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KEYWORDS Summary High-latitude fjords, very vulnerable to global change, are impacted by their land and
Arctic; ocean boundaries, and they may be influenced by terrestrial water discharges and oceanic water
Porsanger fjord; inputs into them. This may be reflected by temporal and spatial patterns in concentrations of
Suspended matter; biogeochemically important constituents. This paper analyses information relating to the total
Optical measurements suspended matter (TSM) concentration in the Porsanger fjord (Porsangerfjorden), which is situated

in the coastal waters of the Barents Sea. Water samples and a set of physical data (water
temperature, salinity, inherent optical properties) were obtained during two field expeditions
in the spring and summer of 2014 and 2015. Bio-optical relationships were derived from these
measurements, enabling optical data to be interpreted in terms of TSM concentrations. The results
revealed significant temporal variability of TSM concentration, which was strongly influenced by
precipitation, terrestrial water discharge and tidal phase. Spatial distribution of TSM concentra-
tion was related to the bathymetry of the fjord, dividing this basin into three subregions. TSM
concentrations ranged from 0.72 to 0.132 g m~3 at the surface (0—2 m) and from 0.5 t0 0.67 g m~>
at 40 m depth. The average mineral fraction was estimated to be 44% at surface and 53% at 40 m.
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1. Introduction

Important oceanic processes, such as the export of carbon
and other biogeochemically important material are closely
associated with the spatial and temporal variability of sus-
pended particulate matter. The quantity and quality of
suspended matter in the water column govern light transfer
in surface waters and its availability to primary production,
strongly influencing the euphotic depth (Kirk, 2011; Mobley,
1994). In extreme situations, the within-day variability of
total suspended matter (TSM) in coastal waters may encom-
pass several orders of magnitude due to the combined effects
of physical (e.g., terrestrial water runoff, tidal mixing, aerial
deposition of dust) and biological processes (e.g., biological
production, aggregation, Montes-Hugo et al., 2012). The
high-latitude fjords are among the regions where TSM
dynamics is still poorly understood. This is because of the
relatively large number of fjords, in which conditions can
differ significantly. Traditional shipboard surveys have been
sporadic and so far supplied very limited biogeochemical
data sets in only a few fjords. In addition, because regional
coastal algorithms are non-existent, a quantitative interpre-
tation of the ocean colour data provided by satellite sensors
in such locations is not possible.

In general, delivery of suspended matter to Arctic fjords
involves four major processes (Syvitski, 1989; Winters and
Syvitski, 1992): (1) ice-contact processes associated with tide-
water glaciers, (2) rafting by icebergs and sea ice, (3) fluvial
discharge of sediment and (4) exchanges of water masses, for
example, as a result of oceanic inflows. To extend knowledge
of TSM concentrations in high-latitude fjords, in situ experi-
ments were carried out in the Porsanger fjord (Porsangerfjor-
den), one of the largest fjords in northern Norway (Fig. 1).
There are no glaciers around the Porsanger fjord, so one would
expect TSM concentrations in this fjord to be lower than, for
example, in some Greenland and Spitsbergen fjords, where
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glaciers are present. Nevertheless, it is important to collect
information in all types of fjords in order to understand more
about how TSM concentrations (both organic and mineral
fractions) vary across different time and spatial scales in
the Arctic and to enable future extrapolation of this knowl-
edge to large-scale and global estimates.

This paper describes the preliminary results of experi-
ments carried out in the Porsanger fjord. The primary objec-
tive was to develop and validate local bio-optical
relationships for estimating TSM concentrations from in situ
optical data and to describe the spatial and temporal varia-
bility of TSM concentrations in the Porsanger fjord based on
water samples and optical surveys. Traditionally, laboratory
biogeochemical analyses of discrete water samples collected
at sea have been used to determine the concentrations of
suspended material in seawater. However, such analyses are
time-consuming and difficult to apply on a large scale. More
recently, optical instruments have become popular tools for
ocean monitoring (Zaneveld et al., 1994). Unlike classic
laboratory analyses of discrete water samples, in situ optical
measurements provide information about the marine envir-
onment at larger spatial and temporal scales. This was the
approach taken in the present research.

2. Study region

There are a great many fjords along the Norwegian coast with
large variations in topography and dynamics. This paper
focuses on the Porsanger fjord, which is located in the in
the vicinity of the Barents Sea (Fig. 1) (ca 70.0—71.0°N,
25.0—26.5°E). Approximately 100 km long and 15—23 km
wide, it has a maximum depth of more than 230 m and
extends south-westwards from the northern tip of Norway
(North Cape — Nordkapp). It is surrounded by mountains
(Fig. 2) that rise to altitudes of more than one thousand
metres (Mt. Cahkarassa, 1139 m) on the south-western side
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(a) Topography of the land surrounding the Porsanger fjord showing the location of the meteorological and radar stations;

(b) E-Hype sub-basins used for water discharge estimates (based on map provided by SMHI HypeWeb).

of the fjord. The land around the fjord, part of the Finn-
marksvidda plateau, is mostly about 400 m above sea level.

The land cover varies. Moreover, the region is sparsely
populated: only two communities — Honningsvag and Lakselv
— have more than 2000 inhabitants. Farming areas are rather
small and are situated mostly around the inner part of the
fjord. On the south-eastern, north-western, and north-east-
ern sides of the fjord there are mostly rocks and tundra
vegetation. There is woodland on either side of the middle
part of the fjord, but tree growth is stunted as a result of low
temperatures and short growing seasons. There are peat bogs
all around the fjord.

According to Cushman-Roisin et al. (1994), the width of
the Porsanger fjord is approximately three times the defor-
mation radius, so it can be classified as a broad fjord. These
same authors reported that the combination of vertical
stratification and fjord width can lead, under typical wind
stresses, to the development of upwelling on one side of the
fjord and downwelling on the other. In line with the classi-
fication proposed by Svendsen (1995), Porsanger can be
described as a fjord with relatively little water runoff in
comparison to other Norwegian fjords, except for the spring
and summer seasons, when freshwater runoff significantly
influences its hydrography.

With regard to its bathymetry, the Porsanger fjord can be
divided into three zones (Fig. 1): an inner zone (subregion 1,
extending 0—30 km from the head), a middle zone (subregion
2, located 30—70 km from the head) and an outer zone
(subregion 3, 70—100 km from the head). The inner zone is
separated from the remainder of the fjord by a 60 m deepssill,
situated approximately 30 km from the fjord head: this
significantly inhibits water exchange between the inner
and outer parts of the fjord. The inner zone environment
is very different from the rest of the fjord and supports a
unique Arctic ecosystem (Eilertsen and Frantzen, 2007).
Beyond the internal sill is the middle part of the fjord: this
is separated from the outer zone by the island of Tamsaya,
which lies about 70 km from the head of the fjord. Finally, the

outer zone ends in a deep sill (180 m); this does not constrain
the movements of waters between the fjord and the coastal
region of the Barents Sea. Historical observations show evi-
dence of two prevailing wind directions—southerly and north-
erly—along the fjord's axis. The Porsanger fjord is stratified
from May to October as a result of seasonal river runoff and
surface warming (Svendsen, 1995). The sea level variability
due to tides is significant (about 3 m). The most important
tidal component in the surface currents is the semidiurnal
one (M2), but winds also have a strong impact on surface
currents (Stramska et al., 2016).

3. Methods

Data were collected from June 06 to 29, 2014 and from May
29 to June 18, 2015 during two field expeditions in the
Porsanger fjord. Fig. 3a and b shows the sampling stations
in 2014 and 2015. At some stations, discrete water samples
were collected for TSM determinations, usually near the
surface, but also from one or two depths (most often 5 m
and 40 or 50 m). The number of water levels sampled at each
station depended on the weather conditions, as only a small
boat was available for the fieldwork. When the sea was too
rough, it was only possible to collect water samples from the
surface. In addition to water samples, vertical profiles of
inherent optical properties (IOPs) were measured with ac-9
and/or ac-s instruments (WETLabs). More stations were done
with the ac-9 in 2014 — this was before a new ac-s instrument
was purchased. At some stations data were collected with
both instruments, so the different data sets could be com-
pared. The depth range for the profiles was usually 0—50 m,
since it was difficult to deploy the instrument packages from
that small boat. However, the mixed layer depth varied
between 10 and 30 m, so it was usually possible to collect
water samples representing both the surface and the deeper
water masses. More stations were covered in 2015 than in
2014 (Fig. 3), following some modifications made to the boat
to facilitate the deployment of equipment.
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Figure 3  Hydrographic stations visited in (a) 2014 and (b) 2015 (prepared with Google Earth software; Image Landsat, Image IBCAO).

After collection, the water samples were brought to the
coastal station laboratory for analysis. The TSM concentra-
tion (in g m~3), defined as the dry mass of particles per unit
volume of water, was determined using a standard gravi-
metric technique (Stavn et al., 2009; Wozniak et al., 2011).
The water samples were passed through specially prepared
GF/F filters (25 mm in diameter). Before filtration, these
filters were precombusted for 4 h at 450°C, pre-washed with
pure deionized and particle-free water (to prevent the loss of
filter material during the filtration of the main sample), dried
and pre-weighed. Volumes of seawater samples varied
between 250 and 2500 ml, depending on the water turbidity.
The samples were filtered as soon as possible after collection.
When filtration was completed, the filters were rinsed with
about 60 ml purified deionized water to remove sea salt.
Next, the filters with their particle load were dried. The dry
mass of particles collected on the filters was measured with a
Radwag XA 82/220.R2 microbalance (resolution 0.01 mg).
Three replicate filters were weighed for each water sample,
the reproducibility generally being within +-8%. Thereafter,
the filters were combusted for 4 h at 450°C to remove the
organic particle fraction (loss on ignition (LOI) technique;
Pearlman et al., 1995) and reweighed. The concentration of
particulate organic matter (TSM,¢) was calculated (in g m~3)
from the difference in weight before and after combustion.
The ac-9 and ac-s data were processed according to

procedures described in Pegau et al. (1997). After applying
the corrections for water temperature and salinity, the data
were carefully inspected for large spikes, most likely present
because of the air bubbles in surface waters. For the final
data set, data from the upper sections of the profiles were
used, which were averaged into 1 m bins in order to average
the instrumental noise. Finally, the values from the water
sample analysis were matched with simultaneous determina-
tions of beam attenuation coefficient (c, at 650 nm and
648.8 nm for the ac-9 and ac-s instruments, respectively).
These data yielded statistical relationships between the
optical and water sample data (Fig. 4). There was a small
but systematic difference between the values of ¢,(650)
recorded by the ac-9 instrument and those of ¢,(648.8)
recorded by the ac-s. For consistency, therefore, the ac-9
data were converted to the ac-s measurements in accordance
with the relationship shown in Fig. 4a. This was done because
(1) more data were collected with the ac-s, and (2) the ac-s
was new and was calibrated immediately prior to the experi-
ments. Although the correction was relatively small, the
vertical profiles measured at the same station with the ac-
9 and ac-s were almost identical after it had been applied. In
the second step, the relationship based on the comparison
between ¢, and TSM determined from the water samples
shown in Fig. 4b was applied to all the vertical optical profiles
of ¢, collected in situ (converted ac-9 and ac-s data). This
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yielded information about the vertical distribution of TSM
concentrations. Vertical profiles of TSM derived from ac-9
and ac-s measurements at the same station are exemplified
in Fig. 4c and d. The experimental data also contain two
samples of water taken from the Rivers Bgrselva and Lakselva
in 2015.

Vertical profiles of water temperature (T) and salinity (S)
were collected during the experiment with an SBE 49 FastCAT
(Seabird Electronics) CTD Sensor interfaced with the ac-s.

In addition to the boat surveys, surface currents were
monitored using the high-frequency (HF) radar system oper-
ating in the Porsanger fjord (the radar site's location is shown
in Fig. 2a) from June 10 (year day 161) to October 11 (year
day 284) in 2014 and from May 28 (year day 148) to August 17
(year day 229) in 2015. More details on the data sets collected
are available in a separate paper (Stramska et al., 2016).

In our paper we have also used additional data sets. Wind
data from Honningsvag and Lakselv with hourly resolution,
and precipitation data from Honningsvag, Barselv and Repvag
with daily resolution, were obtained from the Norwegian
Meteorological Institute (http://www.yr.no). Fig. 2a shows
the geographical positions of Honningsvag, Lakselv, Barselv
and Repvag. Daily data of water discharge to the fjord based

on the E-Hype numerical model (http://hypeweb.smhi.se/
europehype/time-series/) from the model subregions indi-
cated in Fig. 2b are also used. That model was extensively
validated with observational data (Donnelly et al., 2011,
2015). Water runoff is given as daily averaged water dis-
charge (in m*s™").

4. Results

4.1. Weather conditions

The weather data are summarized in Figs. 5 and 6. Figs. 5a
and 6a show time series of wind speed data from the Hon-
ningsvag and Lakselyv weather stations in 2014 and
2015 respectively, while Figs. 5b and 6b display the precipi-
tation data from Honningsvag, Barselv and Repvag. The bio-
optical experiments lasted only few weeks (June 6—29 in
2014 and May 29—June 18 in 2015) but the meteorological
data presented in Figs. 5 and 6 start on year day 140 (mid-
May) in order to provide background information from the
time before the experiments commenced. For example,
Fig. 6 shows that around May 24—25, 2015, several days
before the experiment started, there was a strong wind
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Summary of TSM data collected in 2014. (a) Wind speed recorded at Honningsvag (H) and Lakselv (L); (b) precipitation at

Honningsvag (H), Barselv (B) and Repvag (R); (c) TSM integrated over the 0—30 m water layer; (d) concentrations of total TSM and the
organic fraction TSMy, in surface waters; (e) organic fraction of TSM (in %) in surface waters.

event accompanied by significant precipitation. In May 2014,
by contrast, there was much less precipitation and winds
were weaker than in May 2015. The lower panels in Figs. 5 and
6 present the results from boat experiments — TSM data from
all the stations combined and plotted as a function of time.
The water-column-integrated TSM in the top 30 m of the
surface water is shown in panels (c), TSM and TSMg con-
centrations measured in surface waters (0—2 m) are dis-
played in panels (d), and the percentage of the organic
fraction present in surface water TSM is plotted in panels
(e). The data shown in panels (c) are based on TSM profiles

derived from optical data, the data in panels (d) are a
combination of water samples and optical data, while the
data in panels (e) refer only to water sample determinations.
From Figs. 5 and 6 it becomes clear that the highest TSM
values (water-column-integrated and surface concentra-
tions) corresponded to significant precipitation events.
These events happened around June 22 (year day 173) in
2014 and around May 25 (day 145) in 2015. Precipitation
presumably led to increased water runoff from the coast into
the fjord, thereby supplying large amounts of suspended
particles to its waters.
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Summary of TSM data collected in 2015. (a) Wind speed recorded at Honningsvag (H) and Lakselv (L); (b) precipitation at

Honningsvag (H), Berselv (B) and Repvag (R); (c) TSM integrated over the 0—30 m water layer; (d) concentrations of total TSM and the
organic fraction TSM, concentration in surface waters; (e) organic fraction of TSM (in %) in surface waters.

4.2. Terrestrial water discharge

The 2014 and 2015 time series of water discharge in the five
subregions of the E-HYPE model for which all runoff is
supplied to the Porsanger fjord are shown in Fig. 7 (the
locations of the subregions are shown in Fig. 2b). The results
from the HYPE model indicate that the average water runoff
in this region reaches its annual maximum in June. According
to these data, the runoff in subregion 709, where the
mouth of the River Lakselva is situated, makes the most
important contribution to the total runoff (Fig. 7). Moreover,

the temporal distribution of the total discharge was quite
different in 2014 and 2015. For better comparison of the
data, Fig. 7c shows not only the time series for both years,
but also the 36-year averaged values for the period with
significant discharge (year days from 100 (April 10) to 200
(July 19)). The total discharge until day 145 was similar in
both 2014 and 2015, but the temporal distribution was quite
different. For example, on days 120—155 in 2015 the total
discharge was about 40% greater than during the same period
in 2014. Therefore, the relatively high TSM concentrations
measured at the start of the experiment in May 2015
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(day 149) were most likely related to both the seasonal runoff
of meltwater and the increased runoff due to the precipita-
tion event on days 144—145. In contrast, surface TSM con-
centrations were lower at the start of the experiment in June
2014 (day 163). According to the data shown in Fig. 7, the

J. Biatogrodzka et al./Oceanologia 60 (2018) 1—15

total water runoff was also significant at this time, but there
were no precipitation events.

At the beginning of the experiment in 2014, the snow near
the coast of the fjord had already melted, but some was still
melting in the higher mountains in June of that year. The
water supplied by the rivers at this time may have contained
lower levels of TSM. However, TSM levels inside the fjord
increased in 2014 around day 171—173 (June 20—22), most
likely due to the storm event with precipitation that occurred
around that time. As a result of that event, water was
discharged not only by the larger rivers, but also in the form
of “no point source water runoff”, which could have supplied
larger quantities of TSM. The water-column-integrated TSM
values were generally higher in 2015 than in 2014, most
probably because precipitation was more frequent in
2015. These observations lead to the conclusion that terres-
trial water runoff was very likely the most important phe-
nomenon affecting variability of TSM concentrations during
this experiment. Table 1 provides detailed statistical infor-
mation on the TSM concentrations recorded in the Porsanger
fjord.

In 2015 data from two rivers (Lakselva and Barselva) were
also collected. Measured TSM levels were 11 and 3gm™3
respectively. About 20% of the TSM was organic. Because of
insufficient manpower, more regular measurements in the
rivers could not be carried out in addition to oceanographic
surveys, but the river data do underline the strong variability
in TSM concentrations in their waters, and also show that a
significant fraction is made up of organic particles (although
this fraction was smaller in the rivers than that the average
value measured in the fjord waters).

4.3. Water temperature and salinity distribution

There are significant differences between the vertical dis-
tribution of water temperature and salinity in subregions
1 and 2, asillustrated in Fig. 8 and in the subsequent figures.
The salinity in subregion 1 is quite low at the top of the water
column, with values increasing from about 27 at the surface
to about 33 at 10 m. It then continues to increase with depth
below 20 m, albeit more slowly, to about 34 at depths below
40 m. Since on May 30, 2015, the surface water salinity was
the lowest measured by us in this region, it is most likely that
large volumes of terrestrial freshwater were also supplied to
subregion 1. The surface water temperature (about 8°C) in
subregion 1 was generally higher than in subregion 2 (see also
Table 2). However, it decreased rapidly with depth to about
4°C or less at 40 m and 2°C at 50 m. The water temperature
measured on several occasions in this region at depths below
60 m was only about 0°C (data not shown in Fig. 8 or in
Table 2). In contrast, surface (0—2 m) water salinity in sub-
region 2 varied between 29.13 and almost 33 during this
experiment (see Table 2) and depended on the phase of the
tide: waters were less saline at low tides (surface water
flowing to subregion 2 from subregion 1) but more saline at
high tides. The lowest S of 29 was recorded on day 170 in
2014 at station E in the surface waters of subregion 2. Below
40 m in subregion 2 the salinity was always above 34. Also, in
contrast to subregion 1, the subsurface water temperature
measured during this experiment in subregion 2 (even at
40 m, see Table 2) was always above 4°C. The surface water
temperature recorded on May 29 and 30 in subregion 2 was
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Table 1 Basic statistics (mean, minimum, maximum, and standard deviation (SD) values) of TSM concentrations in three
subregions of Porsangerfjorden. N stands for number of data taken for the analysis. IN — subregion 1, MID — subregion 2, OUT
— subregion 3.
TSM [g m—3] Mean Minimum Maximum SD N
IN MID OuT N MID OuT N MID OuT N MID OUT IN MID OUT
2014
0—2m 1.08 096 1.03 0.95 0.72 0.91 119 132 130 0.09 0.20 0.11 6 22 7
40 m 0.58 0.54 055 055 050 050 0.64 0.67 065 0.04 005 005 6 22 7
Sumin30m 23.99 24.23 27.27 22.14 19.62 24.31 25.85 27.63 3190 1.46 193 254 5 19 6
2015
0—2m 1.06 1.05 1.10 0.78 0.78 0.88 1.25 192 1.31 0.14 0.13 0.12 12 108 14
40 m 0.62 0.63 0.68 045 047 041 093 1.08 097 0.11 0.08 0.16 12 95 14
Sumin 30m 24.74 26.48 30.78 17.24 20.92 23.47 28.08 43.15 39.99 3.74 4.28 451 12 109 14

Table 2 Basic statistical analysis (mean, minimum, maximum, and standard deviation (SD) values) of temperature and salinity in
three subregions of Porsangerfjorden. N stands for number of data taken for the analysis. IN — subregion 1, MID — subregion 2, OUT —

subregion 3.
Mean Minimum Maximum SD N
IN MID ouT IN MID ouT MID ouT IN MID OUT IN MID OUT
Temperature [°C]
2014
0—2m 7.84 7.57 6.75 7.29 6.69 6.62 9.45 8.38 7.06 1.08 0.46 0.15 2 10 4
40 m 4.03 5.27 5.91 2.90 4.15 5.31 5.14 6.09 6.42 1.27 0.54 0.44 2 12 4
2015
0—2m 7.55 6.63 6.32 6.22 5.46 5.77 8.18 7.67 7.12 0.48 0.43 0.45 103 12
40 m 2.46 4.97 5.67 1.66 4.56 5.04 4.35 5.59 6.18 0.68 0.19 0.39 11 92 12
Salinity
2014
0—2m 29.52 31.35 33.71 26.90 29.13 33.53 30.41 32.81 33.94 1.75 0.68 0.15 2 10 4
40 m 33.85 34.06 34.14 33.69 33.87 34.00 34.02 34.12 34.26 0.19 0.07 0.13 2 12 4
2015
0—2m 2891 31.75 33.79 27.10 25.82 33.37 29.96 33.94 34.15 0.97 1.29 0.20 8 103 12
40 m 33.70 34.12 34.20 33.59 33.95 34.06 33.95 34.23 34.29 0.09 0.05 0.07 11 92 12

lower than that measured in subregion 1. In general (Table 2),
the salinity was the highest in subregion 3 owing to significant
advection of oceanic water masses. The surface temperature
was the highest in subregion 1, whereas the highest tem-
perature at 40 m was noted in subregion 3.

4.4. Temporal and spatial TSM distribution

Since the high TSM concentrations measured at the end of May
2015 produced the most interesting event in this TSM data set,
some more data from this period will now be discussed. Fig. 8
presents a few examples of TSM, Tand S profiles measured at
the end of May 2015. The left-hand side of Fig. 8(plots a—c)
presents data from subregion 1, while the right-hand side of
Fig. 8(plots d—f) displays data from subregion 2. Unfortu-
nately, it is not possible to state exactly when the TSM
concentration reached these elevated levels, because con-
centrations of about 2gm~> were already being detected
when the first stations has been set up in 2015 (after May 29,

Fig. 8). Interestingly, this increase in TSM did not happen at
the same time in subregion 1 (see Fig. 8a—c). This is difficult to
explain, but it may have been due to larger volumes of runoff
water from snow melt being delivered to subregion 2 or
because the concentration of suspended matter was higher
in the runoff water supplied to subregion 2.

The seasonal increase in TSM concentrations measured
along the entire fjord on June 3, 2015 is shown in Fig. 9(a—c).
Note that a significant period of time elapsed between the
visits to the first station (A2) and the last one (T5) on that day,
because of the quite considerable distance (45 km) between
them. Station A2 was thus visited as the tide was rising, but
T5 was reached at high tide. This implies that some of the
variability displayed in Fig. 9 in TSM, T, and S data must be
due to spatial patterns and some to the temporal variability
associated with tides. Nevertheless, it is clear that elevated
TSM concentrations were also recorded in subregion 3 (sta-
tion A2). In comparison to June 3 (Fig. 9a—c), TSM concen-
trations on June 10 were somewhat lower (Fig. 9d—f); on that
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day, TSM levels were lower in the inner part of the fjord,
increasing towards its mouth.

During our experiment it was observed that the spatial
variability of TSM documented over a single day was the
strongest in the outer part of the fjord (Fig. 10). Fig. 10a
shows considerable variability of TSM along transect A in the
outer part of the fjord. This was expected, since interaction
between oceanic and fjord water masses in subregion 3 is
very intensive (see also Table 1). Moreover, the water column
in subregion 3 contains at least two water masses with

different temperatures—this is also reflected by the TSM
concentration profiles. Fig. 11a—f shows examples of data
collected across the fjord at similar phases of the tide along
transect E in the morning and afternoon of June 9. The
vertical TSM profiles at the different stations were quite
similar, and the overall pattern did not change much between
the morning and afternoon. TSM concentrations were some-
what higher (more than 1.2 g m—3) at about 10 m depth, most
likely because water was advected westwards (from station E
to station E3). The differences are greater if the same
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Figure 9 Comparison of example TSM, water temperature and salinity profiles measured at stations located along the fjord (transect

T) on June 3 and June 10, 2015.

transect is compared at different phases of the tide (compare
Fig. 11a and d with Fig. 11g). The spatial variability of the
TSM concentration in the surface waters of subregion
1 appears to be relatively small (Fig. 12).

In general (Table 1), the range of TSM concentrations is the
largest in the middle part of the fjord. The mean TSM
concentrations at 40 m were 54% and 60% of the surface
TSM concentrations recorded in 2014 and 2015 respectively.
The mean TSM concentrations were the highest in the inner
region in 2014, but in the outer region in 2015. In both years

the deep water TSM concentrations were the greatest in
subregion 3, which is consistent with the fact that the
vertical water density gradient is the smallest in this region
and that vertical mixing is expected to play a more significant
role in transporting particles to greater depths.

4.5. Suspended organic and inorganic matter

In general, more than half of the suspended matter in the
surface waters was organic (on average 55% in 2014 and 59%
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Figure 10 Comparison of example TSM, water temperature and salinity profiles measured at stations located in the outer part the

fjord (subregion 3) on June 9 and June 18, 2015.

in 2015). At 40 m and below, this decreased to less than 50%
(e.g., June 14 2015, station M) and in some cases even less
than 30% (see Figs. 5 and 6). This shows that in the Porsanger
fjord, where one would expect relatively low particulate
matter concentrations because of the low level of primary
productivity and absence of glaciers, TSM concentrations are
quite significant and the proportion of mineral particles is
relatively high. This is consistent with our observations that
rivers supply a large amount of suspended matter, only 20% of
which is organic.

5. Discussion

The TSM concentrations measured in the Porsanger fjord
(Table 1) are generally high in comparison to other, similar
data sets gathered in open ocean regions, but lower than in
some fjords, in particular those with glacial runoff. For
example, Lund-Hansen et al. (2010) reported TSM concen-
trations of the order of 300 g m~3 in the internal part of the
Kangerlussuaq fjord in Greenland. Similar TSM concentra-
tions were measured by Zhu et al. (2016) in Kongsfjorden,
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Figure 11 Comparison of example TSM, water temperature and salinity profiles measured at stations located across the middle part

of the fjord (subregion 2) on June 9 and June 10, 2015.

Svalbard. In the Baltic Sea (Lund-Hansen and Christianses,
2008; Wozniak et al., 2016) TSM concentrations can also
reach high values, for example, more than 15gm™3 in the
Gulf of Gdansk. In the open Baltic Sea TSM concentrations
vary between 0.1 and 10 g m~3. The organic fraction in the
Baltic Sea is higher (about 80% of TSM there consists of
organic particles). The same order of TSM concentrations
was recorded in Chesapeake Bay (Ondrusek et al., 2012).
In some other coastal regions TSM concentrations are
similar to those recorded in this work in the Porsanger fjord

(Babin et al., 2003; Faust et al., 2014; Kiyomoto et al., 2001).
The mineral content in some coastal regions in the Mediter-
ranean Sea, English Channel or glacial fjords is higher (80, 64,
and 81% respectively) than in the Porsanger fjord.

Finally, it has to be noted that our measurements covered
only a small part of the year, so no inferences can be drawn
regarding the entire annual cycle or the annual range of TSM
variability. Nevertheless, considering that this experiment
was scheduled for late spring/early summer, when water
runoff in the Porsanger fjord is at its most intense, one
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can assume that the seasonal increase in TSM concentrations
directly related to terrestrial water runoff was reliably
documented. One would also expect TSM to increase during
summer as a result of seasonal phytoplankton blooms, but
this increase would involve mostly the organic fraction of
TSM, with the inorganic fraction remaining rather stable. It
would be interesting to perform similar experiments in other

fjords in order to acquire a better understanding of the range
and variability of TSM concentrations in somewhat different
environmental settings.

6. Conclusions

On the basis of the in situ data presented here, regional bio-
optical relationships were derived, enabling optical data
(beam attenuation coefficient c,) to be interpreted in terms
of the TSM concentration in the Porsanger fjord. The rela-
tionships, similar for the data sets collected in 2014 and
2015, were used to convert in situ vertical ¢, profiles to TSM
concentrations. The results indicate that TSM concentra-
tions lie within the range of values found in other coastal
regions, but that they are lower than in fjords where glacial
activity supplies large amounts of terrigenous particulate
matter. Nevertheless, the present data also indicate that
significant amounts of such material are delivered to fjord
waters during precipitation events. The optical properties of
the fjord waters are most likely affected by this presence of
mineral particles, which efficiently scatter underwater
light.

A significant temporal variability in TSM concentrations
was documented. TSM concentrations in surface waters were
the highest during the periods when precipitation events
were recorded in the meteorological data. There was also
temporal variability in relation to water mass movements
associated with tides. Spatial variability was more pro-
nounced when different subregions of the fjord were com-
pared but less so when data from stations located on
transects across the fjord were compared. There was a
significant decrease in TSM concentration from surface to
deep waters. On average, the organic fraction was 56% at the
surface and 47% at 40 m depth. The mineral fraction made up
some 80% of the TSM delivered to the Porsanger fjord with
runoff.
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KEYWORDS Summary We studied circulation patterns in the Gulf of Finland, an estuary-like sub-basin of
Circulation; the Baltic Sea. According to previous observations and model results, the long-term mean
Upwelling; circulation in the gulf is cyclonic and mainly density driven, whereas short-term circulation
Modelling; patterns are wind driven. We used the high-resolution 3D hydrodynamic model NEMO to simulate
Baltic Sea; the years 2012—2014. Our aim was to investigate the role of some key features, like river runoff
Gulf of Finland and occasional events, in the formation of the circulation patterns. Our results show that many of

the differences visible in the annual mean circulation patterns from one year to another are
caused by a relatively small number of high current speed events. These events seem to be
upwelling-related coastal jets. Although the Gulf of Finland receives large amounts of fresh water
in river runoffs, the inter-annual variations in runoff did not explain the variations in the mean
circulation patterns.
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dominating south-westerly winds, freshwater input locations
and the rotation of the Earth lead one to expect that the long-
term mean circulation pattern would be cyclonic. Such resi-
dual circulation in the gulf was already described by Witting
(1912) and later by Palmén (1930) in his classical study of
circulation in the sea areas around Finland. For in-depth
descriptions of the gulf, see e.g. Alenius et al. (1998),
Soomere et al. (2008, 2009), Lepparanta and Myrberg
(2009), and Myrberg and Soomere (2013).

In recent years, the circulation patterns in the gulf have
been studied in many numerical model studies. While the
model results have generally agreed with the features
described by Witting, the results of the model studies vary
somewhat from each other. For example, Maljutenko et al.
(2010), Elken et al. (2011), Soomere et al. (2011) and
Lagemaa (2012) show stronger mean currents west of Narva
Bay on the southern coast than what was reported earlier by
Andrejev et al. (2004). Also, the intensity of the outflow
from the gulf seems to differ from one study to another and
from one year to another. Where Andrejev et al. (2004) and
Elkenetal. (2011) observed a clear outflow in the subsurface
layer, Maljutenko et al. (2010) did not. Lagemaa (2012)
found the outflow to differ significantly from one year to
another.

There are some obvious reasons for the differences
between model results. Different studies have simulated
different years, and model setups have been different.
Also, there is significant inter-annual variability in the
mean circulation. But these differences in results may also
indicate that the reasons why such a statistical mean
circulation pattern emerges are still not fully understood.
By studying the physical mechanisms underlying the mean
circulation pattern, we can also better understand the
relative strengths and weaknesses of different hydrody-
namic models and model configurations. For example, if
we find that models overestimate or underestimate the
effect of certain forcing inputs to the mean circulation,
we know those processes need further attention in the
model.

