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Statistical analyses of chlorophyll-a data
sampled by a Ferrybox on the Oslo-Kiel ferry
and by the NOVANA programme

Cover image from https://commons.wikimedia.org/wiki/ File:Chlorophyll-a-3D-vdW.png and illus-
trates a space-filling model of the chlorophyll-z molecule in 3D. The model shows chlorophyll-a’s
porphyrin ring with its four nitrogen atoms (blue) surrounding a magnesium atom (green) and with
attached side chains. In addition, the model shows the long hydrocarbon tail of chlorophyll-a.
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Preface

The project has been funded by the Danish Environmental Protection Agency (formerly Agency for Wa-
ter and Nature Management (SVANA)) with an overarching aim of developing a chlorophyll-z data prod-
uct, based on Ferrybox measurements.

The specific purpose of this project has been to analyse a large chlorophyll-a data set (2008-2015) sampled
by the Ferrybox on the Oslo-Kiel ferry and to compare this data with data sampled in the Danish
NOVANA programme.

As an initial step, a project group consisting of NIVA Denmark Water Research, Norwegian Institute for
Water research (NIVA), Aarhus University and DHI has:

e Collated relevant data (chlorophyll-a, salinity and temperature) from various sources (i.e. the Fer-
rybox on the Oslo-Kiel ferry, from the NOVANA programme, from satellite and from modelling
activities) and assessed uncertainty for temperature, salinity and chlorophyll-a.

e Transformed Ferrybox-data to a data product aligned with chlorophyll-a data sampled under the
NOVANA programme.

The data product developed by this study has been quality assured and submitted to SVANA for their use
regarding specific activities, e.g. Initial Assessments under the Marine Strategy Framework Directive and

Water Framework Directive, Danish reporting to HELCOM and OSPAR and for reporting within the
NOVANA programme.

Copenhagen, 30 January 2017

Jesper H. Andersen
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1 Introduction

The Danish marine waters have been consistently monitored since the mid-70’s. The Belt Project (1974-
1978) is considered the beginning of the monitoring of the open parts of the Danish Straits (Artebjerg et
al.1981). Focus was on hydrochemistry (nutrients, salinity, oxygen) and phytoplankton (chlorophyll-a, pri-
mary production, etc.) and many stations in the current monitoring activities were originally designated as
part of the Belt Project.

While the Belt Project focused on the open parts of the Danish Straits, the compliance monitoring carried
out by the Regional Authorities (counties) in accordance with environmental protection legislation fo-
cused on coastal waters and a broader range of indicators. In addition to hydrochemistry and phytoplank-
ton, a substantial effort was put into monitoring of benthic communities, i.e. benthic macroinvertebrates
and submerged aquatic vegetation.

However, the combination of the compliance monitoring carried out by the counties and the monitoring
of the open parts of the Danish Straits by the Belt Project and its successor, the National Pollution Moni-
toring Programme (Ertebjerg 1981; ATV 1990), did not give complete geographical coverage of the Dan-
ish marine environment. To ensure nation-wide matine monitoring, the Danish Aquatic Monitoring Pro-
gramme 1989-1992, was established as part of the Danish Action Plan on the Aquatic Environment I
(VMP I) from 1987 (see Miljostyrelsen (1989) and Andersen (2012) for details).

New knowledge and improved understanding of key ecological processes led to a revision of the matine
monitoring programme. A key improvement of the revised programme, Danish Aquatic Monitoring Pro-
gramme 1993-1997 (VMP II) (Miljostyrelsen 1993), was the upgrading of selected hydrochemistry stations
to so-called intensive stations with sampling frequencies of 40-52 times per year.

The programme for 1993-1997 was evaluated in 1996 and the subsequent re-designed programme, Danish
Aquatic and Assessment Programme (NOVA-2003) (Miljostyrelsen 2000), was considered a leap forward.
Not only were number of stations and frequencies increased, a broad range of new ecological indicators
were included, e.g. nutrient pools and fluxes in sediments, and hazardous substances (heavy metals and
POPs) in sediments and biota. Modelling was also included in the programme. In a few coastal waters (6
fjords) water and nutrient budgets were modelled. In the open water, transports of nutrients were mod-
elled quarterly. Importantly, the outcome of the new activities, especially the modelling, was included in
the annual reporting. For details about NOVA-2003, please see Miljostyrelsen (2000).

The NOVANA 2004-2007 programme (Svendsen et al. 2005) emerged from an evaluation of NOVA-
2003 and the need for prioritization between sub-programmes, in particular more focus on biodiversity
and less focus on surface waters. ‘Biodiversity’ was included in the revised programme, anchored in the
EC Habitats and Birds Directives, but at the expense of modelling and monitoring of eutrophication and
hazardous substances. Thus, the matine sub-programme was for the first time ever faced with reductions.

In 20006, 2 mid-term revision was carried out resulting in significant reductions in a broad range of marine
monitoring activities from 2007. The types of reductions were in spatial coverage (number of stations) and
frequencies (many intensive stations had frequencies reduced to 1992 levels) (Bilj et al. 2007).

A revised programme, National Monitoring and Assessment Programme for the Aquatic and Terrestrial.
Environments NOVANA) came into effect in 2011 covering the period 2011-2015 (Naturstyrelsen
2011). This programme included the same themes and indicators/parameters as its predecessor
(NOVANA 2004-2009), but the activity level was again slightly reduced (Figure 1.1).
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Figure 1.1 Number of sampling days with regard to chlorophyll-a in the Inner Danish Waters 1974-2015.

Since the mid-term revision of NOVANA 2004-2009, there has been a tendency towards reduction in the
Danish marine monitoring activities. These well-known and well-documented reductions have resulted in
a reduced spatial and temporal coverage of the open parts of the Inner Danish waters compared to the
monitoring activities in the 90’s.

Despite the above-mentioned reductions, the results of the Danish marine monitoring activities are often
fed into international assessments of environmental status, e.g. by HELCOM (HELCOM 2009, Fleming-
Lehtinen et al. 2015) and OSPAR (Andersen et al. 2016 and OSPAR 2017).

The Danish National Aquatic Monitoring and Assessment Program (DNAMAP!) does still include all rel-
evant aspects (eutrophication, hazardous substances and biodiversity). In addition, new aspects emerging
from the EU Marine Strategy Framework Directive (e.g. noise and marine litter) have been initiated with a
long-term aim of integration in DNAMAP. Hence, discussions on how to improve the gaps in time and
space, especially in open marine waters have been taking place for some time. A provisional answer on
how to improve the current situation has been to consider other data sources, e.g. modelling and ships of
opportunity?.

