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ARTICLE INFO ABSTRACT

Edited by: Menghua Wang The variability of the phytoplankton biomass derived from daily chlorophyll-a (Chl-a) satellite images was in-
Keywords: vestigated over the period 1998-2017 in the surface waters of the English Channel and the northern Bay of
Satellite remote-sensing Biscay. Merged satellite (SeaWiFS-MODIS/Aqua-MERIS-VIIRS) Chl-a was calculated using the OC5 Ifremer al-
Ocean colour gorithm which is optimized for moderately-turbid waters. The seasonal cycle in satellite-derived Chl-a was
Phytoplankton compared with in situ measurements made at seven coastal stations located in the southern side of the English
Chlorophyll-a Channel and in the northern Bay of Biscay. The results firstly showed that the satellite Chl-a product, derived
English Channel from a suite of space-borne marine reflectance data, is in agreement with the coastal observations. For com-
Bay of B,lsca,y pliance with the directives of the European Union on water quality, time-series of 6-year moving average of Chl-
Eutrophication assessment . . . . .
European marine strategy framework directive a were assessed over the region. A clear decline was observed in the mean and 90th percentile of Chl-a at stations
located in the mixed waters of the English Channel. The time-series at the stations located in the Bay of Biscay
showed yearly fluctuations which correlated well with river discharge, but no overall Chl-a trend was observed.
In the English Channel, the shape of the seasonal cycle in Chl-a changed over time. Narrower peaks were ob-
served in spring at the end of the studied period, indicating an earlier limitation by nutrients. Monthly averages
of satellite Chl-a, over the periods 1998-2003 and 2012-2017, exhibited spatial and temporal patterns in the
evolution of the phytoplankton biomass similar to these observed at the seven coastal stations. Both the in situ
and satellite Chl-a times-series showed a decrease in Chl-a in the English Channel in May, June and July. This
trend in phytoplankton biomass is correlated with lower river discharges at the end of the period and a constant
reduction in the riverine input of phosphorus through improvements in the water quality of the surrounding
river catchments.

1. Introduction result of more intensive agricultural practices led to increased nutrient
loads from the 1950s to the 1980s in European coastal waters (Vermaat

Coastal seas are highly productive regions that are subject to high et al., 2008). Due to the declining quality of these coastal waters, sev-
anthropogenic nutrient inputs. The widespread use of fertilizers as a eral European directives were enforced to improve the monitoring of
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coastal waters. One of the major goals of water quality monitoring is an
assessment of the effect of policy measures used to limit the nutrient
enrichment, specifically phosphorus and nitrogen. Anthropogenic en-
richment of the water column with these nutrients can cause an in-
crease in the biomass of phytoplankton, resulting in a range of un-
desirable disturbances in the marine ecosystem. This is known as
eutrophication. In 2000, the Water Framework Directive (WFD, 2000/
60/EC) established a strategy to combat coastal pollution including
those waters within one nautical mile from shore. Eutrophication has
also been tackled by the recent European Marine Strategy Framework
Directive (MSFD, 2008/56/EC) that aims to achieve Good Environ-
mental Status (GES) of European Union (EU) marine waters by 2020.
The GES means that marine resources are used at a sustainable level to
ensure their continuity for future generations. To this end, the MSFD
requires EU Members States to reduce nitrogen and phosphorus loads
into the marine environment. Descriptor 5 of the Directive states that
human-induced eutrophication should be minimized to reduce the loss
of biodiversity and to prevent ecosystem degradation, harmful algae
blooms and oxygen deficiency in bottom waters. The enrichment in
nutrients by rivers in coastal waters is the cause of eutrophication that
leads to elevated mean or 90th percentile of Chl-a. A statistical ad-
vantage of the 90th percentile is that it eliminates outliers frequently
encountered in datasets of Chl-a. It is therefore a central parameter
recommended for the assessment of the eutrophication status in the
WFD, the MSFD (Ferreira et al., 2011) and in the North-East Atlantic
environment strategy of the OSPAR commission (OSPAR Common
procedure, 2013). All these water-quality monitoring systems cover
wide maritime areas, which can only be observed through the use of
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remote-sensing data (Gohin et al., 2008; Novoa et al., 2012; Kratzer
et al.,, 2014; Harvey et al., 2015). Remote-sensing products, Chl-a,
turbidity, and phytoplankton type indicators have a considerable po-
tential for enabling the convergence of the surveillance networks of the
pelagic habitat requested by the different directives and regional con-
ventions from coastal to open seas (Borja et al., 2010).

