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• OBJECTIVE Chlorophyll-a has previously
been used as an indicator of water quality.

• ADDRESSING the PROBLEM Primary pro-
duction (PP) is a better indicator ofmarine
environment disturbance.

• MAJOR METHOD Satellite PP is used to
define threshold values to detect environ-
mental disturbance.

• MAJOR FINDING Threshold values detect
Eyjafjallajökull volcano and river nutrient
run-off effects.

• TAKE HOME MESSAGE This is an accu-
rate way of detecting anthropogenic ef-
fects in the marine environment.
Mean monthly primary production 90th percentile (gC m-2 d-1) for March, May, July and September using CMEMS
Ocean Colour data from 1997-2005 and 2006-2018 for the north-east Atlantic and North West European Shelf for
assessing environmental disturbance in the marine environment.
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Primary production (PP) is highly sensitive to changes in the ecosystem and can be used as an early warning indicator
for disturbance in the marine environment. Historic indicators of good environmental status of the north-east (NE)
Atlantic and north-west (NW) European Seas suggested that daily PP should not exceed 2–3 g C m−2 d−1 during phy-
toplankton blooms and that annual rates should be<300 g Cm−2 yr−1. We use 21 years of Copernicus Marine Service
(CMEMS) Ocean Colour data from September 1997 to December 2018 to assess areas in the NE Atlantic with similar
peak, climatology, phenology and annual PP values. Daily and annual thresholds of the 90th percentile (P90) of PP are
defined for these areas and PP values above these thresholds indicate disturbances, both natural and anthropogenic, in
the marine environment. Two case studies are used to test the validity and accuracy of these thresholds. The first is the
eruption of the volcano Eyjafjallajökull, which deposited large volumes of volcanic dust (and therefore iron) into the
NE Atlantic during April and May 2010. A clear signature in both PP and chlorophyll-a (Chl a) was evident from 28th
April to 6th May and from 18th to 27th May 2010, when PP exceeded the PP P90 threshold for the region, which was
comparatively more sensitive than Chl a P90 as an indicator of this disturbance. The second case study was for the riv-
erine input of total nitrogen and phosphorus, along the Wadden Sea coast in the North Sea. During years when total
nitrogen and phosphorus were above the climatology maximum, there was a lag signature in both PP and Chl a
when PP exceeded the PP P90 threshold defined for the study area which was slightly more sensitive than Chl a
P90. This technique represents an accurate means of determining disturbances in the environment both in the coastal
and offshore waters in the NE Atlantic using remotely sensed ocean colour data.
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1. Introduction
Phytoplankton are responsible for about half of global primary produc-
tion (PP) (Longhurst et al., 1995) and in the North (N) Atlantic, represent a
significant sink for CO2 (Takahashi et al., 2009). PP is driven by light, nutri-
ents (both macro- and micro-nutrients, such as iron) and temperature
(Koertzinger et al., 2008). Any perturbations in these parameters, be it
from natural disturbances such as volcanic activity, dust deposition, wild-
fires, or anthropogenic disturbances such as climate change and eutrophi-
cation, can be reflected in the magnitude and timing of daily PP, which
ultimately affect the annual rates of PP. Understanding the variation in
Chl a and PP under the influence of the natural range of water column
mixing, light and nutrient regimes is necessary to distinguish the natural
seasonal cycle from environmental perturbations caused by anthropogenic
and natural disturbances that are outside of this envelope. Increases in Chl a
and PP are often associated with increases in fish stocks (Marshak and Link,
2021), but this depends on the dominant species present in the
phytoplankton community and the timing and synchronisation with zoo-
plankton. Disturbances in the environment such as hydrological changes,
contaminants, nutrient inputs or climate change, may not necessarily be
detected through changes in Chl a alone, but can be identified through
changes in phytoplankton photosynthetic rates and PP (Boalch, 1987),
though this has not yet been verified. The flow of carbon between phyto-
plankton productivity and higher trophic levels means that PP can
potentially be used as an early warning for direct pressure on food
webs. Increases in Chl a and PP also lead to an accumulation of organic
matter (Nixon, 1995), which in turn can stimulate bacterial activity,
resulting in undesirable changes in aquatic chemistry and a degradation
of water quality (Cloern, 2001; Rabalais et al., 2009). PP may also be a
better indicator of bacterial production, and water quality in general,
for the marine environment compared to Chl a.

Anthropogenic disturbances in coastal regions of the north-east Atlantic
due to an increase in nitrogen through river run-off were widely reported
during the 1950's to 1970's (Lehmusluoto and Pesonen, 1973; Ryther and
Dunstan, 1971), which increased phytoplankton PP and hypoxia, and
changed the phytoplankton species composition. In the Irish Sea, total or-
ganic nitrogen concentrations increased from 5 to 8 μmol L−1, which
caused a significant rise in phytoplankton biomass and production (Allen
et al., 1998). In northern European coastal regions in particular, this led
to a disruption in the balance between the production and the turnover of
organic matter (Cloern, 2001). During the 1980s, the North Sea also expe-
rienced abrupt increases in both Sea Surface Temperature (SST) and PP
(Beaugrand, 2004; Reid et al., 2001a; Reid et al., 2001b), and an increase
in the occurrence of dinoflagellate-dominated harmful algal blooms
(Hallegraeff, 2010).

As part of an international effort to ensure that we have clean and sus-
tainable seas into the future, many national and cross-border threshold or
indicator levels have been established. In Europe, the EU Marine Strategy
Framework Directive (MSFD) uses 11 key descriptor parameters tomeasure
“good environmental status” (GES) to ensure that the marine environment
is safeguarded for future generations (Commission, 2008). For phytoplank-
ton, three metrics that assess ecological status are used: phytoplankton bio-
mass (or Chl a), phytoplankton composition and abundance, and
phytoplankton bloom intensity and frequency (Brito et al., 2012; Devlin
et al., 2007). A threshold of peak biomass defined as Chl a P90 has been
widely used as an operational indicator for the assessment of ecological sta-
tus and water quality (OSPAR, 2017). The practical implementation of
thresholds in these parameters provides a tool to assess whether pollution
is reduced sufficiently, especially from urban and agricultural sources, so
that water bodies are in GES and hence, the marine environment is pre-
served. These include Chl a and an initial target to meet these was set for
2020 (Commission, 2000, 2008; OSPAR, 2017). Monitoring these key de-
scriptors over large maritime areas poses a logistical and economic chal-
lenge for ship-borne surveys and obtaining sufficient in situ data, both
spatially and temporally, to assess whether these thresholds are exceeded,
remains a challenge (Chang et al., 2015). Some of the GES descriptor
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parameters are available from satellite that can provide enhanced spatial
and temporal data coverage. With the advent of ocean colour and the in-
crease in the number, accuracy and resolution of satellite sensors, these
data are increasingly being used to track anthropogenic disturbances in
the marine environment (Cristina et al., 2015; Novoa et al., 2012). There
is on-going effort to integrate in situwith satellite data to re-determine base-
lines and indicator thresholds for certain regions (Garcia-Garcia et al.,
2019). This has proved successful in countries that have large maritime
areaswith extensive exclusive economic zones (Cristina et al., 2015). A can-
didate parameter for the MSFD is time series of PP. During the 1970's and
1980's, using two decades of PP data collected from the western English
Channel, baseline thresholds were determined and defined as 2–3 g C
m−2 d−1 during phytoplankton blooms and that annual rates should not
exceed 300 g C m−2 yr−1 (Boalch, 1987; Boalch et al., 1978). PP and Chl
a thresholds need to be compared to assess whether they react similarly
to environmental disturbances, what causes any potential differences be-
tween them and whether one of the metrics is more sensitive.