Suhhova et al. (2015) speculated that the role of upwel-
ling-related coastal jets may be significant for the mean
circulation in the gulf. Coastal upwelling is prevalent in
the Gulf of Finland (Lehmann and Myrberg, 2008). Because
the dominating wind direction in the GoF is from the south-
west, upwelling events are expected to be more common in
the northern (Finnish) side of the gulf than in the southern
(Estonian) side. A coastal jet is developed simultaneously
with the upwelling event. In the GoF, these jets have been
both directly observed (e.g. Suursaar and Aps, 2007) and
modelled (Zhurbas et al., 2008).

The effects of the residual circulation pattern can be
indirectly seen, for example, in the intensity and where-
abouts of the salinity gradients across the gulf. The salinity
field in the gulf varies significantly both in space and in time.
The four largest rivers in the area flow to the eastern gulf.
The GoF receives the largest single freshwater input of the
whole Baltic Sea from the river Neva at its eastern end. One
way to view the gulf is to think of it as a transition zone
between the fresh waters of the Neva and the brackish
waters of the Baltic Proper (Myrberg and Soomere, 2013).
The surface salinity decreases from 5 to 6.5 in the western
part of the GoF to about 0 to 3 in the easternmost part of the

gulf (Alenius et al., 1998)." In the western part of the GofF,
a quasi-permanent halocline is located at the depth of
60—80 m and the bottom salinity can reach values up to
8—10 when more saline water masses advect from the Baltic
Proper. In the eastern part of the GoF, there is no permanent
halocline and the salinity typically increases linearly with
depth. Changes in circulation patterns are relatively quickly
reflected in the mean salinities, especially in the volatile
upper layers. This means that it is possible to indirectly
validate the mean circulation field of the gulf by investigating
the patterns of salinity in the gulf. This method has been
previously employed by e.g. Myrberg et al. (2010) and Lep-
paranta and Myrberg (2009).

The residual mean circulation must be distinguished from
the instantaneous or short-term circulation patterns. It lies
more behind the scenes but is nevertheless important for
many applications, such as estimating the transport, dis-
tribution and residence times of substances discharged to
the sea. These substances can be, for instance, nutrients
from the land or oil and chemicals from accident sites.
Improving substance transport estimates is a high priority
taskin the area as the coastline is densely populated and ship
fairways are highly trafficked. When high-resolution numer-
ical models are used in these tasks, they must be able to
faithfully reproduce the mean circulation patterns. Cor-
rectly working numerical models can bring significant added
value to decision support systems that are built to evaluate
the effects of environmental protection measures on marine
systems. Unfortunately, evaluating model performance is
not straightforward. Where current measurements exist,
they lack coverage, both spatial and temporal. Thus, ques-
tions remain about the accuracy of modelled circulation
patterns.

Our objective is to study how physical processes are
attributed to features that are observed in mean circulation
patterns. We use the numerical 3D model NEMO (Madec and
the NEMO team, 2008), an increasingly popular model in the
investigations of the Baltic Sea, to calculate the mean
circulation pattern in the Gulf of Finland for the years
2012—2014. We use two setups of the model, one fine
resolution and one of coarser resolution, which are validated
against observations and benchmarked against other model
data. We analyse some of the key circulation features and
especially the contribution that high current speed events
make to the longer term averages. Finally, we investigate
how these details relate to specific phenomena such as
upwelling.

2. Material and methods

2.1. Modelling

2.1.1. NEMO

We used two setups of the NEMO 3D ocean model (V3.6), a
coarse resolution setup with a two nautical mile (NM) hor-
izontal resolution covering the Baltic Sea and the North Sea
area, and a fine resolution setup for the Gulf of Finland with
0.25 NM horizontal resolution. We ran the model from the

' All salinities in this paper are on the practical salinity scale.
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The model domain and bathymetry (in metres) from the fine resolution 0.25 NM NEMO setup. Stations and sites referenced

in the article (from the west): H (orange circle), Kalbadagrund (magenta star), G (green triangle) and 15 (red square). The thin red line
shows the location of the 25°E transect. Also indicated on the map are the approximate locations of the Neva (Ne), Narva (Na), Luga (L)
and Kymi (K) river mouths. Inset is the location of the model domain on a map of the Baltic Sea. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

beginning of 2011 to the end of 2014. We considered
the results from 2011 as the stabilisation of the model and
chose the years 2012—2014 for closer analysis. The model
saved daily mean values of temperature, salinity and current
fields.

The horizontal resolution of the fine resolution setup,
approximately 500 m, is well below the typical range of
internal Rossby radius (2—4 km) in the GoF (Alenius et al.,
2003). This configuration is based on the setup by Vankevich
et al. (2016) with some modifications related to atmospheric
forcing and boundary conditions. The model domain covers
the GoF east from longitude 23.5°E, where an open boundary
to the Baltic Proper is located (see Fig. 1). Model bathymetry
is based on Andrejev et al. (2010). This setup has 94
z-coordinate (with partial step) vertical layers. The topmost
vertical layers are 1 m thick, and the layer thickness slightly
increases with depth, being about 1.08 m at the lower bound
of the z-axis. The time step of the model was 100 s. The ice
model LIM3 was included in the setup (Vancoppenolle et al.,
2009). Due to the high computational requirements of the
configuration, and since the focus of this study is on the ice-
free period, the ice model was only run with a thermodyna-
mical formulation. Like Vankevich et al. (2016), we used
initial conditions for the beginning of 2011 from the opera-
tional version of HIROMB (High Resolution Operational Model
for the Baltic). The lateral boundary condition on the open
boundary was taken from the coarser setup. Flather boundary
conditions were used for barotropic velocities and sea surface
height; flow relaxation was used for temperature and salinity.

The coarser 2 NM NEMO setup for the Baltic Sea and the
North Sea was also used for analyses. This setup was docu-
mented and validated in Westerlund and Tuomi (2016) and is
based on the NEMO Nordic configuration by Hordoir et al.
(2013a, 2013b, 2015). The layer thickness of this setup starts
from 3 m in the surface layer, growing with depth. Unlike in
Westerlund and Tuomi (2016), the boundary condition of the
coarse setup was updated to use Copernicus Marine Environ-
ment Monitoring Service (CMEMS) Global Ocean Reanalysis
product (Ferry et al., 2016) to improve the representation of
sea levels in the model. Furthermore, the additional strong
isopycnal diffusion that was previously applied in the Neva
estuary, described in Hordoir et al. (2015), was turned off in

order to make the description of currents in the eastern part
of the GoF more realistic. The bathymetry of the setup was
updated to the latest version of the NEMO Nordic bathymetry
and the ice model of the coarser setup was turned off to
improve run times.

2.1.2. Meteorological forcing
We used forecasts from the HIRLAM (High Resolution Lim-
ited Area Model) numerical weather prediction system
(HIRLAM-B, 2015) of the Finnish Meteorological Institute
(FMI) for atmospheric forcing. Its domain covers the Eur-
opean region with a horizontal resolution of 0.15° (V73 and
earlier; before 6 March 2012) or 0.068° (V74; after 6 March
2012). Vertically the domain is divided into 60 (V73) or 65
(V74) terrain-following hybrid levels, the lowest level being
about 12 m above the sea surface. The forecasts are run
four times a day (00, 06, 12, and 18 UTC) using boundary
conditions from the Boundary Condition Optional Project of
the ECMWF (European Centre for Medium-Range Weather
Forecasts). Each day of forcing was extracted from the
00 forecast cycles with the highest available temporal
resolution in the model archive, varying from 1 to 6 h.
Forcing taken from HIRLAM includes the two-metre air
temperature, total cloud cover, mean sea-level pressure and
10-m winds, and either the two-metre dew point tempera-
ture or relative humidity, depending on the availability in the
model archive. Forcing was read into the NEMO run with CORE
bulk formulae (Large and Yeager, 2004).

2.1.3. River runoff and precipitation data

River runoff forcing for the four main rivers running into the
GoF was based on data obtained from two sources. For the
river Kymi, we used the same climatological runoff data from
Stalnacke et al. (1999) as was used in Vankevich et al.
(2016). The discharges for the Neva, Narva and Luga rivers
were from HydroMet, received as a part of the Gulf of Finland
Year 2014 (GoF2014) project.

The sensitivity of the model configuration to changes in
the river runoff forcing was evaluated by running experi-
ments for the years 2013—2014 with modified runoffs. The
first experiment had no river runoffs and the second experi-
ment had runoff volume multiplied by two.
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Precipitation fields were climatological and based on
downscaling of the ERA40 reanalysis for the period 1961—
2007 (cf. Hordoir et al., 2015).

2.1.4. CMEMS reanalysis product

In addition to NEMO, we used CMEMS Baltic Sea Reanalysis
(Axell, 2016) to further analyse the circulation in the gulf.
This product is based on the HIROMB model with the hor-
izontal resolution of approximately 3 NM, with 51 vertical
levels. The top layer in this model is 4 m thick and layer
thickness increases with depth. This product implements a
data assimilation algorithm for salinity, temperature, and ice
concentration and thickness.

2.2. Measurements

2.2.1. CTD

Usually model development and evaluation are limited by the
availability of measured datasets with sufficient temporal
and spatial resolutions. We hoped to be a little bit better off
with the GoF2014 dataset. The official GoF2014 data covers
the whole gulf with data from 1996 to 2014 from Estonia,
Finland and Russia. This dataset consists of almost 38,500
depth observations with several parameters from 53 different
observation stations covering the whole gulf. The number of
visits to stations varies and only some of them can be
considered to be like a time series.

Additionally, the FMI did three one-week CTD surveys with
over 80 stations each in the western gulf, in Finnish and
Estonian waters. One of these was done in 2013 and two were
done in 2014. These surveys were planned to collect data on
temperature, salinity and density fields for model develop-
ment. The horizontal spacing of the stations was around 4 NM
across the gulf and around 9 NM along the gulf. The observa-
tion grid was a compromise between the needed resolution
(the Rossby radius of deformation is of the order of 2—4 km),
the available ship time and the area that we wanted to cover.
CTD casts were done at every station with SeaBird SBE911
ctd.

The 2013 observations were made 3—7 June 2013, from
east to west. In 2014 there were two cruises, the first 15—19
June, from west to east, and the second 8—12 September,
from west to east. The duration of each cruise was five days.
Thus, the whole grid may not be considered synoptic. The
time of each section across the gulf was of the order of 6 h
and those sections may be considered rather synoptic, though
the transversal Seiche period of the gulf is of the same order.
For analysis, the cruise data was then interpolated to a 3D
grid using the DIVA (Data-Interpolating Variational Analysis)
interpolation method (Troupin et al., 2012).

2.2.2. Weather stations

We used wind measurements from the FMI's coastal weather
station Kalbadagrund (location shown in Fig. 1) in order to
evaluate the accuracy of the meteorological forcing. This
weather station is considered to be representative for open
sea weather conditions in the Gulf of Finland and it has been
used in many earlier studies (e.g. Lips et al., 2011; Tuomi
etal., 2012). At Kalbadagrund, wind measurements are made
at 32 m height. From this station, we have data for the main
meteorological parameters at 10-min intervals.

3. Results

3.1. The mean circulation field in the Gulf of
Finland in the NEMO model

In the Gulf of Finland, the persistency of the circulation
field (defined as the ratio of the vector velocity to scalar
speed) is known to be rather low. Alenius et al. (1998),
among others, cite Palmén's estimates, which ranged from
6% to 26% for long-term persistency. This means that the
current field is very variable in time (and space). Therefore
it is to be expected that the residual circulation pattern is
different from year to year too. We present here the mean
circulation patterns from the two NEMO model setups,
averaged over time and depth. Depth averaging was done
from the surface to 7.5 m depth. These limits for averaging
were chosen to make sure that averaging does not include
the thermocline, which can at times be shallower than
10 m.

The annual mean circulation, modelled with 2 NM NEMO,
was quite different for the years 2012—2014 (Fig. 2). Of these
years, 2012 resembles most the traditional mean circulation
patterns, while the years 2013 and 2014 showed quite dif-
ferent mean circulation fields. In 2012, there was a westward
residual current on the northern coast (also called the Finnish
Coastal Current, Stipa, 2004) with speeds of a few centi-
metres per second and a relatively strong jet with top speeds
over 10cms™' along the south-eastern coast, west of Narva
Bay. In 2013, the residual in the northern coast is eastward
and the jet on the southern coast is even stronger than in
2012. In 2014, the residual in the northern gulf is weak, only a
few centimetres per second, but the jet on the southern
coast exists still.

The annual mean circulation from the fine resolution
0.25 NM setup showed similar results to the 2 NM setup, as
shown in Fig. 3. However, as this setup also resolves the
submesoscale, the overall picture is much more detailed.
While the circulation direction is similar to that in the coarser
NEMO setup, the 0.25 NM NEMO setup generally simulated
higher mean current speeds. Contrary to the 2 NM NEMO
setup, there was no clear outflow on the northern coast in
2012, albeit the general flow direction was the same. In
2013 and 2014, the residual circulation patterns were mostly
similar to those in the coarser run.

The mean circulation for the whole period 2012—2014
shows four circulation loops in the gulf (Fig. 4). The centre of
the first loop is located at approximately 23.5°E (loop A, in
the nomenclature of Lagemaa, 2012). As this loop is very
close to our 0.25 NM setup domain boundary, we only capture
it fully in the coarser model. The second loop (B) is roughly at
25°E. The third loop (C), at 27°E, includes the coastal current
west of Narva Bay. The fourth loop (D), at 28.5°E, is located in
the Neva estuary.

The wind measurements at the Kalbadagrund weather
station were used, along with corresponding HIRLAM model
data, to evaluate whether the differences in the annual mean
circulation patterns could be linked to differences in the
wind conditions in 2012—2014. All the years have a dominat-
ing wind component from the south-southwest (Fig. 5). There
are, however some differences in the frequency and magni-
tude of the easterly winds between the years. In 2012, the
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data has a stronger component of northerly winds than the
measurements. In 2014, easterly winds are not as well repre-

sented in the forcing data.

quantity of easterly winds is smallest and in 2014 it is largest.

In 2013, there is also a significant component of high wind

speeds from the west

contrary to the other years. We also

)

compared the forcing wind field to the measured values at

3.2. Benchmarking the circulation field

Kalbadagrund and found that HIRLAM forecast the wind speed

and direction fairly well. In 2012,

there were relatively few

As validation of the whole circulation field is difficult and
spatial coverage of measurements is sparse, we instead

differences, although the forcing data shows weaker south-

eastern winds than the measurements. In 2013, the forcing
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grid point in the latitudinal direction.

benchmark the two NEMO setups against the HIROMB-based
CMEMS product. We consider this model indicative of the
general performance of hydrodynamic models in the area
(cf. Myrberg et al., 2010). In the HIROMB results, the
outflow in the northern gulf is clearly visible in 2012, almost

. Vector arrows are drawn for every 13th grid point in the longitudinal direction and in every 11th

non-existent in 2013 and reversed in 2014 (Fig. 6). The
direction of flow is more uniform and the field is smoother
than in NEMO. Furthermore, HIROMB does not show a clear
coastal current on the southern coast in 2012. The years
before 2012 had a similar mean circulation pattern as the
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year 2012 (not shown here). In the 2013 results there is a
marked difference: in NEMO the residual current in the
Finnish coast is mainly to the east, while in HIROMB it is to
the west. In other areas the speeds in NEMO are stronger but
the directions are similar to those of HIROMB. The reversal of
the outflow in 2014 from that of 2012 is more or less similar in
the coarser NEMO model and in HIROMB. All the models show
a clear alongshore current on the southern coast in 2014 too.

3.3. Salinity validation

We compared the model salinity with observations, as the
mean salinity field can be used as a proxy for the mean
circulation field. In these comparisons we used the CTD
survey data from 2013 to 2014. Model data has been averaged
over the span of the cruises (cf. Section 2.2.1). North—south
salinity cross-sections show that the 0.25 NM NEMO model is
able to describe the vertical structure of the water column
rather well (Fig. 7). In the near-surface layers, however, the
freshest water is somewhat incorrectly placed in each case
in both NEMO and HIROMB. In 2013, the surface layer in
NEMO was less saline than in the observations. In 2014,

the observations show less saline water on the northern
coast. The model shows the opposite.

3.4. Attributing the features of the mean
circulation field with physical phenomena

3.4.1. River runoff
As the Gulf of Finland is in many ways like a large estuary, the
density gradients are significant for the mean currents in the
gulf. Therefore, correctly prescribing river runoff forcing is
even more important than in the other sub-basins of the
Baltic Sea. Runoff data with high enough temporal resolution
is still inaccessible or sometimes non-existent for many
rivers. Therefore it is common to use data from hydrological
models, such as E-HYPE (Donnelly et al., 2016) or climato-
logical runoff data (e.g. Bergstrom and Carlsson, 1994).
The datasets gathered during the GoF2014 include
monthly mean runoffs from the Neva, Narva and Luga rivers
from recent years. This allowed us to compare them to
respective values from E-HYPE. The comparison showed that
the modelled runoffs often differ significantly from the
observed ones. For example, for the GoF2014 study period
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10 m winds. Wind speeds are in m s~ frequencies are in percent.

1996—2014, the mean observed runoff from the Neva was
2345 m> s~ (about 73 km? a~", which is in one year almost 7%
of the volume of GoF: 1090 km?). The mean runoff from E-
HYPE was 1881 m> s~"', which means almost a 28% difference
from the observed value. More detailed information about
GoF2014 and the dataset can be found in Raateoja and Setala
(2016).

To investigate how incorrectly estimated river runoffs
could affect the modelled circulation patterns, we per-
formed two simulations with the 0.25 NM NEMO setup using
modified runoff forcing, namely (1) no runoff from the four
major rivers into the gulf and (2) doubled runoff from the
four major rivers into the gulf. Although, this approach is
somewhat artificial, it shows how sensitive the modelled
near-surface current fields are to river runoff forcing. The
changes in the river runoff mainly affected the magnitude of
the near-surface currents, as shown in Fig. 8. There were
hardly any changes in the direction of the mean currents.
When the runoffs are doubled, the Neva river plume became
very easily identifiable. Compared to the reference run
(Fig. 4), the highest mean current speeds increased by
roughly half.

3.4.2. High flow speed events

The averaging of variable currents over time periods of
years can hide different kinds of physical situations. Rare
high energy events can show up and even dominate
averages in certain areas. A relatively small number of days

with high current speeds can contribute to the mean cir-
culation field in a significant way. We demonstrate this using
the coastal flow near the northern coast of the gulf as an
example.

To quantify the contribution of days with high current
speeds, we divided the model dataset into two parts based on
the modelled current speed at a point near the Finnish coast.
This point is indicated in Fig. 1 as site H. It was chosen
because it is in an area where strong coastal currents were
seen in the NEMO results (Fig. 4).

We found that strong current episodes contributed sig-
nificantly to the formation of the jet in the residual pattern of
currents on the Finnish coast (Fig. 9). Even though days with
high current speeds are only 18% of all days in 2012—2014
(when the criterion for high current speed is 10 cm s~ daily
mean speed), they still are a major contribution to the
overall mean circulation field. If we removed the days with
strong currents from the analysis, the magnitude of the
eastward current in the Finnish coast was smaller, but the
direction was still towards the east. For example, mean
current speed was approximately 3.3cms™' at site H in
2012—-2014. If we include only days with strong currents in
the calculation, the magnitude of the current was 1.3 cm s,
which is around 41% of the total. The direction of the current
in both cases was nearly the same. On the southern coast, a
similar analysis revealed the same, with high current speed
days contributing significantly to the coastal current visible in
the annual mean circulation field (not shown).
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Figure 6 Annual mean circulation in the CMEMS product averaged from 0 m to 7.5 m depth for the years 2012 (top), 2013 (middle)

and 2014 (bottom). Velocities are in ms™

3.4.3. Upwelling-related jets

To further understand what sort of events contribute to the
strong coastal currents in the annual mean current fields in
different years, we investigated how these high-speed
events relate to coastal upwelling. We selected an area in
the south-eastern GoF, west of Narva Bay, for closer inspec-
tion. In this area the annual mean current fields of the
0.25 NM NEMO run showed high-speed westward currents,
especially in the years 2013 and 2014 (Fig. 3). We chose the
nearshore station 15 (location shown in Fig. 1) from which
there were several temperature measurements available
during 2012—2014. On a number of occasions, the modelled
temperature decreased rapidly within a short time period
during the summer stratified season, indicating a possible

1. Vector arrows are drawn for every grid point.

upwelling event (Fig. 10, upper panel). Many of the tem-
perature drops, including the two events with the highest
current speed at this station, can be associated with high-
speed alongshore currents, visible in the modelled current
speeds at the nearby station 15 (Fig. 10, lower panel).
Similar analysis for two stations near the northern coast
gave concurring results (not shown).

The model reproduced the seasonal temperature cycle in
the surface layer fairly well (Fig. 10). During two of the
possible upwelling events, the measured temperature also
shows lower values. However, the temporal resolution of the
measurements is not sufficient enough to differentiate
between upwelling and cooling of surface water due to other
processes.
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For a rough quantitative estimate of the effect that these
possible upwelling events have on the annual mean current
speed in this area, we focused on one specific event at station
15 in September 2013. Like in the previous section, we take
the average speed of 10cm s~ as the lower limit of a high
current speed day, since during these possible upwelling
events the current speed peaks are clearly higher than
10 cm s~ " and in most of the other higher current speed events

the peaks are around or smaller than 10 cms~". This event

had 15 high-speed days (from 11 to 25 Sep 2013) with a mean
velocity of 18 cms~'. Averaged over the year, if we assume
that the flow direction stays the same during this event, this
single event contributes approximately 0.7cms™' to the
yearly mean. As the yearly mean velocity for this station
was 6 cms~' in 2013, it means that this single event con-
tributed over 10% of that figure. As there were five events in
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every 13th grid point in the longitudinal direction and in every

2013 where the current speed exceeded this threshold of
10cms™, these high-speed events were reflected in a sig-
nificant way in the annual mean current field at this point.

The modelled surface temperature field shows that this
event displays the characteristics of an upwelling event along
the southern coast of the Gulf of Finland (Fig. 11). The
modelled mean surface salinity field from the same day
confirmed that this cooler water originated from deeper
layers with more saline water. The salinity field also shows
how the freshwater plume from the Neva estuary is directed
towards the south-west, towards the southern coast. The
extent of this event in September 2013 suggests that coastal
jets might emerge further west on the southern coast, thus
contributing highly to the annual mean values, as in the case
of station 15.

4. Discussion

The horizontal resolution of the 3D hydrodynamic model, as
well as that of the meteorological forcing, have a large
effect on the modelled surface and near-surface current
fields. Andrejev et al. (2010) have shown that the trajec-
tories of Lagrangian tracers in the Gulf of Finland are much

11th grid point in the latitudinal direction.

affected by the horizontal resolution of the circulation
model. Of the two NEMO setups we used, the fine resolution
setup (0.25 NM) has sufficient scale to solve the Rossby radius
of deformation in the gulf. Compared to the 2 NM NEMO setup
or the HIROMB model, the 0.25 NM setup gave more detailed
mean circulation fields, as expected, but also produced
somewhat different circulation in the middle part of the
GoF than the coarse resolution setups. Unfortunately, the
good quality datasets that are presently available are not
sufficient to validate the accuracy of the simulated circula-
tion patterns in detail.

Meteorological forcing is one of the key factors in the
ability of a 3D hydrodynamic model to simulate the surface
and near-surface current fields. In relatively small basins
these currents are mainly driven by wind stress. In the
GoF, long-term runs tend to produce a cyclonic mean surface
circulation pattern as a result of the prevailing south-wes-
terly winds, density-driven circulation, Coriolis force and
topographic steering. But, the variable wind conditions have
a large effect on the annual circulation patterns, as can be
seen from the previous studies of Andrejev et al. (2004),
Maljutenko et al. (2010), Elken et al. (2011), Soomere et al.
(2011), and Lagemaa (2012).
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Figure 9 Mean circulation 2012—2014 off Helsinki, split into the contribution of low and high current speed days. The modelled
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The limit for high-speed dayswas 0.1 ms™"

, which means that the upper figure has approximately 82% of days and the lower figure 18%.

Velocities are in m s~". Vector arrows are drawn for every third grid point in the longitudinal direction and in every second grid point in
the latitudinal direction. Note the colour scale, which is different from the other figures. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

The wind roses from Kalbadagrund station show some
variability in the directionality of the wind field over the
years. Especially the proportion and magnitude of easterly
winds varied. This could have a large effect on the frequency
and location of the upwelling events in the gulf and influence
the annual mean surface and near-surface current fields
significantly. For instance, in 2013 and 2014, when the east-
erly winds were stronger compared to those of 2012, there
were much higher current speeds on the southern coast of the
GoF which we associated with coastal currents.

The meteorological forcing used in this study had a
resolution of c. 7.5 km, except for the two first months
of 2012 when it was coarser. This resolution is high enough
to produce a wind field and other meteorological para-
meters in the GoF with sufficient accuracy for marine
modelling. The peak of the high-wind situations is predicted

more accurately than in some of the earlier modelling
studies that have utilised the SMHI (Swedish Meteorological
and Hydrological Institute) gridded meteorological dataset
with one-degree resolution (Andrejev et al., 2004; Tuomi
et al., 2012). However, a comparison of the wind roses at
Kalbadagrund showed that HIRLAM was not able to describe
the directional properties of the wind field in full detail.
Furthermore, HIRLAM slightly underestimates higher wind
speeds (of over 12 ms™"). This affects the ability of NEMO
to simulate the intensity of the upwelling events and the
resulting coastal jets.

The upwelling-related alongshore coastal jets west of
Narva Bay have been earlier presented by Suursaar and
Aps (2007), who analysed RDCP (Recording Doppler Current
Profiler) measurements from summer 2006 west of Narva Bay
during an upwelling event. Also, Suhhova et al. (2015) have
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investigated the westward surface currents off the Estonian
coast near the Pakri Peninsula, based on approximately four
months of ADCP (Acoustic Doppler Current Profiler) measure-
ments made in 2009 and HIROMB simulations. They found that
upwelling-related jets were mainly responsible for the west-
ward current in this area.

The ability of the model to simulate coastal upwelling
events and their extent and magnitude greatly affects how
the model simulates the alongshore coastal jets. For exam-
ple, Lagemaa (2012) has shown that HIROMB model generally
overestimates currents in the Estonian coast compared to
ADCP measurements. He discussed that incorrectly described
upwelling and downwelling jets may be one of the reasons for
the overestimation. Vankevich et al. (2016) have shown that
a fine resolution NEMO setup, which is similar to our setup,
simulates the spatial patterns of an upwelling event well.
However, further investigation of the link between the scale
of the upwelling events and the magnitude of the coastal jet
simulated by NEMO would be beneficial.

There are also measurements that indirectly allow us to
gain some understanding about the circulation field. The
profiles measured during the Gulf of Finland year 2014 gave
a possibility to analyse the horizontal and vertical extent of
the salinity stratification in the gulf. As our results showed,
there was diversity in the ability of the models to simulate
this. A situation in which less saline water is found in the
southern coast of the gulf suggests that circulation has been
more or less anti-cyclonic around that time. Although that
situation might be rare, it has been observed several times in
ferrybox measurements on the Helsinki—Tallinn route (Kikas
and Lips, 2016).

Several questions remain. For example, the intensity
and direction of the outflow at the northern side of the gulf
differs between the models and should be investigated
further. In our model runs the direction and intensity of
the outflow at the Finnish coast is greatly influenced by
the high current speed situations. To determine if this
response is correctly estimated, the results need to be
verified against current measurements. The FMI has made
ADCP measurements in 2009—2014 on the Finnish coast but
those datasets need further processing before they can be
used for analyses. Also, more observations are needed
from the Narva estuary and its vicinity. Further study is
also required to quantify the impact of upwelling-related
jets in the longer term. It is clear that our three-year runs
do not as such represent the same thing as, say, a 30-year
climatological run. If such high-resolution runs were
feasible at this point in time, they would surely prove
informative.

Further effort and observations are also required to
understand if parameterisations in hydrodynamic models
that are currently used allow the frequency and intensity
of these events to be modelled correctly. For example, a
more detailed investigation of the sensitivity of model results
to river runoff variance might help us understand how to
better capture the Neva river plume correctly after it enters
the gulf. Another subject area worthy of attention is current-
induced substance transport and its relation to the mean
circulation field. From our results, it is clear that single high-
energy events can strongly affect the mean circulation. But
what this means for simulations of substances leaked into the
sea is an open question still.
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The surface salinity (top) and temperature (°C, bottom) fields from the 0.25 NM NEMO model run on the 20 September

2013 during an upwelling event on the southern coast of the Gulf of Finland.

5. Conclusions

In this study we analysed circulation patterns in the Gulf of
Finland with two setups of the NEMO 3D hydrodynamic
model.

We found that our model produces notable differences in
the residual circulation patterns from year to year and from
one model setup to another. Benchmarking the results to the
HIROMB-based CMEMS product showed that the overall pat-
tern was similar in both models. Comparison to salinity
observations from the area revealed that vertical salinity
structure was well represented. There were differences in
the surface salinities, however, as is often the case for
hydrodynamic models of this area. The models seem to need
further development before they are able to capture the
location of the surface salinity gradients in the Gulf of Fin-
land.

We found that days with strong currents contribute sig-
nificantly to the mean flow west of Narva Bay and off the
Finnish coast, causing relatively strong coastal currents. We
also found that most notable high-speed events were asso-
ciated with upwelling.

Further, we found that the variations in runoff mainly
affected the magnitude of near-surface currents. The direc-
tions of the currents seemed less sensitive to the changes. It
is unlikely that runoff changes have a major effect on the
year-to-year variations in the mean circulation patterns.

The experiments with the NEMO model have been bene-
ficial to understanding the model behaviour in the area. The
dynamics of the Gulf of Finland will continue to be a worth-
while topic of study as the gulf is vulnerable to accidents, and
marine traffic is heavy both along and across the gulf. Also,
further studies will advance the development of the high-
resolution NEMO configurations for the gulf as an operational
tool for everyday predictions and an aide when compiling
environmental assessments of the possible changes in the gulf.
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KEYWORDS Summary A coupled three-dimensional physical model and a nitrogen-based nutrient, phyto-
The northern South plankton, zooplankton, and detritus (NPZD) ecosystem model were applied to simulate the
China Sea; summer coastal upwelling system over the continental shelf of northern South China Sea (NSCS)
NPZD ecosystem model; and its impact on hydrographic conditions and ecosystem. The simulated results were compre-
Summer coastal hensively validated against field and satellite measurements. The model results show that the
upwelling; near shore ecosystem of NSCS has significant responses to the summer coastal upwelling system.
Coastal ecosystem The Shantou Coast to the Nanri Islands of Fujian province (YD) and the east of the Leizhou

Peninsula (QD) are two main regions affected by NSCS summer coast upwelling. During summer,
these two coastal areas are characterized by nearshore cold and high salinity upwelling current.
Further, the summer coastal upwelling serves as a perfect nutrient pump, which lifts up and
advects nutrient-rich current from deep to surface, from inner shelf to about 30 km outer shelf.
This nutrient source reaches its maximum in the middle of July and then begins to decrease.
However, the maximum phytoplankton and chlorophyll a do not coincide with the maximum
nutrients and delay for about 10 days. Because of the intensive seasonal thermocline and the
complicated current transporting through Qiongzhou strait, the ecological responding of QD is
less pronounced than YD. This study has a better understanding of the physically modulated
ecological responses to the NSCS summer coastal upwelling system.
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1. Introduction

Coastal upwelling is one of the most prominent marine
physical processes involving biogeochemical cycles, primary
productivity, and fisheries (Prego et al., 2007). Coastal
upwelling system is commonly produced by the interaction
between favorable winds and the topography (Woodson
et al., 2007) and is characterized by bringing cold and
nutrient-rich deep water toward the surface while influen-
cing the transport of suspended matters (Freon et al., 2009).
Because of its important role in the marine ecosystem,
coastal upwelling has been studied worldwide (Gonzalez-
Gil et al., 2015; Ruzicka et al., 2016).

