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Abstract
The chlorophyll-a 90 percentile product (CHL-P90) gained importance in describing the
eutrophication state of the Belgian part of the North Sea when Water Framework
Directive requirements were transposed into Belgian law in July 2010. A MERIS based
CHL-P90 product was developed to answer this need for information as MERIS
provides a better temporal and spatial coverage compared to in-situ monitoring and thus
is potentially better suited to provide a P90 estimate. However, the irregular availability
of satellite chlorophyll-a observations both in space and time due to cloudiness, quality
flagging, sensor malfunction, etc. has to be considered as it impacts the product
accuracy. This impact is two-fold and dependent on (1) the availability of observations
during the actual phytoplankton bloom and (2) a proportional distribution of observa-
tions in the bloom and non-bloom period. 

This effect of irregular sampling on the accuracy of CHL-P90 was studied in detail in
simulations. The MIRO&CO-3D ecosystem model was used to generate realistic time
series of chlorophyll-a concentrations with high temporal resolution in the most
important Belgian monitoring stations. These time series were sub-sampled using the
actual observation density of the MERIS satellite in Belgian waters. Results show that a
mean relative error of 25.4% on the CHL-P90 estimate can be expected due to the effects
of irregular sampling. The results of this study were used to improve the CHL-P90
algorithms by adding a weighing procedure taking into account irregular sampling issues
to reduce these errors to 9.9%. 
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1. Introduction 
The Water Framework Directive (WFD) and the Marine Strategy Framework Directive
(MSFD) are currently the most important drivers for monitoring the coastal and offshore
waters in Europe with the objective of reaching a ‘good environmental status’ (Gohin et
al., 2008). Human-induced eutrophication is one of the criteria for assessing the extent to
which good environmental status is being achieved. Eutrophication can be defined as the
enrichment of water by nutrients causing an accelerated growth of algae and higher
forms of plant life to produce an undesirable disturbance to the balance of organisms
present in the water and to the quality of the water concerned, and therefore refers to the
undesirable effects resulting from anthropogenic enrichment by nutrients (OSPAR,
1998). 
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In June 2010, WFD requirements (Directive, 2000) for the Belgian Coastal Zone (BCZ)
were transposed into Belgian law (Royal Decree 23.06.2010) thus structuring/guiding
the water quality monitoring programmes. The eutrophication status is established by
monitoring the chlorophyll-a (CHL) concentration as it is a proxy of phytoplankton
biomass. More specifically, the indicator of choice is the chlorophyll-a 90 percentile
(CHL-P90) over the phytoplankton growing season (i.e. March–November inclusive)
expressed in μgl-1. The CHL-P90 is the CHL concentration below which 90 percent of
observations fall. While in-situ data acquisition is still considered as the main monitoring
tool there is a growing tendency to use optical remote sensing as a supporting tool to
achieve the monitoring requirements because of severe resource constraints of available
ship time and manpower (Sorensen et al., 2002). For example, in Belgium, in-situ
measurements are collected 5–7 times on average per growing season at 10 stations
distributed in the BCZ (Ruddick et al., 2008c). These numbers are too low to calculate
CHL-P90 values with sufficient accuracy. Hence the need for additional information
sources. 

The algal1 and algal2 products from MERIS are now considered sufficiently mature for
use in applications in the turbid Belgian waters (Ruddick et al., 2008a, 2008b). The
MERIS data enables the calculation of CHL-P90 pixel-by-pixel resulting in a map
product which is expected to provide more accurate CHL-P90 estimates due to an
increased temporal and spatial resolution compared to the in-situ data (Park et al., 2010).
Subsequently, this map product provides the policy makers with the means to objectively
and quantitatively report on the WFD and MSFD guidelines for reaching a ‘good
environmental state’ by 2020. 

However, the irregular availability of satellite CHL observations both in space and time
due to cloudiness, quality flagging, sensor malfunction, etc. has to be considered
(Sirjacobs et al., 2011) as it impacts the accuracy of CHL-P90. This impact is two-fold
and dependant on (1) the availability of observations during the actual phytoplankton
bloom and (2) a proportional distribution of observations in the bloom and non-bloom
periods. Figure 1 illustrates this by showing how a different timing of 50 samples on the
same CHL time series can result in significantly different CHL-P90 estimates. From this
example it is obvious that sufficient sampling of the bloom period is crucial for gener-
ating an accurate CHL-P90 product but can still lead to errors in case of under- or
oversampling compared to the non-bloom period. 