Since the launch of SeaWiFS in August 1997, followed by other
sensors from NASA and ESA (European Space Agency), a continuous
time series of satellite-derived Chl-a products is available for the
monitoring of the marine environment. To assess the evolution of
phytoplankton biomass over a twenty-year period (1998-2017) using
both in situ and satellite data, the compatibility of the satellite-derived
products with the conventional in situ retrievals has to be assessed.
However, the performance assessment of ocean colour satellite data is a
difficult task in absolute, particularly for the Chl-a non-gaussian dis-
tribution with outliers. It generally relies on mean squared errors, such
as the coefficient of determination (r?), root mean square error, and
regression slopes. Seegers et al. (2018) discuss the limitations of these
conventional methods and consider that end-user/application criteria
should be determinant in the choice of the assessment metrics. The
performance assessment of our satellite dataset will therefore be carried
out on the 90th percentile calculated over the productive period (from
the beginning of March to the end of October). This quantity is the key
parameter of the Chl-a distribution involved in the water quality
monitoring procedures already mentioned. In the field of eutrophica-
tion a specific attention is brought to high Chl-a values and the natural
scale should be promoted in complement to the logarithm transfor-
mation of Chl-a usually proposed for assessing the quality of a satellite

Fig. 1. Study area showing in situ station locations superimposed on averaged non-algal Suspended Particulate Matter at the end of winter (March) during the period
1998-2017. SPM is derived from satellite reflectance using the algorithm described in Gohin et al. (2005) and Jafar-Sidik et al. (2017).
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product (Campbell et al., 1995). The priority is to provide from space
accurate estimates of the elevated Chl-a concentrations encountered in
case of massive phytoplankton blooms. The OC5 Ifremer (hereafter
OC5) algorithm applied to marine reflectance in turbid waters (Gohin
et al., 2002) is expected to perform well on a multi-sensor time series.
OCS5 is robust and provides relatively good retrievals of Chl-a compared
to other algorithms, not just in north-west European coastal waters
(Tilstone et al., 2017), but also in the western Mediterranean Sea
(Lapucci et al., 2012; Gémez-Jakobsen et al., 2016), the coastal Viet-
namese waters (Loisel et al., 2017), and at global scale (Saulquin et al.,
2018). The OC5 Chl-a products that we propose to evaluate and use in
this study are interpolated multi-sensor images obtained following the
procedure proposed in Saulquin et al. (2011). These interpolated daily
products can be recommended for operational monitoring of Chl-a and
for providing monthly or yearly bulletins of anomalies based on well-
balanced datasets in terms of spatial and temporal coverage (Leadbetter
et al., 2018). The representativity of the annual cycle of satellite-de-
rived Chl-a, compared to those observed in situ, has also to be assessed.
Potential improvements in water quality should be observed in a lower
90th percentile of Chl-a and in a reduction of the growing period before
limitation by nutrients. The annual cycles and the 90th percentile, as-
sessed over years, are therefore the two properties of the Chl-a dis-
tribution recommended for assessing the performance of the satellite
method in view of reporting on the eutrophication status for the Eur-
opean directives. Seven stations characteristic of coastal waters from
the northern Bay of Biscay to the eastern English Channel have been
selected for this assessment. Fig. 1 shows the location of the stations
superimposed on the mean concentration of non-algal Suspended Par-
ticulate Matter (SPM) at the end of winter. All these stations are in
nutrient-rich and moderately-turbid waters.

As the directives recommend a period of six years for the reporting
of the monitoring programme, the average and the 90th percentile of
Chl-a retrieved from space or observed in situ will be calculated also
over this period. The main reason for this assessment period is that it
gives time to assess the effect of measures or actions taken by the au-
thorities in charge of the water quality in order to achieve or maintain
good environmental status whilst being affordable in practice from in
situ monitoring.

This 6-year average can also be applied to parameters that are po-
tential drivers of the development of phytoplankton blooms arising
from eutrophication. Based on in situ data, Capuzzo et al. (2018)
identified the sea surface warming and reduced nutrient riverine inputs
as the major causes in the decline of the primary productivity in the
North-Sea over the period 1998-2013. A negative trend in the bloom
intensity related to winter nutrients in the Baltic Sea over the period
2000-2014 was also observed by Groetsch et al. (2016). The variability
and the trends in the discharge and the nutrients load (phosphorus and
nitrate) of the main rivers running into the English Channel and the
northern Bay of Biscay have to be investigated as the possible causes of
the evolution of Chl-a observed on our twenty-year time series of sa-
tellite and in situ Chl-a.

2. Data and methods
2.1. The satellite dataset

The Chl-a concentrations were derived from the merging of
SeaWiFS, MERIS, MODIS/AQUA and VIIRS remote-sensing reflectance
processed by the coastal OC5 algorithm with Look-Up-Tables (LUT)
dedicated to each sensor (Gohin et al., 2002; Gohin, 2011). The LUTs
have been calibrated on the remote-sensing reflectance (Level 2 pro-
duct) provided by the agencies in 2015 (2014 processing for MODIS
and SeaWiFS; MEGS8.0 processing for MERIS). Since 2015, the MODIS
and VIIRS reflectance data were those provided daily, by subscription,

Table 1

Locations and characteristics of the in-situ stations. Mean Chl-a and NTU are calculated over the productive season (March to October). >200 observations are available for each station over the period 1998-2017.

