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Alicja Kosakowska 
Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland 

Matti Leppäranta 
Institute of Atmospheric and Earth Sciences, University of Helsinki, Finland 

Ewa Łupikasza 
Faculty of Earth Sciences, University of Silesia, Sosnowiec, Poland 

Hanna Mazur-Marzec 
Institute of Oceanography, University of Gda ńsk, Gdynia, Poland 
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Abstract Understanding the changing levels of biochemical parameters and the factors that 
influence them throughout the seasons is crucial for comprehending the dynamics of marine 
ecosystems. It also helps us identify potential threats that could harm their condition, aid- 
ing decision-making processes related to their protection. This study focuses on examining the 
variations in nutrients (such as nitrates, phosphates, and silicates), dissolved oxygen, and phy- 
toplankton within the Gulf of Gda ńsk. Additionally, we analyze the primary production process 
at three representative locations. To achieve this, we used data from the EcoFish biochemical 
numerical model. To ensure the model’s accuracy, we compared its results with in situ data 
from the ICES database. The comparison revealed high correlations and minimal errors. Fur- 
thermore, we investigated how limiting factors impact primary phytoplankton production and 
demonstrated how the intensity of spring diatom blooms influences the nature of cyanobacte- 
rial blooms in the summer. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

rimary production in marine environments is associated 
ith the process of photosynthesis, in which organisms such 
s phytoplankton (and other photosynthesizing organisms) 
se sunlight, water, and carbon dioxide to produce organic 
atter. Phytoplankton is a key component of the marine 
ood web and plays an important role in shaping the ecosys- 
em of the Gulf of Gda ńsk ( Verity and Smetacek, 1996 ). It
erves as the primary source of food for many organisms, 
uch as zooplankton (for example invertebrates) or small 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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sh, which then are consumed by larger fish, birds, and ma- 
ine mammals. Various factors, including water tempera- 
ure, nutrient availability, and sunlight, influence primary 
roduction in the Gulf of Gda ńsk. Its location at the mouth 
f the Vistula River (and other smaller rivers), which pro- 
ides nutrient-rich freshwater, makes it a particularly pro- 
uctive area ( Tomczak et al., 2016 ). 
The Baltic Sea is exposed to a range of natural processes 

nd anthropogenic stressors ( von Storch, 2023 ). These in- 
lude climate change, rising sea levels, coastal processes, 
xcessive nutrient loads resulting in eutrophication, hy- 
oxia, acidification, agriculture, fisheries, organic pollu- 
ion, sunken munitions, marine litter, underwater noise and 
ourism ( Reckermann et al., 2022; Szymczycha et al., 2019 ). 
During the latest socioecological assessment, the Baltic 

ea achieved a Baltic Health Index (BHI) score of 76 out 
f 100, indicating that its overall condition is suboptimal 
nd achieving management objectives and associated tar- 
ets requires significant effort ( Blenckner et al., 2021 ). Re- 
ionally, the Gulf of Gda ńsk achieved the lowest BHI score 
f 55 among all regions considered, mainly due to a low as- 
essment in relation to contaminants, carbon storage, and 
asting special places. Therefore, continuous monitoring of 
he state of the Gulf of Gda ńsk and appropriate manage- 
ent of human maritime activities is particularly important 
o minimize their negative impact on the condition of its 
aters. 
The project Knowledge transfer platform FindFISH 

short: FindFISH ) ( Dzierzbicka-Głowacka et al., 2018 ) is per- 
ectly suited to the implementation of the aforementioned 
asks (monitoring and management of human activities). 
he project aimed to develop a user-friendly platform to 
rovide fishermen and scientists with accessible knowledge 
nd information regarding the Gulf of Gda ńsk’s physical and 
iological state. As part of the project, a Fish Module was 
esigned to generate maps indicating the best environmen- 
al conditions for specific commercially caught fish species 
n the Gulf of Gda ńsk, such as herring, sprat, and floun- 
er. This tool enables targeted fishing, reducing unintended 
atch and minimizing pollution caused by fishing expedi- 
ions, thus promoting environmental protection. 
The heart of FindFISH is the 3D prognostic eco- 

ydrodynamic model EcoFish , developed within the project. 
he EcoFish model ( www.findfish.pl ) operates in real-time 
ode, creating 48-hour forecasts of hydrodynamic parame- 
ers (water temperature, salinity, sea currents, sea surface 
eight) and biochemical parameters (nitrate, phosphate, 
ilicate, chlorophyll a , phytoplankton and microzooplank- 
on biomass, dissolved oxygen and dissolved organic carbon 
oncentration). 
The hydrodynamic part of the EcoFish model was de- 

cribed in separate papers ( Janecki et al., 2021 , 2022 ), 
long with the analysis of the variability of the physical pa- 
ameters, confirming a very good agreement between the 
odel results and environmental data. In this work, we fo- 
us on the biochemical part of the EcoFish model. The fol- 
owing chapters present the results for the biochemical pa- 
ameters, their variability, and a comparison with in situ 

ata from the ICES database. 
One of the three groups of phytoplankton implemented 

n the EcoFish model is cyanobacteria. Cyanobacteria are 
rokaryotes but have historically been grouped with eukary- 
518 
tic “algae” and at varying times have been referred to 
s “blue-greens” or “blue-green algae” ( Carmichael, 2008 ; 
’Neil et al., 2012 ). This name does not reflect any rela-
ionship between cyanobacteria and other organisms called 
lgae. Cyanobacteria are a distinct group of bacteria that 
erform oxygenic photosynthesis, and it is only the chloro- 
last in eukaryotic algae to which the cyanobacteria are re- 
ated ( Sato, 2021 ). 

Although we are aware of the updated classification of 
yanobacteria, for the purposes of our study, we have cho- 
en to treat cyanobacteria as a component of phytoplankton 
s it was traditionally understood. This decision is motivated 
y the need to maintain consistency with previous studies 
nd the existing literature, ensuring comparability and fa- 
ilitating model-based analyses. By acknowledging the re- 
ised systematic position of cyanobacteria while using the 
erm "phytoplankton" within the scope of our research, we 
im to strike a balance between the historical perspective 
nd the contemporary scientific understanding. 
The purpose of the paper is not only to prove, that the 

coFish model provides reliable results on biochemical vari- 
bles for the Gulf of Gda ńsk. By analyzing the variability of 
utrients (nitrates, phosphates and silicates), dissolved oxy- 
en and phytoplankton in the Gulf of Gda ńsk, we wanted 
o describe their impact on the pattern and intensity of the 
rimary production. The rich nutrient deposition from rivers 
an significantly alter the biomass distribution of all phyto- 
lankton groups. 
The analysis of the seasonal variability dynamics of the 

rimary production process is extremely important in the 
ontext of the conducted research, as it is a process directly 
elated to the production and consumption of oxygen in the 
aters of the Gulf of Gda ńsk. Dissolved oxygen concentra- 
ion is one of the four parameters (along with temperature, 
alinity, and depth) that constitute an input variable crucial 
or the Fish Module . 

. Material and methods 

.1. Study area 

he EcoFish model domain encompasses an enlarged area 
f the Gulf of Gda ńsk ( Figure 1 ). It is one of the most im-
ortant coastal areas in the southern part of the Baltic Sea, 
ith unique oceanographic and hydrological conditions. The 
estern part of the Gulf of Gda ńsk can be divided into 
 shallow part called the Puck Bay, and further west into 
he semiclosed Puck Lagoon ( Majewski, 1972 ). The Vistula, 
hich is the largest river flowing into the gulf and carrying 
utrients and other substances originating from industry and 
ther human activities, has a significant impact on the hy- 
rology of the Gulf of Gda ńsk ( Voss et al., 2005 ; Witek et al.,
997 ). The Gulf of Gda ńsk also contains the largest Polish 
orts, such as Gda ńsk and Gdynia, which have a significant 
mpact on its environment due to pollution, maritime trans- 
ort, and fishing ( HELCOM, 2010 ). 

.2. In situ data 

o verify whether the EcoFish model accurately reproduces 
he variability of biochemical parameters in the Gulf of 

http://www.findfish.pl
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Figure 1 The EcoFish model domain with bathymetry, the location of environmental data from the ICES database, and the stations 
where primary production was investigated. 
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da ńsk, the International Council for the Exploration of the 
ea 1 (ICES) database was used. The ICES database for the 
ears 2017—2020 contained 3329 measurements of oxygen 
O 2 ), 2370 measurements of nitrate (NO 3 ), 2592 measure- 
ents of phosphate (PO 4 ), 2610 measurements of silicate 
SiO 3 ), and 972 measurements of chlorophyll a . Most of the 
ata originated from the shallow waters in the Puck Bay 
rea and the southern part of the Gulf of Gda ńsk. Only 
 small fraction (mainly for oxygen concentration) was lo- 
ated at greater depths in the open sea ( Figure 1 ). 

.3. The EcoFish model 

.3.1. Configuration 

he EcoFish model is a three-dimensional, numerical prog- 
ostic model of the Gulf of Gda ńsk ecosystem with a hor- 
zontal resolution of 575 m, which was developed as part 
f the FindFISH project. The model is divided into 26 verti- 
al levels, each with a thickness of 5 m. The EcoFish model 
onsists of: 

• Hydrodynamic component — this is an ocean model based 
on the Parallel Ocean Program (POP) code, which has 
been described and validated (for water temperature 
and salinity) in a separate article ( Janecki et al., 2021 ); 

• Biochemical component — this is an NPZD-type biochemi- 
cal model, which is described and validated in this paper; 

• Fish Module — this is an additional element created 
within the FindFISH project, which, based on data from 

the hydrodynamic and biochemical components, allows 
1 https://data.ices.dk . 

519 
for the creation of maps of optimal environmental condi- 
tions for the habitat of fish (sprat, herring, and flounder) 
commercially caught in the Gulf of Gda ńsk region. 

In addition to the three main components in which sim- 
lations are conducted, the EcoFish model includes dedi- 
ated modules for processing input and output data, data 
ssimilation modules (for surface temperature and chloro- 
hyll a ), and a module coordinating the model in the oper-
tional mode. Its task is to control the components, handle 
rrors, and transmit data between modules. 

.3.2. Water — water border 
he EcoFish model domain is connected with the Baltic Sea 
rom the north and northwest, which creates the need to 
rovide the model with boundary conditions (open bound- 
ry). These forcings are transmitted to the EcoFish model 
sing the results from the 3D CEMBS model with a horizontal 
esolution of 2 km ( Dzierzbicka-Głowacka et al., 2013a,b ). 

.3.3. Atmosphere forcing 
t the water-atmosphere boundary, the EcoFish model is 
riven by meteorological forcing. These forcings are de- 
ived from the UM (Unified Model) 2 , developed at the In- 
erdisciplinary Centre for Mathematical and Computational 
odelling of the University of Warsaw (ICM UW). Some of 
he obtained parameters (wind speed, air temperature, spe- 
ific humidity, atmospheric pressure, precipitation, radia- 
ion) are directly used as forcings after interpolation onto 
he EcoFish model grid. The missing parameters are calcu- 
2 www.meteo.pl . 

https://data.ices.dk
http://www.meteo.pl
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Table 1 Rivers mouths’ locations included within the EcoFish model domain and mean runoff. 

Source River name Longitude Latitude Mean runoff [m 

3 s −1 ] 

1 HYPE Vistula 18.95 54.35 1064 
2 HYPE Bold Vistula 18.78 54.37 2.05 
3 HYPE Still Vistula 18.66 54.41 6.06 
4 HYPE Oliwski Stream 18.60 54.42 0.31 
5 HYPE Kamienny Stream 18.56 54.46 0.45 
6 HYPE Kacza 18.56 54.48 0.29 
7 HYPE Sewage Canal 18.51 54.61 0.21 
8 SWAT Zagórska Stream 18.47 54.63 0.11 
9 SWAT Reda 18.47 54.64 0.48 
10 SWAT Mrzezino Canal 18.46 54.66 0.20 
11 SWAT Gizdepka 18.46 54.66 0.30 
12 SWAT Żelistrzewo Canal 18.45 54.70 0.17 
13 SWAT Płutnica 18.39 54.72 0.91 
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ated by the atmospheric data module, which is an integral 
art of the EcoFish model. 

.3.4. Land-water linkage 

n the EcoFish model, 13 rivers that flow into the Gulf 
f Gda ńsk are taken into account ( Table 1 ). Information 
bout the volume of freshwater (runoff) and nutrients de- 
osition for six rivers whose mouths are located in the 
rea of the Puck Commune comes from the SWAT model 
 Kalinowska et al., 2020 , 2018 ; Wielgat et al., 2021 ). 
WAT was developed as part of the Integrated Information- 
redictive Service WaterPUCK project ( Dybowski et al., 
019 ; Dzierzbicka-Głowacka et al., 2019 , 2022 ). The re- 
aining seven rivers use runoff data from the Hydro- 

ogical Predictions for the Environment (HYPE) model 
 Arheimer et al., 2012 ; Donnelly et al., 2016 ). Data on the
mount of nutrient deposition in the HYPE model were avail- 
ble only in the form of monthly averages for the period 
980—2010. As a result of the HELCOM directives, the ac- 
ual amounts of these substances entering the Baltic Sea 
rom the territory of the Republic of Poland have been sig- 
ificantly reduced over the past 30 years ( Pastuszak et al., 
018 ). The use of 30—year averages would lead to overesti- 
ation and distortion of the actual flow. Therefore, nutri- 
nt deposition for HYPE rivers was set based on the work of 
astuszak et al. (2018) . Nitrate concentrations were estab- 
ished at 0.9 mg dm 

—3 , ammonia at 0.07 mg dm 

—3 , phosphate 
t 0.07 mg dm 

—3 , and silicate at 1.1 mg dm 

—3 . Concentra- 
ions were linked to daily volumes of freshwater introduced 
y these rivers, obtaining a satisfactory estimate of deposi- 
ion ( Dybowski et al., 2020 ). 

.3.5. NPZD-type biochemical model 
he implementation of environmental variables in the 
coFish model was carried out by determining the source 
nd sink functions for four types of nutrients (phosphates 
PO 4 , nitrates — NO 3 , ammonia — NH 4 , and silicates —

iO 3 ), three groups of phytoplankton and microzooplank- 
on. There are two things that the general equation of tur- 
ulent diffusion with an advection component does in the 
coFish model ( Equation (1) ). First, it describes the dynam- 
520 
cs of changes in concentrations. Second, it serves as the 
ink where the transfer of forcings between the hydrody- 
amic and biochemical components takes place. 

∂S 
∂t 

+ ( V + w s ) · ∇S = 

∂ 

∂z 

(
K z 

∂S 
∂z 

)
+ 

2 ∑ 

i −1 

∂ 

∂x i 

(
K x i 

∂S 
∂x i 

)
+ F s (1) 

here S is each model variable, V ( u, v, w ) is the veloc-
ty vector, w S is the sinking velocity of pelagic detritus, K z , 
 xi , are vertical and horizontal turbulent diffusion coeffi- 
ients and F S is the biogeochemical source-sink term which 
escribes possible sources and losses of the diffusing sub- 
tance in the space being studied. 
The source code of the biochemical part was filled with 

nterrelated dependencies describing the variability of the 
rimary production of phytoplankton biomass, as well as the 
oncentration of chlorophyll a , microzooplankton biomass, 
utrients concentrations (phosphates, nitrates, ammonia 
nd silicates), dissolved oxygen, pelagic and benthic detri- 
us (for NO 3 and PO 4 ). Source and sink functions were deter-
ined based on knowledge of the biological and chemical 
rocesses that occur in the marine environment and their 
utual relationships ( Dzierzbicka-Głowacka et al., 2013b ; 
oore et al., 2001 ). 
The biochemical component of the EcoFish model re- 

uires information about the state and physical conditions 
f the ecosystem it represents. Therefore, it depends on the 
ydrodynamic component and operates in the same domain 
 Figure 1 ). 

. Results 

n the following chapters, we present monthly average con- 
entrations of dissolved oxygen (O 2 ), nitrate (NO 3 ), phos- 
hate (PO 4 ), silicate (SiO 3 ), and phytoplankton (as chloro- 
hyll a ) for a four-year period from January 1, 2017 to De-
ember 31, 2020. 
Furthermore, each biochemical variable was validated by 

omparing it with the available measurements from the ICES 
atabase ( Figure 1 ). Basic statistical measures were deter- 
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Figure 2 Average monthly concentrations of dissolved oxygen (O 2 ) in the surface layer for the period 2017—2020. 
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Figure 3 Vertical profiles of the mean monthly dissolved oxy- 
gen concentrations (O 2 ) for the period 2017—2020. 
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tant modeled variable that needed to be verified for accu- 
ined: means, standard deviations (STD), Pearson’s corre- 
ation coefficients (r) and root mean square errors (RMSE). 

In the EcoFish model, all depth levels have a thickness 
f 5 meters. However, the ICES data had non-uniform sam- 
ling density in the water column (e.g., 0 m, 1 m, 2.5 m, 
 m, 5 m, 10 m, 20 m). This resulted in several ICES mea-
urements that differed from each other but corresponded 
o the same EcoFish model value, or an ICES measurement 
as taken from a depth at the boundary of two adjacent 
odel levels. This could cause unnatural distortion of the 
alidation results. To eliminate the negative impact of the 
on-uniform data density, interpolation (and extrapolation) 
etween EcoFish model levels with a step of 0.1 m was ap- 
lied. Among the available methods of interpolation and ex- 
rapolation, the third-order simplified Hermite polynomial 
ethod (PCHIP) was chosen, which interpolates both the 
unction and its first derivative. 

.1. Dissolved oxygen — O 2 

easonal changes in water oxygenation are influenced by 
oth climatic factors and primary production. Maximum 

oncentrations of dissolved oxygen occur in the winter- 
pring season, with the combination of low water tempera- 
ure and the beginning of the phytoplankton bloom period 
 Figure 2 ). The maximum monthly average concentration of 
issolved oxygen in the surface layer of the EcoFish model 
calculated for the entire domain area) occurred in March 
nd April, and was 398.79 mmol m 

—3 and 401.03 mmol m 

—3 , 
espectively. In the following months, as the temperature 
ncreases, the solubility decreases, and so the oxygen con- 
entration in the water drops. However, there are areas 
here an increase in dissolved oxygen is noticeable as a 
esult of intensive primary production. The minimum con- 
entration of dissolved oxygen in the surface layer occurred 
n August with a mean value of 269.50 mmol m 

—3 . The aver- 
ge annual concentration of dissolved oxygen in the surface 
ayer was 344.07 mmol m 

—3 with a standard deviation of 
0.33 mmol m 

—3 . 
When examining the vertical profiles of mean monthly 

xygen concentrations ( Figure 3 ) at station P1 situated in 
he Gda ńsk Deep area ( Figure 1 ), it becomes apparent that 
here is a distinct variation as depth increases. In all months 
xcept summer months (May, June, July, and August), the 
521 
xygen concentration remains constant (homogeneous) un- 
il a depth of approximately 40—50 meters. Then it begins 
o drop with increasing depth until it stabilizes at a depth of 
bout 90 meters. In the winter months, this stable concen- 
ration at the greatest depths is higher (up to approximately 
50 mmol m 

—3 in February). This is due to stronger vertical 
ixing, pushing the cold, oxygenated water from the sur- 
ace to greater depths. In the summer, such strong vertical 
ixing does not occur, and the average oxygen concentra- 
ion at greater depths drops to 150 mmol m 

—3 and below. 
The concentration of dissolved oxygen is the most impor- 
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Figure 4 Average monthly concentrations of nitrates (NO 3 ) in the surface layer for the period 2017—2020. 
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Figure 5 Vertical profiles of mean monthly concentrations of 
nitrates (NO 3 ) for the period 2017—2020. 
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acy. This is because it is used as an input parameter for 
he Fish Module . In the ICES database for the years 2017—
020, there were 3329 measurements available within the 
coFish model domain. After comparing ICES measurements 
ith their corresponding values from the EcoFish model, a 
ood reproduction of oxygen concentration variability was 
btained for high O 2 concentrations. However, for measure- 
ents from great depths with concentrations dropping be- 

ow 200 mmol m 

—3 the EcoFish model tended to slightly 
verestimate the results. The validation results for oxygen 
re presented in Table S1. Pearson’s correlation coefficients 
anged from 0.70 to 0.80 and RMSE from 61.14 to 86.85 
mol m 

—3 . For the entire period 2017—2020, a Pearson cor- 
elation coefficient of 0.75 and a root mean square error of 
0.86 mmol m 

—3 were obtained. 

.2. Nitrates — NO 3 

he highest concentrations of nitrates in the EcoFish model 
ere observed in winter and early spring, before the start 
f the growing season. The lowest concentrations were ob- 
erved in the summer months ( Figure 4 ). The highest aver- 
ge monthly concentration of nitrates in the surface layer of 
he EcoFish model (calculated for the entire domain area) 
ccurred in February (8.66 mmol m 

—3 ), and the lowest in 
une (0.03 mmol m 

—3 ). 
By examining the vertical profiles of the nitrate concen- 

rations at station P1 ( Figure 5 ), we can observe that the 
ighest amounts of this compound (concentrations greater 
han 9 mmol m 

—3 ) accumulate at depths from 60 meters to 
he seabed. Nitrates are also present closer to the surface, 
ut there is a clear seasonal variability associated with the 
ntensity of primary production and phytoplankton blooms. 
itrates in the euphotic zone begin to decline in the spring 
ue to diatom blooms, and subsequently decrease until July, 
hen they are completely depleted in the layer to about 
0 meters. In September, slow extraction of nitrates from 

eeper layers to the surface occurs because of fall storms, 
ausing an increase in their concentrations. In October, due 
o low primary production, nitrate concentrations in the 
urface layer can reach values greater than 3 mmol m 

—3 . 
n the following months, nitrate concentrations on the sur- 
ace gradually increase, reaching their maximum of around 
 mmol m 

—3 in January and February. 
522 
In the ICES database for the years 2017—2020, there were 
370 nitrate concentration measurements available. After 
omparing the ICES measurements with their corresponding 
alues from the EcoFish model, a moderately good repre- 
entation of the dynamics of nitrate concentrations was ob- 
ained. This is because the ICES measurements came mainly 
rom locations that are under strong pressure from the land, 
n the form of nutrient deposition from rivers flowing into 
he Puck Bay and Gulf of Gda ńsk. The results of the nitrate
alidation are presented in Table S2. Pearson’s correlation 
oefficients ranged from 0.40 to 0.59 and the root mean 
quare errors ranged from 3.28 to 4.02 mmol m 

—3 . For the 
ntire period 2017—2020, a Pearson correlation coefficient 
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Figure 6 Average monthly concentrations of phosphates (PO 4 ) in the surface layer for the period 2017—2020. 

Figure 7 Vertical profiles of mean monthly concentrations of 
phosphates (PO 4 ) for the period 2017—2020. 
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f 0.46 and a mean squared error of 3.77 mmol m 

—3 were 
btained. 

.3. Phosphates — PO 4 

he highest average monthly concentration of phosphates 
n the surface layer of the EcoFish model (calculated for 
he entire domain area) occurred in December (1.34 mmol 
 

—3 ), while the lowest occurred in August (0.89 mmol m 

—3 ) 
 Figure 6 ). 
The vertical profiles of the monthly mean concentrations 

f phosphates at station P1 ( Figure 7 ) have a similar char- 
523 
cter to that of nitrates. The largest amounts of this com- 
ound (concentrations of about 2 mmol m 

—3 and higher) also 
ie at great depths (below 60 meters). Variations in this pa- 
ameter in the euphotic zone are related to primary produc- 
ion and the vegetative cycle of phytoplankton. Phosphorus 
s a limiting factor for the growth of all groups of phyto- 
lankton, which means that it is consumed more or less in- 
ensively throughout the year. 
The decrease in phosphate concentrations in the eu- 

hotic zone begins in March with the beginning of diatom 

looms and lasts until August, when the highest inten- 
ity of primary production associated with cyanobacterial 
looms occurs (caused by the highest water temperatures 
n the surface layer). From September, phosphate concen- 
rations begin to systematically increase (as water tempera- 
ure drops) until December, when they reach their maximum 

alue for the whole year (approximately 1.4 mmol m 

—3 ). 
In the bottom layer, the situation is reversed. The highest 

oncentrations occur in summer due to the settling of dead 
rganic matter. There, as a result of the mineralization pro- 
ess, phosphorus is released back into the water column by 
icroorganisms, leading to elevated concentrations. In win- 
er months, because of vertical mixing, phosphate deposits 
re transported to the surface, replenishing the resources 
sed after the vegetative period of phytoplankton. 
In the ICES database for the years 2017—2020, there 

ere 2592 phosphate concentration measurements avail- 
ble. After comparing the ICES measurements with the 
orresponding values from the EcoFish model, we observed 
hat the model systematically overestimates phosphate con- 
entrations. Despite this, high correlations were obtained 
n individual years, as well as acceptable RMSEs. The results 
f the phosphate validation are presented in Table S3. 
earson’s correlation coefficients were in the range of 0.66 
o 0.77, and the root mean squared errors ranged from 

.37 to 0.75 mmol m 

—3 . For the entire comparison period 
2017—2020), we obtained a Pearson correlation coefficient 
f 0.65 and a root mean square error of 0.63 mmol m 

—3 . 

.4. Silicates — SiO 3 

itrogen and phosphorus are the main factors that limit bi- 
logical production, however, the primary production of di- 
toms is also limited by silicates. The EcoFish model shows 



M. Janecki, D. Dybowski and L. Dzierzbicka-Głowacka 

Figure 8 Average monthly concentrations of silicates (SiO 3 ) in the surface layer for the period 2017—2020. 

Figure 9 Vertical profiles of mean monthly concentrations of 
silicates (SiO 3 ) for the period 2017—2020. 
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he highest concentrations of silicates in winter and early 
pring, before the start of the growing season ( Figure 8 ). 
n March, when intense spring diatom blooms begin, silicate 
oncentrations begin to decrease and remain at lower levels 
ntil autumn. The highest average monthly concentrations 
f silicates in the surface layer occurred in February (10.69 
mol m 

—3 ) and January (10.67 mmol m 

—3 ), while the lowest 
ccurred in May (6.49 mmol m 

—3 ). 
Analysis of vertical profiles of mean monthly silicate con- 

entrations at station P1 reveals large differences between 
alues at depths below 80 meters ( Figure 9 ). Silicate con- 
entrations from May to August are up to twice as high as 
oncentrations in winter months (from December to March). 
524 
n the layer between 40 and 60 meters, silicates remain at 
imilar levels (usually between 10 and 15 mmol m 

—3 ) regard- 
ess of the month analyzed. In the euphotic layer, there is an 
nverse relationship compared to the bottom. Silicate con- 
entrations are higher in the winter months, outside of the 
hytoplankton growing season. Lower values are observed 
rom spring to fall and are closely related to their con- 
umption in the primary production process to increase the 
iomass of diatoms. 
In the ICES database for the years 2017—2020, there were 

610 silicate concentration measurements available. A com- 
arison of in situ data from the ICES database with the cor- 
esponding values from the EcoFish model confirmed that 
he model performs well in reproducing the dynamics of 
ilicate concentrations, although there is a noticeable ten- 
ency to underestimate the results, mainly for high SiO 3 

oncentrations above 40 mmol m 

—3 . The results of the sil- 
cate validation are presented in Table S4. Pearson correla- 
ion coefficients ranged from 0.51 to 0.74, and root mean 
quare errors ranged from 7.45 to 12.58 mmol m 

—3 . For the 
ntire comparison period (2017—2020), we obtained a Pear- 
on correlation coefficient of 0.62 and a root mean square 
rror of 10.32 mmol m 

—3 . 

.5. Chlorophyll a 

n the EcoFish model, phytoplankton is divided into three 
roups. The first group represents nano- and pico-sized phy- 
oplankton, whose growth is limited by nitrogen, phospho- 
us, temperature, and light. The second group represents 
arge phytoplankton, mainly diatoms, whose production is 
imited by the same factors plus silica. The third group is 
yanobacteria, which have the ability to fix nitrogen di- 
ectly from the atmosphere and whose production is limited 
nly by phosphorus, light, and temperature. 
The highest concentrations of chlorophyll a are ob- 

erved relatively close to the shore, where the access 
o nutrients is greatest due to the deposition of biogenic 
ubstances carried by rivers. The highest modeled monthly 
ean chlorophyll a concentration for the period 2017—
020 in the surface layer occurred in April and was 3.91 
g m 

—3 ( Figure 10 ). The lowest concentrations were ob- 
erved in the winter months, with a minimum of 0.29 mg 
 

—3 (in December). 
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Figure 10 Average monthly concentrations of chlorophyll a in the surface layer for the period 2017—2020. 

Figure 11 Vertical profiles of mean monthly concentrations 
of chlorophyll a for the period 2017—2020. 
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In vertical distribution, chlorophyll a concentrations 
each their highest values in the upper layer of the wa- 
er column. Then the concentration values decrease with 
epth. Below 60 meters deep, chlorophyll a occurs in negli- 
ible amounts or is not detected at all ( Figure 11 ). 
The highest chlorophyll a concentration values occur in 

pring (in April and March) when there is a maximum in phy- 
oplankton biomass due to the spring diatom bloom and in 
uly due to the growth of cyanobacteria. In months with 
rimary production, concentrations rapidly decrease with 
epth. This is particularly visible in summer. There are no 
onger nitrates in the euphotic zone, and cyanobacteria 
row only in the surface layer, where they are in direct con- 
act with nitrogen fixed from the atmosphere. 
525 
In the ICES database for the years 2017—2020, only 972 
hlorophyll a concentration measurements were available. 
ost of the measurements were taken in the area of Puck 
ay and the southern part of the Gulf of Gda ńsk, close 
o the coast ( Figure 1 ). After comparing the ICES mea- 
urements with the corresponding values from the EcoFish 

odel, we obtained a moderately good representation of 
he chlorophyll a variability. The results of the chlorophyll 
 validation are presented in Table S5. Pearson’s correlation 
oefficients ranged from 0.50 to 0.63, and root mean square 
rrors ranged from 1.77 to 3.63 mg m 

—3 . For the entire
omparison period (2017—2020), we obtained a Pearson 
orrelation coefficient of 0.50 and a root mean square error 
f 2.77 mg m 

—3 . 

.6. Primary production 

n important aspect studied in this article is primary pro- 
uction, which is a key function of marine ecosystems. Pri- 
ary production is a process in which photosynthetic organ- 

sms, such as phytoplankton, use solar energy to produce or- 
anic compounds. In this way, primary production forms the 
asis for the entire marine food chain, providing energy and 
rganic compounds for zooplankton and other marine organ- 
sms. Studying the seasonal variability of primary production 
n the Gulf of Gda ńsk is important to understand the impact 
f climate change and other factors on marine ecosystems 
nd their ability to adapt to changing conditions. 
Primary production in the water column was calculated 

or each of the modeled phytoplankton groups at three se- 
ected locations ( Figure 1 ). 

• PB1 — (54 °43’N, 18 °29’E) — the inner part of the Puck 
Bay, depth of about 10 m, 

• ZN2 — (54 °22’N, 18 °57’E) — the mouth of the Vistula 
River, depth of about 20 m, 

• P116 — (54 °39’N, 19 °17’E) — the central part of the Gulf 
of Gda ńsk, depth of about 90 m. 

The location PB1 comes from a very shallow area (inner 
art of Puck Bay), which is geographically limited from the 
ortheast by the Hel Peninsula and from the east by the 
ybitwia Mielizna, effectively preventing the mixing of wa- 
er from Puck Bay with both the open Baltic Sea and the 
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uter Puck Bay. Six rivers flow into the inner part of Puck 
ay (Zagórska Stream, Reda, Mrzezino Canal, Gizdepka, 
elistrzewo Canal and Płutnica), causing the PB1 station to 
e regularly supplied with moderate amounts of nutrients. 
The ZN2 station is located in the shallow coastal part of 

he Gulf of Gda ńsk, close to the mouth of the Vistula River. 
he Vistula is the largest river in the region and carries more 
han 1000 m 

3 s —1 of freshwater on average, along with huge 
mounts of nutrients, strongly affecting the primary produc- 
ion of phytoplankton at this location. 
The P116 station, with a depth of approximately 90 me- 

ers, is located in the open waters of the central part of the 
ulf of Gda ńsk. It is located far from the river mouths and 
s not geographically constrained by any factors. 

The rate of primary production in the chosen locations 
as determined from the EcoFish model for a one-year pe- 
iod, from January 1 to December 31, 2021. Production val- 
es were calculated for the entire water column and com- 
ared with the limiting functions. The temperature of the 
ater, the availability of light and the phosphates are limit- 
ng factors for the growth of all phytoplankton groups imple- 
ented in the EcoFish model. The growth of the group rep- 
esenting nano- and pico-sized phytoplankton is additionally 
imited by the availability of nitrates, while the growth of 
iatoms is additionally limited by the availability of nitrates 
nd silicates. 
The beginning of phytoplankton bloom in the first weeks 

f the year is primarily dependent on the amount of light 
vailable. At station PB1, the annual cycle of primary pro- 
uction begins in mid-February with a low intensity (up to 
000 mg C m 

—2 d —1 ) and a short-lived diatom bloom, which 
nds in the first days of March ( Figure 12 a). This is due to the
hallow depth at this location. All available nitrogen in the 
ater column is rapidly depleted and reaches zero values at 
he end of February ( Figure 12 d). As a result of such a short
iatom bloom period, a very small amount of phosphate is 
onsumed. It remains in the water column in large amounts 
ntil mid-June, when a bloom of cyanobacteria begins due 
o the appropriately high water temperature ( Figure 12 b). 
ue to favorable conditions (available light, high water tem- 
erature, and a large amount of phosphates), this process is 
ery intense (more than 2000 mg C m 

—2 d —1 ) and lasts until 
id-September, when it is stopped due to decreasing water 
emperature and replaced by a bloom of small phytoplank- 
on ( Figure 12 c). The cycle of primary production at this 
tation in 2021 slows down in the first days of November, 
hich is due to a low amount of available light and a drop 
n the water temperature. The period of unfavorable condi- 
ions for phytoplankton bloom, which lasts until next spring, 
llows the replenishment of the nutrient fields ( Figure 12 d). 
In the P116 station, the annual cycle of primary produc- 

ion (similar to the PB1 station) begins in mid-February. It 
s initiated by the appearance of appropriately strong light 
nd favorable water temperature ( Figure 13 a). However, 
nlike station PB1, this bloom does not end in the first half 
f March due to the depletion of available nitrate. Station 
116 is located at a great depth in the central part of the 
ulf of Gda ńsk. Because of the vertical mixing, nitrates are 
arried from greater depths toward the surface, sustaining 
he bloom of diatoms until mid-April. Then, the nitrate re- 
ources are depleted ( Figure 13 d), leading to a slowdown 
n production (around 200 to 300 mg C m 

—2 d —1 ), but not 
526 
nough to completely stop it ( Figure 13 a). Diatoms remain 
n the water column at a level of around 10—20 mmol C 

 

—3 until the first days of July. In mid-July, a cyanobacte- 
ial bloom begins ( Figure 13 b). This is a month later than at
he PB1 station ( Figure 12 b), which is a consequence of the
ower water temperature in the open water. The shallow, 
nclosed coastal zone where station PB1 is located heats up 
uch faster than the deep waters of the central part of the 
ulf of Gda ńsk. However, cyanobacterial production is not 
s intense as at station PB1. In addition to the lower wa- 
er temperature, the decisive factor here may be a smaller 
mount of available phosphate ( Figure 13 d), which was par- 
ially consumed during the diatom bloom that began in mid- 
ebruary. In 2021, small phytoplankton practically does not 
ccur at this station ( Figure 13 c), which is also related to
ower levels of phosphate in summer compared to the PB1 
tation and competition for access to nitrogen and phospho- 
us with diatoms. 
At the ZN2 station located at the mouth of the Vistula 

iver, the diatom bloom begins in a period similar to that of 
he other stations, i.e., in mid-February ( Figure 14 a). The 
ighest intensity of diatom primary production occurs here 
n May and June, reaching rates of up to 4000 mg C m 

—2 d —1 .
n July 2021, diatom production is slowed and a very intense 
loom of small phytoplankton begins, which lasts until the 
nd of October, with peak production in August. 
However, the cyanobacteria bloom has a completely dif- 

erent pattern than at the other stations. The station is lo- 
ated in a shallow coastal area, which means that the water 
emperature is high enough for the cyanobacterial blooms 
o start in mid-May ( Figure 14 b). However, cyanobacteria 
o not appear until the end of July, competing for phos- 
hate with small phytoplankton ( Figure 14 c) that grow at 
he same time. This leads to a very low primary production 
ate associated with this species (below 1000 mg C m 

—2 d —1 ) 
ausing suppression of cyanobacterial blooms. The produc- 
ion of cyanobacteria ends in October because the water 
emperature is too low. 
It should be noted that station ZN2 is located at the 

outh of the Vistula River. Nitrates and silicates do not 
eplete here after spring diatom bloom and are available 
hroughout the year ( Figure 14 d). This is related to the mas-
ive deposition of nutrients from the Vistula. 

. Discussion 

.1. The EcoFish model evaluation 

he article presents the biochemical component of the 
hree-dimensional numerical model EcoFish , which was 
sed to analyze the basic biochemical parameters that char- 
cterize the dynamics of the Gulf of Gda ńsk ecosystem. To 
ncrease the accuracy of the results obtained in the EcoFish 

odel, a module was implemented to assimilate satellite 
ata for SST and chlorophyll a . The source of these data is
he SatBałtyk 3 system ( Wo źniak et al. 2011a , b ). 
Statistical validation of the EcoFish model, allowed us 

o verify the accuracy of the results in terms of the spa- 
iotemporal variability of nitrate, phosphate, silicate, dis- 

http://www.satbaltyk.pl
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Figure 12 Primary production rate in 2021 for the entire water column at PB1 station for a) diatoms, b) cyanobacteria, and c) 
small phytoplankton, compiled with limiting factors, and d) concentrations of nutrients. 
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olved oxygen, and chlorophyll a concentrations. Valida- 
ion was carried out using available in situ data from 

he ICES database for the period from January 1, 2017 to 
ecember 31, 2020, and basic statistical quantities were 
etermined. 
The EcoFish model tends to systematically overestimate 

for oxygen, nitrates, and phosphates) and underestimate 
for chlorophyll a and silicates) the results. However, these 
alues are not significantly different from the measurement 
ata and are acceptable after careful examination of the 
auses. The main reason for the lower correlations, espe- 
ially in the validation of chlorophyll a and nitrates, is the 
pecificity of the ICES experimental database itself. The 
ap with the distribution of measurements for individual 
ariables ( Figure 1 ) shows that the vast majority of mea- 
urements come from shallow coastal areas with depths that 
enerally do not exceed 30 meters. Approximately half of 
ll measurements were taken within 2 km from the shore. 
nly a small number of points are located in the open sea 
r at greater depths. More open-water measurements can 
nly be found in the ICES database for oxygen concentra- 
527 
ion, resulting in the highest correlation (0.75) between all 
iochemical variables we analyzed. 
Another cause is the construction of the numerical model 

tself. The EcoFish model is a z-type model. It means that 
he model maintains the thickness of layers in a cell rather 
han the number of layers, in contrast to sigma-type mod- 
ls, where the same number of layers exists at each point, 
ut they differ in their thickness. Z-type models are less 
apable of dealing with shallow water areas, where the 
ater column often consists of only two or three layers. 
his configuration of the model, combined with the mea- 
urement database, where most measurements come from 

hallow coastal locations, negatively affects the validation 
esults. 
Worse results in the validation of nutrients may be re- 

ated to inaccurate data for rivers (especially the Vistula) 
nd the constant concentrations adopted for some rivers 
according to Pastuszak et al., 2018 ). The volume of fresh 
ater carried into the Gulf of Gda ńsk by rivers was de- 
ermined on the basis of long—term averages, which can 
esult in insufficiently accurate deposition modeling, es- 



M. Janecki, D. Dybowski and L. Dzierzbicka-Głowacka 

Figure 13 Primary production rate in 2021 for the entire water column at P116 station for a) diatoms, b) cyanobacteria, and c) 
small phytoplankton, compiled with limiting factors, and d) concentrations of nutrients. 
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ecially during periods of high daily variability. To en- 
ure the numerical stability of the EcoFish model, large 
ivers were subjected to distribution, that is, the volume 
f fresh water along with the nutrients carried by them 

as divided into several model cells (several dozen for the 
istula). 

