of channels, banks and shoals) remained unchanged in the long term. At the scale of the 5 years covered by
this study, the comparison of bathymetry charts and tidal records of 2013 and 2018 did not reveal any signif-
icant evolution. In particular, the tide curves and tidal range show same patterns in both years, meaning that
tidal hydrodynamics did not change during this period.

2.2. Sediment Dynamics

In the Gironde FES, sediment dynamics are the result of the interaction between tides, river flow and mor-
phology. A main feature is the existence of a highly concentrated ETM composed of silts and clays (Castaing
et al., 1984), whichmotivates to focus this study in this specific system.Within the ETM, SPM concentrations
often are over 1,000 g/m3 in surface waters and can reach 10,000 g/m3 near the bottom (Saari et al., 2010;
Sottolichio et al., 2011). The main sources of fine sediment to the estuary are the watershed of the
Garonne and the Dordogne rivers. They carry an average annual SPM flux comprised between 1.106 and
4.106 tons for the Garonne river, and less than 0.4.106 tons for the Dordogne river (Coynel, 2005; Coynel
et al., 2018).

In the estuary, river‐derived SPM is submitted to erosion‐deposition cycles drivenmainly by tidal currents, at
the scale of the semi‐diurnal tidal cycle. This is the primary mechanism causing SPM variability in the water
column. Asymmetry of the tidal wave induces the inequality between flood and ebb currents, leading to the
well‐known tidal pumping mechanism (Allen et al., 1980). This results on the trapping of mud in the estu-
ary, which is recognized to be the main mechanism forming the ETM in the Gironde estuary (Allen et al.,
1980; Sottolichio et al., 2000). The estuarine ETM follows seasonal shifts along the estuary (Allen et al.,
1980), therefore its position varies through the year, with a total mass estimated to be comprised between
3.106 and 5.106 tons (Jouanneau & Latouche, 1981), which represent between 2 and 3 years of riverine
inputs. Recent studies based on the analysis of continuous turbidity records at fixed stations in the
Gironde estuary confirmed that in the ETM, average turbidity reaches 10 000 NTU, while under high river
flow, the ETM is shifted away and turbidity values decrease to an order of magnitude between 10 and 1000
NTU (Jalón‐Rojas et al., 2015, 2017). Therefore, it is assumed that most of the SPM signal in surface waters is
the result of resuspension of estuarine trapped mud, and that the impact of river loads is minor to negligible
in the short term.

Besides tidal currents, waves can play a significant role on the resuspension of mud in the shoals. However,
in the Gironde estuary the effect of ocean waves is limited to themouth. Wind‐waves are likely to be effective
in the narrow intertidal areas, but their effect is assumed to be local compared with the large scale of the
estuary, and limited to the lower sections of the estuary.

The sediment distribution on the bed is relatively well known at the large scale of the estuary (Kapsimalis
et al., 2004). It reflects the dominant sediment dynamics in the system and consists mainly of mud in the
whole estuary, mixed with sand around the central banks and islands. At the mouth, the bed is exclusively
sandy. In the rivers, the channel is composed of dominant sand and gravels but becomes muddy during low
river flow periods, and the lateral flats are permanently muddy.

3. Data and Method
3.1. Water Color

OLI and MultiSpectral Instrument (MSI) products are sufficiently consistent for monitoring aquatic systems
(Pahlevan et al., 2019). OLI andMSI data are used in this study to describe and quantify the spatial variability
of SPM in relation with environmental parameters, at high resolution.

Landsat‐8 satellite was launched on February 11th 2013 by the National Aeronautics and Space
Administration (NASA). Lansat‐8 joined former satellites to provide a continuous record of Earth's land
surfaces since 1972 with Landsat‐1. Its payload comprised the OLI and the Thermal Infrared Sensor
(TIRS; Barsi et al., 2014). OLI operates in the visible, near‐infrared (NIR) and shortwave infrared
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(SWIR) in 9 spectral bands with a spatial resolution of 30 meters for multi spectral images and 15 m for
panchromatic band. The Earth is fully observed every 16 days due to the Landsat‐8's orbit. The main
characteristics of Landsat‐8/OLI are given in Table 1. Orthorectified and terrain corrected Level 1T
Landsat‐8 were downloaded freely on https://earthexplorer.usgs.gov. Two tiles are necessary to cover
the whole estuary. A total of 20 images have been downloaded with less than 10% of clouds between
2013 and August 2018.

Sentinel‐2 is composed of two identical satellites 2A and 2B, which were launched on June 2015 and March
2017, respectively, by the European Space Agency (ESA). These two satellites provide the continuity of SPOT
(Satellite Pour l'Observation de la Terre) and Landsat images for the Earth observations (Drusch et al., 2012).
The two satellites are placed on the same orbit but phased at 180° (ESA website), allowing to acquire images
every 5 days at the same location. The MSI is aboard and based on a push‐broom concept. MSI acquires data
in 13 spectral bands from visible to short‐wave infrared wavelengths from 10 to 60 m spatial resolution.
Detailed characteristics of Sentinel‐2 are also given in Table 1. Sentinel‐2 Level 1C products were down-
loaded freely from https://scihub.copernicus.eu/ using 3 tiles and 21 images have been downloaded with less
than 10% of clouds between 2015 and August 2018.