The objectives of this paper are to assess regions of similar peak and
timing of PP in the NE Atlantic and from these, to define baseline threshold
values of PP based on its 90th percentile (P90) over a reference period for
each region for use in detecting disturbances in the marine environment.
Similar thresholds of Chl a can also be defined. Once thresholds of PP and
Chl a are defined, they are then used to evaluate disturbances in the marine
environment using two case studies to determine whether the PP P90 and
Chl a P90 thresholds are appropriate. The first case study is the eruption
of the Eyjafjallajökull volcano in 2010, which deposited large quantities
of iron into the north-east Atlantic (Achterberg et al., 2013). The second
is the anthropogenic input of high nutrient loads into the North Sea along
the Wadden Sea coast.

2. Material and methods

2.1. Study area

The study area is the NE Atlantic encompassing the Celtic, Irish and
North Seas from 48 to 60°N, 15°W to 10°E.

2.2. Remote sensing data

2.2.1. Copernicus marine environment monitoring service (CMEMS) ocean
colour data

Daily CMEMS Chl-a (mg m−3) images at 0.05° resolution
(OCEANCOLOUR_ATL_BGC_L3_MY_009_067) were used to model PP. The
data are derived from the European Space Agency Ocean Colour Climate
Change Initiative (OC-CCI) remote sensing reflectance (Rrs) data using the
OC5CI Chl a algorithm (Sathyendranath et al., 2019). The data cover the
period from September 1997 to December 2018, and include merged
ocean colour data from SeaWiFS, MODIS-Aqua, MERIS and VIIRSmissions.
The OC5CI algorithm is a switching algorithm that applies the OC5 model
(Gohin, 2011) in Case 2 coastal regions and the colour index (Hu et al.,
2012) in Case 1 open ocean areas. OC5 is a version of the widely used
OC4, modified to include an empirical parameterisation of 412 and
560 nm channels related to the absorption of CDOM and scattering of
SPM (Novoa et al., 2012; Saulquin et al., 2011). The Chl a concentration
is determined from the triplet values of OC4 maximum normalised water
leaving radiance (nLw) band ratio, nLw(412) and nLw(560), from a Look
Up Table (LUT), based on the relationships between measured Chl a and
satellite Rrs(λ) from observations in the English Channel and Bay of Biscay
(Gohin et al., 2002). OC5has a proven legacy of performing best when com-
pared to a number of other coastal Chl a algorithmswhen applied to a range
of ocean colour sensors (Lapucci et al., 2012; Loisel et al., 2017; Novoa
et al., 2012; Tilstone et al., 2011). In NW European waters, OC5 has an ac-
curacy of 25% compared to in situ Chl a (Tilstone et al., 2017). The CI algo-
rithmwas developed for open-ocean low Chl awaters (Hu et al., 2012) and
has proven to be accurate using an array of different ocean colour sensors
(Tilstone et al., 2021).
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2.2.2. Primary production
A wavelength resolving model (WRM) of PP (Morel, 1991) was imple-

mented following Smyth et al. (2005) using daily 0.05° CMEMS OC5CI
Chl a, SeaWiFS and MODIS photosynthetically available radiation (PAR,
https://oceandata.sci.gsfc.nasa.gov/directaccess/) and the CMEMS global
SST product (SST_GLO_SST_L4_REP_OBSERVATIONS_010_011) to generate
mean monthly satellite maps of PP from 1997 to 2018 (Fig. 1). The accu-
racy of this satellite PP model is well documented (Antoine et al., 1996;
Tilstone et al., 2009; Tilstone et al., 2005; Tilstone et al., 2015). Over the
past two decades NASA undertook three round-robin PP inter-
comparisons, which also characterised the sources of error associated
with the algorithms (Carr et al., 2006; Friedrichs et al., 2009; Saba et al.,
2011). The WRM model of Smyth et al. (2005) was entered in all of the
inter-comparisons, the most comprehensive of which was Saba et al.
(2011), who compared 36 models of primary production against a large
in situ dataset of PP measured using 14C (N = 1156). The average uncer-
tainty across all models was 31% and the Smyth et al. (2005)model proved
to be one of themost accurate in eight out of ten regions. Similarly, Tilstone
et al. (2009) compared three commonly used PP models in the Atlantic
Ocean and found that a WRM was the most accurate in six out of nine
Atlantic Ocean biogeographic provinces and was within 30 % of in situ
14C PP.

2.2.3. Case 2 water type mask
Optically complex ‘case 2’ coastal waters (Morel and Prieur, 1977) pose

many challenges for the accurate determination of satellite ocean colour
Chl a concentrations due to non-covarying concentrations of suspended
particulate matter (SPM) and coloured dissolved organic matter (CDOM).
While the OC5 algorithm is capable of providing good Chl a estimates in
clear offshore waters (i.e. Case 1 waters) and moderately turbid coastal wa-
ters (Gohin et al., 2008), there is a limit to its applicability where the algo-
rithm is expected to overestimate Chl a in extremely turbid waters (Novoa
et al., 2012) and underestimate Chl a in hyper-eutrophic waters (Tilstone
et al., 2017). In addition to the effect on Chl a retrieval, Case 2 waters can
also affect the calculation of PP through the effects of SPM and CDOM on
the in-water light field. The effect of SPM is second order, since the reduc-
tion in light penetration through the water column due to SPM scattering is
Fig. 1.Mean monthly primary production (g C m−2 d−1) from March to October using C
west European Shelf. Case 2 water type areas are masked.
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offset by the resulting increase in PAR in the remaining photic zone and it is
not included in the PP model (Smyth et al., 2005). CDOM absorption simi-
larly reduces light penetration, but with no offset increase in PAR. The PP
model either accounts for CDOMdirectly if CDOMmeasurements are avail-
able, or by assuming CDOM to be autochthonous and relating it to the Chl a
concentration. The PP used in this study is calculated using the latter as-
sumption, so as well as needing to mask high CDOM because of its effect
on the Chl a algorithm, it is important to mask CDOM values significantly
higher than expected from Chl a, because they will cause overestimation
of PP even if the Chl a retrieval is accurate.