.2. Nutrients 

he oxygen present in seawater primarily comes from pho- 
osynthesis and gas exchange with the atmosphere. How- 
ver, when organic matter decomposes, oxygen is con- 
umed, leading to potential deficits. In the central Baltic 
ea, there are regular periods of stagnation in deep wa- 
ers due to limited water exchange with the North Sea and 
onsistent haline stratification ( Conley et al., 2009 , 2002 ; 
eier et al., 2017 ). During these periods, nitrates are de- 
leted, phosphates and ammonia concentrations increase, 
nd dissolved oxygen levels decrease significantly at greater 
epths. Consequently, toxic hydrogen sulfide can emerge 
 Kuli ński et al., 2022 ). The situation can improve temporar- 
528 
ly when salty and oxygen-rich waters from the North Sea 
nter the Baltic Sea. However, such strong inflows have be- 
ome increasingly infrequent in recent times, with only a 
ew events occurring every decade ( Mohrholz, 2018 ). In the 
eep basins of the Baltic Sea (including the area of the 
da ńsk Deep), hypoxia and anoxia have increased signifi- 
antly over the past century ( Carstensen et al., 2014 ), and 
n 2019, the area of hypoxia covered approximately 32% of 
he surface of the Baltic Proper ( Hansson et al., 2019 ). De-
pite efforts made to substantially decrease nutrient de- 
osition in the waters of the Baltic Sea over the past few 

ecades, areas suffering from oxygen deficiency (mainly 
aused by eutrophication) have not experienced reoxygena- 
ion. This is because a considerable amount of nutrients has 
ccumulated in the sediments and is gradually released into 
he water column, leading to prolonged oxygen depletion 
 McCrackin et al., 2018 ). 
Nitrogen is one of the main limiting factors for primary 

roduction and an element causing eutrophication of the 
arine environment ( Andersen et al., 2017; Malone and 
ewton, 2020 ). It is present in the water column in the form
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Figure 14 Primary production rate in 2021 for the entire water column at ZN2 station for a) diatoms, b) cyanobacteria, and c) 
small phytoplankton, compiled with limiting factors, and d) concentrations of nutrients. 
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f nitrates (NO 3 ), nitrites (NO 2 ) and ammonia (NH 4 ). Nitro- 
en concentrations in surface waters of the Gulf of Gda ńsk 
ary spatially — higher concentrations occur at the mouth 
f the Vistula River, and lower in the central part of the 
ulf. These compounds show a strongly marked seasonal cy- 
le. The highest concentrations are recorded in early spring 
March), when the melting waters of the Vistula River flow 

nto the Gulf. Then, as a result of nitrogen consumption by 
hytoplankton and underwater plants, nitrogen compound 
oncentrations decrease, eventually falling below the mea- 
urement capabilities of the methods used. 
The basic difference between nitrogen and phosphorus is 

hat the most plant-available forms (nitrates and nitrites) 
re not as easily regenerated as phosphates ( Paytan and 
cLaughlin, 2007 ; Vitousek and Howarth, 1991 ). Therefore, 
ractically every year from May to the end of September, 
eawater is devoid of nitrates and nitrites, which should 
imit the development of phytoplankton in summer. How- 
ver, existing phosphate resources promote the develop- 
ent of Cyanobacteria, which can directly fixate nitrogen 
N 2 ) from the atmosphere. Among them are species that 
529 
roduce toxins, such as Nodularia spumigena and Aphani- 
omenon flos-aquae , which pose a potential threat to other 
rganisms that live in the Gulf of Gda ńsk and to the health
nd lives of people resting by the sea. 
Phosphorus, along with nitrogen, is the main element 

hat causes eutrophication of the marine environment 
 Tamminen and Andersen, 2007 ). Phosphates in the Gulf 
f Gda ńsk exhibit a strong seasonal cycle, similar to that 
f nitrates. The highest concentrations of phosphates are 
ecorded in winter and early spring, before the start of 
he growing season. Then, as a result of the consump- 
ion of phosphorus by phytoplankton and underwater veg- 
tation, phosphate concentrations decrease to low levels 
ut are not completely depleted, as is the case with ni- 
rates. Phosphates are compounds with a short regeneration 
eriod, which means that they are easily and quickly re- 
eased by microorganisms (bacteria) from dead organic mat- 
er ( Paytan and McLaughlin, 2007 ). Therefore, shortly after 
he spring bloom, they appear in marine waters in amounts 
ufficient to provide a food base for species developing in 
he summer (e.g., cyanobacteria). 
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Although chlorophyll a concentration is not a direct mea- 
ure of phytoplankton biomass, it is one of the parameters 
ften used in oceanographic and limnological studies as an 
ndicator of the quantitative presence of phytoplankton in 
ater ( Boyer et al., 2009 ; Gons et al., 2002 ; Randolph et al.,
008 ). The increase in phytoplankton biomass in the wa- 
ers of the Gulf of Gda ńsk has a seasonal cycle. The stages 
f phytoplankton development are similar throughout the 
rea. The cycle begins in early spring (usually around Febru- 
ry and March) with high nitrate concentrations and sea- 
ater temperatures of a few degrees Celsius. The rate of 
rimary production is usually very high during this period. 
ue to the short life span of these microscopic plants and 
he high productivity of the euphotic layer, phytoplankton 
s the main source of energy for other components of the 
cosystem ( Mosharov et al., 2022 ). Some phytoplankton is 
irectly consumed by herbivorous zooplankton, but a large 
mount of phytoplankton sinks to the bottom. 

.3. Primary production cycle 

he analysis of primary production (for the year 2021) is pre- 
ented in Results (see 3.6. Primary production). The results 
ere compared with the limiting functions and concentra- 
ions of nitrates, phosphates, and silicates, which are the 
ost important nutrients that limit the growth of phyto- 
lankton. 
As a result of this analysis, we confirm that in the first 

eeks of the year, the factors determining the beginning of 
he vegetation period are the availability of light and wa- 
er temperature. At each of the three locations analyzed 
PB1, P116, and ZN2), the first group that began the an- 
ual production cycle in mid-February 2021 was diatoms. 
owever, the length and intensity of this bloom varied de- 
ending on the location. The diatoms bloomed for the short- 
st time (only until mid-March) at the PB1 station, where 
he available nitrate was rapidly depleted due to the shal- 
ow depth. The availability of nitrates also determined the 
nd of the diatom bloom at station P116, but it lasted a 
it longer, until mid-April. After the spring diatom bloom, 
here was a period without production (or with very low 

roduction) at these stations until the water temperature 
eached the optimal level for the start of cyanobacterial 
looms (June/July). These species can directly fix atmo- 
pheric nitrogen, so their growth is not dependent on the 
vailability of nitrates in the water column. 
A completely different situation prevailed at the ZN2 

tation, where due to the continuous supply of nutrients 
mostly nitrates and silicates) deposited with the Vistula 
aters, the diatoms grew very intensively until July. Due 
o this long growth period, diatoms consumed a very large 
mount of phosphorus and, despite its continuous supply by 
he Vistula, their level was lower than at the other stations, 
ffectively suppressing the intensity and duration of toxic 
yanobacterial blooms. 
In the available scientific literature, many articles can 

e found that analyze primary production in the Gulf of 
da ńsk ( Mosharov et al., 2022 ; Ostrowska et al., 2022 ; 
asmund et al., 2001 ; Witek et al., 1997 ; Zdun et al., 2021 ).

n the study by Ostrowska et al. (2022) , the total yearly pri- 
ary production in the Gulf of Gda ńsk (for the period 2010—
019) ranged from 124 to 145 g C m 

—2 year —1 . The values we
530 
btained for the year 2021 were higher, reaching 160.1 g C 

 

—2 year —1 at station P116, 168.2 g C m 

—2 year —1 at station 
B1, and 553.1 g C m 

—2 year —1 at station ZN2. 
The lowest monthly means of daily primary production 

ccur In December, reaching 19.7 mg C m 

—2 day —1 at station 
116, 25.9 mg C m 

—2 day —1 at station PB1 and 64.9 mg C
 

—2 day —1 at station ZN2. This result is consistent with pre- 
ious studies for this region (e.g., Ostrowska et al., 2022 ; 
dun et al., 2021 ). 
The highest monthly means of daily primary production 

ccur during the summer months. At station P116, it was 
bserved in August, with a value of 1021.6 mg C m 

—2 day —1 .
he highest average of 1690.1 mg C m 

—2 day —1 was recorded 
n July at station PB1. Station ZN2, on the other hand, ex- 
ibited the highest primary production in June, with a value 
f 3111.5 mg C m 

—2 day —1 . 
The maximum primary production in the Gulf of Gda ńsk, 

s reported by Ostrowska et al. (2022) , is most often ob- 
erved in July and does not extend to August. The values 
btained in that study range from 603 mg C m 

—2 day —1 in 
017 to 1066 mg C m 

—2 day —1 in 2010. Zdun et al. (2021) ,
btained the highest values in April and May, with primary 
roduction exceeding 2000 mg C m 

—2 day —1 . 
The beginning of the vegetation period, as reported 

y other studies ( Ostrowska et al., 2022 ; Zdun et al., 
021 ), is also in good agreement with our results. Further- 
ore, our results agree with the experiment conducted by 
ommer et al. (2012) , where it was confirmed that light 
vailability and temperature are the most important factors 
or the timing of the spring bloom. 

. Conclusions 

he EcoFish numerical model is part of the Knowledge 
ransfer platform FindFISH service, providing information 
n hydrodynamic and biochemical variables for the Gulf 
f Gda ńsk area. Thanks to the numerical simulations from 

he EcoFish model and the results for temperature, salinity 
presented in Janecki et al. 2021 ), and oxygen concentra- 
ion, it is possible to operate the key element of the plat-
orm, the Fish Module . Using these variables and the ap- 
lied fuzzy logic method, the Fish Module allows the cre- 
tion of maps of the most favorable environmental con- 
itions (Habitat Suitability Index) for the industrial fish- 
ng of herring, sprat, and flounder in the Gulf of Gda ńsk 
rea. 
By presenting the most important biochemical variables 

f the EcoFish model and conducting the validation, we have 
onfirmed that the results of numerical simulations are con- 
istent with in situ data and will provide a reliable set of 
nput data for the Fish Module . 

In the analysis of primary production, we show that ge- 
morphological conditions and the deposition of nutrients 
rom rivers have a significant impact on its pattern and in- 
ensity. The availability of nutrients can significantly alter 
he biomass distribution of all phytoplankton groups. 
An overly strong focus on limiting nitrate deposition in 

iver waters to inhibit marine eutrophication may ultimately 
ead to the opposite situation, where short and weak di- 
tom blooms in spring will be followed by long and intense 
yanobacterial blooms in summer. This is consistent with the 
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esults obtained from a numerical experiment conducted for 
uck Bay by Dybowski et al. (2022) . A reasonable approach 
o any legislative decisions in this regard is particularly im- 
ortant in the era of climate change and increasing water 
emperatures in seas and oceans, which will further pro- 
ong the period of optimal temperature for the bloom of 
his toxic and unwanted species from the perspective of the 
egion’s specificity. 
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Abstract Wave energy is still insufficiently explored and exploited as a future energy source. 
Climate change is an additional force that affects energy potential changes. Therefore, this 
study aims to evaluate the wave energy under climate change and to project it for the near 
(2025—2044) and far (2081—2100) future by applying the wave energy flux (WEF) approach 
and statistical relations between wind speeds and wave heights. The study was concentrated 
on the Baltic Sea nearshore at the Lithuanian territorial water. The analysis of existing rela- 
tions between wind speeds and wave heights was found based on historical observations of 
the reference period (1995—2014), and the projections of WEF were created using the down- 
scaled output of best-fit global climate models (GCMs) according to four scenarios of Shared 
Socioeconomic Pathways (SSP). The results indicated strong relations between wind speed and 
wave height, especially for the west-origin winds. Depending on the selected scenarios, the 
projected WEF may increase up to 10% (SSP5-8.5) and 11% (SSP1-2.6) in the near and far fu- 
ture respectively. The absence of large differences between the periods may be caused by the 
rough resolution of grid cells of GCMs. The comparison with the results based on regional cli- 
mate models output could be a future perspective in order to reach a better representation of 
regional forces and to introduce more clarity to the obtained results. The results of this study 
may be advantageous for the primary planning of renewable energy sources (RES) development, 
especially in the face of climate change. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
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. Introduction 

ue to the growth of energy needs, many countries all 
round the world are seeking to transform their energy sys- 
em from the fossil fuel-based to the RES, such as solar, 
ind, hydropower and biofuels. Based on the data from 

020, around 22.1% of the electricity consumed in Europe 
as produced from RES ( Eurostat, 2020 ). The progress of 
enewable energy sources consumption corresponds to the 
est of the world — 27.4% ( Statistics Lithuania, 2022 ). The 
uropean Union (EU) has set itself the goal of becoming 
he world’s first climate-neutral continent by 2050 following 
he European Green Deal ( European Parliament, 2009 ). This 
eans that a large part of the consumed energy could be 
roduced from RES. Currently, Iceland, Norway and Sweden 
re moving towards successfully to be climate-neutral coun- 
ries, because 83.7%, 77.4% and 60.1% of the consumed en- 
rgy respectively is produced by RES ( Eurostat, 2020 ). These 
eading countries are followed by Finland and Latvia (43.8 
nd 42.1% respectively). According to the official statis- 
ics, Lithuania from RES produces about 27% of the con- 
umed energy, and the remaining part is produced by other 
ources (e.g. thermal power plants) or imported. However, 
hese numbers are much higher than the EU average. And 
ore than currently produced by economically stronger EU 

ountries such as Germany and France (19.3 and 19.1% re- 
pectively). Talking about the distribution of energy pro- 
uction between RES, on average 70% of renewable en- 
rgy comes from hydropower and wind by equal share. A 
maller part of RES consists of solar (19%), solid biofuel (8%) 
nd other sources (9%) ( Eurostat, 2020 ). Hydropower forms 
n important part in the overall balance. Many types of 
ater-based energy production exist. Expanding the types 
f hydropower, we can see that hydropower consists of the 
inetic and potential energy of rivers, tidal energy, and 
ave energy. The theoretical wave energy potential of the 
orld Ocean is estimated to be 32,000 TWh/year, while 
he total global electricity consumption is 16,800 TWh/year 
 Mørk et al., 2010 ). Accordingly, wave energy hid its enor- 
ous potential for a long time till scientists discerned its 
pplicability to human needs. The pioneer of wave energy 
s Pierre-Simon Girard, who published the first patent re- 
ated to wave energy in 1799 ( Ross, 1995 ). Since then, many 
mportant studies and scientific works have been carried out 
nd finally, the first commercial wave energy plant installed 
n the coast of Portugal began its operation. The plant con- 
isted of three 750 kW Pelamis units ( Aquaret, 2008 ). De- 
pite the hidden great potential and wide geographical dis- 
ribution of wave energy, many different obstacles step into 
he universal applicability. The main challenges are related 
o the creation of wave energy converters and their connec- 
ion to the network. Moreover, the proper assessment of the 
ave energy potential and perspectives is an important task 
or each country towards the development of such kind of 
nergy source. 
According to the data of Statistics Lithuania, 27.4% of the 

onsumed electricity was produced from renewable energy 
ources in 2020 ( Statistics Lithuania, 2022 ). It is worth eval- 
ating the current status of Lithuania in order to achieve 
he set goal to produce 100% of the consumed electricity in 
he country only from RES by 2050. Nowadays, the largest 
art of the consumed electricity is produced by wind power 
535 
lants (16.5%) and biofuel power plants (6.3%). Another 
.2% of consumed electricity is produced in hydropower and 
.4% in solar power plants. Mentioned amounts are still in- 
ufficient from the long-term perspective, therefore it is 
ecessary to evaluate all possible options and pathways in 
hich direction to move forward. Almost 100 hydropower 
lants are operating in Lithuania, as well as wind and so- 
ar power plants are expanding rapidly. The western part of 
he Lithuanian border is located along the Baltic Sea and 
onsists of a 90 km coastline. However, there are still no 
ave power plants in operation. Previous studies have de- 
ermined that the wave energy flux of the Baltic Sea av- 
rages varied from 0.5 to 8 kW/m ( Kovaleva et al., 2017 ;
ilsson et al., 2019 ; Soomere and Eelsalu, 2014 ). Mean- 
hile, the WEF near the Lithuanian coastline of the Baltic 
ea reaches from 1 to 2 kW/m ( Jakimavi čius et al., 2018a ;
asiulis et al., 2015 ). Considering the development of wind 
nd solar power plants only on the mainland and the pro- 
ibition of the development of new hydropower plants on 
he rivers according to the national law, it is worth to begin 
he usage of waves of the Baltic Sea for electricity produc- 
ion. Energy generated by waves is available to estimate 
sing empirical equations but predicting wave resources in 
he long term requires the use of physical or statistical mod- 
ls. Physical models are much more accurate because they 
re based on hydrodynamic equations and can more pre- 
isely describe the processes taking place in nature. On the 
ther hand, physical models require a lot of additional input 
ata that cannot be provided by climate models in evaluat- 
ng future changes under climate change. Third-generation 
WAN, WAM and WAVEWATCH III models are often used for 
he modelling of wave parameters. These models are often 
pplied in Baltic Sea ( Alari et al., 2016 ; Björkqvist et al.,
020 ; Kanarik et al., 2021 ; Sapiega et al., 2023 ), Mediter-
anean Sea ( Elkut et al., 2021 ), in Black Sea ( Islek and Yuk-
el, 2021 ; Soran et al., 2022 ), in Atlantic Ocean at Canada
oastline ( Reikard et al., 2015 ) and in the Indian Ocean 
t southwestern coast of Australia ( Cuttler et al., 2020 ). 
n wave research, the MIKE21 model is also applied, with 
hich wave parameters were simulated in the Baltic Sea 

 Kasiulis et al., 2015 ; Jakimavi čius et al., 2018a ), in the
lack Sea ( Anton et al., 2019 ; Divinsky and Kosyan, 2017 ), in
he Mediterranean Sea ( Ahn and Park, 2019 ) and elsewhere. 
owever, the physical models require a large amount of in- 
ut data and computational resources for relatively simple 
asks, therefore the application of other approaches such 
s statistical models enables to simplify the obtaining of re- 
ults with acceptable accuracy. 
Statistical models are usually based on the relationship 

etween the predictor and the predictand. They are much 
impler to apply, which is why they are often used in vari- 
us scientific studies ( Camus et al., 2017 ; Toffoli and Bitner-
regersen, 2017 ). The projections of the height of sea 
aves are closely related to the changes in wind speeds 
ince the interrelationship between them is found. The 
ariability of wind speed take place an important role in 
he context of climate change. The first steps in wind- 
rojections related studies in the Baltic Sea region were 
arried out under the climate change scenarios published 
n 4 th Assessment Report by the IPCC (Intergovernmental 
anel on Climate Change) ( Pryor et al., 2006 ). The study 
otes that even the slightest change in surface wind speeds 
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the Lithuanian climatic conditions from the set of 24 GCMs. 
an have both, positive or negative feedback to the rest of 
he climate system, and can further catalyse the already 
ccelerating effects of climate change. The assessment of 
ind is not only limited to the studies of its origin and vari- 
bility but at the same time attempts to link it to various 
arameters such as wind-induced sea waves in the face of 
limate change ( Lobeto et al., 2021 ) or the projections of 
ffshore wind resource ( Vu Dinh et al., 2022 ). However, the 
entioned studies still involve RCP scenarios and related 
hanges, although the projections for new SSP scenarios are 
lready available after the publication of GCMs outputs of 
he CMIP6 project ( Eyring et al., 2016 ). One of the first de-
ailed analyses of the wind changes in Europe disclosed dif- 
erences between SSP scenarios and compared the wind pat- 
erns between CMIP5 and CMIP6 projects ( Carvalho et al., 
021 ). The changes in wind energy resources in the North 
merican continent and its coastal zone were also assessed 
ccording to the SSP scenarios and ensemble of even 18 
elected GCMs ( Martinez and Iglesias, 2022 ). Although the 
tudy involves the accuracy analysis of GCMs simulations in 
 historical period based on ERA-5 reanalysis database the 
hole ensemble was chosen instead of the selection of best- 
t GCMs. 
Continuing the described practices in wave energy flux 

valuation, the main aim of this study is to project the 
EF in the near (2025—2044) and far (2081—2100) future 
y applying statistical relationships between wind speeds 
nd wave heights according to four SSPs. For the implemen- 
ation of the main aim of this study, four tasks were set, 
.e., to determine the relationship between wind speed and 
ave height, to select best-fit GCMs for wind climate repre- 
entation at the territory of the Lithuanian coast, to identify 
hanges in wind climate in the future, and to project wave 
eights and WEF in near (2025—2044) and far (2081—2100) 
uture according to SSP scenarios. 
This study is one of the first attempts to project wind 

nd wave climate as well as wave energy resources in the 
outh-eastern part of the Baltic Sea using a statistical model 
nd SSP scenarios. Therefore, the applied approach and ob- 
ained findings of this research expanded the knowledge in 
he field of wave research of the Baltic Sea. 

. Study area and data 

he Baltic Sea coast near Klaip ėda (Lithuania) was chosen 
s the case study area ( Figure 1 ). Lithuania has 90.66 km 

f the southeastern Baltic Sea coast. The coast of Lithuania 
s quite shallow. Here, an isobath of 5 m passes on aver- 
ge 0.45 km, 10 m — 1.0 km, and 20 m — 1.8—2.0 km away 
rom the coastline. Meanwhile, the 40 m isobath is located 
etween 13 and 30 km away from the coast. 51.03 km of 
otal length belongs to the Curonian Spit, which separates 
he Baltic Sea from the Curonian Lagoon ( Universal Lithua- 
ian Encyclopedia, 2022 ). A National Park was established 
n the Curonian Spit and the whole territory is included 
n the UNESCO World Heritage List. Accordingly, any an- 
hropogenic activity is strongly regulated in this stretch. 
laip ėda State Seaport is located near the middle of the 
ithuanian coastline. The port is unique as the northernmost 
rost-free port of the Baltic Sea. 18.7 million tons of cargo 
n average are handled in this port per year. Due to the vol- 
536 
me of such works, it is the fourth largest port on the east
oast of the Baltic Sea ( Atvira Klaipeda.lt, 2021 ). Lithua- 
ian coastline distinguishes by its position in terms of global 
tmospheric circulation. The coastline is situated longitudi- 
ally from south to north and it is the first barrier to the
esterly flow in the Baltic Sea region. Therefore, the domi- 
ant winds and consequently wave heights are much higher 
han in other parts of the Baltic Sea, e.g. western shore, 
he Gulf of Riga or the Gulf of Finland ( Bonaduce et al.,
019 ; Soomere, 2023 ). The growing demand for clean en- 
rgy pushes forward to develop not only the rivers hy- 
ropower, solar and wind but also to start planning new 

ources such as wave energy plants in the Lithuanian coastal 
ater of the Baltic Sea. 
The observational data of wind and wave parameters 

or the period of 1995—2014 was used in this study. The 
ata on wind speed and its direction were taken from the 
laip ėda meteorological station of the Lithuanian Hydrom- 
teorological Service under the Ministry of Environment of 
he Republic of Lithuania. This station is located on land 
55.731350 N, 21.091570 E), about 400 meters away from 

he wave monitoring place. Measurements of wind param- 
ters were carried out in an instrumental way at a height 
f 10 meters. For this purpose, Vaisala WMT700 ultrasonic 
ensor with WinCap technology was installed in the mete- 
rological station, which performs measurements every 1 
our. The wave height and direction were taken from the 
onitoring station of the Marine Research Department un- 
er the Environmental Protection Agency of Lithuania. The 
aves’ parameters were estimated visually twice a day (in 
he morning and in the afternoon) at a depth of 5—6 meters 
est of the Klaip ėda harbour piers (55.730786 N, 21.069204 
) ( Figure 1 ). A period is also determined during wave ob-
ervations. However, it is not determined during each ob- 
ervation, but several times a month. Therefore, its data 
ere not used in this study. Wind parameters were mea- 
ured much more often than waves, so wind parameters 
ere used only during the same hours when wave obser- 
ations were carried out. For future projections, the output 
f zonal ( u , m/s) and meridional ( v , m/s) components of
he wind at a height of 10 meters were taken from GCMs 
tored in CEDA (Centre for Environmental Data Analysis) 
atabase ( https://data.ceda.ac.uk , accessed on 24 Febru- 
ry 2022) for the reference (1995—2014) period and for the 
ear (2025—2044) and far (2081—2100) future. The projec- 
ions were based on four SSP climate scenarios (SSP1-2.6, 
SP2-4.5, SSP3-7.0, and SSP5-8.5). 

. Methods 

he concept of wave energy flux projections was based on 
he evaluation of interrelations of historical wind and wave 
ata as well as the application of obtained relations for 
uture periods. The scheme of this research displayed the 
ain steps of the study implementation ( Figure 2 ). The first 

evel consisted of the creation of a database of necessary 
ata for the historical period and future projections. The 
econd level was the processing of collected data where 
he presence of the relations between wind speed and 
ave height were tested, and the selecting best-fit GCMs for 

https://data.ceda.ac.uk
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Figure 1 Study area. 
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he output of the selected GCMs and obtained relations 
ere used for the projections of wave heights and follow- 
ng wave energy flux in the 21 st century. 
First of all, the existence of relations between wind 

peed and wave height was tested for the period of 1995—
014. The statistical relations were tested between the 
ind speed of a particular direction (according to classi- 
cation in 8 directions) and the wave height at the same 
ind direction including one neighbouring direction clock- 
ise and counterclockwise. The linear relations were de- 
cribed by the following equation: 

 i = ax i + b (1) 

here x i — wind speed of particular direction i, y i — wave 
eight of the same direction i as a wind speed, a — the 
hange in wave height of i direction for each one-increment 
hange in wind speed of i direction and b — intercept of 
ave height of i direction. The correlation coefficients were 
alculated for generated equations in order to verify the 
537 
uitability of equations for the projections of wave heights 
nder climate change. Moreover, the distribution percent- 
ge between directions of wave height was calculated for 
ach of the 8 wind directions. 
For the wind speed and following wave height projec- 

ions in the near (2025—2044) and far (2081—2100) future, 
he meteorological data of zonal ( u ) and meridional ( v )
ind components according to four SSP scenarios (SSP1- 
.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) were downloaded 
rom CEDA database in netCDF data format. The R program- 
ing language was used to extract the necessary data from 

ertain grid cells that represent Klaip ėda meteorological 
tation (MS). The wind speed and direction were recalcu- 
ated from zonal ( u ) and meridional ( v ) wind components
 ECMWF, 2022 ) as follows for wind speed: 

 = 

√ 

u 

2 + v 2 (2) 

nd wind direction according to the following conditions: 
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Figure 2 Workflow of the research. 
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0 ◦ i f u < 0 and v < 0 
180 ◦ i f v ≥ 0 
360 ◦ i f u ≥ 0 and v < 0 

(3) 

According to the calculated values of wind speed and 
ind direction, three best-fit GCMs were selected from the 
et of 24 GCMs that simulated wind data output according 
o four previously mentioned SSP scenarios. The selection 
as done in three steps for the historical reference period 
1995—2014). For the primary evaluation, the differences 
n average wind speed were calculated between simulated 
y GCMs and observed at MS. The obtained differences dis- 
losed the potential deviations from the real observations 
nd systematic errors of models. The models whose devia- 
ions did not exceed ±5% were analysed in the further step. 
he secondary evaluation step consisted of the comparison 
f the cases of wind directions. The mean absolute error of 
otal wind cases according to 16 wind directions for each 
CM was calculated. Finally, the correlation between the 
um of wind directions simulated by GCM and observed in 
laip ėda MS was evaluated for the period of 1995—2014. In 
otal, 16 wind directions were considered since the wind 
bservations were based on such a number of directions. 
he 3 GCMs with the smallest deviations of average wind 
peed and mean absolute error of wind directions, and the 
trongest correlation were selected for the output ( u and 
 components) extraction and for the projections of wave 
eight (H, m) and following wave energy flux (W/m). 
538 
Wave energy density estimated according to the flowing 
quation ( Henfridsson et al., 2007 ): 

 = 

ρgH 

2 

16 
(4) 

here E — energy density, J/m 

2 , ρ — sea water density, 
g/m 

3 (Baltic Sea — 1010 kg/m 

3 ), g — acceleration due to 
ravity, m/s 2 , H — wave height, m. 
For the group speed estimation was use shallow water 

ondition, which is represented in the following equation 
sed by Zaitseva-Pärnaste and Soomere (2013) for the eval- 
ation of ice cover and wave energy flow variation in the 
orth-eastern part of the Baltic Sea: 

 g = 

√ 

gd (5) 

here c g — group speed m/s, d — sea depth at the place of 
ave observations, m. 
And finally, the wave energy flux of the Baltic Sea near 

laip ėda estimated according to Falnes (2002) : 

 = Ec g (6) 

here P — energy flux, W/m. 
The projections of wave energy flux were adjusted to the 

laip ėda location using the delta change technique of model 
utput statistics according to the wind data output of GCMs. 
he main idea of this widely used delta-change method 
 Bosshard et al., 2011 ; Teutschbein and Seibert, 2012 ) is to
se the ratio between the GCM simulated future parameter 
nd GCM simulated parameter in the past (reference pe- 
iod), and use it as a change factor to the dataset that based
n the real observations. The correction is used to avoid the 
ncertainties raised due to systematic errors in GCM out- 
ut. GCM simulated parameter in the past is also known as 
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ase-line climatology, but it only corresponds to GCM fu- 
ure projections and can’t be assumed as the observed cli- 
ate and can’t be used for a proper evaluation. Therefore, 
he GCM-simulated differences between the future scenario 
nd reference simulation are superimposed upon the obser- 
ational time series. A multiplicative correction is used for 
he ratio-based parameters and is described by the follow- 
ng equations ( Bosshard et al., 2011 ): 

 re f = P obs (7) 

 fut = P obs · P sim _ fut 

P sim _ re f 
(8) 

here P obs — observed parameter, P ref — reference param- 
ter, P sim_ref — GCM simulated parameter in the reference 
eriod, P sim_fut — GCM projected parameter in the future, 
 fut — adjusted future projection of analysed parameter to 
he study area. 
It was determined how the WEF values of the 5, 25, 50, 

5 and 95% probabilities changed in the future compared 
o the reference period. Past and future WEF data series 
ere ranked from highest value to lowest value. Using the 
ollowing equation ( Weibull, 1939 ), the probability of each 
alue was calculated: 

 W EF = 

m 

n + 1 
× 100% (9) 

here P WEF — the probability of WEF , %; m — rank number, 
 — number of ranked values. 
In the last step, the WEF values corresponding to the se- 

ected probabilities were obtained. 

. Results 

.1. Wind-wave relations according to historical 
bservations 

he wave phenomenon is usually linked directly to the ori- 
in of the wind effect if the tidal cycle is absent. The Baltic 
ea is a quite closed sea with a narrow strait that connects 
t with the Atlantic Ocean. Therefore, the wind remains the 
ain source of origin for the formation of waves. The cre- 
ted wind speed and wave height roses for the Lithuanian 
oastline disclosed the primary connection between these 
arameters ( Figure 3 ). The most of observed winds were 
oncentrated in west-origin directions and southeast winds, 
specially those with a speed higher than 8 m/s. The dis- 
ribution patterns for wave heights indicated the domina- 
ion of west-origin waves as well. Meanwhile, east-origin 
aves accounted for a certain part of wave cases, how- 
ver, the dominant heights were up to 1 m and did not reach 
.5 m. The statistical relations between the wind speed of 
ight directions and the wave height at the same wind di- 
ection were created for the period 1995—2014 ( Figure 4 ). 
dditionally, the percentage of distribution of wave direc- 
ions at each wind direction was calculated. The directions 
ere considered for the equations of wave height predic- 
ion according to wind speed. For each wind direction, the 
ave height of the same direction plus one neighbouring di- 
ection clockwise and counterclockwise were chosen in or- 
er to cover possible fluctuations in wave directions due to 
teady wind. 
539 
The obtained results of the relations disclosed clear 
trong relation between wind speed and wave height. The 
stablished regularities showed a clear distribution of the 
elations across wind directions. The strongest relations be- 
ween wind speed and wave height were obtained for the 
inds of west directions origin. Accordingly, the strongest 
orrelation coefficients of 0.87 were found for the winds 
f west and southwest directions, and 0.84 for northwest. 
nder the influence of the west wind, the wave height in- 
reased by 1 meter on average at each increase of wind 
peed by 5 m/s. The most dominant wave directions were 
est and southwest at west winds, 73% and 24% of total 
ases respectively. Similar patterns were obtained for the 
orthwest wind since the most dominant wave directions of 
otal cases were northwest (70%) and west (26%). During the 
outheast winds, the major cases (82%) of wave directions 
ere southwest as well. Only 11% of waves were south direc- 
ion. Weaker correlation coefficients were found for north, 
outh and southeast winds. But the worst relations between 
ind speed and wave height were found for easterly winds, 
specially, from east and northeast directions. The winds of 
forementioned directions had the worst correlation coef- 
cients between wind speed and wave height because the 
btained coefficients were 0.54 for the northeast and 0.66 
or the east wind. 
The found differences in the strength of the relations 

re closely related to the location of the case study coast- 
ine. Lithuanian coastline is located on the east coast of 
he Baltic Sea and is oriented from south to north. Accord- 
ngly, the westerly flow of northern hemisphere is met by 
he case study area perpendicularly. The acceleration dis- 
ance of west directions wind has no orographic barriers, 
herefore the effect on the wave height and direction are 
ore fluent. The opposite effect is for the eastern winds. 
ere land and topography cause surface roughness for the 
ind acceleration, turbulence, and direction. Additionally, 
he waves during the eastern winds may be caused by other 
ocal factors and may be induced by swell left after wind 
hange in a relatively short time period. Consequently, the 
ffect of wind speed on the wave height decreased notice- 
bly, e.g. even at 10 or 15 m/s wind speed of the northeast
nd east directions the wave heights did not change signif- 
cantly and varied between 0.2 and 1.5 m. The obtained 
elations provided a basis for the wave height prediction 
n a daily scale according to wind speed and wind direc- 
ion. Using daily wave height observations and their pre- 
ictions generated by equations, the correlation coefficient 
etween them reached 0.89 for the period 1995-2014. The 
esults confirmed the suitability of obtained relations for 
he projections of the wave height based on the wind data 
nder climate change. 

.2. Selection of best-fit GCMs in the reference 

eriod 

or the projections of wind speed and further WEF accord- 
ng to previously obtained relations between wind speed 
nd wave height, the selection of the GCMs with the best 
epresentation of local wind characteristics was performed. 
he analysis of the best-fit GCMs in the reference period 
as done according to the data of Klaip ėda MS. The set of
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Figure 3 Wind rose of Klaip ėda MS, a) and wave rose of wave monitoring station, b) according to 8 directions for the period of 
1995—2014. 
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4 GCMs was selected for this purpose. Only the GCMs that 
ontained all SSP scenarios were selected. Two main param- 
ters, the average wind speed and the sum of days with the 
ertain wind direction (each of 16 directions) were anal- 
sed for the period of 1995—2014. For the average wind 
peed, the deviation of GCM simulation from the histori- 
al observations and the mean absolute error of cases of 
6 wind directions for each GCM were calculated, as well 
s the correlation between the sum of wind directions sim- 
lated by GCM and observed in Klaip ėda MS was evalu- 
ted ( Table 1 ). The deviations of the average wind speed 
f the selected 24 GCMs fluctuated in a wide range from 

39.9 and 29.1%. Therefore, the models with the small- 
st deviations were indicated. Only the wind speed de- 
iations of 8 models varied between ±5%. Those models 
ere filtered in more detail using the distribution of the 
um of the days between particular wind directions. The 
ean absolute error of wind directions showed the pat- 
erns of how well each GCM simulated the total amount 
f wind events according to 16 directions. The results de- 
ned three groups of GCMs that provided mean absolute er- 
ors of —8.50, —0.06 and 0.25 respectively. Therefore, the 
roup of GCMs with the smallest error (—0.06) was consid- 
red for a potential selection. The correlation of wind di- 
ection between observed and GCMs simulated values in- 
icated a wide range of correlation coefficients, thus the 
odels with the relatively highest correlation were cho- 
en in the next step. BCC-CSM2-MR and INM-CM4-8 models 
ere chosen as the model with the smallest deviations in 
verage wind speed and relatively high correlation coef- 
cients in wind direction. Whereas EC-Earth3-Veg-LR was 
hosen as a model with relatively highest correlation in 
ind direction analysis from the Earth3 models group. The 
omparison of the wind roses of the selected GCMs with 
he Klaip ėda MS showed a relatively similar distribution of 
ind speeds according to wind direction ( Figure 5 ). There- 
ore, the mentioned GCMs represented local wind condi- 
540 
ions well enough considering the fact that GCMs are cre- 
ted to simulate global climate. The ensemble was formed 
f three selected GCMs that were indicated as the best-fit 
odels for the following wind speed and direction projec- 
ions in the Lithuanian coastline according to SSP climate 
cenarios in the near (2025—2044) and far (2081—2100) 
uture. 