In water color radiometry, biogeochemical parameters, such as SPM, are derived from the water leaving
reflectance (ρw) signal (IOCCG, 2006). The accurate retrieval of the ρw product requires suitable atmo-
spheric correction (AC) algorithms (IOCCG, 2010). In this study, Landsat‐8/OLI L1T and Sentinel‐2/MSI
L1C images were processed using ACOLITE software version 20170718.0 (Vanhellemont & Ruddick,
2015), freely available online at http://odnature.naturalsciences.be/remsem/acolite‐forum/, to obtain
ρw. Although ACOLITE seems to show poor performance for very weakly turbid environments
(Wei et al., 2018), we have selected this AC algorithm because it shows performance comparable to
other algorithms for moderately turbid coastal and inland waters (Bru et al., 2017; Warren et al.,
2019), and robust ρw retrievals for the Gironde estuary (Novoa et al., 2017). ACOLITE provides a large
choice of atmospheric correction and aerosol epsilon options. In this study, the SWIR AC and full tile
fixed epsilon options were selected as producing the best performance in moderately‐to‐highly turbid
coastal waters such as the Gironde Estuary (Bru et al., 2017; Novoa et al., 2017; Vanhellemont &
Ruddick, 2015). Cloud masking was performed using a reflectance threshold of 0.018 on the SWIR2
waveband. For the other options, the default setting was used. To conduct statistical analysis, OLI
and MSI data are projected on the same 30x30 m grid.

Table 1
Characteristics of the Operational Land Imager (Landsat‐8/OLI) and MultiSpectral Instrument (Sentinel‐2/MSI)

Mission/Sensor Landsat‐8/OLI Sentinel‐2/MSI

Launch February 2013 June 2015 (S2A)
March 2017 (S2B)

Path time 10:45 (UT) 11:00 (UT)
Geometric revisit time 16 days 5 days with two satellites

10 days with one satellite
Orbit Sun‐synchronous Sun‐synchronous

Altitude 705 km Altitude 786 km
Spectral bands Deep blue Band 1: 443 (26) nm – 30 m Band 1: 442 (45) nm – 60 m

Blue Band 2: 483 (60) nm – 30 m Band 2: 492 (98) nm – 10 m
Green Band 3: 561 (57) nm – 30 m Band 3: 559 (46) nm – 10 m
Red Band 4: 655 (37) nm – 30 m Band 4: 665 (39) nm – 10 m
NIR _ Band 5: 704 (20) nm – 20 m

_ Band 6: 739 (18) nm – 20 m
_ Band 7: 780 (28) nm – 20 m
_ Band 8: 833 (133) nm – 10 m

Band 5: 865 (28) nm – 30 m Band 8a: 864 (32) nm – 20 m
_ Band 9: 943 (27) nm – 60 m

Cirrus Band 9: 1373 (21) nm – 30 m Band 10: 1377 (76) nm – 60 m
SWIR1 Band 6: 1609 (85) nm – 30 m Band 11: 1610 (141) nm – 20 m
SWIR2 Band 7: 2201 (187) nm – 30 m Band 12: 2186 (238) nm – 20 m

Scene Size 170 km * 185 km 100 km * 100 km
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Gironde Estuary waters are characterized as medium‐to‐highly turbid.
Selection of an inverse algorithm allowing to reproduce the three‐order‐
of‐magnitude range of SPM is a critical point in order to avoid a methodo-
logical bias in the study of the SPM variability. Note that for brevity, SPM
will refer to surface SPM in the following of the paper. A wide range of
algorithms were developed to retrieve SPM from ρw or the remote sensing
reflectance (Rrs). In this study, an original methodology, initially
developed in Loisel et al. (2014), is used in order to select the most appro-
priate algorithm to process water color data in the Gironde FES, in the
absence of control field data. The method is based on the analysis of the
descriptive statistics of the SPM products generated by different
algorithms, validated and widely used in the scientific literature, and on
an inter‐comparison exercise using scatter plots and mean relative differ-

ence maps. Three algorithms were selected: Nechad et al. (2010), noted Nechad10, Han et al. (2016), noted
Han16, and Novoa et al. (2017), noted Novoa17. Nechad10 is commonly used (e.g., Caballero et al., 2018;
Han et al., 2016; Novoa et al., 2017; Pahlevan et al., 2019) and can be considered as an historical semi‐
analytical algorithm. Han16 and Novoa17 are two multi‐conditional algorithms based on switching criter-
ion. They demonstrated a great improvement in the SPM retrieval performances for low‐to‐medium and
highly turbid environments compared to previous approaches (Han et al., 2016; Novoa et al., 2017).

Nechad10 is a semi‐analytical algorithm based on the well‐known relationship between ρw and inherent
optical properties in the red part of the spectrum (Nechad et al., 2010). This algorithm was developed using
SPM values higher than 1.2 g/m3 and lower than 110.3 g/m3. As reported by Han et al. (2016), this medium
SPM range can be considered as an inherent limitation of the algorithm in highly turbid waters. Nechad10 is
based on the following equation:

SPM ¼ Aρ:ρw λredð Þ= 1−ρw λredð Þ=Cρð Þ þ Bρ (1)

where λred is a spectral band in the red part of the spectrum, Aρ (g/m3) and Cρ (dimensionless) are contants
related to IOPs, and Bρ (g/m3) accounts for uncertainties in the measurements. Values of Aρ, Bρ, and Cρ are
given in Table 2.

Han16 is a multi‐conditional approach based on a switching criteria using tuned versions of Nechad10. It
was calibrated and validated from in situ SPM spanning about 4 orders of magnitude (from 0.15 to 2,626
g/m3). This approach is based on two distinct tuned algorithms established for low‐to‐medium and high tur-
bidity (Nechad10‐L and Nechad10‐H, respectively). A threshold value of Rrs in the red part of the spectrum is
used as switching criteria. To avoid an artificial spatial pattern in the SPM distribution, a smoothing proce-
dure is then applied. Following Han et al. (2016), the method consists in the definition of weighting func-
tions for the low‐medium (WL) and high (WH) SPM algorithms. Finally, SPM is computed as

SPM ¼ WL*SPML þWH*SPMH

WL þWH
(2)

where SPML and SPMH are associated with the retrievals of Nechad10‐L
and Nechad10‐H, respectively. Tuned‐values of Aρ, Bρ, and Cρ and switch-
ing thresholds associated with the two algorithms are given in Table 3.
Because of the lack of near‐infrared waveband around 750 nm for
Landsat‐8/OLI, it is important to note that, in this study, only the version
of Nechad10‐H, using Rrs in the red, is investigated.