Particularity

Region

Mean Chl-a (st.dev). mg m > Mean turbidity (st.dev). NTU

Latitude

Longitude

Station

Coastal on the Boulogne transect

Mid

Eastern English Channel

2.93 (2.5)
1.86 (1.42)
1.13 (0.67)
2.24 (1.94)
3.02 (1.98)
1.6 (1.62)

6.47 (5.1)

4.90 (5.28)
2.87 (2.57)
7.69 (5.55)

50.75N
50.75N
50.75N
50.23N
49.30N
47.5N

1.55E
1.52E
1.45E
1.44E
0.12wW
3.09W
2.54W

Boulogne 1

Boulogne 2

Offshore

Boulogne 3

Off the plume of the Somme river

Bay of Seine

Cabourg (monitored since 2001)

Somme_Mer
Men er Roué

The satellite location is one pixel (1.2 km) north off the station

Clear waters

17.74 (8.77)
2.18 (2.34)
6.26 (7.59)

Bay of Biscay

In the plume of the Vilaine river Subject to eutrophication (anoxia) in summer

47.45N 3.49 (3.74)

Ouest_Loscolo
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Fig. 2. The annual cycles of in situ and satellite Chl-a concentration at the selected stations. (a—c) the Boulogne transect; (d—e) the stations in the plumes of the Somme
and Seine rivers: Somme_Mer and Cabourg. (f-g) stations in the Bay of Biscay. Means, 90th percentiles and number of data, indicated on the graphs, correspond to the
productive period (March to October).
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from the NASA Goddard Space flight Center. The OC5 algorithm used in
that study is specifically designed for waters where suspended sediment
may hamper the application of the classical OCx algorithms defined for
the open ocean (O'Reilly et al., 1998; O'Reilly and Werdell, 2019). OC5
modifies the empirical relationships between in situ measurements of
Chl-a and the blue-to-green ratios of the marine reflectance used as
reference in the OC3 and OC4 algorithms, by including the radiances or
reflectance at or near 412 and 555 nm from the level 2 satellite products
provided by NASA or ESA. For high reflectance in the green waveband
(555 nm), OC5 Chl-a tends to zero whereas it remains close to standard
0OC3 for MODIS and OC4 for SeaWiFS and MERIS in clear waters. In the
OC5 LUT, the effect of SPM on the reflectance ratios used as inputs in
OC3 and OC4 is revealed from the green channel at around 555 nm,
whereas the atmospheric over-correction and the absorption by yellow
substances are related to the blue channel at 412nm (Gohin et al.,
2002). The images used in this study are interpolated OC5 Chl-q,
therefore a Level 4 product, following the nomenclature defined by
NASA. The interpolation is performed using kriging techniques, which
enable the creation of a daily multi-sensor dataset of complete images
over the period 1998-2017 (ftp://ftp.ifremer.fr/ifremer/sextant-data/
SATCOAST/atlantic/CHL, Ifremer, 2017). The spatial resolution of the
interpolated images is 0.01° in latitude and 0.015° in longitude (about
1.2*1.2km?). In practice, the interpolation is carried out on Chl-a
anomalies calculated by difference to a 1998-2008 daily average
(SeaWiFS and MODIS/AQUA). Satellite data observed within 5 days
before and 5 days after the day of interest and up to 160 km from the
pixel location were used to build the data sets used for the daily in-
terpolation. Despite possible artefacts on some images, the kriging es-
timator is unbiased and the interpolated Chl-a shows an excellent re-
lationship with the in-situ observations in term of averages and 90th
percentiles (Saulquin et al., 2011).