.3. Wind speed projections in the near and far 
uture 

ased on the ensemble of three selected GCMs the projec- 
ions of wind speed were calculated for the near and far 
uture ( Table 2 ). For the final projections, 8 wind directions 
ere chosen since wave observations were based on 8 direc- 
ions. The deviations in wind speed projections did not show 

ny significant changes between SSP scenarios in the near 
uture. The overall tendencies showed increased values for 
SP2-4.5 and SSP5-8.5 scenarios. The larger differences in 
ind speed projections were found between the wind direc- 
ions. The increase in wind speed was obtained for the winds 
f west, southwest and south directions. According to the 
nsemble of projections, the increase of mentioned winds 
ay vary in the range of 1.2—3.6% compared with the histor- 

cal reference period. Meanwhile, a decrease of 0.3—2.2% 

n wind speed was found for the southeast wind according 
o all SSP scenarios. In the far future, the wind speed pro- 
ections gained a bit different character because the pro- 
ected changes showed opposite tendencies between SSP 
cenarios. SSP3-7.0 and SSP5-8.5 mainly indicated the de- 
rease of up to 6.3% in wind speed, especially for the winds 
n north and east directions. SSP1-2.6 scenario indicated a 
eneral increase of 0.8—3.9% in wind speed for all direc- 
ions except southeast wind. In the far future, the decrease 
n wind speed of winds in southeast direction was projected 
y all SSP scenarios, as well as in the near future. Most of
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Figure 4 The relations between wind speed of a particular direction (horizontal axis) and wave height (vertical axis) obtained at 
the same wind direction for the period 1995—2014; distribution of wave directions in percentage at each wind direction; equations 
of the relationship according to the wind speed of certain wind direction and the wave height of the same direction plus one 
neighbouring direction clockwise and counterclockwise; and correlation of listed equations. 
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he projections showed an increase in the speed of west and 
outhwest winds which are dominant wind directions for the 
ithuanian coastline. Therefore, even a small increase or 
ecrease in wind speed of mentioned origin of the direction 
ay cause significant changes in the wave height since the 
btained relations between wave height and winds of west 
rigin were very strong. 
541 
.4. Wave energy flux projection in the near and 

ar future 

he projections of wave energy flux were generated us- 
ng wave height as a derived unit which was based on the 
rojections of wind speed and its direction and the rela- 
ions between wind speed and wave height. According to 
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Table 1 The deviations (%) of the GCM simulated wind speed comparing with the historical observations in the 1995—2014 
reference period, the mean absolute error of wind directions and the correlation of 16 wind directions between direction cases 
(sum of the days) of observed and simulated according to GCM, and three selected best-fit GCMs (in bold). 

GCM Spatial resolution 
(lat. × lon.) 

� wind speed, % Mean absolute error 
of wind directions 

Correlation of 
wind directions 

ACCESS-CM2 1.25 ° × 1.875 ° 7.1 0.25 0.32 
ACCESS-ESM1-5 1.25 ° × 1.875 ° —16.9 0.25 0.51 
AWI-CM-1-1-MR 0.935 ° × 0.938 ° —19.4 0.25 0.51 
BCC-CSM2-MR 1.121 ° × 1.125 ° —0.9 —0.06 0.52 
CMCC-CM2-SR5 0.942 ° × 1.25 ° 10.4 0.25 0.42 
CMCC-ESM2 0.942 ° × 1.25 ° 8.7 0.25 0.46 
EC-Earth3 0.702 ° × 0.703 ° 2.8 —0.06 0.50 
EC-Earth3-AerChem 0.702 ° × 0.703 ° 3.1 —0.06 0.44 
EC-Earth3-CC 0.702 ° × 0.703 ° 5.2 —0.06 0.47 
EC-Earth3-Veg 0.702 ° × 0.703 ° 3.9 —0.06 0.51 
EC-Earth3-Veg-LR 1.121 ° × 1.125 ° —4.9 —0.06 0.58 
GFDL-CM4 1.0 ° × 1.25 ° 6.4 0.25 0.47 
GFDL-ESM4 1.0 ° × 1.25 ° 8.4 0.25 0.51 
IITM-ESM 1.905 ° × 1.875 ° 27.0 0.25 0.76 
INM-CM4-8 1.5 ° × 2.0 ° 1.5 —0.06 0.49 
INM-CM5-0 1.5 ° × 2.0 ° —1.5 —0.06 0.36 
IPSL-CM5A2-INCA 1.895 ° × 3.75 ° —15.9 —0.06 0.26 
IPSL-CM6A-LR 1.2676 ° × 2.5 ° —28.5 0.25 0.38 
KACE-1-0-G 1.25 ° × 1.875 ° 29.1 —8.50 0.18 
KIOST-ESM 1.865 ° × 1.875 ° —33.7 —0.06 0.44 
MIROC6 1.4 ° × 1.406 ° —39.9 0.25 —0.13 
MPI-ESM1-2-HR 0.935 ° × 0.9375 ° —19.4 0.25 0.56 
MPI-ESM1-2-LR 1.865 ° × 1.875 ° 1.1 0.25 0.39 
MRI-ESM2-0 1.121 ° × 1.125 ° —15.0 0.25 0.56 

Figure 5 Wind roses for Klaip ėda MS and for the corresponding grid cell of three selected GCMs according to 16 directions for the 
reference period of 1995—2014. 
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btained values, the wave energy flux (WEF, kW/m) on av- 
rage reached 3.11 kW/m, and the wave height (H, m) 
.65 m in the Baltic Sea at Klaip ėda during the reference 
eriod (1995—2014). The highest WEF values were esti- 
ated in the autumn-winter time (from 2.89 to 5.42 kW/m), 
nd the lowest in the spring-summer season (from 1.36 to 
.60 kW/m). 
The projections of wave energy flux in the near (2025—

044) and far (2081—2100) future disclosed the main ten- 
encies of change according to four SSP scenarios. The de- 
iations in WEF values were calculated by comparing them 
542 
ith the reference period ( Figure 6 ). The winter months 
ere distinguished by a significant increase in WEF, while 
he autumn showed a decrease in WEF. These tendencies 
ecame obvious, especially in the far future. A slightly pos- 
tive increase in WEF values was obtained in the spring and 
ummer seasons. The deviations in wave energy flux values, 
xpressed as a % from the reference period, differed be- 
ween the near and far future despite the determined simi- 
ar tendencies. 
In the near future, on average the largest increase in WEF 

as found in February (8%) and January (22%) according to 
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Table 2 The deviations (%) of the ensemble of wind speed projections comparing with the historical reference period accord- 
ing to wind direction and SSP scenarios in near (N) and far (F) future. 

Ensemble Wind direction 

N NE E SE S SW W NW 

SSP1-2.6_N 1.6 —0.8 1.0 —0.3 —0.5 0.0 1.7 —0.9 
SSP2-4.5_N —0.7 3.0 3.3 —0.7 2.1 1.3 2.1 1.2 
SSP3-7.0_N —0.5 0.8 0.6 —0.2 1.2 2.0 1.8 0.7 
SSP5-8.5_N 2.2 -0.9 1.2 —2.2 3.6 2.0 3.3 —0.1 
SSP1-2.6_F 0.8 2.1 1.5 —0.2 2.7 2.9 3.9 1.9 
SSP2-4.5_F —1.4 —2.6 0.7 —1.9 1.2 —0.8 0.9 —1.8 
SSP3-7.0_F —2.8 —6.3 —4.5 —3.8 —0.5 —1.3 —0.4 —2.0 
SSP5-8.5_F —1.3 —5.6 —1.7 —2.1 1.3 1.8 1.5 —0.9 

Figure 6 Changes (in %) of wave energy flux at the Baltic Sea Lithuanian nearshore in the near (a, 2025—2044) and far (b, 
2081—2100) future comparing with 1995—2014. 
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hree GCMs and four SSP scenarios ( Figure 6 a). During the 
pring seasons, the positive deviation in WEF was very slight 
nd on average consisted of 0.5% higher values than in the 
eference period. The separate months of the spring season 
ndicated from 6% decrease in March up to 7% increase in 
pril compared with the reference period. A slight positive 
eviation of up to 1% in WEF values was projected during 
he summer season. The distribution of average deviation in 
EF was from 4% increase in June to 1% decrease in July 
nd August. In the autumn seasons, the projected WEF was 
n average 2% lower compared to the reference period. The 
endencies between autumn months indicated a gradual in- 
rease in WEF from —5% in September up to —1% in October 
nd 1% in November. 
For the far future, the obtained deviations of wave en- 

rgy flux projections were greater than in the near future. 
he main differences were determined by increased ampli- 
ude between different seasons ( Figure 6 b). Looking into 
ndividual seasons, the largest increase in WEF was in the 
inter time where the average increase of 17% was found. 
he projections of WEF in separate winter months high- 
ighted high variability between the deviations. The WEF 
alues based on 4 SSP scenarios average showed an increase 
or December, January and February by 18%, 27% and 7% 

espectively. In the spring and summer seasons, the pro- 
ected wave energy flux increased by 1%. Compared with 
he near future, the deviation consisted only of 0.5% per- 
entage points. From all spring months, the negative devia- 
ion of 5% was found only in March. An average increase of 
 and 6% is expected in the remaining two spring months. 
543 
ccording to the far future projections for the summer sea- 
on, WEF changed even less between the individual months. 
n average, the values fluctuated from an increase of 1% in 
uly to an increase of 3% in June. The tendencies of the au-
umn season of WEF projections in the far future remained 
nchanged, as well as in the near future. The main differ- 
nce was found in the amplitude of the projected WEF de- 
iations. For September and October, the WEF values of the 
ar future were 9% and 6% smaller, respectively, compared 
o the reference period. While 3% of an increase was pro- 
ected for November. 
After the analysis of the distribution of wave energy flux 

hanges according to selected SSP scenarios, no clear ten- 
encies were found in either the near or far future. The 
mallest increase in WEF values in the near future was found 
ccording to the SSP1-2.6 scenario (1%), the average ones 
up to 6%) according to the SSP2-4.5 and SSP3-7.0 scenarios, 
nd the largest according to the SSP5-8.5 scenario (10%). 
eanwhile, the distribution of regularities of WEF projec- 
ions changed in the far future because the largest increase 
f 11% was obtained according to the SSP1-2.6 scenario. The 
ther scenarios projected from 2—3% (SSP2-4.5 and SSP3- 
.0) up to 8% (SSP5-8.5) higher values of WEF compared with 
he reference period. 
For a better understanding of the possible range of 

hanges in the theoretical potential of wave energy flux, 
he deviations of different probabilities were calculated 
ccording to selected SSP scenarios ( Table 3 ). The pro- 
ected WEF values were close to the reference period for 
ll probabilities in the near future according to the SSP1-2.6 
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Table 3 Deviations (%) of wave energy flux of different probabilities in the near and far future comparing with the reference 
period. 

Probability, % 2025—2044 2081—2100 

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 

5 1.2 5.4 3.0 9.0 11.4 —0.2 0.7 5.9 
25 —0.1 5.2 5.0 9.1 10.4 2.5 1.4 7.3 
50 —3.1 4.5 6.9 9.0 7.5 1.4 3.5 6.6 
75 —1.7 2.3 4.2 6.2 3.7 0.5 0.6 3.0 
95 1.7 0.6 7.3 5.3 0.7 1.5 —3.6 0.2 
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cenario. SSP2-4.5 scenario projected small changes in WEF 
or 95—75% probabilities but for the values of medium to 
are probabilities (50—5%) the increase of around 5% was 
btained. Much bigger changes were projected according 
o the SSP3-7.0 scenario, when the values of wave energy 
ux of the selected probabilities were from 4 to 7% higher 
ompared to the reference period. For the SSP5-8.5 sce- 
ario, values of 95—75% probability showed 6% higher WEF 
hile values of 50—5% probability — an increase of 9%. For 
he far future, the changes in WEF projections according 
o SSP2-4.5 and SSP3-7.0 scenarios varied only slightly. The 
argest differences in far future projections were found in 
SP1-2.6 scenario due to rarer probabilities, such as 25% 

nd 5%, the projected increases in WEF values were 10 and 
1%, respectively. For the SSP5-8.5 scenario, the increase in 
EF was projected as well and the values were on average 
.6% higher for probabilities of 50—5% than in the reference 
eriod. 

. Discussion 

he wave energy resources of the Baltic Sea have been 
tudied quite well. Based on previous research, the aver- 
ge wave energy flux varies between 1 and 2 kW/m in the 
erritorial waters of Lithuania ( Jakimavi čius et al., 2018a ; 
asiulis et al., 2015 ), between 0.7 and 1.5 kW/m at Latvia’s 
oastline ( Soomere and Eelsalu, 2014 ), and from 0.5 to 8 
W/m in the Baltic Sea in general ( Kovaleva et al., 2017 ; 
ilsson et al., 2019 ). For the comprehensive evaluation of 
he sea wave’s energy application for electricity produc- 
ion purposes, it is important to understand how WEF will 
hange in the future. The projections based on the out- 
ut of global climate models are used for mentioned tasks. 
roll et al. (2017) used the scenarios of the SRES group 
nd the WAM model for the evaluation of wind speed and 
ave height changes in the last thirty years of the 21st cen- 
ury. The results indicated an increase in wind speed by up 
o 5%, and wave height by up to 10% comparing to 1961—
990. Similar tendencies of a 10% increase in wave height 
ere obtained according to RCP8.5 ( Bonaduce et al., 2019 ). 
reier et al. (2021) using the SWAN model and data from re- 
ional climate models under RCP scenarios determined that 
t the end of the 21st century, the wind speed in the Baltic 
ea off the coast of Germany will increase to 7% on aver- 
ge, and the wave height to 11% compared to the refer- 
nce period of 1971—2000. The newest SSP scenarios for as- 
emblages of many GCMs project a decrease in wind speed 
544 
 Carvalho et al., 2021 ), however, the lacking of studies on 
SP scenarios requires a broader assessment of future wind 
hanges under CMIP6 in order to compare with the output 
f CMIP5 ( Jung and Schindler, 2022 ), especially in terms of 
EF analysis. 
This study was based on the application of a statistical 
odel to predict wave heights. The relationship between 
he wind speed of eight directions and the wave height at 
he same wind direction was determined according to the 
ata of historical observations in 1995—2014 for the follow- 
ng WEF evaluation and projections according to four SSP 
limate scenarios. Additionally, the wind output of 24 global 
limate models was compared with real observational data 
or the selection of GCMs that adequately represent the 
ind climate in the studied area. Global climate models of 
CC-CSM2-MR, EC-Earth3-Veg-LR, and INM-CM4-8 were se- 
ected as best-fit GCMs for the Lithuanian coastline. Based 
n their results, the deviations of projected wind speed val- 
es fluctuated between —6.3% and 3.9% comparing with the 
eference period. For the dominant wind directions includ- 
ng west and southwest, low impact SSP1-2.6 climate sce- 
ario projected an increase in wind speed while the east- 
rigin winds under the SSP scenarios of higher impact tend 
o decrease. These findings highlighted the importance of 
valuation according to wind directions, since general wind 
endencies for a major part of Europe project a strong de- 
line by the end of the 21st century, particularly under 
he SSP5-8.5 scenario ( Carvalho et al., 2021 ). Moreover, the 
tudy applied an ensemble of 15 GCMs instead of the selec- 
ion of best-fit GCMs. Distribution of wind change patterns 
cross the SSP scenarios, i.e. increase for SSP1-2.6 and de- 
rease for SSP5-8.5 may be explained by the change in pres- 
ure gradients induced by the change of air temperature. 
he increased global temperature reduces temperature gra- 
ients between high and low latitudes, consequently, the 
ressure gradients change in mid-latitudes as well by weak- 
ning the wind-driving forces ( Gou et al., 2011 ). All these 
hanges in wind speed had an important impact on wave 
eight parameters and, accordingly, WEF values. For the 
ave height and WEF, the projections indicated an increase 
n their values for the near and far future, up to 5 and up
o 11% respectively. Essential differences were found only 
etween individual scenarios. The highest increase was es- 
imated according to SSP1-2.6 in the far future, while other 
cenarios projected a slightly lower increase. Despite the 
educed wind speed for east-origin winds, the overall WEF 
endencies indicated the growth due to the increase of 
est-origin winds. 
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The comparison of the obtained results emphasized two 
ethodological differences from previous studies in the 
altic Sea. The projections in many previous studies were 
imulated based on global and regional climate models ac- 
ording to SRES (IPCC AR4) and RCP (IPCC AR5) climate sce- 
arios ( Dreier et al., 2021 ; Groll et al., 2017 ). Moreover, 
he usage of physical models such as WAM, SWAN or WWIII 
as widely applied ( Alari et al., 2016 ; Björkqvist et al., 
020 ; Kanarik et al., 2021 ; Sapiega et al., 2023 ). The phys-
cal modelling for the south-eastern part of the Baltic Sea 
oastline was done using MIKE21 model ( Jakimavi čius et al., 
018a ). In this study, the statistical model was used in- 
tead with its certain limitations as well. Prediction of wave 
eights based on physical models is significantly more ac- 
urate but requires reliable input data at the boundary of 
he domain and large computational resources. Meanwhile, 
tatistical models are based on equations of relationships 
etween the predictor and the predictand, therefore statis- 
ical relations can only be applied to the specific area for 
hich they were obtained. Observational data availability 
s another limiting factor for the extent of the application 
f statistical models. In the case of a physical model, once 
e have created one and calibrated it to a certain location, 
he simulation may be done for the whole study area. On 
he other hand, statistical models can be a good solution 
or the primary overview and rough evaluation of possible 
hanges with the lowest costs. Nevertheless, the selection 
f appropriate predictors is one of the most important as- 
ects in the application of statistical models ( Austin, 2017 ; 
ie, 2011 ). The relationship between predictor and predic- 
and should be interrelated on a physical basis instead of 
andom statistical relation. Despite these limitations, the 
dvantage of statistical models is their relatively quick and 
road applicability. They have been successfully applied in 
he natural sciences, where they were used to predict com- 
lex processes, e.g. to predict wind speed and wind power 
 Jankevi čien ė and Kanapickas, 2023 ; Liu et al., 2010 ), to es-
imate wind speed and solar radiation ( Zeng et al., 2020 ), to 
redict the average annual salinity of the Curonian Lagoon 
n the 21st century ( Jakimavi čius et al., 2018b ), to evaluate 
sh abundance according to river water temperature and 
iver discharge ( Kriau či ūnien ė et al., 2019 ). 
This study is one of the first attempts to project changes 

n WEF of the Baltic Sea using a statistical model and SSP 
cenarios. There is still room for improvement, but the ob- 
ained results could be a starting point for further research. 
he involvement of regional climate models with fine spa- 
ial resolution, the prediction for the entire Baltic Sea area 
r at least part of it, and the comparison between statistical 
nd physical models results may be the future perspectives 
or such kind of research. The findings of this study may be 
pplied to the primary overview of possible changes in WEF 
n the future and the planning of adaptation measures to cli- 
ate change. Due to altered patterns of wind and wave pa- 
ameters, the results might be beneficial in the preparation 
f a national energy strategy by predicting what part of RES 
ould be generated from wave energy. The evaluation of the 
btained results and findings of the other authors concluded 
hat the wave climate will change in the future, especially 
nder climate change forces. In contrast to the kinetic and 
otential energy of the rivers ( Jakimavi čius et al., 2020 ), 
ave energy is a “sleeping giant” in the world of renewable 
545 
nergy sources. Therefore, it is worth paying more inter- 
st to the investigation and exploitation of this resource on 
 wider scale. In this way, we could gradually shift away 
rom fossil fuels and start moving faster towards a climate- 
eutral society. 

. Conclusions 

• The study revealed a strong correlation between wind 
speed and visually observed wave height of the same di- 
rection. 

• After the analysis of wind parameters of 24 GCMs, it was 
found that BCC-CSM2-MR, INM-CM4-8 and EC-Earth3-Veg- 
LR were best-fit GCMs for Lithuanian climatic conditions. 

• According to wind speed projections, the average speed 
may increase for the W, SW and S wind directions in the 
near and far future. However, the decrease for the east- 
origin winds in the far future was found. 

• For the WEF values, the largest deviations in the near 
future were obtained according to SSP5-8.5 (9.9%), the 
medium — SSP2-4.5 and SSP3-7.0, and the smallest —
SSP1-2.6. In the far future, the largest positive deviations 
were found according to SSP1-2.6 (up to 11.3%), smaller 
ones by SSP5-8.5, and the smallest by SSP2-4.5 and SSP3- 
7.0. 

• From the seasonal perspective, WEF deviations based on 
the average of four SSP scenarios indicated perceptible 
deviations in the winter (up to 17% increase) and only 
slight deviations (up to ±1%) in the remaining seasons. 
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akimavi čius, D., Adžgauskas, G., Šarauskien ė, D., 
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Abstract Oceanic internal waves are an active ocean phenomenon that can be observed, and 
their relevant characteristics can be acquired using synthetic aperture radar (SAR). The loca- 
tions of oceanic internal waves must be determined first to obtain the important parameters 
of oceanic internal waves from SAR images. An oceanic internal wave segmentation method 
with integrated light and dark stripes was described in this study. To extract the SAR image 
characteristics of oceanic internal waves, the Gabor transform was initially used, and then the 
K-means clustering algorithm was used to separate the light (dark) stripes of oceanic internal 
waves from the background in the SAR images. The regions of the dark (light) stripes were au- 
tomatically determined based on the differences between the three classes, that is, the dark 
stripes, light stripes, and background area. Finally, the locations of the dark (light) stripes were 
determined by shifting a given distance along the normal direction of the long side with the 
minimum bounding rectangle of the light (dark) stripes. The best segmentation results were 
obtained based on the intersection over the union of the images, and the accuracy of segmen- 
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tation was verified. Furthermore, the effectiveness and practicability of the proposed method 
in the light and dark stripe segmentation of SAR images of oceanic internal waves were illus- 
trated. The proposed method prepares the foundation for future inversion studies of oceanic 
internal waves. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ceanic internal waves can influence the local oceanic eco- 
ogical environment, affect the safety of oceanic structures, 
nd play an important role in the transportation of energy 
nd materials in oceans, therefore it is crucial to study 
ceanic internal waves. However, it is difficult to observe 
ceanic internal waves in situ. Therefore, remote sensing is 
 common tool. 
Many studies on the extraction features of oceanic inter- 

al waves from remote sensing images have yielded con- 
iderable progress ( Dong et al., 2016 ; Kao et al., 2007 ; 
indsey et al., 2018 ; Rodenas and Garello, 1997 , 1998 ; 
imonin et al., 2009 ; Zheng et al., 2021b ). 
Wang et al. (2019) classified and detected oceanic in- 

ernal waves in images captured by unmanned aerial ve- 
icles (UAVs) using a principal component analysis net- 
ork (PCANet) and support vector machine (SVM). Their 
pproach can identify the locations of oceanic internal 
aves through a rectangular box. However, it cannot eas- 
ly quantify the precise locations of their stripes. Similarly, 
ao et al. (2020) detected oceanic internal waves with rect- 
ngular boxes based on faster regions with a convolutional 
eural network (Faster R-CNN) and discriminated between 
he characteristics of oceanic internal waves and those of 
hip wakes to a certain extent, avoiding confusion between 
he latter and the former. Using a modified U-Net frame- 
ork, Li et al. (2020) extracted information on oceanic in- 
ernal waves from Himawari-8 satellite images. Based on 
egNet, Zheng et al. (2021a) proposed a method to iden- 
ify whether synthetic aperture radar (SAR) images contain 
ceanic internal waves and obtain the respective locations 
f the light and dark stripes from SAR images. 
As the characteristics of light and dark stripes in oceanic 

nternal waves can directly represent their propagation and 
volution, it is important to extract the features of oceanic 
nternal waves in SAR images. In this study, the Gabor trans- 
orm was used to extract the characteristics of these waves, 
nd the K-means clustering algorithm was employed in the 
tripe segmentation of SAR images. The clustering results 
ere morphologically processed to separate the light (dark) 
tripes of the waves from the background. Finally, the seg- 
ented image was compared with the manually generated 
tripe segmentation image, and the intersection over union 
IoU) value was computed to validate the feature extrac- 
ion quantitatively. After selecting the optimal segmenta- 
ion image by IoU, the full light and dark stripe information 
s further segmented by comparing the differences between 
he three classes, that is, the dark stripes, light stripes, and 
ackground area. 
549 
. Material and methods 

.1. Dataset 

he image selected, shown in Figure 1 , was obtained by 
he Advanced Land Observing Satellite (ALOS), taken at 
2:19:28 on February 23, 2011. The image with a size of 
024 × 1024 pixels of Figure 1 is chosen as a sample for 
implicity of calculation, as illustrated in Figure 2 . 

.2. Method 

he feature extraction procedure for oceanic internal waves 
n SAR images is shown in Figure 3 . 

Because of their functional properties, unlike those of 
ptical images, the images acquired from SAR are prone to 
peckle noise, making subsequent identification and clas- 
ification difficult. Therefore, the images must be filtered 
efore segmentation. The Gabor transform ( Gabor, 1946 ) in- 
roduced a time-localized window function and obtained its 
ourier transform to extract the local information from the 
ignal. The phase parameter controls the return value of the 
abor function, which consists of real and imaginary parts. 
he imaginary part is an odd symmetric filter, whereas the 
eal part is an even symmetric filter. Even symmetric filters 
ere chosen because odd symmetric filters cannot discern 
exture features ( Malik and Perona, 1990 ). The real part of 
he two-dimensional Gabor filter is expressed as 

g λθψσγ ( x, y ) = e 

(
− x 

′ 2 + γ 2 y ′ 2 
2 σ2 

)
cos 

(
2 π x ′ 

λ
+ ψ 

)
x ′ = x cos ( θ ) + y sin ( θ ) 
y ′ = y cos ( θ ) − x sin ( θ ) 

⎫ ⎪ ⎪ ⎬ 

⎪ ⎪ ⎭ 

(1) 

here x, y represent the pixel location coordinates, x ′ , 
 

′ represent the new coordinates generated by rotating the 
abor kernel function, λ is the wavelength of the cosine 
unction, θ is the normal direction of a parallel strip, that 
s, the texture direction, ψ is the phase parameter of the 
osine function, σ is the standard deviation of the Gaussian 
unction, and γ is the aspect ratio of space. 
Because the size and direction of each image feature are 

ifferent, it is necessary to design filters with different sizes 
nd directions for filtering. After testing, the optimal inter- 
al is 30 ° between 0 ° and 180 °. As the real part of the Gabor
lter is used, the ψ value is chosen as 0 °, and γ is 1, which
epresents the circular Gabor filter. The spatial frequency 
an be changed between —0.5 and 0.5 through normaliza- 
ion. Because of the symmetry of the Fourier function, only 
he spatial frequency value between 0 and 0.5 is consid- 
red ( Zhang et al., 2002 ). σ is related to b and λ, that is,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 SAR images of oceanic internal waves from ALOS satellite (11200 × 9600). 

Figure 2 Selected area of oceanic internal waves 
(1024 × 1024). The location is shown in Figure 1 . 
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( Clausi and Jernigan, 2000 ), where b is the 
alf-response spatial frequency bandwidth, and the default 
alue, 2, is used in this study. 
Different Gabor kernel functions can be obtained by com- 

ining different wavelengths and directions, and filter im- 
ges of different characteristics can be obtained by convo- 
uting the corresponding kernel functions with the images. 
fter Gaussian smoothing, the feature images for classifica- 
ion were extracted. In this study, the Gaussian function was 
xpressed as 

 ( x, y ) = e 

( 
−0 . 5 

( 
x 2 

σ2 G 
+ y 2 

σ2 G 

) ) 
(2) 
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here σG denotes the standard deviation. This study 
ses the σG = 3 σ , which was obtained by Jain and Far- 
okhnia (1991) . 
The K-means algorithm ( MacQueen, 1967 ) has been ex- 

ensively employed to construct an initial partition ran- 
omly for a specified number of clusters K, assign the cluster 
n initial center, and use an iterative approach to improve 
he partitioning effect by continually shifting the cluster 
enter until the criteria function converges. The function 
s expressed as 

 = 

k ∑ 

i =1 

∑ 

x∈ C i 

∣∣x − x̄ i 
∣∣2 (3) 

here x i is the average value of the category C i , x is the
ategory, E is the sum of squared errors, and k is the number
f clusters. 
Light and dark stripes exist in the region where oceanic 

nternal waves are located in SAR images. When k is set to 
 for segmentation, we observed that regardless of whether 
he stripes are light or dark, one of the grey values was close
o the background in several images, which leads to con- 
usion and makes subsequent classification difficult. There- 
ore, this study segmented the light or dark stripes whose 
rey values are different from those of the background and 
egarded them as one type and the rest as another type. 
hat is, the value of k was 2. The class center point was
nitialized randomly, the number of changes of the center 
oint was set to 3, and the change rate of the class center
as set to 0.05. The images filtered by Gaber were seg- 
ented by K-means clustering and divided into background 
nd light (dark) stripes. In Figure 2 , the dark stripes are 
egmented because a significant difference exists between 
hem and the background. 
The light or dark stripes of oceanic internal waves were 

anually extracted to assess and screen the classification 
esults. The dark stripes in Figure 2 are manually extracted, 
s shown in Figure 4 . 
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Figure 3 Flowchart for extracting the features of oceanic in- 
ternal wave stripes, IoU — intersection over union. 
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Figure 4 Effect of manual segmentation for dark stripes. 

Figure 5 Intersection over union (IoU) variation with segmen- 
tation results for different initial centers. 
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. Results 

ecause the initialization center of the K-means algorithm 

s random, different initial centers were selected for the 
ests. The segmentation results were compared with the 
anual extraction results, and IoU values were calculated. 
he optimal value of IoU remains the same after comparing 
he running results of 300 and 50 different initial centers. 
n Figure 5 , the initial center is the number of randomly se- 
ected center points of Kmeans, that is, the number of tests. 
0 and 300 were the number of tests. As shown in Figure 5 ,
o reduce processing time and improve efficiency, selecting 
he segmented image corresponding to the optimal solution 
rom the results of 50 runs is sufficient. In Figure 5 , the 
oU corresponding to the best dark stripe segmentation re- 
ult was 0.71, and the segmentation results are shown in 
igure 6 . 
551 
The segmentation regions of the dark stripes are marked 
n red and overlaid with Figure 2 to make the segmentation 
ffect easier to observe and verify, as shown in Figure 7 . 
The segmented image must be processed to further ob- 

ain the locations of the light stripes from Figure 2 . Because 
f the characteristics of oceanic internal wave images, the 
inimum bounding rectangle of each dark-striped contour 
an be used ( Li et al., 2021 ). Each light stripe was located
t a specific distance D i along the long side of the rectangle 
n the normal direction. In this study, D i was approximately 
qual to the width of the contour of each stripe. Because 
he width of each stripe after segmentation is not a con- 
tant value, as shown in Figure 6 , each stripe should be 
ranslated independently based on the varying distances. 
hen the width of the stripe is constant, as shown in 
igure 8 in blue, the long side of the minimum bounding 
ectangle and tangent point C i of the stripe outline can be 
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Figure 6 Effect of segmentation for dark stripes under opti- 
mal intersection over union (IoU). 

Figure 7 Comparison of the segmentation effect for dark 
stripes under optimal intersection over union (IoU). 
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Figure 8 Stripe translation diagram. 
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was verified. 
sed to create a line segment parallel to the short edge 
f the minimum bounding rectangle. The line segment in- 
ersects the contour at point B i and intersects with the 
ther long side of the minimum bounding rectangle at point 
 i , therefore, the stripe width is D i 

. = A i C i − A i B i . When the 
idth of a stripe is not constant, translation distance D i can 
e considered the average value of the width of the stripe. 
or the purpose of simplification, the width of each stripe 
as assumed to be a constant. 
To obtain the real selection of green stripes in the pro- 

ess of translation, the dark stripe region obtained by seg- 
entation is denoted as set m , and the two regions obtained 
y shifting the region along the inner and outer normal di- 
ections are denoted as sets n and p in Figure 8 , respec- 
552 
ively. Thus, three sets of light stripes, dark stripes, and 
ackground are formed. Because set m corresponds to dark 
tripes, set n corresponds to light stripes or the background 
rea, and set p is determined accordingly. In the original 
mage, the differences in grey values between the light 
tripes and dark stripes are relatively large. Therefore, the 
ide that is the region of the light stripe can be automati-
ally judged. The code is used to find the minimum bound- 
ng rectangle of the dark stripe outline, calculate the av- 
rage width of the stripe, and determine the translation 
irection. Finally, the automatic extraction of light stripes 
as realized. Based on automatic judgment, the segmenta- 
ion result of the light stripe is shown in the green area in
igure 9 . 
The segmentation regions of the stripes were overlaid 

ith Figure 2 to make the segmentation effect easier to 
bserve and verify, as shown in Figure 10 . Because of the 
ignificant differences in the grey values between the light 
nd dark stripes, the fitted grey value curve exhibits fluctu- 
tions. Based on these observations, the relative locations 
f the light and dark stripes were determined, and their ac- 
uracies were further confirmed. To eliminate the influence 
f noise, 33 × 33 mean filtering was used to process the 
riginal image data. Figure 11 shows the mean change of 
he row and column grey values of the center point of the 
mage. 

As shown in Figure 11 , regardless of the grey values of 
he row or column pixels, the grey values change from light 
o dark. The highest point of each line segment corresponds 
o the light stripe; the lowest point is the dark stripe; and 
he rest is the background color. The order of the grey 
alue change is light-dark-background color, and the five 
egmented internal wave stripes are cycled five times in 
very run. Thus, the segmentation result, which was auto- 
atically selected based on the difference between classes, 
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Figure 9 Segmentations of light and dark stripes after trans- 
lation. (Blue is the segmented dark stripe, green is the light 
stripe obtained by translation, light blue is the intersection of 
light and dark stripes, and black is the background.) (For inter- 
pretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Figure 10 Comparisons of light and dark stripes in the origi- 
nal image after translation. (Blue is the segmented dark stripe, 
green is the light stripe obtained by translation, and light blue 
is the intersection of light and dark stripes.) (For interpretation 
of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

i
a
D
7
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2

Figure 11 Variations in the grey values of the rows and 
columns at the center of the image. (For interpretation of the 
references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Table 1 The intersection over union (IoU) of samples. 

Sample Proposed algorithm U-Net 

A 0.581 0.179 
B 0.461 0.258 
C 0.561 0.172 
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Five other samples containing oceanic internal wave SAR 
mages were segmented to verify this method’s robustness 
nd stability. The selected images were numbered A, B, C, 
, and E, respectively. Sample B is sourced from ALPSRP_270 
36590_H1.1, imaging on January 16, 2007; samples A and C 

re from ALPSRP0521 44120_H1.1, imaging on February 23, 
011; sample D is from ALPSRP121523360 -H1.1, imaging on 
553 
ay 6, 2008; and sample E is from ALPSRP138520130-H1.1, 
maging on August 30, 2008. 

The segmentation results for D and E are shown in 
igure 12 . The segmentation results in the images are better 
or light stripes only or dark, indicating that the proposed 
ethod can completely segment oceanic internal waves us- 

ng only light stripes or dark stripes. 
The segmentation results were compared with those of 

-Net ( Ronneberger et al., 2015 ) segmentation, as shown in 
igure 13 . A total of 703 oceanic internal wave data points 
ere used in the U-Net experiment. Envisat (Environmental 
atellite), ERS-1 (the first European Remote Sensing Satel- 
ite), and ALOS were used as the sources of the SAR image 
ata. In the obtained data, the color of the oceanic inter- 
al wave stripes is primarily dark and light, and there are 
ew light-only or dark-only samples; therefore, it is difficult 
o identify samples D and E. In the training process, an SGD 

ptimizer with a learning rate of 0.001, a batch size of 16, 
 momentum of 0.9, and a weight decay of 1 × 10 −4 were 
sed for training. 
Table 1 show the IoUs of samples A, B, and C. It can

e seen from Table 1 that the segmentation result of the 
roposed algorithm is better than that of U-Net. As shown 
n Figure 13 , the segmentations of samples A and B agree 
ith the regions where the oceanic internal waves were lo- 
ated. Moreover, the segmentation results of the Gabor fil- 
er are better than those of the U-Net results. In sample C, 
ompared with C(II) and C(III) in Figure 13 , the proposed 
ethod can roughly segment the contour of the internal 
aves, while U-Net is less effective for complex internal 
ave stripes. However, from C(VI) in Figure 13 , the value of 
he inter-class difference at A and B is affected by the qual- 
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Figure 12 Oceanic internal wave light and dark stripe segmentation map for the ALOS satellite (I. original image of oceanic 
internal waves; II. segmentation after Gabor filtering; III. manual extraction). 

Figure 13 Segmentation for light and dark stripes of oceanic internal waves (each column from left to right represents the original 
image of internal waves, segmentation under the Gabor filter, U-Net segmentation, manual segmentation, segmentations of light 
and dark stripes, comparison between light and dark stripes in the original image, respectively). 
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ty of the grey values when the light stripes are obtained 
y the translation of the dark stripes. This leads to an er- 
or in the translation direction. However, this problem can 
e corrected using the frequency distribution of the trans- 
ation direction of the stripes in the images. In addition, 
ecause of the complexity at C in C(VI), the dark stripes are 
onnected after segmentation, and simultaneously affect- 

ng the translation distance of the stripe. p

554 
. Discussion 

y comparing the segmentation results of the light and dark 
tripes from different samples, the proposed method was 
bserved to be robust and highly accurate. However, there 
ere still defects. For example, image quality affects the 
ranslation distance and direction in the stripe translation 
rocess. Nevertheless, the segmentation method is effec- 
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ive and practical for the segmentation of light and dark 
tripes in oceanic internal wave images. 