Novoa17 is based on amulti‐conditional empirical approach using switch-
ing criterion, as Han16, but specifically dedicated to the SPM estimation
in the Gironde Estuary (Novoa et al., 2017). It was calibrated and validated
using in situ SPM data acquired in the estuary and ranging from 2.6 to
1,579 g/m3. This approach is based on three distinct algorithms estab-
lished for low, medium, and high turbidity (Novoa17‐L, Novoa17‐M,

Table 2
Values of Aρ, Bρ, and CρCoefficients, Spectral Band Centers (λred), and
Switching Thresholds (Rrs(λred)) Associated With Nechad et al. (2010;
Nechad10) and Han et al. (2016; Nechad10‐L and Nechad10‐H) Algorithms

SPM
models Sensor

λred
(nm)

Rrs
(λred) Aρ Bρ Cρ

Nechad10 OLI 655 ‐ 289.29 2.1 0.1686
MSI 664 ‐ 355.85 1.74 0.1728

Nechad10‐
L

OLI 655 ≤ 0.03 346.353 0 0.5
MSI 664 ≤ 0.03 396.005 0 0.5

Nechad10‐
H

OLI 655 ≥ 0.045 1,221.390 0 0.3329
MSI 644 ≥ 0.04 1,208.481 0 0.3375

Table 3
Values of Switching Thresholds (ρw (λred)) Associated With the Novoa et al.
(2017) Algorithms (Novoa17) for the Gironde Estuary

SPM models ρw (λred) SPM range (g/m3)

Novoa17‐L <0.007 <8.5
Smoothing procedure [0.007, 0.016] [8.5, 9.2]
Novoa17‐M [0.016, 0.08] [9.2, 42.5]
Smoothing procedure [0.08, 0.12] [42.5, 180]
Novoa17‐H ≥ 0.12 ≥ 180

Note. Novoa17‐L and Novoa17‐M are linear models using Rrs in the green
and red bands, respectively. Novoa17‐H is a polynomial model using ρw
in the NIR band.
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and Novoa17‐H, respectively). Novoa17‐L and Novoa17‐M are linear models using ρw in the green and red
bands, respectively. Novoa17‐H is a polynomial model using ρw in the NIR band. A threshold value of ρw in
the red part of the spectrum is used as a switching criteria. As for Han16, a smoothing procedure is then
applied. Reader can refer to Novoa et al. (2017) for equations of the models. In Table 3, the threshold values
are given associated with the different models and the SPM ranges. Further, since there are no significant
difference between the representative wavelengths of OLI and MSI bands, the default algorithm coefficients
used in Novoa17 were applied for MSI data.

3.2. Environmental Data

To characterize the relationship between environmental forcing and spatial variability of turbidity in the
Gironde Estuary, data on water levels, daily river discharges, wind direction and speed, were used from
2013–2001 to 2018–2008. Water heights, provided by the Port of Bordeaux, were continuously recorded every
1 minute at nine tidal gauge stations, located between Le Verdon and Bordeaux (see locations in Ross &
Sottolichio, 2016). Because water height is time and space‐dependent, we use the averaged tidal value over
a period of ± 5 min centered around the time of acquisition of images. Then, average values were extrapo-
lated for the whole estuary by linear interpolation of tidal gauge data on the same 30x30 m grid as for
Landsat‐8/OLI and Sentinel‐2/MSI images. The interpolation is possible because the tide propagates along
the estuary without phase lag or amplification between the left and right banks (Ross & Sottolichio, 2016)
and because conditions for the formation of a tidal bore are not met in this portion of the estuary
(Bonneton et al., 2015). Two additional variables were extracted from tidal records and used as proxy for tidal
currents: (i) tidal range was computed as the difference between the high and low water levels and (ii) tidal
stages (i.e. high tide, low tide, ebb and flood) were associated with the acquisition time of satellite images.
These two variables indicate, at the first order, the intensity of tidal currents and mixing, which are the main
driver of surface turbidity. The tidal range is an indicator at the scale of the fortnightly tidal cycles and the
tidal stage is an indicator at the scale of the semi‐diurnal tidal cycle, respectively. Daily river discharges were
measured at Tonneins for the Garonne River and Pessac‐sur‐Dordogne for the Dordogne River. These daily
in situ stations records are made available by the Banque Hydro (http://www.hydro.eaufrance.fr/), a French
database from the Ministry of Ecology, Sustainable Development and Energy. Wind speed and direction
came from two in situ stations located at Pauillac and Bordeaux‐Mérignac. These stations are operated by
the official service of meteorology and climatology in France (Météo France). Wind speed andwind direction
are measured every hour at 10 m over the ground. For the statistical analysis, we used the averaged values
over a period of ± 2 h centered around the time of acquisition of images. Finally, the environmental dataset
is complemented by the open data bathymetry product distributed by the SHOM (Service d'Hydrologie et
d'Océanographie de la Marine) at a resolution of 0.0002° (~20 m). Bathymetry data of the lower and upper
areas are available in SHOM (2016a) and SHOM (2016b), respectively. As stated previously, the morphology
of the estuary remained unchanged between 2013 and 2018 and therefore the bathymetry can be considered
as representative of the whole period of observation.