The overarching aim of this study has been to develop and test a simple methodology for transforming
fluorescence-based estimates of chlorophyll-a concentrations into a data product comparable with 7 situ
measured chlorophyll-a values, taking temporal and spatial variations into account. This data product can
be combined with iz situ measurements to give a significantly larger data pool, with better spatial and tem-
poral coverage compared than the NOVANA data set alone.

1'The abbreviation DNAMAP covers the following monitoring programmes: VMP I, VMP II, NOVA-2003,
NOVANA 2004-2009 NOVANA 2011-2015.
2 Volunteering ships with environmental monitoring equipment that routinely passes specific waters.
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2 Methods

2.1 Study area

This data used in this study was collected in German, Danish and Norwegian marine waters. The M/S
Color Fantasy route starts in the Skagerrak from Oslo, goes through the Kattegat and Great Belt and ends
in Kiel (Figure 2.2).

Oslo fjord
The Oslo fjord (Danish: Oslofjorden) is an inlet in the south-east of Norway, opening into the Skagerrak.
It is, approximately, bounded to the south by the 59°N latitude and stretches to Oslo in the north.

Skagerrak

The Skagerrak is a strait between the south-east coast of Norway, the south-west coast of Sweden, and the
Jutland peninsula, connecting the North Sea and the Kattegat. The Skagerrak is 240 km long and between
80 and 140 km wide, with an area of 47,000 km?. It deepens toward the Norwegian coast, reaching over
700 m depth in the Norwegian Trench.

Kattegat

The Kattegat is a 30 000 km? sea area bounded by the Jutland peninsula to the west, the islands of the
Danish Straits to the south and the provinces of Bohuslin, Vistergétland, Halland and Skane (Scania) in
Sweden to the east. The Kattegat is connected to the Baltic Sea in the south, via the Danish straits, and to
the Skagerrak in the North.

Great Belt

The Great Belt, (Danish: Storebzlt), is the largest of the three Danish Straits (Little Belt, Great Belt, and
the Sound) that connect the Baltic Sea to the Kattegat. It is located between the major islands of Zealand
(Danish: Sjzlland) and Funen (Danish: Fyn) in Denmark. The Great Belt is 60 km long and varies in
width from 16 to 32 km.

Kiel Bay

The Kiel Bay (Danish: Kielerbugten) or Bay of Kiel is a bay in the southwestern Baltic Sea, bounded by
the coastline of Schleswig-Holstein (Germany) in the south and by the Danish islands Als, Aro, and
Langeland in the north. It is connected to the Bay of Mecklenburg in the east and to two of the Danish
straits in the north (Little Belt, Great Belt).

2.2 Data sources

2.2.1 Ferrybox

The ships of opportunity presently operating in Norway are part of an informal network of ships with au-
tonomous physical-chemical-biological seawater sensor systems (termed a Ferrybox). The Norwegian Fer-
rybox concept was built upon an initial Norwegian Research Council-funded project (2001-2002) and de-
veloped through the EU Ferrybox project (www.FerryBox.no). Ferrybox systems are presently running on
five ships: M/S Color Fantasy operating between Oslo, Norway and Kiel, Germany, M/S Trollfjord opet-
ating between Bergen, Norway and Kitkenes, Norway, M/S Notbjorn operating between Tromse, Not-
way and Longyearbyen, Svalbard, M/S Norrena operating between Hirtshals, Denmark, T6rshavn, Faroe
Islands and Seydisfjordur, Iceland and the M/S Oslofjord operating a high frequency route in the mouth
of the Oslofjord. New lines are being planned, e.g. in the North Sea.

The Ferrybox is a set of environmental sensors on-board a ship of opportunity. The sensors are placed in
a seawater stream that is pumped (2L/min) from ~4 meters depth from surface (Figure 2.1). The core
sensors include, at a minimum, temperature and salinity. Some Ferrybox systems contain upgrades that
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include sensors to detect chlorophyll-a fluorescence, cyano-bacteria fluorescence, turbidity, and oxygen.
More recently, with financing from programs like the EU-funded JERICO, JERICO-NEXT, and NeXOS
projects, in addition to NIVA institutional funding, new experimental and prototype chemical and biologi-
cal sensors have been added. Some ships also have prototype systems that are interfaced with sensors on-
deck that measure atmospheric variables and optical signals from the sea surface. Some systems include an
automatic water sampler that can take water samples, on demand, to be stored for calibration after more
advanced analysis in laboratory. Data are transferred via internet communication (when available) to a
shore-based database where preliminary quality control is performed prior to being sent to the CMEMS
data portal (www.myocean.eu).

Sensor Cabinet

Outlet Water Ship deck

< E 4 X > sampler Wind speed
— Advanced sensors/ |} & direction
g equip: CO; system, \
a CDOM, passive samplers,| | | Air temp,
= 2| gene probes, nutrients, etc. \ press..humidity
w o s ~_ % -
= Chl a fluorescence - Radiance/
< =[ ]-\ 1 irradiance
Turbidi
Sea water - H[ ) ]' B [/ advanced sensors)
2] Oxygen — : equip: CO./CH, &
< o Y9 k log files o
= Temp./Salinity H— . gases, termal IR
Inlet SST, airbome
S 4\ particle sampler

Pump ﬁ:){ De-bubbler ]

mobile phone/
satellite transfer

Figure 2.1 An example of an autonomons Ferrybox: system that includes a seawater pump, pipes, sensors, water sampler,
and data logging hardware/ software. Figure is adapted from 1 olent et al. (2011).

2.2.2 The Ferrybox used in present study

The Ferrybox line between Kiel and Oslo covering the Kattegat region is operated daily by M/S Color
Fantasy. It has been in operation since 2008, departing at 14:00 and arriving at 10:00 the following day.
Every second day it arrives in Oslo or Kiel. Most of central Kattegat is covered during night time, which is
important for interpretation of the chlorophyll-a fluorescence data (Chl-a_FI, see below).

Chl-a_Fl is measured using a TriOS Microflu Chl-a sensor. The sensor works by exploiting the fact that
chlorophyll-a, when excited by an external light source, re-emits a small portion of the absorbed energy as
fluorescence at around 680 nm. Inside the sensor, the algal Chl-a is excited by short pulses of blue light,
and the sensor measures the resulting fluorescence from the algal Chl-a. The sensor has been calibrated
using an algal culture of Skeletonema costatum as a first primary laboratory calibration. At selected stations
along the route, water samples are collected, typically on a biweekly basis. These samples are later filtered
for Chl-a analysis and additional calibration. Due to the large diversity of chloroplast pigmentation and cell
morphology among phytoplankton (Johnsen & Sakshaug 1997, Suggett et al. 2009), the ratio between Chl-
a_Fl and Chl-4 varies with species composition and community structure. The selection of stations used
for this calibration step has attempted to minimize this effect by using stations in both the Skagerrak, Kat-
tegat and the Baltic Sea. In addition, some fixed stations in the Skagerrak have been used. The Chl-a analy-
sis is done by spectrophotometric analysis after a 100% Methanol extraction or a HPLC detection de-
pending on the projects involved INOVANA has used ethanol extraction, but the two methods should
yield very similar results, as long as the correct conversion factors are used for calculating Chl-a).