. Conclusions 

he light and dark stripes of oceanic internal waves were 
egmented based on Gabor filtering and the K-means clus- 
ering algorithm. The results show that the integrated algo- 
ithm proposed in this study has better effects on the seg- 
entation of light and dark stripes in the SAR images. If the 

ight or dark stripes are more distinct from the background, 
hey can be better identified, and the relative locations of 
he corresponding dark or light stripes can be automatically 
etermined by comparing inter-class differences. As a re- 
ult, feature extraction for light and dark stripes in oceanic 
nternal waves was realized, creating a foundation for the 
ubsequent parameter inversion of oceanic internal waves. 
The quality of the SAR images is unstable. For SAR images 

ith poor imaging quality, the difference in the grey value 
f the image is small, making it challenging to extract the 
ight and dark stripes, or the light and dark stripes extracted 
re discontinuous. However, the translation distance and 
irection in the process of stripe translation are affected. 
lthough the error of the translation direction can be cor- 
ected by the frequency distribution, for intricate stripes, 
he stripes are connected after the segmentations, which 
as a negative impact on the subsequent translation. As a 
esult, a certain degree of deficiency needs to be addressed 
n future studies. 
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Abstract The paper presents the results of the novel modelling of the wind-driven current in 
the southern Baltic Sea. The steady current is accompanied by wave-induced orbital velocities. 
The bed boundary layer related to wave-induced oscillatory flow gives rise to the appearance of 
additional shear stresses affecting the wind-driven current. This impact included in the wind- 
driven current model yields a modified logarithmic velocity distribution. Theoretical velocity 
profiles are compared with the field data. The measurement database includes wind, wave 
and current parameters. The velocities and directions of the wind were collected from the 
anemometer installed at the Coastal Research Station (CRS) in Lubiatowo. Wave-current pa- 
rameters at a depth of about 17 m were obtained from a location of approx. 1.5 Nm from the 
shoreline in the vicinity of CRS Lubiatowo. The study site hydrodynamics is typical of the south 
Baltic coast. The analysis shows good agreement between the measured flow velocities and the 
theoretical vertical distributions in the form of the modified logarithmic profile. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

n the case of the Baltic Sea (which belongs to shallow non- 
idal seas), the remote foreshore zone stretches seawards 
rom a so-called depth of closure h c . This depth consti- 
utes an offshore limit of the seabed changes ( Dean, 2002 ) 
here even extreme storm waves are estimated not to 
enerate high sediment transport rates. Hallermeier (1978, 
981) and Birkemeier (1985) derived unsophisticated formu- 
as enabling the determination of the depth of closure h c on 
he basis of “effective” parameters of deep-water waves 
significant wave height H es 0 and period T es 0 ). The effec- 
ive wave height H es 0 corresponds to the extreme, signifi- 
ant deep-water wave height which is exceeded 12 hours 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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er year or 0.137% of the considered time. It is obvious that 
he depth of closure h c can also be found from long-term 

athymetric changes. 
For the south Baltic multi-bar shore, Cerkowniak 

t al. (2015a) obtained actual depth of closure values (from 

athymetric surveys) equal to h c = 6.0—7.7 m, greater 
han those calculated using the effective significant wave 
arameters ( h c = 4.9—6.5 m). On a second front, how- 
ver, Cerkowniak et al. (2015b) found out that the extreme 
tormy wave-induced bed shear stresses (generated by the 
ignificant deep-water waves higher than 3.5 m) can give 
ise to considerable sediment transport (sheet flow) even 
t depths of 13—15 m. Such conditions, however, last at 
ost several hours per year and presumably cannot cause 
istinct changes to the sea bottom. Further, Cerkowniak 
t al. (2015b) concluded that even extreme storms cannot 
nduce a sheet flow regime at water depths greater than 
5 m, resulting in the development of bedforms. Large sub- 
queous forms within this region can occur and develop only 
f stormy waves are superimposed with strong sea currents 
see Ostrowski and Stella, 2020 ). In the North Sea, such big 
andy bedforms that occur at depths of 20—30 m, are called 
and waves or sand banks, and their presence is surely asso- 
iated with tidal currents. Similar sea bottom dynamic ef- 
ects have also been observed, although rarely, in non-tidal 
nvironment, i.e. in the south Baltic coastal zone at depths 
etween 15 and 30 m, see Rudowski et al. (2008) . Accord- 
ng to recent measurements by Stella (2021) , such bedforms 
ccur commonly in this region at depths of 16—20 m, and 
heir movement results in the seabed elevation changes of 
agnitude from a few to 70 cm during the year. 
In view of the above, within the present study, the re- 

ote foreshore region of the south Baltic Sea was assumed 
o lie between the depths of 15 m and 25 m. 
Wind-driven flows in the nearshore zone are dominated 

y wave-driven currents, while wind-driven currents prevail 
n regions more distant from the shoreline. The boundary 
etween the above zones cannot be determined precisely. 
or the south Baltic coast, basing on theoretical modelling 
nd the field data collected at the Coastal Research Station 
CRS) in Lubiatowo, Sokolov and Chubarenko (2012) found 
 relatively high wind-induced component of currents in 
he surf zone. They concluded that the wind blowing par- 
llel to the shore can contribute almost 50% to the gener- 
tion of the longshore current and more than 20% in case 
t blows at an angle of 45% to the shoreline. The wave- 
riven longshore current always predominates in the surf 
one, whereas the situation in the remote foreshore, sea- 
ards of the surf zone, is somewhat different. 
The interaction between waves and currents is a com- 

lex phenomenon. Each component of wave-current flow 

haracteristics can significantly affect various processes oc- 
urring in the sea. For example, the angle between the 
ave and the current affects the configuration and type 
f seabed forms ( Baas et al., 2021 ), the current velocity 
nd impact of the current itself on the seabed ( Lacy et al., 
007 , Lim and Madsen, 2016 ), as well as the magnitude of 
he shear stress and the bottom roughness ( Malarkey and 
avies, 1998 ; Wiberg, 2005 ). Research on combined wave 
nd current flow over the rough bed has shown that the 
resence of boundary layer effects in a nonlinear inter- 
ction between them, and mean-velocity profiles or shear 
557 
tresses cannot be described by a linear superposition of 
ave and current velocities or shear stresses ( Grant and 
adsen, 1979 ; Kemp and Simons, 1982 ). Wave-current in- 
eractions play a crucial role in sediment dynamics. Out- 
ide the nearshore zone higher waves alone are able to en- 
rain the sediment from the sea bottom but are ineffective 
t sediment transport, however, the appearance of even a 
eak current can lead to net transport when current alone 
s often unable to initiate the sediment motion ( Grant and 
adsen, 1979 ; Wiberg, 2005 ). Some research showed that 
he bottom is rougher for currents in the presence of waves 
nd bottom drag coefficients for near-bed currents can be 
ncreased by up to an order of magnitude ( Egan et al., 2019 ;
iberg, 2005 ). 
The Coriolis force in coastal areas of the Baltic Sea 

ay be neglected. The surface and the bottom Ekman lay- 
rs overlap. Therefore, the Ekman spiral does not develop 
nd the wind-induced current is collinear with the wind 
irection ( Krauss, 2001 ; Trzeciak, 2000 ; Valle-Levinson, 
016 ) . On the basis of velocity profile measurements in the 
outh Baltic coastal zone at a depth of 17 m, Ostrowski 
t al. (2018) found out that the direction of flow velocities 
s the same in the entire water column, almost identical 
o the wind. Hence, the vertical profile of the wind-driven 
urrent velocity can be modelled using a directionally in- 
ariable distribution. 
The logarithmic distribution is a simple theoretical model 

roviding a good fit to steady flow profiles. This distribution 
s commonly applied to both river flows (see, e.g. Meyer, 
009 ) and sea currents ( Nielsen, 1992 , 2009 ). The logarith-
ic velocity profile results from the Boussinesq hypothesis 
nd the assumption of the turbulent viscosity increasing lin- 
arly from zero value at the bottom. The inclination of the 
rowth line depends on the value of friction velocity. In or- 
er to improve this theoretical approach and obtain better 
greement between the calculated and measured velocity 
rofiles, modifications of the logarithmic distribution were 
roposed ( Meyer, 2009 ; Nielsen, 1992 ; Stella et al., 2019 ).
he present study is a novel attempt of such a modification. 
ithin the proposed new approach, the vertical turbulent 
iscosity distribution ruling the wind-driven current is mod- 
fied by the inclusion of the impact of the wave bed bound- 
ry layer. Contrary to the abovementioned concepts, this 
im is achieved by the assumption of a non-zero turbulent 
iscosity at the bottom, obtained from the solution to the 
omentum equation in the wave bed boundary layer. 

. Material and methods 

.1. Site and data 

he measurements of parameters of wind, waves and cur- 
ents were carried out at the Coastal Research Station (CRS) 
n Lubiatowo and its vicinity in the period from 26 th April 
014 to 30 th June 2014. CRS Lubiatowo is a field exper- 
mental post of the Institute of Hydro-Engineering of the 
olish Academy of Sciences (IBW PAN), see Figure 1 . Hy- 
rodynamic, lithodynamic and morphodynamic processes 
ear CRS Lubiatowo display features typical for the sandy 
oast of the south Baltic Sea (see Cerkowniak et al., 2017 ; 
strowski et al., 2016 ). In the remote foreshore, approxi- 
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Figure 1 Location of the study site. 

Figure 2 Example of the cross-shore seabed profile at CRS Lubiatowo, depth of closure after Cerkowniak et al. (2015a) and 
approximate location of measuring instruments. 
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ately 1.5 NM from the coastline where CRS Lubiatowo is 
ocated, wave parameters are periodically collected since 
997. 
The coastal bottom at the study site is mildly inclined (1—

%) and built of fine sand. Cross-shore bathymetric transects 
isplay 3—4 bars which favours the multiple wave break- 
ng, with the gradual wave energy dissipation, see Pruszak 
t al. (2008) . The example of the cross-shore bottom pro- 
le at CRS Lubiatowo, with the marked depth of closure ac- 
ording to Cerkowniak et al. (2015a) and the approximate 
ocation of the measuring instruments, is shown in Figure 2 . 

Flow velocities were recorded using an acoustic current 
rofiler (AWAC, produced by Nortek, with transmission fre- 
uency of 600 kHz) coupled with the surface wave measure- 
ent module. The meter was installed on a bottom-resting 
rame with transducers facing up at the position 54 °50.48 ′ N, 
7 °53.09 ′ E (about 2.7 km from the shoreline, at the depth 
558 
f h = 17 m). Free surface elevation was recorded once an 
our for about 17 minutes with a frequency of 2 Hz and then
rocessed to determine statistical and stochastic wave pa- 
ameters (height, period and direction). Water flow veloc- 
ties were measured with 1 Hz frequency in 1 m thick lay- 
rs once an hour and then averaged for 2-minute records. 
urrent measurements were not performed in the nearbed 
ayer (about 1 m thick), because of technical reasons (height 
f the frame on which the instrument was mounted and the 
o-called blanking distance i.e. direct water body thickness 
o transducers where the accuracy of measurements is not 
cceptable). The velocity data in the surface water layer 
up to 10% of the total depth) are not fully reliable due 
o side-lobe interference. Measurements carried out in this 
ayer are therefore not fully reliable. 

The parameters of the wind (direction and speed aver- 
ged over 10 minutes and maximum gust in 10 minutes), 
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ere recorded by a cup anemometer SW-48 (produced 
y MORS, Poland) mounted on a 22 m mast, placed next 
o CRS Lubiatowo, 150 m from the shoreline (54 °48.70 ′ N, 
7 °50.43 ′ E). 
The mast is 12 m higher than required by the meteoro- 

ogical monitoring standards (10 m) but the high trees grow- 
ng around the mast increase the terrain roughness result- 
ng in the recorded wind speed lower than it would have 
een over flat ground. Further, wind parameters on land 
iffer from wind parameters at sea. This issue was already 
olved by Ostrowski et al. (2018) and Stella (2021) , who de- 
ived the following equations, describing the relationship 
etween the “sea” wind velocity W sea (10 m above sea level) 
he “land” wind velocity W land at CRS Lubiatowo: 

 sea = 3 . 68 W land for W land ≤ 1 m / s (1) 

 sea = 1 . 76 W land + 1 . 92 [ m / s ] for W land > 1 m / s (2) 

The seabed at the deep-water locations in the vicinity 
f the wave buoy consists of well-sorted quartz sediments 
having the density of ρs = 2650 kg/m 

3 ) with the grain di- 
meter d 50 equal to about 0.13 mm. The IBW PAN divers 
potted sandy bedforms at some locations there. They were 
ostly small forms (ripple marks), about 5—15 cm high and 
—2 m long, respectively. 
Deep water wave-current data measured by AWAC, 

amely the wave parameters and the current velocities, 
ere used directly while the wind velocity values W land were 
ecalculated to W sea using Eqs. (1) and (2) . The above data, 
ogether with the seabed sand features, were the input to 
he theoretical model of the wind-driven current interact- 
ng with the wave bed boundary layer. 

.2. Theoretical model 

.2.1. Wind-driven current 
t is assumed that the shear stresses τ in the water column, 
here the wind-driven current occurs, satisfy the Boussi- 
esq hypothesis as follows: 

= ρνt 
du ( z ) 

dz 
(3) 

here ρ denotes the water density, νt is the kinematic tur- 
ulent viscosity (eddy viscosity) in the vertical direction z , 
nd u ( z ) is the velocity of the steady flow. 
Further, the turbulent viscosity is assumed to increase 

inearly from the bottom, being proportional to von Kar- 
an’s constant κ and the friction velocity u f : 

t = κu f z (4) 

Having the shear stress defined as τ = ρu f 
2 , it is possible 

o obtain the logarithmic vertical distribution of the flow 

elocity u ( z ): 

 (z) = 

u f 

κ
ln 

(
z 
z 0 

)
(5) 

n which z 0 denotes the ordinate at which the velocity u is 
qual to zero. 
The quantity z 0 is thus a theoretical seabed level from 

hich the profile of the velocity u ( z ) starts. This level is
etermined as depending on the bottom roughness height, 
amely as z 0 = k f /30, where k f is the bedform height (a 
559 
o-called Nikuradse roughness), assumed to be equal to 0.1 
. 
The velocity of the wind-driven current within the sur- 

ace layer u surface can be determined from the wind speed 
 sea as follows ( Stella et al., 2019 ): 

 surface = 0 . 03 W sea for W sea < 8 m / s 

 surface = 0 . 035 W sea for W sea ≥ 8 m / s (6) 

With a given superficial velocity u surface , using the as- 
umption of the wind-driven current velocity described by 
he logarithmic vertical distribution, the friction veloc- 
ty u f can be determined from Eq. (5) with z = h and
 ( h ) = u surface . The resulting formula, after the rearrange-
ent of Eq. (5) , reads as follows: 

 f = 

κu surface 

ln 
(

h 
z 0 

) (7) 

A hydrodynamic effect, which appears for the stationary 
urrent due to the occurrence of wave bed boundary layer, 
ught to be somehow incorporated in the model. This effect 
as taken into account by Nielsen (1992) by the inclusion of 
he so-called apparent bottom roughness k a , which repre- 
ents the additional bottom roughness causing larger rough- 
ess than the natural roughness of the rippled bed. Compar- 
son of the calculated flow velocity profiles with the mea- 
ured ones led Stella et al. (2019) to distinguish wave- and 
urrent-dominated flows in dependence on the apparent 
oughness k a magnitude. According to Stella et al. (2019) , 
he mean flow velocity profile can be reliably described by 
he logarithmic distribution if the wind-driven current is 
ominant. This is obtained with the turbulent viscosity νt in- 
reasing linearly from zero value at the bed, see Eq. (4) and 
igure 3 . 
For the wave-dominated flows, Stella et al. (2019) pro- 

osed a two-layer mean velocity profile, namely the loga- 
ithmic distribution in the nearbed layer (equivalent to the 
ave bed boundary layer) and the linear distribution higher 
n the water column. The latter velocity profile resulted 
rom the assumed turbulent viscosity νt increasing linearly 
n the nearbed layer as defined by Eq. (4) and νt being a 
onstant value in higher layers, see Figure 3 . 
In the present study, we permit the turbulent viscosity νt 

o be non-zero at the bottom, namely at z = z 0 . First, this is
ue to the wave bed boundary layer effect mentioned pre- 
iously. Second, the sea bottom, being built of fine sand, is 
ssumed to be moveable, particularly under the joint im- 
act of stormy waves and wind-induced currents. In such a 
ituation, one can expect motion of the water-sand mixture 
t the theoretical bed level and the related turbulence. This 
urbulence at the ordinate z 0 is represented by the bottom 

inematic turbulent viscosity ν0 , see Figure 3 . 
Such a modified linearly variable kinematic turbulent vis- 

osity νt is described by the following formula: 

t = κu f ( z − z 0 ) + ν0 (8) 

Assuming the validity of the Boussinesq hypothesis as 
iven by Eq. (3) and having the shear stress defined as 
= ρu f 

2 , one obtains a modified logarithmic vertical dis- 
ribution of the flow velocity u ( z ): 

 (z) = 

u f 

κ
ln 

(
κu f ( z − z 0 ) + ν0 

ν0 

)
(9) 
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Figure 3 Vertical distributions of the kinematic turbulent vis- 
cosity νt ( z ). 
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n which a non-zero turbulent viscosity ν0 at the bottom is 
etermined from the solution of the momentum equation 
equation of motion) in the wave bed boundary layer. 
For a given superficial velocity u surface , the friction veloc- 

ty u f (and consequently the shear stress τ = ρu f 
2 related to 

he water flow) can be calculated from the modified loga- 
ithmic vertical distribution of the wind-driven current ve- 
ocity described by Eq. (9) with z = h and u ( h ) = u surface .
ontrary to Eq. (5) , Eq. (9) must be solved numerically. 
It should be noted that νt ( z 0 ) = κu f z 0 within the classical

ogarithmic approach. If νt ( z 0 ) is greater than ν0 the appli- 
ation of the modified logarithmic approach is not justified 
ecause of a negligibly small effect of the wave turbulent 
ed boundary layer. 

.3. Wave bed boundary layer 

ccording to Nielsen (1992 , 2009) , the wave boundary layer 
nd the wave-related bed shear stresses are almost unaf- 
ected by the presence of a steady flow. Hence, for practi- 
al purposes, the shear stresses in the wave bed boundary 
ayer can be calculated as if the current was not there. 

Within the proposed modelling system, the integral mo- 
entum method of Fredsøe (1984) is used to solve the equa- 
ion of motion in the wave bed boundary layer. Fredsøe 
1984) integrated the relevant equation over the wave bed 
oundary layer thickness δ and, assuming the logarithmic 
elocity profile in this layer, obtained the following differ- 
560 
ntial equation: 

dz 1 
d ( ωt ) 

= 

30 κ2 U 

k f ω [ e z 1 ( z 1 − 1 ) + 1 ] 
− z 1 ( e z 1 − z 1 − 1 ) 

e z 1 ( z 1 − 1 ) + 1 
1 
U 

dU 

d ( ωt ) 
(10) 

n which ω is the angular frequency of wave motion and z 1 
s a dimensionless variable: 

 1 = 

U 

u fw 
κ (11) 

here U ( ωt ) is a free stream velocity (at the top of the
ave bed boundary layer). The velocity U ( ωt ) depends on 
he wave height H and period T (available directly from the 
easurements), as well as the wave length L . The latter is 
etermined from the dispersion relationship which takes the 
ave-current interaction into account and has the following 
orm ( Nielsen, 2009 ): 

2 π
T 

− 2 π
L 

u surface cos γ
)2 

= g 
2 π
L 

tanh 
(
2 π
L 

h 

)
(12) 

n which γ is an angle between the steady current direction 
nd the wave propagation direction, while g denotes the 
cceleration due to gravity. 
From the solution of Eqs. (10) and (11) , the wave fric-

ion velocity u fw ( ωt ) can be calculated, as well as the wave
oundary layer thickness δ ( ωt ): 

= 

k f 
30 

(
e z 1 − 1 

)
(13) 

Exemplary results of computations for typical south 
altic storm wave parameters, namely height H = 3 m and 
eriod T = 8 s, at water depth of h = 17 m, are shown in
igure 4 . 
Two quantities characterising the wave bed boundary 

ayer are assumed to be representative for the entire wave 
eriod. They are the root-mean-square friction velocity 
 fw ,RMS and the “mean” boundary layer thickness δm 

at 
he moment corresponding to wave crest (or trough), see 
igure 4 . 
The wave-related turbulent viscosity in the bed boundary 

ayer νtw is described by the linear distribution: 

tw = κu fw, RMS z (14) 

As has been assumed before, the wave bed boundary 
ayer generates a non-zero turbulent viscosity for the steady 
urrent at the bottom ( ν0 ). Thus, for z = δm 

, i.e. at the
pper limit of the wave boundary layer, νtw = ν0 . Conse- 
uently, one has the following: 

0 = κu fw, RMS δm 

(15) 

The above constitutes a quantity sought to be applied in 
q. (9) . For the assumed exemplary conditions ( H = 3 m,
 = 8 s, h = 17 m and k f = 0.1 m) one obtains ν0 = 0.002048
 

2 /s from Eqs. (10) , (11) , (13) and (15) . If the wind-driven
urrent superficial velocity u surface = u ( h ) amounts to, for 
nstance, 0.5 m/s, Eq. (9) yields u f = 0.04071 m/s. The re- 
pective friction velocity u f within the “classical” logarith- 
ic model, calculated by use of Eq. (7) , amounts to 0.02343 
/s. The wind-driven current velocity profiles for the case 

n question resulting from the classical logarithmic model 
nd the modified logarithmic model, i.e. Eq. (5) and Eq. (9) ,
espectively, are plotted in Figure 5 . 
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Figure 4 Free stream velocity U , friction velocity u fw and the wave bed boundary layer thickness δ calculated for H = 3 m, T = 8 
s, h = 17 m and k f = 0.1 m. 

Figure 5 Velocity profiles according to Eq. (5) and Eq. (9) , 
respectively, for u surface = 0.5 m/s, H = 3 m, T = 8 s, h = 17 m 

and k f = 0.1 m, u f = 0.02343 m/s (logarithmic), u f = 0.03375 
m/s and ν0 = 0.000614 m 

2 /s (modified logarithmic). 
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Figure 6 Exemplary theoretical and measured velocity pro- 
files (15 th May 2014, 18:00 UTC): wind direction (from) 28.85 °, 
W sea = 6.6 m/s, u surface = 0.197 m/s, H = 1 m, T = 4.9 s, h = 17 
m, k f = 0.1 m, u f = 0.00925 m/s (logarithmic), u f = 0.01143 
m/s and ν0 = 0.000078 m 

2 /s (modified logarithmic). 
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It can be seen in Figure 5 that the presence of the wave 
ed boundary layer, resulting in an increase of the nearbed 
urbulent viscosity, causes a considerable growth of the fric- 
ion (shear stress) and in consequence a reduction of the 
ow velocities in the water column. 

. Results and discussion 

omputations were carried out for numerous wind-wave- 
urrent situations occurring in the period from 26 th April 
014 to 30 th June 2014. The number of wind-wave-current 
ata sets examined amounts to more than one thousand. 
ome of the analysed hydrodynamic situations are current- 
ominated while some of them are wave-dominated. The 
xemplary measured velocity profiles, together with the 
istributions theoretically modelled by the use of both the 
ogarithmic and modified logarithmic approach, are shown 
n Figures 6 and 7 . 
561 
The examples presented in Figures 6 and 7 have been 
elected as they represent almost the same theoretical su- 
erficial current velocity, resulting from very similar wind 
peed, Eq. (6). The wave conditions, however, differ much 
or these cases, as the first one is current-dominated 
 Figure 6 ) while the second one is wave-dominated 
 Figure 7 ). 
As one could have expected, the modified logarithmic ve- 

ocity distribution is similar to the (traditional) logarithmic 
ne for the current-dominated case ( Figure 6 ). This is due to
 minor wave impact and the low value of the wave-related 
urbulent viscosity ν0 . 
The modified logarithmic profile is distinctly different 

rom the logarithmic distribution for the wave-dominated 
ydrodynamic regime, with significantly smaller veloci- 
ies, particularly in the lower part of the water column 
 Figure 7 ). This effect results from additional drag (friction) 
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Figure 7 Exemplary theoretical and measured velocity pro- 
files (14 th June 2014, 14:00 UTC): wind direction (from) 
339.50 °, W sea = 6.5 m/s, u surface = 0.196 m/s, H = 2.4 m, 
T = 7.9 s, h = 17 m, k f = 0.1 m, u f = 0.00917 m/s (logarithmic), 
u f = 0.01767 m/s and ν0 = 0.001449 m 

2 /s (modified logarith- 
mic). 
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aused by the turbulent wave bed boundary layer generat- 
ng a relatively high nearbed turbulent viscosity ν0 (cf. ν0 

alues given in the captions of Figures 6 and 7 ). In such a
ase, the modified logarithmic velocity profile is more con- 
istent with the field data than in the classical logarithmic 
istribution. 
The agreement between the measured velocity profile 

nd the theoretical distribution in the upper part of the wa- 
er column in Figure 7 is not as satisfactory as in Figure 6 .
t is, however, quite good in the nearbed layer, important in 
he context of sediment transport mechanisms. 

.1. Final remarks and conclusions 

he paper presents the theoretical modelling yielding the 
odified logarithmic vertical distributions of the wind- 
riven current velocities in the remote foreshore, namely 
t depths bigger than the conventionally estimated depth 
f closure. The research conducted there have revealed 
ifferent velocity distributions depending on the instan- 
aneous predominance of wave motion or wind-induced 
urrents. The present study has led to the following major 
onclusions: 

• The presence of the wave bed boundary layer affects the 
wind-driven steady current by increased (non-zero) tur- 
bulent viscosity at the sea bottom. 

• The modification of the turbulent viscosity distribution 
yields the modified logarithmic velocity profile. 

• The above results in decreased flow velocities in the 
lower part of the water column, providing a theoretical 
velocity profile more consistent with the field data than 
in the case of the classical logarithmic distribution. 

It seems that a gap in understanding of hydrodynamics of 
he non-tidal sea beyond the depth of closure has been filled 
n. The presented modelling approach can be helpful, for 
nstance, in a more accurate assessment of nearbed wave- 
562 
urrent velocities and parameters of lithodynamic processes 
n the remote foreshore of any non-tidal or micro-tidal sea. 

Within further research, it would be worthwhile investi- 
ating superficial wind-induced current velocities interact- 
ng with surface waves, together with the dynamics of the 
ea bottom, including migration of the bedforms. The re- 
pective field measurements are under preparation. They 
ill be carried out using the wave buoy Directional Wa- 
erider DWR4 with the Acoustic Current Meter (produced 
y Datawell B.V., the Netherlands) and a side-scan sonar, as 
ell as a multi-beam echo-sounder. 
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Abstract The statistics suggest that extreme waves cause more damage in shallow waters 
and at the coast than in the deep sea. In the linear theory of the formation of extreme waves, 
their existence is interpreted as a local superposition of surface monochromatic waves. The 
event of excitation of extreme waves can be understood as an increase in natural oscillations 
of the water basin. The conditions for the excitation and sustaining of natural oscillations are 
the proximity of the periods of exciting traveling waves to the period of traveling waves and 
the speed of movement of the exciting current to the phase speed of propagation of traveling 
waves of the reservoir. Examples of stimulating natural oscillations are presented. We deter- 
mined the range of expected periods of natural oscillations, which range from 30 seconds to 
24 hours. Synchronously and in common-mode with the oscillations of standing waves between 
their antinodes, a "standing" current occurs with a measured speed of up to 11 km/h. We pre- 
sented a hypothesis about the possibility of stimulating natural oscillations of water bodies by 
a standing current, which changes its direction due to the movement of the water surface from 

the trough of the wave to its crest, and back. A model of stimulating oscillations by the waves 
with a constant period and currents with constant and variable speeds has been developed. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

n recent decades, coastal populations have grown rapidly. 
xtreme sea levels have become an increasing threat to 
oastal populations (due to flooding), which are projected 
o amount to 630 million by 2100 ( Vilibi ć et al., 2021 ). 
Inside semi-enclosed water bodies, such as bays or har- 

ors, arises harbor resonance — trapping and amplification 
f wave energy. Seiches and surf beats may be induced by 
nfragravity waves, steady-state wave groups, atmospheric 
uctuations, tsunami waves, or shear flows traveling into 
he semi-enclosed water body and so on ( Gao et al., 2017 ;
ao et al., 2020 ; Jueza and Navas-Montilla, 2022 ). 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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Large-scale experiments of unidirectional irregular 
aves propagating over a variable bottom profile consider- 
ng different transition water depths have shown that the 
ransition of water depth from a deeper to a shallower zone 
ncreases the occurrence probability of large waves ( Gao 
t al., 2017, 2019 ; Zhang et al., 2019 ). 
In modern times, there are usually destructive tran- 

ient harbor oscillations induced by tsunamis. Tsunamis 
re triggered by submarine earthquakes, undersea volcanic 
ruptions or offshore landslides. As tsunamis approach the 
oastal area, the wave height increases significantly due to 
he continuous decrease of the water depth ( Gao et al., 
017 ). 
Among various generation mechanisms, a number of 

atastrophic meteotsunamis have been recorded. Meteot- 
unamis are documented to impact certain coastlines. In 
ome bays, the meteotsunami waves have been recorded 
ith heights of several metres and associated currents of 
everal knots ( Vilibi ć et al., 2021 ). 
The evidence of rogue wave existence all over the world 

uring 2006—2010 has been collected based mainly on mass 
edia sources. From the total number of 131 reported 
vents, 78 were identified as evidence of rogue waves. The 
tatistics built on the selected 78 events suggest that ex- 
reme waves cause more damage in shallow waters and at 
he coast than in the deep sea. 39 such events were re- 
orted on the coast ( Nikolkina and Didenkulova, 2011 ). 
Descriptions and records of phenomena similar to 

sunamis in Russian closed basins: rivers, lakes, and ar- 
ificial water supply reservoirs are collected. During the 
eriod of the last 400 years, nine events of such type 
ere found, seven of which can be considered reliable 

 Didenkulova and Pelinovsky, 2006 ). Events of extreme 
aves in Ukrainian closed basins are presented in the 
anuscript ( Anakhov, 2021 ). 
Gao et al. (2021) consider two kinds of stimulating harbor 

scillations — directly by the regular long waves (linear the- 
ry of the formation of extreme waves), or by bichromatic 
hort-wave groups (nonlinear harbor resonance). 
In the linear theory of the formation of extreme waves, 

heir existence is interpreted as a local superposition of sur- 
ace monochromatic waves. The event of excitation of ex- 
reme wave can be understood as an increase of natural os- 
illations of the water basin, represented by standing waves 
f (1) a stable spatial structure (see Figure 1 ), (2) a fixed 
eriod, that determines the morphometric characteristics 
f the basin, and (3) high level of availability (30—50% of 
he duration of the ice-free period). Examples of observa- 
ions of events of excitation and amplification of standing 
aves by tides, storm waves and tsunami waves are given 

 Anakhov, 2021 ). 
The purpose of the article is to study possible sources of 

timulation of natural oscillations of a water basin, which 
an provoke the excitation of an extreme wave. It is pro- 
osed to translate the results into the development of mea- 
ures to counter catastrophic events. 

. Methods 

ccording to the theory (see, for example, 
abinovich, 2009 ; Sudol’skij, 1991 ; Shuleykin, 1968 ), stand- 
565 
ng waves arise, when two oppositely directed traveling 
aves, moving with phase speeds V ph towards each other, 
ollide, — incident on the obstacle A inciden t = A 0 sin( kx - ωt )
nd reflected from the obstacle A reflected = A 0 sin( kx + ωt ). As
 result of the collision, a wave is formed: 

 sw = A inc + A ref = 2 A 0 cos ( ωt ) sin ( kx ) (1) 

here A inc , A ref , A sw , and A 0 are the amplitudes of the inci-
ent, reflected, standing waves and the initial wave ampli- 
ude, respectively; 

ω — angular frequency ( ω = 2 π/ T ); 
T is the period of the wave; 
k is the wavenumber ( k = 2 π/ λ); 
λ is the wavelength; 
x, t — variables for length and time. 

The condition for the excitation of a standing wave is the 
loseness of the periods of traveling waves T inc ( T inc = T ref )
o the period of standing wave T sw . The gain (amplifica- 
ion factor for long waves) is calculated using the formula 
 Rabinovich, 2009 ): 

 

2 (T ) = 

1 (
1 − T sw 

T inc 

)2 
+ Q 

−2 
(

T sw 
T inc 

)2 , T sw = 

λsw 

V ph 
= const (2) 

here Q is the quality factor of the basin, which determines 
he energy losses in the oscillatory system and the width of 
he resonance band; 

λsw is the length of the standing wave of the reservoir, 
hich is determined by its morphometric characteristics. 
The condition for the excitation of a standing wave can 

e represented by the Froude number, which is the ratio of 
he traveling wave speed V inc ( V inc = V ref ) to the phase speed
f shallow water waves in the basin V ph ( Dogan et al., 2021 ):

r = 

V inc 

V ph 
≈ 1 (3) 

hich is calculated by the formula ( Dogan et al., 2021 ; 
orrester, 1983 ; Ivanov et al., 1946 ; Labzovsky, 1971 ; 
abinovich, 2009 ; Sudol’skij, 1991 ): 

 ph = 

√ 

g D (4) 

nder the condition that distinguishes long-period standing 
aves ( Forrester, 1983 ): 

� D 

here g is the gravitational acceleration ( g = 9.81 m/s 2 ); 
D is the average depth of the water. 
A unique property of standing wave oscillations is the co- 

xistence of two forms of horizontal movement of water 
asses. Synchronously and in phase with the oscillations of 
tanding waves between their antinodes, occurs a "standing" 
urrent with speed V sw ( Rabinovich, 2009 ; Sudol’skij, 1991 ). 
The author has no information on the excitation of stand- 

ng waves by standing currents. 
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Figure 1 Profiles of the first four modes of longitudinal seiches in closed and open-ended rectangular basins with a horizontal 
bottom ( Rabinovich, 2009 ). 

Figure 2 The ranges of periods of natural oscillations of wa- 
ter bodies: (1) seiches — according to Arsen’eva et al. (1963) ; 
(2) according to Kodomari (1982) ; (3) according to 
Kinsman (1965) ; (4) according to Titov (1971) ; (5) surf 
beats — according to Ivus et al. (1991) ; (6) according to 
Gao et al. (2019) . 
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. Results and discussion 

.1. Stimulation of natural oscillations by wave 

ith constant period 

ccording to the available data, the range of periods of nat- 
ral oscillations (waves and currents) is from 30 seconds to 
4 hours (see Figure 2 ). 
The cases of stimulation of natural oscillations by the ac- 

ion of a wave with a constant period ( T inc = const ) → ( T sw 

 const ) are described. First of all, this is the excitation 
nd sustaining of standing waves by waves, produced by the 
onstantly acting lunisolar tide. 
The wave spectrum of the Kandalaksha Gulf of White 

ea, Russia, clearly expressed level fluctuations with 
566 
 period of 6 hours and 12 minutes. Academician 
huleykin (1968) determined, that this phenomenon is 
aused by the resonance of natural oscillations of water in 
he bay with the first harmonic of the lunar tide. 
The analysis of observations revealed the effect of mod- 

lation of natural oscillations by a tidal wave for Terpeniya 
ay in the water area near Poronaisk (Sakhalin Island, Rus- 
ia) ( Kovalev et al., 2022 ). 
In a number of coastal seas, there are double high waters 
on the southern coast of England in the Solent and the 

ort of Southampton, as well as about Portland, located 90 
m west of Southampton; at Den Helder port (Netherlands); 
nd in Buzzards Bay (USA). The condition for the emergence 
f double high waters is adding to the main tone of the lunar
ide of oscillations of a higher frequency — a seiche wave 
 Bowers et al., 2013 ). 

.2. Stimulation of natural oscillations by current 
ith constant speed 

ases of excitation and sustaining of natural oscillations by 
he action of a constant speed current ( V inc = const ) → ( V ph 

 const ) are described. The experience of studying the de- 
ormations of the ice cover under the influence of various 
oads (motor vehicles, cars and other vehicles) moving at 
ifferent speeds along the Road of Life (ice road transport 
outes across Lake Ladoga to Leningrad, Russia, during the 
econd World War, in 1942—1943) showed the possibility of 
esonance at speeds of cargo movement equal to the speed 
f propagation of waves in ice ( Ivanov et al., 1946 ). 
With an average depth of Lake Ladoga of 47 m, the phase 

peed of wave propagation will be 21.5 km/h. Figure 3 
hows the experimental data on the deflections of ice cover 
t different speeds of the load. 
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Figure 3 Flexures of the ice cover during cargo movement: 1 
— direction of movement; 2 — load axis; γ — flexure scale, S —
distance ( Kozin, 2007 ). 
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Figure 4 Cross section of the landslide crater of Askja vol- 
cano; the velocity graph of the center of mass is represented 
by a dashed line, the initial velocity is 40 m/s (144 km/h) 
( Gylfadottir et al., 2017 ). 

Figure 5 The sequence of longitudinal profiles of a single- 
node undamped standing wave in an unstratified water body 
(according to C. Mortimer, quoted from Boegman (2009) ). 
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When a moving weight acts on the ice, which excites a so 
alled "flexural" wave in the ice cover, gravitational waves 
ill arise in the water. If the load is moving in a particular 
irection with velocity V inc < V ph , the shape of the ice deflec- 
ion is similar to the static one and is somewhat elongated in 
he direction of movement. When V inc → V ph , the amplitude 
f the deflections increases significantly, at V inc = V ph there 
s a flexural-gravitational resonance; the period of stand- 
ng waves excited in the water coincides with the period 
f oscillations of the ice cover. When moving with veloc- 
ty V inc > V ph , two systems of damped waves arise. Flexural 
aves with group velocity U 1 > V inc go forward, and gravita- 
ional waves with group velocity U 2 < V inc propagate behind. 

.3. Stimulation of natural oscillations by current 
ith variable speed 

ases of excitation and sustaining of natural oscilla- 
ions by the action of current with variable speed 
 V inc � = const ) → ( V inc = const ) are described. Based on the
nalysis of the Kamchatka (1952), Chilean (1960), Niigat 
1964), Moneron (1971), and Akita (1983) tsunamis, the 
peeds of which are not constant, in the spectra of wa- 
er level fluctuations in the Kholmskaya Bay, Russia, a 
ell-defined peak with a period of about 80 minutes, 
hich corresponds to a single-node longitudinal standing 
ave. It is present in calm weather, and in stormy situa- 
ions, its energy increases by about an order of magnitude 
 Shevchenko, 2006 ). 
The article ( Dogan et al., 2021 ) considers a model of 

ong-period wave excitation during atmospheric pressure, 
oving with variable speed. In this case, when the speeds 
f the landslide and water surface are equal (Froude num- 
er Fr = 1), a resonant amplification of the wave occurs. 
567 
Landslides have been reported, to cause waves of sig- 
ificant height. The events described were accompanied by 
uctuations of standing waves: July 9, 1958, in Lituya Bay, 
laska, USA ( Miller, 1960 ); October 9, 1963, in Vajont reser- 
oir, Italy ( Ward and Day, 2011 ); July 21, 2014, in Askja Lake,
celand ( Gylfadottir et al., 2017 ). The reconstruction of the 
atter is shown in Figure 4 . 

According to calculations, the phase speed of the wave in 
 rectangular basin of constant depth, corresponding to the 
verage depth of Askja Lake D = 114 m, is V ph = 33.4 m/s. 

.4. Stimulation of natural oscillations by 

nfluencing standing current 

igure 5 shows a sequence of longitudinal profiles of a long- 
eriod single-node (uninodal) standing wave in an unstrati- 
ed basin, at times t = 0.25 πn , where n = 0,1,2,…
In Figure 5 , the point indicates the node of the wave, the

ashed line is the level of the unwave surface; arrows are 
he generalized direction of movement of the water mass. 
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Figure 6 Oscillations of a standing wave: on the left is a sequence of positions of an oscillating mathematical pendulum corre- 
sponding to the profiles of a standing wave Figure 5 ; on the right are the water levels at the antinode (1) and the current speed at 
the node (2), at times t = 0.25 πn, n = 0,1,2,…

Figure 7 Comparative characteristics of phase speed of the 
wave Vph (1) and speed of standing current V sw (2) in a rectan- 
gular basin with a horizontal bottom, at A = 1 m. 
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Figure 8 The block diagram of the stimulation of natural 
(eigen) oscillations of water bodies. 
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In Figure 6 , standing wave profiles in Figure 5 , accord- 
ng to the proposal of M. Longuet-Higgins, 1953 , are rep- 
esented by the corresponding positions of oscillations of a 
athematical pendulum. 
The second form of horizontal movement of standing 

aves, reversible currents, has a number of characteris- 
ic features, due to which it can be relatively easily dis- 
inguished from other types of currents. These features in- 
lude: 1) the sinusoidal course of speed in time; 2) the pe- 
iodic change of direction by 180 °; 3) the functional con- 
ection of the speed course with the amplitude course 
 Sudol’skij, 1991 ). 
Figure 7 shows a comparative characteristic of the 

peeds of both forms of horizontal movement of water 
asses with fluctuations of standing waves. 
The maximum speed of the standing current, which 

hanges the direction of movement due to the movement of 
he water surface from the bottom of the wave to its crest 
nd back, is calculated by the formula ( Arsen’eva et al., 
963 ; Rabinovich, 2009 ; Sudol’skij, 1991 ): 

 

max 
sw = A sw 

√ 

g 

D 

(5) 
568 
Field observations have shown that the speed of the 
tanding current in narrow straits of reservoirs can reach 
 m/s (10.8 km/h), and in wide straits, it usually does not 
xceed 1.0 m/s (3.6 km/h). In coastal areas of large inland 
ater bodies, current speeds are measured at 0.3 m/s (1.08 
m/h). In particular, the highest speeds of currents in Lake 
aikal, Russia, reach 10 cm/s (0.36 km/h), in Lake Balkhash, 
azakhstan, — up to 1.25 m/s (4.5 km/h), in the narrowing 
f the Kakhovka Reservoir, Ukraine, — 0.58 m/s (2.09 km/h) 
 Sudol’skij, 1991 ); in the Yakimvarsky Bay of Lake Ladoga —
8 cm/s (2.8 km/h) at the narrow entrance to the Big Bear 
ake (Canada) — 2.7 m/s (9.7 km/h) in the strait connect- 
ng a small lagoon with the Sary-Chiganak bay of the Aral Sea 
Kazakhstan, Uzbekistan) — more than 1.3 m/s (4.7 km/h) 
 Labzovsky, 1971 ). 
According to the studies, natural oscillations are stim- 

lated when exposed to an external wave with a period, 
lose to the period of natural oscillations of the reservoir, 
y a current with a constant speed, close to the phase speed 
f wave movement in the reservoir. The possibility of exci- 
ation and sustenance by a wave with a variable speed is 
specially noted. This suggests that the effect of current 
ith constant or variable speed on a reversible wave with a 
ariable speed can also stimulate natural oscillations. This 
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ondition will be written as 

 

( V inc = const ) ∨ ( V inc � = const ) ] → 

[(
F r = 

V inc 

V sw 

)
→ 1 

]
(6) 

here ∨ is a disjunction symbol. 
The process of stimulating standing waves is shown in the 

orm of a diagram in Figure 8 . 