2.2. The in-situ datasets

The in-situ data of Chl-a (Fig. 1) were obtained from the “Suivi
Régional des Nutriments” (SRN, 2017), the “Réseau Hydrologique Lit-
toral Normand” (RHLN), and the Ifremer REPHY phytoplankton net-
work (REPHY, 2017). Three stations (Boulogne 1, 2, 3) are located
along a transect off the harbour of Boulogne. Somme_Mer is located in
front of the mouth of the river Somme (mean annual discharge
35m>s~1). The Boulogne and Somme_Mer stations belong to the SRN
network with a monthly sampling frequency. The Cabourg station,
belonging to the RHLN, is located in the vicinity of the Seine plume
(mean annual discharge 510 m®s~1). The RHLN and REPHY networks
have a 2-weekly sampling frequency. Two stations have been selected
in the northern Bay of Biscay, Men er Roué in relatively clear waters
and Ouest_Loscolo in the plume of the Vilaine river (mean annual dis-
charge 70 m®s ™) in southern Brittany. The region under the influence
of the Vilaine and the Loire rivers is subject to recurrent anoxia events
in summer, favoured by high production and stratification (Chapelle
et al., 1994). All stations have been sampled since 1998, except Ca-
bourg where the sampling of the RHLN started in June 2001. Cabourg,
Boulogne 1 and Ouest_Loscolo are located in the most eutrophic waters
found in the English Channel and the Bay of Biscay. The Chl-a con-
centration was obtained mostly by monochromatic spectrometry fol-
lowing Aminot and Kérouel (2004) and Lorenzen (1967). More details
on these stations and measurements, already used in Gohin (2011), can
be found in REPHY (2017), SRN (2017) and Lefebvre et al. (2011). All
these stations, except Cabourg, are at offshore locations where sys-
tematic failures in the atmospheric correction of the satellite reflectance
do not occur. The comparisons are made at the station point locations
with the exception of Cabourg where the satellite pixel is selected 0.01°
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(one pixel, i.e. 1.2km) north of the coastal station. Locations and main
characteristics of the stations are indicated on Table 1. Nitrate and
phosphorus outflow data for the Seine and Vilaine rivers were obtained
from “eaufrance”, a public information system of aquatic environments
in France. The outflows come from the “banque hydro” and the nu-
trients from the “naiades” website http://www.naiades.eaufrance.fr/
acces-donnees# /physicochimie. For the Vilaine river, the outflows
(2003-2017) and nutrients (1998-2017) are measured at Rieux. As the
time series of the outflow of the Vilaine river is relatively short, we also
used the outflows of the Loire river at Monjean-sur-Loire (mean annual
discharge 843 m®s ™) that are highly correlated to those of the Vilaine
river. For the Seine river, measurements (1998-2017) are carried out at
the dam of Poses.

3. Results
3.1. The annual cycles at the stations

Fig. 2 shows the annual cycles of satellite and in situ Chl-a at the
seven sampling stations as well as the mean and the 90th percentile
over the productive period. Despite the fact that the satellite data are
interpolated, the level and shape of the curves are very similar to those
obtained from mono-sensor (non-interpolated) data (Gohin, 2011).
Such a result was expected, since the kriging method used for the in-
terpolation is unbiased. The major discrepancy between the satellite
and in situ data sets is observed in winter along the cross-shore transect
off Boulogne. High Chl-a concentrations are observed in situ very early
in the year, even in January. Nevertheless, both SRN and satellite data
sets illustrate that the phytoplankton development starts early in the
Northern English Channel (as in the North-Sea), though the satellite
Chl-a is lower. The stations in the river plumes, Somme_Mer, Cabourg
and Ouest-Loscolo, exhibit bell curves typical of eutrophic waters en-
riched by a constant flux of riverine nutrients. Despite some differences
between the datasets, the means and 90th percentile of Chl-a are very
similar. The correspondence is high between the satellite-derived and in
situ gradients along the Boulogne transect; with mean levels over the
productive period of about 6, 5 and 3 ugm ™~ from coastal (Point 1) to
deeper waters (Point 2 and 3).

3.2. The temporal evolution in Chl-a at the stations

3.2.1. Evolution of the yearly means with time

Fig. 3 gives the yearly means for the productive season (March—-
October) at the selected stations. The vertical bars around the in situ
averages correspond to approximate confidence intervals on the mean
at 90% (i1.65\/m where s? is the standard deviation and n the
number of data) for a Gaussian distribution, indicative of the variability
in the in situ data. Such a representation is not applicable to the satellite
data as these are so numerous (204 retrievals each year within the
productive period) that their average is a very accurate estimation of
their statistical mean. Thus, the weakness of the satellite averages could
concern more the bias that they can show with the in-situ reference than
their variance. That is why it has been so important to roughly assess
this bias locally and seasonally by comparing the mean annual curves of
satellite and in situ Chl-a and their major statistics (Fig. 2). Despite a
high variability of the in-situ measurements, as at the Ouest Loscolo
station in 2007 with two outliers observed at 115 and 75 mgm ™3, the
time-series of the yearly means derived from the satellite or observed at
sea show similar dynamics over years.

The time-series of the six-year moving averages (Fig. 4) and 90th
percentiles (Fig. 5) show a decrease at the stations in the English
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Fig. 5. The 6-year moving 90th percentile of the in situ and satellite (continuous line) Chl-a concentration at the selected stations. (a—c) the Boulogne transect; (d—e)
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Channel whereas no significant trend is observed in the Bay of Biscay English Channel and the southern bight of the North-Sea.
(stations Men er Roue and Ouest_Loscolo). Fig. 6 presents the 90th

percentiles of Chl-a at the beginning (1998-2003) and at the end of the

period (2012-2017) over the area. These maps show that the Men er 3.2.2. Temporal evolution of the annual cycle

Roue and Ouest-Loscolo stations are very representative of the Bay of If we restrict our samples to periods of 6 years, the lack of in situ
Biscay characterised by an absence of long term trend in the 90th observations makes the representation of the annual cycle from this
percentﬂe of Chl-a, which contrasts with the southern coast of the data source less reliable. However, in parallel with lower averages, the

shape of the Chl-a curve retrieved from satellite and in situ data clearly

a) 90th percentile of Chl-a
(productive period)
1998-2003

| I m HN
0.21 1.012.01 5.0l 10.0115.1 25.1
P90 Chi—a 1998_2003 (mg.m™)

a) 90th percentile of Chl-a
(productive period)
2012-2017

| m HR
0.2 1.012.01 5.0 10.0115.] 25.1
FI0 Chi—a 20122017 (mg.m™)