After a quality control of the Chl-a_Fl data for e.g. biofouling, the ratios of Chl-a_F1/Chl-4 ate used to
prepare a yeatly calibration based on the water samples. The ratio will vary with season and phytoplankton
species. Also, the diurnal variation in this ratio is significant. At night-time, the phytoplankton is in a dark-




NIVA 7167-2017

regulated state and the fluorescence of a certain mass of Chl-a is quite predictable. In contrast, under high
light conditions during daytime, the algae use several mechanisms (non-photochemical quenching) to pro-
tect the photosynthetic apparatus from surplus energy from the absorbed light (Rodriguez et al. 2006,
Huot & Babin 2010). This has the effect of decreasing fluorescence below the theoretical expected value
during daytime, and may be more unpredictable because it is affected for instance when a cloud passes in
front of the sun. For this reason, nocturnal fluorescence measurements give a more reliable indication of
Chl-a (Huot & Babin 2010). We have not yet introduced operational correction for varying light levels
during night-time (i.e., that it is slightly more light at the start and end of the night), but this research is
ongoing.

2.2.3 In situ measured data from NOVANA and other sources

Data from the Danish and Swedish marine monitoring programs were extracted from stations close to the
ferry transect between Oslo and Kiel, passing through Skagerrak, Kattegat, Great Belt, and Kiel Bight
(Figure 2.2). The Danish open-water monitoring program is coordinated with Sweden, such that several of
the stations are shared and monitoring data are exchanged between the two countries. The extracted data
included discrete water samples at standard depths (1, 5, 10, 15, 20, 25 m etc.), where chlorophyll-a was
measured according to the Danish standard methods (Markager and Fossing, 2014). Water samples were
filtered and chlorophyll-a was extracted from the filter using ethanol and measured spectrophotometri-
cally. All monitoring data had positions for the actual sampling as well as date and time of sampling.

Many stations had a low sampling frequency, with approximately 3 samples per year over the 9-year period
(Table 2.1). Data were available for all years for all stations, except the Swedish station A17, where 2016
data were not yet available. Four stations: Anholt (413) and Alborg Bugt (409) Gniben (925) and Great
Belt (6700053) were monitored approximately biweekly throughout the period.

Table 2.1 Monitoring stations and their depths as well as the period with observations, number of sampling days and the
levels for chlorophyll-a and fluorescence. Stations are listed from north to south.

Station Depth Period Chlorophyll-« Fluorescence
(m) #sampling days  Average (ug/l)  #sampling days Average

A17 348 2008-2015 79 1.56 0

1007 47 2008-2016 32 2.04 28 0.96
905 77 2008-2016 128 2.38 26 0.95
409 14.5 2008-2016 204 2.40 191 0.97
413 55 2008-2016 198 2.32 25 0.94
415 16 2008-2016 24 2.35 27 1.11
925 43 2008-2016 210 212 196 2.19
935 48 2008-2016 33 2.42 28 2.97
6700009 23 2008-2016 0 69 3.04
6700053 32 2008-2016 245 2.77 244 2.99
939 38 2008-2016 33 2.10 31 2.80
6700051 40 2008-2016 0 54 3.00
443 36 2008-2016 32 2.75 26 1.48
450 32 2008-2016 32 2.88 27 1.54
N3 19 2008-2016 29 3.45 29 4.03
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Figure 2.2 Location of open-water monitoring stations along the Oslo-Kiel ferry transect.
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2.2.4 Data from a 3D biogeochemical model

As part of the preparation of the second generation of the Danish River Basin Management Plans
(RBMP), the Nature Protection Agency (Naturstyrelsen) now the Danish Environmental Protection
Agency (Miljostyrelsen) initiated a research project in 2014 aimed at the development of models for imple-
mentation in the national water management program. A part of that model development was built on
mechanistic 3D biogeochemical models. These models make several assumptions about cause-effects rela-
tions between e.g. water transport, nutrient loadings and algal biomass.

One of the developed models, the model covering the inner Danish waters (the IDW model), covers all
marine waters from Skagerrak to the northern part of the Baltic Sea, but with the highest resolution in the
coastal Danish waterbodies i.e. the areas covered by the Water Framework Directive (WFD). The IDW
model comprises 3 sub-models:

1. A hydrodynamic model (MIKE3FM). Based on atmospheric pressure, wind speed and direc-
tion, air temperature and freshwater input this model calculates the water movements (cur-
rents) within the inner Danish waters as well as the different densities derived from salinity
and water temperature. Hence, this model also describes potential separations between sut-
face and bottom waters due to these density differences.

2. An advection and dispersion model (AD). This model is used for calculations of transport of
any substance included in the model. Based on the model results from this sub-model the
concentrations of the different substances are estimated based on dilution and transport
alone.

3. A biogeochemical model (ECO Lab). Based on a number of differential equations this model
calculates the changes in concentrations of the different substances based on e.g. water tem-
perature and solar radiation. This could e.g. be the change in nitrate and chlorophyll-a con-
centrations based on primary production.

The IDW model — and hence, the model from which we have extracted data for this project — includes the
following pelagic components: Phytoplankton (diatoms, flagellates and cyano-bacteria), chlorophyll-a,
zoo-plankton (micro- and meso-zooplankton), particulate organic matter, dissolved organic matter, inor-
ganic nutrients and dissolved oxygen. In addition, this model includes interactions between the pelagic and
the benthic phase, including organic and inorganic pools of nutrients in the sediment as well as the bio-
mass of eelgrass, macroalgae and micro-benthic algae. As this project focuses mostly on the possibilities
for monitoring the open — and mostly deeper — parts of the Danish waters the biomass of eelgrass,
macroalgae and micro-benthic algae are of less importance here and hence not included when using the
model.

The IDW model was optimised to fit the chlorophyll-z concentration and water transparency (Kgq) in the
coastal parts of the Danish water bodies, and therefore for this project we used the model directly without
any further optimisation.

For this project, we have extracted daily chlorophyll-2 model data in locations corresponding to six
NOVANA stations corresponding to stations that are also included as part of the Ferrybox analysis. The
NOVANA stations are 1007, 925, 935, 6700053, 939 and N3.

The IDW model has a vertical resolution of 1 m within Kattegat, Great Belt and the Fehmarn Belt, and
model data have been extracted from 2 m depth.