. Conclusions 

he reservoir is considered an oscillator of natural vibra- 
ions. These include vertical oscillations of standing waves 
nd two forms of horizontal current — unidirectional, with 
he phase speed depending on the water depth, and re- 
ersible, which is a function of the depth, period and am- 
litude of the wave. 
The mechanisms of stimulation of natural oscillations of 

he water body, which can provoke the excitation of ex- 
reme waves, have been identified. A model has been de- 
eloped for stimulating natural oscillations by waves with 
 constant period, and currents with constant and variable 
peeds. 
A hypothesis is presented about the possibility of stimu- 

ating natural oscillations of water bodies by influencing the 
tanding current, which changes the direction of movement 
ue to the movement of the water surface from the bottom 

f the wave to the crest, and vice versa. 
The range of expected periods of natural oscillations of 

ater bodies is established, which ranges from 30 seconds 
o 24 hours, and the speed of the standing current is up to 
1 km/h. 
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Abstract Due to the Arctic amplification effect, the Svalbard archipelago is an important 
area for studying ongoing environmental changes. However, its marine ecosystem is extremely 
complex. In this study, we analyze modern assemblages of dinoflagellate cysts (dinocysts) and 
benthic foraminifera from surface sediment samples around Svalbard. We use multivariate sta- 
tistical analyses to examine relationships between environmental conditions (summer and win- 
ter sea surface temperature and salinity, sea-ice cover, etc.) and both microfossil groups to 
evaluate their use as proxies for reconstructions of the marine environment in the region. 
Our results show that the most important factor controlling the environment around Svalbard 
is the Atlantic Water which mostly impacts the western coast, but its influence reaches as 
far as the eastern coast of Nordaustlandet. However, on a local scale, such factors as the 
sea-ice cover, the presence of tidewater glaciers, or even the morphology and hydrology of 
fjords become increasingly important. We found that two dinocyst species, cysts of Polarella 
glacialis and Echinidinium karaense, can be considered regional winter drift ice indicators. The 
relationships between environmental parameters and benthic foraminiferal assemblages are 
much more difficult to interpret. Although statistical analysis shows a correlation of benthic 
foraminiferal species with various environmental parameters, this correlation might be some- 
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what coincidental and caused by other factors not analyzed in this study. Nevertheless, the 
use of two complementary microfossil groups as (paleo)environmental indicators can provide a 
more comprehensive picture of the environmental conditions. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

List of abbreviations 

AF Arctic Front 
AW Atlantic Water 
ArW Arctic Water 
dinocysts dinoflagellate cysts 
ESC East Spitsbergen Current 
NAC North Atlantic Current 
SSS sea surface salinity 
SST sea surface temperature 
TAW Transformed Atlantic Water 
WCW Winter-cooled Water 
WSC West Spitsbergen Current 

List of taxa (mentioned in the text) 

Dinoflagellate cysts: 
Ataxiodinium spp. 
Cysts of Biecheleria cf. baltica 
Brigantedinium spp. 
Dubridinium spp. 
Echinidinium karaense 
Echinidinium spp. 
Islandinium ? cezare 
Islandinium minutum 

Nematosphaeropsis labyrinthus 
Operculodinium centrocarpum sensu Wall and Dale (1966) 

Cysts of Pentapharsodinium dalei 
Cysts of Polarella glacialis 
Cysts of Protoperidinium nudum 

RBC, round brown cyst 
SBC, spiny brown cyst 
Selenopemphix quanta 
Spiniferites elongatus 
unidentified 1 & 2 
Foraminifera: 
Adercotryma glomeratum 

Buccella frigida 
Cassidulina reniforme 
Cibicides lobatulus 
Elphidium clavatum 

Globobulimina arctica-turgida 
Islandiella helenae 
Islandiella norcrossi 
Labrospira crassimargo 
Melonis barleeanus 
Nonionellina labradorica 
Portatrochammina karica 
Recurvoides turbinatus 
Reophax scorpiurus 
Spiroplectammina spp. 
Stainforthia loeblichi 
Textularia earlandi-kattegatensis 
Trifarina fluens 
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. Introduction 

he Svalbard archipelago is one of the crucial areas to 
tudy ongoing global warming. First of all, it is located in 
igh northern latitudes where any environmental changes 
an be easily observed due to the Arctic amplification ef- 
ect (e.g., Balazy and Kuklinski, 2019 ; Schiermeier, 2007 ; 
erreze and Barry, 2011 ; Serreze and Francis, 2006 ). Sec- 
ndly, the archipelago constitutes a frontal area between 
elatively warm Atlantic waters and cold, sea ice-bearing 
rctic waters, which enables the study of the influence of 
heir interplay on both terrestrial and marine environments, 
specially in numerous fjords cutting deep into landmasses 
nd creating a unique interface between the land and the 
ea (e.g., Cottier et al., 2005 ; Syvitski and Shaw, 1995 ). The 
ffect of sea ice is particularly important as the sea ice- 
lbedo feedback is thought to be associated with a decrease 
n the snow and ice cover and a corresponding increase in 
he surface temperature, further decreasing the snow and 
ce cover. It is shown that the sea ice-albedo feedback can 
perate even in multiyear pack ice, without the disappear- 
nce of this ice, associated with internal processes occur- 
572 
ing within the multiyear ice pack (e.g., duration of the 
now cover, sea-ice thickness and distribution, lead frac- 
ion, and melt pond characteristics) ( Curry et al., 1995 ). 
he presence of ice caps and glaciers, including tidewater 
ce margins (e.g., Dowdeswell, 1989 ), is another character- 
stic feature of Svalbard allowing the investigation of feed- 
ack between land-based ice masses and the ocean. Finally, 
valbard’s relative ease of access, compared to other Arctic 
egions, makes it one of the most important natural Arctic 
aboratories concentrating scientific efforts of a wide range 
f disciplines. 
To understand modern changes in the environment, stud- 

es of its natural variability reaching beyond historical ob- 
ervations are necessary. Remains of microorganisms are 
ften used in paleoceanographic reconstructions as they 
re usually abundant in marine sediments and provide in- 
ormation on numerous parameters of the environment in 
hich they lived. Unfortunately, in the Svalbard fjords, 
ome microfossil groups like planktic foraminifera or di- 
toms are absent or have a poor fossil record which lim- 
ts the possibilities of (paleo)environmental studies (e.g., 
orsun et al., 1995 ; Zgrundo et al., 2017 ). On the other

http://creativecommons.org/licenses/by-nc-nd/4.0/
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and, fjords in the region are described as “hot spots”
or other microfossil groups such as dinoflagellate cysts 
e.g., Grøsfjeld et al., 2009 ; Howe et al., 2010 ) and ben- 
hic foraminifera (e.g., Pawłowska et al., 2017 ; Szyma ńska 
t al., 2021 ). 
Dinoflagellates are a major group of microscopic plank- 

on commonly found in marine environments (e.g., Taylor 
t al., 2008 ; Zonneveld et al., 2013 ). This group is very di-
erse in coastal waters, and about half of the dinoflagel- 
ates are phototrophic (commonly called autotrophic) and 
irectly contribute to marine primary productivity, whereas 
he other half is heterotrophic, i.e., feeding on a wide range 
f microorganisms, including diatoms and small flagellates 
e.g., Jacobson and Anderson, 1996 ; Jeong, 1999 ; Taylor, 
987 ). Mixotrophy among dinoflagellates is now known to be 
idespread (e.g., Stoecker, 1999 ). In the fossil record, di- 
oflagellates are represented by their resting stages called 
ysts, generally produced during the sexual reproduction 
hase (e.g., Dale, 1983 ; Taylor, 1987 ). Dinoflagellate cysts 
dinocysts) have organic walls that are highly resistant to 
hysical, chemical, and biological degradation and can be 
reserved in sediments for hundreds of millions of years 
e.g., Dale, 1996 ; Fensome et al., 1993 ). Dinocyst diver- 
ity, relative and absolute abundances, and the presence 
f specific taxa in sediments encode information about 
ome of the dinoflagellate populations in the upper wa- 
er column and, thus, environmental factors that influ- 
nce their distributions (e.g., Dale, 1976 ; Zonneveld et al., 
013 ). Biogeographical distribution of dinocysts has been 
idely documented over the years (e.g., Dale, 1996 ) and 
t demonstrated that these microfossils can be successfully 
sed for qualitative and quantitative reconstructions of sea- 
urface temperature (SST), salinity (SSS), primary produc- 
ivity, coastal eutrophication, and pollution in the Late Qua- 
ernary (e.g., Dale, 2009 ; Dale and Dale, 2002 ). Further- 
ore, the sea-ice cover appears to be another driving factor 

n cyst distributions in high latitudes, and some taxa have 
ffinities for polar environments and are potential sea-ice 
ndicators (e.g., de Vernal et al., 2020 , 2013 , 2001 ; de Ver-
al and Marret, 2007 ; Marret et al., 2020 ; Matthiessen et al., 
005 ; Obrezkova et al., 2023 ; Rochon et al., 1999 ). The sea-
oor sediments of areas characterized by multiyear peren- 
ial pack-ice are usually barren of dinocysts (e.g., de Ver- 
al et al., 2020 , 2005 , 2001 ). Nevertheless, there are a few
inocyst taxa that are known to occur in sediments of areas 
arked by seasonal sea ice and even in high abundances 
e.g., Grøsfjeld et al., 2009 ; Harland, 1982 ; Head et al., 
001 ; Heikkilä et al., 2014 ; Howe et al., 2010 ; Mudie and 
ochon, 2001 ; Zonneveld et al., 2013 ). Neritic settings of 
rctic seas with seasonal sea ice are usually characterized 
y Islandinium minutum, Islandinium ? cezare, Echinidinium 

araense and Polykrikos ? sp. — Arctic morphotypes, whereas 
inocyst assemblages from offshore regions have high abun- 
ances of Impagidinium pallidum and Spiniferites elonga- 
us (e.g., de Vernal et al., 2020 ). Only a few cyst-forming 
pecies are known to dwell in the ice-pack environment. 
he most common examples are cysts of Polarella glacialis 
hich were first described from sea-ice brine channels in 
ntarctica ( Montresor et al., 1999 ) and the Canadian Arctic 
 Montresor et al., 2003 ). 
Another key group of microorganisms thriving in Sval- 

ard fjords and shelves with high biodiversity are benthic 
573 
oraminifera (e.g., Murray, 1991 ). Their short life cycle 
nd sexual reproduction allowing high genetic changeabil- 
ty make them good bioindicators for both short- and long- 
erm environmental changes on a local as well as global 
cale (e.g., Barbieri et al., 2006 ). Due to the high preser-
ation potential of the foraminiferal tests in sediment, they 
an be used as a proxy to reconstruct paleoenvironmen- 
al changes such as water temperature, salinity as well as 
xygen and nutrients availability (e.g., Hald et al., 2001 ; 
lubowska et al., 2005 ). Benthic foraminiferal distribution 
n Svalbard fjords is conditioned by environmental gradients 
e.g., Jernas et al., 2018 ). Close to tidewater glaciers, the 
onditions are unstable and the foraminiferal assemblages 
re characterized by low abundance and dominance of a 
ew opportunistic species. In the outer parts of fjords, the 
onditions are more stable allowing for higher abundance 
nd diversity of foraminiferal assemblages as well as a 
igher percentage of Atlantic Water-related species ( Fossile 
t al., 2022 ; Hald and Korsun, 1997 ; Hansen and Knudsen, 
995 ; Jima et al., 2021 ; Korsun et al., 1995 ; Korsun and
ald, 2000 ; Kucharska et al., 2019 ; Mackensen et al., 2017 ;
ajewski and Zaj ączkowski, 2007 ; Włodarska-Kowalczuk 
t al., 2013 ; Zaj ączkowski and Włodarska-Kowalczuk, 2007 ). 
s the water temperature is one of the main abiotic factors 
ontrolling benthic foraminifera distribution (e.g., Murray 
nd Alve, 2016 ) it is important to study changes in benthic 
oraminiferal assemblages in the face of ongoing oceano- 
raphic and climatic changes. 
In this study, we analyze modern assemblages of both 

inocysts and benthic foraminifera and their relationships 
ith environmental conditions to evaluate their use as prox- 
es for reconstructions of the marine environment in Sval- 
ard fjords and surrounding coastal waters. Although both 
roups have great potential to be used as bioindicators for 
odern and past environments, when combined, they can 
rovide an even more complete image of the marine envi- 
onment around Svalbard. We analyze the relationships be- 
ween the two groups and surface water parameters, such 
s the dominant water masses, temperature and salinity, 
nd sea-ice occurrence. We decided to focus only on surface 
ater conditions, as these are available over extended peri- 
ds of time from satellite observations. Even though surface 
ater parameters might not influence benthic foraminiferal 
ssemblages in a straightforward way, they certainly influ- 
nce them indirectly, e.g., by regulating the food flux reach- 
ng the bottom. 

. Study area and oceanographic conditions 

he Svalbard archipelago is influenced by two main wa- 
er masses, Atlantic Water (AW) and Arctic Water (ArW). 
he relatively warm and saline AW (T > 3 °C, S > 34.65,
ottier et al., 2005 ) is transported by the West Spitsber- 
en Current (WSC), the northernmost branch of the North 
tlantic Current ( Figure 1 ). Its flow is mainly confined to 
he continental slope (e.g., Saloranta and Svendsen, 2001 ), 
lthough the expansion of AW across the shelf and into 
he fjords, mostly below a 20—30 m thick surface layer 
 Figure 2 A), occurs frequently (e.g., Cottier et al., 2005 ; 
ilsen et al., 2016 , 2008 ) as also confirmed by our CTD
easurements ( Figure 2 ). North of Svalbard, the WSC splits 
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Figure 1 Location map showing the present-day surface wa- 
ter circulation (A) in the Nordic Seas and (B) around Svalbard. 
Positions of sampled stations are marked with red dots. Red ar- 
rows indicate AW, blue arrows — ArW. The surface currents are: 
EGC — East Greenland Current; ESC — East Spitsbergen Current; 
NAC — North Atlantic Current; SB — Svalbard branch of the WSC; 
WSC — West Spitsbergen Current. 
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nto three primary branches. The easternmost Svalbard 
ranch of the WSC encompasses the northern coasts of 
he archipelago ( Aagaard et al., 1987 ) and represents the 
argest input of AW into the Arctic Ocean ( Manley, 1995 ). 
he relatively cold and less saline ArW (—1.5 °C < T < 1 °C,
4.3 < S < 34.8, Cottier et al., 2005 ) is transported from the
ortheast by the East Spitsbergen Current (ESC), together 
ith drift ice from the Barents Sea (e.g., Saloranta and 
vendsen, 2001 ; Skogseth et al., 2005 ). ArW mostly influ- 
nces the eastern and southern coasts of Svalbard, though 
574 
ven here traces of AW can be found ( Figure 2 D, F and G).
fter passing the Sørkapp, the ESC turns northward and con- 
inues along the Svalbard continental shelf where it is influ- 
nced by the outflow from the adjacent fjords (e.g., Cottier 
t al., 2005 ). The mixing of the two water masses (i.e. AW
nd ArW) on the shelf leads to the formation of Transformed 
tlantic Water (TAW) (1 °C < T < 3 °C, S > 34.65, Cottier
t al., 2005 ). Other water masses, such as Winter-Cooled 
ater (WCW), and Local Water are restricted to the inner 
arts of all Svalbard fjords. 
Sea-ice conditions around Svalbard are strictly related to 

ater mass dominance. On the western coast, where wa- 
ers are generally warmer and saltier, pack ice (e.g., WMO, 
014 ) is rarely seen, especially during the last few years 
e.g., Dahlke et al., 2020 ). An exception is the area near 
ørkapp where the ESC often brings pack ice from the Bar- 
nts Sea. On the other hand, the sea surface around the 
astern and northern coasts of the archipelago is rarely ice- 
ree even during summer as pack ice from the high Arctic is 
ften drifting here with water masses from the north (e.g., 
omiso, 2002 ). Fast ice forming during winter and melting 
n spring often occurs in the inner parts of Svalbard fjords 
e.g., Fossile et al., 2020 ). 
The study area includes seven locations around Svalbard 
five fjords (Storfjorden, Hornsund, Isfjorden, Wijdefjor- 

en and Rijpfjorden) and coastal zones of two ice-covered 
slands: Nordaustlandet and Edgeøya ( Figure 1 ). Based on 
he general oceanography of the region, as well as on our 
TD results, the locations can be divided into three ma- 
or areas: AW-dominated (including Isfjorden, Wijdefjorden 
nd Rijpfjorden), ArW-dominated (Storfjorden and Horn- 
und), and locally/glacier-influenced (Nordaustlandet and 
dgeøya). 
Isfjorden is the largest fjord system on Svalbard. It is lo- 

ated on the western coast of Spitsbergen and is orientated 
orth-east to south-west. The fjord has a length of 70 km 

nd a water depth of up to 425 m (e.g., Rasmussen et al.,
012 ). The Isfjorden system is widely open to the inflow of 
ransformed Atlantic Water (TAW, Figure 2 A) from the shelf 
s it has no sill at its mouth (e.g., Nilsen et al., 2016 ). The
ea-ice cover in Isfjorden is seasonal, i.e. all ice in the fjord
elts during summer. Freezing usually starts in late Novem- 
er and lasts until mid-May. The ice cover normally consists 
f locally formed fast ice with some drift ice entering from 

he shelf areas. In the mouth area, the ice cover is normally 
eak or non-existent (e.g., Nilsen et al., 2008 ). 
Wijdefjorden is a 110 km long, south-north oriented 

jord, located on the northern coast of Spitsbergen 
 Figure 1 ). The fjord has its prolongation (without a thresh-
ld) as a wide depression on the shelf ( Kowalewski et al., 
990 ). Two basins can be identified in the inner part of the
jord with maximum water depths of 245 m and 170 m (e.g.,
ald and Korsun, 1997 ). Five glaciers are discharging into 
he fjord. Despite its northern location, this fjord is exposed 
o the influence of AW from the WSC ( Figure 2 B) ( Loeng
t al., 1997 ; Maslowski et al., 2004 ; Pfirman et al., 1994 ;
udels et al., 1994 ; Rudels and Friedrich, 2000 ), while the 
nalysis of ice charts indicates frequent presence of drift ice 
n the fjord (NMI Ice Services, http://cryo.met.no accessed 
n 19.01.2021). 
Rijpfjorden is a north-facing fjord located on the north- 

rn coast of Nordaustlandet ( Figure 1 ). The fjord has a max-

http://cryo.met.no
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Figure 2 Water temperature [ °C] (in red) and salinity (in blue) profiles measured at the sampling stations. Sampling dates are 
given in Table 1 . Water masses at different depths are labelled (classification after Cottier et al., 2005 ). ArW — Arctic Water, AW 

— Atlantic Water, IW — Intermediate Water, LW — Local Water, SW — Surface Water, TAW — Transformed Atlantic Water, WCW —
Winter-Cooled Water. 
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mum water depth of 270 m and is widely open towards the 
road and shallow shelf (100—200 m deep). Rijpfjorden has 
enerally been considered a ‘true’ Arctic fjord, as it was 
ominated by cold ArW, with a weak AW inflow. However, in 
ecent years, the influence of AW has been steadily increas- 
ng ( Figure 2 C). In most years, sea ice lasts there from Oc-
ober until July (e.g., Ambrose et al., 2006 ; Søreide et al., 
010 ; Wallace et al., 2010 ) with some interannual variability 
n sea ice abundance and its thickness ( Leu et al., 2011 ). 
Nordaustlandet ( Figure 1 ) is covered with the three 
ain ice masses: Austfonna, Vestfonna, and Vegafonna 

 Dowdeswell and Drewry, 1985 ). Austfonna accounts for 
45% of the total calving flux from the Svalbard archipelago 

 Dowdeswell et al., 2008 ). The forefield of Austfonna is 
ostly covered with multiyear ice from the Arctic Ocean. 
ince the late 1970s, a progressive decrease in the sea- 
ce cover in the Barents Sea is observed (e.g., Comiso, 
002 ), causing an increase in moisture transport across Nor- 
austlandet and the growth of its ice masses (e.g., Bamber 
t al., 2004 ). The structure of the water column near the 
laciated coastline is the result of the mixing of different 
575 
ater masses, including glacial meltwater. Further offshore, 
rW becomes dominant. However, AW can also be traced 
 Figure 2 D). 
Edgeøya ( Figure 1 ) is located on the eastern side of 

he Svalbard archipelago. It borders the Barents Sea to 
he east and Storfjorden to the west. In the north, the 
reemansundet strait separates Edgeøya from Barentsøya. 
dgeøya is covered by several glaciers, the largest of 
hich is Edgeøyjøkulen on its eastern side. ArW dom- 
nance was observed close to the northeastern coast 
f Edgeøya, while AW was found beneath the surface 
ayer of ArW off the southeastern coast ( Carroll et al., 
008 ). Our CTD measurements confirm the dominance of 
rW further offshore, while mixed water masses were 
dentified closer to the coast. AW has not been traced 
 Figure 2 E). Similar to Austfonna, mostly multiyear ice from 

he Arctic Ocean can be found off the eastern coast of 
dgeøya. 
Storfjorden is an approximately 190-km-long glacial 

rough that is enclosed by the landmasses of Spitsbergen 
o the west and Edgeøya and Barentsøya to the east and is 
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Figure 2 Continued. 

limited by the shallow Storfjordbanken in the south-east. 
S
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by the ESC. AW, carried by the WSC, enters Storfjorden at a 
d  

t
s
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torfjorden consists of two basins about 190 m deep, bor- 
ered by shallow (ca. 40 m) shelves. A 120-m deep sill 
rosses the mouth of Storfjorden at about 77 °N and sepa- 
ates the main basin from Storfjordrenna, a continuation of 
he trough that extends beyond the shelf break ( Skogseth 
t al., 2005 ). The water column in Storfjorden is composed 
f a mixture of two exogenous water masses and mixed wa- 
ers that are formed locally ( Figure 2 F). ArW is transported 
576 
epth of 50—70 m ( Akimova et al., 2011 ; Fer et al., 2003 )
hough we have found it also on the surface. Brine-enriched 
helf water is produced during sea-ice formation within the 
jord ( Haarpaintner et al., 2001 ; Skogseth et al., 2005 , 
004 ). As fast ice forms in the inner part of Storfjorden
tarting in mid-November ( Haarpaintner et al., 2001 ), the 
ubsequently coming pack ice cannot enter the bay and is 
irected further towards Sørkapp and Hornsund. 
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Table 1 Sampling stations with their geographic position, water depth and sampling date. 

Station Latitude Longitude Depth [m] Sampling date 

Isfjorden 

IS 1 78 °24.000 ′ N 15 °35.690 ′ E 251 13.08.2016 
IS 2 78 °15.890 ′ N 14 °51.200 ′ E 250 13.08.2016 
IS 3 78 °09.800 ′ N 14 °07.100 ′ E 230 13.08.2016 
Wijdefjorden 

WIJ 1 79 °53.815 ′ N 15 °19.066 ′ E 165 14.08.2016 
WIJ 2 79 °29.359 ′ N 15 °33.475 ′ E 93 14.08.2016 
WIJ 3 79 °09.464 ′ N 16 °00.085 ′ E 160 15.08.2016 
Rijpfjorden 

RIJ 1 80 °05.374 ′ N 22 °12.966 ′ E 202 16.08.2016 
RIJ 2 80 °18.464 ′ N 22 °10.951 ′ E 258 16.08.2016 
RIJ 3 80 °22.354 ′ N 22 °05.736 ′ E 258 15.08.2016 
RIJ 4 80 °30.288 ′ N 22 °02.996 ′ E 154 15.08.2016 
Nordaustlandet 
NAL 1 79 °42.727 ′ N 26 °34.955 ′ E 43 18.08.2016 
NAL 2 79 °40.506 ′ N 26 °48.952 ′ E 80 18.08.2016 
NAL 3 79 °36.241 ′ N 27 °30.196 ′ E 147 18.08.2016 
NAL 4 79 °33.185 ′ N 28 °00.347 ′ E 277 18.08.2016 
Edgeøya 
EDG 1 77 °42.925 ′ N 24 °12.853 ′ E 41 19.08.2016 
EDG 2 77 °41.147 ′ N 24 °39.384 ′ E 72 19.08.2016 
EDG 3 77 °39.751 ′ N 25 °00.162 ′ E 112 19.08.2016 
Storfjorden 

ST 1 77 °27.163 ′ N 19 °14.230 ′ E 251 14.08.2014 
ST 2 77 °24.138 ′ N 17 °51.734 ′ E 67 14.08.2014 
ST 3 77 °14.728 ′ N 20 °53.185 ′ E 72 15.08.2014 
ST 4 76 °53.181 ′ N 19 °27.559 ′ E 158 14.08.2014 
Hornsund 

HR 1 76 °59.571 ′ N 16 °25.254 ′ E 120 13.08.2014 
HR 2 77 °00.057 ′ N 16 °06.554 ′ E 73 13.08.2014 
HR 3 76 °59.115 ′ N 15 °50.573 ′ E 162 13.08.2014 
HR 4 76 °57.415 ′ N 15 °22.585 ′ E 130 13.08.2014 
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Hornsund, the southernmost fjord of Svalbard ( Figure 1 ), 
s 34 km long and 5—10 km wide. It is divided into sev- 
ral basins separated by sills with water depths usually over 
00 m. The central basin is more than 250 m deep and 
he ice-proximal basins are 55-180 m deep ( Zaj ączkowski 
t al., 2010 ). AW has been identified along the entire main 
xis of the fjord, below a ∼40 m-thick layer of SW and 
W ( Figure 2 G). Hornsund is the most ‘glaciomarine’ of the 
pitsbergen fjords as almost 70% of the drainage area is 
overed by glaciers with thirteen tidewater glaciers enter- 
ng the fjord ( Błaszczyk et al., 2013 ; Hagen et al., 1993 ;
 ęsławski et al., 1991 ). Except for seasonal sea-ice cover in 
inter, Hornsund is often occupied by the pack ice brought 
here from the Barents Sea by the ESC in late spring and 
ummer (e.g., Błaszczyk et al., 2013 and references therein; 
 ęsławski et al., 1991 ). 

. Material and methods 

.1. Fieldwork 

n total, 25 surface sediment samples were collected with 
 box corer (20 × 20 cm) for dinocyst analyses and with a 
577 
mall gravity corer (inner diameter 4.5 cm) for foraminiferal 
nalyses during a cruise of r/v Oceania . Geographic posi- 
ions, water depth, and sampling dates for each station 
re provided in Table 1 . The samples were collected in 
ugust 2014 in Storfjorden (four stations; unfortunately, 
oraminiferal samples from station ST2 are missing) and 
ornsund (four stations), and in August 2016 in Isfjorden 
three stations), Wijdefjorden (three stations), Rijpfjorden 
four stations) and in the coastal zones of Austfonna on Nor- 
austlandet (four stations) and Edgeøyjøkulen on Edgeøya 
three stations, Figure 1 ). The temperature and salinity of 
he water column at each station were measured with a Mini 
TD Sensordata SD202 at 1 s intervals. The depth of the wa- 
er was measured with the hull-mounted echo sounder dur- 
ng sample retrieval. 

.2. Dinoflagellate cyst sample preparation and 

dentification 

he dinocyst analysis methodology used in this study is 
onsistent with the standardized methodology described in 
ospelova et al. (2005 , 2010) . The uppermost 2 cm of sedi-
ent from the box corer were collected into a zip bag and 
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tored at a temperature of —20 °C. With recent accumu- 
ation rates along the main axes of Svalbard fjords (e.g., 
.5—0.7 cm y −1 in Hornsund, Glud et al., 1998 ), 2 cm of 
ediment represents approximately four years of sedimen- 
ation. Close to tidewater glaciers, sediment accumulation 
ates increase to more than 10 cm y −1 ( Filipowicz, 1990 ), 
esulting in a shorter time represented by the sampled sed- 
ment. However, our stations are located mainly in the mid- 
le and outer parts of the fjords, along their main axes 
 Figure 1 ). Therefore, we assume that 2 cm of sampled 
ediment should, on average, represent approximately two 
ears of sedimentation. Although this approach might seem 

o be an oversimplification since the time interval repre- 
ented by the 2 cm thick sample differs at each station, we 
onsider it reasonable for the aim of the study as we assume 
hat the environmental conditions did not change drasti- 
ally over the last couple of years. After thawing, 3—4 cm 

3 

f well-mixed sediment was placed in a polypropylene test 
ube, dried at > 40 °C and weighed with an analytical bal- 
nce. The samples were subsequently soaked with distilled 
ater for 12 h, centrifuged at 3600 rpm for 6 min and then 
rocessed using a standard palynological technique (e.g., 
ospelova et al., 2010 , 2005 ). 
Marker grains of a known number of Lycopodium clava- 

um spores (e.g., Mertens et al., 2012a , 2009 ) were added 
o allow quantitative estimates of the absolute concentra- 
ions of dinocysts. About 7 ml of hydrochloric acid (HCl, 10%) 
t room temperature was slowly added to samples to dis- 
olve the L. clavatum spore tablets and remove carbonates. 
fter 30 minutes samples were centrifuged and decanted. 
ubsequently, ∼9 ml of distilled water was added and sam- 
les were centrifuged and decanted again. The procedure 
as repeated until the pH of the supernatant reached a neu- 
ral level. Afterwards, the samples were wet-sieved through 
25 μm and 15 μm mesh to remove fractions of sediment 
bove and below the maximal and minimal size of dinocysts. 
After sieving, centrifuging, and decanting, ∼7 ml of 

oom-temperature hydrofluoric acid (HF, 48%) was added 
o the sediment to remove silicate. Samples were left in a 
ume hood for 72 hours, with regular digestion checking and 
tirring. After silicate dissolution, samples were once again 
entrifuged and decanted and ∼7 ml of hydrochloric acid 
HCl, 10%, at room temperature) was added. Samples were 
insed with distilled water as described above and sieved 
hrough a 15 μm mesh. Aliquots of a few drops of sample 
esidue were placed on a glass slide and left for 24 h at 
oom temperature to dry. Glycerine gel was used to mount 
 cover slide to the glass slide. 
Approximately 300 specimens (min 281, max 319) were 

ounted from each sample. Dinocysts were identified to the 
owest possible taxonomical level. The paleontological tax- 
nomy system used throughout this paper follows Zonneveld 
1997) , Kunz-Pirrung (1998) , Montresor et al. (1999) , Rochon 
t al. (1999) , Head et al. (2001) , Pospelova and Head (2002) ,
oestrup et al. (2009) , Mertens et al. (2015 , 2013 , 2012b) ,
nd Zonneveld and Pospelova (2015) . Cysts with unknown 
axonomic affinity were classified into one of four groups: 
nidentified 1 — round transparent cyst, unidentified 2 —
piny transparent cyst, RBC — round brown cyst and SBC 

spiny brown cyst. Cysts of Biecheleria cf. baltica are 
ostly very small ( ∼5—10 μm) and were partly lost during 
ample preparation (sieving). Therefore, we excluded them 
578 
rom the total cyst concentrations and statistical analyses. 
urthermore, it cannot be excluded that some thin-walled 
ransparent Impagidinium spp. cysts have been missed dur- 
ng the counting. 

.3. Benthic foraminifera sample preparation and 

aunal analysis 

iving benthic foraminifera can be found down to 10 cm 

n sediment (e.g., Kucharska et al., 2019 ; Zaj ączkowski 
t al., 2010 ). However, as the gravity corer did not pen- 
trate deep enough at every station, the uppermost 4 cm 

f sediment was used for foraminiferal analysis to enable 
he comparison of the results between all the stations. 
ven though the 4 cm thick samples might contain some 
oraminiferal specimens older than ∼2 years (as assumed 
or the 2 cm thick samples used for dinoflagellate cyst as- 
emblage analysis), we find this a reasonable approach be- 
ause, as mentioned before, we expect the environmen- 
al conditions to be roughly similar over the last couple of 
ears. The sediments were weighed and wet-sieved through 
ieves with mesh sizes of 500 μm, 100 μm, and 63 μm. 
he 500 μm sieve was used only to protect foraminiferal 
hells from crushing by larger grains and the results of 
he analysis of > 500 μm and 500—100 μm fractions ( > 100
m) were analyzed together. The material was subsequently 
ried and weighed with an accuracy of ±0.1 mg. Benthic 
oraminifera census counts were conducted on representa- 
ive splits ( > 300 specimens) in the > 100 μm fraction using
 Nikon SMZ1500 stereomicroscope. Individual species were 
dentified and counted. The paleontological taxonomy sys- 
em used throughout this paper follows Loeblich and Tappan 
1987) , Hald and Korsun (1997) , Husum and Hald (2004) ,
arling et al. (2016) , Łącka and Zaj ączkowski (2016) , and 
ayward et al. (2020) . The number of benthic foraminifera 
er 1 g dry sediment (foram g −1 ) was calculated. 

.4. Environmental data 

he SST and SSS data were retrieved from the Coperni- 
us website ( https://www.copernicus.eu/ ; accessed Octo- 
er and November 2018). Monthly averaged data were read 
rom available maps and average seasonal values were cal- 
ulated over the period of two years prior to sediment 
ampling (August 2012—August 2014 for Hornsund and Stor- 
jorden, August 2014—August 2016 for the rest of the sta- 
ions; see Table 1 for sampling dates). Data on sea-ice 
overage were retrieved from the website of the Norwe- 
ian Meteorological Institute ( https://cryo.met.no/ ). Sea- 
ce concentrations at each station (in %) were manually read 
rom Ice Charts at weekly intervals (four daily values per 
onth) within two years prior to sediment sampling (the 
ame as for the SST and SSS data). Subsequently, the av- 
rage seasonal values (winter: December—February, spring: 
arch—May, summer: June—August, autumn: September—
ovember) were calculated. As fast ice was not present at 
ny station during the studied time, only drift ice is included 
n the analysis. Despite ongoing global changes, we assume 
hat environmental parameters over two years represent av- 
rage ‘modern’ conditions and display general trends over 
he last couple of years. For this reason, we analysed the re- 

https://www.copernicus.eu/
https://cryo.met.no/
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cated that the first ordination axis and all canonical axes are 
ationships between environmental parameters over a con- 
tant time interval (two years prior to sediment sampling) 
nd the two groups of microorganisms, despite the variable 
ime represented by the sediment samples studied. 

.5. Statistical analyses 

o reduce noise in the data sets, all statistical analyses were 
erformed on relative abundances of dinocysts and ben- 
hic foraminifera after grouping some less important species 
nto genera and excluding taxa that contribute less than 
% to the assemblages (i.e., the maximum relative abun- 
ance at any station was lower than 1%). Only these taxa are 
resented and discussed hereafter. Multivariate statistical 
nalyses were used to investigate the relationships between 
ach microfossil group (dinocysts and benthic foraminifera) 
nd environmental parameters using CANOCO 4.5 for Win- 
ows ( ter Braak and Šmilauer, 2002 ). First, a Detrended Cor- 
espondence Analysis (DCA) was performed to identify the 
ature of variability within the assemblages in each group. 
he length of the first gradient determines whether the as- 
emblages have unimodal variation (length > 2) or linear 
ariation (length < 2) ( Lepš and Šmilauer, 2003 ). We iden- 
ified that the length of the first gradient was 1.9 standard 
eviations (SD) for dinocysts and 2.4 SD for foraminifera, 
ndicating a linear variation for cysts and a unimodal varia- 
ion for foraminifera. The DCA results justified the further 
se of a Redundancy Analysis (RDA) for dinocysts and Canon- 
cal Correspondence Analysis (CCA) for benthic foraminifera 
 Lepš and Šmilauer, 2003 ). 
We applied a forward selection of environmental param- 

ters to reduce the set of variables that could effectively 
xplain the greatest amount of variance in the data sets. 
 total of seven environmental parameters were chosen for 
he analyses: water depth (WD), winter and summer sea- 
urface temperature (SST win, SST sum), salinity (SSS win, 
SS sum), and sea ice cover (SI win, SI summer). Each envi- 
onmental variable’s statistical significance (P-value < 0.05) 
as determined using the forward selection Monte Carlo 
ermutation test, with 499 unrestricted permutations. 

. Results 

.1. Oceanographic conditions 

he results of CTD measurements, together with the identi- 
ed water masses (following Cottier et al., 2005 ) are shown 
n Figure 2 . Seasonally averaged sea-ice cover, SST and SSS 
ata used for the multivariate statistical analysis are listed 
n Supplementary Table 1. We acknowledge that some of 
he salinity data retrieved from Copernicus appear anoma- 
ous, reaching up to 37.8 at station WIJ1 in March. Such high 
alues might be caused by the quality of satellite measure- 
ents in inner parts of narrow fjords and/or in high lati- 
udes in general. However, it should be noted that the high- 
st salinities ( > 35.3) are associated with the lowest temper- 
tures ( ≤—2 °C), generally high sea-ice concentrations, and 
ccur in the inner parts of the north-facing fjords (Wijde- 
jorden and Rijpfjorden) in winter and spring (January to 
ay). Altogether, it suggests that the high salinities might 
579 
e related to brines formed by salt rejection during sea-ice 
ormation ( Haarpaintner et al., 2001 ). For this reason, we 
ecided not to discard or correct the outlying data as they 
ost probably reflect the natural variations even if the ab- 
olute values are indeed overestimated. 