The South China Sea (SCS) is located in the southeast of
Asia with an average depth of about 1350 m. It is the largest
marginal sea in the world, which stretches 3.5 x 10° km?
from 23°57'N in the north to the 3°00'N in the south and
from 99°10’E in the west to the 122°10’E in the east (Chen
et al., 2006). The SCS also supports the most frequent human
activity (Li et al., 2014). Our study area — northern South
China Sea (NSCS) (Fig. 1) is affected by both natural envir-
onment and human activities year-round. In the northern
shelf of the NSCS, there are many rivers which input fresh
water into it (such as the Pearl River), while the south of the
NSCS joins to the SCS. The occurrence of summer coastal
upwelling is a regular phenomenon during June to September
in the NSCS, and there are two main coastal upwelling
regions: Shantou Coast to the Nanri Islands of Fujian province
(YD), and the east of the Leizhou Peninsula (QD) (Jing et al.,
2008). All of these days, temperature, salinity, dissolved
oxygen (DO) and chlorophyll a have been regarded as four
main indicators for NSCS summer coastal upwelling (Wang,
2013). In order to explore the corresponding environmental
changes, a lot of research techniques have been used, such as
remote sensing, multivariate statistical analysis, and indica-
tor (silicate) method (Ehlert et al., 2013). However, the
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Figure 1 The northern South China Sea (NSCS) and its physi-
ography; different colors represent the bathymetry of the South
China Sea [altitude: m]. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)

influence of the coastal upwelling system on the NSCS eco-
system is still not well understood because of the complex
topography, currents and the dynamic climatology (Morton
and Blackmore, 2000).

With increasing pressure for a profound understanding of
marine ecosystems, numerical modeling becomes a power-
ful tool for research. Ecological models are ecosystem-based
management tools that can be used to forecast ecological
impacts. Through their ability to integrate into in situ mea-
surements with the theoretical assumptions of ecosystem
response, ecological models can be an effective tool for
developing strategies for simulating the environmental
changes (Cropper and DiResta, 1999). Coupled physical-
biological model can be an efficient approach to study the
time dependent three-dimensional responses of the marine
ecosystem to the coastal upwelling system, and it can
also compensate the time-space restrictions of the earlier
studies.

In the paper, the Regional Ocean Model System (ROMS)
coupled with a nitrogen-based nutrient, phytoplankton, zoo-
plankton, and detritus (NPZD) ecosystem model was given in
the NSCS, and was also constructed and analyzed by discre-
tization, driven condition, and validation methods.

2. Material and methods
2.1. Model description

The first generation of marine ecosystem models was put
forward by Riley (Riley and Stommel, 1949), and constructed
as a one-dimensional NP ecological model, which not only put
phytoplankton, zooplankton as state variables, but also took
photosynthesis, predator-prey relationship, and mineraliza-
tion into account. It is also the foundation of the NPZD
ecological model used in this paper. Compared with the NP
model, this NPZD model describes ecosystem structure and
functions in more detail, in addition, it is three-dimensional.

The NPZD ecological model is one of the most popular
models by virtue of its fewer requirements for parameters
and observation data (Heinle and Slawig, 2013). It has suc-
cessfully simulated many ecological and physical processes in
different seas, for instance, the NPZD model was used to
illustrate the relationship between changes in the intensity
of the spring bloom and changes in the physical forcing in the
northeast Atlantic Ocean (Waniek, 2003) and it was also used
for simulating the long-term change of planktonic ecosystems
in the upstream Kuroshio Current (Li et al., 2015).

The schematic of the NPZD ecological model is presented
here (Fig. 2). It describes the evolution of nutrients (N),
phytoplankton (P), zooplankton (Z) and detritus (D) (Powell
et al., 2006). Furthermore, it is a nitrogen-based model and
each square in it represents an ecological variable. These
ecological variables belong to four submodules corresponding
to N submodule, P submodule, Z submodule, and D submo-
dule, respectively, and the arrows between the squares
indicate directions of energy flows. Nutrients enter the sea
through rivers and atmospheric precipitation transport. On
one hand, phytoplankton utilizes photosynthesis for com-
pounding organics for its autotrophic growth. But on the
other hand, its growth is also limited by light, nutrients,
and temperature, etc. Zooplankton is an important linkage
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Figure 2 Schematic representation of the NPZD ecological

model.

for energy transfer within the trophic structure of marine
ecosystems (Turner and Tester, 1997). Zooplankton grazes the
living phytoplankton and then assimilates it as its own organ-
ics. The unassimilated part, dead phytoplankton, dead zoo-
plankton, and its excrement convert into detritus. As the last
part, the new round of marine ecological cycle begins with
detritus breaking down into nutrients.

2.2. NPZD model set-up

In this paper, the ecological model over the NSCS is the
Fasham-type model (Fasham et al., 1990), which is
embedded in the Regional Ocean Modeling System (ROMS).
It is a nitrogen-based ecosystem model, which includes six
prognostic variables: nitrate (NO3), ammonium (NH,), phy-
toplankton (Phyto), zooplankton (Zoo), large detritus
(LDetN), and small detritus (SDetN). The NPZD model equa-
tions used in the paper can be written as follows:

3INO3]

T e Qe [PHYEO] + Qi+ [NH4], (1
d[NH.
L by Qo PHYE0] Qe INH]
+ (thmet + Qexcr)'[zoo} + tSDremin'[SDetN]
+ tLDremin'[LDetNL (2)
d[Phyto
PYIO] _ . (Qup + Qao) [PhYt0] b5, Pyt
_Qcoag'[Phyto]_Qgraze'[ZOO] + L‘/Sa (3)
d[Zoo
[at ] = Qgraze‘AEN‘[ZOO}*thmet‘[ZOO]*thort‘[ZOO}

- Qexcr : [ZOO] ) (4)

d[LDetN
[ (,; l_ teoag- ([SDetN] + [Phytol)-([SDetN] + [Phyto])
*tLDremin'“-DetN} + Lv57 (5)
d[SDetN
% = Qgraze'(1 7AEN)'[ZOO] + thOft'[Phyto]

+ tzmort-[Z00]—tcoag- ([SDetN] + [Phyto))-[SDetN]
*tSDremin'[SDetN} + Lvs, (6)

Om-Vp-(Qup + Qgre)

a0
% = tppra (Qne + Qgre)-
\/ V2 + 26 PAR?

Q _ ([NOs]/Kno, ) Int,
NP 1 1 [NOs] /Kno,

=0 | +Lys, (7)

[NH4] /K,

QRP = 1 ¥ [NH4}/KNH4 ;

PAR—I¢hnH, } )

10
Dpsn, + PAR—2-lthNH, (19

Qpitr = thitri- (1 —max |:O7

Q . [Phyto]
graze = Zgraze Kp + [Phyto}7

1 GGE¢ )

Qexer = Q, raze' ' C:N,phyto 'AEN'( - s
¢ I'C:N phyto AEN'rC:N,zoo

1

INH, = ——77— 13
N N K, )

-a-PAR-
thp,,, — LAY (14)
\/ V2 + a?-0%-PAR?
Vp = 0.59-1.066" . (15)

The parameters in these equations can be checked in
Table 1. L,s represents the vertical sinking terms, which
affects phytoplankton, small and large detritus (wppye, wsp,
wp). All source terms (Q...) are written such that they are
non-dimensional.

Within the biology routine, the photosynthetically active
radiation (PAR) for each cell is successively calculated. The
loop starts at the top cell. For each cell, the PAR in the center
of the cell is calculated with:

PARy = PARy, 1-€~ 05 (Kvater thena L Chla | Az, )

k is the cell index (from 1 at the bottom to N at the top).
PARy.q is the surface PAR, Kyater and kcpie are attenuation
coefficient for water and chlorophyll, [Chla] is the chlorophyll
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Table 1 List of parameters used in the biogeochemical model.

Variable Description Value Unit

— Light attenuation due to sea water 0.04 [m~"]

Kchia Light attenuation by chlorophyll 0.024 [(m? mg Chla)~"]

A Initial slope of the P—I curve 1 [mg C (mg ChlaW m~2d)™ "]
I'c:N,phyto C:N ratio for phytoplankton 6.625 [mol C (mol N)~"]
I'C:N, 200 C:N ratio for zooplankton 5 [mol C (mol N)="]

O Maximum cellular chlorophyll:C ratio 0.053478 [mg Chla (mg C)~"]
Kno, Half-saturation for phyto. NO; uptake 1.0/0.75 [mmol N m—3]

K, Half-saturation for phyto. NH, uptake 1.0/0.5 [mmol N m~3]

thmort Phyt mortality to SDetN rate 0.072 [d"

t7graze Zoo-specific maximum grazing rate 0.6 [d1

AE\ Zoo assimilation efficiency for N 0.75 [-]

Kp Zoo half-saturation const. for ingestion 3 [mmol N m—3]

tzbmet Zoo specific excretion rate 0.1 [d 1

tzmort Zoo quadratic mortality to Detritus 0.025 [d~" (mmol Nm~3)~"]
tspremin Small detrital breakdown to NH, rate 0.03 [d1

tipremin Specific rate of LDetN recycling to NH,4 0.01 [d M

wsp Sinking velocity for SDetN 1.0 [md"]

LD Sinking velocity for LDetN 10 [md"]

Wphyto Sinking velocity for Phyt 0.5 [md"]

fiia Nitrification of NH, to NO; 0.05 [d"]

Dpsh, 0.5 dose for nitrification inhibition 0.036 w m*Z]

IthNH, Threshold PAR for nutrition inhib 0.0095 [Wm2

teoag Specific (per unit Phyt + SDetN) aggregation rate 0.01 [(mmolNm~3)~"d"]
GGE( Zoo gross growth efficiency for C 0.65 [-]

concentration in this cell, and A, is the height of the cell.
After the calculation of the newly generated production, PAR,
is multiplied again with the same attenuation factor.

2.3. Coupling NPZD ecological model with
physical model

The adopted physical model — ROMS is a new generation
ocean circulation model (Shchepetkin and McWilliams, 2005)
that has been specially designed for accurate simulations of
regional oceanic systems.

ROMS is discretized in coastline and terrain-following
curvilinear coordinates using high-order numerical methods.
It is a split-explicit, free-surface ocean model, where short
time steps are used to advance the surface elevation and
barotropic momentum, with a much larger time step used for
temperature, salinity, and baroclinic momentum. The model
has a 2-way time-averaging procedure for the barotropic
mode, which satisfies the 3D continuity equation. The spe-
cially designed 3rd order predictor-corrector time step algo-
rithm allows a substantial increase in the permissible time-
step size (Shchepetkin and McWilliams, 1998). To address the
challenge of bridging the gap between near-shore and off-
shore dynamics, a nesting capability has been added to ROMS
and tested for the California Upwelling System (Davenport
et al., 2012; Penven et al., 2006).

ROMS can be used to process the initial conditions and
lateral boundary conditions for biogeochemical tracer. It can
assist in adding initial and lateral conditions for biogeochem-
ical variables of the NPZD model.

2.4. Data

In this paper we use World Ocean Altas 2009 (WOA2009)
global dataset (monthly climatology at 1° resolution), CSIRO
Atlas of Regional Seas (CARS2009) database (annual, seasonal
and monthly climatology for temperature, salinity, nitrate,
phosphate, and oxygen), and COADSO5 (directory of the
surface fluxes global monthly climatology at 0.5° resolution).
Besides, surface chlorophyll a climatology is based on Sea-
WiFS observation.

WOA2009 or CARS2009 provides a monthly, seasonal and
annual climatology for nitrate concentration, phosphate,
silicate, and oxygen. WOA or SeaWiFS can then be used to
obtain climatology of surface chlorophyll concentration.
Phytoplankton is estimated by a constant chlorophyll/phy-
toplankton ratio derived from previous simulations, and
zooplankton is estimated in a similar way (Chla/P =1.59;
Z/P=0.3) (Gan et al., 2009a,b).

3. Model discretization and the driven
condition

3.1. Model discretization

In this study, the model was run for 3 years and initialized
after a 10-year long spin-up (Powell et al., 2006) to ensure a
steady state. The model was configured over the NSCS region
(107°00'—121°E; 17°00'—23°30'N) and open boundaries were
given in east, west and south boundaries of the domain
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Figure 3 The northern South China Sea (NSCS) model domain and bathymetry; different colors represent the bathymetry of the NSCS
[altitude: m]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

(Fig. 3); meanwhile, the radiation open boundary condi-
tions for barotropic velocities and mass conservation
enforcement were used. The horizontal resolution of the
model is 20.8 km, which is enough to resolve the first and
second baroclinic Rossby deformation radius in the basin
(Chelton et al., 1998). In vertical, the simulated domain
is discretized into 32 vertical levels. Furthermore, the
spatial resolution of the model is 1/5 and the time step
is 3600 s.

3.2. Model driven condition

The model driven condition contains different surface fluxes,
such as wind stress, surface net heat flux, surface freshwater
flux, sea surface temperature, solar shortwave radiation, and
sea surface salinity, etc.

The wind stress vectors and wind stress norm were
obtained from the global atlas of surface marine data at
1/2° resolution at 4 different periods of the vyear
(Fig. 4b). Sea surface temperature (SST) is used for the
restoring term in the heat flux calculation (Fig. 4a). To
improve the model solution, it is possible to use SST clima-
tology at a finer resolution (9.28 km) (Casey and Cornillon,
1999). For the surface forcing, instead of directly prescribing
the fluxes, it is possible to use a bulk formula to generate the
surface fluxes from atmospheric variables during the model
run.

4. Model validation procedure and criteria

As the basis of this coupled model, the accuracy of the
hydrodynamic model is of great importance to the NPZD
model. To assess it, the hydrodynamic model results were
compared with Simple Ocean Data Assimilation analytic sys-
tem (https://climatedataguide.ucar.edu/climate-data/
soda-simple-ocean-data-assimilation) (SODA-an ocean rea-
nalysis database). The simulated seasonal changes of sea
surface temperature and flow field show a reasonable agree-
ment with SODA (Figs. 5 and 6). Furthermore, to give this
hydrodynamic model a quantitative validation, the
Root Mean Square Error (RMSE) and correlation coefficient

(Corrcoef) of the sea surface flow velocities (X direction of
the flow in YD (u(YD)) and QD (u(QD)), Y direction of the flow
in YD (v(YD)) and QD (v(QD))) between the model and SODA
were calculated (Table 2).

And then, to assess the ability of the coupled ROMS-NPZD
model to reproduce realistic chlorophyll patterns and nutri-
ents over the NSCS, the mean surface chlorophyll a and NO5
concentrations during September to October derived from
the NPZD model were compared with the data measured
during September to October in 2004, which partly coincided
with the summer coastal upwelling in NSCS (Fig. 8). Moreover,
satellite-derived high-resolution of surface chlorophyll from
the Moderate Resolution Imaging Spectro-radiometer
(MODIS) was also compared with the simulated chlorophyll
(Fig. 7), which reflects a pretty good match.

Here, a Taylor diagram (Taylor, 2001) was constructed to
statistically summarize how closely the simulated results
match observations in terms of the standard deviations,
the centered root mean square difference and the correla-
tion (Fig. 9).

RMSE and Corrcoef of chlorophyll a and NO; concentra-
tions between the model and the measured data were also
calculated (Table 2) in order to evaluate the usability of the
NPZD model. RMSE value and Corrcoef reflect the forecast
accuracy of a model (Park et al., 2009). The smaller RMSE
value it is, the higher accuracy of the model results we get.
Corrcoef (Ogasawara, 2010) is a kind of value set at [-1, 1],
and the closer absolute Corrcoef value approaches to 1, the
better-simulated results they would be. Specifically speak-
ing, the simulated results generally well reproduce the
observations with the Corrcoef ranging from 0.7 to 0.9,
and the normalized standard deviation (NSD) from 0.5 to
0.8 (normalized by the standard deviation of the correspond-
ing observed field, Taylor, 2001). In addition, observing the
two line charts (Fig. 10) we can see that the variation trend
and the range of concentration are roughly the same.

However, the simulated results of some nearshore stations
have relatively large errors, such as station 1 and station
33. After analyzing the causes, we find that these stations
located in the Pearl River estuary are affected by the strong
Pearl River diluted water, which reflects that there may
exist some shortcomings in simulated freshwater flux of the
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Figure4 Four different sections of temperature [°C] for initial condition (a), the sections are in the X-direction (East—West), the first
section is for the southern part of domain and the last one is for the northern part of the domain. The wind stress vectors and wind stress
norm (b) obtained from the global atlas of surface marine data at 1/2° at 4 different periods of the year [N m~2].

physical model. On account of the simulated results being
climatic, and yet the measured results being discontinuous,
interannual variations are allowed; so the differences
between them are understandable. Beyond that, the most
of the simulated results conform to the measured and satellite

data. In sum, this coupled ROMS-NPZD model can be used as
the basis of quantitative ecological research. To ensure the
accuracy of our study, model results of the third year, which
are the most steady simulated results among all the model
data, are used to illustrate ecosystem response mechanism.
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5. Results description

Coastal upwelling is one of the most important physical
processes which has a significant influence on the distribution
of nutrients and hence affecting primary production
(Krishna, 2008). Upwelling is responsible for transporting
higher-salinity and nutrient-rich deeper water to the surface
layer. The previous ecological studies on summer upwelling
system over the northern continental shelf of SCS were
mainly carried out by ship drift data (Cai et al., 2002; Song
et al., 2012), and the interannual variation may have a
marked impact on the universality of the data. Since this
coupled ROMS-NPZD model simulations were climatologically
forced runs, the simulated data do not correspond to a
specific year.

5.1. Hydrographic conditions response to YDU
and QDU

The coastal upwelling in YD and QD are characterized by the
flow responding to the southwesterly winds on the shelf. The
surface water shows obvious continental shelf upwelling

Spring

characteristics (Fig. 11), such as low temperature, high
salinity in the east of the Leizhou Peninsula (noted as Qiong-
dong-QD upwelling-QDU), and the inshore areas from the
Shantou Coast to the Nanri Islands of Fujian province (noted
as Yuedong — YD upwelling — YDU) (Jing et al., 2008). The
typical mature upwelling regions of the study areas are
characterized by nearshore cold and high-salinity layer,
which is surrounded by an offshore warm and low salinity
layer, in summer. As the cold upwelling water which is
generated near the coast spreads and advects offshore, it
pushes warm water far from the coast (Gan et al., 2009a,b).
Comparing these two coastal upwelling regions, the salinity
of YD is not as high as QD, but it is much higher compared to
other coasts around.

The summer coastal upwelling is a regular phenomenon
during June to September in NSCS (Yu, 1987). Low tempera-
ture in the surface water can be detected clearly in both QD
and YD, and it can be about 2—3°C lower than the offshore
water (Figs. 12a and b, 13a and b). The variations of tem-
perature in QD (Fig. 12a) and in similar latitudes elsewhere
(the region around 113°E) (Fig. 12b) during the simulated
three years are showed, respectively. The modeled surface
temperature in QD decreases continuously rather than
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Figure 5 The seasonal changes of the sea surface temperature [°C] and the flow field in the Leizhou Peninsula (QD) simulated by our
model (subplots a, c, e, g) and calculated from SODA (subplots b, d, f, h).
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Figure 5. (Continued).

increases, and reaches the summer's lowest point in the
middle of July, and then rises gradually to the second peak
in the middle of September. Moreover, high salinity in
the surface water can also be detected in both QD and YD
(Figs. 12c and d, 13c and d). Three similar small salinity
spikes can be found during every July of the three simulated
years (Fig. 12c). The salinity during these periods of time is
around 34, just the same as in the results of previous study
(Li et al., 2012). However, there are no salinity spikes during
the same period of time in the region around 113°E (Fig. 12d),
and the salinity (about 32) is significantly lower than in QD.

5.2. Nutrients response to YDU and QDU

The distribution of nutrients in YDU and QDU follows the
general pattern of coastal upwelling at other sea areas
(Fernandes et al., 2014; Krishna, 2008), which has charac-
teristics of higher concentrations near the subsurface layer of
coastal waters and lower concentrations at the surface of
offshore waters (Chenillat et al., 2012, 2013). However, the
distribution of nutrients in these two regions also has its own
characteristics.

It is obvious that the highest NOs-N concentrations
(<0.14mmolm~3) in the coast around the 115°E
(Fig. 14a) are located between —50 m and —60 m water
layer, and the NOs3-N concentrations of surface water are
very low (<0.08 mmol m~—3), which reflects the impacts of
stratification existing between the surface and sub-surface
layer. And yet, the highest NO;-N concentrations
(>0.177 mmolm~3) in YD appear between —20m and
—40 m water layer, and an enhanced vertical mixing can
be found in this water layer (Fig. 14b). Meanwhile, the
NOs-N concentrations of surface water are much higher
than in the water layer below —50 m. Compared with the
coast around the 115°E, the water layer with the highest
NOs-N concentrations in YD moves up and the mean value
of NO3-N concentrations is much higher (Fig. 14a and b).
According to the analysis above, the YDU is responsible for
carrying nutrient-rich deeper water toward the surface.
However, the NOs-N concentrations in QD (Fig. 14d) and
similar latitudes elsewhere (Fig. 14c) still show the strict
vertical stratification, and the NOs-N concentrations of
surface water are much lower (<0.2 mmolm~3). With
the increase of water depth, the NOs-N concentrations
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Figure 6 The seasonal changes of the sea surface temperature [°C] and the flow field in the Fujian Province (YD) simulated by our
model (subplots (a), (c), (e), (g)) and calculated from SODA (subplots (b), (d), (f), (h)).

increase gradually until the water depth reaches about
—70m (>1.2 mmol m~3).

Although the YDU and QDU are two main coastal upwel-
lings in NSCS, their impacts on the distribution and concen-
trations of NOs-N are different. There is an obvious
upwelling triggered uplift of NO3-N in YD, but only a slight
upwelling triggered uplift in QD. In addition, the distribu-
tions and changes of nutrients may inevitably affect the
primary productivity in YD like in the previous studies in
other coastal upwelling areas (Hernandez-Carrasco et al.,
2014).

5.3. Phytoplankton response to YDU and QDU

Phytoplankton is an important bioindicator of chemical and
biological modifications in natural ecosystems (Vilhena et al.,
2014). It is also an important element of primary production,
which is the key basic biological production in marine eco-
systems (Song et al., 2010). It has been proposed that in NSCS
the distribution of phytoplankton during summer time is
closely related to the coupled processes driven by summer
southwesterly monsoon induced upwelling (Ning et al.,
2004), so are the YUD and QDU.
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Table 2 RMSE and Corrcoef of the simulated results.

Root mean squared error  Correlation coefficient

Chla  0.0989 0.7174
NOs-N  1.8140 0.8236
u(YD)  0.1922 0.7269
v(YD)  0.0481 0.6507
u(@Q) 0.1416 0.6945
v(QD)  0.0796 0.7654

In the middle of July, a great distribution and concentra-
tions differences of phytoplankton exist between YD and the
coast around the 115°E (Fig. 15a and b). It is obvious that the
highest phytoplankton concentrations are located between
—50 m and —70 m water layer (Fig. 15b) in the coast around
the 115°E; however, the water column with the highest
phytoplankton concentrations move up to —20m to —40 m
in YD (Fig. 15a). Beyond this uplift phenomenon, the phyto-
plankton concentrations in YD are also a lot higher than in the
coast around the 115°E. The NSCS coastal upwelling driven by
both upwelling favorable local wind and topography, which
affects the distribution of nutrients, then would have an
ultimate effect on the phytoplankton growth and standing
stock. The YDU is just like a perfect nutrient pump for new
production (Wang et al., 2014a,b).

The strongest coastal upwelling with the minimum tem-
perature and the maximum nutrients in NSCS often occurs in

108°E 111°E 114°E 117°E 1 20°Ev

the middle of July based on the previous study (Jing et al.,
2008). This is the reason why we often use the simulation
result of July 16th to illustrate our study. However, the similar
rule cannot be applied to phytoplankton. The phytoplankton
concentrations in the late July (>0.3 mmol m~3) (Fig. 15c)
are higher than in the middle of July (>0.2 mmolm~3)
(Fig. 15a). In addition, phytoplankton is advected to almost
30 km off the coast in the late July (Fig. 15c), which is much
farther than 15 km in the middle of July (Fig. 15a). The
intense YDU occurs in the middle of July, while the phyto-
plankton blooms in the late of July, which confirms that the
maximum phytoplankton do not, in general, coincide with
the minimum temperature (Santos et al., 2011; Sawant and
Madhupratap, 1996), but are lagged in time, by about
10 days.

Different from YDU, QDU combined with the intensive
seasonal thermocline makes the distribution of phytoplank-
ton stratified and the phytoplankton concentrations still very
low in the surface layer (Fig. 16a). Comparing with the region
around 113°E (Fig. 16b), there is only a slight upwelling
triggered uplift of phytoplankton in QD, and the maximum
phytoplankton is located within the thermocline coupled to
the nutricline. Due to this thermocline induced stratification,
the surface productivity in QD may be held back.

5.4. Chlorophyll a response to YDU and QDU

At the initial stage, upwelled waters of YDU and QDU are
characterized by low temperature, low chlorophyll a and

Chla - Summer

108°E 111°E 114°E 117°E 120°E

Figure 7 The simulated surface chlorophyll a [.g L™'] (a) and satellite-derived high-resolution of surface chlorophyll a (b) from the

Moderate Resolution Imaging Spectro-radiometer (MODIS).
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Stations of the measured experiment, which have been used to compare with the simulated results.
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Standard deviation

Figure 9 Taylor diagram for model skill assessments. Observa-
tions (obs) of stations include sea surface NO5 (A) and sea surface
chlorophyll a (B). The radial distance from the origin is propor-
tional to the standard deviation of a pattern. The centered RMS
difference between the simulations and obs is proportional to
their distance apart (in the same units as the standard devia-
tion). The correlation between the two fields is given by the
azimuthal position of the test field.

high nutrient concentrations (Joint et al., 2001). Afterwards,
a fast growth of phytoplankton can take place coincided with
the increase of chlorophyll a promoting a quick consumption
of the available nutrients.

The concentrations of chlorophyll a are generally higher
toward the inshore areas in YD and QD, and decrease to
less than 0.2 ug L™ at the offshore locations (Fig. 17). In
YD, the maximum chlorophyll a (around 0.45 pgL™") is
observed at —30m to —20 m water layer in the middle
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Figure 11  The climatological SST [°C] (a) and surface salinity
(b) derived from CARS2009.

of July (Fig. 17a). Then about 10 days later, the maximum
chlorophyll a concentrations increase to 0.7 pgL™"
recorded at —20m to lower than —10 m water layer
(Fig. 17c). QD presents different distribution characteris-
tics. Higher grazing pressure in the upper layer than at the
thermocline may lead to the formation of the subsurface

15 20 25
Station

In (a), the blue dot line represents simulated Chl a concentrations [.g L~'] and the red dot line represents measured Chl a

concentrations; in (b), the blue dot line represents simulated NO;-N concentrations [mmol m—3] and the red dot line represents
measured NOs-N concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Figure 12 The time series of temperature [°C] in the Leizhou Peninsula (QD — a) and the region around the 113°E (b), the time series

of salinity in QD (c) and the region around the 113°E (d).

maximum chlorophyll near the thermocline (Kononen
et al., 1998). At QD, the maximum chlorophyll a (around
0.5 ug L") is observed at —70 m to —60 m water layer in
the middle of July (Fig. 17b). Then, about 10 days later,
the chlorophyll a maxima rise to about 0.65 gL’
(Fig. 17d). The chlorophyll a maxima in YD and QD coincide
with the phytoplankton maxima (Figs. 15—17). Similar to
the phytoplankton, the maximum chlorophyll a does not, in
general, coincide with the minimum temperature, which is
lagged in time, by about 10 days.

Significant subsurface chlorophyll a maximum (SCM) exists
in both YD and QD. SCM exists in YD at depth between —40 m
and —10 m, and in QD between —70 m and —50 m. The results
suggest that the locations of the SCM have close connection
with the upward nutrients flux and downward light attenua-
tion. The SCM appears in the same location with the max-
imum nutrients in the premise that the PAR is suitable (Fennel
and Boss, 2003). The water layer between —70 m and —50 m
in YD, there is not enough nutrients but enough PAR, the

growth of phytoplankton is limited by nutrients, which leads
to the low chlorophyll a concentrations. The similar low
chlorophyll a concentrations phenomenon has also been
observed by Lu et al. (2010).

6. Discussion

6.1. Hydrographic differences between YDU and
QDU

In this paper, NPZD model rather successfully simulated the
ecosystem response to distinctly intensified coastal upwel-
ling over the widened shelf in the NSCS. As seen from model
results, the surface water in YD and QD shows obvious con-
tinental shelf upwelling characteristics, such as low tem-
perature, high salinity. However, comparing these two
coastal upwelling regions, the salinity of YD is not as high
as QD because of the effect from the Pearl River diluted
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water (PRDW). The Pearl River is the largest river in south
China and has the second largest annual runoff in China. The
plume size of PRDW is at maximum in summer, and
the southwest monsoon is conducive to the eastward and
offshore expansion of the PRDW, which negatively influences
the salinity of YD (Dong et al., 2004).

6.2. YDU and QDU acting as a nutrient pump

To comprehend the response of nutrients, the variation
trend of nitrate (NOs-N) was used as representative.
According to 'Specification of Oceanographic Investigation’,
nutrients that include nitrate, nitrite (NO;), ammonium,
phosphate (PO,4-P) and silicate (SiO3-Si) are often used to
represent the main kind of nutrients in the SCS. Never-
theless, only NOs-N has been simulated in our model study.
The principal component analysis (PCA) was utilized to
analyze nutrients in NSCS. Based on this former study,
NOs-N has positive correlations with NH4-N and SiOs-Si

(Wu and Wang, 2007). Hence, NOs-N has a certain degree
of representativeness. In our study, there is an obvious
upwelling triggered uplift of NOs-N in YD, but only a slight
upwelling triggered uplift in QD. Not only taking into
account the summer coastal seasonal upwelling in NSCS,
June to August is also a period of time, during which the
most intensive thermocline happens in NSCS (Li and Jian,
2001). In some shallow waters of SCS, there exists the
radiation-type seasonal thermocline, which is affected by
gross radiation intensity and Ekman pumping (Liu et al.,
2001). During every year from March to August, the seasonal
thermocline appears in the southeast of the Hainan Island
and the northwest of the Taiwan Island, which is almost in
the same spot as QD and YD. From March to May is a sharp
period of the thermocline in these two regions, and from
June to August is the strongest period (Fan et al., 2014).
The difference is that the seasonal thermocline in the
southeast of Hainan Island is much stronger than in the
northwest of Taiwan Island. At QD, prominent signatures
providing evidence for the prevalence of upwelling are
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1138E; subplots (d) represents the model results of the Leizhou Peninsula (QD).

not only based on the sea surface temperature anomaly but
also on the notable shoaling of the thermocline. The ther-
mocline in the southeast of Hainan Island is too strong to
break into surface by the QDU, hence there is only a slight
upwelling triggered uplift of NO3-N in QD. This thermocline
leads to the shortage of nutrients in surface water, and may
hold back the productivity in QD. Besides the impact of the
thermocline, the water current and transport through
Qiongzhou strait is very complicated in summer (Fig. 18)
(Wang et al., 2014a,b), which also affects the variation
trend of nutrients in QD.

6.3. Delay effects of phytoplankton and
chlorophyll a in YD

The maximum amount of phytoplankton and chlorophyll a
does not, in general, coincide with the minimum tempera-

ture and maximum nutrients (Santos et al., 2011), but is
lagged in time, by nearly 10 days. In our study, the maximum
amount appears (in July 28th) with lower upward water
velocities (Fig. 19). This phenomenon is common in many
upwelling systems in the world (Muller-Karger et al., 2001;
Yokomizo et al., 2010) and it is related to the reaction time
needed by phytoplankton to react to the sudden increase in
nutrient concentrations, which can be about 8—10 days
(Maclsaac et al., 1985). Following the previous study
(Huete-Ortega et al., 2010), when upward water velocities
are highest, together with relatively strong turbulence, they
prevent the accumulation of large amounts of phytoplank-
ton; for it takes time for phytoplankton communities to
adjust to the new nutrients condition. On the other hand,
the upwelling relaxation combining with increased water-
column stability and reduced dispersion create appropriate
conditions for the onset of the phytoplankton blooms
(Lopes et al., 2014). In addition, the development rate



46 R. Jiang, Y.-S. Wang/Oceanologia 60 (2018) 32—51

Phyto - 16th Jul Phyto - 16th Jul
a Y 02 b . 0.03
018 _ig
0.16 0.025
014 20
0.02
0.12
E E -30
< 01 ¢ 0.015
& & —40
a 0.08 &
0.01
006 .
0.04
0.005
002 80
4 6 8 10 12 14 16 ° _70043 12 0
Position along the section [km] Position along the section [km]
Phyto - 28th Jul Phyto - 28th Jul
c d
0.02
0.018
0.016
_ _ 0.014
£ E
< < 0.012
3 & 0.01
a [a] :
0.008
0.006
0.004
0.002
0
20 0 2 4 6 8 10 12 14 16

Position along the section [km] Position along the section [km]

Figure 15 The vertical distribution of phytoplankton [mmol m~3] with an “interannual timescale” on the caption, “offshore
distance” on the horizontal axis, and “depth” on the vertical axis. Subplots (a) and (c) represent the model results of the Fujian
Province (YD) in July 16 and July 28; subplots (b) and (d) represent the model results of the region around the 1158E in July 16 and
July 28.

a Phyto -16th Jul b Phyto -16th Jul

0.35
0.3
0.25

0.2

Depth [m]

0.15

0.1

0.05

0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25
Position along the section [km] Position along the section [km]

Figure 16 The vertical distribution of phytoplankton [mmol m—3] with an “interannual timescale” on the caption, “offshore
distance” on the horizontal axis, and “depth” on the vertical axis. Subplot (a) represents the model results of the Leizhou Peninsula
(QD) in July 16, and subplot (b) presents the model results of the region around the 1138E in July 16.