The model is based on the years 2002-2011. As analyses carried out in present study regards the period
2008-2015, the period 2008-2011 is the only overlap between the two. Hence, only data from this period
is presented in this analysis. In Figure 2.3, comparisons between modelled chlorophyll-a data and
NOVANA observations are exemplified.

10



NIVA 7167-2017

1007
40
35
)
£ 30
B
E2s
©
= 20
>
Z
a 15
2
S
= 10
S
5
0
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012
925
40
o
£
B
E
?
=
Z
S
2
S
=
(o]
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012
935
35
_.30
2
= 25
E
© 20
;> 15
S
°
5 10
=
S 5 .
o . .
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012
6700053
35
)
£
)
E
?
=
Z
S
<]
o
=
o]
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012
939
o
£
B
E
?
=
Z
S
o
o
=
S
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012

N3

Now
o o

N
1S5}

Chlorophyll-a [mg/m3]
B
IS

«
o

0
02-01-2008 01-01-2009 01-01-2010 01-01-2011 01-01-2012
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2.3 Statistical analyses

For this study, we used data from the southbound Ferrybox route, even though the northbound route in
some cases passed closer to oceanographic stations. For most of the Danish waters, fluorescence data is
most reliable, i.e. less impacted by the physiological status of the phytoplankton, during nighttime. The
southbound route passes the northernmost station (1007) at around 8 p.m., passes then the other stations
in late evening and eatly night until the southernmost station (939) is passed between 3 and 4 a.m.

For each day, we calculated the minimum distance between the Ferrybox and each station (Table 2.2).

Table 2.2 NOV.ANA station data (listed from north to south) and distances to the Ferrybox transect (in fm). ‘Distance
to Ferrybox’ is the median distance to the Ferrybox: line when heading south. The table also shows the total number of meas-
urements of chlorophyll-a at 5 m depth (IN), and the number of months for which data exist for at least three years of chloro-
phyll-a measurements at 5 m depth (N months 2 3 yrs.). Stations <20 kwm from the Ferrybox line and with year-round
sampling are shown in bold.

Station  Latitude Depth (m) Distance to Ferrybox (km) N N months = 3 years
1007 57.53 47.0 1.3 32 4
905 57.18 77.0 42 128 12
409 56.86 14.5 57.9 321 12
413 56.67 55.0 19.0 199 12
415 56.56 16.0 332 24 4
925 56.13 43.0 1.4 307 12
935 55.65 48.0 1.5 33 4
6700053 55.51 32.0 0.5 247 12
939 55.38 38.0 14 33 4
443 55.05 36.0 14 32 4
450 54.70 32.0 0.6 32 4

Seven stations were <2 km from the Ferrybox route; however, many of these stations have only data from
selected months (Table 2.3).

Table 2.3 NOVANA station data, data coverage per month. For each month, the number of years in the period 2008-
2016 (station 1007: 2008-2015) with measurements of chlorophyll-a at 5 m depth is shown.

Month
Station 1 2 3 4 5 6 7 8 9 10 11 12 Lat
1007 2 6 1 1 0 0 0 8 8 5 0 0 57.5
409 9 8 9 9 9 9 9 9 8 9 8 9 56.9
413 7 8 8 8 5 7 8 9 9 9 8 8 56.7
415 2 6 0 0 0 1 0 5 6 4 0 0 56.6
443 2 7 0 1 0 0 0 6 9 6 0 0 55.1
450 2 7 0 1 0 0 0 6 9 6 0 0 54.7
6700053 9 9 9 9 9 9 9 9 9 9 9 7 55.5
905 7 8 8 8 5 7 8 9 9 9 8 8 57.2
925 9 8 9 8 9 8 8 8 8 8 9 7 56.1
935 2 5 2 1 0 0 0 8 9 6 0 0 55.7
939 2 6 1 1 0 0 0 8 9 6 0 0 55.4

For each station, we selected all Ferrybox data within a threshold distance of 7 km from the position of
the station. We then took the median of the chlorophyll-a estimate for the Ferrybox passage closest in
time to the station data (allowing a maximum of 48 hours between station measurements and Ferrybox
data, assuming that station measurements were taken at noon). The median value was applied to avoid
bias from potential outliers. The selection of the threshold distance 7 has a large effect on the results: if ris
too small, very few Ferrybox data are selected and the resulting median chlorophyll-a was highly variable
due to small-scale variation in phytoplankton abundance. If ris too large, the Ferrybox sample includes
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too large an area and the sample is not representative for local conditions. To achieve the best selection of
r, we did a simple regression between station-based chlorophyll-z measurements at 5 m (+/- 0.5 m) depth
and median Ferrybox chlorophyll-a estimates for each of the four focus stations (905, 413, 925, 6700053).
For each station, we used only the days which had at least one Ferrybox observation within the shortest
threshold distance tested, in order to use the same days to test different threshold distances (otherwise the
R-squared values would not be comparable). The value of r corresponding to the best fit was used for se-
lecting Ferrybox data. For each day and station, we extracted the median values of chlorophyll-a as well as
temperature and salinity within a radius of r from the station.

While the Ferrybox samples water at a depth of approximately 4 m and the Ferrybox is mounted close to
the stern, the ship creates some mixing of water and the sampled water may therefore originate also from
more shallow water depths. To investigate to which degree the water sampled by the Ferrybox is mixed,
we used salinity data from 0-1 m and from 5 m from three stations (905, 925 and 6700053) that are close
to the Ferrybox route and have year-round data. We performed two analyses on these data. In the first
analysis, we analyzed Ferrybox salinity (i.e., median value for each passing of the station, as described
above) as a function of station measurements of salinity at 0-1 m and 5 m, using the following statistical
equation:

Salinitygerrypox,i = b1 - Salinityg_qm; + b2 Salinitys,; + &

ie., a linear regression with intercept fixed to be zero. If the sampled Ferrybox water is a mixture of x %
of 0-1 m water and y % of 5 m water, we expect the estimates to be b1 = x % and b2 =y %, with by + b2
= 100%. In the second analysis of the salinity data, we used the same stations, but picked only days with a
substantial difference by depth, i.e. when salinity at 5 m minus salinity at 0-1 m is =21. With these data, we
compared the absolute difference between Ferrybox salinity and (a) salinity at 0-1 m, (b) salinity at 5 m,
and (c) mean salinity at 0-1 and 5 m.