Fig. 6. The 90th percentile of Chl-a at the beginning and at the end of the studied period. (a) 1998-2003; (b) 2012-2017.
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shows an evolution towards those of oceanic regions characterised by a
spring peak followed by lower Chl-a concentration in nutrient-deprived
waters. Fig. 7 shows the evolution from a “bell shape” to a “peak shape”
at the Boulogne Point 2. In 2004-2011 and 2012-2017, the annual
cycles of Chl-a show a “peak shape” and are characterised by a decrease
in Chl-a at fortnightly intervals from 10 to 15 (May to July), whereas in
1998-2003 Chl-a is still high at this period. The decrease in Chl-a ob-
served at the last period, 2012-2017, is accentuated in the in-situ data
set by the small number of observations available (73 for the productive
period).

Fig. 8 shows typical curves during years of high Chl-a (2001 and
2008) compared to years exhibiting lower Chl-a (2016 and 2017).

To investigate the phytoplankton dynamics throughout the seasons,
the satellite data provide more spatial and temporal coverage as illu-
strated in Fig. 9, which shows the monthly means of Chl-a at the be-
ginning and the end of the study period. During March and April, Chl-a
is similar for both periods, whilst May and June exhibit a clear decline
in Chl-a in the southern English Channel.

4. Discussion
4.1. Regional evolution of the phytoplankton biomass

The evolution of Chl-a can be analysed at point scale using in situ
data or at regional scale using satellite data. The deviation between in
situ and satellite data shown in Figs. 4 and 5 is enhanced at near-shore
coastal stations where patterns of Chl-a may exist at a range
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unreachable at the current 1km resolution of satellite sensors. The
Boulogne Point 1 and Cabourg stations are the most in shore stations
and exhibit the highest discrepancy between satellite and in situ ob-
servations (Figs. 4a and e, 5a and e). This deviation could come from
the remote-sensing technique itself, as particularly complex optical
properties and environment effects, due to the influence of neigh-
bouring land pixels, could affect the quality of the atmospheric cor-
rection in waters near the shore. Another plausible explanation is that
there has been a substantial improvement in the waste water treatment
from neighbouring cities (after application of measures requested by
the EU directive on the bathing water quality) since the end of the
1990's, leading to lower nutrient input from sewage effluent into near-
shore coastal waters. This may have had strong influence at the Ca-
bourg station which is so close to the coast that, in order to obtain
satellite data that are not flagged as land, the location of the pixel was
shifted one kilometre northward. There are indeed two scales in the
evolution of the nutrient fluxes that affect the coastal waters; one occurs
at very short range due to specific improvement locally, in bathing
water quality, and the second occurs over a larger regional level, which
is related to the evolution of the inputs from major rivers, such as the
Seine, Loire, Somme and Vilaine rivers which affect the entire area.
At a regional level, there are three main areas that exhibit specific
and characteristic trends in remote-sensing Chl-a: the southern Brittany
in the Bay of Biscay, the western English Channel, and the “Fleuve
cotier”; the Region Of Freshwater Influence (ROFI) from the Bay of
Seine to the Strait of Dover in the eastern English Channel (Brylinski
and Lagadeuc, 1990; Brylinski et al., 1991) with influence farther north
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Fig. 7. Evolution of the seasonal cycle of Chl-a at Boulogne Point 2 over the 1998-2017 period. (a) 1998-2003; (b) 2004-2011; (c) 2012-2017 The averages (satellite

and in situ) indicated on the graphs are calculated over the productive season.
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Fig. 8. Typical Chl-a cycles at Boulogne Point 2. (a) 2001 and (b) 2008 high Chl-a years; (c) 2016 and (d) 2017 low Chl-a years. Diamonds: in situ data; continuous

line: satellite data.

in the southern North-Sea (Lacroix et al., 2007).

It is in this latter region that the evolution of Chl-a is the strongest.
The “Fleuve Cotier” exhibits a lower signature in Chl-a in the period
2012-2017 compared to 1998-2003 (Fig. 6) along the coast, from its
source, the river Seine, to the Dover Strait. The decrease in Chl-a is the
most significant in the Bay of Seine, especially from May to July. In the
north, the spring peak is as strong as ever in April. During April,
Phaeocystis globosa blooms in high biomass, when it can form large
gelatinous colonies that can impact benthic and pelagic ecosystems, and
have been identified from the Somme river to the Southern North-Sea
(Lancelot et al., 2014). The nutrient cycle in this region follows a ty-
pical temperate cycle, accumulating in winter and decreasing through
phytoplankton uptake in spring (Lefebvre et al., 2011). After the diatom
bloom that occurs from February to mid-April, the reduction in silicate
and phosphate concentrations gives a competitive advantage to the
small cells of Phaeocystis globosa.