.2. Dinoflagellate cyst abundances and 

ssemblages 

he total cysts concentrations calculated per gram of dry 
eight of sediments (cysts g −1 ) vary from ∼1,700 to 20,000, 
ith an average of ∼10,800 cysts g −1 . The highest cyst 
oncentrations were found in Isfjorden and Rijpfjorden. 
he southern part of the studied region is characterized by 
ower cyst concentrations, with the lowest values recorded 
t the Hornsund and Edgeøya sites ( Figure 3 A). In total,
inocysts belonging to 39 taxa (23 genera) were identified in 
he analysed samples. A total of 19 of them were produced 
y autotrophic and 20 by heterotrophic dinoflagellates 
Supplementary Table 2). The proportions of cysts produced 
y heterotrophic and autotrophic dinoflagellates in the 
ssemblages are variable. Figure 3 B shows the geographical 
istribution of the heterotrophic/autotrophic-related taxa 
n the cyst assemblages. The proportion of heterotrophic 
axa ranges from 21 to 81%, averaging ∼53%. In general, the 
ighest abundances of heterotrophic taxa were observed at 
he sites near the mouth of each fjord and in coastal wa- 
ers, with the highest average values recorded in Isfjorden. 
slandinium minutum, Brigantedinium spp., cysts of Pen- 
apharsodinium dalei and Polarella glacialis were present in 
very sample ( Figure 4 ). Six further taxa ( Ataxiodinium 

pp., cysts of Protoceratium reticulatum (or Opercu- 
odinium centrocarpum sensu Wall and Dale, 1966 ), 
ematosphaeropsis labyrinthus, Dubridinium spp. Echini- 
inium spp., and Selenopemphix quanta ) were present in 
ach of the studied regions (though not in every sample). 
ight microscope micrographs of the most common dinocyst 
axa are shown in Figure 5 . 
Four species were most abundant in the analyzed sam- 

les ( Figure 4 ). Islandinium minutum constituted ∼39% of 
ll identified dinocysts and reached a maximum of 72% at 
tation IS 3. The second most abundant species were cysts 
f Polarella glacialis ( ∼24%) with a maximum abundance 
f 73% at station NAL 1. Cysts of Pentapharsodinium dalei 
nd Operculodinium centrocarpum contributed an average 
f ∼9% and ∼7% in all identified assemblages, respectively 
ith maximum abundances of ∼39% at WIJ 1 and ∼29% at 
S 1, respectively. Among the remaining taxa, only Islan- 
inium ? cezare reached more than 22% at one of the sta- 
ions (HR 2) but its average proportion among all identified 
axa was only ∼3%. Details on the relative abundances of in- 
ividual taxa at each station can be found in Supplementary 
able 2. 
The results of the Redundancy Analysis (RDA) on the pro- 

ortions of dinocyst taxa in the assemblages showed that 
he first ordination axis explains 43% of the variance, and 
t is positively but not significantly correlated with the win- 
er sea-ice cover and negatively and significantly correlated 
ith the water depth ( Figure 6 ). A Monte Carlo permutation
est under the reduced model with 499 permutations indi- 
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Figure 3 A: Total sedimentary concentrations [cysts g −1 ] of dinocysts at each station. B: Proportion of autotrophic/heterotrophic 
dinocysts in each sample. 

Figure 4 Percentages of the most common autotrophic (shades of green) and heterotrophic (shades of red) dinocyst taxa at each 
station. 

580 
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Figure 5 Plate presents light microscope micrographs. 1) High focus of Islandinium minutum (EDG 1). 2) High focus of Echini- 
dinium karaense (EDG 1). 3) Mid focus of Dubridinium sp. with flagellar scar (HR 3). 4) High focus of Islandinium ? cezare (EDG 

1). 5) Mid focus of Echinidinium sleipnerensis (EDG 1). 6) Mid focus of Brigantedinium simplex with typical flagellar scars (NAL 
4). 7) High focus of Selenopemphix quanta (EDG 1). 8) Mid focus of cyst of Polarella glacialis (EDG 1). 9) High focus of cyst of 
Pentapharsodinium dalei (IS 1). All scale bars = 10 μm. 
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tatistically significant with P-values of 0.004 and 0.002, re- 
pectively. The second ordination axis explains an additional 
9% of the variance, and it is positively and significantly cor- 
elated to the summer sea-ice cover and sea-surface salin- 
ty in winter. Figure 6 shows the ordination of sites, winter 
nd summer environmental parameters, as well as the most 
ommon cyst taxa based on the first two RDA axes (RDA1 and 
DA2). The first axis (RDA 1) demonstrates that the best fit 
orresponds to cysts of Polarella glacialis (67%), Islandinium 

inutum (37%), Operculodinium centrocarpum (24%), and 
chinidinium species ( ∼20%). The species with the best fit 
or the second axis (RDA 2) are cysts of Pentapharsodinium 

alei (78%), Spiniferites elongatus (43%), Selenopemphix 
uanta and cysts of Protoperidinium nudum (both ∼30%, 
espectively), and Operculodinium centrocarpum (27%). 
The scores of RDA 1 and RDA 2 for each site are plotted 

n the satellite image of the area (NASA; https://landsat. 
isibleearth.nasa.gov/view.php?id=86468 ) that shows snow/ 
ce cover in the summer of 2015 ( Figure 7 ). It illustrates the
mpact of the warm WSC on the western side and the cool 
581 
SC on the southern and eastern coasts of Svalbard during 
he summer growing season. The figure shows that sites with 
he highest negative RDA 1 scores are in Isfjorden, Wijde- 
jorden, and Rijpfjorden, while the highest positive RDA1 
alues are in Nordaustlandet and Edgeøya. Sites with posi- 
ive RDA 2 scores are primarily in Wijfjorden and Rijpfjor- 
en, whereas sites with the highest negative scores of RDA 
 are found along the eastern and southern sites, as well as 
ear the mouths of most of the fjords. 

.3. Benthic foraminiferal abundances and 

ssemblages 

he total benthic foraminifera concentrations calculated 
er gram of dry weight of sediments (forams g −1 ) vary from
 to ∼1,300, with an average of ∼214 forams g −1 . The high-
st benthic foraminiferal concentrations were found at Wi- 
defjorden and Nordaustlandet sites. The southern part of 
he studied region is characterized by lower foraminiferal 
oncentrations, with the lowest values recorded at Stor- 

https://landsat.visibleearth.nasa.gov/view.php?id=86468
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Figure 6 The results of the Redundancy Analysis (RDA) on the proportions of dinocyst taxa in the assemblages showing the 
ordination of sites, winter (win) and summer (sum) environmental parameters (SI — sea-ice concentration, SSS — sea surface 
salinity, SST — sea surface temperature), as well as the most common dinocyst taxa based on the first two RDA axes (RDA1 and 
RDA2). 
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jorden and Edgeøya sites ( Figure 8 A). In total, benthic 
oraminifera belonging to 27 taxa (24 genera) were identi- 
ed in the analysed samples. A total of 15 of them were cal- 
areous and 12 were agglutinated (Supplementary Table 3). 
he proportions of calcareous and agglutinated foraminifera 
n the assemblages are variable. Figure 8 B shows the ge- 
graphical distribution of the calcareous/agglutinated taxa 
n the foraminiferal assemblages. The proportion of calcare- 
us taxa ranges from 21 to 100%, averaging ∼76%. In gen- 
ral, the highest proportions of calcareous taxa were ob- 
erved at the sites near the fjord heads and stations clos- 
st to the coast, with the highest average values recorded 
n Wijdefjorden. Elphidium clavatum, Islandiella helenae 
nd Nonionellina labradorica were present in every sample 
 Figure 9 ). Fourteen further taxa ( Buccella frigida, Cas- 
idulina reniforme, Cibicides, lobatulus, Globobulim- 
na arctica-turgida, Islandiella norcrossi, Stainforthia 
oeblichi, Trifarina fluens, Adercotryma glomeratum, 
abrospira crassimargo, Recurvoides turbinatus, Reophax 
corpiurus, Spiroplectammina spp. , Textularia earlandi- 
attegatensis, and Portatrochammina karica ) were present 
n each of the studied regions (though not in every 
ample). 
Five benthic foraminifera species were dominant in most 

f the analyzed samples ( Figure 9 ). E. clavatum constituted 
22% of all identified forams and reached a maximum of 
582 
52% at station HR 2. The second most abundant species 
ere Cassidulina reniforme and Cibicides lobatulus (15%, 
espectively) with a maximum abundance of ∼71% at sta- 
ion HR 1 and ∼48% at station WIJ 2, respectively. Nonionel- 
ina labradorica reached ∼11% with a maximum abundance 
f ∼31% at station IS 2. Adercotryma glomeratum , the most 
bundant agglutinated species, constituted ∼8% of all iden- 
ified taxa with a maximum of ∼23% at station RIJ 1. Among 
he remaining species, Melonis barleeanus reached a maxi- 
um of ∼12% at station NAL 3 but its average share among 
ll identified taxa reached only ∼2%. Details on the relative 
bundances of individual taxa at each station can be found 
n Supplementary Table 3. 
The results of the canonical correspondence analysis 

CCA) on the proportions of benthic foraminifera in the 
ssemblages showed that the first ordination axis (CCA 1) 
xplains 21% of the variance, and the second ordination 
xis (CCA 2) describes an additional 11% of the variance 
 Figure 10 ). The first and all canonical axes are statisti-
ally significant with P-values of 0.02 and 0.004, respec- 
ively. CCA 1 is positively and significantly correlated with 
he summer sea-ice cover, whereas CCA 2 is positively and 
ignificantly correlated with the winter sea-ice cover. 
The first axis (CCA 1) has the best fit with agglutinated 

oraminifera Adercotryma glomeratum (55%), Ammodiscus 
p. (58%), Portatrochammina karica (46%) and calcareous 
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Figure 7 The scores of RDA 1 and RDA 2 for each site plotted on the satellite image of the area (NASA; https://landsat. 
visibleearth.nasa.gov/view.php?id=86468 ) showing snow/ice cover in the summer of 2015 (Data date: April 29, 2015—July 9, 2015). 

Figure 8 A: Total sedimentary concentrations [forams g −1 ] of benthic foraminifera at each station. B: Proportion of calcare- 
ous/agglutinated foraminifera in each sample. 
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elonis barleeanus (57%) and Quinqueloculina spp. (31%). 
he taxa with the best fit for the second axis (CCA 2) 
re calcareous Cibicides lobatulus (42%) and Nonionellina 
abradorica (28%). The CCA scores for each site plotted 
n the satellite image of the area (NASA; https://landsat. 
isibleearth.nasa.gov/view.php?id=86468 ) ( Figure 11 ) show 

hat the highest positive CCA 1 values are in Rijpfjorden 
nd the highest negative values at the coastal sites of Nor- 
austlandet (NAL 1 and 2). Sites with positive CCA 2 scores 
re mainly in the northern and northeastern parts of the 
rchipelago, whereas sites with the highest negative scores 
f CCA 2 are along the eastern and southern sites, as well as 
ear the mouths of most of the fjords. 
583 
As mentioned above, the stations can be divided into 
hree major areas. This classification has been confirmed 
y our dinocyst and benthic foraminiferal results and can be 
ummarized as follows: 

.4. Atlantic Water-dominated stations 

his region includes three westward and northward facing 
jords: Isfjorden, Wijfjorden, and Rijpfjorden ( Figure 1 ). 
hese fjords are characterized by the presence of a thick 
ayer of AW, usually underlain by TAW and covered by a rel-
tively thin layer of SW and/or IW ( Figure 2 A). The dinocyst
ssemblages ( Figure 4 ) are dominated by Islandinium min- 

https://landsat.visibleearth.nasa.gov/view.php?id=86468
https://landsat.visibleearth.nasa.gov/view.php?id=86468
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Figure 9 Percentages of the most common calcareous (shades of blue) and agglutinated (shades of brown) benthic foraminiferal 
species. 
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tum (an average abundance of ∼41% with a maximum of 
2% at station IS 3), followed by cysts of Pentapharsodinium 

alei ( ∼17% with a maximum of 37% at station WIJ 1), Op- 
rculodinium centrocarpum ( ∼14% with a maximum of 28% 

t station IS 1), and cysts of Polarella glacialis ( ∼8%). The 
ost common benthic foraminiferal species ( Figure 9 ) of the 
W-dominated region are Cibicides lobatulus, Nonionellina 
abradorica, and E. clavatum (each constituting on average 
5% of the assemblages), followed by Adercotryma glom- 
ratum ( ∼12%), Cassidulina reniforme ( ∼11%), and Porta- 
rochammina karica ( ∼8%). Cibicides lobatulus reached a 
aximum abundance of 47% at station WIJ 2, Nonionellina 

abradorica reached 31% at station IS 2, and Adercotryma 
lomeratum reached 23% at station RIJ 1. Other dinocyst 
nd benthic foraminiferal species constituted on average 
ess than 5% of the assemblages, respectively. 

.5. Arctic Water-dominated stations 

jords characterized by ArW dominance include Storfjor- 
en and Hornsund, both located in southern Svalbard 
 Figure 1 ). Even though AW and TAW are also present in 
he water column at most of the stations, the overlying 
ayer of SW and/or IW is relatively thicker, compared to 
W-dominated stations, and the surface water temperatures 
re lower ( Figure 2 C). The most common dinocyst species in 
584 
his region ( Figure 4 ) include Islandinium minutum ( ∼40%), 
ysts of Polarella glacialis ( ∼27%), and Islandinium ? cezare 
 ∼9% with a maximum of 22% at station HR 2). The most nu-
erous benthic foraminiferal species ( Figure 9 ) are E. clava- 

um ( ∼27% with a maximum of 52% at station HR 2), Cas-
idulina reniforme ( ∼19% with a maximum of 71% at station 
R 1), Nonionellina labradorica ( ∼12%), Cibicides lobatulus 
 ∼10%), Recurvoides turbinatus ( ∼8%), Adercotryma glom- 
ratum ( ∼6%), and Buccella frigida ( ∼5%). 

.6. Locally/glacier-influenced stations 

his region groups stations located in the coastal zones of 
ordaustlandet and Edgeøya ( Figure 1 ). The oceanographic 
onditions and, thus, dinocyst and benthic foraminiferal 
aunas are the most diversified here and depend largely 
n the distance of the station from the ice front. SW, IW, 
nd TAW dominate the water column in different propor- 
ions at all the stations, indicating a dynamic oceanographic 
egime and the mixing of water masses of different origins 
 Figure 2 B). Two species dominate the dinocyst assemblages 
 Figure 4 ) in this region: cysts of Polarella glacialis ( ∼41%
ith a maximum of 72% at station NAL 1) and Islandinium 

inutum ( ∼33%). The most common benthic foraminiferal 
pecies ( Figure 9 ) include E. clavatum ( ∼25%), Cibicides 
obatulus ( ∼19%), Cassidulina reniforme ( ∼16%), and Non- 
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Figure 10 The results of the canonical correspondence analysis (CCA) on the proportions of benthic foraminifera in the assem- 
blages showing the ordination of sites, winter (win) and summer (sum) environmental parameters (SI — sea-ice concentration, SSS 
— sea surface salinity, SST — sea surface temperature), as well as the most common benthic foraminiferal taxa based on the first 
two CCA axes (CCA1 and CCA2). 
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onellina labradorica ( ∼6%). It is also worth noting that Mel- 
nis barleeanus reached a maximum of 12% at station NAL 3 
lthough its average share among all identified taxa reached 
ess than 3%. 

. Discussion 

yst-forming dinoflagellates and benthic foraminifera are 
wo unrelated groups of microorganisms, but both en- 
ode environmental parameters of surrounding waters. 
ost dinoflagellates are planktic (e.g., Taylor et al., 2008 ; 
onneveld et al., 2013 ) and for this reason, their spatial dis- 
ribution is mostly dependent on the upper water masses. In 
ontrast, the composition of the benthic foraminiferal as- 
emblages is strongly influenced by factors such as, e.g., 
rophic state, type of sediment, and bottom water oxygena- 
ion level that might be independent of the dominant wa- 
er mass. As already mentioned in the introduction, we de- 
585 
ided to focus only on surface water conditions, as these 
re available over extended periods of time from satel- 
ite observations, while bottom water parameters are avail- 
ble only from CTD measurements performed during re- 
earch cruises, mostly in summer. Even though surface wa- 
er parameters might not affect benthic foraminiferal as- 
emblages in a straightforward way, in the relatively shal- 
ow ( < 300 m) waters around Svalbard they certainly influ- 
nce them indirectly, e.g., by regulating the food flux reach- 
ng the bottom (see, e.g., Seidenkrantz, 2013 ). This differ- 
nce is well reflected in our results. For instance, the first 
nd second ordination axes of the RDA on the proportions 
f dinocyst taxa in the assemblages explain much more of 
he variance (43% and 19%, respectively, Figure 6 ) compared 
o the first two ordination axes of the CCA on the propor-
ions of benthic foraminifera (21% and 11%, respectively, 
igure 10 ). 
The dinocyst concentrations ( Figure 3 A) clearly show that 

inoflagellates are highly dependent on the properties of 
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Figure 11 The scores of CCA 1 and CCA 2 for each site plotted on the satellite image of the area (NASA; https://landsat. 
visibleearth.nasa.gov/view.php?id=86468 ) showing snow/ice cover in the summer of 2015. 
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he upper water masses. The concentrations are highest in 
he western and northern Svalbard, most influenced by the 
SC carrying AW. It might seem surprising that the dinocyst 
bundance is lower in Wijdefjorden than in the Rijpfjor- 
en located farther north and more distant from the AW 

ource. However, it should be noted that while Wijdefjor- 
en is a long and narrow fjord, which limits AW penetra- 
ion, Rijpfjorden has a wide mouth allowing for an easier ex- 
hange of water masses. Additionally, Rijpfjorden is strongly 
ffected by summer sea ice ( Figure 6 ) which might further 
romote summer dinoflagellate blooms as melting sea ice 
eleases nutrients stimulating productivity in the marginal 
ce zone (e.g., Hebbeln and Wefer, 1991 ; Ramseier et al., 
999 ; Sakshaug, 2004 ; Smith Jr. et al., 1987 ). Off Nordaust- 
andet the dinocyst abundance is also relatively high (com- 
arable to that in Wijdefjorden) indicating that AW reaches 
his area ( Figure 2 B). In southern Svalbard, the abundances 
re generally low. An exception is two stations in Storfjor- 
en (ST 1 and 4) suggesting that the WSC can reach the main 
xis of this widely open fjord in times when the ESC weak- 
ns. 
The benthic foraminiferal abundances exhibit a similar 

eneral pattern with higher values in western and north- 
rn areas influenced mainly by the WSC and lower values in 
he south affected by the ESC ( Figure 8 ). A peculiar observa- 
ion is that the highest benthic foraminiferal concentrations 
ere found in Wijdefjorden (with by far the highest values 
t station WIJ 1 in the inner fjord) and Nordaustlandet. This 
ight suggest that the benthic foraminiferal abundance is 
lso stimulated by organic matter delivered by glaciers as 
oth regions are influenced by tidewater ice fronts. 
An important and widely debated aspect of dinocyst and 

enthic foraminifera distributions in coastal waters around 
valbard is their association with sea ice. Despite the re- 
ent development of geochemical proxies of sea-ice cover- 
ge (e.g., Belt et al., 2007 ; Belt and Müller, 2013 ; Cabedo- 
586 
anz et al., 2013 ; Müller et al., 2011 ), its reconstruction in
aleo records remains a complicated issue. For this reason, 
e took a particular interest in investigating the potential 
se of the two microfossil groups together as sea-ice indica- 
ors. More specifically, here we discuss drift ice as fast ice 
as not present at any station over the studied time. 
An analysis of the dinocyst distribution around Sval- 

ard suggests that two species might potentially be associ- 
ted with sea ice: Echinidinium karaense and Islandinium ? 
ezare. Echinidinium karaense , known from the Beaufort 
ea, the Baffin Bay, and the northern Hudson Bay, prefers 
aters with temperatures between —2 °C and —8 °C and 
alinity between 20.5 and 33.8. It is found in nutrient- 
ich waters with lowered salinity due to ice melting and 
ith a well-ventilated layer of bottom waters (e.g., Head 
t al., 2001 ; Zonneveld and Pospelova, 2015 ). Its associa- 
ion with sea ice has previously been investigated, but as 
t occurred only occasionally in areas with dense sea-ice 
over, no definite conclusion have been reached ( de Vernal 
t al., 2020 , 2013 ). Islandinium ? cezare is known from the
ara Sea and appears to have similar environmental pref- 
rences to Echinidinium karaense (e.g., Head et al., 2001 ; 
onneveld and Pospelova, 2015 ). The relative abundances 
f the two species were low at AW-dominated stations (Is- 
jorden, Wijdefjorden, Rijpfjorden) as well as off Nordaust- 
andet ( Figure 3 ). They were much higher off Edgeøya and at 
rW-dominated stations (Storfjorden and Hornsund). Nev- 
rtheless, they were present in all areas except for Isfjor- 
en ( Figure 12 ), i.e., in areas where sea ice occurs (Sup-
lementary Table 1). Although our environmental data indi- 
ate very low sea-ice concentrations in Hornsund, its west- 
rn and central part is often occupied by pack ice brought 
here from the Barents Sea by the ESC in late spring and 
ummer ( Błaszczyk et al., 2013 ). Altogether, this suggests 
hat Echinidinium karaense and Islandinium ? cezare could 
e potential regional sea-ice indicators. 

https://landsat.visibleearth.nasa.gov/view.php?id=86468
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Figure 12 Sedimentary concentrations (cysts g −1 ) of di- 
noflagellate cyst taxa potentially associated with sea ice: 
Echinidinium karaense, Islandinium ? cezare and cysts of Po- 
larella glacialis . 
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587 
Our RDA results ( Figure 6 ) show that the dinocyst species 
hat is the most correlated with winter sea ice (drift ice) 
s Polarella glacialis . This species was first described from 

ea-ice brine channels in Antarctica ( Montresor et al., 1999 ) 
nd its association with sea ice has been observed in the 
anadian Arctic ( Montresor et al., 2003 ) and the Arctic 
cean ( Matthiessen et al., 2005 ). However, cysts of Po- 

arella glacialis have not been identified in most sediment 
amples used in paleoenvironmental studies for several po- 
ential reasons. Cysts of Polarella glacialis likely do not con- 
ist of resistant dinosporin ( Montresor et al., 1999 ) and their
ong-term preservation in sediments is questionable. Fur- 
hermore, small (12—17- μm long and 8—15- μm wide) cysts 
f Polarella glacialis could easily pass through the 10—15 
m mesh size typically used in dinocyst sample preparation 
rotocols, thus some but not all of them could be lost dur-
ng palynological sample preparation (see Heikkilä et al., 
016 , 2014 ). The abundance of this species in our samples 
 Figures 4 and 11 ) supports the fact that the cyst walls are
esistant enough to be extracted from surface sediments 
nd be used as environmental indicators, at least for mod- 
rn samples from the Svalbard region. We acknowledge that 
ome of the cysts of Polarella glacialis were partly lost dur- 
ng sample preparation. This may have biased our results, 
ut the correlation of this species with sea-ice cover is still 
trong. Echinidinium karaense also shows a correlation with 
inter sea ice in the RDA plot ( Figure 6 ). Even though it
lso appears in middle and outer Hornsund (stations HR 2- 
) where no sea ice was recorded (Supplementary Table 1), 
he presence of Echinidinium karaense might be in accor- 
ance with episodic appearance of pack ice in this area in 
ate spring and summer, as mentioned above. Thus, cysts of 
olarella glacialis as well as Echinidinium karaense can be 
onsidered potential winter drift ice indicators in the Sval- 
ard region. Nevertheless, it should be kept in mind that 
he first ordination axis of the RDA plot, which cysts of Po- 
arella glacialis and Echinidinium karaense best fit with, is 
ositively but not significantly correlated with the winter 
ea-ice cover. 
No correlation was found between the winter sea-ice 

over and the abundance of Islandinium ? cezare ( Figure 6 ). 
he discrepancy between the “naked eye” correlation of 
his species’ distribution and sea-ice concentration and the 
DA results might have several reasons. First of all, the en- 
ironmental parameters had to be selected and reduced 
o enable an efficient statistical analysis. This might have 
ed to some of the fauna-environment relationships being 
issed in the results. For instance, pack ice is brought from 

he Barents Sea into Hornsund mainly in late spring and sum- 
er ( Błaszczyk et al., 2013 ), while our analysis took into ac-
ount only winter and summer sea-ice concentrations. Sec- 
ndly, the abundance of Islandinium ? cezare was relatively 
ow, compared to cysts of Polarella glacialis (though higher 
han that of Echinidinium karaense ), which might have fur- 
her biased the results. However, our results confirm previ- 
us findings ( Heikkilä et al., 2016 ), indicating no direct re- 
ationship between Islandinium ? cezare and sea-ice cover. 
The CCA results of benthic foraminifera assemblages 

 Figure 10 ) show that the first ordination axis which is pos-
tively and significantly correlated with the summer sea-ice 
over has the best fit mostly with agglutinated foraminifera 
pecies. However, before concluding that they can be used 
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s summer sea-ice indicators (e.g., Scott et al., 2008 ), it 
hould be noted that agglutinated species are most abun- 
ant in outer parts of fjords and at sites located farther off- 
hore ( Figure 8 B) and that the ratio of agglutinated to cal- 
areous foraminifera mainly depends on the absolute abun- 
ance of the latter (Supplementary Table 3). Obviously, the 
ummer sea ice that originates mostly from the Arctic Ocean 
nd the Barents Sea is also the most abundant in the outer 
arts of the fjords. Therefore, our results do not provide 
 definite answer whether increased sea-ice concentration 
n summer is indeed an environmental preference of agglu- 
inated species (or a factor that decreases the abundance 
f calcareous species) or are there other factors that de- 
ermine lower abundances of calcareous foraminifera in the 
uter parts of fjords. Although benthic foraminifera are not 
irect proxies for sea-ice cover, they respond to the sur- 
lus of food often available at sea-ice edges ( Hebbeln and 
efer, 1991 ; Seidenkrantz, 2013 ; Smith Jr. et al., 1987 ). 
urthermore, poor preservation of calcareous tests results 
rom intensive decay of organic matter, leading to a de- 
rease in pH ( Majewski and Zaj ączkowski, 2007 ), or corro- 
ive brines released during sea-ice formation ( Fossile et al., 
020 ; Nardelli et al., 2023 ), although the latter occurs 
ainly during the winter-early spring season. 
Interesting exceptions among the calcareous fauna are 

uinqueloculina spp. and Melonis barleeanus , both show- 
ng a strong correlation with the summer sea-ice cover 
 Figure 10 ). Quinqueloculina spp. is an epifaunal porcela- 
eous foraminifera that belongs to miliolids. In our samples, 
t consisted mainly of Quinqueloculina arctica , a species 
ommon in the Arctic Ocean (e.g., Barrientos et al., 2018 ). 
t was the most common in the inner Rijpfjorden, where 
he summer sea-ice concentration was also the highest. To- 
ether, it might suggest that Quinqueloculina spp. or, more 
recisely, Quinqueloculina arctica , can be used as an indica- 
or of summer sea ice in this particular environmental set- 
ing (a fjord facing the Arctic Ocean). Melonis barleeanus , 
n turn, is an infaunal hyaline species that is usually associ- 
ted with fine-grained sediments containing buried organic 
atter that supports an infaunal life habit (e.g., Hald and 
teinsund, 1992 ; Jennings et al., 2004 ). The species was first 
ecorded in Rijpfjorden only recently and its appearance in 
his fjord was associated with the increasing influence of 
W on the northern coast of Svalbard ( Kujawa et al., 2021 ). 
lthough this might be true, we suppose that the relatively 
igh abundance of this species in Rijpfjorden and off Nor- 
austlandet compared to other stations ( Figure 9 ) results 
ainly from its known environmental preferences. How- 
ver, locations with abundant summer sea ice might also 
e characterised by fine-grained sediments transported by 
he ice (e.g., Nürnberg et al., 1994 ), thus making Melonis 
arleeanus an indirect summer sea-ice indicator. 
Winter sea ice is the most abundant in the inner parts 

f the fjords (especially Wijdefjorden and Storfjorden) and 
ff the glaciated shores (Supplementary Table 1). These also 
appen to be the areas where the relative abundance of cal- 
areous forams is the highest, which is most clearly seen at 
tations off Edgeøya ( Figure 8 B). As a result, CCA shows a 
orrelation between winter sea-ice concentration and sev- 
ral species of calcareous benthic foraminifera ( Figure 10 ). 
owever, this does not mean that they can be simply inter- 
reted as winter sea-ice indicators. A good example is Cibi- 
588 
ides lobatulus , the species the most correlated with winter 
ea-ice cover according to our CCA results. It dominates at 
ocations with coarse sediments and is usually interpreted 
s an indicator of high energy/low sedimentation rate en- 
ironments (e.g., Klitgaard-Kristensen and Sejrup, 1996 ) in 
arine environments from the Arctic (e.g., Hald and Ko- 
sun, 1997 ) to the tropics (e.g., Javaux and Scott, 2003 ; 
omano et al., 2022 ). In Svalbard, such conditions may oc- 
ur in the vicinity of fjord thresholds and narrows, where 
ea ice produced in the inner parts may also get stuck for 
xtended periods of time. The species was also common 
t stations close to the ice fronts of Nordaustlandet and 
dgeøya (Supplementary Table 3) where the environment is 
xtremely dynamic. Winter sea ice is also abundant near the 
ce fronts because of large amounts of freshwater from the 
laciers, which freezes at higher temperatures than saline 
ater. Taken together, this could have contributed to the 
orrelation of Cibicides lobatulus with winter sea-ice cover 
n our statistical analysis. However, this correlation occurs 
nly in the particular environmental setting of the Svalbard 
jords and glaciated margins. 
In contrast, Nonionellina labradorica occupies the outer, 

eeper parts of the western and southern fjords, influenced 
y stable TAW ( Figure 2 , Supplementary Table 3) as it is
nown to feed on fresh phytodetritus and thus is indicative 
f high-productivity environments (e.g., Hald and Korsun, 
997 ; Majewski et al., 2009 ; Polyak and Mikhailov, 1996 ; 
aj ączkowski et al., 2010 ). Therefore, its strong negative 
orrelation with winter and summer sea-ice cover is not sur- 
rising. 
A direct relationship between net primary production 

nd the abundance of heterotrophic dinoflagellate species 
an be expected. This relationship is more complex for au- 
otrophic species, as they produce part of the chlorophyll- 
 (Chl- a ) registered by the satellites. When Chl- a concen- 
rations increase, heterotrophic species generally increase 
ore than autotrophic species, so that the latter decrease 

n relative abundance (e.g., Zonneveld et al., 2013 ). A pos- 
tive correlation between Chl- a concentrations and benthic 
oraminiferal abundance in shallow shelf areas can also be 
xpected (e.g., Ahrens et al., 1997 ; Yamashita et al., 2020 ). 
owever, no such relationship can be observed in our data 
 Figures 3 , 7 and 12 ). First, average sea surface Chl- a con-
entrations around Svalbard are generally low, except for a 
ew areas like Freemansundet (north of Edgeøya), Van Mi- 
enfjorden (on the western coast of Svalbard), or in some of 
he side-fjords of the Isfjorden system where they reach rel- 
tively high values of up to ∼68 mg Chl yr −1 m 

−3 ( Figure 13 ).
nfortunately, none of our stations is located in these net 
rimary production hotspots and the highest, though mod- 
rate Chl- a concentrations can be found at Storfjorden sta- 
ions ST 2 and ST 3. Second, in such complex environments 
s Arctic fjords (e.g., Cottier et al., 2005 ; Kujawa et al., 
021 ; Syvitski and Shaw, 1995 ) the relationship between the 
et primary production and the Chl- a concentration (e.g., 
ampbell et al., 2002 ) might be more complex and/or sup- 
ressed by other processes than in the open ocean. Poten- 
ial factors that might influence the primary productivity in 
rctic fjords include, e.g., increased turbidity of the wa- 
er or enhanced sedimentation of organic matter at glacier 
ronts during the melting season (e.g., Kujawa et al., 2021 ; 
vendsen et al., 2002 ). 
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Figure 13 Location of study sites plotted on mean annual sea surface chlorophyll- a concentration [mgChl a −1 m 

−3 ] data from 

satellite measurements (2009—2013). Data source: NASA Ocean Biology (OB.DAAC, 2014). Mean annual sea surface chlorophyll- 
a concentration for the period 2009—2013 (composite dataset created by UNEPWCMC). Data obtained from the Moderate 
Resolution Imaging Spectroradiometer (MODIS) Aqua Ocean Colour website (NASA OB.DAAC, Greenbelt, MD, USA). Accessed 
28/11/2014. URL: http://oceancolor.gsfc.nasa.gov/cgi/l3 . Cambridge (UK): UNEP World Conservation Monitoring Centre. URL: 
http://data.unep-wcmc.org/datasets/37 . 
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. Summary and conclusions 

he fjords and glaciated coasts of the Svalbard archipelago 
re complex environments shaped by numerous factors. 
he most important of them is the AW-carrying WSC which 
ostly impacts the western coast, but its influence reaches 
s far as the coast of Nordaustlandet. It carries large 
mounts of heat, salt, and nutrients which have a tremen- 
ous effect on marine ecosystems, glaciers, and coasts. 
he abundance of both dinocysts and benthic foraminifera 
s clearly dependent on the strength of AW inflow. How- 
ver, other factors such as the sea ice exported from the 
rctic Ocean and the Barents Sea or even the shape and 
athymetry of individual fjords strongly influence the plank- 
ic and benthic communities in the region. 
The results of multivariate statistical analyses of 

he relationships between environmental parameters and 
inocyst assemblages suggest that cysts of Polarella 
lacialis and Echinidinium karaense can be considered win- 
er drift ice indicators. The potential association between 
slandinium ? cezare and sea-ice cover was not confirmed. 

The relationships between environmental parameters 
nd benthic foraminiferal assemblages are much more diffi- 
ult to interpret, as the surface water parameters analysed 
n this study have only indirect influence on them. Further- 
589 
ore, these bottom dwellers might be influenced by much 
ore factors than just the dominant water mass or sea-ice 
over. Although the statistical analysis shows the correlation 
f some benthic foraminiferal species or groups with win- 
er/summer sea-ice cover, this correlation could be caused 
y more indirect relationships. For example, the correlation 
f Melonis barleeanus with summer sea-ice cover could be 
aused by the association of this species with fine-grained 
ediments, which around Svalbard are more common in ar- 
as with abundant summer sea ice. 
In general, the analysis of relationships between the en- 

ironmental parameters and the abundance of dinocyst and 
enthic foraminiferal species is a complicated task as even 
 strong correlation does not necessarily mean a causal rela- 
ionship in such a complex environment as Svalbard fjords. 
evertheless, using two complimentary microfossil groups 
s (paleo)environmental indicators can provide a more com- 
lete picture of the environmental conditions. 
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Abstract Coastal erosion is a natural process, that contributed to shaping the Nile Delta 
shoreline in Egypt over history. The objective of this research is to investigate shoreline 
changes, accretion, and erosion and to detect particularly vulnerable locations that require 
immediate attention. Another goal is to assess the efficiency of coastal installations that have 
been recently implemented along the study area and determine whether they have performed 
their role to the fullest or need additional modifications. Several Landsat images (TM, ETM + , 
and OLI) were utilized over 37 years to track the shoreline changes and were analysed using 
remote sensing (RS) and Geographic Information System (GIS). The digital shoreline analysis 
system (DSAS) was integrated with the LRR model for assessing historical changes for shore- 
lines from 1985 to 2022 and forecasting future shoreline positions in 2030, 2050, and 2100. 
Most of the eight zones that make up the Delta region have lately seen the establishment of 
coastal projects, such as the development of the Abu Qir port’s breakwater in 2021. From the 
results, it was found that the areas around Rosetta promontory, Burullus headland, and Dami- 
etta promontory experienced a significant and rapid retreat and with large rates over the study 
period, with average values of —15.7, —3.25, and —16.8 m/y, respectively. However, both the 
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coast of Alexandria, and Gamasa embayment were subjected to accretion as a prevailing case, 
with average rates of 2.85, and 4.03 m/y, respectively. Many groins were installed in the east 
of the Rosetta promontory (zone 3) in 2016 to decrease the erosion process; however, it didn’t 
pay off and could not solve the problem. In contrast, the groins system, which was imple- 
mented at the East Kitchener Drain (zone 5) in the same year, lowered erosion rates from 17.6 
m/y from 2000 to 2010 to 7 m/y from 2010 to 2022. In 2019, Y-groins built in zone 7, east of 
Damietta Port, succeeded in slowing rates of erosion. Finally, inlet jetties at El-Gamil (zone 
8) were constructed in 2016, resulting in the coastline advancing at 14.7 m/y on average in 
the period of 2010—2022. The findings of this study confirmed that hard structures are dan- 
gerous because they exacerbate the problem of shoreline erosion by disseminating it to the 
neighbouring beaches and acting as an impediment to the movement of longshore sediments. 
According to the expected future shoreline patterns, it is necessary for authorities to imple- 
ment both short-term and long-term protective measures to stop the erosion of several areas 
of the beach. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

atural processes and human interventions as well as 
oastal development itself, have all contributed to continu- 
us changes in coastal zones ( Niya et al., 2013 ; Thieler and 
ammar-Klose, 1999 ). The Nile Delta, like other deltas 
round the world, is susceptible to rapid changes in its 
horelines, including erosion problems (Rosette, Burullus, 
amietta headland, Ras El-bar), siltation problems in estu- 
ries and lake outlets, pollution problems, salt water in- 
rusion, subsidence of land, and rising sea levels SLR due 
o global climate change, all of which are brought worse 
y human interventions, such as the interruption in sedi- 
ent supply since the completion of the Aswan High Dam, 

 Elshinnawy and Almaliki, 2021 ; Masria et al., 2014 ). In the 
ears prior to the building of the Aswan high dam, the 
osetta and Damietta promontories, and even the beaches 
f the intervening embayment, all received the 100—115 
illion m 

3 /y of sediments that were released into the 
editerranean ( El-Asmar et al., 2014 ). These sands provided 
ngoing replenishing to the coast in the face of long-shore 
urrents, resulting in net coastal progression. However, the 
editerranean no longer received most of the sediment dis- 
harge as a result of the building of the Aswan High Dam 

n 1964 ( El-Asmar et al., 2014 ). The Nile Delta coastline, 
hich stretches from Alexandria City in the west to Port Said 
n the east, is lined with numerous coastal structures in- 
luding groins, jetties at inlets, detached breakwaters, and 
eawalls. These primarily intended to slow down the ero- 
ion process in the delta zone, but because they completely 
r partially blocked sand passage, they caused up-drift ac- 
retion and severely eroded down-drift sides ( El Sayed and 
halifa, 2017 ). According to El-Asmar et al. (2014) sand 
unes that existed in Abo-Qir Bay and Burullus headland, 
re considered the first natural barrier against erosion pro- 
esses. The pace of erosion in the coastal region would 
orsen due to the anticipated changes in climate and 
ea level rise. According to the Intergovernmental Panel 
n Climate Change (IPCC) estimations, which predict a 59 
m increase in sea level and 2.5 mm/y land subsidence 
596 
y 2100, twenty percent of the Nile Delta region will be 
everely susceptible to floods ( Ali and El-Magd, 2016 ). El- 
attab (2015) reported after a vulnerability assessment that 
bout 29.64% of the Nile Delta shoreline is having a very high 
ulnerability. 
Geographic information systems (GIS) and remote sens- 

ng (RS) have recently proven to be quite helpful in grasping 
he entire processes associated with coastal erosion, accre- 
ion, and consequences of protection structures, and based 
n that, necessary mitigation measures are proposed ( El- 
asry, 2022 ). Several authors have estimated shoreline al- 
erations trend along the Nile Delta coast ( Balbaa et al., 
020 ; Dewidar and Frihy, 2010 ; Elsayed et al., 2005 ; 
lshinnawy and Almaliki, 2021 ; Frihy et al., 1988 ; Frihy and 
awrence, 2004 ; Ghoneim et al., 2015 ; Sanhory et al., 
022 ; Torab and Azab, 2007 ). Deabes (2017) applied Ar- 
GIS model builder to estimate shoreline change rates, par- 
icularly after building coastal structures along the Nile 
elta coast. His results deduced that the erosion pat- 
erns between 1970—2010 were centralized around delta 
romontories Rosetta, Damietta, and along Burullus head- 
and with average rates of —60 m/y, —6 m/y, and —6 m/y 
espectively. The Digital Shoreline Analysis System (DSAS), 
 statistics tool, has demonstrated its efficiency in study- 
ng coastal changes through many studies on the Nile Delta 
oast, in addition to many locations around the world. 
iya et al. (2013) calculated the shoreline changes from 

990 to 2005 on Iran’s coast. Kaliraj et al. (2015) estimated 
ccretion and erosion rates along the coast of Kanyakumari, 
outh India. Basheer Ahammed and Pandey (2019) moni- 
ored shoreline changes along the Eastern Coast of India 
etween 1973 to 2015. Gümüs et al. (2021) investigated 
oastline change rates in Lake Bey ̧s ehir, Turkey from 1984 
o 2018. Quang et al. (2021) analyzed shoreline morphology 
long the Quang Nam coastline, Vietnam. 
Using remote sensing and the DSAS program, the current 

tudy sought to evaluate the shoreline’s regressive displace- 
ent along the coastal region of the Nile Delta over 37 years 
o compare and verify the efficacy and protection role of 
arious types of existing countermeasures. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Location of the research area, a) Alexandria and Abo-Qir coast, b) Rosetta promontory, c) Burullus headland, d) Damietta 
promontory and Port Said coast. 
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. Study area 

he Nile Delta shoreline is situated in the south-eastern 
editerranean, north of Egypt, and stretches from Alexan- 
ria city in the west at 29 °23 ′ 32.17 ′ ′ E and 30 ° 53 ′ 23.68 ′ ′ N
o Port Said in the east at 32 °34 ′ 7.86 ′ ′ E and 31 °4 ′ 27.55 ′ ′ N
 Figure 1 ). It composes of beaches, coastal dunes, deserts, 
nd Lakes ( Dewidar and Bayoumi, 2021 ). The Nile Delta 
oast is recognised for its four major coastal Lakes. These 
akes are Mariut and Idku Lake in the west, Burullus Lake 
n the middle, and Al-Manzalah Lake in the east, which 
epresent approximately 25% of the wetland area covered 
y extensive fishing farms ( Iskander, 2013 ). Since the Aswan 
igh Dam’s construction in 1964, the Nile Delta has seen a 
ignificant deficit in the quantity of accumulated sand, and 
herefore, substantial erosion rates have been monitored 
 Masria et al., 2014 ). There are several coastal structures, 
ncluding (jetties, breakwaters, groins, and seawalls) 
rected in an attempt to slow the erosion processes in the 
597 
tudy region. According to Frihy et al. (1988) , the most 
revalent wind direction during the year is from the NNW 

r NW. It is typically dominated by waves and currents, 
here tides are almost tideless and semidiurnal, with a 
idal range of between 25 and 30 cm. The prevailing current 
irection in most Burullus and Damietta region records is 
rom west to east, except in the spring season when the 
urrent changes its direction due to wave direction and 
ottom terrain ( Frihy et al., 1996 ). Iskander (2013) analysed 
ave records at Abu-Qir Bay station from 1985 to 1990 and 
iscovered that the significant wave height, or Hs, was 1.91 
 with an average peak wave period of 6.0 sec coming from
he northwest. While between 1997 and 2010, waves in 
ront of Damietta harbour had Hs of 1.02 m with an average 
eak wave period of 6.3 sec. Because of its low elevation, 
he Nile Delta is particularly vulnerable to sea level rising 
SLR) and climate change. Digital elevation models (DEMs) 
ave been analysed ( Hereher, 2010 ) and the results showed 
hat 18.1% of the delta is below mean sea level, 12.7% has 
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Table 1 Specifics about the satellite images used in this 
study. 