For chlorophyll-# from station measurements and the corresponding Ferrybox estimates, we performed a
statistical analysis of station-measured chlorophyll-z as a function of Ferrybox-based chlorophyll-a. Depth
of the station data was selected based on the analysis of salinity (see previous paragraph). As plots of the
data did not indicate evidence of non-linear relationships on the logarithmic scale, we used simple linear
models of log-transformed data. We fitted both models for each station separately, and to all data com-
bined. For the models fitted to each station, we considered three linear models of different complexity,
Models 1-3 (Table 2.4). We used AICc (Akaike’s Model Criterion adjusted for small sample size, Hurvich
and Tsai 1989) to select the optimal model (i.e., the best compromise between model complexity and
goodness-of-fit) among models 1-3. As models 1-3 cannot be used to adjust Ferrybox data between sta-
tions, we also fitted a set of models (models 4-7) for all data combined. Here, we let latitude alone repre-
sent space, since longitude varies little along the ferry route. The larger sample size allowed us to use non-
linear models of the type GAM (Generalized additive models) (Hastie & Tibshirani, 1990). However, in
order to avoid excessive complexity and based on plots, we assumed that the basic relationship between
Ferrybox-based and station-based chlorophyll-z measurements was always linear; non-linear effects were
only allowed for additional adjustment for season and latitude. Again, we considered models of different
complexity (Table 2.4). In model 4, we assume the same relationship between Ferrybox and station data
for all areas and times of year. In model 5 we let adjustment of Ferrybox data depend on the time of year
using the non-linear (spline) function /£ In model 6, adjustment of Ferrybox data depends both on the
time of year (function /) and on the latitude (function g); however, we assume that the seasonal pattern
(i.e., function /) is the same for all areas. In model 7, we let the seasonal pattern also change with area, so
the effects of season and latitude are non-additive (i.e., season and latitude interact). Again, we compared
models 4-7 using AICc. All models were fitted and evaluated based on data over 4 years, 2012-2015, as
calibration of Ferrybox chlorophyll- estimates was expected to be most accurate for these years.

The resulting models were used to adjust the Ferrybox estimates for all years.

13
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Table 2.4 Models for station-based chlorophyll-a measurements (Y) as a function of Ferrybox chlorophyll-a estimates (X)
as well as month. Both variables were log-transformed nsing ¢ = 0.1. In the GAM models (model 6-8),

Model Formula

Interpretation

Separate linear models for each station

Model 1 log(Y + ¢c)=a+bx*log(X + ¢)
Model 2 log(Y + ¢) = aponen + b *log(X +¢)
Model 3 log(Y + ¢) = amontn + bumontn

*log(X + ¢)

Common non-linear model for all stations

Model 4 log(Y + ¢)=a+b*log(X + ¢)
Model 5 log(Y + ¢c)=a+bx*log(X +c)+
f (month)
Model 6 log(Y + ¢c)=a+bx*log(X +c)+
f (latitude)
Model 7 log(Y + ¢c)=a+bx*log(X +c)+
f (month)
+ g(latitude()
Model 8 log(Y + ¢c)=a+bx*log(X +c)+

f (month, latitude)

Relationship same for all months
Slope same for all months, intercept varies
Slope and intercept varies among months

Relationship same for all stations, months
Relationship does not differ with latitude, but
non-linear effect of time of year

Non-linear, additive effects of time of year
and latitude

Non-linear, additive effects of time of year
and latitude

Relationship affected by non-linear, non-addi-
tive effects of time of year and latitude
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3 Results

The threshold distance of »km from each oceanographic station, used for selection of Ferrybox data, was
selected based on regression between station-based chlorophyll-a measurements at 5 m (+/- 0.5 m) depth
and median Ferrybox chlorophyll-a estimates for each station.

The results of these regressions (Figure 3.1) show a clear optimum 7 for most stations, varying from 1 km
for station 6700053 in the Great Belt (which lies only 0.5 km away from the Ferrybox route) to 24 km for
station 413 (which lies 19 km away). The larger the threshold distance, the more Ferrybox data are in-
cluded in the comparison. This is probably the main reason that the correlation between the two types of
estimates is unexpectedly lower for low threshold distances: if the threshold distance is so short that the
ferry route goes inside the threshold distance for just a few minutes, the Ferrybox sample may be more
affected by randomness inside the small sample.

These values of optimum r were used to extract Ferrybox data for further analysis. The p-values of the re-
gression analysis of salinity (Table 3.1) showed that salinities measured at both 0-1 m and 5 m depths con-
tribute to explaining the salinity measured in the Ferrybox.

1007 905 413
0.52- 0.710~ 0.67-
i 0.66-
0.50 - 0.705
0.65-
0.700 -
0.48 - 0.64-
& 0.695 - 0.63-
x
S 925 935 6700053
©
£ 0.450- 0.630 - 0.64-
IS
g 0.445 - 0.625- 0.637
o i 0.62-
%5 0.440- 0.620
€ 0.615- 0.61-
© 0435-
S
5 939 443 450
O -
8 0.85- 0.64
0.52- 0.84- 0.60 -
0.83-
0.50- 0.82- 0.56-
0.81-
0.48- v ; Y : : 0.52-, : d
0 10 20 0 10 20 0 10 20

Threshold distance (km)

Figure 3.1 Selecting optimal threshold distance () for selecting Ferrybox: data close to oceanographic stations (sorted from
north to south). The graph shows the fit of a regression between station-based chlorophyll-a measurements and median Ferry-
box chlorophyll-a estimates, as measured by the coefficient of determination (R-square).

The sum of the estimates is very close to 1 for each station, indicating that Ferrybox salinity indeed can be
expressed as a weighted mean of salinities at 0-1 m and 5 m depths. For instance, for station 905, the esti-
mates of 0.64 and 0.35 indicates that water measured by the sensor is equivalent to a mix of 64% water
from 0-1 m depth and 35% water from 5 m depth. (We say “equivalent to”, as the water intake of course
also gets water from between 1-4 m depth.) In general, the estimates for Salinityo.1 m are somewhat above
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0.5, indicating that the Ferrybox salinity is somewhat closer to the 0-1 m salinity than to 5 m salinity (Fig-
ure 3.2). However, the standard error does not indicate that the estimates deviates from 0.5 (Figure 3.2).
Thus, Ferrybox salinity corresponds to the unweighted mean of salinities measured at both 0-1 m and 5 m
depths. This is supported by plots and analysis of days where salinities at 0-1 m and 5 m depth differed by
at least 1. For two of the stations (905 and 6700053), the median of absolute difference is smallest for the
mean salinity at 0-1 and 5 m depth. For the last station (925), Ferrybox salinity is closest to 0-1 m salinity.
The difference between stations was not significant (P > 0.2), but the absolute difference was significantly
smaller for mean salinity than for either 0-1 or 5 m depth (P = 0.001).

Table 3.1 Regression of Ferrybox salinity as a function of station salinity at 0-1 and 5 m depth. N = number of observa-
tions; Sum estimates = Salinityo.; , estimate + Salinityo.s » estimate.