3.3. Statistical Data Processing

Identification of spatial and temporal patterns of a single field can be conducted from spectral decomposition
techniques (Bierman et al., 2011; Blondeau‐Patissier et al., 2014; Vantrepotte et al., 2011). In this study, we
select a Principal Component Analysis (PCA) using the T‐mode orientation. In this case, statistical variables
are samples in time and statistical observations are samples in space (Machado‐Machado et al., 2011; Neeti &
Eastman, 2014). This technique allows to process uncontinuous time series of images and to find the domi-
nant recurring spatial patterns over time (Machado‐Machado et al., 2011; Neeti & Eastman, 2014). The first
components of PCA, which explained the maximum of variance, are spatial patterns. The loadings, which
are the correlations between components and statistical variables, are temporal patterns. Data are organized
in anm×nmatrix, withm (= 550,000), the total number of points or 30x30 m pixels used for the mapping of
the Gironde FES, and n (= 41), the number of maps. Before performing PCA, variables are centered and
standardized in order to reduce sensitivity of the variance‐covariance matrix to scaling. Finally, control of
environmental variables on the spatial variability of SPM is investigated through a correlation analysis
between loadings and environmental variables.
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4. Results
4.1. Description of Environmental Forcing Context

High‐quality Landsat‐8/OLI and Sentinel‐2/MSI images are not equally distributed over years and seasons
(Figure 2a). The number of images available per year depends mainly on the number of operational space
missions (see Table 1 for launch date), while the number of images per season is controlled by the atmo-
spheric optical conditions. Summer (July –September) and fall (October–December) months (N = 28) are
over‐represented compared to winter (January–March) and spring (April–June) months (N = 13). This sea-
sonal heterogeneity was expected since there are statistically more cloud‐free observations in summer and
the contribution of absorbing aerosols is minimum in fall (Bru et al., 2017).

Descriptive statistics of environmental conditions prevailing during the acquisition of satellite images are
provided in Table 4. Daily river discharge is function of the season. Observations are directly impacted by

Figure 2. (a) Landsat‐8/OLI and Sentinel‐2/MSI images distribution per months and per classes of (b) daily river dis-
charges (m3/s), (c) tidal range (m), and (d) tidal phase (E: ebb, F: flood, HT: high tide, LT low tide).

Table 4
Descriptive Statistics (Mean, Median, SD Standard Deviation, N: Number of Observations) of Daily River Discharge (m3/s)
and Tidal Range (m) Computed for the Whole Dataset and Per Season

River discharge (m3/s) Tidal Range (m)‐Pauillac Tidal Range (m)‐Bordeaux

Mean Median SD Mean Median SD Mean Median SD N

Total 579 334 556 4.1 4.1 0.8 4.7 4.7 0.7 41
Sp 778 654 358 4.7 5.2 1.2 5.2 5.4 0.9 6
Su 267 218 110 4.0 4.3 0.7 4.7 4.8 0.6 13
Au 399 253 336 3.6 3.6 0.5 4.6 4.5 0.5 15
Wi 1,260 1,149 777 4.6 4.6 0.8 4.8 5.1 0.9 7

Note. Sp: spring; Su: summer; Au: Autumn; Wi: winter.
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the seasonal distribution heterogeneity. The mean daily river discharge value associated with the dataset is
579 ± 556 m3/s, while the mean value over the whole period is 773 ± 676 m3/s. Figure 2b indicates the high
proportion of low freshwater inflow, mostly recorded during summer and fall, leading to a median value of
334 m3/s. The lowest mean seasonal value (267 ± 110 m3/s) is found in summer, while the highest value
(1,260 ± 777 m3/s) is reached in winter (Table 4). Tidal range is less impacted by the seasonal distribution
heterogeneity as its cycle is fortnightly. Observations in Pauillac and Bordeaux are normally distributed
(Figure 2c) and the mean values (4.1 ± 0.8 m and 4.7 ± 0.7 m, respectively) are similar from the means com-
puted between January 2005 and July 2014 by Jalón‐Rojas et al. (2015). However, it is interesting to note that
tidal range shows lower mean values in summer and fall similarly to daily river discharges. Correlation
between these two variables (r = 0.34) is significant at the significant level of 5%. Finally, the distribution
of images per tidal stage shows more ebb and flood situations than high and low tides (Figure 2d). This dis-
tribution is statistically in agreement with the duration of these different tidal stages. For example, the mean
duration of ebb, flood, high tide and low tide at Pauillac are 7 hr, 4 hr 40, 30 min, and 15 min, respectively.
The distributions of wind speed and direction in Pauillac and Bordeaux‐Mérignac are presented in Figure 3.
The mean values of wind speed are 4 and 3 m/s, respectively, while the wind direction is mainly oriented
toward South East in Pauillac and East in Bordeaux‐Mérignac.

4.2. Intercomparison Exercise Between Three SPM Models

A qualitative assessment of the performances of SPM inverse algorithms is required in order to select the
most relevant approach for the Gironde FES. Descriptive statistics of the SPM distribution associated with
four different subareas of the Gironde FES are estimated (Figure 4). For each subarea, statistics are sepa-
rately provided for SPM derived using Nechad10, Han16, and Novoa17 algorithms, using the 41 HR multi-
spectral images. From our dataset, a similar general statistical behavior for the three different inverse
algorithms is observed. Regardless of the model, SPM values increase on average toward upstream. Except
for the lower estuary characterized by medium turbid waters, Nechad10 shows a higher proportion of low
SPM values than Han16 and Novoa17. For instance, the median value increases from 81 (downstream) to
259 g/m3 (Garonne River) for Nechad10, from 118 to 318 g/m3 for Han16, and from 76 to 412 g/m3 for
Novoa17. Furthermore, in the four subareas, Nechad10 presents a large number of extreme values higher
than 1.5 times the inter‐quartile distance. A total of 0.3% of the whole observations exhibit values higher
than 10,000 g/m3. These results highlight the inherent limitation of Nechad10 due to the calibration data
(Han et al., 2016). Additionally, Figure 4 shows that Novoa17 provides SPM values over a higher range than
Han16. For instance, the inter‐quartile distances for Novoa17 are 226, 461, 537, and 607 g/m3, in the
downstream, upstream, Garonne, and Dordogne River, respectively, while the inter‐quartile distances for
Han16 are 205, 152, 142, and 174 g/m3. Descriptive statistics associated with Novoa17‐retrieved SPM distri-
butions are clearly more consistent with previous results (Doxaran et al., 2009) than with Nechad10‐ and
Han16‐retrieved SPM distributions.