The main objective of this study is to perform a detailed sensitivity analysis on the CHL-
P90 product considering irregular sampling and to use the results to develop a correction
procedure to improve the CHL-P90 product. Simulation techniques were used to ensure
the availability of sufficient reference data. The MIRO&CO-3D ecosystem model
(Lacroix et al., 2007) provided CHL time series with a high temporal resolution (i.e. 30
minutes) in five Belgian monitoring stations for a full growing season in the arbitrarily
chosen year 2006. These five time series were generated taking into account processes
such as wind- and tide-induced variability, complex biological interactions etc. and were
subsequently sub sampled using actual pixel-specific MERIS sampling frequency during
the growing season of 2003 to 2010. This resulted in more than 20000 sub-sampled CHL
time series which could be directly compared to the five MIRO&CO-3D time series to
perform the accuracy analysis.
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Figure 1  Illustration of the impact of two different timings of 50 samples on the same CHL time
series on CHL-P90 estimates. Blue/green line: time series of CHL computed by MIRO&CO-3D
model (Lacroix et al., 2007) for the year 2006 for a single Belgian monitoring station (51.27°N–
2.91°W) with the phytoplankton bloom marked in green. P90ref (black line) and P90est (red line)
are the percentile 90 computed respectively from the daily data and from a subsample of 50 data. 

2. Materials and Methods

2.1 Belgian Coastal Zone 

The Belgian Coastal Zone (BCZ) is located in the Southern Bight of the North Sea (SNS)
and covers approximately 3454 km2 with an average depth of 20–30 m. The BCZ is
influenced directly by the Scheldt river (and other small Belgian rivers) inputs as well as
indirectly by waters discharges from French rivers such as the Seine and the Somme and
the Dutch Rhine/Meuse system (Lacroix et al., 2004). The river nutrient input causes
eutrophication in the BCZ leading to high-biomass algal blooms, mainly the Hapto-
phycea Phaeocystis globosa that spreads over the entire area in spring (Lancelot et al.,
1987).

2.2 MIRO&CO-3D model

The MIRO&CO-3D model is a combination of the 3D hydrodynamical model described
in Lacroix et al. (2004) based on the COHERENS model (Luyten et al., 1999) and the
biogeochemical MIRO model (Lancelot et al., 2005). The MIRO&CO-3D ecosystem
model was used to generate simulated time series of chlorophyll-a concentrations with
high temporal resolution for five Belgian monitoring stations. The model is capable of
simulating the transport and dynamics of inorganic and organic nutrients, phytoplankton,
bacterioplankton and zooplankton biomass in the SNS (Lacroix et al., 2007). For this
theoretical study, the BCZ was subdivided in five zones around the five in-situ
monitoring stations using the nearest neighbour interpolation. For each zone a typical
CHL time series during the phytoplankton growing season was generated capturing the
main variations in the BCZ (Figure 2). While these time series are theoretical, we believe
that they capture the main phytoplankton dynamics present in the BCZ, generally with an
intensive Phaeocystis globasa bloom during the spring followed by a less intensive
summer Diatoms bloom (Lancelot et al., 2005). Remote Sensing observations show that
bloom intensity decreases with increasing distance from the coast (Rousseau et al., 2006;
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Ruddick et al., 2008c). The CHL time series are presented in Figure 2 (right) showing a
phytoplankton biomass peak around day 134 (i.e. 12 May) for the different zones. 

Figure 2  Left: CHL-P90 computed from daily MIRO&CO-3D data for the year 2006 for five
zones around the five in-situ monitoring stations using the nearest neighbour interpolation,
catching the main variations in algal bloom intensities in the BCZ (represented by the black line).
Right: Daily time series of CHL computed by MIRO&CO-3D (Lacroix et al., 2007) at the 5
chosen stations. The colour scale referring to the 5 zones is the same for both diagrams.