Lavigne et al. (2021) quantified the limits of applicability as thresholds
of Rrs(560) / Rrs(490) (used as a proxy for high Chl a), Rrs(560) (proxy for
high SPM) and Rrs(412) / Rrs(443) (proxy for high CDOM), allowing for
the application of a pixel-based quality control procedure to flag out pixels
where the OC5 algorithm and/or the PP model is expected to perform
poorly. Using a dataset of 348 in situ Chl a and satellite matchups, it was
shown that by removing flagged data, the performance of the Chl a algo-
rithm is significantly improved resulting in median absolute percent differ-
ence errors of approximately 30 % (Lavigne et al., 2021). The quality
control procedure was applied to the daily CMEMS Chl a products used in
this study and hence to PP, which is calculated from Chl a.

2.3. Statistical methods

K-means clustering based on peak and timing of satellite PP was used to
identify regions of similarity. At each location, the daily climatological
mean PP over a reference period of over eight years (September 1997 to
December 2005) was used to calculate maximum PP, the day number at
which it occurs and the annual PP. These together with latitude and longi-
tudewere normalised to zeromean and unit standard deviation and used as
parameters in K-means cluster analysis to define N regions with similar
characteristics. The region boundarieswere then sharpened using twomea-
sures. The first considers the distance of each location from the eight class
centres in normalised parameter space. The distance di from each region
is then comparedwith theminimumdistance to all other regions dmin to ob-
tain a proximity measure p1i = dmin/(di + dmin). The second counts the
number (ni) of the eight pixels neighbouring each location that belong to
MEMS Ocean Colour data from 1997 to 2018 for the north-east Atlantic and north-
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each region, counting diagonal neighbours as half to obtain a second prox-
imitymeasure p2i=ni/6. The overall proximity to region i is then p1i+p2i.
Any pixel with proximity to another region greater than to its own is
reallocated to that region, keeping track of previously changed pixels to
avoid infinite loops. The clustering was performed with values of N from
six to 12, andN=11was chosen as the best representation of the principal
hydrographic areas in the NE Atlantic (Fig. 2).

To define the upper limit of PP over the region, climatological P90
over the reference period 1997–2005 was determined at each pixel
over the entire area to capture the maximum variability in PP as a
threshold (Fig. 3). Daily PP P90 at a given pixel and date was defined
such that 90 % of the satellite-derived PP values at that location within
±7 days were below P90, while climatological PP P90 at a given pixel
and day of year was defined such that 90 % of the satellite-derived PP
values in the reference period at that location within ±1 day were
below P90 (Gohin, 2011). To reduce small-scale perturbations in the
PP upper limit, climatological P90 was smoothed using a Savitzky-
Golay filter of width 21 and order 3. To determine whether there is
any environmental perturbation over the region on a daily basis, be it
due to eutrophication, climate change or other anomalies, PP can be
compared with climatological PP P90. This comparison can be made
at a single point (e.g. an in situmeasurement) or over a region of interest
(e.g. using satellite or model data in the K-means clusters described
above), in which case both PP and PP P90 are averaged over the region.
If the PP P90 reference is consistently exceeded over a period of time, it
is indicative of an environmental perturbation in the system. Chl a P90
was calculated in the same way for comparison. Having established
threshold values, the time series trends in the data were examined by
calculating the cumulative anomaly in PP and PP P90 and the temporal
gradient in these parameters in each region over the whole time series.

2.4. Case studies

2.4.1. The Eyjafjallajökull volcano
The Eyjafjallajökull volcano started producing a large ash plume on

14th April 2010, causing significant iron deposition into the Iceland basin
Fig. 2. Regions of similar peak, timing, location and annual primary production identifi
blue); 2.) north-east Atlantic (light blue); 3.) northern North Sea and eastern Norwegian
coast (yellow/green); 6.) western English Channel and parts of the North Sea (orange);
coast and Skagerrak (dark purple); 10.) Kattegat, south-east North Sea and southern No
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and North Atlantic until 22nd May 2010 (Achterberg et al., 2013).
CMEMS Chl a and PP were used to detect any signal from the volcanic
ash deposition over the area from 59 to 62°N, 11 to 15.5°W.

2.4.2. Nutrient input to the coastal Wadden Sea - North Sea area
The area adjacent to the Wadden Sea is influenced by nutrient inputs

from the Rhine and Maas rivers (van Beusekom et al., 2019), which are
then transported northward along the Netherlands and German coast by a
predominant cyclonic gyre, which can reverse under easterly winds
(Sundermann and Pohlmann, 2011). Data were extracted from a rectangu-
lar area adjacent to theWadden Sea, with the corners of the rectangle being
at 52.92°N, 4.83°E; 53.37°N, 5.81°E; 53.74°N, 5.60°E; 53.9°N, 4.62°E
(Fig. A1). Using daily model salinity, pixels were partitioned dynamically
into estuarine, coastal and offshore over the whole time series (OSPAR,
2017), offshore having negligible occurrence within the rectangle.
Figure A1 shows the relative frequency with which a given location is clas-
sified as estuarine (blue) or coastal (yellow), withwhite pixels being classed
as both equally. Salinity, total nitrogen and phosphorus data were extracted
from the coupled physical-biogeochemical model simulation described by
Kerimoglu et al. (2020), and were used to identify years with high and
low nutrient loads in coastal and estuarine areas. Following OSPAR
(2017), estuarine waters were defined on a given day as having salinity
<30, coastal as salinity between 30 and 34.5 and offshore as salinity
>34.5. Relationships between the modelled total nitrogen and phosphorus,
CMEMS Chl a and PP P90, were analysed separately in estuarine and
coastal waters to assess whether Chl a and PP P90 thresholds were
exceeded within the west-Frisian Wadden Sea area during years of high
total nitrogen input.

3. Results

3.1. Trends in PP based on climatology, phenology, latitude, peak and annual
rates

Fig. 1 shows mean monthly PP from March to October, illustrating the
migration of the spring bloom from south to north and the variability in
ed using k-means cluster analysis. Eleven regions are identified: 1.) Celtic Sea (dark
Sea (green); 4.) North Atlantic (olive); 5.) Faroe-Shetland Channel and Norwegian
7.) central Norwegian Sea (brown); 8.) Irish Sea (pink); 9.) southern North Sea, UK
rwegian coast (magenta); 11.) north-west European coast (red).