Average SPM values estimated by the three methods are inter‐compared through direct correlation and ana-
lysis of their mean relative differences. The corresponding maps are presented in Figure 5. The scatterplots
between Nechad10‐Han16 (Figure 5a) and Nechad10‐Novoa17 (Figure 5b) exhibit a significantly lower cor-
relation than the scatterplot between Novoa17 and Han16 (Figure 5c). The values of the coefficient of

Figure 3. Distribution of wind speed (m/s) and direction at (a) Pauillac and (b) Bordeaux‐Mérignac.
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determination (R2) are 0.59, 0.45, and 0.81, respectively. A part of the noise in the relationships with
Nechad10 can be directly attributed to the over‐estimation of SPM at high concentration range (>100
g/m3). Figures 5a and 5b show, for Nechad10, a large number of average SPM values higher than 1,000
g/m3 compared to Han16 and Novoa17. Additionally, Novoa17 shows higher SPM retrievals than Han16,
with a slope value of 1.89 for the regression line (Figure 5c).

Spatial distribution of the mean relative difference between Nechad10 and Han16, Nechad10 and
Novoa17, and Novoa17 and Han16 are presented on Figures 5d, 5e, and 5f. It is worth noticing that
the highest differences observed between Nechad10‐Han16 and Nechad10‐Novoa17 are located in the
central (close to Pauillac) and in the tidal river parts of the Gironde FES (Figures 5d and 5e). These areas
are the locations of the ETM during the periods of high and low river flow, respectively (Doxaran et al.,
2009). Spatial distribution of the mean relative difference between Novoa17 and Han16 shows a longitu-
dinal gradient with low and high differences in the downstream and upstream part of the estuary, respec-
tively (Figure 5f). This is consistent with previous results (Han et al., 2016). They highlight the limitation
of Han16 when using Rrs in the red bands, as input in SAA for high turbid waters (SAA‐HR), and the
need to use Rrs in the near‐infrared bands (SAA‐HNIR). As reported in Novoa et al. (2017), Rrs in the
red bands is less sensitive to SPM variations than Rrs in the NIR bands when concentrations are higher
than 50 g/m3.

The successive analysis of the descriptive statistics of the SPM products generated by the three different algo-
rithms and results of the inter‐comparison exercise clearly indicate that Novoa17, which was specifically
developed on Gironde Estuary data set, is the most relevant algorithm to reproduce the three‐order‐of‐
magnitude range of SPM (Jalón‐Rojas et al., 2015). In the next sections, SPM will be then retrieved from
Novoa17. For brevity, we suppress the reference to Novoa17 in the following text.

Figure 4. Boxplots of suspended particulate matter (SPM) concentration in the four subareas (lower estuary, upper estu-
ary, Garonne River, and Dordogne River) of the Gironde FES. SPM were calculated from the algorithms of Nechad et al.
(2010) (Nechad10), Han et al. (2016) (Han16), and Novoa et al. (2017) (Novoa17), applied to 20 Landsat‐8/OLI and 21
Sentinel‐2/MSI images acquired between years January 2013 and August 2018. Within the boxes, bold lines represent
median, and lower and upper hinges represent first and third quartiles. At maximum, bars correspond to 1.5 times the
interquartile distance and solid circles correspond to observations outside the bars.

10.1029/2019JC015417Journal of Geophysical Research: Oceans

NORMANDIN ET AL. 7670



4.3. SPM Averaged Spatial Distribution

The spatial distribution of the pixel‐averaged SPM values was computed from the whole Landsat‐8/OLI and
Sentinel‐2/MSI images dataset (N = 41) and for different environmental conditions, combining high/low
tidal range in Pauillac and high/low daily river discharges. The median value (Table 2) is used as criteria
to separate high and low values. The averaged‐SPM spatial distribution (Figure 6a) exhibits a typical
along‐estuary gradient. SPM values increase in the upstream direction, ranging from 100 g/m3 at Le
Verdon, 350 g/m3 in Pauillac to 450 g/m3 and 500 g/m3 in Bordeaux and Libourne, respectively. Although
this general pattern strongly depends on the representativeness of the environmental conditions associated
with the dataset, it is characteristic of the SPM average annual distribution in the Gironde FES.

