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Abstract Each spring, pine pollen coats considerable expanses of Baltic Sea surface waters. 
Measurements have shown that there are areas where its concentrations in this surface layer 
are so high that they are the dominant constituent of the suspended particulate matter (SPM) 
( Pawlik and Ficek, 2016 ). It then determines to a large extent the optical properties of the 
water surface, inter alia by modifying the sea colour. To date, however, the concentration of 
this constituent in the marine environment has rarely been studied, and its presence is not 
accounted for in the satellite algorithms used to define the composition and properties of sea 
water. This may well be the source of substantial errors in the remote sensing of the opti- 
cal properties of the water and the measurement of concentrations of the optically important 
constituents it contains (chlorophyll a , TSM, CDOM). Measuring the concentration of pollen 
suspensions in Baltic Sea water, which often contains prodigious amounts of other SPM, is a 
daunting experimental challenge. Firstly, we characterized the pollen from pine trees growing 
near the southern shores of the Baltic Sea (northern Poland) using a microscope and two in- 
struments routinely used in oceanography for measuring SPM size distributions: the LISST-100X 
and the Coulter counter. The measurements and analyses showed that a correct interpretation 
of the LISST-100X and Coulter measurements, is sufficient to count the number of pollen grains 
in distilled water alone. Furthermore, our laboratory analysis of the particle size distribution 
spectra enabled the fraction due only to pine pollen grains to be separated from the overall 
SPM. We then tested our method of analysing the SPM composition, which showed that the 

∗ Corresponding author at: Institute of Biology and Earth Sciences, Pomeranian University in Słupsk, 22A Arciszewskiego Str., 76—200 
Słupsk, Poland. 

E-mail address: magdalena.pawlik@apsl.edu.pl (M.M. Pawlik). 
Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences. 

https://doi.org/10.1016/j.oceano.2021.11.001 
0078-3234/ © 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting 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/ ). 

https://doi.org/10.1016/j.oceano.2021.11.001
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
mailto:magdalena.pawlik@apsl.edu.pl
https://doi.org/10.1016/j.oceano.2021.11.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


M.M. Pawlik and D. Ficek 

LISST-100x instrument is both a useful and an effective means for the in situ detection of the 
pine pollen that one sees in spring in Baltic waters. 
© 2021 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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Figure 1 Magnitudes measured in pine pollen grains (after 
Erdtman, 1954 ): A — lateral position (equatorial), B — dorsal 
(polar); 4-12 — height of pollen grain, 13-13 — width of pollen 
grain; 3-3 — depth of pollen grain; 1-4 height of corpus, 5-5 —
width of corpus, 9-8 — height of sacci, 10-10 — width of sacci, 
11-11 — depth of sacci. 
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. Introduction 

esides dissolved substances, suspended particulate mat- 
er (SPM) is one of the most important groups of opti- 
ally important constituents in sea water. Marine SPM is 
ormed mainly as a result of biological production, shore 
nd bottom abrasion, and precipitation from dissolved mat- 
er. Allochthonous SPM is derived mainly from rivers, the 
tmosphere and subterranean waters. The SPM concen- 
ration in waters is variable both seasonally (as a result 
f cyclic inflows of riverine waters, pollen formation and 
he seasonal fluctuations of phytoplankton) and regionally. 
empkowiak et al. (2002) measured SPM concentrations in 
pen, southern Baltic Sea waters, obtaining levels from 0.27 
o 1.78 mg/dm 

3 . SPM levels are the highest in the coastal 
one, in the lagoons and especially in river estuaries — from 

.36 to 35 mg/dm 

3 ( Eisma et al., 1991 ; Emelyanov (ed.), 
002 ; Kr ę żel and Cyberski, 1993 ; Schiewer, 2008 ). 
SPM exerts a major influence on the functioning of 

quatic ecosystems. Suspended particles are responsible in- 
er alia for the transport, accumulation and transformation 
f many chemical elements, e.g. nutrients, carbon, met- 
ls, as well as non-biodegradable organic pollutants dis- 
harged into the sea (e.g. Szefer, 2002 ; Turner and Mill- 
ard, 2002 ). SPM also affects the optical properties of wa- 
er, interacting as it does with light during its absorption 
nd scattering and thus modifying the colour of the water, 
hich is a basic source of information in the remote mon- 
toring of water bodies. Such remote measurements of wa- 
er properties have become much more common in recent 
ears ( Ficek et al., 2011 ; Kahru et al., 2007 ; Reinart and
utser, 2006 ; Wo źniak et al., 2011 ). Teledetection from air- 
raft or satellites enables the quantitative measurement of 
ptically active constituents (OAC) levels, so long as the sig- 
al reaching the sensors from the water is correctly inter- 
reted. The remote detection of these constituents requires 
obust algorithms that can isolate that fraction of the to- 
al signal best correlating with the constituent to be anal- 
sed. One constituent, which to date has not been taken 
nto consideration, and which could be the source of se- 
ious errors in remote measurements, is pine pollen, vast 
mounts of which reach Baltic waters each spring. A pre- 
iminary study of ours showed that large pollen concen- 
rations are found not only in the immediate vicinity of 
he shoreline, but also at considerable distances from it, 
here it can make up more than 40% of all the 1.25—250 
m SPM floating on the water ( Pawlik and Ficek, 2016 ). 
ine pollen grains are carried to Baltic waters by terres- 
rial run-off and winds. The latter can blow them 50—60 
m out to sea ( Dyakowska, 1959 ), a feat enabled by their 
tructure — a waxy outer skin and air vesicles (sacci) (see 
igure 1 ). For two-three weeks in late May and early June 
the pine pollen season), these trees produce vast quantities 
234 
f pollen, coating the adjacent land and water with yellow 