Salinityo1m Salinitys m
Station Estimate P-value Estimate P-value N Sum estimates
6700053 0.57 0.001 0.41 0.017 88 0.98

905 0.64 0.000 0.35 0.001 82 0.99

925 0.76 0.000 0.21 0.051 122 0.97

o 905 925 6700053

O 54 ] 4

5 [l ° h

885" ‘ af : N .

£2 !

b w 3 3 ‘

= >I< ‘ ‘ | 27

@ § 2 2

®

2 §1 ; | 11

= ] ]

20

2= T | | | [ | ' | T

O 0 04 04

< Depth O m Depth 0+5m Depth 5 m Depth Om Depth 0+5m Depth 5 m Depth Om Depth 0+5m Depth 5 m

Figure 3.2 Absolute difference between Ferrybox salinity and station salinity at 0-1 m, 5 m and the mean salinity of 0-1
and 5 m. The fignres show the first and third quartile of the data (box), the median value (horizontal line inside box), the
approximate 95% confidence interval of the median (the ends of the vertical lines), and ontlier observations outside the confi-
dence interval (dots).

Since the analysis of salinity indicated that the water sampled by the Ferrybox is approximately equivalent
to a 1:1 mix of 0-1 and 5 m water (the estimates for Salinityo.1 m was not significantly different from 0.5
and not significantly different among stations). Therefore, for each station, we used mean values for 0-1
and 5 m depth for station data of chlorophyll-a. When we plot these data before statistical adjustment, the
relationship between the Ferrybox estimates and the station-based chlorophyll-a deviates from a 1:1 rela-
tionship for some stations (Figure 3.3). As an example, for station 6700053 in the Great Belt, the Ferry-
box-based estimates consistently underestimate the actual chlorophyll-a, while at station 413 the Ferrybox-
based estimates are unbiased for lower levels of chlorophyll-z but give underestimates at higher chloro-
phyll-a levels. This indicates, that the calibration based on bottle samples can, to some degree, estimate the
actual chlorophyll-4, but that some extra adjustment is necessary. Also, it indicates that the optimal adjust-
ment may depend on the area. While the Ferrybox-based estimates are quite unbiased for the stations in
the open Kattegat (from north: stations 1007, 905, 413, 925), the Ferrybox-estimates tend to be too low in
the Great Belt (stations 935, 670053, 939, 443 and 450).
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Figure 3.3 Match-ups between station-based chlorophyll-a measurements (vertical axis) and Ferrybox chlorophyll-a esti-
mates (horigontal axis) for each station. Each point represents one station-based chlorophyll-a measurement at 5 m depth as
well as the median of Ferrybox-based estimates of chlorophyll-a within a given radius aronnd the station. The blue line is a
linear regression fit (with confidence intervals), while the dashed line is the 1:1 relationship. The fignre also shows MSE
(mean square ervor) for logio (Ferrybox estimate) as a function of logio (station-based estimates), the back-transformed rela-
tive MSE in percent, and the mean bias (Ferrybox minus station) on logio scale. The data are from the years 2012-2015.

The results for models fitted separately to each station (Model 1-3; Table 3.2) indicates that for 4 stations,
there was no significant effect of month (Model 1). The three stations with most data (413, 925 and
6700053) all showed that including month as an additive effect improves Ferrybox estimates (Model 3).
For two stations, there was evidence for a changing slope among months (Model 3), but it should be
noted that these stations have little data and this result should be treated with caution. When these models
were applied as an adjustment, the resulting fit was reasonably good (Figure 3.4). This adjustment was ap-
plied to all data 2008-2015, resulting in one time series for every station (Annex 1 Figure A1.1 & A1.2.).
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Table 3.2 Model selection for each station. The table shows dAICe, defined as the AICc value minns the minimum AlCe
valne for that station. AlCe is AIC (Akaike’s Model Criterion) adjusted for small sample size (Hurvich and Tsai 1989).
For each station, the optimal model is the one with dAICe = 0. Model 1: no significant effect of month, Model 2: additive
effect of month (log-scale), Model 3: changing slope among months.

Model 1 Model 2 Model 3
Station dAICc d.f. dAICc d.f. dAICc d.f.
1007 0.00 3 28.92 7 Inf 10
905 0.00 3 16.25 14 72.48 24
413 20.26 3 0.00 14 28.79 25
925 39.80 3 0.00 14 17.45 25
935 242.82 3 289.68 7 0.00 10
6700053 8.91 3 0.00 14 29.12 25
939 0.00 3 28.87 6 Inf 9
443 0.00 3 41.57 6 Inf 8
450 154.72 3 227.69 6 0.00 8
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Figure 3.4 Relationship between station-based chlorophyll-a and Ferrybox-based chlorophyll-a adjusted for local and sea-
sonal effects. The data are from the years 2012-2015. Each point represents one adjusted station-based chlorophyll-a meas-
urement at 5 m depth as well as the median of Ferrybox-based estimates of chlorophyll-a within a given radins around the
station. The blue line is a linear regression fit (with confidence intervals), while the dashed line is the 1:1 relationship. The
data are from the years 2012-2015.
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For models 4-8, fitted to the entire data set, the models that did not take into account season or latitude
(Model 4) or only one of these factors (Models 5 and 6) were strongly inferior to the models that took
both season and latitude into account (Models 7 and 8). While model 8 had the lowest AICc value, Models
7 and 8 can be considered to be approximately equally good according to dAICc (a rule of thumb is that
models with dAICc < 2 are approximately equally good; (Burnham & Anderson, 2004)). In other words,
the higher complexity of Model 8 compared to Model 7 (model has approximately 3.5 higher degrees of
freedom) is more or less compensated by its better fit to the data. Models 7 and 8 are visualized in Fig. 3.5.
For Model 7, it is clear that Ferrybox-based values need more adjustment upwards in winter than in sum-
mer (Fig. 3.5b) for areas in the Great Belt (ca. 55.0-55.5 latitude; Fig. 3.5¢). Model 8 shows that the sea-
sonal effect on adjustment should be stronger in Kattegat (Fig. 3.5f) than in the Great Belt (Fig. 3.5.¢). A
technical detail that should be noted is that we were able to specify that the Month effect should be a cy-
clic spine in the case of Model 7, but not in Model 8. Specifying Month as a cyclic spine ensures that there
is no discontinuity between December and January. However, this constraint is technically difficult to im-
plement in Model 8, where Month is part of an interaction effect; however, the resulting December-Janu-
ary discontinuity (Fig. 3.5e-f) appears to be small. The predicted values produced by adjusting Ferrybox-
based measurements using Models 7 and 8 appears to show a quite good fit to the actual time series (Fig.
3.6), although the model (as statistical models usually do) tend to produce lower “peaks” and higher
“troughs” compared to the actual data.