Satellite data Acquisition date Spatial resolution (m) 

Landsat5 TM 03/06/1985 30 
10/06/1985 
29/03/1985 

Landsat5 TM 01/07/1995 30 
22/06/1995 
21/07/1995 

Landsat5 TM 14/07/2000 30 
22/08/2000 
29/08/2000 

Landsat7 ETM 18/06/2005 30 
03/05/2005 
13/04/2005 

Landsat7 ETM 31/05/2010 30 
06/05/2010 
27/04/2010 

Landsat8 OLI 08/06/2016 30 
18/05/2016 
24/07/2016 

Landsat8 OLI 27/07/2022 30 
17/07/2022 
04/04/2022 
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Table 2 Ranking of erosion and accretion rates LRR. 

Rank LRR rates (m/y) Classification 

1 > 2.0 very high accretion 
2 1.0—2.0 high accretion 
3 1.0— —1.0 moderate erosion 
4 −1.0— —2.0 high erosion 
5 < —2.0 very high erosion 
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n elevation between 0 and 1 m, and 13.1% has an elevation 
etween 1 and 2 m above sea level. Around 30 million 
eople reside in this region, making it extremely populated 
 Abou Samra and Ali, 2021 ). 

. Methodology 

.1. Data collection and shoreline extraction 

he Nile Delta’s shoreline positions were analysed from 

atellite images captured over 37 years. In the current re- 
earch, a set of digital images (Landsat TM, ETM + , and OLI) 
as collected at a spatial resolution of 30 m acquired via the 
SGS Global Visualization website ( https://earthexplorer. 
sgs.gov/ ) between 1985 and 2022 intervals ( Table 1 ). These 
ata were projected to the Universal Transverse Mercator 
TM, World Geodetic System WGS 84, zone 36. Also, they 
ere radiometrically calibrated which combines sensor cal- 
bration, as well as atmospheric correction. To cover the 
otal study area in a single scene image, various Landsat 
mages for all selected dates have been mosaicked by using 
NVI v.5.3 software. The Normalized Difference Water Index 
NDWI) technique was employed to extract shorelines and 
xported as a shapefile to ArcGIS v.10.7 software then con- 
erted from feature to polyline. The jagged edges (blocky 
hape) of all shorelines of the selected dates were smoothed 
 Figure 2 ) and merged as a single polyline in one length. 

.2. Shoreline changes 

o analyse shoreline changes the Digital Shoreline Analysis 
ystem (DSAS), an extension of ArcGIS, was applied. Based 
598 
n previous studies, such as ( Abd-Elhamid et al., 2023 ), 
SAS is known as an efficient and precise measuring tool for 
dentifying changes in the coastline. For each set of shore- 
ines, a coastal length of about 324 km was covered by 4050 
ransects with an 80-m spacing. DSAS computed shoreline 
hanges at each transect by using four different methods. 
o calculate the overall distance of the shoreline displace- 
ent throughout the whole study period, the Net Shoreline 
ovement (NSM) model is applied. The Shoreline Change 
nvelope (SCE) model calculates the distance between the 
losest and farthest shorelines to the baseline. End Point 
ates EPR and Linear Regression Rates LRR estimate rates 
f shoreline change. The spatial changes in the study re- 
ion’s coastline were measured by using the LRR model for 
he three intermediate periods (1985—2000, 2000— 2010, 
010—2022), and for the overall long-term period from 1985 
o 2022. Figure 3 summarizes the total method of work fol- 
owed in this research. 

.3. Shoreline prediction by using LRR 

o validate the LRR model in the prediction process, the 
redicted shoreline 2022 was generated using Eq. (1) , but 
ith LRR calculated for historic changes between 1985 and 
016. Normalized root-mean-square error, or NRMSE, was 
etermined by using the values of the positional variation 
etween the predicted coastline for 2022 and the digital- 
zed shoreline from the 2022 satellite image at each tran- 
ect. Next, by determining the error distance (NSM), the 
RR model was used to predict future shorelines in 2030, 
050, and 2100: 

 F = LRR ∗ (T F − T R ) + P R (1) 

here P F — future shoreline position, T F — future date, T R 
recent date, P R — recent shoreline position. 

. Results and discussion 

he Nile Delta shoreline was divided into eight zones, all of 
hich have relatively similar geomorphological changes pat- 
erns: (1) Al Hammam city to Abo-Qir port as explained in 
igure 4 , (2) Abu-Qir embayment, (3) Rosetta Promontory, 
4) Abo-khashba embayment, (5) Burullus Headland, (6) 
amasa embayment, (7) Damietta Promontory, (8) Port Said 
oast. In this study, LRR was selected to represent shore- 
ine changes in four periods: 1985—2000, 2000—2010, 2010—
022, and 1985—2022. As shown in Table 2 , Thieler and 
ammar-Klose (1999) divided accretion and erosion rates 
RR into five categories: very high, high accretion, and mod- 
rate, high, very high erosion, with > 2.0 m/y, 1.0 —2.0 m/y, 

https://earthexplorer.usgs.gov/
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Figure 2 Shorelines extraction from 1985 to 2022, a) Rosetta promontory, b) Burullus headland, c) Damietta promontory, d) 
El-Gamil inlets. 

1
r
b
c
t
s
t
r
l

4
z

Z
m
A
m
p
o
t
v

1
b
a
a
1
T
w
t
r
T
h
s
r

t
S
w
S
N
a
e

.0 — —1.0 m/y, —1.0 — —2.0 m/y, and < —2.0 m/y change 
ate, respectively. The findings indicated that the erosion 
eaches existed along the Nile promontories, and an ac- 
retion pattern was present inside the embayment between 
he promontories. The coastal changes for all zones are pre- 
ented in Figures 5 —6 . Also, Figure 7 summarizes all struc- 
ures implemented along the Nile Delta coast. The average 
ates of accretion and erosion along the research region are 
isted in Table 3 for each zone. 

.1. Analysis of shoreline changes for different 
ones 

one 1 covers approximately 25% of the coastline. It is the 
ost western section extending from ELhammam city to 
bo Qir port, constituting 1000 transects that span 80 kilo- 
etres of coastline. The results depicted that LRR had a 
ositive value for all examined periods except the period 
f 2000 —2010 which had dominated erosion for around 842 
ransects with an average value of —1.5 m/y and a maximum 

alue of —10.47 m/y. Erosion occurred along one 1 over the 
599 
985—2000 and 2010 —2022 periods albeit on a small num- 
er of transects (287 and 221, respectively). The average 
ccretion rates of three periods (1985 —2000, 2000 —2010, 
nd 2010—2022) ranged from 1.23 m/year occurred in the 
985—2000 period to 3.73 m/year in the 2010—2022 period. 
his zone suffered from moderate to high erosion rates, 
ith average values ranging from —0.62 m/y happened in 
he 1985—2000 period to —1.5 m/y in the 2000—2010 pe- 
iod. In 2010 —2022, the mean erosion rate was —1.03 m/y. 
his region was shown to be likewise characterised as a very 
igh accretion zone during the Long-term period of the re- 
earch, with an average NSM value of 105.45 m and an LRR 
ate of 2.85 m/y. 
The protection structures executed in this zone con- 

ributed dramatically to controlling erosion processes. 
ome of the structures identified in this region: break- 
aters for four ports (El-Dekhila, Abo Qir, Alexandria, 
idi-Kerair port) to provide safe shipping maneuvering, 
obaria Drain jetties to prevent siltation inside inlet, Al 
gami-emerged detached breakwaters to dissipate wave 
nergy and helping in advance shoreline, submerged break- 
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Figure 3 Flowchart of the overall technique conducted in this research. 
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ater installed in 2006—2008 to the eroded beach along 
l-Mandara area, groins constructed at El-Chatby, El-Asafra, 
l-Mandara ( El-Masry, 2022 ; Frihy et al., 2010 ; Frihy and 
l-Sayed, 2013 ). Nourishment activities are also accom- 
lished periodically by adding desert sand to compensate 
or sand losses at some affected beaches ( Darwish et al., 
017 ). Figure 8 a shows the changes that occurred in the 
reakwater of Abu Qir port in the year 2021, which will 
ertainly have an impact on the morphology of the shore- 
ine. The results were also comparable to those calculated 
y Abd-Elhamid et al. (2022) , Elbagory et al. (2019) and 
oliman et al. (2014) for the same shoreline of the study 
egion. El-Masry (2022) evaluated the influence of coastal 
tructures on the Agami −Sidi Kerair coast throughout the 
eriod 1995—2020. According to the author’s observations, 
he majority of the studied region underwent accretion, 
hich is consistent with the findings of the current study. 
arwish et al. (2017) examined shoreline changes along 
one 1 from 1972 to 2015. The researcher divided this zone 
nto two segments, separating them by El Dekheila port. 
he analysis for the first segment revealed accretion rates 
ith an average value of 1.4 m/y from 1984 to 2001, and 1.2 
/y between 2000 and 2015. when compared to the current 
600 
tudy, the final findings demonstrated a high degree of con- 
ergence, with average accretion rates reaching 1.35 m/y, 
.45 m/y, and 1.29 m/y in intermediate periods 1985—2000, 
000—2010, and 2010—2022 respectively. Similarly, the sec- 
nd segment stretched from El-Dekheila to Abo Qir port, 
ecorded an average accretion rate of 3.3 m/y between 
001 and 2015, while 4.2m/y during the 2000—2010 period 
nd 5.3 m/y during the 2010—2022 period in the current 
tudy. 

Zone 2 comprises about 6.94% of the study area’s coast- 
ine in the most western section, stretching from Abo Qir 
ort to the western part of Rosetta promontory. It began 
n the first period (1985—2000) with an accretion trend on 
ore than 243 transects and erosion recorded on just 17 
ransects. The average and maximum accretion rates were 
pproximately 3.33 m/y and 25.18 m/y, respectively. The 
oastline movement has seen an increase in erosion rates 
n the two following intermediate periods 2000—2010 and 
010—2022, where average values were —1.97 m/y, and 
2.48 m/y, respectively. A long-term estimation of coast- 
ine changes along zone 2 was also performed from 1985 to 
022. The overall number of transects that demonstrated 
ccretion was 177, covered a total length of 14.16 km, and 
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Figure 4 Alexandria coast (zone 1). 

Table 3 Shoreline change rates LRR in different periods. 

Short-term periods Long-term period 

1985—2000 2000—2010 2010—2022 1985—2022 

mean 
erosion 
(m/y) 

mean 
accretion 
(m/y) 

mean 
erosion 
(m/y) 

mean 
accretion 
(m/y) 

mean 
erosion 
(m/y) 

mean 
accretion 
(m/y) 

mean 
erosion 
(m/y) 

mean 
accretion 
(m/y) 

Zone 1 —0.62 1.23 —1.5 3.35 —1.03 3.73 —0.4 2.85 
Zone 2 —0.46 3.33 —1.97 5.35 —2.48 4.14 —0.78 3.21 
Zone 3 —36.2 7.94 —10.2 4.55 —7.55 2.33 —15.7 5.12 
Zone 4 —2.97 4.24 —2.48 4.55 —3.31 3.6 —2.56 4.82 
Zone 5 —4.52 4.68 —6.57 7.04 —5.67 5.09 —3.25 4.25 
Zone 6 —2.27 3.98 —1.94 4.7 —3.45 6.76 —1.2 4.03 
Zone 7 —22.8 27.13 —17.1 25.06 —21.7 24.27 —16.8 17.81 
Zone 8 —8.1 5.23 —6.92 6.52 —5.1 7.78 —13.2 7.2 
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ccounted for nearly 70% of the shoreline in the area under 
tudy. This is because the whole length of the coastline in 
his region is covered by a variety of natural and man-made 
rotective systems. For example, Mohammed Ali seawall 
as constructed in 1830 on the western side of Abo-Qir 
ay and was maintained in 1981 and 2011 to protect the 
ow-elevation land of El-Tahr city (1.5—2.5 m below MSL) 
rom inundation ( Ismail et al., 2012 ). Coastal dunes are 
onsidered a natural protection system and represent about 
0% of the length of the bay’s middle portion. Jetties 
ere structured during the year 1986 to protect the Idku 
nlet from shoaling. In addition, the breakwaters of Idku 
ort, located in the eastern portion of Abo-Qir Bay, were 
uilt to provide a calm area in the harbor. Several of 
he previous studies investigated and examined shoreline 
hanges in the same zone ( Darwish et al., 2017 ; Smith and 
601 
bdel-Kader, 1988 ). Emam and Soliman (2020) quantified 
horeline changes in the same region using Landsat images 
1987—2017). The observations showed very high accretion 
ates on about 78% of transects. 
Along Rosetta promontory, 330 transects were applied to 

over 26.4 km of shoreline length (zone 3). It experienced 
oticeable shifts in coastline displacement between the 
arious intermediate periods. In the 1985 —2000 period 
nalysis, erosion was the dominant factor where average 
rosion rates reached —36.2 m/y with a max value of 
99.18 m/y. There were a few parts that accreted with an 
verage value of 7.94 m/y, centralized on the eastern side 
f the promontory. In the 2000 —2010 period, erosion contin- 
ed to occur but with lower values. Where it was revealed 
hat the average shoreline retreat rate of this section was 
10.21 m/y while the average advance rate was 4.55 m/y. 
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Figure 5 Rates of erosion and accretion LRR along Nile delta coast in a) 1985—2000, b) 2000—2010, c) 2010—2022. 
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t also revealed that the maximum erosion rate was about 
30.7 m/y between 2010 and 2022. Erosion in this zone 
ccurred by the action of waves and longshore currents, 
hich carried sand away from the Rosetta promontory, as 
ell as sand supplementation from the Nile River, which 
as been halted due to the building of the Aswan high dam. 
roded sand travelled east along the beach of Abu-Khashaba 
ay and west along Abu Qir Bay’s shoreline. More structures 
ere implemented in this region to mitigate the erosion 
attern; for example, a five-kilometre seawall was con- 
tructed between 1988 and 1991 at the western and eastern 
ides of Rosetta promontory to stop the erosion pattern 
602 
t this promontory ( Abou Samra and Ali, 2021 ). Additional 
tructures were established at the downward drift of the 
astern seawall in 2003. These included five groins ranging 
n length from 400 to 500 m seaward, spaced 800 to 900 m
part. Following that, in 2005, nine more short groins (80—
50 m long) were erected with 500—600 m spacing at the 
owndrift of the western seawall ( Dewidar and Frihy, 2007 ). 
The results indicated that the building of nine groins mit- 

gated erosion processes significantly, where shoreline re- 
reat rates decreased from —36.27 m/y in 1985 —2000 to 
16.3 m/y and —2.81 m/y in two intermediate periods, 
000—2010 and 2010 —2022. In 2016, fish farms GFF were 
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Figure 6 Shoreline changes “LRR” for the long-term period 1985—2022 at different locations: a) Alexandria coast and Abo-Qir 
Bay (zones 1—2), b) Rosetta promontory (zone 3), c) Abo-Kashaba Bay (zone 4), d) Burullus headland (zone 5), e) Gamasa Bay (zone 
6), f) Damietta promontory (zone 7), g) Port Said coast (zone 8). 
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onstructed and extended to about 25 thousand feddan. 
FF influenced the balance of the coastline. So, another 
roin system was installed, as shown in Figure 8 b. Between 
he inlet and outlet of GFF, 8 groins were spaced about 100 
 apart, which were completed in 2018. The observations 
ound that this region experienced dominant erosion reduc- 
ion from —29.3 m/y in 2000—2010 to —18.3 m/y in 2010—
022. Another 8 groins on the eastern side of the outlet were 
lso constructed by the Egyptian shore protection authority. 
he erosion problem persists with an average value of —12.3 
/y during the 2010 —2022 period, as shown in Figure 9 a. 
anhory et al. (2022) also investigated how recently built 
roins along the GFF fish farm influenced shoreline alter- 
tions between 1984 and 2020. The results showed that in- 
talling an 8-groin system between the GFF’s inlet and out- 
et, reduced erosion rates from —36.22 m/y to —17 m/y. 
urthermore, 8 groins at the eastward outlet of the GFF re- 
603 
uced erosion, but it still occurred, and there is a strong 
esemblance to the present research. For the long-term pe- 
iod from 1985 to 2022, average shoreline movement NSM 

howed an erosion value of —579.3 m and an accretion value 
f 189.57 m. Ghoneim et al. (2015) also reached the same 
onclusion that the shoreline of Rosetta promontory wit- 
essed significant erosion, but rates were reduced as a re- 
ult of the protection installations that were implemented 
n this area. Abou Samra and Ali (2021) observed that the 
verage erosion rates were —13.64 m/y from 1984 to 2018 
eriod in the same region. 
Zone 4 ′ s shoreline consists of 500 transects with an over- 

ll length of 40 km of shoreline. This zone witnessed a dom- 
nant and continuous erosion throughout the study periods. 
n the 1985 —2000 period, the erosion pattern significantly 
pread, with average rates reaching —2.97 m/y and peaking 
t —8.37 m/y. There were very few numbers of transects 



M.R. ElKotby, T.A. Sarhan and M. El-Gamal 

Figure 7 Summary of protection structures along Nile delta coast: a) Rosetta promontory (zone 3), b) Burullus headland (zone 5), 
c) Damietta promontory (zone 7), d) Port Said coast (zone 8). 
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howing accretion with an average value of 4.24 m/y. The 
otal number of transects between the 2000 —2010 period 
hat show erosion is 393, representing 78.6% of the shore- 
ine. In contrast, a minor accretion was recorded with a 
aximum rate of 14.87 m/y. From 2010 to 2022, erosion 
ontinued with higher rates where an average value reached 
3.31 m/y and a maximum value was —9.35 m/y. The total 
umber of transects showing accretion was only 64 transects 
604 
epresenting 12.8% of the shoreline. The long-term shore- 
ine movement from 1985 to 2022 showed dominant ero- 
ion at 419 transects with an average value of —2.6 m/y. 
he reason for all these high erosion rates in this zone was 
he absence of protection structures. These findings were 
onsistent with those of Dewidar and Bayoumi (2021) , who 
tated that this area has completely suffered from erosion 
roblems. 
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Figure 8 Recent development along the study area: a) Abo-Qir port, b) the eastern side of Rosetta promontory, c) Kitchener 
drain, d) Gamasa drain outlet, e) the western side of Damietta promontory, f) El-Gamil inlets. 
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Zone 5 is the middle section extended along Baltim—
urullus headland, which constitutes 533 transects that 
pan 42.5 kilometres of coastline. The result of shoreline 
hange rates showed that the average erosion from 1985 to 
000 was about —4.52 m/y. The studied region possessed 
ore erosion than accretion over this period, with 58% of 
he area eroded. In the 2000 —2010 period, the number of 
ransects that showed an accretion was 301 transects, with 
605 
verage accretion rates of 7.04 m/y. The average erosion 
as about —6.6 m/y, and the maximum value was —32.73 
. The shoreline change rates of the period from 2010 to 
022 showed that average accretion and erosion rates were 
bout 5.09 m/y and —5.67 m/y, respectively. 
Burullus Headland is a changing location prone to a 

ariety of natural and artificial variables that exacerbate 
he erosion process, necessitating the development of 
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Figure 9 Shoreline changes between 2016—2022 at the recently executed structures: a) group of groins at GFF farms, b) jetties 
and groins system at the east of Kitchener drain, c) Y-groins at the eastern side of Damietta port, d) jetties at El-Gamil second inlet. 
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umerous efficient forms of coastal structures along the 
oast. Protection works along the Burullus coast began 
n 1947 with the erection of a 6-km seawall to safeguard 
he Burullus Lake inlet downdrift. A basalt rock wall was 
nstalled on Baltim village’s east side to protect it in 1975. 
he western jetty of Burullus Lake inlet, on the other 
and, was erected between 1971 and 1972, while the 
astern jetty was completed between 1982 and 1983. On 
he western side of this zone, despite the construction of 
hree detached breakwaters, the erosion in this area was 
ncreasing, and this proves that these breakwaters were not 
ufficient to stop the erosion due to their number concern- 
ng the length of the area to be protected. The deposition 
nly occurred in the shadow area of these breakwaters. 
he rates of erosion were —6.08 m/y between 1985 and 
000 and continued to reach —6.83 m/y between 2000 and 
010 and decreased to —3.15 m/y between 2010 and 2022. 
eventeen detached breakwaters have been installed in sea 
epths ranging from 3 to 4 meters along the Baltim coastal 
esort. Pre-construction stage of 17 detached breakwaters, 
his area experienced erosion processes from a period 
f 1985—2000, where the average shoreline retreat was 
bout —6 m/y. However, this erosion converted into local 
ccretion as a result of forming tombolo and salient in the 
000—2010, and 2010—2022 periods with average shoreline 
dvance of about 13.5 m/y and 8.95 m/y, respectively. 
The downdrift part of these detached breakwaters wit- 

essed erosion due to the lack of sediment amount. There- 
ore, 9 groins were established in the eastern half of this 
one in 2004 to safeguard the eroded shoreline west of 
he Kitchener drain ( Elkafrawy et al., 2021 ). Even after 
he construction of these groins, the result revealed con- 
inued erosion with rates of —8.3 m/y and —5.86 m/y in 
000 —2010, and 2010 —2022, respectively. In 2016, a group 
f groins was installed at the eastern side of Kitchener 
rain, as shown in Figures 8 c, and 9 b, to control eroded 
eaches. And therefore, the results showed erosion rates 
eached —17.6 m/y on average in the 2000—2010 period, 
hen decreased to —7 m/y in the 2010—2022 period. All of 
hese results were consistent with the observations made 
y Elkafrawy et al. (2021) . Emam and Soliman (2020) re- 
orted that the overall trend of shoreline change rate 
606 
rom 1987 to 2017 in Burullus region was —2.95 m/y 
EPR). 
Zone 6 ′ s shoreline representing Gamasa embayment, 

onsists of 440 transects totalling 35.2 km in length. This 
rea was referred to as a very strong accretion zone with 
verage rates of 4.03 m/y between 1985—2022. The av- 
rage accretion rates of the three periods (1985—2000, 
000—2010, and 2010—2022) ranged from 3.98 m/year in 
he 1985—2000 period to 6.76 m/year in the 2010—2022 
eriod. Also, the average value of accretion rates in the 
000—2010 period was 4.6 m/y. This zone also suffered from 

igh to very high erosion rates, with average values rang- 
ng from —1.94 m/year happened in the 2000— 2010 period 
o —3.45 m/year in the 2010—2022 period. The maximum 

rosion rates of the three periods varied between —8.46 
/year in the 1985—2000 period to —10.63 m/year in the 
010—2022 period. This zone is considered a sediment sink 
eceiving sediments from all eroded beaches along the Bu- 
ullus shoreline ( Dewidar and Bayoumi, 2021 ). Jetties at the 
amasa drain outlet and a group of groins on the eastern 
ide of this drain are two recently added coastal structures 
019 to this zone ( Figure 8 d). 
440 transects were utilized to study shoreline change 

ates along Damietta promontory (zone 7), representing 
0.8% of the shoreline of the research region. Between 1985 
nd 2022 period, the findings indicated that this segment 
etreated at a rate of —16.76 m/y on average with a max 
alue of —45.4 m/y. The mean accretion rate was 17.8 
/y. Abou Samra and Ali (2021) revealed that the average 
horeline accretion and erosion rates were about 29.36 m/y 
nd —20.61 m/y for the total period of 1984 —2018. Abd- 
lhamid et al. (2023) declared that the Damietta promon- 
ory experienced average rates of erosion ranging from —
0 to —25 m/y between 1974 and 2022. At the beginning 
f this zone, there is Damietta Port, consisting of a west- 
rn breakwater with a length of 1500 meters, and another 
astern breakwater with a length of 800 meters that was ex- 
ended in the year 2021. The results stated that the building 
f the two breakwaters enhanced accretion on the port’s 
estern side by 10.7 m/y and 3.4 m/y at intermediated pe- 
iods 2000—2010 and 2010—2022, respectively, and caused 
ocal erosion at downdrift of the port’s eastern breakwa- 
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thanks to the several detached breakwaters installed on the 
er with average —5.64 m/y and —4.12 m/y between 2000—
010 and between 2010—2022 respectively. A comparable 
ate of erosion between —9.9 and −13.5 m/y east of the 
amietta port was quoted by El-Asmar et al. (2014) from 

984 to 2011. Four Y groins were constructed in 2019 as 
hown in Figure 8 e to decrease this erosion. Rates of shore- 
ine retreat decreased from —17.4 m/y between 1985—2000 
o —2.31 m/y in the 2010—2022 period, Figure 9 c. From 2000 
o 2010 period, the mean erosion rate was —5.13 m/y. It 
hould be mentioned that Damietta port’s eastern breakwa- 
er extension will prevent a significant quantity of sand from 

eaching this beach, and this is what will cause a problem, 
nd affect these groins’ functionality. 
Because of Ras-Elbar resort, 8 detached breakwaters 

ith a length of 200 m and 200 m spacing were installed to 
ontrol in the eroded beach. Dominated erosion in the pe- 
iod of 1985—2000 was —2.38 m/y and converted into accre- 
ion with average rates of 3.8 m/y, and 1.72 m/y in 2000—
010 and 2010—2022, respectively. Esmail et al. (2019) indi- 
ated that the shoreline advanced behind detached break- 
aters with rates of 6.25 m/y and 4.25 m/y through the 
999—2003 and 2003—2015 periods. Our measured maxi- 
um erosion rates at Damietta promontory were —39.7 m/y 

n 1985—2000 then decreased to —6.77 m/y and —2.98 m/y 
n 2000—2010 and 2010—2022. Two jetties were constructed 
t Damietta inlet to prevent siltation. Also, two seawalls 
ere installed on both the eastern and western sides of 
he inlet to stop erosion; however, erosion has begun at the 
astern jetty with average rates of —27 m/y between 1985—
000 then significantly decreased to —0.81 m/y and —0.224 
/y in 2000—2010 and 2010—2022 respectively. The accre- 
ion pattern replaced the erosion pattern with an average 
f 0.4 m/y and 1.26 m/y during the period 2000—2010 and 
010—2022, respectively. More monitoring of Damietta spit 
eflects the presence of reciprocal changes between ero- 
ion and accretion. The western part of spit, this area suf- 
ered from erosion with average rates of —25 m/y during 
he period of 1985—2000. The erosion shifted distance and 
ecorded average rates of —11.86 m/y in the 2000—2010 pe- 
iod, then converted into an accretion pattern with average 
ates of 56 m/y from 2010 to 2022. In the middle part of 
he spit, accretion was dominated in 1985—2000 with rates 
f 61 m/y on average and but erosion and accretion pat- 
erns were observed in the 2000—2010 period with average 
ates of —18 m/y and 34.55 m/y, respectively. From 2010 to 
022, the erosion pattern was dominated by values of —26.2 
/y on average. Accretion rates were observed with an av- 
Figure 10 NSM distance between digitalized and

607 
rage of 17.9 m/y. On the eastern side of Damietta spit, the 
horeline accreted with average values of 17.7 m/y during 
he period of 198—2022. These results concurred with those 
f Aly et al. (2012) who mentioned that the eastern part of 
he sand spit increased in width during the study period. 
Zone 8 extends from the eastern side of Damietta spit to 

he end of port said city which represents about 44 km, cov- 
rs 13.5% of the shoreline. From 1985 to 2022, the shore- 
ine advanced at a rate of 7.2 m/y on average. The aver- 
ge rate of coastline erosion was —13.2 m/y. The results 
f the coastline trend analysis were congruent with those 
f Abou Samra and Ali (2021) . This region displayed differ- 
nt variations in coastline displacement between the vari- 
us intermediate periods, including accretion and erosion. 
horeline retreat with average rates was —8.1 m/y, —6.92 
/y, and —5.1 m/y for intermediated periods 1985—2000, 
000—2010, and 2010—2022 respectively. In the 1985—2000 
eriod, this section was prone to the impact of accretion 
ith an average rate of 5.23 m/y. Accretion was also ob- 
erved in the 2000—2010, and 2010—2022 periods, with av- 
rage rates of 6.52m/y, and 7.78 m/y respectively. 
After Damietta spit, this area experienced dominant ero- 

ion through three intermediated periods with average rates 
f —11.57 m/y, —7.48 m/y, and —4.25 m/y respectively. The 
eason for that is the presence of Damietta spit trapped the 
astward sediments, therefore the area behind it suffered 
rom a strong erosion, and also because the presence of jet- 
ies at the entrance to the fish farms trapped the long-shore 
ediments transport ( Tharwat Sarhan et al., 2022 ). 
Between 1985 and 2000, the region extending to the en- 

rance of the Suez Canal had erosion and accretion with av- 
rage values of roughly —6.36 m/y and 4.18 m/y, respec- 
ively. Accretion rates in the 200—2010 and 2010—2022 pe- 
iods were 6.77 m/y and 3.53 m/y, respectively. Significant 
rosion rates were also observed in this region and were 
bout —5.82 m/y, and —7.39 m/y in the intermittent in- 
ervals 2000—2010 and 2010—2022, respectively. As conse- 
uently, many protective structures have been established 
o lessen the erosion that already exists. One such measure 
s a group of groins installed in 2016, Figure 8 f at the west-
rn side of El-Gamil’s first inlet of El-Manzala Lake which in- 
reased accretion rates from 7.9 m/y in 2000—2010 to 11.05 
/y in 2010—2022. This was consistent with the findings of 
harwat Sarhan et al. (2022) who estimated accretion rates 
ue to the implementation of these groins to be 7 m/y be- 
ween 2002 to 2020. The shoreline was significantly built 
 predicted shoreline in 2022 at each transect. 
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Figure 11 Future shoreline changes from 1985 to 2100: a) Rosetta promontory, b) Burullus headland, c) Damietta promontory. 
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estern side of El-Gamil’s second entrance, with accretion 
ates of 11.65 m/y and 6.44 m/y from 2000 to 2010 and 
010 to 2022, respectively. Jetties at El-Gamil inlets were 
ompleted recently as shown in Figure 8 f. The results for 
he jetties’ western side at El-Gamil second inlet showed 
 transition from erosion with an average value of —2.32 
/y in the period of 1985—2000 to an accretion pattern 
ith an average value of 14.7 m/y in the period of 2010 —
022, Figure 9 d. Rates of erosion decreased from —1.663 
608 
/y in 2000—2010 to —0.64 m/y in 2010— 2022 as a re- 
ult of the existence of 14 groins with 175 m spacing at the
estern side of Suez Canal. Dewidar and Frihy (2010) ob- 
erved erosion rates downdrift of Damietta spit in the long- 
erm period 1972—2007 between —5.1 m/y to —10.16 m/y. 
dditionally, they mentioned that an accretion pattern oc- 
urred at the western of the Suez Canal with an average 
alue of 8 m/y. After the Suez-canal entrance, an ero- 
ion pattern was observed with average values of —10.82 
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/y, —18.2 m/y, and —29.3 m/y at intermediated periods, 
espectively. 

.2. Future shore line changes in 2030, 2050 and 

n 2100 

o verify the LRR model, the positional difference between 
he predicted and extracted shorelines in 2022 was com- 
ared using NSM at each transect ( Figure 10 ). The find- 
ngs of this comparison resulted in a small NRMSE value of 
.0195, demonstrating that the LRR model is a good indi- 
ator of future locations of the study region’s coastline. 
igure 11 depicts the analysis and identification of future 
horeline alterations predicted for 2030, 2050, and 2100 at 
pecified locations. The results revealed that zone 1 will ad- 
ance 128.14 m on average in 2030, then increase to 200.3 
 in 2050, and 402.8 m in 2100 years. Furthermore, it will 
rode by —503.5 m, —550.15 m, and 714.4 m in 2030, 2050, 
nd 2100, respectively. This necessitates the construction of 
rotective structures to mitigate coastline erosion and pro- 
ect this region. The predicted shoreline positions at zone 2 
how accretion changing from 508.15 m in the year 2030 to 
266.48 m for the year 2100, respectively. While, it shows 
rosion on average of —85.26 m, —156.1 m, and —355.6 
 for the years 2030, 2050, and 2100 respectively. Shore- 

ine position at zone 3 ( Figure 11 a) will advance with about 
19.73 m, 412.22 m, and 862.16 m, but it will erode with 
bout —204.59 m, —360.71 m, and —794.139 m for the years 
030, 2050, and 2100 respectively. 
The coastline position at zone 4 was estimated to re- 

reat about —66.12 m, —119.5 m, and —286.4 m and to ad- 
ance by approximately 69.5 m, 104.42 m, and 180.26 m 

or years 2030, 2050, and 2100 respectively. It was also no- 
iceable that zone 5, Figure 11 b, will continue in erosion, 
nd the coastline will retreat with calculated NSM values 
f —183.88 m, —213.55 m, and —316.89 m for years 2030, 
050, and 2100 respectively. Zone 6 is anticipated to ad- 
ance with an average shoreline displacement of 134.35 m 

y 2030, 157.7 m by 2050, and 223.97 m by 2100. The shore- 
ine of zone 7 will erode by average distances of —446.73 m 

n 2030, —715.98 m in 2050, and —1520.36 m in 2100. As 
hown in Figure 11 c, zone 7 will experience severe erosion, 
ith large sections of the beach disappearing completely by 
100. Zone 8 will need urgent protection structures because 
t will suffer from severe erosion rates. It will lose land by —
02 m in 2030, by about —1038.83 m in 2050, and —1930.17 
 in 2100. 