2.3 MERIS sampling frequency

Satellite images are widely used in operational oceanography and in ecosystem
dynamics studies due to their extensive spatial and temporal coverage. The Medium
Resolution Imaging Spectrometer (MERIS) instrument provides level 2 algal products
(CHL in μgl-1) (Doerffer and Schiller, 2007) for both case 1 and case 2 waters on a daily
basis with a spatial resolution of 1 km and a theoretical daily temporal resolution for the
BCZ. However, satellite remote sensing is subject to one major limitation: cloud
presence can totally or partially cover the area of interest. For the BCZ this generally
results in a high percentage of missing data in the daily images. This missing data is not
evenly distributed over the year, and thus biases any simple averaging calculations. To
study the impact of gaps in the observation continuity on the CHL-P90 product quality,
the actual MERIS sampling frequencies per pixel for the years 2003 to 2010 were
applied to the five simulated CHL time series described in section 2.2. This resulted in
more than 20000 subsampled CHL time series accompanied with the detailed model data
needed to perform the accuracy analysis.

2.4 Standard CHL-P90 product

CHL-P90 values were calculated pixel-by-pixel from the mean and standard deviation
(σ) of the CHL time series over the growing season by the approximation: 

CHL-P90=Mean+1.28*σ (1)

with a minimum of 2 CHL values per pixel. The mean and standard deviation σ are
computed in log transformed space. This statistical approach is an approximation for a
log-normal distribution of selecting the CHL value in a time series such that 90% of the
observations are equal or less than this value. It requires considerably less computing
resources as no actual time series need to be stored for each pixel, speeding up the
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processing significantly. It delivers accurate CHL-P90 values when the sampling is
regularly distributed over the growing season and when the underlying distribution is
log-normal. 

2.5 Weighted CHL-P90 calculation

In this approach a quality assessment of the satellite-based CHL time series is taken into
account when generating the CHL-P90 product to compensate for irregular sampling. In
a first step a key period (KP) is defined as the period containing the main algal bloom. In
this study this period is defined as the period starting 14 days before and ending 14 days
after the maximum CHL observation (Figure 3). This arbitrary definition of the KP is
region-specific and needs to be adjusted using prior knowledge of the local phyto-
plankton dynamics from model results or in-situ/Remote Sensing (RS) data. It is
important that this period is sufficiently sampled to obtain a valid CHL-P90 estimate. 

Next, the key period proportion (KPP) is calculated as follows:

(2)

where NrdaysKP is the total number of days of the KP (i.e. 28 days around the day of
max CHL for the BCZ) and NrdaysGS is the total number of days in the phytoplankton
growing season (i.e. 275 days). The arbitrarily chosen KPP equals 10.18%. Knowing the
KP, the KPP for the MERIS time series can be calculated in a similar fashion as well as
the relative difference (RD) between KPP and KPPMERIS:

 (3)

where NrObservationsKP is the total number of CHL observations in the KP and
NrObservationsGS is the total number of CHL observations in the complete phyto-
plankton growing season. 

The KPPMERIS can be calculated for each pixel and can be compared to the KPP per
zone resulting in a quantification of sampling irregularities represented by the weight
indices WIKP and WINKP for the key period and the non-key period respectively:

 (4)

The KP is undersampled by MERIS in the case of WIKP< 1 which would result in an
underestimation of the CHL-P90 using the standard method. Conversely, overestimation
of the CHL-P90 is expected in the case of WIKP> 1. This information can be used to
improve the CHL-P90 procedure by giving all the observations a weight which is the
inverse of the respective WI in order to compensate for the sampling irregularities. 
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Figure 3  The region specific key period (KP) is defined as the period in the phytoplankton
growing season (GS) containing the main algal bloom. Blue/green line: time series of CHL
computed by MIRO&CO-3D model (Lacroix et al., 2007) for the year 2006 for a single Belgian
monitoring station (51.27°N–2.91°W) with the key period marked in green. Red squares corre-
spond to the dates where MERIS observations are available for the year 2003 in this case.

Finally, the CHL values are ranked from low to high with their weights cumulated and
normalised (Wnorm). The weighted CHL-P90 value is then defined as the CHL value
where Wnorm equals 0.90 with the possibility to linearly interpolate between the two
closest CHL values above and below the Wnorm of 0.90 if this is not the case. 