Along the southern Brittany coast, there is no significant trend in the
pattern and level of Chl-a from the beginning to the end of the study
period. At the end of the period, the risk of eutrophication remains high
in summer when waters stratify and high temperatures lower the con-
centration of dissolved oxygen.

The western English Channel, particularly the frontal zone between
the summer stratified waters of the Atlantic Ocean and the mixed wa-
ters of the central English Channel, also has significantly lower levels of
phytoplankton biomass at the end of the period. This area where high
blooms of the harmful species Karenia mikimotoi may occur (Vanhoutte-
Brunier et al., 2008) is under the influence of the north-Atlantic hydro-
climate and of the inputs in fresh water and nutrients from the rivers
flowing into the Bay of Biscay. The evolution of the satellite average of
Chl-a in July between the periods 1998-2003 and 2012-2017 is also
exacerbated by the conjunction of a major heat wave in 2003 that en-
hanced frontal patterns in the western English Channel and relatively
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higher fluxes of nutrients from the rivers flowing into the Bay of Biscay.

4.2. How do the rivers determine the surface Chl-a in the English Channel
and the northern Bay of Biscay?

As any other marine environment, the coastal system of western
Europe is driven by climate (Goberville et al., 2010), through the North
Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation
(AMO), with effects on the river outflows, the inputs in nutrients, the
solar irradiance and the sea surface temperature that impacts stratifi-
cation. Despite the fact that sea surface temperature is increasing in the
eastern English Channel and in the North-Sea (Saulquin and Gohin,
2010), this warming cannot be the dominant factor in the evolution of
the phytoplankton biomass at our in situ stations under the influence of
highly variable freshwater fluxes. River discharges have evolved
quantitatively through the period 1998-2017, in relation to precipita-
tion in the watersheds; which have also undergone a significant quali-
tative change through a considerable decrease in phosphorus (Romero
et al., 2013).

4.2.1. The influence of the Seine river on the evolution of the Chl-a in the
English Channel

Fig. 10a—c, shows the outflows and the averages in nitrate and
phosphorus in the Seine river processed over a 6-year period during the
productive season. This is similar to the observations of Romero et al.
(2013) who studied the Bay of Seine from 2000 to 2010, and observed
that the nitrogen load remained high whilst phosphorus decreased
dramatically. Using 17 stations from the RHLN Networks in the Bay of
Seine from 2000 to 2010 (including the Cabourg station that is parti-
cularly well sampled) Romero et al., 2013 also observed a significant
decrease in Chl-a, which we also observed from 2011 to 2017. Higher
discharge (Fig. 10a) from the Seine river from 1998 to 2003
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Fig. 9. Monthly means of the Chl-a concentration. (a—e) 1998-2003; (f-j) 2012-2017.
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Fig. 10. Outflows, nitrate and phosphorus concentration during the productive season for the Seine and Vilaine rivers. (a—c) Seine river; (d-f) Vilaine river. The
moving average and the 90th percentile are indicated in continuous and dotted line respectively.

(particularly winters 2000 and 2001) contributed to the negative trend
in Chl-a observed over the period 1998-2017. Fig. 11 indicates that at
the Boulogne 3 station, though furthest from the mouth of the Seine
river, the effect of the discharge from the Seine is still strong. Lower
outflows from the Seine river are associated with higher salinity at
Boulogne Point 3, confirming the role of the “Fleuve cotier” in carrying
fresh water from the Seine and Somme rivers northward (Brylinski
et al., 1991). Higher river outflows (e.g Seine, Somme, ...), associated
with higher N fluxes to these coastal waters (Passy et al., 2013), could
drive the productivity of the eastern English Channel waters, mainly
under N-limitation. The relative decrease in the Seine's discharges ex-
plained the trend in Chl-a though there was a recovery in the outflow
after 2012 (Fig. 11) which doesn't show the expected effect, supporting
the hypothesis of a possible limitation by phosphorus (Romero et al.,
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2013). The steady decline at Somme_Mer, both in the mean and 90th
percentile of Chl-a (Figs. 4 and 5), might be also related to the drop in
phosphorus from the rivers. Discharge data collected at Abbeville, along
the Somme river, since 2006 showed an increase in the last years, si-
milarly to the Seine's discharges, without changing the negative trend
in Chl-a.

4.2.2. The influence of the Loire and Vilaine rivers on the evolution of the
Chl-a in the Northern Bay of Biscay

By contrast to the English Channel, the Chl-a time-series observed
from space and in situ at Ouest_Loscolo and Men er Roue do not show
any significant trend over the studied period despite a decline in
phosphorus similar to that observed in the English Channel (Fig. 10f).
At the Ouest_Loscolo station, the average and 90th percentile of Chl-a
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appear to be clearly correlated with the river outflows over the pro-
ductive period (Fig. 12), corroborating the results of Ratmaya et al.
(2019). Fig. 13 shows that the sensitivity of the 90th percentile of Chl-a
to the river outflow is also observed over a large part of the continental
shelf.