Fig. 3. Mean monthly primary production 90th percentile (g C m−2 d−1) for March, May, July and September using CMEMS Ocean Colour data from 1997 to 2005 and
2006–2018 for the north-east Atlantic and North-West European Shelf. Case 2 water type areas masked.
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PP over the region. In the Celtic Sea and English Channel, PP reached max-
imum values of∼0.9 g Cm−2 d−1 in June and∼ 1.0 g Cm−2 d−1 in July,
respectively. In the central North Sea PP peaked at∼0.5 g C m−2 d−1 dur-
ing June, and in NW European Shelf waters PP reached∼1.2 g C m−2 d−1

during May to July. In the NE Atlantic, PP peaked in July at 1.2 g C m−2

d−1. PP was at its lowest over the entire area during March and October
when 90 % of PP was between 0.2 and 1.0 g C m−2 d−1.

TheK-means cluster analysis ofmonthly PP from1997 to 2005 based on
peak PP, timing, annual PP and location, identified 11 distinctive regions
(Fig. 2).

We label these based on their approximate locations as: 1.) Celtic Sea;
2.) north-east Atlantic; 3.) northern North Sea and eastern Norwegian
Sea; 4.) North Atlantic; 5.) Faroe-Shetland Channel and Norwegian coast;
6.) western English Channel and frontal areas of the North Sea; 7.) central
Norwegian Sea; 8.) Irish Sea; 9.) southern North Sea, UK coast and Skager-
rak; 10.) Kattegat, south-east North Sea and southern Norwegian coast; 11.)
North-west European coast.

3.2. Monthly and annual 90th percentile of primary production

Climatological mean monthly PP P90 from CMEMS ocean colour data
over the period 1997 to 2005 were used to determine threshold values
for the 11 regions identified in Fig. 2. Mean monthly PP P90 for March,
May, July and September from 1997 to 2005 illustrate the spatial and tem-
poral variation in bloom initiation, peak and decline across the region dur-
ing these periods (Fig. 3). By comparison, meanmonthly PP P90 from 2006
to 2018 for the same months indicate a general decrease in PP P90 com-
pared to the period from 1997 to 2005 (Fig. 3). The associated pattern in
smoothed PP P90 climatology for each of the 11 regions identified by k-
means cluster analysis is shown in Fig. 4. The shape and magnitude of the
climatology differed between regions, the closest in shape and magnitude
being the N Atlantic and northern North Sea. The lowest mean peak clima-
tology was in the Celtic Sea, reaching 1.0± 0.25 g C m−2 d−1 in June and
the highest mean was in the NW European coastal waters, reaching 3.0 ±
1.5 g C m−2 d−1 during July (Table 1). The timing of the PP P90 peak var-
ied between regions andwas earlier inMay in the central North Sea; in June
in the northern and southern North Sea and Celtic Sea; in July in the NE
5

Atlantic, Kattegat and western English Channel, and as late as August in
the English Channel and Faroe-Shetland region (Fig. 4).

The 1997–2005 climatological reference PP P90 (shown as solid lines
and shaded areas in Fig. 4) was compared with a PP P90 climatology
computed from 2006 to 2018 (shown as dashed and dotted lines in
Fig. 4). The principal changes are an increase in early July and a
decrease in August–September in the N Atlantic; a strong decrease from
July to September in the NE Atlantic; an increase in June and a decrease
in July–September in the Faroe-Shetland Channel; increases in April and
August–September in the Celtic Sea and an increase in February–March
and a decrease in August in the western English Channel.

3.3. Trends in primary production in relation to the 90th percentile reference

Fig. 5 shows a timeline of daily mean PP in each region (coloured lines,
smoothed in the same way as climatological PP P90 for clarity) with the
daily mean 1997–2005 PP P90 climatological threshold from Fig. 4
superimposed in grey.When themean PP P90 is exceeded by PP in a region
for an extended period, it indicates a potential disturbance, either natural or
anthropogenic, in the ecosystem. Generally, PP stayedmostly below the PP
P90 threshold except in the N Atlantic and northern N Sea. In these regions,
PP consistently exceeded PP P90 especially between 2006 and 2014 in the
NAtlantic and from2011 to 2015 in the northern N Sea (Fig. 5). Therewere
some specific years in other regions where PP was often higher than PP
P90, such as 2012 in the Celtic and Irish Seas and 2006 in the Kattegat
and NW European coastal regions, but these were not as prominent as the
N Atlantic and northern N Sea anomalies.

Fig. 6 shows interannual variations in annual mean PP from 1997 to
2018, calculated in twoways. In the first lower estimate, daily data missing
due to lack of winter Chl a measurements were counted as zero PP. In the
second upper estimate, PP was interpolated across the winter gap. The
space between is shaded. Horizontal coloured lines show the 90th percen-
tile over all years of the two estimates, and the mean of these can be used
as a threshold of annual PP. The black line is the 300 g Cm−2 y−1 threshold
set by Boalch (1987).

Annual mean PP was <330 g C m−2 y−1 and annual mean PP P90 was
<350 g C m−2 y−1, except in the Kattegat and NW European coast where



Fig. 4. Climatological mean of 90th percentile of primary production (g C m−2 d−1) from 1997 to 2005 (solid line and shaded areas) and 2006 to 2018 (dashed and dotted
lines) for each of the eleven regions identified in Fig. 3, with case 2 mask applied. Colours correspond to the regions given in Fig. 2.

Table 1
Thresholds in peak mean monthly and annual primary production in the eleven regions identified in Fig. 2. The first column is the mean over all years of the peak mean
monthly primary production during the year, and the second (the determined threshold formonthly primary production) is the 90th percentile of this over all years. The third
column is the mean annual PP over all years and the fourth (the determined threshold for annual primary production) is the 90th percentile of annual PP over all years. Each
value in the third and fourth columns is the average of the upper and lower limits shown in Fig. 6.

Area Peak mean monthly PP
(mg C m−2 d−1)

Peak monthly PP P90
(mg C m−2 d−1)

Mean annual PP
(g C m−2 y−1)

Mean annual PP P90
(g C m−2 y−1)

Celtic Sea 998 1246 201 228
Irish Sea 1426 1558 282 316
NW European Shelf 2756 3117 522 597
English Channel 1188 1276 254 274
southern N sea 1481 1593 317 341
Kattegat 2115 2368 384 439
central N Sea 981 1071 206 226
north-east Atlantic 1143 1397 191 221
North Atlantic 1177 1371 177 221
northern North Sea 1239 1468 181 221
Faroe-Shetland 1272 1443 240 277
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Fig. 5. Primary production (g C m−2 d−1) time series for each of the eleven regions identified in Fig. 2, with case 2 mask applied. Colours correspond to the regions given in
Fig. 2. Solid grey line is the climatological mean PP P90 for the reference period (1997–2005) given in Fig. 4.
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annual mean PP were 384 and 522 g C m−2 y−1, respectively (Fig. 6,
Table 1). Areas with annual mean PP < 300 g C m−2 y−1 PP (the historic
threshold) include the N and NE Atlantic, northern North Sea and Celtic
Sea (∼200 g C m−2 y−1), the Faroe-Shetland Channel (240 g C m−2

y−1), English Channel (250 g Cm−2 y−1) and Irish Sea (280 g Cm−2 y−1).