Figure 5. Comparisons of average (computed for each pixel of the Gironde Estuary from the 20 Landsat‐8/OLI and 21
Sentinel‐2/MSI images acquired over 2013‐2018) suspended particulate matter (SPM) values (g/m3) estimated using the
three different inversion algorithms and spatial distribution of their mean relative difference (given in %). Comparison is
successively performed on the pair (a–d) Nechad10 and Han16, (b–e) Nechad10 and Novoa17, (c–f) and Novoa17 and
Han16. Red dashed lines represent 1:1 line.
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Figure 6. (a) Spatial distribution of averaged suspended particulate matter (SPM) concentration (g/m3) estimated using 41 Landsat‐8/OLI and Sentinel‐2/MSI
images available over the July 2013 to August 2018 period, (b) the associated variation coefficient (%), and (c) averaged SPM values associated with high daily
river discharges/high tidal range (N = 13), (d) high daily river discharges/low tidal range (N= 8), (e) low daily river discharges/high tidal range (N = 8), and (f) low
daily river discharges/low tidal range (N = 12) in the whole Gironde FES.
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Two local areas associated with high SPM values can be observed in the mid‐reaches (close to Pauillac and
Blaye). These areas exhibit a low value of the variation coefficient (Figure 6b), which indicate the presence of
static or main ETM (Doxaran et al., 2009; Maanen & Sottolichio, 2018). Figure 1b clearly shows that these
two local areas are associated with singular bathymetric features, including strong lateral gradients, low
bathymetry values, and the presence of islands. The highest values of the coefficient of variation
(Figure 6b) are located over a large area in the lower reaches. More specifically, local zones associated with
shallow waters present values higher than 150%. These zones correspond to secondary or dynamic ETM
(Doxaran et al., 2009).

At the seasonal timescale, spring‐neap cycles and river inflow variations are the main factors ruling the spa-
tial distribution of SPM (Jalón‐Rojas et al., 2017). High river inflow causes the downstream migration of the
ETM and thus the increase of SPM in the lower reaches and midreaches (upper) and the decrease in the tidal
rivers (Figures 6c and 6d), compared with the low river flow situation (Figures 6e and 6f). Moreover, the
spring‐neap tidal cycle clearly shows a significant impact on the turbidity signal magnitude. Spring tide con-
ditions, which generate higher currents velocities than neap tides, are associated with the highest SPM
values (Figures 6c and 6e). It is interesting to note here that the secondary ETM occurs during spring tides
regardless of river inflow conditions.

4.4. Main SPM T‐Mode Patterns

The T‐mode PCA results highlight three dominant spatial patterns of the SPM distribution. The three first
principal components together account for 65.7% of the total variance in the dataset. Individually, they
explain 43.5%, 15.0%, and 7.2 % of the variance. The spatial (components) and temporal (loadings) patterns
associated with three SPM modes are shown in Figure 7. The first principal component (PC1) displays the
same SPM distribution over the entire domain than the mean signal (Figure 7a). High loading values can
be observed from each satellite image date (Figure 8a), with a mean value of 0.64 ± 0.17. Only images num-
ber 5 (7March 2014) and 25 (10March 2017) exhibit a low correlation value (r< 0.30). It is worth to note that
these two images were acquired during intense winter flood events with a discharge peak of 2,632 and 2,075
m3/s, respectively. Further, PC1 loading is strongly negatively correlated with tidal range and daily river
discharge (−0.62 and −0.73, respectively, Table 5). This result highlights that PC1 is mainly representative
of a SPM spatial distribution associated with low tidal range and low daily river discharge conditions. The
second principal component (PC2) exhibits an out‐of‐phase relationship between SPM anomalies located
in the mid‐reaches and in the lower and upper areas (Figure 7b). Loadings accentuate differences between
high tidal range—high freshwater inflow (positive correlation) and low tidal range—low freshwater inflow
(negative correlation) conditions (Figure 8b). Correlations between PC2 loading and environmental forcing
are statistically significant for the tidal range, freshwater inflow, and water depth with a value of 0.68, 0.65,
and −0.33, respectively (Table 5). The third principal component (PC3) displays a negative correlation
between SPM anomalies in shallow waters located on sand banks and mudflats, and deeper waters in the
main channel. PC3 loadings exhibit low‐to‐moderate values, excepted for images number 17 (22 August
2016), 18 (21 September 2016), 19 (6 October 2016), 32 (26 October 2017), and 33 (31 October 2017), for
which water depth and wind speed show values significantly higher and lower than the mean, respectively.
Correlations of the loadings with the water depth (r = 0.58) and wind speed (r = −0.32) are consistent with
this result.

Temporal patterns associated with the loadings of the three first principal components, andmore specifically
for PC1 and PC2, exhibit a very clear seasonal cycle between 2013 and July 2016. From July 2016, time series
reveals shorter oscillations. These temporal patterns highlight the statistical bias generated by the limited
number of observations. The higher is the number of observation, the higher is the capability to record high
frequency variations due to environmental forcing, such as fortnightly and semidiurnal tide cycles. The HRS
multispectral image archive provides four periods for which three or more satellite images were acquired
successively in a time interval of less than one month. For instance, four images have been recorded in
October 2016 (6, 10, 22, and 31; see Figure 8). For this period, the values of the daily river discharge
(157–241 m3/s) are significantly lower than the mean value computed for the whole period (Table 4), while
the tidal range (3.6–4.3 m in Pauillac) exhibits more contrasted conditions. Associated with these environ-
mental conditions, PC1 Loading show a moderate variability with values comprised between 0.53 and
0.67 that indicate an explained variance ranging from 28% to 45%. On the opposite, PC2 loadings are
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characterized by a significant variability. The correlation is statistically significant only for 11 October 2016
with a value of 0.61 and an explained variance of 37%. The analysis of environmental data for this day
indicates the lowest tidal range compared to the three other dates. Moreover, the water depth value
(4.4 m) in Pauillac, associated with high tide conditions, is the highest over the whole dataset. In
April 2017, three successive acquisitions (9,29, see Figure 8) are available. For this period, the mean value
of the daily river discharge (523 m3/s) is close to the mean value of the dataset. However, the tidal range
(5.3, 2.5, and 4.9 m in Pauillac) exhibits sharp variations due to the spring‐neap tide cycle. PC1 and PC2
loadings show a significant variability with values comprised between 0.54–0.88 and −0.15–0.57, that is,
29–77% and 2–32% of the explained variance, respectively. In October 2016 and April 2017, the spatial
distribution of SPM statistically well described by the two first principal components shows a high
intramonth variability (results not shown) mainly control by the fortnightly and semidiurnal tide cycles.