R. Jiang, Y.-S. Wang/Oceanologia 60 (2018) 32—51

a Chla - 16th Jul 58
_10 0.45
0.4
-2 - Joas
-3 0.3
g 0.25
&4 0.2
_50 - 10.15
0.1
0 0.05
-70 0

10 15 20
Postion along the section [km]

Chla - 28th Jul

Depth [m]

0 5 10 15
Postion along the section [km]

20

47

b Chla - 16th Jul

-10

-20
e -3
=
Iy
a -4

-50

-60

=70 1

0 5 10 15 20
Postion along the section [km]
Chla - 28th Jul

Depth [m]

0 5 10 15 20
Postion along the section [km]

Figure 17 The vertical distribution of chlorophyll a [ug L~'] with an “interannual timescale” on the caption, “offshore distance” on
the horizontal axis, and “depth” on the vertical axis. Subplots (a) and (b) represent the model results of the Fujian Province (YD) and
the Leizhou Peninsula (QD) in July 16; subplots (c) and (d) represent the model results of YD and QD in July 28.

Temp - 16 Jul

Upwelling

D
™

<~y
]
-

Surface flow

Bottom flow

114°E

——

111°E 112°E

113°E

0.53[ms™]
—

25 26 27 28 29

Figure 18 The water current, and its transport in the Leizhou
Peninsula (QD).

of phytoplankton is closely related to the shelf width. The
development rate changes from very wide (fast) to narrow
(slow) (Botsford et al., 2003). The widened shelf off
Shanwei and on the western flank of the Taiwan Banks
intensifies the bottom friction, which is a key factor
for topographically induced upwelling and also has a posi-
tive correlation to the development of phytoplankton. The
phytoplankton production increases with lower wind
strength, and in proportion to upwelled volume, but
eventually begin to decrease as losses increase off the
shelf (compared with Fig. 15¢c, Fig. 20 shows a remarkable
decrease). Moreover, high offshore velocities on the
seaward side advect the upwelling water off the coast,
which leads to the strong phytoplankton concentrations
at about —10 m to —40 m water layer extending seaward
from the inner shelf to about 30 km into outer shelf
(Fig. 15¢).
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7. Conclusion

The coastal upwelling blooms common to the NSCS are cap-
tured by the model (ROMS-NPZD). Although in a simple frame-
work, the results from our coupled biological-physical model
are in qualitative agreement with the general characteristics
of the NSCS coastal upwelling system. Based on our ecological
model study, the ecosystem response to the summer coastal
upwelling in NSCS can be summarized as follows.

YDU and QDU are physical processes which occur in
sequential stages: (1) the first stage can be defined by the
offshore transport of surface water and its replacement by

cold, nutrient rich sub-surface water; (2) the second stage is
the productive phase wherein an increase in phytoplankton
and chlorophyll standing stock can be found.

During summer, YD and QD are characterized by nearshore
cold and high salinity layer surrounded by an offshore warm
and low salinity layer. The water temperature at YD and QD
can be about 2—3°C lower than the offshore water, and the
salinity is around 34 which is much higher than 32 in the
offshore water. At YD and QD, the nutrients in the subsurface
water layer also display high concentrations. There is an
obvious upwelling triggered uplift of NOs-N in YD. However,
due to the impact of the intensive seasonal thermocline and
the complex currents system, QD only display a slight upwel-
ling triggered uplift of NOs-N.

Similar to NOs-N, an obvious upwelling triggered uplift of
phytoplankton can also be found in YD. Unlike NOs-N, the
maximum phytoplankton do not, in general, coincide with
the intense YDU, but is lagged in time, by about 10 days.
Moreover, high offshore velocities on the seaward side advect
the upwelled water off the coast, which leads to the strong
phytoplankton concentrations at about —30m to —40m
water layer extending seaward from the inner shelf to about
30 km into outer shelf. Nevertheless, being affected by the
intensive seasonal thermocline, maximum phytoplankton in
QD is located within the thermocline, coupled to the nutri-
cline. The chlorophyll a concentrations and distribution in YD
and QD are exactly similar to phytoplankton. The chlorophyll
a maxima at YD and QD coincide with the phytoplankton
maxima, and hence the maximum chlorophyll a does not, in
general, coincide with the minimum temperature; but are
lagged in time, by about 10 days.

It should be noted that the summer coastal upwelling
system in the NSCS is too complicated to understand it fully.
According to its impacts on the temperature, salinity, nutri-
ents, phytoplankton and chlorophyll a presented in this
paper, the summer coastal upwelling system must have a
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significant effect on the distribution of marine organisms and
the protection of NSCS coastal environment.
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KEYWORDS Summary Silicon is a major nutrient for siliceous primary producers, which can become a
Silicon; potential limiting nutrient in oligotrophic areas. Most of the silicon inputs to the marine
Silicate flux; environment come from continental discharges, from both superficial and ground waters. This
Silicon balance; study analyses the main sources of silicon and their dynamics along the southernmost 43 km of
Biogenic silica; shoreline in the Gulf of Valencia (Western Mediterranean Sea). The salinity and silicate concen-
Submarine groundwater tration in the different compartments (springs, freshwater wells, beach groundwater, surf zone
discharge; and coastal waters) in this coastal area were determined. In addition, chlorophyll a and
Nutrient phytoplankton community were analyzed in the surf zone and coastal waters. Silicate concen-

trations in freshwater wells ranged between 130 and 150 uM, whereas concentrations of this
nutrient declined to 49 pM in freshwater—seawater mixture transects. At the same time, there
was a positive gradient in silicate for both freshwater and coastal waters southward. An amount of
18.7 t of dissolved silicate was estimated in the nearest first kilometre nearest to the coastline,
6 t of this silicate belonged to the background sea level. On the other hand, the sum of the main
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rivers in the area supplies 1.6 t of dissolved silicate per day. This implies that a large amount of the
remaining 11.1 t must derive from submarine groundwater discharges, which would thus repre-
sent 59% of the coastal dissolved silicate budget. Overall, it is suggested that a subterranean
transport pathway must contribute considerably to silicate concentrations throughout this zone,
which is characterized as permeable.

© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Mediterranean Sea is an oligotrophic sea as a conse-
quence of general water circulation (Schroeder et al., 2010;
Zenetos et al., 2002). High evaporation exceeds freshwater
inputs due to surface water warming and to the low humidity
of continental winds. A significant surface inflow enters the
Mediterranean basin through the Strait of Gibraltar to com-
pensate for evaporation losses, producing a water exchange
as a deep layer of water flows from the Mediterranean Sea
to the Atlantic Ocean (Bergamasco and Malanotte-Rizzoli,
2010). Consequently, the nutrient balance between the
Atlantic Ocean and the Mediterranean Sea generates a deficit
in the latter. The surface flow entering the Mediterranean
basin is poor in nutrients. Conversely, the Mediterranean Sea
is continuously losing a large amount of nutrients through the
nutrient-rich deep current that heads into the Atlantic
Ocean, since solutes tend to accumulate in deeper layers
(Crispietal., 2001; Hopkins, 1985). For example, in the Strait
of Gibraltar, silicate concentrations in the surface (Atlantic)
waters and in the deep (Mediterranean) waters are around
2.7 and 7.7 uM respectively (Dafner et al., 2003).

Regarding nutrients, the demand for silicon by primary
producers is not as great as it is for phosphorus or nitrogen.
Nevertheless, the cycle of this nutrient has acquired sig-
nificant attention in relation to its role in marine primary
production in recent decades (Dugdale and Wilkerson,
2001; Smetacek, 1999). Only diatoms, one of the most
abundant taxonomic groups of phytoplankton which play
an important role in organic matter export to the deep sea,
require silicon as much as nitrogen and phosphorus for their
development (Buesseler, 1998; Goldman, 1993; Nelson
et al., 1995). Other planktonic groups that present silifica-
tion are chrysophytes and silicoflagellates, but their quan-
titative importance in the silicon cycle is secondary. Silicon
concentrations in the Mediterranean Sea are generally low,
around 1—4 pM due to its oligotrophy (Marty et al., 2002;
Ribera d'Alcala et al., 2009; Schroeder et al., 2010),
decreasing to 0.003 wMin the Northeastern Levantine basin
(Aktan, 2011).

In the Northwestern sub-basin of the Mediterranean Sea,
phosphorus is considered to be the potential limiting nutrient
(Gadea et al., 2013; Lucea et al., 2005; Sala et al., 2002).
However, when silicon is also taken into consideration as a
limiting element, which is the case for siliceous primary
producers, silicate limitation may have become a widespread
phenomenon in the Mediterranean Sea (Ludwig et al., 2009).
For instance, Olivos et al. (2002) concluded that silicate acts
as a potential limiting nutrient in over 50% of cases, with

percentages as high as 75% for stations sampled near the
coast (0.5—2 km), in their study carried out in the Catalan
Sea (Northwestern Mediterranean Sea). Gadea et al. (2013)
noted that the phytoplankton community in the southern
sector of the Gulf of Valencia was dominated by diatoms
mainly in autumn, winter and summer. Furthermore, they
considered phosphorus as a potential limiting nutrient in the
area, although silicon could also act as a limiting nutrient in
over 30% of cases during winter campaigns.

Currently, the most important sources of dissolved silicate
in the global ocean come from the continental fluvial system
and from groundwater discharges, according to Frings et al.
(2016). These inputs are mainly: dissolved silicate in rivers
(60%), the dissolution of river particulate matter (20%) and
groundwater (7%). The remaining silicate reaches seawater
from atmospheric depositions, and from seabed alterations,
or is washed there.

Rivers are important sources of freshwater and nutrients
for the Mediterranean Sea. Many studies have pointed out
that Mediterranean rivers have suffered a significant reduc-
tion in freshwater discharges between 1960 and 2000 (Ludwig
etal., 2009; MED-HYCOS, 2001; Vorosmarty et al., 1998). This
is in part due to more severe hydrological droughts, but
mainly to the construction of dams, reservoirs and hydro-
electric power plants, and flow derivation (Garcia-Ruiz et al.,
2011; Nixon, 2003). A similar decrease could also be expected
for the fluxes of dissolved silicate, which are highly depen-
dent on water discharges and potentially reduced by river
damming as well (Conley et al., 2008; Humborg et al., 1997).
Contrariwise, the fluxes of nitrogen and phosphorus in
the Mediterranean Sea, have been significantly enhanced
by anthropogenic sources (Howarth et al., 1996; Ludwig
et al., 2009).

Submarine groundwater discharge (SGD) has been recog-
nized as one of the largest sources of macro- and micronu-
trients in the coastal environment (Krest et al., 2000; Moore,
1999; Niencheski et al., 2007; Santos et al., 2008; Windom
et al., 2006). Generally, nutrient concentrations in SGD are
much higher than in rivers, compensating for the lower flow
of groundwater in comparison with superficial runoff. Con-
sequently, SGD transports nutrient amounts into the ocean
that are comparable to superficial runoff inputs, or even
higher, as is the case for the coast of Southern Brazil (Niench-
eski et al., 2014), the Eastern Florida Bay (Corbett et al.,
1999, 2000) and the salt marshes on the South Carolina coast
(Krest et al., 2000). In particular, Rodellas et al. (2015) found
that along the entire Mediterranean coast silica inputs asso-
ciated with SGD are comparable, in magnitude, to those from
rivers.
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Globally, atmospheric inputs represent ca. 3% of silicon
discharges into oceans (Frings et al., 2016). In the Mediter-
ranean region, a great number of studies about atmospheric
depositions and their implications for primary production
have been carried out. However, most of these researches
have focused on nitrogen, phosphorus and trace metal inputs
into the sea (Carbo et al., 2005; Guerzoni et al., 1997, 1999;
Kocak et al., 2004; Theodosi et al., 2010). With regard to
silicon, Kocak et al. (2010) stipulate that atmospheric inputs
of this nutrient can represent up to 10% in the Northeastern
Levantine basin of the Eastern Mediterranean Sea. On the
other hand, de Fommervault et al. (2015), studying the
Northwestern area of the Mediterranean Sea, highlight the
insufficient amount of data (post 1990) of atmospheric
deposition in order to draw conclusions. A single dust deposi-
tion event of short duration could represent up to 30% of the
total annual flux for Si (Bergametti et al., 1989) due to the
proximity of the Sahara in this Western basin.

The southern sector of the Gulf of Valencia (Western
Mediterranean Sea) is characterized by oligotrophic condi-
tions (Gadea et al., 2013; Sebastia et al., 2013; Sebastia and
Rodilla, 2013) so nutrient inputs from various sources play a
key role in marine productivity. However, in the case of
silicon, many questions still need to be investigated in our
study area: what is its origin? Is the silicate discharged by
rivers enough to supply diatom populations? Otherwise, what
are the other sources? In order to answer these questions, the
present study aims to investigate silicate concentrations
along the coastal zone of the southern sector of the Gulf
of Valencia, and to identify the main sources. For this pur-
pose, silicate concentrations were analyzed in different
compartments throughout the studied area: in groundwater,
in the main rivers, and in the coastal marine area. Further-
more, the silica requirement by phytoplanktonic microorgan-
isms in coastal waters was also explored.

2. Study area and methods
2.1. Study area

The study area falls within the southernmost sector of the
Gulf of Valencia and covers about 43 km of coastline from
Cullera Cape to about 5 km south of the Racons River (Fig. 1).
The Gulf of Valencia is in the Balearic Sea, Western Medi-
terranean Sea, off the eastern coast of Spain. The coastal
area of this gulf is characterized by the dominance of sand
barriers and coastal lagoons (quaternary origin) in which sand
spits have formed on both sides of river mouths (Albarracin
et al., 2013). The material deposition carried out by rivers
over time has augmented the silting of coastal lagoons in this
area, until they have become shallow swamps (Dupré et al.,
1988). Representative examples of these habitats in the
southern sector of this gulf are (from north to south) Valencia
Albufera, the Southern Jucar, Safor, and Pego-Oliva wetlands
(represented in dotted shading in Fig. 1).

Sandy beaches along the southern sector of the Gulf of
Valencia border with fertile lowlands that are dedicated to
rice crops and irrigated agriculture (mainly citrus fruits and
vegetables) (Rico-Amoros and Hernandez-Hernandez, 2008;
Sebastia et al., 2012b). However, much of the territory has
suffered from the process of urbanization (this is one of the

most densely inhabited and touristic areas in Spain), which
has occupied the barrier dunes and some floodable areas
(Zornoza-Gallego, 2013).

The rivers that discharge into the sea along these 43 km
are (from north to south) the Jucar, Serpis, Vedat and Racons
(Fig. 1).

The Jucar and Serpis Rivers, of 508.8 and 74.5 km in length
respectively, have a Mediterranean regime characterized by
high seasonality, with a dry period during the summer, and a
wet period with torrential downpours mainly in autumn
(Falco et al., 2007; Sebastia et al., 2013). In addition to
the Mediterranean climate, these rivers undergo artificial
regulation and intensive water use, leading to a situation of
no permanent flow in their final sections.

The Jlcar River is strictly controlled by dams, due to
intensive agricultural exploitation upstream. This results in
a flow that decreases along the river, until it disappears
completely during some periods of the year at the last
gauging station (the Cullera irrigation dam) belonging to
the Jucar Hydrographic Confederation (CHJ) situated
14 km from the river mouth. Jlcar river flow data for the
last 10 years (from January 2006 to January 2016) was
obtained from the Cullera gauging station (CHJ, 2016). In
addition, the volume of water destined to the Cullera Com-
munity of Irrigators (CHJ, 2015) has to be subtracted from the
flows that come to this dam, resulting in an average flow to
the sea of 1.42 m*s™", over the last 10 years (2006—2016).
This value may still be overestimated due to the presence,
downstream, of the Jlcar-Vinalopé diversion (currently with
operating problems) and two motors which are also able to
pump water from the river for irrigation (Cullera Community
of Irrigators, personal communication).

The Serpis River and its tributary the Vernissa River are
artificially regulated by a complex system of weirs and
irrigation channels that provide freshwater for the irrigated
crops of the Safor County. The estimated average flow (from
the union of these rivers (CHJ, 2016) minus the extraction for
irrigation systems, CHJ, 2015) that reached the sea was
1.94m3s™" for the period between 2006 and 2016.

The Racons and Vedat Rivers, unlike the previous water-
ways, are short rivers of about 7 km that drain water from the
Pego-Oliva wetland. Both rivers are mainly fed by springs and
pumping drainage. For the period of 2004—2011, mean flows
were estimated as 1.62 and 1.93m*s ™' in the Vedat and
Racons Rivers respectively (IGME and DPA, 2013).

Regarding aquifers, in the study area, the Betic and Iberic
structural domains meet (Rey and Fumanal, 1996), creating
contact between the south of the Plana Valencia hydrogeo-
logical system — which is part of the Iberic domain — and the
Prebetic of Valencia-Alicante hydrogeological system —
which belongs to the Betic domain (IGME, 1989). These
two hydrogeological systems can be observed in Fig. 1. In
the northernmost region within the study area, the aquifer of
the Southern Jucar wetland (Cullera) belonging to the Plana
Valencia hydrogeological system, borders the Mediterranean
Sea. Various subsystems can be distinguished in the Prebetic
of Valencia-Alicante hydrogeological system, although the
Plana Gandia-Dénia is the only one that comes into contact
with the Mediterranean Sea in our study area. In the Plana
Gandia-Dénia subsystem (250 km? extension), two aquifers
can be identified: Xeraco-Gandia and Oliva-Pego. All these
detritic aquifers in the study area are rich in nitrate, with
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values above 50 mg L~! and even 200 mg L~" in some zones
(IGME and DPA, 2007; IGME, 1989; Pernia et al., 1996). The
recommended nitrogen doses for citrus and horticultural
crops have historically been exceeded in this area (MARM,
2010). In consequence, both surface runoff and groundwater
flow are characterized by high nitrate concentrations and the
areas have been declared as Nitrate Vulnerable Zones (MARM,
2010).

2.2. Field and laboratory methods

Various sampling campaigns were conducted in the study area
between 2008 and 2013 (Table A in the online information).
Sampling was designed taking into account that the Iberian
Mediterranean rivers are characterized by high seasonality

because of rainfall-based flow regime with maxima in autumn
and spring and a minimum in summer (Sabater et al., 2009).
For this reason, our sampling campaigns were carried out in
autumn (two sampling campaigns in November 2008 and
2009), spring (June 2010 and March 2013) and the dry season
(August 2012 and 2013).

The first sampling campaign was carried out in November
2008 (6th and 7th). Owing to the lack of a balanced spatial
distribution of DSi data in the study area, 39 stations in the
surf zone were sampled along 43 km of shoreline, approxi-
mately one at each kilometre along the entire shoreline, from
St2, close to Cullera Cape, to St40, 5 km south of the Racons
River (Fig. 1). These samples were analyzed for salinity, dis-
solved silicate (DSi) and chlorophyll a (Chl-a).

A new sampling campaign was designed in November 2009
(from 9th to 16th). The aim of this campaign was to cover the
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entire study zone, with focus on the central area. Water
samples were once again collected from the surf zone, in
11 of the previously sampled stations plus one more (St1) that
was sampled for the first time at the northern part (pins St1,
St2, St4, St11, St12, St14, St16, St17, St20, St25, St28 and
St37 in Fig. 1). Perpendicular transects to the shoreline on
the beach were also carried out in this campaign for sampling
groundwater with a push-point piezometer system. Beach
groundwater samples (1 m deep) were collected from the
surf zone at 5, 10, 20, 30, 40, 50 and up to 70 m inland. This
sampling strategy was aimed to obtain a groundwater salinity
gradient, to verify if the biogeochemical processes behaved
conservatively or not. Salinity and DSi were analyzed in all
samples. Additionally, Chl-a and phytoplankton composition
were determined in the surf zone samples.

In order to complete our dataset on the distribution of
silicate in the coastal marine environment, two perpendicu-
lar transects to the coast (circles in St15 and St35, Fig. 1)
were carried out in June 2010 (8th and 9th) at approximately
0, 400, 700, 1000, 1350, 1800 and 2100 m. Moreover, samples
from the surf zone were collected in seven stations (St3, St8,
St15, St22, St29, St35 and St40). Salinity, DSi and Chl-a were
analyzed in all these samples.

In addition, in August 2012 and 2013, seawater samples
were taken along 4km of the southernmost shoreline,
between the stations St32 and St37. In total, 13 points were
collected: five at a distance of 200 m from shoreline, two
points at 400 m, three at 600 m and three points at 800 m
from the shore. Salinity, DSi, Chl-a and phytoplankton com-
position were analyzed in each sample.

The results acquired in the previous campaigns were
decisive in the development of a more comprehensive sam-
pling method in March 2013. This sampling campaign included
11 permanent groundwater wells (W1—-W11), 4 springs
(M1—M4) and 5 push-points (1 m deep) drilled at variable
distances (between 20 and 40 m) across the beach to collect
beach groundwater at intermediate salinity (between 10 and
15), at the stations St2, St15, St19, St25 and St35. Moreover, a
perpendicular transect to the shoreline was sampled (at 0,
50, 100, 150, 200, 250, 300 m) in the sea at St19 (Fig. 1).

The surf zone water was sampled by wading to a depth of
about 1 m and using a 2-L polyethylene bottle, and coastal
water was sampled using a Niskin Teflon bottle.

A push-point piezometer system was used, similar to that
used by Niencheski et al. (2007), to sample groundwater
along the beach down to a depth of 1 m during the 2009 and
2013 sampling campaigns. The push-point system consisted of a
stainless steel pipe through which a Teflon tube was passed and
connected to the stainless steel, screened intake end. Samples
were collected using a peristaltic pumping system.

Coastal water samples were collected in 2010, 2012 and
2013 across perpendicular transects to shore using a rubber
boat. The first half metre below the sea surface was sampled
using a Niskin Teflon bottle.

In the 2013 sampling campaign, groundwater from a
permanent well and water from springs were collected using
the same peristaltic pumping system described previously.

In the laboratory, salinity was determined by means of a
multiparameter probe (Multi 340i/SET WTW). Water samples
were filtered through a 0.45 um pore diameter cellulose
acetate filter and frozen in plastic bottles for later analysis.
DSi was analyzed using the method described by Aminot and

Chaussepied (1983). Chl-a was determined using the trichro-
matic method, based on spectrophotometry, according to
APHA et al. (2012). The precision for Chl-a was 5%, whereas
for DSi it was 3%.

Phytoplankton (Phyto) quantitative samples were placed
in 125-mL jars and fixed in situ with 20% formaldehyde
solution neutralized with hexamethylenetetramine (Thrond-
sen, 1978). Sub-samples (50 mL) were allowed to settle for
24 h in HydroBios chambers and then counted and identified at
x400 magnifications with a Leica DMIL inverted microscope
(Utermohl, 1958). Counts were made following the methodol-
ogy of Andersen and Throndsen (2003). This did not include the
small-size fraction of phytoplankton (picoplankton and some
portion of the nanoplankton). The phytoplankton community
was classified to the lowest taxonomic level possible, accord-
ing to Tomas (1997).

2.3. Data processing and statistical analysis

In order to calculate the silicate budget in coastal waters,
and to balance the data number along the 43 km of coastline,
in addition to working with data collected at the surf zone
and costal water in this study, we included more coastal
water data. The coastal water data of DSi, Chl-a and the
percentage of diatoms which cover a complete annual cycle
(Falco et al., 2007; Gadea et al., 2013) were added to the
northern and central sectors. Only data obtained from points
located within the first kilometre of coastline were used, and
those sites significantly influenced by fresh water (salinity
<34.5 according to European Commission, 2013) were dis-
carded from this calculation.

The biogenic silica estimate (biogenic Si) was explored
according to Falco et al. (2010). It was based on the available
percentage of diatoms within the phytoplankton community
and the amount of chlorophyll a. An estimate of carbon
content was made with reference to the relationship between
carbon and chlorophyll (Ciotti et al., 1995). The average
amount of silicate in the diatoms was calculated using the
Redfield ratio (Redfield et al., 1963).

Non-parametric Kruskal—Wallis tests were conducted to
assess statistically significant differences between regions
(Cullera, Xeraco-Gandia and Oliva-Pego) for permanent
wells, surf zone and coastal water samples. A p-value less
than 0.05 was considered to indicate statistical significance.
Multiple comparisons between groups were implemented
using Bonferroni adjustment of p-values. Spearman—Rank
correlation tests were performed in order to detect monotonic
relationships between ranked variables in beach groundwater,
surf zone and coastal water variables. These non-parametric
tests were carried out with R statistical software.

3. Results

The main results presented below follow a chronological
order within each subset.

3.1. Surf zone and beach groundwater

Table 1 presents the minimum, maximum and average values
of salinity, DSi, Chl-a and phytoplankton density in the surf
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Table 1  Minimum, maximum and average of salinity, dissolved silicate (DSi), chlorophyll a (Chl-a) and phytoplankton density and
composition in the surf zone during 2008, 2009 and 2010. The name of the station is in parentheses.
Year 2008 2009 2010
Salinity Min—Max 4.9(5t20)—37.5(St3,5t6,5t23) 29.2(5t4)—37.5(5t14,5t25) 33.4(S5t3)—36.7(5t29)
Avg. 35.1 35.9 35.9
DSi [wM] Min—Max 1.8(5t8)—47.4(St14) 2.7(St16)—42.5(5t20) 3.3(5t29)—19.6(5t3)
Avg. 8.9 11.5 7.9
Chl-a [pgL™"] Min—Max 0.41(5t20)—12.78(5t14) 0.76(St37)—5.60(St17) —
Avg. 1.90 1.91 —
Phyto [cells L="] Min—Max — 71,688(5t4)—290,165(5t20) —
Avg. — 128,299 —
Diatom [%] Min—Max — 20(St20)—77(St14) —
Avg. — 43 —

zone samples. In the 2008 campaign, it was observed that
sampling stations with lower salinity values, St14 (5.6), St20
(4.9), St27 (34.9) and St36 (33.5), had the highest DSi con-
centration, 47.4, 32.2, 21.2 and 18.9 uM respectively. These
low values of salinity were located, in most cases, in zones
subject to the influence of rivers (5t20 near to the Serpis
River, St36 close to the Racons River) and to the drainage of
irrigation channels. These variations were a consequence of
the sampling strategy employed in this study. We tried to
obtain a detailed study of the coast by collecting samples at
every kilometre of shoreline, without taking into account
the grouping of sampling stations based on freshwater input
influence. Thus, Chl-a values ranged between 0.41 and
12.78 ng L' in St20 and St14 respectively, without any sta-
tistical correlation with salinity or DSi. On the other hand,
when looking only at those samples with a salinity above 34.5
(assuming this value as a threshold between marine waters and
those waters more influenced by continental discharges, as
determined by the European Commission, 2013), a clear
decrease in DSi average was observed for the surf waters
(from 8.9 to 6.4 uM). The same trend was seen in Chl-a, with
an average value of 1.6 pg L™ in these high-salinity samples.

In the 2009 sampling campaign, Chl-a ranged between
0.76 and 5.60 wg L~ (Table 1). As in the 2008 campaign, once
again, no pattern was detected between salinity and Chl-
a. In this campaign, the study of phytoplankton composition
was added. On average, 43% of phytoplankton community
was composed of diatoms. The two stations with the lowest
salinity, St4 (29.2) and St20 (30.5), exhibited high DSi

40

BAa A
A
300 §
- A
£20f
X A
of & A&
A A A
0 A S A 4 I A
0 20 40 60
Distance [m]

Figure 2

80

DSi [pM]

concentrations, 41.0 and 42.5 pM respectively. In the
remaining 10 stations, salinity was greater than 34.5, and
average DSi concentration decreased to 5.4 uM. This was
remarkable, as DSi increased by one order of magnitude in
those samples influenced by freshwater.

Thereby, we speculated that groundwater advection
together with river contribution could be responsible for
the high DSi concentrations. It should be emphasized that
the rivers in this area exhibit a strong seasonal flow regime,
producing a highly irregular contribution, whereas ground-
water is discharged continuously. For this reason, beach
piezometers were deployed along transects on the beach
to collect groundwater at 1 m depth in the 12 stations
sampled in 2009. Fig. 2A depicts salinity in beach ground-
water at 1 m depth along the perpendicular transects from
the coastline up to 70 m inland. This figure shows the exis-
tence of a subterranean estuary is clearly perceived, where
permeable sediments provide a reaction zone in which fresh-
water and seawater are mixed in a similar way as occurs at
the surface estuarine zone (Charette and Sholkovitz, 2006).
Fig. 2B represents the DSi distribution along the saline gra-
dient in the beach aquifer from the samples collected in
these beach piezometers. It can be observed that there are
greater DSi concentrations in freshwater samples than in
marine waters, even more than one order of magnitude.

In 2010, the seven stations selected, among the 39 initially
sampled stations, presented salinity and DSi concentrations
within the intervals observed in preceding campaigns for surf
zone samples (Table 1). In the same way as the 2008 and
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(A) Cross-beach profile in salinity from the surf zone (squares) and beach groundwater samples (triangles) collected in the

12 stations carried out in 2009. (B) Concentrations of dissolved silicate (DSi) in the surf zone (squares) and beach groundwater

(triangles) in the 12 sampling stations, in samples from 2009.
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2009 campaigns, there were samples with low salinity and
high DSi (St03 with 33.4 and 9.6 uM). However, those samples
with salinity above 34.5 — between 35.7 and 36.7 — showed
an average DSi value of 5.9 uM, coinciding with the values
previously observed, indicating a similar process.

3.2. Coastal waters

In the coastal marine environment, the two perpendicular
transects to the coast carried out in Xeraco-Gandia (5t15) and
Oliva-Pego (5t35) in 2010, showed negative gradients in DSi
concentrations from the shoreline towards offshore. This is
the pattern commonly found in other regions around the
Mediterranean Sea (Aktan, 2011; Olivos et al., 2002), the
continental influence on coastal waters being clearly visible.

Both sampling campaigns performed in coastal waters in
Oliva-Pego during 2012 and 2013 were useful for increasing
knowledge about DSi in the southern sector of the Gulf of
Valencia. This nutrient showed an average value of 3.9 and
4.7 uM in 2012 and 2013 respectively. No sampling station
presented salinity values influenced by freshwater surface
inputs in these campaigns. Chl-a concentration was higher in
2012, with an average of 0.61 pg L', while they were around
0.20 pg L' in 2013. In all stations sampled in these two
campaigns, diatoms accounted for ca. 81% of the phytoplank-
ton community.

In addition, another transect was made at St19 in 2013,
where DSi values ranged from 0.7 to 11.2 wM, while there was
not a clear DSi concentration gradient in coastal water, as
was the case in 2010.

3.3. Groundwater in permanent wells and
springs

The study area was divided into three regions, taking into
account the different hydrogeological characteristics. From
north to south, the first region, Cullera, is included within the
hydrogeological system of Plana Valencia (from St1 to St5),
while the other two regions, Xeraco-Gandia (from St6 to St26)
and Oliva-Pego (from St27 to St40), belong to the Plana
Gandia-Dénia hydrogeological subsystem (Fig. 1).