3.4. Detecting disturbances in the marine environment using thresholds in
primary production 90th percentile

To assess whether PP P90 can be used to detect disturbances in the ma-
rine environment, two case studies were examined; one in the open ocean
caused by a natural volcanic eruption and the other in the coastal zone
due to anthropogenic input of nitrogen. Firstly, the area between Iceland
and Scotland to the south-east of the Iceland basin was analysed to detect
effects of volcanic ash from the eruption of the volcano, Eyjafjallajökull,
during April and May 2010 (Fig. 7). This is predominantly (93 % of pixels)
within the NE Atlantic region (Fig. 2). The ocean colour satellite composite
images over the period of the volcanic eruption illustrate that there were
relatively high, but heterogenous, Chl a and PP values (Fig. 7a, b). Time se-
ries of PP and Chl a over this area from 1st March to 15th October 2010 are
given in Fig. 7c, d and in more detail from 20th April to 8th June 2010 in
Fig. 7e, f. The time series data clearly show that from 28th April 2010
both the daily mean Chl a and PP increased sharply until 6th May (red
line in Fig. 7c, d, e, f) but that PP and Chl a do not exceede the
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climatological (1997–2005) PP P90 and Chl a P90 thresholds in the NE
Atlantic region (blue line in Fig. 7c, e). PP is closer to the threshold than
Chl a as can be seen during the periods from 28th April to 6th May and
18th to 27th May. By contrast, the climatological (1997–2005) Chl a P90
threshold in the NE Atlantic region was only exceeded on 4th May 2010
(blue line in Fig. 7d, f). The distance between the upper limit of the Chl a
standard deviation and the Chl a P90was always greater than that between
the upper limit of the PP standard deviation and the PP P90, suggesting that
PP P90may be amore sensitive threshold than Chl a P90 in the open ocean.

The second case study was along the North Sea coast adjacent to the
Wadden Sea, which was dynamically segregated on a daily basis into
coastal and estuarine waters using model surface salinity values (OSPAR,
2017) the location of which is given in Fig. A1. Fig. 8 shows daily mean
time series data (red line) and mean daily climatology and standard devia-
tion from2006 to 2014 (dashed black line and grey shaded area) for PP, Chl
a, TN and TP in estuarine and coastal waters from 1st February to 1st
November 2007. In addition, 1997–2005 PP P90 (Fig. 8a, e) and Chl a
P90 (Fig. 8b, f) averaged over the specific box area of study (52.92°N,
4.83°E; 53.37°N, 5.81°E; 53.74°N, 5.60°E; 53.9°N, 4.62°E) in estuarine and
coastal waters are shown as a blue line and the OSPAR (2017) thresholds
for Chl a (Fig. 8f), winter TP (Fig. 8c, g) and winter TN (Fig. 8d, h) are
given as the green line.

In both coastal and estuarine cases, TP and TN were above the winter
threshold during February to early May, reaching 1.5 μmol L−1 TP



Fig. 6. Time series of annual primary production (g C m−2 y−1) in the eleven regions identified in Fig. 2, with case 2 mask applied. The upper and lower limits of the time
series show twoways of representingmissing data: the upper limit interpolates PP betweenNovember to February, while the lower limit assumes a PP of zero fromNovember
to February. Colours correspond to the regions given in Fig. 2. The coloured lines represent the new determined thresholds (90th percentile of annual primary production
from 1997 to 2005) for each region based on these ways of integrating the data. The solid black line is the threshold derived by Boalch (1987) and Boalch et al. (1978).
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(Fig. 8c, g) and> 60 μmol L−1 TN (Fig. 8d, h), respectively. The response to
these high nutrient loads by phytoplankton could be detected as high Chl a
and PP at the end of March to mid-May (Fig. 8a, b, e, f). During this period
in the estuarine area, PP and Chl a rarely went above the PP P90 and Chl a
P90 thresholds for the box area (Fig. 8a) and Chl a (Fig. 8b) was also lower
than the OSPAR threshold of 18 mg m−3. By contrast, in the coastal area
both PP and Chl a exceeded these thresholds periodically from the end of
April to the beginning of May (Fig. 8e, f), indicative of the high TN and
TP during the previousmonths. PP and Chl a also exceeded these thresholds
at the beginning of June, though thiswas likely due to the influence of other
parameters such as PAR and/or temperature. Similar to the volcanic erup-
tion case study, the maximum PP values in the standard deviation were
closer to the PP P90 threshold compared to Chl a and the Chl a P90 thresh-
old, again suggesting that PPmay be amore sensitive indicator of anthropo-
genic disturbances.

4. Discussion

This study addresses two questions on using satellite ocean colour data
to identify disturbances in the marine environment:
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1. Are there differences in climatological and phenological characteristics
between Chl a and PP, which would make one of the parameters more
sensitive to detecting disturbances?

2. Can PP be used as an indicator of disturbances in the marine environ-
ment and if so, how do long term trends differ between studies? These
questions are explored in more detail, below.

4.1. Similarities in climatological and phenological regional traits

Analysis of phenological and climatological characteristics offers poten-
tial insight into the variability in phytoplankton seasonal cycles in relation
to environmental forcing, disturbance and anomalies (Racault et al., 2012;
Sarmiento et al., 2004). For example, using merged GlobColour satellite
data (with the GSM Chl a algorithm), Friedland et al. (2018) indicated
that the bloom start date, magnitude and duration in the NE Atlantic and
North Sea is highly variable, with the start date ranging from day 60 to
180 and duration lasting from 40 to 70 days. Bloom initiation has been re-
lated to the winter mean net heat flux and wind speed (Cole et al., 2015;
Henson et al., 2006), the timing of which is linked to the North Atlantic
Oscillation (Henson et al., 2009; Tilstone et al., 2015; Zhai et al., 2013).