The total variance explained by the three first principal components for each of the images is given on
Figure 8d. Only eight images present a total explained variance lower than 50%, which indicates a low repre-
sentativity of the three first principal components for describing the spatial distribution of SPM. The total
explained variance is particularly low for the three images acquired on 10 July 2013, 7 March 2014, and
15 March 2017. On 10 July 2013, the values of the tidal range (4.5 in Pauillac) and the daily river discharge
(515m3/s) are close to the average hydrodynamics state. But, the image was acquired withmoderately strong
south west wind conditions (5 m/s) and during the low tide in Le Verdon, associated with one of the lowest
water depth values (1.5 m) recorded in our dataset. These environmental conditions generate an unusual

Figure 7. (a) First, (b) second, and (c) third principal components explaining 43.5%, 15.0%, and 7.2% of the total variance,
respectively. Component scores are normalized and vary between −1 and +1.
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SPM distribution characterized by along‐estuary rectilinear patterns of near‐surface currents (Figure 9a).
The 7 March 2014 and 15 March 2017 satellite images were acquired during strong flood events, with
daily river discharge values of 2,632 and 2,075 m3/s. Hydrological conditions were associated with the ebb
and the low tide in Pauillac, respectively. Both images exhibit eddy‐like structures in the mid‐reaches

between the right edge and the main channel. However, eddy‐like
structures are more pronounced on 15 March 2017 (Figure 9b).

4.5. Along‐ and Cross‐Main Stream Sections

Two longitudinal transects were selected along the FES in order to
describe the variability of the averaged SPM values computed from the
whole Landsat‐8/OLI and Sentinel‐2/MSI image dataset (Figure 10).
Longitudinal transects are located in the main channel and on the central
shoal of the estuary (see Figures 1b and 1c), and in the middle and right
side of the channel for the Garonne River (see Figure 1d). Results for
the Dordogne River are not presented as they are similar to those of the
Garonne River.

Figure 8. Loading of the (a) first, (b) second, (c) third principal components and (d) total variance explained for each
image. The red contours are associated with two series of four and three successively acquired images in October 2016
and April 2017, respectively.

Table 5
Correlation Between Loadings of the First, Second, and Third Principal
Components, and Environmental Parameters

Correlation
coefficient

Tidal
range

Daily river
discharge

Water
depth

Wind
speed

PC1 −0.62* −0.73* −0.01 −0.09
PC2 0.68* 0.65* −0.33* −0.17
PC3 0.29 0.04 0.58* −0.32*

*Significant correlations at the level of significance of 5%.

10.1029/2019JC015417Journal of Geophysical Research: Oceans

NORMANDIN ET AL. 7675



As a general common pattern for the two longitudinal transects, the smoothed SPM signal shows similar
large‐scale increasing concentrations from the mouth (km 0) to Bordeaux (km 95) (Figures 8a and 8c).
SPM values increase approximately from 20 to 550 g/m3 in average. These average values correspond to
the typical along‐estuary gradient described in the previous section (Figure 6), which is characteristic of
the SPM average annual distribution in the Gironde FES.

However, significant differences in concentration must be noted at the subdomain scale. The increase in
concentration above the main channel is uniform from Le Verdon to Bec d'Ambès, with very low fluc-
tuations (Figure 10a). But relative increase of concentration is observed between km 20 to 45, and more
abrupt increase is observed in the Garonne River at km 80 and 90. A comparison with the bathymetric
profile suggests that increase in concentration occur in areas where depth decreases. Concentration along
the shoals confirms this pattern, but shows higher local variability (Figure 10c). In addition to the low
increase found between km 30 and 40, a series of concentration peaks are observed between km 45
and 100. The majority of them correspond to shallow areas, as proven by the bathymetric profile plotted
in the same figure. The only exception to this trend is the main concentration peak found in Pauillac
(700 g/m3), which does not correspond to a shoal but to a pit in an area surrounded by shoals
and mudbanks.

Figure 9. Mapping of the spatial distribution of suspended particulate matter (SPM; g/m3) associated with near‐surface
current patterns statistically under‐represented in the Landsat‐8/OLI and Sentinel‐2/MSI images archive (N=41) for the
satellite scenes acquired on (a) 10 July 2013 and (b) 10 March 2017.
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Longitudinal distributions of averaged SPM were determined for the four seasons on the main channel
(Figure 10b). During winter and spring seasons, the maximum concentration of SPM is found in the
middle reaches of the estuary. In spring, highest values (450 g/m3) are found between km 37 and 50,

Figure 10. Longitudinal distribution of averaged suspended particulate matter (SPM) values (g/m3) computed from all
the Landsat‐8/OLI and Sentinel‐2/MSI images (N = 41) over the February 2013 to August 2018 period in the Gironde
FES from the mouth to Bordeaux (a) on the main channel and (c) in the central shoal. The red line is the smoothing SPM
signal. Seasonal longitudinal distributions are represented (b) on the main channel and (d) in the central shoal. The
dashed grey line is the depth, and the seven grey boxes are the zones associated with transverse transects (see Figures 1b
and 1d for their location). Main cities along the Gironde FES are indicated in black with arrows (see Figures 1b–1d for their
locations).
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while in winter, highest values (750 g/m3) are found more upstream, close to the confluence (km 68).
This seasonal distribution of SPM is closely correlated to river discharges (Table 2) in accordance with
previous publications (Jalón‐Rojas et al., 2015). However, a remarkable pattern not documented before
is the very similar SPM profile between the mouth and km 50. During summer and autumn, the
SPM distributions are also remarkably similar all along the longitudinal axis. The maximum
concentration is found in the fluvial part, with SPM values reaching approximately 800 g/m3.
Downstream, SPM decreases progressively to less than 20 g/m3. Distribution in the central shoals
(Figure 10d) shows similar trends than those for the channel, but with higher variability, as
described previously.