Table 3.3 Model selection for models fitted to the full data set (across stations). The table shows dAIC, defined as the
AICe value minus the minimum ALCe value for that station. AICe is AIC (Akaike’s Model Criterion) adjusted for small
sample size (Hurvich and Tsai 1989). The optimal model is the one with dAICe = 0. Model 1: no significant effect of
month, Model 2: additive effect of month (log-scale), Model 3: changing slope among months.

Model 4 Model 5 Model 6 Model 7 Model 8
d.f. 3,00 5,40 713 9,73 13,20
dAICc 121,99 4370 98,12 1,47 0,00
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Figure 3.5 Effects of each factor in Model 7 (a-c) and Model 8 (d-f). For Model 7, each subplot shows the partial effect of
each factor (the effect of that factor after the effect of the two other factors have been removed). For instance, the y values in
subplot (a) shows the predicted log(chlorophyll a) values when Ferrybox-measured chlorophyll-a varies, given median values of
Month and Latitude. For Model 8, plot (d) shows the partial effect of Ferryboxc-measnred chlorophyll-a, while plots (e) and
() shows the partial effect of Month at two given values of Latitude. Le., it shows two cross-sections of the 3-dimensional sur-
face that defines the (Month, Latitude) effect. If the curve was plotted for intermediate valnes of Latitude, it wonld show a
gradual change from plot (¢) to plot (f). The Latitude values used in (¢) and (f) are shown as dotted vertical lines in (c).

19



NIVA 7167-2017

.0

Station 905 Station 413

20,

20 5.0

20

02 05
02 05

20.0

Chl a (log scale)
200

20 50
20 50

02 05
02 05

2012 2013 2014 2015 2016 2012 2013 2014 2015 2016
Time
Figure 3.6 Actual and predicted values of chlorophyll-a at the four stations with most data. The actual values (grey dots

connected by black lines) show chlorophyll-a measured at the stations (given as the average at 0-1 m depth and 5 m depth).
The colored lines show the predicted values using Model 7 (blue) and Model 8 (red).
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4 Discussion and conclusions

This study has been initiated by the Danish Environmental Protection Agency to clarify whether the Fer-
rybox measurements of chlorophyll-a can be adjusted for local and seasonal effects in a way where the ad-
justed data set potentially can be combined with NOVANA data in order to expand the total pool of
chlorophyll-z measurement for the Danish Straits. While the adjustment done in this report are done on a
station-by-station basis (Table 3.2), there appear to be general spatial and seasonal patterns which may be
used to adjust the Ferrybox data also between stations and through the main bloom seasons.

Based on the analyses and results of this study (see Chapter 3), we take stock of progress by answering the
questions (1) where are we now? and (2) where are we going? And based on the answers to these two
questions we draw up conclusions and perspectives of this study.

4.1 Where are we now?

The open Danish marine waters are currently not monitored as intensively as the coastal waters. Hence,
approaches to improve both temporal and spatial coverage of the open waters would be beneficial to bet-
ter characterise these waters and to improve the assessment of the environmental status in a reliable way.

The monitoring and management of Danish marine waters have for decades focused on the Danish
Straits. These are monitored on a daily basis via the Ferrybox on-board the Oslo-Kiel ferry. The ferrybox
is operated by the Norwegian Institute for Water Research (NIVA). The data collected by this system rep-
resent valuable information for inclusion in the Danish marine assessment activities.

Statistical analyses of the chlorophyll-z measurements from the Oslo-Kiel ferry in combination with tem-
perature and salinity data at different depths has been conducted to match up Ferrybox data and
NOVANA. The correlations between the adjusted Ferrybox data and NOVANA data (Figure 3.4) indi-
cated that the data product is comparable with 7 sit# measurements from the NOVANA programme.

4.2 Where are we going?

We believe, based on this study, that composite products where data from various sources are combined
into new product is a way forward. So far, we suggest combining 7z sitn measurements from the
NOVANA programme with measurements from a Ferrybox on-board the Oslo-Kiel ferry.

A potential and interesting next step would be the development of so-called aggregate products, where
data from multiple sources and monitoring programs, sampled with different methods are combined to a
single data product.

Therefore, we have included a brief comparison between NOVANA observations and satellite data from
the sensors MERIS (the MEdium Resolution Imaging Spectrometer) and MODIS Aqua (the Moderate
Resolution Imaging Spectroradiometer) based on data processed and analysed by DHI. For the period
2009 - April 2012, DHI used full-resolution data from MERIS. MERIS was designed and optimized for
observations of fluorescence in water. MERIS stopped working in April 2012 and therefore data from
MODIS were used for 2013 — 2016 instead.

MODIS Aqua data has a horizontal resolution between 750-1000 m, and hence, has an optimal resolution
for monitoring larger areas as e.g. the sub-regions and their sub-divisions associated with the Marine Strat-
egy Framework Directive (MSFD).

For each #n sitn measurement location, DHI extracted 3x3 pixels from time-series of satellite-derived chlo-
rophyll-z concentrations. Then the median value of the nine pixels for each location was calculated. The
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median was only used if all nine pixels were correctly extracted, because missing data indicates cloud cov-
erage or other atmospheric artefacts in data, which could hamper the chlorophyll-z retrieval. Satellite data
collected during winter months at high latitudes has a higher uncertainty because there is often not enough
light available for the satellite sensor to take reliable measurements. Therefore, all the data collected from
November to February were removed.

Since the waters around Denmark are optically complex and bio-optical water constituents derived from
universal satellite data processing algorithms are often not able to represent this complexity, the MERIS
data was tuned to local conditions and optimized to better capture higher chlorophyll-z values and algal
blooms. The chlorophyll-z concentrations were retrieved using the algorithm: MERIS Case 2 Regional
(C2R version 1.6.2) (Doerffer & Schiller 2007; Doerffer & Schiller 2008). Prior to the retrieval, a separate
NN module performs atmospheric correction, using MERIS L1b geometric and reflectance data. A local
adaptation derived by DHI GRAS based on calibration factors derived from NOVANA /# sitn measure-
ments was applied to the original algorithm.

The MODIS data has undergone standard processing for case 2 waters using the Seadas version 7.3 with
OC3 algorithm with MUMM correction and MUMM NIR calculation (Ruddick et al., 2000), an atmos-
pheric correction procedure for turbid waters. No calibration to local conditions was carried out. In An-
nex 1 Figure A1.3, examples of the comparison between the satellite data and NOVANA observations are
included. In Figure 4.1 MERIS and MODIS are plotted against 7 situ and fluorescence measures with the
associated r-square value for station 925 and 6700053. It should be noted, that since coinciding measure-
ments derived from satellites and 7z siz«/fluorescence measures are rare, satellite data are matched with 7
situ/ fluorescence data within a time range of one week before and after the satellite detived measure.
Time series plots comparing measured and satellite based chlorophyll-z values are shown in figure A1.3.