Fig. 7.Composite images of (a.) primary production (g Cm−2 d−1) and (b.) Chlorophyll-a (mgm−3) fromApril toMay 2010 during the period of the Eyjafjallajökull volcanic
eruption and time series of (c.) primary production (g Cm−2 d−1) and (d.) Chlorophyll-a (mgm−3) fromMarch to October 2010, (e.) primary production (g Cm−2 d−1) and
(f.) Chlorophyll-a (mgm−3) from 20th April to 8th June 2010. Black dashed line is themean daily climatology from 1997 to 2016; grey shaded area is the standard deviation
of themean climatology from 1997 to 2016; red line is the mean daily value for 2010. The solid blue lines are the climatological threshold of PP P90 and Chl a P90 for the NE
Atlantic, respectively.
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Distinctive phenological properties derived from remote sensing ocean
colour data have been used to assess the impacts of climate change on phy-
toplankton bloom development in coastal, shelf and oceanic environments
(Krug et al., 2018). Recent studies on phenology in the North Sea, based on
OC-CCI time series data from 2000 to 2020, have shown that the spring
bloom now starts earlier, and the duration is longer (Silva et al., 2021).
This has been related to shallower mixed layer depths limiting the
resuspension of suspended material to the surface which results in more
stratified, clearer waters, which in turn form higher biomass blooms.
Similarly, in the greater North Sea, the spring bloom has been observed
to be occurring earlier with a one month difference between 1998 and
2020 and longer duration, which is partially explained by rising seawater
temperatures (Alvera-Azcarate et al., 2021). In addition, summer blooms
have been observed to start and end later, and to be longer in duration
with higher Chl a concentrations (Silva et al., 2021). Using 21 years of
merged ocean colour data, we identified that the highest PP in the NE
Atlantic and North Sea occurs between May and July (Fig. 4). By compari-
son, (Silva et al., 2021) illustrated a contrasting climatology in the central
North Sea and German-Denmark coastal sub-regions, with a shallow Chl a
peak in April and the lowest biomass in July. Using MODIS-Aqua data,
Naustvoll et al. (2020) characterised a double peak in Chl a for the
Iceland Basin, with a maximum in April followed by a secondary peak in
September. By contrast, Taboada and Anadon (2014) observed a single
spring-summer peak from merged SeaWiFS-MODIS-Aqua data (with the
GSM Chl a algorithm) for the NE Atlantic similar to the climatology that
we observe in PP for this region (Fig. 4), but with a shorter duration. A sim-
ilar climatological shape has also been characterised using in situ data for
the Faroe-Shetland shelf (Eliasen et al., 2017) in 1999–2001, 2004, 2008
and 2014. The trends in climatology presented in this paper possibly reflect
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that spring and summer blooms have become longer, but it may also be that
when monthly data are used, the spring-summer bloom periods merge. In
addition, the fact that the Chl a climatology does not always reflect peak
and duration in PP, also highlights potential differences between the uses
of Chl a and PP to characterise the phenology and climatology, since PP is
also dependent on the available light in the water column and the photo-
physiological state of phytoplankton. Based on similarities in climatological
PP, phenology, latitude and longitude, we characterised the study area into
11 distinct regions (Fig. 2). These regions broadlymap onto the salient hydro-
graphic conditions, for example: region 2 (NE Atlantic) corresponds to the
area occupied by east North Atlantic water; region 5 (Faroe-Shetland Chan-
nel) reflects the inflow of North Atlantic water between Faroe-Shetland and
northern Scotland; region 9 corresponds to the inflow of water from the En-
glish Channel and southern bight of the North Sea; region 10 corresponds
to the outflow of Baltic seawater through the Kattegat and Skagerrak and re-
gion 11 corresponds with NW coastal regions (Reid et al., 1988).

4.2. Derivation of threshold indicators from satellite ocean colour primary
production 90th percentile data

Many countries established national programs in the 1980's and 1990's
using specific in situ data to monitor the environment. Chl a P90 was estab-
lished as a key metric for assessing water quality and specifically eutrophi-
cation (OSPAR, 2003). Providing sufficient in situ data, especially during
funding gaps and national lockdowns resulting from the recent pandemic,
can be a serious limitation for monitoring programs. The increasing avail-
ability of remote sensing ocean colour has broadened the possibilities of
utilising satellite Chl a as a synoptic tool to provide high spatial and tempo-
ral resolution data over long time-series. These data have becomemore and



Fig. 8. Time series of (a, e) primary production (g C m−2 d−1), (b, f) Chlorophyll-a (mgm−3), (c, g) total phosphorus (μmol L−1) and (d., h.) total nitrogen (μmol L−1) from
February to November 2007 for estuarine and coastal regions derived from an area in the NWEuropean coast adjacent to theWadden Sea (shown in the salinity field figure).
For each time series plot, the dashed black line is the mean daily climatology from 2004 to 2016; grey shaded area is the standard deviation of the mean climatology from
2004 to 2016; red line is themean daily value for 2007. In (a, b, e, f) the solid blue line is the PP P90 and Chl a P90 threshold for the study area. In (b., f.), the horizontal green
line is the Chl a threshold defined by OSPAR (2017) for Dutch estuarine and coastal waters. In (c., g.) the winter DIN and in (d., h.) the winter DIP limit for the Dutch coast as
defined by OSPAR (2017) are also given as the green lines.

G.H. Tilstone et al. Science of the Total Environment 854 (2023) 158757
more accurate over recent decades (Tilstone et al., 2017; Tilstone et al.,
2021) and are being evaluated for operational use by OSPAR for the next
GES Assessment due in 2022–23. Trends in water quality have been suc-
cessfully monitored using a combination of in situ and satellite data
(Gohin et al., 2019; Harvey et al., 2015). Directives and policies made inter-
nationally and nationally have restricted and reduced pollutants entering
the marine environment. The effectiveness of some of these directives has
led to a reduction in N, P and/or Chl a in some areas (Gohin et al., 2019)
to below Chl a P90 thresholds, but not in others (Arabi et al., 2020).

Prior to using PP P90 for monitoring the environment, the natural limit
in daily and annual rates needs to be quantified. Previous studies have esti-
mated annual production for the North Atlantic to be 238 ± 22 g C m−2

yr−1 (Zhai et al., 2012). Within the North Atlantic, over the Icelandic
Reykjanes Ridge and in the Iceland Basin it is estimated to be 221 ± 40
and 204 ± 33 g C m−2 yr−1, respectively (Tilstone et al., 2014; Tilstone
et al., 2015). In this study we found that mean annual production values
for the open ocean were similar and varied from 177 g C m−2 yr−1 in the
north Atlantic to 191 g C m−2 yr−1 in the north-east Atlantic (Fig. 7;
Table 1). In coastal regions, a global analysis by Cloern et al. (2014) re-
ported a mean value from 131 ecosystems of 252 g C m−2 yr−1. The
range however was large, with values as low as 105 g C m−2 yr−1 in the
Scheldt Estuary and 1890 g C m−2 yr−1 in the Tamagawa Estuary.
Boynton et al. (2018) reported average annual rates of 190 g C m−2 yr−1