Figure 11. Transverse variability of averaged suspended particulate matter (SPM) value (g/m3) over the February 2013‐
August 2018 period classified in (a, c, e, and g) low rivers discharges and (b, d, f, and h) high river discharges. The four
shaded boxes in Figure 1 are represented here: (a) and (b) for the box 1, (c) and (d) for the box 2, (e) and (f) for the box 3,
and (g) and (h) for the box 4. The red line is corresponding to averaged SPM during spring tides and black line during neap
tides. The bathymetry is represented in grey line.

10.1029/2019JC015417Journal of Geophysical Research: Oceans

NORMANDIN ET AL. 7678



The above mentioned features suggests a strong bathymetric control on SPM gradients. This is confirmed by
the analysis of cross‐estuary profiles. Among the 7 zones presented as grey boxes in Figures 1 and 10, four
zones located in the lower estuary were selected to compare averaged SPM and bathymetry (Figure 11).
For each box, average SPM signal is shown for different tidal and fluvial conditions. The median value of
river discharges is 321 m3/s, thus high river and low rover discharges are considered relative to this value.
Average SPM during low river discharges are presented in Figures 11a, 11c, 11e, and 11g (left column), high
river discharges in Figures 11b, 11d, 11f, and 11h. Therefore, for each case, average SPM signal is split into
neap and spring tides conditions.

During low river discharge, when the turbidity maximum shifts toward the upper estuary, SPM values in the
lower estuary are weak and SPM are slightly higher during spring tides compared to neaps (left panel of
Figure 11). In zones 1 and 2, SPM shows also higher spatial variability during spring than neap tides
(Figures 11a and 11c), which is coherent with more turbulent conditions during spring tides. In zones 3
and 4, a larger scale spatial variability is observed, which may be linked to the bathymetric gradients shown
by the depth profile (Figures 11e and 11g). In general, as already shown in Figure 10, SPM is higher on the
shoals and lower in the channels, and the pattern is similar during spring and neap tides.

During high river flow conditions, the turbidity maximum shifts to the central and lower estuary and there-
fore averaged SPM are much higher (right panels in Figure 11). Also, differences between spring and neap
tides conditions are larger; thus patterns observed for the low discharge conditions are exacerbated here.
In zones 1 and 2 (Figures 11b and 11d), SPM during spring tides are higher and show strong spatial variabil-
ity. In zones 3 and 4 (Figures 11f and 11h) the alternance of channels and shoals clearly controls the lateral
SPM gradients.

This features described here through high‐resolution surface SPM give new insights of the distribution of
SPM in the Gironde estuary. In particular, the strong control of local bathymetry leads to remarkably persis-
tent patterns of SPM gradients despite changes in hydrological conditions. This is consistent with previous
findings in the Hudson River (Ralston et al., 2012). The analysis of physical processes explaining these trends
are beyond the scope of this paper and need to be further investigated. However, it can advance that better
mixing in shallow areas, combined to more dilution in the water column above deeper areas result in higher
surface SPM on shoals and lower SPM on the deeper areas. The role of wind‐waves can also be significant in
very shallow areas, but it is assumed that this effect may be limited to the lower estuary at high tide, where
estuarine sections and intertidal areas are wide, allowing longer fetch and stronger resuspension flux.

5. Conclusion

In this study, we analyzed statistically the spatial variability of surface SPM in the Gironde FES using a high
resolution satellite multispectral data archive composed of Landsat‐8/OLI and Sentinel‐2/MSI images. First,
a T‐mode orientation spectral decomposition allowed to quantify the contribution of the main spatial pat-
terns of SPM to the total variance and the contribution of each environmental forcing. As expected, the tidal
range and the daily river discharge are the main forcing, which control the longitudinal gradient of the SPM
distribution. However, we demonstrated also the significant impact of the water depth, which depends on
the tidal cycles, and the wind speed on the lateral distribution of SPM. In particular, in the lower area of
the estuary, strong lateral gradients located between the shoals and deeper areas are positively correlated
with the water depth and negatively correlated with the wind speed. This strong lateral heterogeneity of
SPM could be directly associated with a lower lateral sediment transport during high tide and low wind con-
ditions. Then, a descriptive analysis of the SPM variability along longitudinal and transverse‐estuary sections
was conducted. Results highlight the strong control of local bathymetry on the surface SPM distribution. In
particular, we identified clearly that the maxima of surface turbidity are not located in the main channel but
on the shoals.

Due to a low temporal resolution, high spatial resolution multispectral missions provide discontinuous time
series. As a consequence, the total number of images is considerably reduced compared to medium resolu-
tion missions. This reduce number of data can generate some analytical biases. For example, in our dataset
composed of 41 images, the tidal range is significantly correlated to the water discharge. This may generate
an over‐representation of a given type of environmental conditions and of the associated SPM distribution.
However, this study demonstrates the high potential of T‐mode spectral decomposition to analyze
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discontinuous time series. Further, the main spatial patterns could be used in future researches for spatio-
temporal multi‐sensor fusion (Belgiu & Stein, 2019; Wu et al., 2013). Further analysis of physical processes
with process‐based modeling may help to explain and understand patterns observed by remote sensing.
However, a spatial resolution similar to that achieved by the images is necessary to make the analysis rele-
vant to the findings of the present study.
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