Table 2 depicts the average values of salinity and DSi in the
sampled permanent wells. It is shown that groundwater DSi
concentration was lower — but with higher salinity — in those
permanent wells placed further north (130.2 wM), in Cullera.
On the other hand, the highest DSi concentrations were
determined towards the south, in the Oliva-Pego region
(181.0 wM). Nonetheless, these differences were not statis-
tically significant.
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Regarding springs, it was not possible to detect any gra-
dient among these data. The sample collected within the
Cullera region presented a value of 180.3 pM and 3.0 for DSi
and salinity respectively. The remaining three samples, col-
lected in spring water bodies from Xeraco-Gandia, ranged
between 98.7 and 149.8 pM of DSi and 0.1—0.2 for salinity.

4. Discussion

Fig. 3 shows all the water samples (surf zone, coastal area,
push-points, permanent wells and springs) collected during
the 2009, 2010, 2012 and 2013 campaigns. This figure depicts
that DSi concentrations in aquifer groundwater — repre-
sented by permanent well samples (160.4 +51.6 uM) —
are up to two orders of magnitude higher than in coastal
waters, both in the surf zone (5.6 +£1.9 uM) and in the
coastal area (3.6 + 1.9 uM). It is assumed that aquifer
groundwater is able to supply high silicate amounts (a mean
concentration in beach groundwater of 48.7 + 32.5 uM) to
the marine region by transporting submarine groundwater
(SGD). This SGD can vary considerably due to rainfall and the
hydrogeological features of aquifers (Tovar-Sanchez et al.,
2014). For example, Tovar-Sanchez et al. (2014) observed
that SGD from karstic aquifers is higher than SGD from detrital
aquifers, being responsible for 75% of silicon fluxes in the
Island of Majorca (Spain). In addition, aquifers in the study
area supply springs with enriched silicate water (143.2
+ 33.7 pM) that may also reach the coastal environment
through surface runoff.

Evident proof of water moving via a subterranean estuary
is the distribution of DSi concentrations along the salinity
gradient, supported by the superficial push-point piezometer
transects on the sandy beach region (Fig. 2B). This pattern
could also be observed beyond the beach zone from data
collected in the central and southern coastal waters of the
study area. Due to the lack of data in the northernmost region
within the study area, it was necessary to resort to data
obtained by Falco et al. (2007) to complete the knowledge of
DSi distribution in the coastal marine environment.

With regard to the DSi sources in the coastal zone, rivers
are an important source to take into consideration. In
fact, rivers are responsible for 80% of dissolved silicate inputs
to the ocean on a global scale. These sources include the
dissolved silicate in river waters — which account for 60% of
total inputs — and the subsequent dissolution of river parti-
culate matter (20%) (Frings et al., 2016). Nonetheless, the
river discharges into the sea are very low in the study area,
amounting to zero throughout most of the year, due to the
strict control of the main rivers by dams. Atmospheric inputs
could be another source, although the lack of data concerning

Table 2 Salinity and dissolved silicate (DSi) in the permanent wells (M: mean and SD: standard deviation) sampled in 2013.

Region Hydrogeological Conductivity [pnScm™"] Salinity DSi [wM] Number
system/subsystem of wells
M SD M SD M SD
Cullera Plana Valencia 1373 560 0.5 0.3 130.2 51.1 3
Xeraco-Gandia Plana Gandia-Dénia 838 385 0.2 0.2 166.2 63.2 5
Oliva-Pego Plana Gandia-Dénia 1142 797 0.4 0.5 181.0 24.9 3
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Scatter plot of dissolved silicate (DSi) concentrations in function of salinity from samples collected in the 2009, 2010,
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cross: springs).

atmospheric fluxes of silicon in the Mediterranean do not
allow for a proper assessment (Bartoli et al., 2005; de
Fommervault et al., 2015). However, Kocak et al. (2010)
calculated that silicon atmospheric fluxes could possibly
account for as much as 10%, when comparing river inputs
in the Northeastern Levantine basin. Marine bottoms could
represent another source of silicate by means of benthic
metabolism. The study area consists of permeable sands
where Sospedra et al. (2015) determined that benthic silicate
fluxes were not sufficient to supply the theoretical Si demand
of microphytobenthos in a sampling station at 9 m depth.
Thus, this nutrient must come from other sources. Therefore,
it is assumed that there are other sources that could supply
silicate to the coastal environment.

4.1. Submarine groundwater discharge

The conceptual model presented in Fig. 4 (modified from
Niencheski et al., 2007) shows the silicate flux associated
with the various water fluxes. These fluxes include: (1) fresh
groundwater moving towards the ocean (F1), (2) SGD enter-
ing the ocean (F2), (3) seawater recirculating through perme-
able sediments (F3), and (4) the flux to the inner shelf (F4).

The groundwater flux pathway (F1) with a salinity end-
member of 0.3, has an average DSi concentration of 160.4 uM
(average in permanent wells). This groundwater is mixed
with the coastal waters (F3) which have 36.8 of salinity and
5.6 uM of DSi (mean values in the 2009 and 2010 surf zone)
as they advance towards the sea. It results in a conservative
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a0l DSi: 48.7+32.5 F2 F4
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Figure4 Conceptual model (not to scale) of silicate flux in the coastal surface water-groundwater system, based on Niencheski et al.
(2007). The average and standard deviation of dissolved silicate (in uM), salinity and number of samples are shown for each

compartment.
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mixing process, therefore, the coastal region is supplied by
continental groundwater enriched in silicate (F2) with an
average concentration of 49 uM for an average salinity of 15
(values in 2009 and 2013 beach groundwater). Finally, the
silicate-enriched water originating from this groundwater
mixing zone is transported to the continental shelf (F4) with
amean of 37.4 and 3.6 uM of salinity and silicate respectively
(values in the coastal waters of 2010, 2012 and 2013).

This conceptual model of how the submarine groundwater
discharges Si flux is maintained as follows: there is a con-
tinual supply of silicate in fresh groundwater moving towards
the coastline driven by local and/or regional hydraulic gra-
dients. The Plana Valencia system and Plana Gandia-Dénia
subsystem certainly provide local hydraulic gradients result-
ing in groundwater flow towards the Mediterranean Sea along
a ca. 43 km length of coastline (IGME, 1989). The beach
surface is dominated by sands — permeable sediments —
where SGD is evident. It is suggested, however, that the
dynamic circulation of seawater through the permeable
beach sand allows a significant amount of silicate to escape
into the surf zone with the SGD.

4.2. Silicate budget in coastal waters

As groundwater fluxes in this coastal area are unknown, it was
investigated whether river contributions could be enough to
support seawater silicate including silicate contained within
phytoplankton. For this purpose, silicate fluxes (Si_DSi) for
each river in the study area were calculated by multiplying
mean river flows with the mean DSi concentrations and
assuming that DSi concentrations were representative of
conditions in these rivers. This method of flux calculation
was selected because of the limited available data (GESAMP,
1987). Afterwards, silicate fluxes were multiplied by a con-
version factor to express them in t d~'. From these calcula-
tions, it was observed that silicate flux in the Jicar River was
0.3td™", whereas in the Serpis, Vedat and Racons Rivers
these mass fluxes were ca. 0.4t d~" for each of them. In the
case of the Jucar River, this value may still be overestimated
due to the presence, downstream, of the Jicar-Vinalopd
diversion (currently with operating problems) and two
motors which are also able to pump water from the river
for irrigation (Cullera Community of Irrigators, personal
communication). The sum of these fluxes represents a total

input towards the sea of 1.56 t d~' in the whole study area
(Table 3). In the Mediterranean Sea, other rivers with similar
flows discharge similar amounts of Si to the sea. For example,
the Pamisos River (Greece), the Rizana River (Slovenia) and
the Lamas River (Turkey), with an average flow about
3m3s', deliver 0.9td ™" (Pavlidou et al., 2014), 0.5td™"
(from Cozzi and Giani, 2011) and 0.8 t d~' (from Kocak et al.,
2010), respectively.

Mean salinity, DSi, Chl-a concentrations and percentage of
diatoms were estimated in each of the three regions for the
first kilometre nearest to the coast and along the 43 km of
coastline (Table 4) based on the work of Sebastia et al.
(2012a), which determined that the highest concentrations
of chlorophyll a are observed in the 1000 m nearest to the
coast. For this purpose, coastal water data from Cullera
(Falco et al., 2007) and Gandia (Gadea et al., 2013) were
also used. Those points significantly influenced by freshwater
(salinity <34.5) were discarded. Regarding DSi, higher con-
centrations were clearly observed in Oliva-Pego, followed by
Xeraco-Gandia and Cullera, showing statistically significant
differences (p < 0.01) between the three regions. The
increasing trend from north to south along the coastline
might have matched with river DSi inputs, as higher dis-
charges were displayed in the Oliva-Pego region (Table 3).
Furthermore, this gradient could also correspond to the
observed pattern for permanent wells (Table 2). This would
suggest a connection between SGD and coastal waters where
SGD could represent a significant percentage of Si contribu-
tion to the marine ecosystem.

The DSi content (t) for each region, could be estimated
(Table 5) from the water volume (calculated from the shore-
line length in each area (Table 4) and assuming that depth
increases progressively up to 10 m at 1 km from the shoreline)
and the DSi mean in each region (Table 4). Moreover, biogenic
Si content was also calculated from the diatom percentage
within the phytoplankton community (Table 4) and its corre-
sponding Chl-a amount, assuming that all groups have similar
levels of Chl-a. Diatom chlorophyll a was converted into
carbon units using C:Chl-a 50: 1 ratio (Ciotti et al., 1995)
and converted to Si moles according to the Redfield ratio
(C:Si, 106:16) (Redfield et al., 1963) in order to estimate the
biogenic Si belonging to diatoms in each of the three regions
(Table 5). Finally, the total Si content for each region was
obtained from the sum of dissolved Si and biogenic Si con-
tent. A total silicon amount of 21.3 t was estimated for the

Table 3 Mean discharges (Q) their corresponding period (Q period), mean dissolved silicate concentrations (DSi) and silicate fluxes
(Si_DSi flux). The study region corresponding to each river is shown in parentheses.

Rivers (region) Q period Q[m3s™"] DSi [M] Si_DSi flux [t d~"]
Jacar (Cullera) 2006—2016 1.42 87.8° 0.30

Serpis (Xeraco-Gandia) 2006—2016 1.94 93.3° 0.44

Vedat (Oliva-Pego) 2004—2011 1.62 96.0¢ 0.38

Racons (Oliva-Pego) 2004—2011 1.93 96.0°¢ 0.45

Total 1.56

Sources:

2 Falco et al. (2007).

b Sebastia and Rodilla (2013).

€ Values measured in 2010.
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Table 4 Mean salinity, dissolved silicate (DSi) and chlorophyll a (Chl-a) concentrations and percentage of diatoms in the nearest
kilometre to the coast in each region within the southern sector of the Gulf of Valencia.

Cullera Xeraco-Gandia Oliva-Pego Gulf of Valencia (southern sector)
(n =70) (n=101) (n = 45)

Coastline [km] 10.0 21.3 11.9 43.2

Salinity 37.1 37.3 36.9 37.1

DSi [wM] 1.7 2.8 4.9 3.1

Chl-a [pg L™"] 1.87 0.96 1.28 1.26

% Diatoms [%] 46.7 62.0 52.4 55.8

Values for the southern sector of the Gulf of Valencia were calculated as a weighted average from the three regions sampled, depending on
their coastline length. These results are provided from data collected at the surf zone and coastal waters during 2008, 2009, 2010, 2012 and
2013 and Falco et al. (2007) and Gadea et al. (2013). The number of samples in each region are shown in brackets.

Table 5
sector of the Gulf of Valencia.

Dissolved and biogenic Si content in the nearest kilometre to the coast in each study region and in the whole southern

Cullera Xeraco-Gandia Oliva Gulf of Valencia (southern sector)
Dissolved Si content [t] 2.4 8.2 8.1 18.7
Biogenic Si content [t] 0.8 1.1 0.7 2.6
Total Si content [t] 3.2 9.3 8.8 21.3

waterbody along the study area. Only 2.6 t were related with
biogenic Si, which represent 13% of the total budget in the
water column. This point implies that there is a sufficient
amount of DSi to maintain diatom population in the study
area, so the diatom community should have not been heavily
dependent on continental inputs of this nutrient.

To study dissolved silicate sources within the nearest
1000 m to the coast in the study zone, the background level
of this nutrient in seawater should be subtracted from the
18.7 t (Table 5). According to the data obtained by Sebastia
et al. (2013), which analyzed seawater quality in a sampling
station placed in the central zone of the study area —
approximately 9 km from the coastline — with low terrestrial
input influence, a background level of 1 uM was assumed.
Following this approach, there is a background level of 6 t
within the study area (by multiplying the sea background
concentration and the water volume in the first kilometre
along the 43 km of shoreline), so it would be only necessary to
justify an additional amount of 12.7 t of the 18.7 t dissolved.
The local rivers in the study area — Jucar, Serpis, Vedat and
Racons — discharge a total flux of 1.56 td~' into the sea
(Table 3), requiring ca. 8 days to supply all this additional
amount of Si through river inputs. The remaining 11.1 t (59%
of dissolved silicate) could be related to SGD.

The amount discharged by local rivers — 1.56 t d~' — must
be increased by a groundwater flow enriched in silicate (F2,
Fig. 4). This groundwater discharge, with mean values of
15 and 49 uM for salinity and DSi respectively, contributes to
the increased Si concentration in the coastal region. Based
on groundwater DSi content, it is speculated that the Plana
Gandia-Dénia subsystem produces higher groundwater fluxes
than the Plana Valencia system due to the higher Si concen-
trations found in southern sampling stations.

5. Conclusions

The coastal aquifers placed within the hydrogeological system
of Plana Valencia and the subsystem of Plana Gandia-Dénia
presented DSi values between 130 and 180 uM, displaying a
positive gradient from north to south. The aquifers discharged
into the coastal zone with an average salinity of 15 and a DSi
concentration of 49 pM. Coastal waters have a mean DSi
concentration of 3.1 wM, meaning that a continental influence
is present when compared to concentrations obtained in
Mediterranean Sea offshore waters. This continental influence
could be more evident in those points located further south,
where the highest DSi values were detected. The positive
gradient observed corresponded with the DSi trend in coastal
aquifers, so that SGD may represent an important percentage
of Siinputs to the marine ecosystem. The silica requirement of
diatoms in coastal waters was ca. 2.6 t, clearly lower than the
amount dissolved (18.7 t). From this dissolved pool, nearly 6 t
came from marine waters, 1.6 t from rivers and the rest must
be provided by the SGD (59% of dissolved silicate in the first
kilometre of the coast). There is obviously great uncertainty in
these estimates because of the inherent heterogeneity of this
system in time and space. This includes both temporal and
spatial variability in silicon concentrations and advective
transport. Constraining our estimates will require a consider-
able amount of additional work, including the use of isotopes
of radium to assess SGD flux and cross-shelf transport.
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KEYWORDS Summary Two Spitsbergen fjords, Hornsund and Kongsfjorden, are known for being under
Optical properties; different hydrological regimes. The first is cold, separated from warm Atlantic water by East
Particles; Spitsbergen Current, while Kongsfjorden is frequently penetrated by relatively warm Atlantic
Hornsund; water. On the other hand, both are under strong influence of water discharge from glaciers and
Kongsfjordenen land freshwater input. During the period of observation in both fjords a dominant water mass was

Surface Water, which originates mainly from glacial melt. The presence of suspended matter
introduced with melt water in Surface Water is reflected by highest values of light attenuation
and absorption coefficients recorded in areas close to glacier both in Hornsund and Kongsfjorden.
In Hornsund the maximum light attenuation coefficient c,¢(555) was 5.817 m~" and coefficient of
light absorption by particles a,(676) = 0.10 m~". In Kongsfjorden the corresponding values were
26.5m~" and 0.223m™". In Kongsfjorden suspended matter of the size class 20—200 um
dominated over fractions smaller than 20 um while in Hornsund dominating size fraction was
2—20 pm. The results provide an evidence of considerable range of variability of the optical
properties mainly due to glacial and riverine runoff. The scale of variability of particulate matter
in Kongsfjorden is bigger than in Hornsund. Most of the variability in Hornsund can be attributed to
glaciers discharge and a presence of particles of mineral origin, while in Kongsfjorden the organic
and mineral particles contribute almost equally to defining the optical properties of water.
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1. Introduction

In recent years Spitsbergen fjords have received special
attention as potentially sensitive areas to ongoing climate
change and global warming (Pavlov et al., 2013; Westawski
et al., 2017; Wlodarska-Kowalczuk and Weslawski, 2001).
Observed ice retreat and intensified glacier melt (Mucken-
huber et al., 2016), discharging particulate matter to the
surrounding waters affect light penetration and its availabil-
ity, thus changing underwater light climate for photosyn-
thetic processes. Rising air temperatures increase the supply
of fresh water to the fjords, which increases local stratifica-
tion and reduce vertical mixing (Kohler et al., 2007; Morten-
sen et al., 2013). This may have an effect on underwater light
distribution, if particulate matter locked in upper surface
layer prevents light penetration into deeper layers (Pegau,
2002). Changes in quantity and type of sediment discharged
by retreating glaciers may alter biological climate in fjords
and may also be interpreted as another sign of long term
warming processes. The changes are expected to be espe-
cially visible while comparing the areas of known contrasting
hydrological regimes, as in the case of Hornsund and Kongsf-
jorden, Spitsbergen (Ormanczyk et al., 2017; Piwosz et al.,
2009). The first is relatively cold, separated from warm
Atlantic water by East Spitsbergen Current (Rudels et al.,
2005), while the latter is easily but irregularly penetrated by
relatively warm Atlantic water (Cottier et al., 2010; Inall
et al., 2015).

The aim of the study is to examine the differences and
similarities of the optical properties and characteristics of
particulate suspensions in fjords waters in relation to water
masses and locations of sampling — vicinity of the glaciers,
possibly affected by glacial runoff, inner and outer fjord
areas, thus along the expected gradient of change. The study
aims to set up a baseline of optical properties that may be
used as a reference for future observation or modeling of
effects of climate warming.

2. Material and methods

The presented material was collected in 2009 between 22nd
and 26th of July in Hornsund and 30th of July to 1st of August
in Kongsfjorden; in 2010 between 22nd and 25th of July in
Hornsund, and 30th to 31st of July in Kongsfjorden. In both
campaigns sampling was performed in the same locations.
Altogether 11 stations were visited in Hornsund and 9 stations
in Kongsfjorden in 2009—2010 (Fig. 1). Stations were grouped
according to their location in fjords: glacier stations (H1,
HR3, B1, B2, KB5, MI2), inner stations in the middle of the
fjords (H2, HR1, HR2, KB2, KB3) and outer stations, located at
the entrance to the fjords (H4, Auk, KB1, KB0). The stations
were sampled from the surface down to 110 m depth. Alto-
gether 903 samples were collected in Kongsfjorden and
1002 samples in Hornsund.

Spectral light attenuation c(1) and absorption a(x) coeffi-
cients (inherent optical properties of water, I0P), salinity and
temperature were measured in situ, with an instrument
package consisting of an ac-9plus meter (WET Labs Inc.,
USA) and a Seabird SBE 49 FastCAT probe (Seabird Electro-
nics, USA). Vertical sampling resolution was ~30 cm. Absorp-
tion a and beam attenuation c coefficients were measured at

nine wavelengths; 412, 440, 488, 510, 532, 555, 650, 676 and
715 nm. Dynamic range of the meter is of 0.001—10.0m™".
Temperature and salinity corrections were applied to the
signal, (Sullivan et al., 2006), as well as required correction
for scattering (Zaneveld et al., 1994). The instrument was
calibrated in ultrapure water and routinely checked for stabi-
lity with air-readings. Every 3—6 casts all the optical elements
of the sensors were routinely cleaned.

The light attenuation and absorption coefficients
are linked by relation c(x)=a(r) + b(r), where b(r) is
light scattering coefficient. Total absorption is a sum
of absorption by pure water and water components,
a(x) = aw(x) + ap(r) + aq(1), where index w denotes water,
p — particles as a mixture of phytoplankton and non-pigmen-
ted particles, referred also as non-algal particles, NAR, and g,
referred as gelbstoff — colored dissolved organic material
(CDOM). Since ac-9plus meter is calibrated with pure water
as a reference, output values of coefficients of absorption
and attenuation do not account for the absorption or scatter-
ing by the water. Light absorption by dissolved organics and
non-pigmented particles decay toward the red part of the
light spectrum (Babin et al., 2003a; Bowers and Binding,
2006). In the investigated waters a,(676) and ayap(676)
may be considered negligible in case of the presence of
phytoplankton, which absorbs light on 676 nm (Nima
et al., 2016; Pavlov et al., 2015). In result, light absorption
coefficient by particles a,(676) predominantly reflects the
presence of the living organic.

Light scattering by particles, characterized by scattering
coefficient bp(1) = Cpg(X) — apg(2), depends on particles' size,
shape, internal composition and origin — organic or mineral
(Stramski et al., 2004). Light scattering in natural waters,
which contain varying mixture of particles of different types
and origin, is either weakly wavelength dependent (higher
scattering in blue, lower in red) or spectrally neutral (Babin
et al., 2003b). The contribution to scattering of organic
particles, which have refraction index similar to that of
surrounding water, is weaker than this of mineral particles.
Model results suggest that all the planktonic components
contribute to 17—20% of total scattering coefficient by(1)
(Stramski et al., 2001). The value of b,(555) may be used as
an indicator of a total particulate matter. The mid-spectrum
wavelength of 555 nm is chosen to minimize dependency on
type of particles and to avoid the effect of anomalous dis-
persion occurring around pigment absorption bands, (van de
Hulst, 1957). Consequently, the ratio of b,(555)/a,(676) was
used as a proxy index of bulk particles composition where
high/low ratio reflects the predomination of mineral/organic
particles.

The particle volume concentration (PVC, microliter per
liter [uL L~']) was measured with the Laser In Situ Scattering
and Transmissometry (LISST), Sequoia Scientific, which was
coupled with an optical probe. The instrument measures the
light scattered by particles on 32 ring detectors arranged as
to intercept light scattered at 32 different angles from a
collimated laser beam (emission 670 nm) in 32 logarithmically
spaced size classes ranging in diameter from 1.25 to 250 pm
(Agrawal and Pottsmith, 2000). In this study, 32 discrete LISST
size bins were grouped into three size classes. Without
presumption about the actual origin of observed particles
there was adopted classification proposed by Sieburth et al.
(1978) for the separation of planktonic organisms into
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Figure 1
used with courtesy of Norwegian Polar Institute.

picoplankton (0.2—2 wm), nanoplankton (2—20 wm), and
microplankton (20—200) pm.

3. Results and discussion

3.1. Hydrological background

Collected temperature and salinity data were plotted on the
T—S diagram against a classification of Cottier et al. (2005)
(Fig. 2). Classification, which was developed for water
masses of Kongsfjorden, was applied also for Hornsund
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4 Hornsund, 2010
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Salinity

Figure 2 T-S diagram of the water masses that have been
identified in Hornsund (blue) and Kongsfjorden (red) during
campaigns in 2009 (rings) and 2010 (crosses). SW — Surface
Water, IW — Intermediate Water, LW — Local Water, WCW —
Winter-cooled Water, AW — Atlantic Water, TAW — Transformed
Atlantic Water. The water mass classification applied was of
Cottier et al. (2005). (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of the article.)
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Sampling stations in Hornsund (left panel) and Kongsfjorden (right panel). Maps (http://toposvalbard.npolar.no/) were

waters, as the physical processes governing water mass
formation in different Arctic fjords are similar (Cottier
et al., 2010). According to classification, the Surface Water
(SW), which forms from glacial melt and is dominant in late
spring and summer (Svendsen et al., 2002), is defined by
salinity <34.00 and temperature >1.0. In Hornsund, on
stations H1 and HR3, which were located close to the glacier,
salinities in the water surface layer were below 33, so even if
their temperatures were below 1°C, qualifying them for Local
Waters (LW), these waters were also included in SW (Fig. 2).
In all three groups of stations, located close to glacier, inner
and outer stations, SW waters were found on depths from 0 m
to 77 m in Hornsund, and from 0 m to 43 m in Kongsfjorden.
Altogether, close to 50% of all recorded data of temperature
and salinity were qualified as SW domain. Mean values of
salinity in SW in Hornsund and Kongsfjorden were similar,
33.16 and 33.05, respectively, however mean values of tem-
perature were higher in Kongsfjorden, 4.01°C compared to
1.58°C in Hornsund. This tally with numerous previous obser-
vations (as Cottier et al., 2010; Piwosz et al., 2009; Weslawski
et al., 1991), categorizing Kongsfjorden as a 'warm' and
Hornsund as a 'cold’ fjord. Intermediate Water (IW) were
found in Hornsund on inner stations on depths of 50—
110 m, and on all stations in Kongsfjorden on depths 16—
71 m. Waters of T—S characteristics of Local Water (LW),
which apparently are formed during the autumn and winter
(Cottier et al., 2005) were found on inner stations in Horn-
sund on depths of 40—110 m, and on all stations in Kongsf-
jorden on depths 40—110 m. Winter-cooled Water (WCW) was
recorded in Kongsfjorden, on all stations on depths below
68 m, and in Hornsund on glacier stations on depths below
77 m. Many observations confirm frequent inflow of AW into
Kongsfjorden (Cottier et al., 2005; Saloranta and Svendsen,
2001) and its relation with phytoplankton blooms (Hegseth
and Tverberg, 2013), however during the period of observa-
tion AW and Transformed Atlantic Waters (TAW) were found
only in 2010 in Kongsfjorden. About 16% of temperature and
salinity recorded in Kongsfjorden fall in AW domain. AW was
present on the outer stations KBO, depths >40m, KB1,
depths > 65 m and inner station KB2, depths > 65 m. There
were only 5 records of TAW, which were included to AW
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domain. No waters of characteristics of AW or TAW were
found in Hornsund. As it is seen in Fig. 2, temperature and
salinity in Hornsund (blue marks) and Kongsfjorden (red
marks) display the same characteristics in 2009 and 2010,
so in the further analyses optical and hydrological data from
both years were clustered together.

3.2. Optical properties of the water masses in
the inner and outer parts of the fjords

During the period of observation in both fjords a dominant
water mass was Surface Water, which originates mainly from
glacial melt. This is reflected by highest values of attenuation
and absorption coefficients recorded in SW both in Hornsund

Table 1

and Kongsfjorden. In Hornsund the mean light attenuation
coefficient c,g(555), mid-part of the light spectrum, is
1.155m~" with corresponding absorption  @,g(555) =
0.038 m~", (Table 1). In SW in Kongsfjorden the values are
2.418m~" and 0.1499 m~', respectively. Maximum values
observed on stations close to the glacier in Kongsfjorden,
exceeded 30.0m~', which is well beyond the nominal
dynamic range of the meter, 10.0 m~". Corresponding values
of light absorption are of order of magnitude lower
than attenuation (Table 1), which implies that the light
attenuation is affected mainly by the process of light scat-
tering by suspended particulate matter, induced by the
melting glacier or river runoff. Due to the hydrological
stratification, the process of sedimentation is slowed down,

Median, mean, standard deviation, minimum and maximum values of light attenuation c,¢(1) [m~"] and absorption Apg(2)

[m~"] coefficients of visible light spectrum (1 = 412 nm to A = 715 nm) in identified water masses in Hornsund and Kongsfjorden, July

2009 and 2010.

Water mass, number Wavelength Hornsund
el [nm] Light attenuation [m~"] Light absorption [m~"]
Median Mean Std. dev  Min. Max. Median Mean Std. dev Min. Max.
Surface Water 412 1.081 1.602 1.339 0.273 7.853 0.300 0.295 0.149 0.076 0.822
N =635 440 0.947 1.457 1.262 0.209 7.315 0.196 0.196 0.094 0.061 0.572
488 0.872 1.323  1.155 0.181 6.636 0.096 0.105 0.059 0.018 0.343
510 0.812 1.260 1.114 0.172 6.357 0.069 0.077 0.044 0.017 0.268
532 0.783 1.204 1.069 0.150 6.089 0.048 0.060 0.034 0.012 0.195
555 0.753 1.155 1.024 0.147 5.817 0.028 0.038 0.025 0.004 0.134
650 0.647 0.993 0.885 0.122 4.978 0.021 0.022 0.011 0.007 0.069
676 0.639 0.971 0.849 0.118 4.789 0.011 0.016 0.014 0.001 0.101
715 0.602 0.913 0.809 0.106 4.531 0.000 0.000 0.000 0.000 0.000
Intermediate Water 412 0.421 0.418 0.041 0.341 0.526 0.108 0.107 0.005 0.095 0.116
N=176 440 0.357 0.352 0.040 0.277 0.458 0.091 0.090 0.003 0.083 0.097
488 0.325 0.320 0.038 0.248 0.421 0.044 0.044 0.002 0.037 0.050
510 0.314 0.310 0.037 0.237 0.405 0.033 0.033 0.002 0.027 0.037
532 0.289 0.285 0.037 0.213 0.377 0.031 0.031 0.002 0.027 0.035
555 0.284 0.280 0.036 0.210 0.370 0.021 0.021 0.002 0.015 0.024
650 0.255 0.251 0.033 0.187 0.335 0.009 0.009 0.001 0.007 0.011
676 0.247 0.244 0.032 0.181 0.325 0.008 0.008 0.001 0.007 0.010
715 0.233 0.230 0.031 0.167 0.310 0.000 0.000 0.000 0.000 0.000
Local Water 412 0.436 0.681 0.384 0.303 1.689 0.131 0.154 0.048 0.109 0.299
N=178 440 0.417 0.620 0.337 0.283 1.534 0.080 0.104 0.038 0.066 0.209
488 0.382 0.563 0.307 0.252 1.392 0.029 0.047 0.028 0.018 0.116
510 0.355 0.532 0.303 0.221 1.328 0.027 0.038 0.018 0.019 0.091
532 0.361 0.515 0.277 0.231 1.260 0.020 0.031 0.016 0.013 0.076
555 0.351 0.498 0.266 0.223 1.210 0.012 0.020 0.013 0.004 0.056
650 0.294 0.425 0.242 0.171 1.056 0.019 0.017 0.004 0.006 0.024
676 0.311 0.427 0.221 0.191 1.025 0.006 0.007 0.002 0.003 0.015
715 0.282 0.396 0.218 0.164 0.979 0.000 0.000 0.000 0.000 0.000
Winter-cooled Water 412 0.858 0.648 0.145 0.455 0.943 0.189 0.156 0.025 0.127 0.220
N =41 440 0.791 0.602 0.117 0.429 0.832 0.122 0.103 0.022 0.079 0.159
488 0.718 0.550 0.103 0.392 0.746 0.059 0.046 0.017 0.028 0.089
510 0.681 0.518 0.104 0.385 0.713 0.049 0.040 0.010 0.027 0.063
532 0.655 0.511  0.090 0.388 0.676 0.038 0.031 0.010 0.018 0.053
555 0.633 0.495 0.085 0.376 0.657 0.026 0.020 0.008 0.010 0.038
650 0.549 0.421  0.079 0.310 0.579 0.020 0.019 0.005 0.008 0.027
676 0.544 0.429 0.069 0.322 0.561 0.006 0.005 0.002 0.002 0.009
715 0.504 0.394 0.070 0.287 0.533 0.000 0.000 0.000 0.000 0.000
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Water mass, number Wavelength Kongsfjorden
Pl [nm] Light attenuation [m~"] Light absorption [m~]
Median Mean Std. dev  Min. Max. Median Mean Std. dev Min. Max.
Surface Water 412 1.982 3.449 4.381 0.429 31.659 0.261 0.584 0.666 0.129 4.442
N =276 440 1.595 3.083 4.202 0.374 30.248 0.199 0.432 0.4%4 0.101 3.276
488 1.332 2.772  3.949 0.324 28.365 0.127 0.290 0.347 0.060 2.266
510 1.209 2.637 3.845 0.310 27.600 0.096 0.235 0.290 0.045 1.867
532 1.121 2.526 3.750 0.289 26.932 0.077 0.196 0.245 0.038 1.558
555 1.037 2.418 3.647 0.274 26.255 0.056 0.149 0.192 0.026 1.210
650 0.842 2.091 3.260 0.220 23.747 0.023 0.048 0.057 0.011 0.368
676 0.814 2.040 3.176 0.240 23.289 0.026 0.037 0.033 0.011 0.223
715 0.765 1.936 3.050 0.196 22.414 0.000 0.000 0.000 0.000 0.000
Intermediate Water 412 0.504 1.147 1.083 0.359 4.212 0.144 0.217 0.136 0.118 0.605
N=176 440 0.450 1.053 1.041 0.303 4.032 0.111 0.173 0.116 0.089 0.507
488 0.389 0.957 0.986 0.251 3.775  0.065 0.114 0.090 0.045 0.373
510 0.378 0.927 0.960 0.241 3.655  0.051 0.094 0.080 0.034 0.324
532 0.351 0.887 0.939 0.218 3.537 0.043 0.082 0.071 0.030 0.286
555 0.339 0.857 0.914 0.208 3.424 0.031 0.064 0.058 0.020 0.229
650 0.282 0.743 0.817 0.165 3.018 0.015 0.024 0.017 0.008 0.074
676 0.310 0.753 0.800 0.188 2.975 0.013 0.019 0.011 0.009 0.048
715 0.250 0.684 0.767 0.139 2.814  0.000 0.000 0.000 0.000 0.000
Local Water 412 1.471 1.867 0.769 1.159 3.662  0.201 0.328 0.247 0.173  0.945
N =165 440 1.094 1.507 0.733 1.035 3.193  0.129 0.225 0.165 0.113 0.619
488 0.845 1.263 0.701 0.787 2.837 0.071 0.137 0.110 0.059 0.391
510 0.735 1.153 0.682 0.677 2.662  0.053 0.107 0.087 0.043 0.297
532 0.657 1.074 0.670 0.602 2.542 0.041 0.087 0.071 0.034 0.235
555 0.585 1.002 0.657 0.534 2.423 0.028 0.064 0.054 0.023 0.172
650 0.437 0.827 0.593 0.394 2.077 0.012 0.022 0.015 0.008 0.049
676 0.418 0.807 0.584 0.374 2.027 0.011 0.016 0.009 0.006 0.034
715 0.385 0.754 0.561 0.342 1.930 0.000 0.000 0.000 0.000 0.000
Winter-cooled Water 412 1.462 3.204 0.591 1.421 3.866 0.203 0.696 0.206 0.172 0.946
N=37 440 1.064 2.785 0.549 1.034 3.396 0.129 0.483 0.120 0.111 0.621
488 0.810 2.477 0.510 0.785 3.042  0.069 0.316 0.074 0.058 0.394
510 0.700 2.330 0.489 0.678 2.835 0.051 0.251 0.055 0.042 0.304
532 0.624 2.225 0.475 0.603 2.722  0.040 0.206 0.043 0.033 0.240
555 0.556 2.123  0.459 0.535 2.600 0.028 0.155 0.032 0.023 0.176
650 0.420 1.825 0.403 0.396 2.232 0.011 0.045 0.009 0.009 0.051
676 0.399 1.779 0.392 0.377 2.165 0.008 0.029 0.005 0.007 0.032
715 0.367 1.691 0.375 0.345 2.059 0.000 0.000 0.000 0.000 0.000
Atlantic Water 412 0.384 0.407 0.058 0.345 0.573 0.121 0.128 0.014 0.112 0.160
N =149 440 0.344 0.356 0.050 0.291 0.505 0.090 0.096 0.010 0.085 0.120
488 0.290 0.301 0.048 0.239 0.443 0.050 0.052 0.008 0.043 0.070
510 0.287 0.294 0.045 0.233 0.428 0.039 0.041 0.007 0.032 0.056
532 0.263 0.270 0.044 0.209 0.400 0.034 0.035 0.006 0.028 0.048
555 0.251 0.259 0.043 0.201 0.387 0.025 0.025 0.005 0.019 0.036
650 0.200 0.208 0.041 0.157 0.329 0.013 0.012 0.003 0.007 0.016
676 0.195 0.220 0.051 0.167 0.359 0.010 0.010 0.001 0.007 0.012
715 0.171 0.179 0.039 0.130 0.295 0.000 0.000 0.000 0.000 0.000