from 45 estuaries worldwide. At a coastal station in the western English
Channel, annual production is reported to be 115 g C m−2 yr−1 (Barnes
et al., 2015) . Based on in situ 14C PP data, the mean annual production at
Bermuda Atlantic Time Series (BATS) from 1989 to 1997 was 154 g C
m−2 yr−1 (Steinberg et al., 2001). Using 21 years (1998 to 2018) of
satellite-based annual climatological PP values, we were able to re-define
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thresholds for each region, by calculating the 90th percentile of annual
mean PP. These varied from 221 g C m−2 y−1 in the north-east Atlantic,
N Atlantic and northern N Sea to 597 g C m−2 y−1 along the NW
European coast (Fig. 5, Table 1). For eight out of the eleven regions identi-
fied by k-means cluster analysis, the mean annual PP was less than the pre-
viously defined 300 g C m−2 y−1 threshold (Boalch, 1987; Boalch et al.,
1978). Only the NW European coast, Kattegat and southern North Sea
had mean annual PP that exceeded this threshold. The NW European
coast had the largest annual production with mean PP (PP P90) values of
522 (597) g C m−2 yr−1, followed by the Kattegat with 384 (439) g C
m−2 yr−1 and then the southern North Sea with 317 (341) g C m−2 yr−1

(Fig. 6; Table 1). The regionally defined thresholds offer a novel way of
assessing perturbations in the environment due to an array of factors in-
cluding anthropogenic disturbances such as eutrophication, in coastal wa-
ters, and climate change. These trends in PP P90 have not been reported
previously and represent an upper limit of PP in the ecosystem, whilst elim-
inating outliers.

In the N Atlantic and at higher northern latitudes, nutrients are often re-
plete and enhanced stratification may actually augment PP by subjecting
phytoplankton to a higher light regime (Bopp et al., 2001; Doney, 2006;
Stock et al., 2014). From our data in the NE Atlantic, the time series sug-
gests an increase in PP from 1997 to 2004, and a decrease from 2012 to
2018 (Fig. 5). Similarly, McQuatters-Gollop et al. (2011) observed an in-
crease in Chl a from 1995 to 2010 in the north Atlantic using the colour
index derived from continuous plankton recorder data. Further south
west at the Bermuda Atlantic Time Series (BATS) in the Sargasso Sea,
(Lomas et al., 2010) showed from in situ 14C measurements that there was
a steady increase in PP from 1989 to 2007 by approximately 2 % over
this period. In the greater North Sea, Alvera-Azcarate et al. (2021) also
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observed an increase in satellite Chl a from 1998 to 2008 and a decrease
from 2014 to 2019. In the North Sea, we observed contrasting patterns in
PPP90 and annual rates. PP in the central and southernNorth Sea remained
constant, whereas in the northern N Sea, it was far more variable with peak
values in daily and annual rates from 2011 to 2014 (Fig. 5). In coastal areas
of the North Sea, trends in Chl a concentration can be influenced by rising
sea surface temperatures and the reduction in nitrogen and phosphorus
loads following the implementation of the Water Framework Directive
(WFD). In the southern and central North Sea, Desmit et al. (2020) observed
a decline in annual Chl a from 1988 to 2016 and a shift to earlier spring
blooms, though there was no clear correlation for this with temperature
and winter nutrients. By contrast, Capuzzo et al. (2018) showed that
there was a steady decline in annual PP in the seasonally stratified N Sea
from 1998 to 2012, though there was a prominent increase in PP in 2010.
The differences between Capuzzo et al. (2018) and the pattern shown in
our data, is likely to be due to the PP model used. The Capuzzo et al.
(2018) model is empirical and based on the linear regression between Chl
a and the PAR attenuation coefficient Kd. The model we deployed is semi-
analytical and resolves the spectral light field in relation to Chl a and the
photosynthetic quantum yield (Smyth et al., 2005), as well as omitting op-
tical case 2 areas where both satellite estimates of Chl a and PP can be less
accurate. In the English Channel, there was a slight but gradual decline in
PP from 2002 to 2014 (Fig. 5). A similar decline in Chl a has also been
seen in French coastal areas of the English Chanel, which is related to a de-
crease in riverine phosphorus as a result of successful implementation of
nutrient reduction measures under the WFD (Gohin et al., 2019).

Over the satellite ocean colour time series, there could potentially be a
bias between satellite sensors. During the first half of the reference period
from 1997 to early 2002, the only ocean colour satellite used was SeaWiFS
and from 2002 on, the satellite data came from combinations of four differ-
ent sensors (SeaWiFS, MODIS-Aqua, MERIS, VIIRS). The method of merg-
ing the data uses SeaWiFS remote sensing reflectance as the reference
where possible and normalises the data from the other sensors to this
(Melin et al., 2017), so theoretically there should be no bias in the resulting
Chl a concentrations. Any bias between these periods would arise from dif-
ferences in cloud free observations from several different satellite sensors as
opposed to one during the SeaWiFS-only period (Alvera-Azcarate et al.,
2021). There are different merged ocean colour products available. No in-
dependent validation to compare these products has been undertaken
thus far. It is recommended that this is done in the future so that the most
accurate product is utilised to assess longer term trends and potential dis-
turbances in the marine environment.

4.3. Is primary production an indicator of disturbances in the marine
environment?

The natural cycle of water column mixing and nutrient enrichment in
the photic zone followed by stratification and high light availability pro-
motes an increase in Chl a at the onset of the spring bloom (Sverdrup,
1957). This is then followed by a crash in Chl a as nutrients become limit-
ing. This natural cycle is easily discernible from space using satellite
ocean colour data (Blondeau-Patissier et al., 2014). PP in most temperate
estuaries and coastal marine ecosystems is nitrogen limited (Dugdale and
Goering, 1967; Howarth et al., 2021; Ryther and Dunstan, 1971). The en-
hanced input of nitrogen from urban and agricultural sources in some
coastal regions can cause accelerated phytoplankton growth above the nat-
ural limits of the spring bloom, which in turn leads to a degradation in
water quality (Tett et al., 2007). Experimental studies have shown a clear
relationship between nutrient concentrations and primary productivity
(Edwards et al., 2005; Loureiro et al., 2005; Ornolfsdottir et al., 2004).
Using field data to assess this can often be problematic due to the lag
time between nutrient input and phytoplankton growth (Xie et al., 2015).
Variability in global PP as a result of climate change has been detected
using ocean colour (Behrenfeld et al., 2006). Field fertilization experiments
in the Southern Ocean, which is limited by the availability of dissolved iron,
clearly demonstrated an increase in ocean colour Chl a visible from space
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(Boyd et al., 2007; Zhang et al., 2021). The effects of large Ocean tsunamis
are observable from satellite data with a concomitant increase in the ocean
colour Chl a soon after (Sarangi, 2011; Sava et al., 2014). The recent un-
precedented and devastating forest fires in Australia from September
2019 to March 2020 similarly caused a tractable signature in Chl a (Wang
et al., 2022) and productivity (Tang et al., 2021).