. Conclusions 

rosion and accretion rates were determined over a 324- 
ilometer stretch of the Nile Delta coast for 37 years. DSAS 
oftware was used as an analysis method by casting 4050 
ransects perpendicular to the digitalized shorelines. The 
tudied region witnessed erosion in 2180 transects and ac- 
retion in 1870 transects between 1985 to 2022. Three areas 
xperienced very high erosion rates with a maximum value: 
osetta promontory (—37.2 m/y) and Damietta promontory 
—45.4 m/y), as well as Burullus headland (—11.07 m/y). 
hese changes were mostly due to the interruption of the 
609 
ediment supply via the Aswan High Dam, climate changes, 
nd the negative impacts of coastal installations. The lo- 
ations with the maximum values of accretion rates were 
lexandria coast (25.8 m/y) and Gamasa embayment (37.2 
/y), as well as some portions of Port-said coast (36.9 m/y), 
entred around El-Gamil inlets throughout the long-term 

eriod. This study evaluated the effect of newly installed 
oastline protection measures on the erosion processes in 
his region. On the Rosetta promontory’s eastern side, a 
ew groin protection system was constructed in 2016. But 
he impact of these groins on the erosion process was not 
reat. Between the inlet and outlet of GFF, 8 groins were 
ble to lower erosion rates from —29.3 m/y in 2000—2010 
o —18.3 m/y in 2010—2022. Despite the erection of addi- 
ional 8 groins on the eastern side of the outlet, erosion 
ontinues to be an issue, with an average rate of —12.3 
/y between 2010 and 2022. On the eastern side of Kitch- 
ner Drain, a group of groins was also installed in the same 
ear, and it was noted that erosion rates which peaked at 
17.6 m/y on average from 2000 to 2010, decreased by 
0.2% in the period from 2010 to 2022. In 2019, a num- 
er of Y-groin was executed on Damietta Port’s eastern side 
o mitigate the ongoing erosion in this area. These groins 
chieved their function and reduced erosion significantly 
y —2.31 m/y on average between 2010 and 2022. Five 
roins were erected in 2016 near the western edge of the 
rst El-Gamil inlet, increasing accretion rates from 7.9 m/y 
n the years 2000—2010 to 11.05 m/y in the years 2010—
022. The estimated shoreline positions for 2030, 2050, 
nd 2100 demonstrate that the past change patterns will 
e anticipated to continue at nearly similar rates in the 
uture. If the situation does not improve and the Egyp- 
ian authorities do not step in and undertake urgent mea- 
ures, zones 1—2, and 6 will continue to accrete, while 
ones 3, 4, 5, 7, and 8 will erode at significant rates in
he future. These future estimations highlighted the areas 
f the shoreline that will be significantly lost due to ero- 
ion; hence, urgent necessary management solutions will be 
equired. 
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Abstract The Moroccan Southern Atlantic coast is mainly influenced by upwelling, Saharan 
dust and anthropogenic micropollutant input. These factors contribute to increasing the avail- 
ability of metal elements in waters. To differentiate human impact from natural variability, 
knowledge of background concentrations of metals and their fluctuations in bioindicator or- 
ganisms such as zooplankton is important. This work aims to determine the levels of metals 
elements (Zn, Mn, Pb, Cu, Cd, Cr, Co, Ni, Li, As, Sr, U, Fe and Ba) in zooplankton along the 
southern area of the Atlantic coast of Morocco. Zooplankton samples were collected in the 
summer (July 2013) and autumn (December 2013) at 27 stations from Sidi Ifni to the south of 
Dakhla. All stations were located on transects perpendicular to the coast. The analysis of metal 
elements in zooplankton was determined by ICP—MS. The results revealed that in all transects, 
metal concentrations were below the regulatory limits. Metal enrichments were observed in 
the south and decreased gradually to the north. This study can be used as baseline data for 
the metal contents of zooplankton in Moroccan South Atlantic coastal water. A comparison to 
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worldwide reported data on zooplankton did not reveal any suggestions on increased metal 
presence in the area investigated. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

n marine environments, metals have received considerable 
ttention due to their toxicity and accumulation in biota. 
etallic elements exist naturally in the marine environ- 
ent, but they are further amplified by anthropogenic and 

ndustrial inputs, including planting N-fixing crops, fertil- 
zer production, and wastewater disposal. The irreversibil- 
ty of this pollution is of particular concern, because it is 
mpossible to recover these metals once dissipated in na- 
ure. Despite the fact that metals are natural elements in 
he environment, above a certain threshold of bioavailabil- 
ty, they become toxic ( Kucuksezgin et al., 2006 ). Unlike 
rganic pollutants, metals are not metabolized; they can be 
ransferred through the food chain and then accumulate in 
iving matter. Metallic element contents in seawater vary 
ver time, depending on the variability of the pollution flow 

nd physical parameters such as the temperature, ocean 
oughness, flow rates and biological effects ( Gaudry et al., 
007 ). 
Metallic accumulation by zooplankton is especially 

chieved either by direct adsorption from water or by ab- 
orption from food and detritus. Zooplankton are a very im- 
ortant compartment in the processes of metal bioavail- 
bility in coastal waters. In particular, they are a major 
ource of food for marine species, confirming their role in 
he transfer of metals to higher trophic levels ( Robin et al., 
012 ). Plankton play an important role in the vertical trans- 
ort of elements in pelagic surface waters; the flux of or- 
anic compounds forms a large part of the vertical flux and 
hen influences the residence periods of metal elements ad- 
orbed to particles in the sea ( Fisher et al., 1991 ). Zoo- 
lankton are vital to the functioning of ocean food webs 
ue to their sheer abundance and important ecosystem roles 
 Battuello et al., 2016 ). 
Zooplankton’s position as an “intermediary” in the 

rophic chain of aquatic ecosystems, with a major role in 
he transfer of material between primary producers and 
ther higher levels, means that these organisms can be good 
ndicators of the general conditions under which aquatic 
cosystems function. Accordingly, several studies have suc- 
essfully used macro- and mesozooplankton organisms as 
ioindicators. They are applied to assess the bioavailability 
f metal elements in marine ecosystems at different spatial 
nd temporal scales ( Achary et al., 2020 ; Battuello et al., 
016 ; Fang et al., 2006 ; Hsiao et al., 2011 ; Kahle and
auke, 2003 ; Nair et al., 1999 ; Pempkowiak et al., 2006 ). 
heir utility is due to their presence on a global scale, their 
igh contribution to the total biomass of marine systems and 
heir major role in food chains. 
The assessment of anthropogenic disturbance by zoo- 

lankton has been studied by researchers worldwide; how- 
ver, information on the quality of zooplankton in aquatic 
613 
nvironments along African coasts is limited, including the 
oroccan Atlantic coast, which is one of the richest coasts 
n terms of exploitable biological resources. Indeed, the 
outh Moroccan coastline is characterized by the upwelling 
f deep waters, which ensures a supply of nutrients con- 
ributing to the production of the entire trophic food chain 
 Makaoui et al., 2020 ), as well as local contamination by 
etal elements, especially Cd in bivalve mollusks and in 
he liver tissue of pelagic fish. Afandi et al. (2018) and 
enbrahim et al. (2006) attributed this finding to anthro- 
ogenic sources (phosphate industry) and to natural sources 
upwelling activities, showing cadmium contamination). To 
ate, no previous studies assessing the concentration of 
etals in zooplankton carried out in the southern zone of 
he Atlantic coast of Morocco are available. To fill this gap 
n this region of the world, we studied the levels of fourteen
etallic elements in zooplankton in the lower and upper 
ixed layers. This study was conducted along nine transects 
erpendicular to the coast. 
The objectives of this study are as follows: (1) Determine 

he quality of the coastal marine environment below the 
aseline metal concentrations for the first time in zooplank- 
on samples from the southern zone of the Atlantic coast 
f Morocco; (2) Differentiating input from human influence 
ersus natural variance; (3) Determine whether the concen- 
rations of metals differ significantly during the season of 
igh or low upwelling; (4) Determine vertical and diurnal 
ariation in metal accumulation in zooplankton; and (5) De- 
elopment of a new database of metal levels. 

. Material and methods 

.1. Study area 

he study area is located in the eastern limit of the North
tlantic subtropical gyre ( Figure 1 ). The southern Moroccan 
one between 20 ° and 25 °N is characterized by variable 
ermanent upwelling with intense activity in summer. This 
one is limited in the north and south by seasonal upwelling 
ystems in summer and winter, respectively, with an inter- 
nnual change ( Larissi et al., 2013 ). It is generally in the
—100 km coastal band that vertical upwelling-induced 
ovements occur, as estimated from the Rossby deforma- 
ion radius in northwest Africa ( Chelton et al., 1998 ) cited 
y Auger et al. (2015) ; therefore, the coastal jet is limited
ear the coast ( Waeles et al., 2016 ). In addition, the inter-
nnual variability in the upwelling index between 2002 
nd 2010 deviated from the infrared thermal imaging of 
he Modis-Aqua sensor along the Moroccan upwelling zone 
21—33 °N), indicating an evident oscillation over the years 
 Larissi et al., 2013 ). This study is particularly valuable be- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Locations of sampling sites (black dots) and transect definitions (capital letters) along the south Atlantic Moroccan 
coast, where zooplankton samples were collected during the cruise 2 and 4 aboard the r/v Antea . 
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ause this area of the Canary Current ecosystem represents 
 considerable fishery potential ( Tito de Morais, 2013 ). 

.2. Sampling and sample preparation 

uring the EPURE cruises (cruise 2: from 11 to 31 July 2013 
nd cruise 4: from 21 November to 09 December 2013, r/v 
ntea ), 27 hydro-biological stations were sampled. Zoo- 
lankton samples were collected using nets with a mesh 
ize of 150 microns. The sampling strategy closely followed 
he Moroccan coast, integrating different areas of Moroccan 
pwelling. Specifically, three zones known for their coastal 
pwelling strength, due to their hydrobiological and bathy- 
etric characteristics, were selected: north of Cape Juby, 
outh of Cape Boujdour and south of Dakhla. In each zone, 
hree sections were conducted ( Figure 1 ), with a total of 111 
ooplankton samples, of which 57 were collected in cruise 
 and 54 samples in cruise 4. At each station, samples were 
ollected during the day and night, further 2 levels were 
ypically sampled for 5 min., usually one near the bottom 

nd one in the mixed layer. 
The zooplankton samples were passed through a small 

ylon sieve, briefly rinsed after catching with ultrapure wa- 
er to remove salts and frozen at —20 °C. Subsequently, in 
he laboratory, samples were freeze-dried for 72 hours at 
55 °C, homogenized by mixing in rotating glass and stored 
n glass bottles in vacuum desiccators. 

.3. Analytical procedures 

rior to the use for digestion, all glassware and vessels 
ere cleaned with special detergent (Micro 90), kept cov- 
614 
red with HNO 3 (10%) for at least 24 h and rinsed 4 to 5
imes with deionized water. To avoid any contamination, 
essels were tested individually for blanks and screened be- 
ore use. Mineralization was carried out in Teflon digestion 
essels according to the Association of Official Analytical 
hemists (AOAC Official Method 999.10, AOAC, 2002 ). Zoo- 
lankton samples were first mixed, and approximately 0.25 
 of zooplankton samples were digested for 30 min. in a 
icrowave oven at 190 °C with 5 ml of HNO 3 (65% Merck- 
uprapur Grade) and 2 ml of H 2 O 2 (30% Fluka). The digested 
olutions were successively diluted to 50 ml with deionized 
ater. 
All elements analyses (Zn, Mn, Pb, Cu, Cd, Cr, Co, Ni, 

i, As, Sr, U, Fe and Ba) were performed in an Ocean Spec-
rometry Pole at LEMAR by means of a magnetic sector in- 
uctively coupled plasma mass spectrometer (ELEMENT 2, 
hermo) with low- and medium-resolution settings as de- 
cribed in Afandi et al. (2018) . 
The stock standard solution was prepared gravimetrically 

rom primary standards. An external 6-point standard curve 
as prepared by serial dilution and analyzed at the begin- 
ing, middle and end of each run. We used indium (In) as 
n internal standard ( ∼1 μg L −1 , as run in the final solu-
ion) for all samples, standards and blank solutions. Final 
oncentrations of samples and procedural blanks were cal- 
ulated from In-normalized data. All results were expressed 
n μg g −1 dry weight (dw). Precision was estimated through 
eplicated samples (every 10th sample was a replica) and 
as better than 10% in all cases. A quality control program 

as performed, including treatment and analysis of Certi- 
ed Reference Material (the CRM was fish protein DORM-4 
rom the National Research Council, Canada) ( Table 1 ) and 
lanks with the samples. 
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.4. Statistical procedures 

ll data were subjected to statistical analysis. One-way 
nalysis of variance (ANOVA) was used to determine the sig- 
ificant differences in metal levels during the two cruises 
n the three areas, by radials, by day/night and by in- 
hore/offshore. All statistical calculations were performed 
ith XLSTAT for Windows (Version 2015.1.03.15945). Statis- 
ical significance was defined at 95% (p < 0.05). A Princi- 
le Component Analysis (PCA) is performed on standardized 
ata, which is intended to classify the different groups of 
etals with the same origin. 

. Results 

he vertical distribution of physico-chemical parameters 
long the nine inshore-offshore sections was explained by 
aeles et al. (2016) , with strong upwelling signatures ob- 
erved in the northern and southern areas; in the central 
rea, biological activity was less intense, as reflected in the 
uorescence concentrations. 
Zooplankton collections were examined to determine the 

iological composition. Copepods were the most dominant 
60—98%), and their composition was dominated by Acartia, 
entropages, Euterpina, Oncaea and Paracalamus species in 
ummer and autumn seasons from all nine transect stations. 
otal density was considerably higher in the south than in 
he north, with minor variations between day and night. 
he highest total density was at Station 27 level 5 (night), 
ith 18,158 ind m 

—3 in contrast with total biomass with the 
ighest value at Station 22 level 5 (day), while the lowest 
ensity was recorded at Station 15 level 5 (night) with a to- 
al density of 10.66 ind m 

—3 and lower total biomass in the 
ame station 15 level 2 (day). 

.1. Metal distribution and concentrations in 

ooplankton 

n the present study, the mean metal concentrations in total 
ooplankton are given in Tables 2 and 3 . The average metal 
oncentrations in the analyzed zooplankton samples were 
rranged in the following order: Sr > Fe > Zn > Ba > Li >
n > Cr > As > Cu > Cd > Ni > Pb > Co > U. However,
t should be noted that the metal ranges were extremely 
arge ( Table 2 and 3 ). According to the metal concentration
n zooplankton, the metals were divided into four classes: 
Sr, Fe); (Zn, Li, Ba, Cr and Mn); (As, Cu, Cd, Ni and Pb),
nd the fourth subgroup included redox-sensitive elements 
Co and U). Strontium showed the highest concentration, 
anging from 84 to 63887 μg g −1 dw. The concentrations of 
etals in the second and third classes of elements ranged 
rom 0.36—566 μg g −1 dw and 0.17—45 μg g −1 dw, respec- 
ively. The values of the fourth-class elements ranged from 

.08—1.84 μg g −1 dw. 
By separating the data into various categories, such 

s diurnal vs. nocturnal samples, by cruise, or by sample 
ocation, some noticeable trends were observable ( Table 2 
nd 3 ). The metal spatial distribution in zooplankton sam- 
les showed some particular patterns. ANOVA indicated a 
ignificant variation in the metal concentrations in zoo- 
lankton between the northern, central and southern zones 
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Table 2 Concentrations of Li, Cr, Mn, Fe, Co and Ni (in μg g −1 dry weight) determined in zooplankton, reported per season 
(summer vs. autumn), per sampling zone (north, center or south) and per time (day vs. night). Values are mean ± standard 
deviation (SD). N = number of samples. 

Samples Li Cr Mn Fe Co Ni 

Mean ±SD 
(Min-Max) N = 113 

15.66 ±43.58 
0.50—353.09 

10.25 ±18.31 
0.36—101.15 

12.31 ±17.64 
1.64—99.15 

1126 ±1169 
84.23—5095 

0.60 ±0.30 
0.12—1.84 

5.22 ±8.21 
0.46—45.02 

Summer N = 57 15.70 a ±47.73 6.04 b ± 7.08 6.80 b ± 4.31 895 b ± 847 0.57 a ± 0.31 3.00 b ±3.90 
Autumn N = 54 15.61 a ±39.00 14.86 a ±24.74 18.22 a ±23.85 1379 a ±1406 0.63 a ± 0.28 7.64 a ±10.69 
North N = 38 12.95 ab ±27.99 3.72 a ±5.30 6.88 b ±3.28 611.43 b ±434.35 0.70 a ±0.33 3.05 b ±3.98 
Center N = 30 32.37 a ±74.48 8.86 b ±7.85 10.39 b ±6.91 1328.18 b ±1156.44 0.58 ab ±0.23 4.16 ab ±2.95 
South N = 44 62.30 b ±253.46 19.08 b ±28.28 20.25 a ±28.07 1575.47 a ±1516.23 0.49 b ±0.26 8.62 a ±12.64 
Day N = 76 45.96 a ± 185.22 11.04 a ±18.11 12.75 a ±17.07 1154.72 a ± 1146.27 0.6 a ± 0.28 5.58 a ± 8.3 
Night N = 37 11.59 a ± 23.73 8.63 a ± 18.85 11.41 a ±18.96 1066.72 a ± 1227.31 0.59 a ± 0.32 4.48 a ± 8.07 

The mean metal concentrations of different species from all sites sharing a common letter (a, b or ab) for a particular metal are not 
significantly different, p < 0.05. 
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ANOVA, p ˃ 0.05) ( Tables 2 and 3 ), except for Zn, Sr and Ba.
herefore, we found increases from north to south in the 
oncentrations of Cr, Mn, Fe, Ni, Cu and Pb and a decrease 
n Co. However, the concentration of Cd was lower in the 
entral zone, whereas the concentrations of Li, As and U 

ere higher. 
The results showed that during both the summer and au- 

umn seasons, no significant differences were observed for 
i, Co, Cu, Cd, Pb and U concentrations; however, during 
utumn, we detected relatively high concentrations of Cr, 
n, Fe, Ni and As, whereas the lowest concentrations were 
ecorded for Zn, Sr and Ba ( Table 2 and 3 ). 
Statistically significant spatial variations (by transect) 

ere observed among all metal variables, except for Zn, 
d and Li. Transects I and H formed a group with generally 
oticeable concentrations of Cr, Mn, Fe, Ni, Cu, Sr, Ba and 
b ( Figure 2 ). 
However, no significant differences were found between 

iurnal and nocturnal zooplankton samples (p > 0.05). Fur- 
hermore, metal concentrations were not significantly dif- 
erent near the coast in comparison with offshore and were 
ot different between surface and deep areas, except for Sr 
nd U. 

.2. Statistical analysis 

he results of metals in zooplankton also indicated the same 
elative origins between some metals. This was confirmed 
y statistical analysis (PCA) ( Figure 3 ), which showed a very 
ood correlation between Sr and Ba in Group I and a low 

orrelation between Zn and Pb in group II, while Cu, Fe, Cr, 
n, and Ni formed a clustered group III on the right, and 
i, Cd, U, As and Co formed a loose group IV on the left,
ith negative correlations between Cd and other metals, 
ossibly indicating a different source. 

. Discussion 

.1. Essential metal elements in zooplankton 

he assessment of metal concentrations in zooplankton is 
ery important, because they are the main diet for many 
616 
redators and may contribute to transferring a variety of 
etals to higher trophic levels. As mentioned, this is the 
rst study on the levels of metals in zooplankton in the south 
tlantic region of Morocco (North Atlantic). Also, in this 
rea, metal concentrations in sediments are comparable 
ith uncontaminated sediments ( Maanan et al., 2015 ). The 
bsence of previous studies on the composition of metallic 
lements in zooplankton in the study region complicates the 
nterpretation of our results. Indeed, published zooplankton 
ata on some elements, such as Sr, Li, As, Mn, Fe, U, Co and
a, are very scarce. 
According to results revealed by the principal component 

nalysis in Figure 3 , the first group (G-I) contained Sr at a
igher concentration, it correlates with Ba. Sr is the fifth 
ost abundant cation after Na + , Mg 2 + , Ca 2 + and K + . Stron-
ium is especially used in the reconstruction of environ- 
ental history ( Fang et al., 2014 ), it is used as a chemical
racer for oceanic circulation. Related results were reported 
y Rentería-Cano et al. (2011) , with high concentrations of 
r (105—15,450 μg g −1 dw) on zooplankton sampled from 

he northern Gulf of California, while Fang et al. (2014) in 
ortheastern Taiwan reported an average of 370 μg g −1 dw, 
ith a range of 121—777 μg g −1 dw. This element was fol- 
owed by iron (Fe), which is an essential micronutrient for 
he biological requirements of all marine organisms. The 
igh levels of Fe can be attributed to its direct adsorp- 
ion by zooplankton in seawater or indirect absorption by 
 digestion of phytoplankton, which metabolize it by pho- 
osynthesis ( Ho et al., 2003 ; Rentería-Cano et al., 2011 ). 
he Fe concentrations were comparable to those reported 
y Pempkowiak et al. (2006) from the southern Baltic and 
y Fang et al. (2014) but higher than those reported by 
en Salem and Ayadi (2017) and Battuello et al. (2016) , 
espectively, on the southern and northern Mediterranean 
oasts. 
Zinc is one of the most important micronutrients, 

ith higher levels in zooplankton than in pelagic fish 
 Afandi et al., 2018 ), reflecting the presence of Zn 
n the marine environment. Furthermore, according to 
isler (1993) , nutrition is the main source of Zn for 
quatic organisms, and it is significantly more essential 
han Zn uptake from seawater. Additionally, depending on 
aimpillil et al. (2010) , this higher concentration may be 
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Table 3 Concentrations of Cu, Zn, As, Sr, Cd, Sr, Cd, Ba, Pb and U (in μg g −1 dry weight) determined in zooplankton, reported per season (summer vs. autumn), per sampling 
zone (north, center or south) and per time (day vs. night). Values are mean ± standard deviation (SD). N = number of samples. The mean metal concentrations of different 
species from all sites sharing a common letter (a, b or ab) for a particular metal are not significantly different, p < 0.05. 

Samples Cu Zn As Sr Cd Ba Pb U 

Mean ± SD 
(Min-Max) N = 113 

7.32 ±3.35 
1.62—21.75 

106.05 ± 85.57 
23.17—566.09 

7.47 ±3.91 
2.05—25.21 

6034 ± 10451 
147.93—63887 

6.97 ± 2.72 
0.86—12.91 

17.37 ± 20.96 
0.91—111.05 

1.31 ±1.58 
0.17—9.86 

0.26 ± 0.11 
0.08—0.69 

Summer N = 57 7.58 a ± 4.15 126.68 a ± 89.79 6.10 b ±2.12 8107 a ±13129 7.34 a ± 3.01 21.50 a ± 25.50 1.55 a ± 2.02 0.25 a ± 0.12 
Autumn N = 54 7.03 a ± 2.15 83.90 b ± 75.48 8.97 a ± 4.79 3806 b ± 3795 6.56 a ± 2.33 12.94 b ± 13.49 1.05 a ± 0.83 0.27 a ± 0.11 
North N = 38 6.41 b ±3.05 102.74 a ±100.24 6.90 b ±2.10 7081.99 a ± 19096.94 7.39 a ±2.38 21.11 a ± 43.62 0.81 b ±0.97 0.22 b ±0.10 
Center N = 30 7.50 ab ±4.04 255.40 a ±841.89 10.79 a ±5.71 5008.39 a ±10777.58 5.93 b ± 3.00 14.85 a ± 21.01 1.51 ab ±1.98 0.35 a ±0.13 
South N = 44 8.26 a ±2.85 112.92 a ±78.72 5.54 b ±1.50 8818.87 a ± 14029.17 7.28 a ±2.74 22.20 a ± 26.79 1.75 a ±1.68 0.24 b ±0.07 
Day N = 76 7.5 a ± 3.46 173.72 a ±535.34 7.49 a ± 3.56 8017.57 a ± 17971.79 6.83 a ± 2.56 21.61 a ± 38.35 1.45 a ± 1.82 0.26 a ± 0.1 
Night N = 37 6.96 a ± 3.1 91.16 a ± 36.14 7.43 a ± 4.59 5262.78 a ± 8379.98 7.24 a ± 3.05 16.12 a ±19.06 1.02 a ± 0.86 0.26 a ± 0.14 
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Figure 2 Metals variations in zooplankton along the nine transects of the study area (in μg g −1 dw). 

618 
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Figure 3 Principal component analysis (PCA) with different 
groups of metals. 
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ue to its co-precipitation with calcium carbonate. Nev- 
rtheless, higher levels have been reported in the liter- 
ture than those noted in our study ( Nair et al., 1999 ; 
empkowiak et al., 2006 ; Srichandan et al., 2016 ). 
Manganese is a naturally arising metal in seawater and 

an be considerably bioconcentrated by aquatic biota at 
ower trophic levels. In our study, the concentration of this 
lement ranged from 1.64 to 99.15 μg g −1 dw. These lev- 
ls were higher than those of pelagic species analyzed in 
he same area ( Afandi et al., 2018 ). Similar levels were de- 
ected in previous studies, such as Fang et al. (2006) and 
ahle and Zauke (2003) , but they are still lower than those 
ecorded in more contaminated marine regions, e.g., in the 
ay of Bengal ( Srichandan et al., 2016 ) and at the north- 
rn coast of Taiwan ( Hsiao et al., 2011 ). At the same or-
er of metal concentrations, the average level of Cr was 
0.25 μg g −1 dw, which varied from 0.36 to 101.15 μg g −1 

w. Seasonally, its accumulation in zooplankton was found 
o be higher during autumn compared to the summer sea- 
on ( Table 2 ), this difference may be due to the devel- 
pment cycle of zooplankton, with a short period of re- 
roduction at the beginning of summer and a maximum 

iomass in autumn ( Shi et al., 2020 ) , the same observa- 
ion was recorded by Battuello et al. (2016) with lower 
alues. However, our values of Cr are noticeably low com- 
ared to the reported values, such as Hsiao et al. (2011) and 
ang et al. (2014) from Taiwan, Leonova et al. (2013) in the 
hite Sea or Achary et al. (2020) in coastal India ( Table 4 ). 
Copper is important in the zooplankton life cycle pro- 

ess, including egg production and growth, and is used as 
 component of enzymatic activity ( Paimpillil et al., 2010 ). 
heir levels in zooplankton ranged from 1.62 to 21.75 μg 
 

−1 dw ( Table 3 ) and were in accordance with those reg- 
stered in other marine environments of the world in ar- 
as of low anthropogenic impact ( Battuello et al., 2016 ; 
ahle and Zauke, 2003 ). Ni is one of the biologically es- 
ential trace elements and has a wide distribution in ter- 
estrial and aquatic environments. The concentration of Ni 
619 
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o
lated with those found for total dissolved Cd in the same 
n the present study ranged between 0.46 and 45.02 μg g −1 

w, and is higher compared to the reported values, such as 
attuello et al. (2016) and Ben Salem and Ayadi (2017) . The 
ighest Ni concentration is usually entering into the individ- 
al cells through the metabolic pathways, it replaces the 
etals of the metalloenzymes and disrupts metabolism in 
ertain cases ( Achary et al., 2020 ). Thus with the excep- 
ion of Fe, the concentrations of metals in the group (G-III) 
 Figure 3 ) have the same range of magnitude, which could 
ndicate the same metabolic needs for metals or the same 
athways of metal ingestion and accumulation, while a high 
orrelation could indicate a common source. 
Cobalt is an important metallic element due to its asso- 

iation with vitamin B12. In the present study, the Co con- 
entration in zooplankton varied from 0.12 to 1.84 μg g −1 

w. Our findings have shown that Co levels were similar to 
elagic species analyzed in the same ( Afandi et al., 2018 ), 
ut lower than those detected in contaminated coastal ar- 
as ( Fang et al., 2014 ; Rejomon et al., 2008 ; Rentería- 
ano et al., 2011 ; Srichandan et al., 2016 ). These low values 
ndicate that the study area is not contaminated with this 
etal. This element is part of the redox-sensitive element 

n the same subgroup (G-IV) ( Figure 3 ) such as uranium. 
Published data on minor elements such as Li and Ba, in 

ooplankton are very limited, the lack of previous informa- 
ion on these elements complicates the interpretation of 
ur results. The concentration ranges of Ba found in the 
resent study are in the same order of magnitude as the 
eported data by Fang et al. (2014) . 

.2. Nonessential metal elements in zooplankton 

admium (Cd) is a nonessential metal with no known ben- 
ficial effects. Once it is present in the environment, it 
an remain for a long time and does not break down into 
ess toxic substances. It is well known that the concentra- 
ions of Cd in seawater depend on several factors, including 
pwelling and biogeochemical processes such as direct up- 
ake by living species and decomposition of organic matter. 
ince Cd has no significant physiological role, it is proba- 
ly adsorbed on the surface of zooplanktonic debris or fe- 
al pellets ( Battuello et al., 2016 ; Kahle and Zauke, 2003 ; 
aimpillil et al., 2010 ). In this study, Cd levels ranged from 

.86 to 12.91 μg g −1 dw ( Table 3 ). These results are com-
arable with those reported in other marine organisms from 

he same area ( Afandi et al., 2018 ; Benbrahim et al., 2006 ),
n the upwelled water zone in Mauritania ( Everaarts et al., 
993 ). 
Lead is recognized as a nonessential metal for marine 

rganisms, and the Pb content in the analyzed zooplank- 
on in this study ranged from 0.17—9.86 μg g −1 dw. These 
esults are higher than those reported in bivalve mol- 
usks and pelagic fish from the same area ( Afandi et al., 
018 ; Benbrahim et al., 2006 ), but they are comparable 
ith the data reported in zooplankton ( Fang et al., 2014 ; 
empkowiak et al., 2006 ). The observed high Pb levels in 
ooplankton in the south and center could be attributed 
o high influxes from mineral dust in these regions and the 
ormation of colloids with Pb in seawater adsorbing onto 
lanktonic debris, which can increase the concentration of 
his element in this species ( Robin et al., 2012 ). Pb and Zn
620 
howed a positive correlation ( Figure 3 ) which could be in- 
uenced by various processes such as recycling within sur- 
ace waters from rapid remineralization of biological mate- 
ial. 
The uranium contents in the present study were lower, 

anging between 0.08 and 0.69 μg g −1 dw, while these con- 
entrations ranged from 0.5 to 6.1 μg g −1 dw in the Bay of
engal ( Achary et al., 2020 ) and between 0.24 to 11.3 μg g −1 

w in the Northern Gulf of California ( Rentería-Cano et al., 
011 ). This element causes significant toxic effects in ani- 
als and humans. According to Skwarzec et al. (2012) , the 
ontribution of marine organisms to the geochemical mi- 
ration of U between seawater and bottom sediments is in- 
ignificant, but it was shown that an increase in U accumu- 
ation in reducing conditions by comparison with oxidizing 
onditions ( Khaustova et al., 2021 ). 
Arsenic is present in different environmental compart- 

ents at very variable concentrations. The highest levels 
re found in marine organisms that are capable of both ac- 
umulating and transforming this element. In zooplankton 
rom the study area, the levels ranged from 2.05 to 25.21 
g g −1 . Published data noted large variations in the con- 
entrations registered from other marine environments of 
he world, e.g., in the Bay of Bengal, values ranged from 

.73 to 5.73 μg g −1 dw ( Srichandan et al., 2016 ), and in the
ea of Japan, values varied between 0.21 and 17 μg g −1 dw 

 Shibata et al., 1996 ). Furthermore, Neff (1997) reported 
oncentrations of total arsenic in zooplankton from all over 
he world of 0.2—24.4 μg g −1 dw; these levels were in ac- 
ordance with our findings. This element correlates with Cd 
nd Co, it may indicate the same source such as upwelling 
nd removal of surface waters by the biological pump 
 Figure 3 ) but generally, Cd may correlate with Cu and Zn
n marine organisms. In our study, As and Cd doesn’t corre- 
ate with other metals, while Mn, Fe, Ni, Cu, Pb, Cr and Zn
iscerned positive affinity and good relationship, suggesting 
heir strong affinity and coexistence; the same observation 
as recorded by Srichandan et al. (2016) in contrast with 
obin et al. (2012) who recorded inter-metal relationships 
or essential and non-essential metals. 

.3. Diverse variations in metal accumulation 

eographical variations in the concentrations of the major- 
ty of the metals studied follow the biological activity ex- 
lained above, with increases in the concentrations in the 
orth followed by the south and then the central zone. Fur- 
hermore, local upwelling may be related to increased Cd 
nd other metal bioavailabilities in seawater, hence increas- 
ng uptake into zooplankton, as hypothesized for these re- 
ions. Additionally, despite the presence of phosphate min- 
ng activities in the south of Laâyoune, more precisely in 
he central zone, we did not record enrichment with Cd 
n this area, in contrast to the other two zones (north and 
outh), which show evidence of permanent upwelling. Addi- 
ionally, Shelley et al. (2016) , in the same project EPURE, 
tudied the metallic element compositions of aerosols at 
hree stations (Agadir, Laâyoune, Dakhla) and quantified at- 
ospheric deposition fluxes in the Canary Current Upwelling 
ystem; they did not observe significantly different ratios 
f Cd/Al between stations. Otherwise, these results corre- 
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2019 ). 
ruises by Waeles et al. (2016) , with concentrations rang- 
ng from 40 to 370 pmol l —1 in the northern area and from 

0 to 420 pmol l —1 in the southern area, and lower val- 
es in the central zone varying from 10 to 210 pmol l —1 . 
urthermore, our results are generally in agreement with 
hose proposed by these two previous studies in terms of 
he origin of contamination by certain metals such as Cd, 
uggesting that the importance of atmospheric deposition 
nd anthropogenic inputs of Cd has not been proven in the 
tudy area, while it is the upwelling of the North Central 
tlantic Waters that mainly influences the distribution of 
d. This diversity in the southern region can be explained 
y the quality of the environment in this zone. Indeed, 
ccording to Robin et al. (2012) , the high concentrations 
f metals in zooplankton at both coastal and offshore sta- 
ions often coincide with high concentrations of dissolved 
etals; thus, elevated concentrations may be attributed to 
heir higher availability in seawater. It can be noted, as 
rasmus et al. (2021) have indicated, that factors driving 
he accumulation of metal elements are oceanographic pro- 
ess and diffuse sources, (e.g., geogenic weathering, ocean 
urrents, upwelling, etc.) and not direct point sources of 
ollution. 
It is well documented that the metals contained in zoo- 

lankton, especially in copepods, could vary significantly 
nter- and intraspecies ( Hsiao et al., 2011 ). Hamanaka and 
sujita (1981) reported large variations in Cd concentra- 
ions in copepods, amphipods and euphosids, with a lower 
d concentration in euphosids (less than 2.2 μg g −1 dw) 
ut a wide Cd range in copepods (1.66—14.55 μg g −1 dw), 
ith large similarity to our results. In a more precise way, 
chary et al. (2020) reported that zooplankton taxa domi- 
ated by copepods are active in accumulating metals from 

he background. Other reports on metal content from the 
arine environment determined that zooplankton are more 
fficient in the accumulation of metals from the environ- 
ent ( Rejomon et al., 2008 ). 
The concentrations of metals in the diurnal samples were 

lightly higher than those in the nocturnal samples for the 
ain metals (Li, Cr, Mn, Fe, Zn, Sr), with no significant dif- 
erences. However, for Co, Ni, Cu, As, Cd, Ba, Pb and U, 
he concentrations were in the same order for both the 
iurnal and nocturnal zooplankton. These variations be- 
ween groups of metals were observed by Horowitz and 
resley (1977) , who recorded biological variations between 
ay and night. In fact, zooplankton are mainly transported 
y ambient water currents, used to avoid predators as in 
iel vertical migration or to increase prey encounter rate. 
The vertical variation in metal accumulation in zooplank- 

on did not represent any significant difference, except for 
r, because of its higher concentration in surface water; and 
 because of its lower concentration in surface water. How- 
ver, some metals have profiles that are nutrient-like, such 
s Cd, Cu and Zn, which is indicative of their involvement in 
iological cycles ( Waeles et al., 2016 ) and their strong cor- 
elation with zooplankton biomass. Fisher et al. (1991) also 
ndicated that the storage efficiencies of Cd, Zn and Hg in- 
icate their need to be recycled by copepods in surface 
aters through the organic cycle in the sea, with a direct 
orrelation between the retention efficiency of ingested el- 
ments in copepods and the presence of the elements in the 
ytoplasm of the copepods’ diatom food. In contrast, other 
621 
etals seem to have a scavenged-type behavior, such as Pb, 
r behave in a conservative way, such as U; In our study, the
oncentrations of Pb tend to be maximal near mineral dust 
n the south and center area, it confirms this scavenged- 
ype and conservative character. Then, some other metals, 
uch as Mn, tend to be at maximum concentration level 
n the south, without any vertical variation, such elements 
an be considered hybrid-type metals, and their distribu- 
ion is controlled by both biological uptake and scaveng- 
ng processes ( Bruland and Lohan, 2003 ). In general, metals 
ith no apparent biological function would be expected to 
how some assimilation and therefore greater recycling, ac- 
ounting for their longer residence times. Furthermore, the 
ceanic behavior of other metals, such as Sr and Ba, is still 
ot well assessed, with limited data on Sr and Ba circula- 
ions in the global ocean, especially in the Southern Hemi- 
phere ( Fang et al., 2014 ). 
The average metal concentrations in zooplankton during 

ummer and autumn presented significant variations, with 
igher levels of Cr, Mn, Fe, Ni and As in autumn and higher
evels of Zn, Ba and Sr during summer. These increases in 
etals during both seasons coincide with the presence of 
 strong upwelling activity, allowing for metal resuspension 
nd making them bioavailable to biota ( Larissi et al., 2013 ). 
n fact, this zone is limited in the north and south by sea-
onal upwelling systems with an inter-annual change. It is 
escribed as an ecological barrier for planktonic populations 
nd frontal zone where two different water masses NACW 

North Atlantic Central Waters) and SACW (South Atlantic 
entral Water) meet, hence its important richness ( Tito de 
orais, 2013 ). The mean concentrations of metals reported 
n this study ( Table 2 and 3 ) were much higher than those
reviously reported in water by Waeles et al. (2016) and 
fandi (2018) , reflecting an efficient bioaccumulation of 
etals, such as demonstrated by Chevrollier et al. (2022) . 
hese differences may be associated with the large surface 
rea of zooplankton relative to their unit mass and with 
heir active metabolism, resulting in rapid adsorption of 
arious metals ( Battuello et al., 2016 ; Ravera, 2001 ). More- 
ver, it has been reported that the concentration levels of 
etals in plankton depend upon different biotic and abi- 
tic factors, such as the physicochemical properties of the 
ater, the productivity of the water body, quantitative and 
ualitative aspects of the plankton, the bioavailability of 
etals, and spatiotemporal variations ( Dobaradaran et al., 
018 ; Elmaci et al., 2007 ). 
A general comparison of the present data on the metal 

oncentrations with those from various sea areas is com- 
iled in Table 4 . All the metal levels in the zooplankton 
amples appear to fall within a range of values that have 
een reported for similar organisms obtained in other areas 
 Everaarts et al., 1993 ; Rainbow, 1996 ; Srichandan et al., 
016 ). The reported patterns are also in good agreement 
ith the data in the literature obtained from a great num- 
er of open ocean areas. The moderately increased Zn con- 
entrations found in this study ( Table 2 and 3 ) followed 
y Cu, Ni, Pb and Cd are generally in agreement with 
ata from nearer regions, such as Banc Arguin in Mauri- 
ania ( Everaarts et al., 1993 ), and indeed with other ma- 
ine areas, such as the Antarctic, Arctic and the North Sea 
 Haarich et al., 1993 ; Kahle and Zauke, 2003 ; Mohan et al.,
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. Conclusion 

his study highlights, for the first time in the Moroccan 
arine environment, metal accumulation in zooplankton, 
nd it is confirmed that this species plays a significant role 
n the transfer of metals to higher trophic levels due to its 
igh bioaccumulation of most metals compared to bivalve 
ollusks and pelagic fish species previously studied in the 
ame area. In the present study, the increases in metal 
oncentrations in zooplankton from the northern zone to 
he southern zone, which has a very low anthropogenic 
nfluence, can be explained by the existence of cold-water 
pwelling, bringing nutrients and metal elements to the 
urface and making these elements bioavailable to marine 
rganisms. Metals in zooplankton samples followed the 
rder of Sr > Fe > Zn > Ba > Li > Mn > Cr > As > Cu > Cd
 Ni > Pb > Co > U; there were also rather large variations
n concentrations between metals and by area, the meaning 
f which is still poorly understood. Unfortunately, some 
etal concentrations found in our study were in good 
greement with concentrations found in other regions that 
ere not contaminated. The results of this study can be 
sed as baseline data for the metal contents of zooplankton 
n Moroccan South Atlantic coastal water. Additionally, the 
esults of the present study will be useful for historical 
valuations by annual monitoring in the area. Finally, it is 
ighly recommended that further studies be undertaken 
n the region of the southern Moroccan Atlantic coast to 
etermine the relationship between the metal contents 
f zooplankton and seawater, the bioaccumulation factor 
BAF) of metals in zooplankton, as well as the metal content 
n different species of zooplankton, to determine which 
ethod yields the most sensitive bioindicator. 
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