so high values of IOP, higher than in other water masses, are
observed in SW in all stations in both fjords. On stations
located in inner and outer part of fjords and in water masses
of IW, LW, WCW the optical properties are within the same
range of values in both fjords. Values of light scattering
by(555) were in range of 0.30—0.60m~' and absorptions
a,4(412) were close to minimum values observed, 0.20 m™'
(Table 1, Fig. 3). In most cases the means of b,(555) or

apg(412) between inner and outer stations are not statisti-
cally different (post hoc Tukey HSD test). This reflects pro-
cesses of horizontal and vertical hydrological mixing which
transform waters in the annual cycle (Cottier et al., 2005,
2010). It is noticeable, however, that mean values of light
attenuation and absorption in Atlantic Water (AW) in Kongsf-
jorden, b,(555)=0.30m"", ape(412)=0.13m~", (Table 1),
are of typical of Atlantic Water in West Spitsbergen Current
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Figure 3 Median statistics of light scattering b,(555) by particulate matter (left panel) and absorption ape(412) by sum of non-
pigmented particles (NAP) and dissolved organic matter (CDOM), (right panel), aggregated over location of samples: glacier, inner fjord
and outer fjord areas and over identified water masses in Hornsund and Kongsfjorden, July 2009 and 2010; box — 25—75% quartiles,

whiskers — non-outlier range.

outside the Kongsfjorden (Pavlov et al., 2015). This leads to a
conclusion that in the period of observation optical proper-
ties of fjords' waters (SW, LW, IW, WCW) were shaped by a
local process, such as glacial or river runoff or local produc-
tion of organic matter, rather than induced by advection
of AW.

One of the distinct features seen in Table 1, common for
all water masses in both fjords, is high light absorption in the
blue part of the spectrum, 412—488 nm, which is the effect of
absorption by colored dissolved organic matter (CDOM) and
particles, (Babin et al., 2003a). Since absorption by NAP is
usually one order of magnitude smaller than by CDOM, (Babin
et al., 2003a; Nima et al., 2016), observed high values of
absorption are mainly the effect of the presence of CDOM. In
both fjords the highest values of ap,(412) were recorded on
glacier stations in Surface Water, 0.82 m~" in Hornsund and
4.44 m~" in Kongsfjorden. The absorption values apg(412) are
comparable with observed in coastal waters in temperate
regions, as Baltic Sea (Kowalczuk, 1999). Elevated level of
CDOM in glacier areas tally with observations of Hood et al.
(2009) of possible release of organic carbon from glaciers and
ice sheets, and Kulinski et al. (2014) on the role of glaciers as
a source of particulate organic material. It is known that
increased load of dissolved organic matter, of which CDOM is
an important part, may lead to serious implication in the

Arctic Ocean biogeochemistry, heat budget and underwater
light filed (Granskog et al., 2007; Pegau, 2002; Stedmon
et al., 2011), so the presence of CDOM should be considered
in further studies of fjords' environment.

3.3. Particulate matter in the inner and outer
parts of the fjords

Similarly to optical data, data of particle volume concentra-
tion were aggregated according to the sampling location in
the fjords, and in respect to identified water masses. Table 2
presents basic statistics of particle volume concentration of
suspended matter in Hornsund and Kongsfjorden. Values of
median, mean, standard deviation, minimum and maximum
of PVC were calculated over size classes of 20—200 pm, 2.0—
20 pm, 1.5—2.0 wm, as a sum the PVCs in all water masses
found in a given location: glacier, inner fjord and outer fjord
areas.

Based on all parameters and statistics that were applied,
the waters in a glacier area in Kongsfjorden were the richest
in particles, compared to other areas, including Hornsund
glacier area. Median size of particles in Kongsfjorden was
110.4 pm vs 79.38 um in Hornsund and in terms of PVC,
11.77 uLL™" in Kongsfjorden and 3.63 pL L' in Hornsund
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Table2 Median, mean, standard deviation, minimum and maximum values of particle volume concentration of suspended matter
in size classes 20—200, 2.0—20, 1.5—2.0 wm aggregated over location of samples: glacier, inner fjord and outer fjords areas and over
identified water masses in Hornsund and Kongsfjorden, July 2009 and 2010.

Particle size Hornsund

Kongsfjorden

class [um]

Particle volume concentration [uL L~"]

Median Mean Std. dev Min.

Max. Median Mean Std. dev Min. Max.

Median size = 79.38 um; n =408

20200 2.55 3.63 3.45 0.21
2.0-20 0.52 0.79 0.72 0.22
1.5-2.0 0.02 0.07 0.13 0.00

Median size = 35.62 um; n = 460

20-200 0.63 1.39 3.07 0.01
2.0-20 0.37 0.53 0.46 0.13
1.5-2.0 0.01 0.04 0.10 0.00

Median size = 26.13 um; n =134

20—-200 0.09 0.22 0.52 0.00
2.0-20 0.14 0.26 0.31 0.03
1.5-2.0 0.01 0.02 0.02 0.00

Median size = 46.61 um; n = 635

20—-200 1.59 2.72 3.96 0.00
2.0-20 0.50 0.75 0.70 0.03
1.5-2.0 0.02 0.07 0.14 0.00

Median size = 19.15 pm; n = 68

20—-200 0.63 0.64 0.08 0.51
2.0-20 0.40 0.39 0.03 0.33
1.5-2.0 0.00 0.00 0.00 0.00

Median size = 50.88 um; n =178

20—-200 0.71 1.08 1.12 0.01
2.0-20 0.31 0.33 0.15 0.13
1.5-2.0 0.01 0.01 0.01 0.00

Median size = 86.00 wm; n = 121

20—-200 1.37 1.54 0.84 0.21
2.0-20 0.35 0.34 0.08 0.22
1.5-2.0 0.00 0.01 0.01 0.00
20—-200 = = = =
2.0-20 = = = =
1.5-2.0 = = = =

Glacier area
Median size = 110.44 um; n = 262

35.40 6.40 11.77 17.29 0.89 137.83
3.89 0.87 1.38 2.42 0.30 29.31
0.84 0.05 0.13 0.47 0.00 6.46
Inner fjord
Median size = 44.84 um; n = 324
54.37 0.16 0.45 0.96 0.00 6.46
2.14 0.14 0.21 0.23 0.02 1.17
1.28 0.01 0.03 0.08 0.00 0.69

Outer fjord
Median size = 37.01 um; n =317

4.77 0.04 0.34 1.56 0.00 18.58
1.77 0.14 0.20 0.18 0.01 0.97
0.12 0.01 0.02 0.05 0.00 0.40

Surface Water
Median size = 90.64 um; n =276

54.37 1.48 9.07 17.87 0.00 137.83
3.89 0.66 1.17 2.42 0.01 29.31
1.28 0.05 0.15 0.46 0.00 6.46

Intermediate Water
Median size = 56.66 um; n =176

1.02 0.05 1.72 3.17 0.00 12.34
0.42 0.19 0.32 0.30 0.03 1.36
0.01 0.01 0.03 0.02 0.00 0.14
Local Water
Median size = 65.59 pm; n = 165
4.90 0.33 1.81 2.58 0.00 7.69
0.64 0.15 0.31 0.31 0.02 1.06
0.03 0.00 0.02 0.02 0.00 0.08

Winter-cooled Water
Median size = 54.77 pm; n = 135

3.69 0.23 1.69 2.32 0.00 0.23
0.50 0.14 0.32 0.33 0.02 0.14
0.03 0.01 0.02 0.02 0.00 0.01

Atlantic Water
Median size = 16.79 pm; n = 151

= 0.00 0.02 0.07 0.00 0.00
= 0.13 0.13 0.03 0.05 0.13
= 0.01 0.01 0.00 0.00 0.01

(Table 2). In both fjords, PVC of suspended matter of the size
class 20—200 wum dominated over fractions smaller than
20 pm. The characteristics of particle distribution, as PVC
in mean or median size, are defined more by location in the
fjords than by the water mass they are measured in. As it is
seen in Fig. 4 and Table 2, the median size of particulate
content is of the same range of 60—90 pwm in water masses in
the glacier area. This may reflect the sedimentation process
along the water column (Gorlich, 1986).

In inner and outer areas of fjords mean values of PVC were
considerably lower than those observed close to the glacier:
0.34-0.45 pL L=" in Kongsfjorden and 0.22—1.39 uLL™" in
Hornsund (Table 2), while their range of variability is of an
order of magnitude smaller than in waters close to the
glacier. In respect of water masses, in Surface Water an
opposite patterns of distribution of median of particle size
was noted along the fjords. While in both fjords value of
median particle size decreases toward the fjord entrance, in
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Figure 4 Median statistics of particle volume concentration (left panel) and median size of particles of range of 0.15—200 pm (right
panel), aggregated over location of samples: glacier, inner fjord and outer fjord areas and over identified water masses in Hornsund and
Kongsfjorden, July 2009 and 2010; box — 25—75% quartiles, whiskers — non-outlier range.

Kongsfjorden its variability, measured with a span of 25—75%
quartiles, increases toward the entrance of the fjords from
110 to 130 um in the fjord end to 20—130 um at the outer
area (Fig. 4, right upper panel). In Hornsund an opposite
trend was observed; the median of particle size variability
decreased from a 60—110 um to 10—20 wm. This detected
difference in particles median size characteristics along the
fjords may indicate differences between the fjords in terms
of the processes of particles dynamics, such as sinking,
aggregation, trophic interactions within the planktonic com-
munity or particle composition.

3.4. Relations between light absorption and
particles content

Coefficients of correlation between light scattering by
particulate matter b,(555), light absorption by sum of
particles and dissolved organic matter apg(412), light
absorption in chlorophyll band a,(676) and particle volume
concentration in size classes of 20—200 pm, 2—20 pm and
0.15—2 pum are presented in Table 3. In Kongsfjorden light
scattering by particulate matter b,(555) is strongly corre-
lated both with absorptions in 412 nm and 676 nm, r >
0.92, which suggests that close to 90% of observed variance
of b,(555) may be explained by the dominating presence of
particles of organic origin. In Hornsund the correlation

coefficients for the same parameters are lower, r =0.65—
0.76, which suggests equal influence on water optical
properties of particles of mineral and organic origin. Fjords
also differ by the dominating particle size fraction. In
Kongsfjorden coefficient of correlation of scattering and
absorption with particles volume concentration of size 20—
200 pm is of range of 0.90—0.96. In Hornsund dominating
size fraction is 2—20 um, and its high correlation with
bp(555), r=0.95, but lower correlation with a,(676),
r=0.75 confirms the notion of higher content of particles
of mineral origin.

Further evidence that optical properties of fjords are
considerably controlled by particulate matter composition
is provided by statistics of the ratio b,(555)/a,(676). The
ratio largely removes first order dependency on particle
concentration, and is thus expected to mainly reflect changes
in bulk composition and size distribution of the particle
assemblage (Neukermans et al., 2016). Median statistics of
bp(555)/a,(676) are presented in Fig. 5, with the values of
ratio aggregated over location of samples: glacier, inner fjord
and outer fjords areas, and over identified water masses in
Hornsund and Kongsfjorden. In all derived categories, loca-
tion or water mass, the ratio, as well as a range of variability
of quartiles are lower in Kongsfjorden, b,(555)/a,(676) ~
60 — 70, compared to 100—120 in Hornsund (Fig. 5). All
values of the ratio are also statistically different in fjords
in respective categories.
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Table 3  Coefficients of correlation between light scattering by particulate matter b,(555), light absorption by sum of particles
and dissolved organic matter a,4(412), light absorption in chlorophyll band a,(676) and particle volume concentration in size classes
of 20—200 wm, 2—20 wm and 0.15—2 pum in Kongsfjorden and Hornsund, July 2009 and 2010.

Kongsfjorden
N =903 b,(555) Ape(412) ap(676) PVC (20—200 pm) PVC (2—20 pm) PVC (0.15—20 pm)
bp(555) 1.000 0.923 0.961 0.929 0.893 0.728
Apg(412) 1.000 0.923 0.905 0.785 0.597
ap(676) 1.000 0.907 0.838 0.654
PVC (20—200 pm) 1.000 0.806 0.617
PVC (2.0—20 pm) 1.000 0.939
PVC (0.15—20 pm) 1.000
Hornsund
N = 1002 b,(555) pg(412) a,(676) PVC (20—200 pm) PVC (2—20 wm) PVC (0.15—20 pm)
bp(555) 1.000 0.760 0.650 0.689 0.949 0.818
Apg(412) 1.000 0.576 0.505 0.673 0.630
ap(676) 1.000 0.562 0.750 0.625
PVC (20—200 pm) 1.000 0.670 0.513
PVC (2.0—20 pm) 1.000 0.826
PVC (0.15—20 pum) 1.000
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Figure 5 Median statistics of b,(555)/a,(676) as a proxy index
of bulk composition of particles, aggregated over location of
samples: glacier, inner fjord and outer fjord areas and over
identified water masses in Hornsund and Kongsfjorden, July
2009 and 2010; box — 25—75% quartiles, whiskers — non-outlier
range.

Coefficients of light attenuation c(1) and scattering b(A) in
both fjords were highly correlated for all wavelengths, with
the r coefficient exceeding 0.98 in both fjords, with no
statistical difference between the areas or water masses.
Similarly high correlations, r = 0.93, were observed between
a(x) and b(1) in Kongsfjorden, and lower, but sill statistically
significant, in Hornsund, r = 0.62—0.90. These high spectral
correlations are characteristic for waters with substantial
content of suspended particulate matter (Levin et al., 2013;
Voss, 1992). This feature was not explored there in the
context of differences between fjords, but points to a com-
bination of coefficients of light scattering in 555 nm and
absorption in 676 nm as a proxy for suspended particulate
matter content, reflecting the varying proportions between
organic and inorganic particles. This potentially allows to
narrow the observations to reduced number of wavelengths
of c(1), b(r) or a(r) (i.e. with use of simpler and cheaper
instrumentation) while still being able to resolve the basic
optical properties of the waters in the areas.

4. Conclusions

In both fjords the optical parameters, as well as particulate
matter distribution, are mainly driven by vertical structure
which, through density field, constrains the presence and
residence time of the optically active components. Consider-
ing possibility of relatively rapid changes in hydrological
stratification and distribution of water masses in fjords
due to changes of winds, currents and atmospheric pressure
(Cottier et al., 2005), presented statistics are perhaps closer
to a summer season snapshot than a long term regularity.
Nevertheless, the study presents the first insight into spatial
distribution and range of variability of spectral light attenua-
tion and absorption, in relation to particulate matter volume
concentrations and size of particles in water masses in
Kongsfjorden and Hornsund. The results provide an evidence
of considerable range of variability of the optical properties
of the water column mainly due to glacial and riverine runoff.
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The scale of variability of particulate matter in Kongsfjorden
is bigger than in Hornsund. Most of the variability in Hornsund
can be attributed to glaciers discharge and a presence of
particles of mineral origin, while in Kongsfjorden the organic
particles contribute almost equally to defining the optical
properties of water. This increasing inflow of suspended
matter affects underwater light field, a key factor for water
biological processes. The result of increasing presence of
suspended or dissolved matter, termed as a ‘darkening’ of
waters, may implicate mesopelagic regime shifts in fjords
(Aksnes et al., 2009). Presented in this study detailed spec-
tral statistics of optical properties and particulate matter of
fjords' water masses may be used as basic or boundary
conditions for modeling underwater light field for a range
of other studies.
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KEYWORDS Summary The Brazil—Malvinas Confluence Zone (BMCZ) is characterized by high environmental
MODIS; variation, which could be reflected in several optical types of water, from one containing only
Ocean color phytoplankton and sea water to other optically more complex. In this paper, we analyze the
spectroradiometric spatio-temporal variability of the Chlorophyll-a detected by the ocean color sensor (CHLAg,;) in
chlorophyll-a; BMCZ in order to understand its environmental variability. We use the MODIS-Aqua CHLAg,¢
Remote sensing monthly composites imagery from 2002 to 2015, and applied two statistical methods: the
oceanography; correlogram-based robust periodogram to identify, over a broad spectrum of temporal, the most
Statistics significant periodicities, and the pixel gradient distribution to study the spatial-temporal

gradients within the BMCZ and variations over the continental shelf and coastal waters. Our
results point out to the predominance of the annual cycle over most of the investigated area,
although an area from latitude 37°S in direction NE, alongshore of Uruguay to Brazil, evidences
interannual periodicities, possibly related to variations in the discharge of the Rio de la Plata
associated with the El Nino phenomena. The ocean color spectroradiometric signature in terms of
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pixel gradient presents a relatively high variability (~0.0 to 0.65 mg m~3); in particular the high
values of the pixel gradient correspond to saline front of the estuarine system of Rio de la Plata,
and to the strip of the platform that extends along the isobaths of 80 m (coast of Uruguay),
especially in the center and south of the study area.

© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ocean fronts over continental shelf are closely linked to
bathymetric features. Besides these, other important fronts
are associated with the discharge of large rivers: Rio de la
Plata, for instance, represents a clear example over our study
area (Brazil-Malvinas Confluence Zone). The discharge of this
river is one of the largest in the southern hemisphere and the
second largest after that of the Amazon River, contributing to
an average of about 24,000 m®*s~' of fresh nutrient-rich
water of the Atlantic Ocean. Furthermore, seasonal rainfalls,
especially intense during El Nifio periods, contribute to
increase the discharge of Rio de la Plata up to about
80,000 m3s~' (Acha et al., 2004; Depetris and Kempe,
1990; Guerrero et al., 1997; Huret et al., 2005; Mechoso
and Iribarren, 1992). The fresh water plume travels over the
continental shelf mainly responding to the bottom topogra-
phy and seasonal characteristics of the main winds and can
extend its influence to northern Uruguay — South Brazil or
move south until reaching Mar del Plata city (Braga et al.,
2008). The ocean waters are also influenced by contributions
from warm waters of subtropical origin (Brazil Current) and
cold waters of subantarctic origin (Malvinas current). These
two water masses converge on the edge of the continental
shelf, creating what is known as the Brazil-Malvinas conflu-
ence (BMCZ) (Gordon, 1989).

This region contrasts with the low phytoplankton concen-
trations of the Brazilian current (nutrient scarcity affects the
growth of the primary producers) and the Malvinas current,
although they are rich in nutrients, due to the presence of
permanent winds, these vertically mix the water column and
prevent the production of phytoplankton. Phytoplankton
accumulation is observed only along narrow strips on the
ocean surface, and its productivity is due to the fact that
both currents provide elements that favor their growth and
concentration. If the Malvinas Current brings nutrient-rich
water, the Brazil Current makes phytoplankton growth quite
stable and thanks to such stability of subtropical warm
waters, the growth of phytoplankton is very significant (Car-
reto et al., 1995; Romero et al., 2006).

The frontal areas coincide with the geographical location
of phytoplankton blooms. Marine phytoplankton abundance
and productivity are subject to complex set of relationships
between physical and biological patterns that appear to be
different in physically distinct regions. Several ocean studies,
in which ocean color satellite images were used, have shown
high chlorophyll-a concentration structures in the BMCZ
(Piola et al., 2000), but on the other hand, still few studies
have been carried out on its space-time variability in such
important area of the confluence (Machado et al., 2013).

The availability of remote sensing technology has enabled
the identification of physical and biological synoptic patterns
over the BMCZ. Most studies have been based on the analysis
of the seasonal variability of in situ Chlorophyll-a, while the
interannual variability remains still less approached due to
the relatively short length of time series (Garcia and Garcia,
2008; Lutz et al., 2010; Machado et al., 2013; Romero et al.,
2006).

Changes in ecosystems have already been reported by
other authors, and the abrupt and nonlinear potential can
again be more likely future changes (Machado et al., 2013).
To understand these changes in marine ecosystems, with
essential data sets with lots of information, thus, the satel-
lite ocean color data are valuable assets. The global cover-
age provided by satellites provides a long time series of
records of concentration of Chlorophyll-a detected by ocean
color sensor (CHLAg,¢), which is especially suited to identify
patterns of temporal variability (Brandini et al., 2000; Piola
et al., 2008), not only of phytoplankton biomass but also of
all the optical components present in seawater, which
absorb the same wavelengths as chlorophyll in optical com-
plex water.

Argentina’s continental shelf is a highly productive area;
with values of phytoplankton abundance around three times
the average for the rest of the oceans. Phytoplankton find not
evenly distributed, but has a higher concentration in certain
regions associated with ocean fronts (Marrari et al., 2016). In
our study, we aim at describing quantitatively the temporal
variations of the CHLA,, in the BMCZ by using two statistical
approaches the robust periodogram and the pixel gradient
distribution, never used to investigate the variability of the
CHLA,,, up to our knowledge.

2. Data analysis

The satellite data we used in our study are provided by the
polar orbiting satellite AQUA, which carries the Moderate
Resolution Imaging Spectrophotometer (MODIS). AQUA has a
sun-synchronous circular orbit, overpasses any given location
on Earth twice a day (one night time and one day time pass)
and it orbits the Earth every 98.8 min, crossing the equator
from south to north each day. Modis Aqua imagery were
building at level 3 GLO (4 km resolution) in the Ocean color
laboratory in the Facultad de Ciencias Marinas (Universidad
Autonoma de Baja California). The level 1b data were
obtained from the NASA Ocean Color Data web page
(http://oceandata.sci.gsfc.nasa.gov/). The level 1b to level
2 conversion was made carried out using the SEADAS 6 using
the specifically atmospherically data form each scene. The
level 2 to level 3 monthly GLO imagery processing was made
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Figure 1

using a WIM software (http://wimsoft.com/) with the WIM
automation Module (WAM) ver. 9.10.

The area of interest extends from 50°W to 60°W and from
32°S to 42°S including the BMCZ (Fig. 1). We used the monthly
MODIS AQUA images from July 2002 to April 2015; the length
of each pixel time series is 154.

Before analyzing the time variation of each pixel in the
area (Fig. 1), we pre-processed the data to remove outliers.
Fig. 2a shows, as an example, the time variation of CHLAg,¢
corresponding to the pixel (Lat = —35.945833,
Lon = —50.8087963), and it is clearly visible the presence
of outliers. We applied a third-order one-dimensional median
filter to the data and removed all the values whose absolute
difference from the filtered signal is above 1. Fig. 2b shows
the same time series plotted in Fig. 2a but with the outliers
removed (CHLA ¢).

Fig. 3 shows the mean CHLA, ¢ only for pixel time series
longer than 50 samples. The data suggest a high concentra-
tion of mean CHLA, ¢ in the nearshore region, alongshore of
Uruguay, that reflect the longitudinal gradients within these
coastal waters. Such high concentration does not mean a real
increase in chlorophyll, but it may be a response to the pulses
of sediment and other substances that drag the river during
discharges or by the waves, forced by storms, that could
generate sediments resuspension favoring the vertical mix-
ture.

For each filtered pixel, we computed the standardized
anomaly CHLAg = (CHLA s — (CHLA, ¢))/std(CHLA ¢), where
the (CHLA ) is the calendar mean, that is calculated for
each calendar month, e.g. January, by averaging over all
years in the record (Pierini et al., 2016) and std(CHLA;¢) is
the calendar standard deviation. Fig. 4 shows the anomaly
CHLA, for the same pixels shown in Fig. 2.

The most of pixel time series present from low to high
percentage of missing data; since the size of the time series is
rather small, the presence of missing data reduces further

The BMCZ. The black circle St marks the pixel whose time variation is plotted in Fig. 2.

such size, preventing us calculating the power spectral den-
sity by using the classical Fourier Transform. For this reason,
we used a recently developed algorithm based on the corre-
logram to robustly calculate the periodogram and, therefore,
obtain information about the spectral content of the CHLA4
time series and identify their most significant periodicity.
Furthermore, we applied the pixel gradient distribution
analysis to evaluate the spatial-temporal gradients within
the study region and the variations over continental shelf and
coastal waters.

2.1. Robust periodogram method

Among the several complex features a natural phenomenon is
characterized by, the robust identification of periodicities
are the first type of time fluctuations that are necessary to be
detected and investigated. Observational data are generally
affected by noise, gaps, spikes; furthermore they could also
be very short, making crucial the use of efficient algorithms
to obtain as much information as possible.

Wichert et al. (2004) introduced a formal statistical test-
ing procedure for the detection of periodicities, based on the
so-called Fisher's g-statistic for which the exact null-distri-
bution can be derived under the Gaussian noise assumption.
Considering the following simple model of periodic series:

Yn = Bcos(ot + ) + €n, (M

where 8> 0, 0 < w < 7, ¢ uniformly distributed in (—x, 7],
and {e,} is a sequence of uncorrelated random variables with
mean 0 and variance o?, independent of ¢.

Then, the classical periodogram is given by the following
formula:

1 & 2

() :N|Zyne”"“"| , 0<w<n )

n=1
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Figure 2 Time variation of CHLA, (a) and CHLA, ¢ (b) corresponding to the pixel (Lat = —35.945833, Lon = —50.8087963).

where N is the length of the time series. The periodogram is
further evaluated at normalized frequencies

2nl
W:
where a=[(N — 1)/2] and [x] indicates the integer part of
x. If the signal has a significant cycle with frequency wg, then
the periodogram has a high probability to exhibit a peak
centered at that frequency. While, if the time series is a
purely random process, which means g = 0in Eq. (1), then the
periodogram is uniform appearing flat for any frequency
bands (Priestley, 1981).

The main periodicity (as argued by the highest peak in the
periodogram) can be tested by using the g-statistics (Ahdes-
maki et al., 2005):

(=0,1,....a 3)

w| =

_ maX1 S(gal(w[)

, 4
27:1 e @

which is the maximum periodogram ordinate divided by the
sum of all periodogram ordinates for [=1, ..., a. Large value
of g indicates strong periodicity and leads to the rejection of
the null hypothesis.

Wichert et al. (2004) calculated the exact p-value for a
realization of the g-statistics, under the Gaussian noise
assumption:

a(a—1)

2
al

1) ———— (1-bx)*" 5

where b is the largest integer less than 1/x and x is the
observed value of the g-statistic. Eq. (5), then, provides the
exact significance value for a realization of the g-statistic
under the assumption of Gaussian distribution of the noise.
Ahdesmaki et al. (2005) developed a robust detection of
periodic time series based on the estimation of the

P(g>x) =a(1-x)""— (1-2x)"" +
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autocorrelation function. Since the periodogram /(w) is
equivalent to the correlogram spectral estimator

N-1

S(w) =Y Fkje ™k, (6)
k=—N+1
where
1 N—-m
r(m) = N > ViVirm 7)
k=1

is the biased estimator of the autocorrelation function, the
g-statistics in Eq. (5) and the significance test in Eq. (6) can

T T T T T T T
2009 2011 2013 2015

Standardized anomaly CHLA4 for the same pixel shown in Fig. 2.

be calculated using S(w) instead of /(w). Recalling that the
sample correlation function between two sequence with
length N is given by

N — —
,O(m) :%Ei:‘l (Xlix)(yliy) 7 (8)

Ox0y

where the bar over the symbol indicates the mean; Ahdes-
maki et al. (2005) obtained the following robust spectral
estimator on the base of the relationship between the esti-
mator of the autocorrelation function r(m) and the estimator
of correlation function p(m) between the sequences {y,} and

Wi}
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L
S(w) = 2R (Zﬁ(k)e"‘“k> —p(0), )
k=0

where R(x) indicates the real part of x, L is the maximum lag
for which the correlation coefficient p(k) is computed.

The g-statistics test can be modified as follows to test the
significance of any frequency w:

Bl
£ Bl

The significance values can be computed with the simula-
tion-based method (Ahdesmaki et al., 2005): given the model
asinEq. (1) aset of Prandom time series are generated under
the null hypothesis. The test statistics shown in Eq. (10) is
evaluated for each index on each of the P time series. The
obtained g-values are used to estimate the distribution of
g-statistics under the null hypothesis and, therefore, the
p-value.

Fig. 5 shows, as an example, the robust periodogram
(Fig. 5a) of CHLA, time series corresponding to the pixel
(Lat = —35.945833, Lon=-50.8087963) (Station 10001)
and the p-value (Fig. 5b). The lowest p-value corresponds
to the periodicity of about 12 months, which is the most
significant.

For each pixel we calculated the robust periodogram and
identified the most significant periodicity (the one corre-
sponding to the lowest p-value). Since several pixel time
series present data missings, we computed the robust period-
ogram only for those pixel time series whose amount of data
missing is lower than 2/3 of the total length of the time
series. Furthermore, we considered valid only those signifi-
cant periodicities whose value was smaller than half of the
overall period of the time series, thus only periodicities less
than 77 months.