Though Chl a P90 has been used as a standard metric to assess the ef-
fects of environmental pollution in the marine environment, PP P90 has
not been used. Theoretically, changes in PP are a more robust metric than
Chl a since the daily variability in Chl a can be far higher than PP (Becker
et al., 2021). To our knowledge PP P90 has not been used so far as a metric
to monitor environmental change or disturbance in marine phytoplankton.
To test this, we used two case studies to address the questions: Can we de-
tect environmental perturbations from the PP P90 signature?And howdoes
this compare with Chl a P90?

In the first case study we assessed the effects of dust from the Icelandic
volcano Eyjafjallajökull eruption on 14th April 2010. We found a clear sig-
nature in the daily Chl a and PP during two periods at the beginning and
end ofMay 2010 (Fig. 7). The PPwas close to or above the PP P90 threshold
for the NE Atlantic on both occasions. Chl a and Chl a P 90 exhibited a sim-
ilar pattern, but the maximum PP was consistently closer to PP P90 com-
pared to Chl a, suggesting that PP P90 may be more sensitive to this
natural disturbance in the ecosystem. The decrease in both Chl a and PP
P90 between these two periods may have been due to nutrient limitation.

The second case studywas along the North Sea –Wadden Sea coast. The
region receives major nutrient discharge from a number of European rivers
including the Ijsselmeer, Ems, Weser, Elbe, Rhine andMaas (van Beusekom
et al., 2019). Residual currents along the Wadden Sea follow the predomi-
nantly cyclonic circulation of the North Sea (Sundermann and Pohlmann,
2011), which carries nutrients from the Rhine and Maas north-eastward
and partially blocks nutrients from flowing westward from the other rivers
that discharge directly into theWadden Sea (Grosse et al., 2017). Eutrophi-
cation in the region was reported from the 1950's (de Jonge et al., 2002)
due to artificial fertiliser from agriculture and urban wastewater (Battye
et al., 2017), and reached a peak in the 1980's (Cadee and Hegeman,
2002). This caused an increase in phytoplankton and green macroalgae
blooms (Smetacek and Zingone, 2013), which resulted in the loss of sea
grass due to the reduction in the light field caused by these blooms. Due
to the implementation of stringent measures to reduce eutrophication,
total nitrogen and phosphorus levels have declined in the region as has
phytoplankton Chl a, but N/P ratios have increased (van Beusekom et al.,
2019), which may have changed the phytoplankton community
composition. Based on the last OSPAR report, eutrophication is a continu-
ing problem along the coast from Belgium to Danish and Swedish waters
(OSPAR, 2017). In estuarine and coastal areas, PP can be highly variable,
so we calculated a regional specific threshold for the area studied. For
both estuarine and coastal areas, the daily TN and TP (red line in Fig. 8)
were higher from the end of February until mi-April 2007, compared to
both the mean for the reference period (2006–2014; black dotted line in
Fig. 8) and the winter OSPAR thresholds (green line in Fig. 8). There was
a clear lag response in daily Chl a and PP concentrations to the elevated nu-
trients and similarly, the daily Chl a and PP values were above the mean
from 2006 to 2014, but the Chl a concentration was below the Chl a P90
OSPAR threshold for the estuarine pixels, and there were a few instances
when it went above the threshold for the coastal pixels. When we applied
the regional specific PP P90 threshold (blue line in Fig. 8a, e), the pattern
was similar to the regional specific Chl a P90 threshold and the Chl a P90
OSPAR threshold (blue line in Fig. 8b, f), but some PP values were closer
to the PP P90 threshold and/or more frequently were above the threshold,
suggesting that this approachmay bemore sensitive compared to using Chl
a P90. In June 2007, for the coastal pixels both Chl a and PPwent above the
referencemean (2006–2018) and the respective thresholds, which was due
to other variables other than TN and TP which were low before and during
this period.

In summary, in the open-ocean case where PP is relatively stable, and
the variability is generally lower, by applying a broad scale k-means PP
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P90 threshold, we were able to detect effects of volcanic dust on PP. In a
highly dynamic coastal region in which we defined an area specific PP
P90 threshold, we could detect high TN and TP signatures in a coastal
area. Both cases showed that PP P90 is slightly more sensitive than Chl a
P90 to perturbations in the marine environment. We have clearly shown
that this method can detect anomalies in the environment, both natural
and anthropogenic. It should be tested operationally in conjunction with
existing monitoring programmes.

4.4. Future recommendations

The method we present here represents an independent means of using
satellite derived PP to detect disturbances in the environment. The method
could be further improved by using:

• Higher spatial resolution satellite data (e.g. 300 m Sentinel-3 OLCI);
• Independent validation of different merged ocean colour products is rec-
ommended to assess which are the most accurate for application to anal-
ysis of long term trends in Chl a and PP.

• Chl a algorithms that are accurate at high SPMandCDOMconcentrations,
in conjunction with high resolution data to be able to apply the method
further into the coast and estuaries;

• Satellite estimates of CDOM for use in the PP model;
• Uncertainties in the PP and PP P90 data on a per pixel basis, in association
with the thresholds;

• Other satellite data (e.g. SST, SSS, SSH) and other parameters available
from ocean colour (e.g. size specific Chl a or PP) to further refine the re-
gion definitions.

• Further case studies to evaluate performance and compare PP P90 with
Chl a P90.

5. Conclusions

21 years of satellite ocean colour data were analysed to determine daily
and annual primary production percentile 90 thresholds for similar regions,
identified through k-means clustering. Daily PP P90 climatology values ac-
curately detected disturbances arising from natural volcanic dust and an-
thropogenic high nitrogen inputs along the North Sea – Wadden Sea
coast. The thresholds are defined both as daily maximum during phyto-
plankton blooms and as annual rates. Eight out of eleven regions had
thresholds <300 g C m−2 y−1, which was the historic definition for the re-
gion based on data measured in the English Channel during the 1970's and
80's. The highestmonthly and annual PPP90was in theNWEuropean coast
(3.1 g C m−2 d−1, 597 g C m−2 y−1) and the lowest was in the N Atlantic
(1.4 g C m−2 d−1, 221 g C m−2 y−1). Using PP P90 thresholds for the
north-east Atlantic the effect of dust deposition from the Eyjafjallajökull
volcano could be detected, and this proved to be slightly more sensitive
than Chl a P90. Using this approach, custom specific thresholds of PP P90
can be derived for regional and smaller areas (down to 0.05° pixel level),
which proved to be effective in detecting the influence of high TN and TP
loads adjacent to the Wadden Sea on PP, with slightly better sensitivity
than Chl a P90. This method represents an accurate means of determining
environmental disturbances in remotely sensed ocean colour PP data, that
has not previously been explored.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.158757.
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