4.3. How does a decrease in phosphorus affect phytoplankton diversity and
harmful algal blooms (HABs) in the region?

Over the last few decades, a more effective reduction in loads of P
relative to N has been observed in western Europe (Romero et al.,
2013). Imbalanced inputs of N and P to coastal ecosystems can shift the
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stoichiometry of nutrients away from the Redfield ratio, which can in
turn affect ecosystem characteristics such as nutrient limitation, turn-
over, and ultimately ecosystem productivity. Since certain phyto-
plankton species are expected to dominate at their optimal resource
ratio, changes in nutrient stoichiometry may also lead to a modification
of the composition of phytoplankton assemblages (Tilman, 1982). For
example high N:Si or N:P ratios correspond to the initiation of Phaeo-
cystis spp. blooms along the eastern English Channel (Karasiewicz et al.,
2018). In spite of the reduction in P loads, sustained high values of N
still foster the emergence of Phaeocystis spp. and other HABs, as ex-
pected by Romero et al. (2013). Over the period 2012-2017, despite a
lower concentration of Chl-a, Phaeocystis counts remain high along the
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Fig. 13. 90th Percentile of Chl-a (productive season) in southern Brittany corresponding to two contrasting years: a) 2011 (dry) and b) 2013 (wet).

Boulogne transect, frequently reaching 3.5 10° cells L™! in April.
Further research to assess the consequences of lower phosphorus
export by the rivers should combine Chl-a with abundance and com-
position indicators. A change in phytoplankton biomass (positive or
negative), can result in a shift, from diatom-dominated to a flagellates
or Phaeocystis sp. dominated community, which would impact the
structure and function of the benthic and pelagic ecosystems (e.g.
Hernandez Farifas et al., 2014; Karasiewicz et al., 2018). Whilst the
total phytoplankton biomass may not decrease, phytoplankton com-
munity composition may change favouring smaller cells, mixotrophs
and motile species. Ecosystems are able to change their functional
strategies as resource availability changes (Wentzky et al., 2018).

4.4. Consequence on the environmental status?

Measuring phytoplankton biodiversity, community composition,
biomass and the frequency of HABs and associated variables over a
sustained and long term basis is of primary importance to assess eco-
system status and trends in the coastal environment. Due to its high
sensitivity to the changing environment globally, and its high reactivity
to short term events (local pressures from anthropogenic sources),
phytoplankton is a core indicator for Directives and Regional Sea
Conventions for eutrophication and biodiversity assessments. Our re-
sults have major implications for several key descriptors of the en-
vironment of the coastal shelf monitored by the MSFD. Descriptor 1
(Pelagic Habitats), Descriptor 4 (a food web ensuring long term abun-
dance) and Descriptor 5 (eutrophication) specifically could be affected
by a decrease in Chl-a concentration. Descriptors 1 and 4 may be af-
fected negatively and Descriptor 5 may be affected positively in the
English Channel (not in the Bay of Biscay) since our results reflect a
decrease in elevated chlorophyll-a events.

This trend in Chl-a could have a potential negative impact on the
food chain and particularly on the growth of bivalves. By contrast,
Bryere et al. (2019) did not observe a significant effect of lower Chl-a
concentrations on the production of mussels at the end of the
1998-2018 period in western Europe using a dynamic energy budget
model (Thomas et al., 2011) forced with CMEMS Chl-a also derived
from the OC5 method. The main reason is that the decrease in Chl-a
impacts mostly elevated concentrations (>10 mgm ), far higher than
the optimal level (< 2mgm™°) required for the growth of mussels.
These results show also that this decrease in phytoplankton biomass has
probably only minor effects on the overall quality of the phytoplankton
as a component of the diverse descriptors contributing to the definition
of the Good Environment Status, e.g. biodiversity, food web, ... whereas
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the eutrophication risk, derived from the 90th percentile of Chl-a, de-
creases in the English Channel, despite a persistence of the HAB-
forming Phaeocystis globosa.

Further work should assess the relative contribution of climate
change effects versus the riverine inflow of nutrients in the evolution of
the phytoplankton biomass in the frontal area between the stratified
Atlantic Ocean and the mixed waters of the central English Channel.
This is where remote sensing is of particular importance since the
spatial scales of the marine processes involved over the continental
shelf can vary from hundreds of meters from the shore to hundreds of
kilometres in the open ocean.