(10)

10

=N

0.1

0.01

Robust Periodogram

0.001 4 — e

Fig. 6 shows the spatial variation of the most significant
periodicity of CHLA,. It is visible that relatively short period
oscillations (up to 24 months) are spread almost all over the
investigated area. However, predominant frequencies of
relatively long period (above 24 months) extend around from
latitude 37°S and longitude 56°W in direction NE, alongshore
of Uruguay, where the impingement is on interannual tem-
poral scales and variability slides along the bathymetry until
Brazil.

2.2. Pixel gradient distribution

We investigated the mean CHLA4 gradient distribution. For
each pixel, at a specified time, the gradient magnitude is
calculated using centered differences as (Saraceno et al.,
2005):

CHLAG(ix + 1)—CHLAg(ix—1)\ ?

( dist(ix +1,ix—1) )
CHLA4(iy + 1)—CHLA4(iy—1)\ %’
( dist(iy +1,iy—1) )

l|grad(CHLA4(7))|| =

(11)

where (ix — 1) and (ix + 1) are the neighbors of the ith pixelin
the X (analogously in Y) direction; dist is the distance in the X
(analogously in Y) direction. Then, the time average of all the
gradients for each pixel is calculated and the mean gradient
distribution of CHLA4 is computed only if the number of
quadruples (two neighbors of ith pixel in X direction and
two in Y direction, as indicated in formula (11)) is above 50
(Fig. 7). The pixel gradient distribution of CHLAy mainly
varies between ~0.0 and ~0.65 mg m—>. The influence of
highly turbid waters of Rio de La Plata can be clearly seen in
the MODIS in Fig. 7. The highest chlorophyll gradient is found

a]

1.0 4
0.8
0.6 4

0.4+

p-value

0.2 4

0.0

b]

T ——TT T
1 10

T
100

period [month]

Figure 5 Robust periodogram of CHLA4 time series corresponding to the pixel (Lat = —35.945833, Lon = —50.8087963) (a) and its p-
value (b). The bold red part of the robust periodogram correspond to the frequencies that are significant with p < 0.001: the annual
cycle and its higher harmonics (6 months, 4 months, 2.4 months) are clearly identified. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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near coastal regions. The pixel gradient map shows a spatial
distribution of chlorophyll consistent with known patterns
and expected values in the outer region of the Rio de la
Plata. In fact, the highest gradient values can be observed
along the northern tip of Samboromboén Bay and the 15 and
45 m isobaths along south-north direction, showing a north-
eastward discharge along the Uruguayan coast as also found
by Calliari and Gomez (2005), Romero et al. (2006) and
Simionato et al. (2004). The fluvial and estuarine domains in
the West and the Oceanic domains in the East are divided

by the thermohaline front, near isobaths 45m along
south-north direction. The discharge of the Rio de la Plata
registers low values of CHLA4 due to the unfavorable con-
ditions for the development of phytoplankton related to the
low availability of light, being within the limit of salt
intrusion (maximum turbidity); however a clear relationship
with the gradient that measures the relative space-time
variation of CHLA4 cannot be established, due to the gaps in
the time series of the pixels of that area (white zones in
Fig. 7). In addition, a high gradient region is observed
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near the coast and outer shelf area between 40° and 34°S,
where, in addition, Malvinas slope water intrusion plays an
important role in phytoplankton blooms (Piola et al., 2010;
Romero et al., 2006).

3. Discussion

It is well known that at the mouth of Rio de la Plata estuarine
highly variable, complex and unpredictable ecosystems exist
(Day et al., 1989), where different forcing interact with
geomorphologic configuration, depth, dimension of the estu-
ary. Around the 30 m isobath, the chlorophyll variability is
influenced mostly by local scale processes, such as river and
estuarine outflow, wave effects, and nearshore circulation
(Campos et al., 1999; Simionato et al., 2004, 2005). Near-
shore coastal areas tend to exhibit high CHLA levels due to
increased nutrient inputs from land runoff, riverine and
estuarine flux, resuspension of sediments, pore water nutri-
ents and recycling of nutrients. Nutrient loads of terrestrial
origin to the nearshore waters of the Rio de la Plata increased
by an order of magnitude (Martinez and Ortega, 2015). This is
most likely due to the increase urbanization and agricultural
use in the watersheds of the study area. These large fresh-
water flows can also set up salinity fronts, which may have
the ability to inhibit the cross-shelf exchange of dissolved and
suspended materials (Acha et al., 2004), thereby affecting
the residence time of nutrients and phytoplankton growth
limited by light availability on the inner shelf (Martinez and
Ortega, 2015).

Several heterogeneous factors contribute to determine
the high spatial-temporal variability of chlorophyll. The Rio
de la Plata estuary, in fact, is of large scale type, character-
ized by large freshwater discharge; it also represents a very
important area in the Argentine Platform Continental Shelf,
featured by biophysical and biogeochemical processes
related to the complex pattern of regional variability (Cal-
liari and Gomez, 2005; Garcia and Garcia, 2008). These
processes are mainly characterized by a strong annual cycle
in most of the study area, although an area from latitude 37°S
in direction NE, alongshore of Uruguay to Brazil, interannual
periodicities are also evidenced (Fig. 6). Such periodicities
may be the effect of variations in the discharge of the Rio de
la Plata mainly associated with the El Nifio phenomena,
characterized by episodic hydro-meteorological phenomena
(pulsatile) whose extreme manifestation are the floods, that
cause significant impacts on the population (Acha et al.,
2008; Depetris et al., 1996; Mechoso and Iribarren, 1992),
that along with other external factors (wind, etc.) can
introduce unstable conditions on CHLA (Gonzalez-Silvera
et al., 2006; Piola et al., 2005; Sathicq et al., 2015).

The chlorophyll gradients presents a relatively high varia-
bility from 0.02 to 0.65 mg m—>. The high values, indicating
regions of high concentration, are assumed on two areas,
isolated from each other. These two areas of increased
phytoplankton abundance correspond to: (a) the saline front
of the estuarine system of Rio de la Plata, and to (b) the strip
of the platform that extends along the isobaths of 80 m (coast
of Uruguay), especially in the center and south of the study
area, which also occupies sectors of the intermediate plat-
form sector (Acha et al., 2004). The results of the analysis of
chlorophyll gradients suggest that this variable is closely

linked with hydrodynamics processes. Indeed, at the mouth
of the Rio de la Plata a marked increase gradient of chlor-
ophyll can be seen, probably linked with the temperature and
the amount of light hours (Framinan and Brown, 1986). This
phenomenon is expected considering that there abundant
nitrogen and water clarity are enhanced by the sedimenta-
tion of particles in suspension, allowing penetration of light
(Calliari and Gomez, 2005; Lasta et al., 1996). Chlorophyll
gradients increase along the Uruguay coast of the Rio de la
Plata and decrease outside along the coast of Argentina (Nagy
et al., 1987). This could be correlated with the average
displacement of fresh water plume in response to external
forcings (wind, geometry depth, etc.). In the frontal domain
(frontal region and marine adjacent zone) CHLA gradients are
distributed as spots reaching maximum values of
0.65mg m~3. Rather high values of CHLA gradients are
observed over the Samborombdn Bay (37°S and 57°W), due
to the geometry of the area. In the center and south of the
deepest region of the platform sector, the CHLA gradient is
less than that observed in the saline front at the mouth of the
Rio de la Plata (<0.2 mg m3) and shows a more homoge-
neous spatial distribution.

4. Conclusions

By using the monthly AQUA MODIS satellite images from July
2002 to April 2015 we analyzed the spatial and temporal
variability of CHLA data in the Brazil—Malvinas Confluence
Zone, which represents one of the most productive oceanic
areas worldwide. The spatial distribution of the average of
CHLA over the investigated area indicates a high concen-
tration in the nearshore region reflecting the longitudinal
gradients within these coastal waters. Due to the short
length of each pixel time series (only 154 values) that
become even shorter in presence of missing data, we used
arobust method for the identification of the most significant
periodicities over the investigated area. A predominance of
the annual periodicity was found over the most of the area,
but even longer periodicities were identified from latitude
37°S in direction NE, alongshore of Uruguay to Brazil, pos-
sibly related to discharge fluctuations of Rio de la Plata
associated with the El Nifo phenomena. The analysis of
pixel gradient distribution reveals increased phytoplankton
abundance corresponding to the saline front of the estuar-
ine system of Rio de la Plata, and to the strip of the platform
that extends along the isobaths of 80 m (coast of Uruguay),
especially in the center and south of the study area.
Our findings, obtained by using robust statistical methods
could contribute to deepen our comprehension of the com-
plex biophysical processes that govern the space-time
dynamics of the variability of Chlorophyll-a data within
the BMCZ.
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KEYWORDS Summary  Results of unique laboratory measurements of remote sensing reflectance (R.s) of
Phytoplankton several phytoplankton species typically occurring in high abundances in the Baltic Sea waters are
monoculture; presented. Reflectance spectra for diatoms: Cyclotella meneghiniana and Skeletonema marinoi
Laboratory and cyanobacteria: Dolichospermum sp., Nodularia spumigena and Synechococcus sp. were
measurements; analysed in terms of assessment of their characteristic features and the differences between
Remote sensing them. These species contain similar pigments, which results in general similarities of reflectance
reflectance spectra, i.e. decrease of reflectance magnitude in the blue and red spectrum regions. However,

hyper-spectral resolution of optical measurements let us find differences between optical
signatures of diatoms and cyanobacteria groups and between species belonging to one group
as well. These differences are reflected in location of local maxima and minima in the reflectance
spectrum and changes in relative height of characteristic peaks with changes of phytoplankton
concentration. Wide ranges of phytoplankton concentrations were analysed in order to show the
persistence of R,s characteristic features. The picoplankton species, Synechococcus sp. show the
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most distinct optical signature, which let to distinguish separate cluster in hierarchical cluster
analysis (HCA). The results can be used to calibrate input data into radiative transfer model, e.g.
phase function or to validate modelled R, spectra.

© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Harmful algal blooms that can vary in terms of their harmful-
ness, causal organisms, biomass distribution, and many other
factors affecting the marine environment occur frequently in
many marine and freshwater reservoirs. In the Baltic Sea
massive phytoplankton blooms affecting its entire ecosystem
are observed almost every year during spring, summer and
early autumn (Kahru, 1997; Klais et al., 2013; Kutser et al.,
2006; Plinski et al., 2007). From this point of view monitoring
of these blooms, especially with cost effective methods like
optical indirect measurements carried out in situ or remo-
tely, e.g. by satellites, is in the interest of many environ-
mental agencies and institutions. There is a strong demand
for remote sensing algorithms which enable distinguishing
between different phytoplankton species (IOCCG, 2014;
Sathyendranath et al., 2016). Some of published studies
use look up tables (LUT) (Xi et al., 2015) or optical indexes
(Kim et al., 2016) based on modelled R,s characteristics for
individual species, but output of these models has not been
validated against measured R,s. The results presented here
can be a significant contributions to that goal.

The spectral characteristic of the water leaving radiance
(Lw) can be linked to the optically significant components of
seawater. Thus the spectra of remote sensing reflectance (R;s),
being the ratio between the upwelling radiance just above the
water and the downwelling irradiance at the sea surface, can
be a useful tool which relates optical measurements to desired
optically active seawater constituents (e.g. Darecki et al.,
2008; Kratzer et al., 2008; Soja-Wozniak et al., 2017; Wozniak
et al., 2008). For last two decades both in situ and remote
sensing radiometry has developed significantly. Improved in
situ techniques enabled measurement of L,, with hyperspec-
tral resolution while bio-optical studies gave increasingly
better understanding of the interaction between water com-
ponents and the light field (Evers-King et al., 2014). Nowadays,
retrieval of the phytoplankton pigments concentration based
on R,s can be obtained with reasonable accuracy (Darecki and
Stramski, 2004; Darecki at al., 2008; Simis et al., 2005; Soja-
Wozniak et al., 2017; Wozniak et al., 2016), but identification
of single phytoplankton species or even entire phytoplankton
functional groups by means of R still remains a challenge
(Craig et al., 2006; Hunter et al., 2008; Lubac et al., 2008;
Shang et al., 2014; Torrecilla et al., 2011; Xi et al., 2015).

Phytoplankton species are characterised by their unique
light absorption and backscattering properties resulting from
differences in cell sizes and shapes, inner structure and
composition of the pigments (e.g. Aguirre-Goémez et al.,
2001; Vaillancourt et al., 2004; Whitmire et al., 2010) that
all influence the shape of the R, spectra. The main pigments
occurring in cyanobacteria and diatoms together with their

absorptive properties are given in Table 1. Analysis of remote
sensing reflectance of the Baltic Sea phytoplankton was
carried out in the previous studies in order to detect and
characterise algal blooms and to differentiate phytoplankton
taxonomic groups (e.g. Kutser et al., 2006; Xi et al., 2015).
However, the R,s has been determined using either the R
dependence on the absorption and backscattering given by
Gordon et al. (1975) or radiative transfer simulations. This
approach can lead to some errors resulting from the applied
assumptions, e.g. the assumption of the shape of the scat-
tering function which for the phytoplankton cultures can be
much different from the average Petzold particle scattering
function as shown by Volten et al. (1998). There have been
several studies performed in which the R, spectra of various
phytoplankton taxonomic were measured under controlled
laboratory or semi-laboratory conditions (Table 2).

Table 1 Main pigments occurring in cyanobacteria and
diatoms with the location of main absorption peaks (based
on Roy et al., 1989). The “+” sign indicates the presence of
the chosen pigment.

Pigment Cyanobacteria Diatoms Location
of main
absorption
peaks [nm]

Chlorophylls

a + + 430—432,
662—666

c & 442457,
628—634

Carotenoids

B-Carotene + + 451—454,
475—480

Myxoxanthophyll  + 472—478,
502—-510

Zeoxanthin + 449—454,
475—481

Diadinoxanthin + 445—449,
475—479

Diatoxanthin + 451—453,
478—480

Fucoxanthin + 444—449,
467—475

Phycobilins

Phycocyanin + 620

Phycoerythrin + 550

Allophycocyanin ~ + 650
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Table 2 Overview of previous laboratory and semi-laboratory studies on the characteristics of remote sensing reflectance spectra

of selected phytoplankton species.

Group Species Tank volume Light Chl-a Reference
[m?] conditions [mg m—3]

Chlorophyte Chlorella sp. 80 Outdoor, clear sky 0.5—-60 2
Chlorophyte Chlorella sp. 9.5 Outdoor, clear sky 34-439 a

(with small amounts

of other species)
Cyanophyte Anabaena sp. 0.57 500 W halogen lamp 12.7-58.3 a
Bacillariophyte Novicula minima 30 1000 W halogen lamp 3-77 a
Dinophyte Prorocentrum minimum 0.05 Outdoor, clear sky 785 b
Cyanophyte Synechococcus sp. 0.05 Outdoor, clear sky 29.9 E
Cyanophyte Planktothrix agardhii 0.002 500 W halogen lamp 0—105 ¢
Cyanophyte Microcystis aeruginosa 0.002 500 W halogen lamp 0—95.6 ¢
Cyanophyte Anabaena flos-aquae 0.002 500 W halogen lamp 0—-136 <
Chlorophyte Scenedesmus sp. 0.002 500 W halogen lamp 0—122 ¢
Bacillariophyte Cyclotella meneghiniana 0.002 500 W halogen lamp 0—127 <

2 Gitelson et al. (1999).
b Warner and Fan (2013).
€ Oyama et al. (2010).

In this study we characterised the reflectance spectra for
five phytoplankton species commonly present in the Baltic
Sea, diatoms: Cyclotella meneghiniana and Skeletonema
marinoi and cyanobacteria: Dolichospermum sp., Nodularia
spumigena and Synechococcus sp. The aim of the study was
to find the characteristic features of R, spectra which can be
observed for selected species over a wide range of phyto-
plankton concentrations. The results can be used to cali-
brate input data into radiative transfer model, e.g. phase
function (Wozniak, 2014) or to validate modelled R, spectra.
Moreover, they can be used as reference data to compare
with in situ measured R, spectra in order to find a dominant
species in algal assemblages. Analysis of variability of R,
spectra as a response to changes in the phytoplankton
growth conditions (e.g. nutrient availability, light, tempera-
ture, etc.) affecting pigment composition as well as cell
sizes was out of scope of this study, therefore further inves-
tigation is necessary.

2. Material and methods

2.1. Selected phytoplankton species

Five phytoplankton species were chosen for this study.
C. meneghiniana is a cosmopolitan diatom species in the
euphotic surface waters of the whole Baltic Sea. It exists
seasonally in the Southern Baltic in algal communities in
autumn and winter, and is a quantitatively important com-
ponent of the blooming species (Lewandowska and Kosa-
kowska, 2004; Pankow et al., 1990). S. marinoi is a centric
diatom species with worldwide distribution, which blooms
mainly in the temperate sea waters. It is highly abundant
also in the Baltic Sea especially during the spring bloom.
S. marinoi has an important role as a primary producer in
the Baltic Sea and serves as a valuable source of energy
for higher trophic levels. Therefore, studying this organism
has a high ecological relevance (Godhe et al., 2006).
N. spumigena and Dolichospermum sp. are filamentous,

nitrogen-fixing cyanobacteria species that can float near
the water surface and form dense algal blooms which can be
seen from satellite level (Walsby et al., 1995). N. spumigena is
one of dominant species in summer algal blooms in the Baltic
Sea. Moreover, this species produces nodularin, a hepatotoxin
which has a negative impact on other organisms (Mazur and
Plinski, 2003; Mazur-Marzec et al., 2006). Dolichospermum sp.
(before known as Anabaena sp.) is a co-occurring species
during cyanobacteria blooms and can contribute significantly
to the total biomass, especially in the northern part of the
Baltic Sea. Dolichospermum sp. can produce microcystin and is
potentially toxic (Kanoshina et al., 2003; Karlsson et al., 2005;
Seppala et al., 2007; Suikkanen et al., 2007). Synechococcus
sp. is a non-motile and non-nitrogen fixing cosmopolitan
picocyanobacteria species which is a significant contributor
to phytoplankton biomass and primary productivity (Albertano
et al., 1997).

Synechococcus sp. (AA-0091), C. meneghiniana (BA-0010)
and S. marinoi (BA-0098) were taken from the Culture Col-
lection of Baltic Algae. They were grown in batch cultures in
F/2 medium in a culture chamber under controlled conditions
at the temperature of 18°C and 16/8 h light/dark cycle. N
spumigena  (CCNP1403), and Dolichospermum  sp.
(CCNP1405) strains were taken from the Culture Collection
of Northern Poland. The strains were cultured in BG11 med-
ium with salinity of 7 PSU in a phytotron chamber under the
irradiance of 14 nE m~2s~"in 12/12 h light/dark cycle with
constant temperature of 22°C. All analysed phytoplankton
species are characterised in Table 3.

2.2. Experimental setup and radiometric
measurements

A series of radiometric measurements of water containing
phytoplankton monocultures were undertaken in a large
circular tank (@=1.2m, h=1.4m, V=1.6m>) under con-
trolled darkroom conditions (Fig. 1). The size of the tank and
its inner mat black colour minimised the influence of light
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Table 3
phytoplankton species.

Size, shape and main characteristic pigments (PC — phycocyanin, PE — phycoerythrin, Fuco — fucoxanthin) of studied

Species Diameter [pum] Height [um] Shape Marker pigment
Nodularia spumigena 6—12 <100 Cylinder PC
Dolichospermum sp. 4.5—11 <100 Chain of spheres PC
Synechococcus sp. 2 = Sphere PC, PE
Cyclotella meneghiniana 10-35 8.4-22.4 Cylinder Fuco
Skeletonema marinoi 2—-10 4-21 Cylinder Fuco

All size and shape data taken from Annex 1 in Olenina et al. (2006).

J=1.2m
Figure 1 The experimental setup.
30
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Figure 2 The irradiance spectrum of the lamp used during the
measurements.

reflection from tank’s sides and bottom on measurement
results.

The experimental setup was illuminated only by an incan-
descent 2000 W lamp with smooth spectrum as an irradiance
source (Fig. 2). It enabled to eliminate the influences of the
variable contribution of the natural light in the background,
moreover all measurements were taken under the same light
conditions making the results comparable. The light intensity
during the experiments was approximately 30 times lower
compared to the daylight. Nevertheless, it was similar to the
conditions in the culture chamber and therefore prevented
formation of additional photo-protective pigments during
the experiments.

During each series of measurements portions of phyto-
plankton monoculture were being added to brackish water

(7 PSU equal to average salinity of the Baltic Sea surface
waters; Feistel et al., 2010) in order to obtain increasing
concentration of phytoplankton. Radiometric measurements
were performed right after putting and carefully mixing the
monocultures into the experimental tank. Downwelling irra-
diance (E,) [W m~2 nm~"'] above (0*) and below (at 0, 15 and
50 cm) the water surface and upwelling radiance (L) [W m 2
nm~"'sr™"], just below water surface were measured with
sampling intervals of 3.3 nm and a spectral resolution of ~
10 nm by means of hand—held hyperspectral sensors RAMSES
ACC—VIS (Trios) and RAMSES MRC (Trios), respectively (Hom-
mersom et al., 2012). The radiometers have been mounted
on the small frame to provide repeatability of sampling
conditions. To minimise the self-shading effect, the MRC
radiometer was custom designed with effective sensor dia-
meter of 1 cm at the side of the optical window. The mea-
surements were repeated five times for each concentration.
The variability within these consecutive measurements var-
ied among the species with the coefficient of variation (CV)
(calculated separately for each wavelength as a ratio of
standard deviation to mean value) ranging from 0.1 to
0.2% for E4 and 0.1 to 20% for L,. The largest variability
for L, was observed between 450 nm and 470 nm and above
700 nm. In the range between 500 nm and 700 nm CV for L,
was lower than 10%. In further calculations mean values of E4
and L, were used. In order to calculate the remote sensing
reflectance, the upwelling radiance measured below the
water surface L,(07) was transferred into the L,(0%) by using
immersion factor (/s) determined for that radiometer in the
paper (Zibordi and Darecki, 2006). Then remote sensing
reflectance R, [sr™'] in spectral range between 450 nm
and 750 nm was derived as the ratio between L, and E, at
the water surface (0%). The diffuse attenuation coefficient of
the downward irradiance K4(x) [m~'] was calculated as:

1 ln (Ed()“'/zz))’ (1)

Kd(}”)(z1’22) = _22_21 Ed(A.Z1)

where E4(z;) is downwelling irradiance measured at z; depth.

The transparency of water was characterised by K,(PAR)
calculated within the photosynthetically active radiation
spectrum.

2.3. Pigment concentration

For each concentration of all analysed phytoplankton mono-
culture water samples were taken for further spectrophoto-
metric analysis of chlorophyll-a (chl-a) (Jeffrey and
Humphrey, 1975) and total carotenoids (TCar) concentrations
(Parsons et al., 1984). Spectrophotometer Shimadzu UV-1202
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UV—VIS was used. The pigment (chlorophyll-a and total
carotenoids) concentration was calculated as follows:

€= (X-E)-V ' (ngdm™), (2)

where C is the chlorophyll a (chl-a) or total carotenoids
(TCar) concentration, X is amount of pigment in ng per ml
extract, Eis the volume of acetone in ml (here 10 ml), and V'is
the volume of filtered water in litres. To calculate chlorophyll
a (chl-a) concentration X was derived from the following
equation:

X = (11.85-0Dgg4—1.54-0Dg47—0.08-ODjg30)-L ", (3)

where OD, stands for the optical density at particular wave-
length corrected by subtracting OD;so. While to calculate
total carotenoids (TCar) concentration X was derived from:

X = (7.6-(0OD4g0—1.49-ODs10))-L ", “4)

where OD.,gg is the optical density at 480 nm corrected by
subtracting 3-ODss9, ODsqq is the optical density at 510 nm
corrected by subtracting 2-0OD;s. L is the pathlength of the
cuvette in centimetres, here it was 1 cm.

2.4, Statistical approach

R,s spectra measured for the highest phytoplankton biomass
for each species were used as reference spectra to analyse
how characteristic features change with decrease of phyto-
plankton concentration. The degree of similarity between
the reference spectrum, and R, spectrum for each concen-
tration of the same phytoplankton species was quantified

with similarity index (SI) (e.g. Millie et al., 1997, 2002),

which is given by:

Sl 172arccos(A)’ (5)
b

where A is a cosine of the angle between two vectors that
comprise the fourth derivative of the two R, spectra (450—
750 nm) smoothed with Savitsky—Golay filter. The Sl calcula-
tion yields a number from zero to one, where zero indicates
no similarity between reference and derived spectra, and
one indicates absolute similarity between them. Sl reflects
mainly the differences in the spectral shape of optical data
rather than magnitude.

The agglomerative hierarchical cluster analysis (HCA) was
used in order to test which of the examined phytoplankton
species gives an optical signal which is unique enough to
differentiate this species from another one at different con-
centrations. This statistical method links entities (here, spec-
tra derived from each species at different concentrations)
characterised by similar properties into groups (clusters)

(Jain et al., 1999; Townend, 2002). We tested R,s and the
4™ derivative of R, spectra as an input data in cluster analysis
separately. The cluster tree was generated using Ward's
method which ensures homogeneity (variance minimum)
within a single group together with heterogeneity (variance
maximum) among clusters (Nowacki and Jarosz, 1998). The
similarity between groups is calculated from relative distance
of linkage (Euclidean distance). The highest distance means 0%
of similarity.

3. Results and discussion

Eq measured at three depths (0~ cm, 15 cm, 50 cm) were
used to calculate K,. For clear water three spectra of
attenuation coefficient at different depth overlapped in
the range between 415 nm and 740 nm. For shorter and
longer wavelengths it showed minimal variation with a coef-
ficient of variation (CV) not higher than 4% for all wave-
lengths. This allows us to assume that the results in studied
range were not influenced by limited diameter of the tank.
Together with increasing concentration of chlorophyll a the
values of attenuation coefficient were increasing as well.
However, the spectra of K, for the layer between 0~ and
15 cm gave slightly lower values than for the layer between
0~ and 50 cm, or between 15 cm and 50 cm, what can be
assigned to phytoplankton cells settling down during the
radiometric measurements though carefully mixing. For all
analysed phytoplankton species the highest coefficient of
variation of K, values measured in three layers was found
for wavelengths around 550 nm and it was about 15%. Except
Cyclotella marinoi which showed slightly higher values of CV,
close to 20%, probably due to larger cell size comparing to
other studied species. In further analysis K, between 0~ and
50 cm was showed.

All analysed species contained chl-a and carotenoids but
in different proportions (Table 4). The highest content of
TCar was observed in Synechococcus sp. and C. meneghini-
ana, the lowest for N. spumigena. Attenuation coefficient at
490 nm (K,4(490)) showed good agreement (R? = 0.82) with
chl-a concentration regardless phytoplankton species
(Fig. 3). Therefore K4(490) or K,4(1) at any other wavelength
could not be a good candidate here for distinction between
phytoplankton species. The transparency of water charac-
terised by K4(PAR) ranged from 1.1 to 7 m~" (Table 4). Inverse
of K4(PAR) suggests that even for our lowest chl-a concentra-
tion the bottom effect can be omitted.

R,s spectra measured for all species showed characteristic
shape with decrease of reflectance in the blue and red
regions. Different pigment composition for diatoms and cya-
nobacteria (Table 1) results in different location of local

Table 4 The range of measured parameters: concentration of chlorophyll a (chl-a) and carotenoids (TCar), ratio between
concentration of carotenoids and chlorophyll a (chl-a:TCar), and attenuation coefficient within PAR (K4(PAR)).

Species Chl-a [mg m~3] TCar [mg m~3] Chl-a:TCar K4(PAR) [m~"]
Nodularia spumigena 3-23 0.2-2 ~10 1.6—2.7
Dolichospermum sp. 20—80 3—12 ~7 1.7-5
Synechococcus sp. 25—60 10—26 ~2.5 1.1-7
Cyclotella meneghiniana 9-23 4—10 ~2.5 1.6—2.9
Skeletonema sp. 15—-50 ~4 ~4.5—12 1.8-3.2
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Figure 3 Relationship between chlorophyll a concentration
and attenuation coefficient at 490 nm based on laboratory mea-
surements.

maxima and minima in the reflectance spectrum (Fig. 4).
Maximum of R, measured for cyanobacteria was located
around 530—550 nm, whereas for diatoms could be seen
around 570 nm what has been observed in previous studies
(Metsamaa et al., 2006). K4(A) spectra showed wider mini-
mum for diatoms than for cyanobacteria (Fig. 4). Both groups
contain pigments strongly absorbing in the range of 400—
520 nm, as chl-a and carotenoids, which explains decrease
of R,s in this region. Additionally diatoms contain fucox-
anthin with very wide absorption band from 450 to 540 nm
(Wright and Jeffrey, 1987) and the maximum absorption
between 450 and 470 nm. It resulted in a wider pigment
absorption band for diatoms and R, maximum shifted
towards longer wavelengths in comparison to cyanobacteria
species. Among cyanobacteria, only R,s spectrum of Syne-
chococcus had a narrower peak around 530—550 nm. It also
needs to be noted that it is a common feature that the
position of phytoplankton pigment absorption minima and
maxima in vivo are slightly shifted towards longer wave-
lengths relative to their position in solvents (Rabinowitch
and Govindjee, 1969). This shift is not the same for different
species. Therefore the location of R,s minima and maxima
for the analysed species was not the same, although most
often being caused by the presence of the same pigments.

~
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Similarly to Gitelson et al. (1999) we observed a slight shift
in the position of peaks with increasing phytoplankton con-
centration (Figs. 5 and 6).

In all analysed cyanobacteria a local minimum of R, at
about 620 nm caused by absorption maximum of phycocyanin
(PC) could be observed (Fig. 5). It was the most distinct for
Synechococcus sp. Most probably Synechococcus sp. had very
high PC to chl-a ratio among the analysed cyanobacteria
species (Wojtasiewicz and Ston-Egiert, 2016). This local mini-
mum of R,s was followed by local maximum, near 650 nm, very
clearly seen by the peak in the 4" derivative spectrum (Fig. 5).
It appeared mainly because it is located between two strong
absorption bands (PC at 620 nm and chl-a at 670 nm). How-
ever, it could also be affected by PC fluorescence at 650 nm
(e.g. Sobiechowska-Sasim et al., 2014). Such distinct peak was
not observed in the diatom species we analysed. However, a
small increase in this region could be seen, especially for the
highest concentration of S. marinoi (Fig. 6). Most likely the
occurrence of this peak was caused by the presence of chlor-
ophyll ¢; + ¢, characterised by similar location of the second
absorption peak to that of phycocyanin (Table 1). Similar
differences in the spectral shape of R, were observed in
the modelled results obtained by Metsamaa et al. (2006). In
all analysed species a clear local minimum of R, accompanied
by an increase in K,(1) could be seen at 670 nm, which results
from the presence of chl-a (Fig. 4). This minimum was followed
by a maximum at about 700 nm which has been observed for
both phytoplankton monocultures (e.g. Gitelson et al., 1999;
Warner and Fan, 2013) and natural samples (e.g. Shang et al.,
2014; Warner and Fan, 2013). This feature resulted from an
interaction between light scattering by suspended particles
and light absorption by water and chlorophyll a and its position
was strongly correlated with chlorophyll a concentration mov-
ing towards longer wavelengths with increasing chl-a (e.g.
Gitelson, 1992; Gitelson et al., 1999). Then the magnitude of
R,s decreased rapidly accompanied by an increase in Ky()
which was caused by strong increase in pure water absorption
in this part of the spectrum (Smith and Baker, 1981). In all our
experiments we also observed a peak around 810 nm (data not
shown). This feature was previously used to retrieve water
constituents from remotely sensed data in turbid waters
(Kutser et al., 2016), but in this study we mainly focused on
the visible spectral range.

In the blue—green part of spectra the magnitude of R
decreased with increasing concentration of pigments (chl-a
and TCar) in the case of the diatom S. marinoi (Fig. 6) and
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Figure 5 R, spectra and its 4™ derivative for Dolichospermum sp. (a, b), Nodularia spumigena (c, d), and Synechococcus sp. (e, f),

respectively.

cyanobacteria Dolichospermum sp. (Fig. 5), which suggests
that absorption by pigments is a dominant process influencing
shape of R,s spectra. On the other hand, for the remaining
species the scattering by particles played the dominant role
in shaping the R,s spectra causing the increase of the R
within this region with increasing chl-a concentration (Figs.
5 and 6). It needs to be noted that the increase in the
phytoplankton concentration leads to increase of the impact
of nonlinear effects on R,s. Contribution of multiple scatter-
ing to radiance reflectance can be as high as 94% in turbid
waters (Chami et al., 2006) what explains the changes in the
spectral shape of R,s observed with the increasing chl-a
concentration (Figs. 5 and 6).