3. Results and Discussion
Figure 4 shows an overview of the different map products which are relevant to the
generation of the CHL-P90 product. The product has been generated for the years 2003
to 2010. Only data from the years 2004 and 2005 are shown here as means of demon-
stration. The available number of MERIS observation per pixel and per growing season
for the BCZ is shown in the first column. This illustrates the annual variations in terms of
data availability due to cloud cover. Significantly more observations per pixel were
available for 2004 compared to 2005. Sampling irregularities are described by the weight
index WIKP but are best visualised in a relative fashion using RD which is calculated by
comparing the KPPMERIS to KPP (Figure 4 column 2). Red, green and blue pixels
represent CHL time series where the KP is oversampled, correctly sampled and under-
sampled respectively compared to the KPP which equals 10.18% in this particular case.
In 2004 the KP is oversampled near the coast and undersampled in the centre of the
BCZ. For 2005 we mainly observe an undersampling of the KP which has the expected
impact on the quality of the standard CHL-P90 product (Figure 4 column 3) which in
case of ideal sampling should be identical to the reference data (Figure 2, left). While for
both 2004 and 2005 the same reference CHL time series were used, the standard CHL−
P90 maps are significantly different as a result of different sampling frequencies. This
demonstrates the need for a correction procedure as mean relative errors of up to 16%
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and 30% due to sampling issues were observed for 2004 and 2005 respectively (error
maps not shown).

Using the weighted CHL-P90 approach, the information on sampling irregularities
provided by the KPP is taken into account for each pixel separately enabling a weighing
factor to be calculated. The results of this approach are presented in the fourth column of
Figure 4 showing a closer fit of the weighted CHL-P90 product with the reference CHL-
P90 map (Figure 2, left) compared to the standard CHL-P90 product. It can be concluded
that the weighting approach works for a large number of sampling situations. Most of the
over-estimations are eliminated but some under-estimations are still present, as can be
seen in the top left corner of the weighted CHL-P90 map for 2004 and in different areas
for 2005. These areas are characterised by a critical unavailability of observations during
the actual phytoplankton bloom. Such pixels could be identified and discarded by using a
threshold as a quality control as no statistically robust CHL-P90 estimate can be made
using those specific CHL time series. The artificial boundary fronts seen in these maps
are present in the original (simulated) dataset defining the 5 used zones and are not
generated by the weighting procedure proposed here.

Figure 5 shows the mean relative errors of the standard and weighted CHL-P90 products
which are calculated for the years 2003 to 2010 by directly comparing the estimated
CHL-P90 values to the values obtained from the MIRO&CO-3D model and subse-
quently calculating the average for the BCZ. For the standard CHL-P90 product this
error ranges from 16% to 35% with a mean error of 25.4% and for the weighted CHL-
P90 product this ranges from 6% to 19% with a mean error of 9.9%. This results in a
decrease in relative errors of 15.5%.

Figure 4  Overview of different map products relevant to the generation of the CHL-P90 product
for the years 2004 and 2005. Column 1 presents the data availability in terms of number of MERIS
observations during the growing season of the respective years. In column 2 the relative difference
between KPPMERIS and KPP (RD) provides a descriptor of sampling irregularities considering the
key period. Column 3 and 4 respectively present the standard and weighted CHL-P90 product. 
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Figure 5  Mean relative errors of the standard (red) and weighted (green) CHL-P90 products for
the years 2003–2010.

4. Conclusions
With the CHL-P90 product gaining importance in describing the eutrophication state of
the European seas for WFD and MSFD applications, product quality has become an
essential concern of potential users. While most studies have considered only the
accuracy of individual satellite CHL measurements, this study has focused on the
additional errors generated in multitemporal products. The sensitivity study performed in
this work allowed more insight into the impact of sampling irregularities on the final
product which should be considered carefully as significant errors were found. The
proposed weighting approach provides a tool to take into account sampling issues
resolving a significant part of this problem without the need for additional data except
for the identification of the key period. Obviously a CHL-P90 product can only be
generated if sufficient observations during the algal bloom period or key period are
available. 

This theoretical study was performed in a simulated environment raising the question of
how the developed methodology can be transformed into an operational status. This only
requires the knowledge of the region specific key period which could be obtained from
in-situ data sets (e.g. SmartBuoys, traditional point sampling, etc.), ecological models
(e.g. MIRO&CO-3D) or the remote sensing data itself by using pixels with well-defined
time series. Next, theoretical look-up-tables need to be generated for estimated CHL-P90
errors in terms of the number of observations and KPP for different phytoplankton
dynamics (i.e. bloom intensity, length of bloom, etc.). These look-up-tables can then be
used to generate an error map to accompany the CHL-P90 map product. The combi-
nation of the weighted CHL-P90 map and a (theoretical) error map could then be
considered as a more complete product needed by policy makers for WFD and MSFD
reporting requirements.
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