4.5. Satellite algorithms and Chl-a products for north-west European waters
and the limitations of OC5

The multi-sensor satellite Chl-a products presented here were gen-
erated with the OC5 algorithm which is optimized for the English
Channel and the Bay of Biscay where different types of water are en-
countered, from clear (i.e. case 1) to moderately turbid (i.e. case 2). In
very clear waters, when Chl-a concentrations are <0.2mgm ™2, OC5
has similar limitations to the OCx algorithms. Other algorithms, such as
the Colour Index CI (Hu et al., 2012), may be preferable. In more ex-
treme conditions, in terms of SPM and CDOM but also when the Chl-a
concentration increases to high levels (60 mg m ™2 and higher), the use
of reflectance ratios at wavelengths (670 nm, 704 nm) higher than the
blue and green bands used in OC5 is more appropriate (Gons et al.,
2002; Smith et al., 2018; Van der Zande et al., 2019). In very specific
conditions, as those of microphytobenthos environment, OC5 may un-
derestimate the Chl-a concentration. By construction, the Chl-a re-
trieved by OC5 tends to zero as SPM increases to very high levels. This
is consistent with biogeochemical models in temperate coastal sea (Ford
et al., 2017; Ménesguen et al., 2018) but could fail when applied to
microphytobenthos growing on illuminated sediment and re-suspended
in the water by the rising tide.

4.5.1. Implementation of OC5 in the processing CMEMS chain

The production of Chl-a images at Ifremer since 1998 has been
entirely based on the application of the OC5 algorithm to coastal wa-
ters. The implementation of OC5 in the processing chain of the CMEMS
project has provided a complete validation, a larger audience and a
longer sustainability of the method (Saulquin et al., 2018). Daily in-
terpolated products applying the OC5 algorithm to turbid waters have
been operationally provided by ACRI-ST Company since 2015 within
CMEMS. Over Europe the CMEMS/GlobColour product is 1km of
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spatial resolution and a similar product is also available at 4km at
global level. The full time series has been updated in November 2018
taking into account the availability of the new OLCI (Ocean and Land
Colour Imager) sensor aboard Sentinel-3A (ESA), the R2018 processing
of NASA, the CI and the OC5 algorithms for clear and coastal waters
respectively (Garnesson et al., 2019). For the North Atlantic and Arctic
oceans, the CMEMS/OC-CCI (ESA Climate Change Initiative) products
are provided by PML (Plymouth Marine Laboratory) applying the re-
gional OC5CI chlorophyll algorithm to multi-sensor reflectance. These
multi-spectral reflectances are generated by merging the data from the
SeaWiFS, MODIS-Aqua, MERIS, and VIIRS sensors and realigning the
spectra to that of SeaWiFS. OC5CI is a combination of CI (open waters)
and OC5 (coastal waters).

5. Conclusion

We used twenty years of satellite reflectance data from ESA and
NASA ocean colour sensors in combination with in situ data to monitor
changes in Chl-a in the English Channel and the northern Bay of Biscay
on a 6-year basis, as requested by the European directives. The satellite
data enhanced the spatial observations made at seven coastal stations.
The Chl-a concentration showed a steady decline in the English Channel
after the spring peak in April in the North and in May in the Bay of
Seine whilst no trend or significant change was observed in the Bay of
Biscay. Our results are in agreement with previous studies based on in
situ data alone (Romero et al., 2013; Ratmaya et al., 2019), but extend
the spatial frequency of observations required by Regional Sea Con-
ventions or EU Directives (MSFD). However, some further questions on
the decrease in Chl-a need to be answered; Is it only the result of lower
discharges after the peaks observed in the early 2000s or an effect of
altered ratios between nutrients (N/P and S/P) and a stronger limita-
tion by phosphorus? To answer this question, the next few years will be
particularly useful as the phosphorus content in the rivers will remain
low and the release from sediment should decrease from year to year.
For investigating the effect of river discharge on the phytoplankton
biomass, a statistical model, based on the twenty two years of satellite
Chl-a available to date, could be developed to relate the monthly out-
flows of major rivers to the Chl-a concentration on a pixel by pixel
resolution, similarly to what has been done for the turbidity over the
continental shelf of western Europe (Rivier et al., 2012; Gohin et al.,
2015). This would also enable the assessment of the outputs of bio-
geochemical models and their calibration over years (Ménesguen et al.,
2018). Using in situ and space-derived data together with modelling
tools would provide a more comprehensive overview of the evolution of
the coastal system as a whole, not only at the location of the seven
stations selected in this study. This would also give us a better under-
standing of the role of climate on phytoplankton development; this
study shows that adjacent seas can exhibit different responses to a si-
milar climate, expressed from NAO and AMO indices. Further in-
vestigations of the composition of the phytoplankton, in term of size
structure, Harmful Algal Blooms, diatoms to dinoflagellate ratios are
also required. New phytoplankton indices, related to biological traits
and life forms, are also very promising for monitoring the consequences
of the decrease in phosphorus that could impact species with large cells,
as proposed in Greenwood et al. (2019). A closer association between
satellite and in situ data is therefore requested, not only to assess the
performance of the satellite datasets, as we did in this study, but also to
provide a better description of a changing coastal environment.
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