Besides the differences between the two phytoplankton
groups, the R,s spectra showed some differences between
species belonging to the same group (Figs. 5 and 6). Among
the diatoms the 700 nm peak in the R,s is much more pro-
nounced for S. marinoi compared to C. meneghiniana (Fig. 6).
This was caused by differences in the scattering of light by
these organisms resulting mainly from differences in their size
and structure (Table 3). In the case of S. marinoi the shape of
the R,s spectrum changed distinctly with increasing chl-a
concentration. It is probable that the number of cells was
too small to have a sufficient impact on the R, spectrum. The

differences observed among cyanobacteria strains (Fig. 5)
resulted from the differences in their light scattering proper-
ties. For example, N. spumigena is characterised by almost
wavelength independent scattering spectrum with low values
of the chlorophyll-specific scattering coefficient (Metsamaa
etal., 2006; Wojtasiewicz and Ston-Egiert, 2016; Wojtasiewicz
and Stramski, 2010). On the other hand, Synechococcus sp.
cells are small therefore the scattering spectrum for this
species is very steep and the scattering coefficient values
are high (Wojtasiewicz and Ston-Egiert, 2016). This can be
the reason for a different shape of R.s spectrum of Synecho-
coccus sp. compared to the remaining ones.

Characteristic features of R, spectra for each species were
the most evident for samples with the highest biomass of
phytoplankton (chl-a as an indicator), what can clearly be seen
by its 4™ derivative changes (Figs. 5 and 6). These features
were kept very well, with the SI > 0.95, over concentrations of
chl-a higher than 50% of maximum (Fig. 7). Higher dilution
resulted in less distinct peaks, however Sl for all analysed
concentrations was higher than 0.6. The spectra which main-
tain their major features within wide range of chl-a concen-
tration are suitable for developing model spectra for
particular species. It is worth to note that characteristic shape
of R,s spectra for N. spumigena could be seen even if the
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Figure 7 Similarity index between the R, spectra of phyto-
plankton species with increasing chl-a concentration.

concentration of chlorophyll a was relatively low, here it was
only 13% of the reference concentration. It is due to the fact,
that dilution of phytoplankton cells for this species results in
changes of R,s spectra magnitude rather than its shape (Fig. 5),
despite slight shifts in the main peak positions. Similarly high
dilution of cyanobacteria Dolichospermum or diatoms S. mar-
inoi showed lower similarity to their references, with SI of
about 0.65 (Fig. 7). This is a consequence of changes in relative
height of peaks in blue-green and red portions of the R
spectra characteristic for these species (Figs. 5 and 6).
Characteristic features of R, spectra for different phyto-
plankton species described above are located at different
bands over the whole analysed spectral range. Therefore to
evaluate which phytoplankton species have the most unique
optical signature, HCA between 450 nm and 750 nm was
used. Fig. 8 illustrates the results from cluster analysis
(HCA) applied to R,s spectra presented in the left panels
of Figs. 5 and 6. The spectra of picoplankton species,

Synechococcus sp., for all concentration belonged to one
cluster (Fig. 8), suggesting that those species have a distinct
optical signature. The shape of R, spectra differed signifi-
cantly from the other species. Two main peaks (close to
540 nm and 660 nm) were stable and similarly high for all
studied concentrations. The second peak was shifted towards
longer wavelengths compared to the other species, which
had it around 650 nm. The second cluster (Fig. 8) included all
N. spumigena spectra. However, it also contained one Doli-
chospermum sp. spectrum (lowest measured concentration)
and one C. meneghiniana spectrum (highest measured con-
centration). Those spectra were characterised by three main
peaks, where the second and the third peaks were signifi-
cantly lower than the first one. Spectra of higher concentra-
tion of Dolichospermum sp. were characterised by higher
second peak than the first one, and spectra of lower con-
centration of C. meneghiniana were flatter without distinct
peaks. For those reasons they were not included in that
group. The third cluster (Fig. 8) contained spectra of two
diatom species, C. meneghiniana and S. marinoi and one
cyanobacteria species, Dolichospermum sp. It is difficult to
find any common features in the shape of their spectra
except they are generally characterised by the lowest values
of reflectance. However, if we considered clusters with
similarity above 85% (the linkage distance decrease) the
third cluster would be splitted into three separate groups,
one for each species.

Summarising above, results of the HCA analysis based on
R,s showed that spectral signatures of Synechococcus sp., N.
spumigena and S. marinoi were unique enough to separate
each of them into different clusters regardless concentra-
tion. Dolichospermum sp. and C. meneghiniana showed simi-
larity to N. spumigena or S. marinoi, depending on
concentration (Fig. 8). Results of similar HCA analysis based
on the 4% derivative of R,s spectra gave worst results of
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Figure 8 Cluster tree of all analysed phytoplankton species at different concentrations (chlorophyll a concentration in [mg m~3] is given
in parenthesis) generated by using R,s(1) spectra in the range of 450—750 nm (left) and R,s(1) spectra belonging to each cluster (right).

species separation. Although clusters in this case were char-
acterised by higher inner similarity (three main clusters at
level of 70% of similarity), spectra derived for the same
species but with different chl-a concentration were placed
in different clusters (Synechococcus, Dolichospermum sp.
and N. spumigena) or if not, they belonged to one big cluster
consisting spectra of different species (all S. marinoi and all C.
meneghiniana together with some spectra of N. spumigena
and Dolichospermum sp.). This fact showed that not only
shape of R, spectrum (emphasised by the 4" derivative)
but also its magnitude is an important feature. The clusters
did not change if blue part of the spectrum (up to 525 nm) was
excluded from the HCA analysis (525—750 nm analysed). In the
blue part of a spectrum, R, is expected to be strongly modified
in Baltic Sea waters, rich in dissolved organic matter.

4. Conclusions

The results from the unique experiments designed to study
specific apparent optical properties of selected phytoplank-
ton species of the Baltic Sea are shown in our paper. Pre-
sented reflectance spectra can be used in calibration and
validation of radiative transfer models for water dominated
by specific phytoplankton species. They can be successfully
applied to modelling of the volume scattering function for
phytoplankton assemblages (Wozniak, 2014). Moreover, the
spectral shape characteristic for each species can be used as
a reference spectrum for comparison with in situ measured
reflectance spectra by means of similarity index (cosine
similarity) or root-mean-square deviation. This can help to
assess the water quality and distinguish the dominant phy-
toplankton type. There is a need for those data in develop-
ment, calibration and validation of Earth Observation

algorithms (Sathyendranath et al., 2016). We analysed the
R,s spectra of 5 phytoplankton species commonly occurring in
the Baltic Sea. As expected, the pigment composition as well
as size structure were responsible for differences in spectral
shape of R,s spectra. Beside the differences between the two
phytoplankton groups, the R,s spectra showed some differ-
ences between species belonging to one group. Their char-
acteristic features, e.g. location of peaks and their relative
heights, for each species were kept over wide range of
phytoplankton concentrations with the similarity index (SI)
higher than 0.6. The picoplankton species Synechococcus sp.
showed the most distinct optical signature, which allowed to
distinguish a separate cluster in HCA analysis. Presented
study enlarges the database of existing specific optical prop-
erties of phytoplankton species in the Baltic Sea and shows
the first step towards knowing the variability of R,s within
phytoplankton species. In further studies different phyto-
plankton growth phases and different conditions (light, tem-
perature, nutrients, etc.) need to be accounted for.
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KEYWORDS Summary  An autochthonous community of benthic diatoms was discovered in June 2015 in the
Microphytobenthos; upper sediment layer at depths of 170, 205, and 245 m in the central Barents Sea. At least three
Arctic continental shelf; benthic microalgae species (Gyrosigma fasciola, Pleurosigma angulatum, and Pleurosigma sp. 1)
Diatoms were detected in the sediment but not the upper water column. Analyses revealed that these

benthic microalgae represent a depleted fragment of Arctic littoral microphytobenthos. Com-
pared with the littoral flora, the deep-water assemblage is less diverse and displays low
abundance. The data reported here challenge the generally accepted belief that the presence
of certain microalgae at significant depths results from vertical or horizontal transfer.
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Microphytobenthos, together with phytoplankton and ice
algae, are important components of the primary production
potential in Arctic marine ecosystems. The importance of
benthic microalgae in the littoral and sublittoral coastal
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zones is well established (Cahoon and Laws, 1993). However,
the entire current database of microphytobenthic production
in Arctic waters comprises only 10 published studies, accord-
ing to which the benthic production in Arctic coastal waters
exceeds the pelagic production by a factor of ca. 1.5
(reviewed in Glud et al., 2009, see Fig. 1). An overview study
conducted by Cahoon (1999) directly indicated that there is
substantial underestimation of the benthic microalgal con-
tribution to the productivity of marine ecosystems, espe-
cially for oligotrophic (including Arctic) waters. This
underestimation results from the narrowness of the generally
accepted approach to such investigations, which are often
conducted at sites that presuppose the presence of the
object under investigation. Consequently, an important
unresolved issue is the depth distribution of benthic micro-
algae. According to the common point of view, sustainable
existence of algal communities is governed by the availability
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Figure 1 Locations of sampling stations in the Barents Sea,
from Glud et al. (2009).

of photosynthetically active radiation and in aquatic habitats
is limited by the compensation depth (i.e. the depth at which
the energy of incoming light balances the metabolic costs),
which constitutes the first tens of meters for continental
shelf seas and 100—300 m for oceanic water areas (Raymont,
1980). The zone of the World Ocean below 200 m is consid-
ered to be free of floral organisms (Kiselev, 1969). However,
there have been several studies indicating the presence of
living microalgae at depths below 100 m (Cahoon, 1999), e.g.
chlorophyll-a was reported from sediments of the continental
shelf at depths down to 222 m (Cahoon et al., 1990; Cahoon
and Cooke, 1992), and even to 2000 m (Cahoon et al., 1994),
indicating that benthic microalgae may exist at significant
depths. However, this hypothesis has not been verified, as
previous investigations were conducted using indirect and/or
calculation methods (Karsten et al., 2011). Although such
data extend the lower distribution limits of live benthic
microalgae, the lack of direct observations renders the con-
clusions questionable. We have found only one previous study
in which indirect measurements of the biomass of deep-sea
benthic microalgae using chlorophyll-a values were directly
verified. In October 2003 in Onslow Bay, McGee et al. (2008)
collected sediment samples at depths of 67—191 m and dis-
covered 11 species of live benthic diatoms by direct micro-
scopy. Moreover, that study indicated and substantiated an
autochthonous origin for the species found.

3 Bathymetric tins

50-0 m
100-50
200-100
300-200
0

TITE

B
Scale in Miles

June 2015 (filled red dot). The figure of Arctic region is modified

The objective of this study was to investigate the surface
sediments of the Barents Sea Continental Shelf to determine
whether microphytobenthic assemblages are present at depth.

The study was conducted on the Central Plateau of the
Barents Sea (Fig. 1) during a cruise by the Murmansk Marine
Biological Institute on board the r/v Dalnie Zelentsy in June
2015. Samples were obtained at three stations (74.56°N,
41.41°E, depth 205m; 74.64°N, 40.96°E, depth 174 m;
73.94°N, 46.15°E, depth 245 m) at a distance of 130—240
miles from the nearest shore.

The sediment consisted of red mud with some inequigra-
nular sand. The depth of photic zone (45—75 m) was deter-
mined as 3 times the Secchi depth for case 2 water
(Abakumov, 1983; Jerlov, 1968).

AVan Veen grab device was used to collect sediment from
the surface layer in triplicate. Each subsample (ca. 30 ml
volume and 1 cm depth) was obtained from a separate sedi-
ment sample. All three subsamples, taken from one station,
were placed together into one sample cup (total volume ca.
100 ml) and preserved in 40% formaldehyde (final concentra-
tion of 2%). Water samples were gathered with a bathometer
(“Hidro-bios”, 5l) from the surface water layer, the pycno-
cline (30 m), the intermediate layer (100 and 120 m water
depths), and the near-bottom layer, and by a small-meshed
plankton net with a mesh size of 29 um x 29 um from the
150—50 m water layer.
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For cell count analyses sediment subsamples of 1—1.5 ml
were taken from the mixed total sediment sample, then
placed in a test tube and diluted with certain volume of
water (Vy,0) up to the mark of 10 ml (V- =10ml). Exact
volume of sediment subsample (Vseq = 0.02 ml) is a differ-
ence between Vs-and V,0. After resuspension of a subsam-
ple solid particles settled within 5 min were removed.
Diluted in such a way subsample of the volume V'~ corre-
sponds to the sediment of the volume V.., as

Viey = Vs (%)

Then cells were enumerated (n, cells ml~") in a Nageotte
counting chamber using a generally accepted method and
recalculated per volume of sediment (N, cells cm™3):

N= "

sed

The number of cells per cm? (R) can be expressed as
R = Nxh,

where N is the number of cells per cm?, H is the height of
sampled sediment layer (1 cm).

Enumeration of microalgae was conducted by direct light
microscopy (at a magnification of 400x) using Nageotte
counting chambers. Taxonomic identifications were based
on descriptions in Proshkina-Lavrenko (1950) and Hendey
(1964). Some small forms could not be identified to species
level because of the limitations of the methods used. Division
into dead and live cells was conducted by visual assessment
of undamaged state of cell content (Woelfel et al., 2010).

Each cell was measured individually with an ocular micro-
meter. Best fitting geometric shape and matching equations
were used to determine cell biomass in pg (Olenina et al.,
2006).

Living cells of at least ten species of diatoms were
detected in the sediment samples (Table 1), of which seven
species were identified as mass forms of spring or summer
plankton represented by spore-bearing or vegetative cells.

Table 1

Figure 2  Typical species of microphytobenthos (1 — Gyrosigma
fasciola Griffith & Henfrey, 2 — Pleurosigma angulatum Smith,
3 — Pleurosigma sp. 1) from sediment samples. Scale bar repre-
sents 20 pm.

Cells of all these planktonic species were abundant in the
pelagic layer throughout the whole water area studied. In the
benthic community under investigation, this assemblage of
pelagic species is an allochthonous component introduced
directly from the water column. However, three species of
pennate diatoms, Gyrosigma fasciola, Pleurosigma angula-
tum, and Pleurosigma sp. 1 (Fig. 2), only occurred in the
sediment samples.

Direct examination of the bathometric and net samples
demonstrated the absence of these three species throughout
the whole vertical profile of the pelagic zone at a lower
threshold of detectability of 0.6—1.0 cells cm~2, whereas in
bottom sediments the average density (in total for cells of
the three species) was ca. 600 cellscm™ (Table 1), but
empty frustules and damaged cells were rare. Therefore,
the presence of these forms in the benthic zone cannot be
explained by settling out from the water column, i.e. direct
derivation from pelagic assemblages. Members of genus
Gyrosigma and Pleurosigma are common in the Barents
Sea coastal algal communities, where they co-occur with
typical dominant microphytobenthic species such as Melosira
juergensii, Melosira moniliformis, Melosira hummuloides,
Rhabdonema minutum, Synedra pulchella, and Synedra
tabulata (Kuznetsov and Shoshina, 2003; Makarevich and
Druzhkova, 2010; Makarevich et al., 2015). If direct transport
had occurred, for example with shore ice from the littoral

Abundance and biomass of microalgae in surface sediments (average values for the three stations).

Taxon

Abundance [cells cm™?]

Biomass [ng cm™2]

Amphiprora hyperborea Grunow
Chaetoceros contortus Schutt (spores)
Chaetoceros furcillatus Bailey (spores)
Chaetoceros socialis Lauder (spores)
Fragilariopsis oceanica Hasle
Gyrosigma fasciola Griffith & Henfrey
Pleurosigma angulatum W. Smith
Pleurosigma sp. 1

Pseudo-nitzschia seriata complex
Thalassiosira gravida Cleve (spores)
Centrales 15—20 um

Pennales <30 pm

Pennales 30—50 um

Pennales 50—60 um

Total

99 0.99
13 0.01
5233 2.62
60,333 6.03
33 0.01
365 2.85
67 0.53
202 0.30
13 0.01
147 0.01
160 0.16
926 0.28
3890 1.95
186 0.19
71,667 15.9
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zones of neighboring archipelagoes, the bottom sediments
under investigation would be expected to contain a micro-
algae diversity similar in composition to that of coastal
waters. No such assemblage was detected. Hence, the hor-
izontal transport hypothesis fails to explain the presence of
single components of the littoral benthic microalgae assem-
blage in the sediments with a background of the absence of
the majority of species. A similar pattern of a difference in
taxonomic composition from the planktonic microalgae com-
munity and a similarity with the littoral one was reported for
deep-sea microphytobenthos on the North Carolina Conti-
nental Shelf (Cahoon and Laws, 1993).

This presence of viable microalgae cells much deeper than
the location of the possible compensation depth, where
photosynthesis cannot be the main source of energy, does
not contradict existing knowledge of the physiology of these
organisms. The possible mechanism of life support in such
conditions is the capability for heterotrophic metabolism,
which is widespread among diatoms (Hellebust and Lewin,
1977; Lewin, 1953; Tuchman et al., 2006; Veuger and van
Oevelen, 2011), and/or storage and utilization of energy
reserves at a reduced metabolic rate (Zhang et al., 1995).

Finally, the occurrence of a considerable number of cells
of small pennate diatoms, which were not identified to
species level during study of the sediment samples, suggests
that G. fasciola, P. angulatum, and Pleurosigma sp. 1 repre-
sent only part of a specific algal community inhabiting the
lower depths of the Barents Sea Continental Shelf.

This discovery of an autochthonous microalgal community
in the benthic zone of the central Barents Sea represents a
depleted fragment of Arctic littoral assemblages of benthic
microalgae. At present, a depth of at least 245 m may be
regarded as the lower habitat limit of the microphytobenthic
community on the Barents Sea Continental Shelf. The for-
mation of such a deep-sea algal community may be considered
to result from loss of species incapable of adopting hetero-
trophic feeding from the microphytobenthos during transport
from the littoral zone to below the compensation depth.

Findings of live autochthonous algal communities in bot-
tom habitats suggests that the occurrence of viable micro-
algae at similar depths in the pelagic zone (Agusti et al.,
2015) (optionally as Deep Chlorophyll Maxima/Deep Biomass
Maxima; Fennel and Boss, 2003) in some cases might not be
directly related to the overlying surface waters.
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KEYWORDS Summary Unusual occurrence of planktonic diatom species, Chaetoceros bacteriastroides and
Bacillariophyta; Chaetoceros pseudosymmetricus, was noticed in three different marine ecosystems of Adriatic
Chaetoceros; Sea: the Krka Estuary and Telascica Bay in the Central Adriatic, and in southern Adriatic offshore.
Introduced species; From 2010 to 2015, these two Chaetoceros species were recorded in heterogeneous environmen-
Mediterranean; tal conditions and in a very low abundances. Both species are regarded as very rare in world
Phytoplankton; oceans, and consequently knowledge of their distribution and ecology is rather poor. Primarily
Tropical described from tropical waters and showing Indo-Pacific distribution, C. bacteriastroides and

C. pseudosymmetricus findings in Adriatic represent the northernmost records in world's oceans
and seas. For C. pseudosymmetricus this is also the first occurrence in European seas. Areal
expansion and introduction of new phytoplankton species in the Adriatic Sea might be related to
different circulation regimes in the lonian Sea and the concurrent rise in sea temperature in the
Mediterranean in the last decade. Recent investigations have shown that entering currents, of
either Atlantic/Western Mediterranean or Eastern Mediterranean origin, modify the composition
of the plankton community in the Adriatic by bringing different newcomers.
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The genus Chaetoceros Ehrenberg (Bacillariophyta) is one of
the most important diatom genera, with a great variety of
species found worldwide (Malviya et al., 2016). In the Adria-
tic Sea the genus is ecologically very significant and re-
presented with ca. 50 species (Vilici¢ et al., 2002). Its
identification is often problematic due to the large morpho-
logical variability within the species, the frequent occur-
rence of intermediate forms and the fact that some of the
characters used for delineation can only be observed using
electron microscopy (Bosak, 2013). In general, this genus is
characterized by an extension of the valve named setae and
the formation of chains that are joined in various structures
associated mainly with the form and position of setae
(Hasle and Syvertsen, 1997). One of their most conspicuous
characteristics is the possession of four setae per cell in the
majority of species (Round et al., 1990). In spite of these
taxonomic characteristics Chaetoceros bacteriastroides
Karsten has a larger number of setae making it morphologi-
cally different from other Chaetoceros species. C. bacter-
iastroides has been rarely recorded from the Indian Ocean
(Karsten, 1907; Paul et al., 2007; Simonsen, 1974), the Pacific
Ocean (Fryxell, 1978; Guilard and Kilham, 1977; Hernandez-
Becerril, 1993), Chinese seas (Ke et al., 2012; Liu, 2008) and
the Tyrrhenian Sea (Sarno and Zingone, 2008). The chains are
straight, usually long and robust. The cells are cylindrical, in
girdle view appear rectangular with smooth corners and long
pervalvar axis. Each cell contains numerous small chloro-
plasts. Each intercalary valve possesses six setae of which
two are long and robust while four are shorter and very
strongly spirally undulated (Hernandez-Becerril, 1993).
Another recorded diatom, Chaetoceros pseudosymmetricus
Steemann-Nielsen is a very rare species, reported only three
times from the Indian Ocean (Hernandez-Becerril, 2000;
Steemann-Nielsen, 1931; Thorrington-Smith, 1970). The cells
form straight and short chains of three to seven cells that
are rectangular in girdle view and narrowly elliptical in
valve view. The cells are delicate, and lacking chloroplasts
within the setae, therefore belonging to the subgenus
Hyalochaete. The intercalary setae emerge from the apices
of the valves and fuse immediately to the sibling setae. After
fusion, they become inflated for a short distance and then
gradually taper to the tip (Hernandez-Becerril, 2000).

Findings of C. bacteriastroides and C. pseudosymmetricus
in the Adriatic Sea add to the scarce information on the
geographical and ecological features of these rare diatoms.
Also, these unusual reports for the whole Mediterranean
contribute to the knowledge of phytoplankton biodiversity
and checklists of European seas.

The Adriatic Sea is an elongated basin in the northern
part of the Mediterranean, with three distinctive sections,
the northern, central and southern parts where different
water masses can be recognized (Vilici¢ et al., 2002). Adriatic
ecosystems are influenced by the regular exchange of water
with the Eastern Mediterranean through the Strait of
Otranto. Levantine Intermediate Water (LIW) and lonian
Surface Water (ISW) flow into the Adriatic along the sea’s
eastern border. The volume of this flow is greater in winter
but, depending on climatic oscillations that occur from the
Atlantic to the south-east Mediterranean, varies year-to-year
(Grbec et al., 2002). Studies where previously unrecorded
C. bacteriastroides and C. pseudosymmetricus were found
have been made in three different marine ecosystems of the

Adriatic Sea: the Krka Estuary and TelascCica Bay in the
Central Adriatic, and in the southern Adriatic offshore. Kars-
tic river Krka is a salt-wedge, highly stratified estuary (Zuti¢
and Legovic, 1987), characterized by small tidal amplitudes
and permanently brackish surface water (Svensen et al.,
2007). Telas¢ica Bay is located about 32 nautical miles
north-west from the Krka Estuary and it is a poorly investi-
gated, semi-enclosed oligotrophic marine ecosystem that is
formed by Dugi Otok island. Finally, the South Adriatic is the
deepest and the widest part of the basin, characterized by
the oligotrophic offshore and circular, 1243 m deep South
Adriatic Pit.

The records of C. bacteriastroides and C. pseudosymme-
tricus in the Adriatic Sea are the results of 4 different
research projects that were carried out from 2009 to
2016. Altogether, 24 research cruises were undertaken and
in total 41 net samples (Krka Estuary and Telascica Bay) and
272 bottle samples (South Adriatic) were analyzed. In the
Krka Estuary (at 4 stations in June 2010) and Telascica Bay
(at 5 stations in March 2012) only net samples were collected
by vertical hauling from 20 m to surface. Mesh plankton net
(20 wm-pore-sized) samples were observed using an inverted
Zeiss Axio Observer Z1 microscope and Mira Il FE LMU scan-
ning electron microscope (Bosak, 2013). Phytoplankton sam-
ples in South Adriatic were collected by 5-L Niskin bottles
at 4 stations along the Dubrovnik-Bari transect monthly
from February 2009 to February 2013 and at 12 stations from
December 2015 to April 2016, both at standard oceano-
graphic depths (0—200 m). Niskin samples were preserved
in neutralized formaldehyde (2.5% final concentration) and
observed using an Olympus IX-71 inverted microscope accord-
ing to the Utermohl method (Utermohl, 1958). Subsamples
(100 mL) were settled for 48 h in counting chambers (Hydro-
Bios) before analyses. Observations were made over the
entire area of the counting chamber base plate to obtain
the most accurate estimation. The phytoplankton abundances
are expressed as number of cells per liter (cellsL™").
Temperature and salinity profiles were taken by CTD multi-
parametric probe (SBE 911 plus, SeaBird Electronics Inc.,
USA). Identification of C. bacteriastroides and C. pseudo-
symmetricus was carried out following Fryxell (1978) and
Hernandez-Becerril (1993, 2000). In all examined samples
from Krka Estuary, at Telasé¢ica Bay and along the Dubrov-
nik-Bari transect C. bacteriastroides and C. pseudosymme-
tricus were encountered only in 7 cases (Fig. 1, Table 1).
Particular records with locations and abundances as well as
temperature and salinity conditions of C. bacteriastroides
and C. pseudosymmetricus in Adriatic Sea are shown in
Table 1. C. bacteriastroides (Fig. 2) was recorded for 6 times
from 2010 to 2015, while C. pseudosymmetricus (Fig. 3)
was recorded just once in 2015. Abundance of both species
did not exceed 107 cells L',

The migration of new planktonic species from tropical and
subtropical areas to the temperate seas is a regular process
that has changed the dynamic of Mediterranean and Adriatic
biodiversity in the last decade (Batistic et al., 2014; Gomez,
2006; Halim, 1990; Pecarevic et al., 2013; Zenetos et al.,
2005). The opening of the Suez Canal slowly allowed some
Indo-Pacific species to migrate north into the eastern Med-
iterranean while, at the other end of the basin, Atlantic
water entering via the Straits of Gibraltar carries into the
western Mediterranean species that are prevalently of (sub)
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Figure 1 Map of the 7 station locations in the Adriatic Sea
where Chaetoceros bacteriastroides and C. pseudosymmetricus
have been recorded. Krka Estuary (K), Telas¢ica Bay (T) and
Dubrovnik-Bari transect (GG, 5, 7, P-1200 and P-300).

tropical affinity (Bianchi, 2007; Gomez et al., 2000; Por, 1990).
Spreading of warm water species has been speeded up by the
increase of sea temperature in the Mediterranean which
enhances the survival of newcomers (Parravicini et al.,
2015). The exact path of introduction of C. bacteriastroides
and C. pseudosymmetricus into the Adriatic Sea is difficult to
reconstruct. Regarding other introduced species in the Eastern
Adriatic, possible vectors of introduction could be aquaculture
activities and shipping (Pecarevic et al., 2013). But most likely
it might be related to the regular inflow of Levantine Inter-
mediate Water (LIW) and lonian Surface Water (ISW). The
surface and subsurface temperature and salinity in the South
Adriatic (T > 14.5°C, S > 38.5) seem to be a signature of the
cyclonic regime of circulation that brings warm and more
saline Eastern Mediterranean Water (Batistic et al., 2012;
Civitarese et al., 2010). However, both species have never
been reported in the eastern Mediterranean but occurrence of
C. bacteriastroides was noted in the Western Mediterranean,
in Gulf of Naples (Southern Tyrrhenian Sea) in 2002 (Sarno and
Zingone, 2008). Since then it has been found at the same site
on other dates, but at relatively low abundances (Zingone,
2015). Remarkable is that occurrence of rarely reported
C. pseudosymmetricus was observed for the first time in

European seas. Both species were defined tentatively as
Indo-Pacific in origin (Hernandez-Becerril, 1993, 2000) with
scarce information about their ecology. Those findings in
Adriatic represent the northernmost records in world's
oceans and seas. Although rare, it is obvious that C. bacter-
iastroides found their ecological niche in the Adriatic Sea as it
is recorded in different areas over a span of several years,
being adaptive enough to survive. Thus, in the Adriatic it was
recorded in different environmental conditions; from the
estuarine waters with lower salinity to the South Adriatic
offshore with a high salinity influence. However, if we com-
pare the environmental conditions of warmer seas in which
C. bacteriastroides was reported such as the Bay of Bengal
(T=27-29°C, $=29-33) and the China Sea (T =29-32°C,
S =32-33), this species in the Adriatic shows an expanded
tolerance limits for temperature and salinity (Ke et al., 2012;
Paul et al., 2007). It is certain that both newly recorded
Chaetoceros in the Adriatic prefer oligotrophic conditions
(Cali¢ et al., 2010; Supraha et al., 2014; Vili¢i¢ et al., 2002).
For now it is still unknown whether the record of C. pseu-
dosymmetricus is a temporary appearance in the Adriatic or
will adapt and become a common taxon of the Mediterranean
phytoplankton communities. As it was first described from
below 50 m (Steemann-Nielsen, 1931) and at 50 m in this
study, C. pseudosymmetricus is considered as a more oceanic
‘shade’ form. Huge and sparsely studied area of the Mediter-
ranean and the Adriatic open waters offers the possibility
that those taxa have been being overlooked or misidentified
in the past as is the case with numerous other phytoplankton
species (Gomez, 2008; Hamsher et al., 2013). However, for C.
bacteriastroides and C. pseudosymmetricus misidentifica-
tion is highly unlikely considering their peculiar morphology
(Hernandez-Becerril, 1993, 2000).

Recent records of these unusual Chaetoceros species in
Adriatic Sea should be considered as an example of the
expansion of thermophilic phytoplankton species. Although
such sporadic events do hardly allow trend analyses they
nevertheless provide useful information on environmental
alteration and the global distribution of species. We can
expect the spreading of warm-water phytoplankton species
in the Mediterranean associated with sea warming in present
day. The future regular studies are necessary to verify if new
Chaetoceros species establish a healthy population in the
Adriatic Sea. These findings will facilitate the identification
of C. bacteriastroides and C. pseudosymmetricus, and pos-
sibly further records in Mediterranean.

Table 1 Spatio-temporal data of new Chaetoceros species in Adriatic Sea — abundances (A), temperature (T) and salinity (S).
Species Location Station Date Sample Depth [m] Al[cellL™"] T[C] S
Chaetoceros 43°41'N/15°49E  Krka (K) 9.6.2010 Net 0-20 + 15.4—22 34.9-37.9
bacteriastroides 43°50'N/15°12’E  Telascica (T) 1.3.2012 Net 0-20 +2 12—12.5 38.7-38.8
42°13'N/17°42'E  P-300 12.1.2012  Bottle 100 140 14.3 38.7
42°27'N/17°56'E  P-1200 12.1.2012  Bottle 75 180 14.7 38.7
41°29'N/17°12'E 7 13.12.2015 Bottle 2 70 16.2 38.8
42°58'N/17°04E GG 14.12.2015 Bottle 50 160 14.2 38.8
Chaetoceros 41°19'N/17°07E 5 13.12.2015 Bottle 50 80 14.2 38.8
pseudosymmetricus

2 +, present in net samples.
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Figure 2 LM (a, b) and SEM (c) micrographs of Chaetoceros
bacteriastroides from the South Adriatic (station P-1200) and
Krka Estuary: Complete chain showing orientation of the setae
(a); Detail of the intercalary valves and setae showing reduced
spirally undulated setae (b); sibling valves in girdle view showing
two pairs of reduced spirally undulated setae and two pairs of
common intercalary setae (c). Scale bar=50pum (a, b) and
20 pm (c).
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Figure 3 LM micrographs of Chaetoceros pseudosymmetricus
from the South Adriatic (station 5): Terminal part of the chain
with intercalary and terminal setae (a); detail of the intercalary
valves and setae, showing inflation of intercalary setae (b). Scale
bar =50 um.
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