As illustrated in this project, several different data sources and methods exist (e.g. traditional bottle meas-
urements, Ferrybox data, Satellite data and to some degree also mechanistic models) creating new possibil-
ities to be included in the national monitoring of the open (and to some degree also coastal) waters. Not
all sources and methods can be applied for monitoring alone, but methods for extracting the information
contained in the different data and combining these different sources into aggregated products give huge
potential for significantly strengthening the monitoring of the MSFD sub-regions and their subdivisions,
at minimum additional cost.

All data presented in this report represents a value, but the precision of the single observation is different
and there are large differences in what the observations represent horizontally and vertically:

e Traditional bottle measurements are typically very precise, but the observation only represents the col-
lected water volume in the bottle. The collected water volume does not always represent an entire wa-
ter body as is evident in the Figure 4.2, but in most samples, we do not know how representative the
observation is. On the other hand, the traditional bottle measurements are often extracted in many
depths beside the surface samples, and analysed for several parameters beside chlorophyll-a. This con-
trasts with most of the other observations included in this report.

e Ferrybox measurements atre also precise, but the methodology used differs from the iz situ method.
Temporal resolution is high compared to traditional ship-based measurements. The spatial resolution
is also high along the route of the ferry, and using a spatially explicit adjustment that takes latitude
into account, chlorophyll-z can be reasonably well estimated throughout its route through Danish wa-
ters. A drawback is that these measurements are taken from a single depth and that the translation be-
tween the different monitoring stations are different from location-to-location.

e The advantage of satellite data is the simultaneous spatial coverage. Here satellite data provides time
series of surface chlorophyll-z concentrations covering large geographical areas, and hence, docu-
ments spatial distributions and variations. A disadvantage, however, is that it can be difficult to get
accurate chlorophyll-z retrievals in complex coastal waters, such as the Danish Straits, with a high
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content of humic substances and CDOM which influence the optical properties of the water. How-
ever, where the absolute values are associated with some uncertainties the relative differences and spa-
tial patterns are considered much more precise.

e Also, we included mechanistic models as a supplement to monitoring. Models allows for estimated
3D time series of many parameters measured in NOVANA. Models, however, build on assumptions,
and hence, are simple, limited and pragmatic reproductions of reality. Especially, when the reality ‘be-
haves’ surprisingly — e.g. the large winter/spring bloom between 2009 and 2010 ot the Pseudochattonella
sp. bloom in spring 2011 — models have difficulty in predicting these events and are not optimised to
do this, as we do not understand why such events occur. These limitations are exacerbated by the
highly dynamic nature of the oceanographic conditions at the interface between the Baltic Sea and the
Kattegat. The strength of applying models, lies within the models’ capabilities of predicting the effects
on e.g. chlorophyll-a concentrations of reducing nutrient loadings or e.g. when evaluating the im-
portance of grazing pressure from zooplankton. Hence, there is a difference between how direct ob-
servations and model results can be integrated as part of the monitoring.
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Figure 4.1 Relationship between satellite derived log-transformed chlorophyll-a concentrations (MODILS and MERIS) and
measured log-transformed chlorophyll-a values and fluorescence for the two stations 925 and 6700053. R-square values are
given together with the regression. The blue line is a linear regression fit.
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Sentinel 2 - July 24, 2014

0 175 35

Figure 4.2 An example on algae-patterns forming in Fakse Bay (left figure) and sonth of Rodsand (right figure). Both
images are from the 24 of July 2016 and are derived from the Sentinel 2 satellite (© ESA, DHI GRAS).

Looking ahead, many opportunities exist combining the different data sources and/or models. In addi-
tion, technical improvements comprise opportunities as e.g. the Sentinel 2 satellite. From 2017, we can
expect the possibility of Sentinel 2 data every 5 days. With such data, we expect to be able to supplement
the chlorophyll-a data with other and detailed observations on both turbidity, coast stability and some ma-
rine habitats. Also, the enhancement of the Ferrybox network covering more transects, and potentially
more parameters, will support the traditional monitoring.

Finally, a great deal of work integrating data and models (data assimilation) is being carried out worldwide,
and here mechanistic models will be an additional data source and method for the ongoing monitoring.

4.3 Conclusions

Based on the analysis of Ferrybox data and NOVANA data, we conclude the following:

1. the temporal resolution of the data set from the Oslo-Kiel ferry, sampled by the Ferrybox system,
is much higher than sampling frequencies of NOVANA activities

2. an added value of the Ferrybox data set is the high spatial resolution along the Oslo-Kiel transect

3. the adjustment of the Ferrybox data set for spatial and seasonal effects leads to a data product
that can be directly combined with NOVANA data

Hence, we suggest that the Ferrybox data sets and the data product based on the Ferrybox data sets are a
useful and important addition to the NOVANA activities. Combining the data from these two monitoring
activities, e.g. by merging the Ferrybox-based data product with the NOVANA data is straightforward,
seen from a technical perspective.

In a wider perspective, the development of so-called composite products, i.e. a chlorophyll-a data set or
map based on chlorophyll-z measurements from different sources would be useful in the context of an
ecosystem-based approach to management of coastal and marine waters. A suite of activities, e.g. develop-
ment, testing and verification is required, but the outcomes of this study clearly indicate that this path
seem worthwhile to follow.
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Annex 1: Supplementary material
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Figure Al.1 Comparison between chlorophyll-a from Ferrybox observations and ocean model (DHI)
from selected stations a) 935, b) 939 ¢) 1007, and d) 925. Ferrybox data measured within a 5-km radius of
the geographical position for each station were extracted and plotted. Correlations between model and
Ferrybox were calculated using Pearsons linear correlation algorithm. Data from station N3 and 6700053
for 5 km radius was not available.
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Figure Al.2 Comparison between chlorophyll-a from Ferrybox observations and ocean model (DHI)
from selected stations a) 935, b) 939 ¢) 1007, d) 925 and e) N3. Ferrybox data measured within a 20-km
radius of the geographical position for each station were extracted and plotted. Correlations between

model and Ferrybox were calculated using Pearsons linear correlation algorithm. Data from station
6700053 for 25 km radius was not available.
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Figure Al.3 Comparison between satellite derived chlorophyll-a concentrations (grey dots and dotted
lines) and measured chlorophyll-a values averaged over the top 3 m (orange dots) from north (top figures)
towards south (bottom figures).
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