ust. The Baltic coast is well wooded, the dominant tree 
pecies being the Scots pine Pinus sylvestris. According to 
he Polish National Forest Inventory ( Bureau for Forest Man- 
gement and Geodesy, 2020 ), this species makes up 58% of 
orests in the country. A single pine tree produces some 350 
00 000 pollen grains, so 1 ha of a monospecific tree stand 
ill generate as many as 12 910 095 300 ( Pohl, 1937 ). Nu-
erous authors have shown that pollen pine grains vary in 
iameter, depending on the environment the trees are grow- 
ng in. For example, pine pollen grains from the state of 
aine (USA) range in diameter from 60 to 75 μm ( Keller and
atrai, 1998 ), while those from New York from 32 to 65 μm
 Wodehouse, 1935 ). 
Microscope measurements of suspended particle sizes 

n natural waters are unreliable, so other instruments that 
ndirectly measure particle sizes are usually used, e.g. the 
ISST-100X, which operates on the basis of light scattering, 
r the Coulter counter, which relies on changes in permit- 
ivity. The various techniques for measuring the equivalent 
pherical diameter (ESD) of a particle often give different 
esults for the same particles, particularly if these are 
on-spherical ( Janosz, 1987 ; Jennings and Parslow, 1988 ; 
arp-Boss et al., 2007 ). But despite these limitations, these 
nstruments are routinely used in studies of aquatic environ- 
ents for determining the size distributions of total lacus- 
rine and marine SPM ( Ahn and Grant, 2007 ; Bradtke, 1997 ;
eynolds et al., 2010 ), phytoplankton suspensions 
 Anglès et al., 2008 ; Karp-Boss et al., 2007 ; Rienecker et al.,
008 ; Rzadkowolski and Thornton, 2012 ), bacteria 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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 Serra et al., 2001 , 2002 ) and sediment ( Gartner et al.,
001 ). An attempt to analyse the concentration of pine 
ollen grains in sea water has also been described 
 Pawlik and Ficek, 2016 ). 
The principal aim of the present study was to devise and 

est a method for the in vitro and in situ measurement of 
ine pollen grains found on Baltic Sea surface waters. Since 
here might be local differences in grain sizes, we first mea- 
ured microscopically the grain sizes of pollen from pines 
rowing on the southern Baltic coast in order to character- 
ze their size distributions. Then we applied those charac- 
eristics to develop a method for estimating the in situ con- 
entration of pine pollen grains in an aquatic environment 
sing the LISST-100X instrument. The method was validated 
sing suspensions of pollen in pure water and sea water. 

. Material and methods 

n sea water, pollen is present along with other optically im- 
ortant constituents in various concentration combinations. 
he optical characteristics of such water are the upshot of 
nteractions between all of its constituents and are diffi- 
ult to interpret. Therefore, in order to obtain samples of 
aximally uncontaminated pollen for laboratory analysis, 
e collected pollen directly from pine tree inflorescences 
uring the pollen season. The sizes of these grains were 
hen measured in different planes under a CKX41 micro- 
cope (Olympus). 
Pine pollen grains are irregular in shape. The parame- 

ers shown on Figure 1 were measured in order to deter- 
ine grain volume (V) and surface area (S): this was done 
n the assumption that the various parts of a pollen grain 
esembled a triaxial ellipsoid ( Cho et al., 2003 ). 
As a large number of parameters have to be measured 

n order to determine V and S for irregular 3D shapes, the 
rocedure is simplified, for example, by approximating an 
rregular particle to a sphere of volume equal to that of 
he irregular particle. Then we calculate ESDv, the volume- 
quivalent spherical diameter of a sphere, for such a sphere 
sing the formula: 

SDv = 

(
6 
π

V part icl e 

)−3 

Better results are sometimes achieved by approximat- 
ng the particle to a sphere whose surface area is equal 
o that of the irregular particle. In this case, we calculate 
SDs, the surface-equivalent spherical diameter of a sphere 
 Karp-Boss et al., 2007 ) from the formula: 

SDs = 

(
6 
π

S part icl e 

)−2 

Jonasz (1987) , Jennings and Parslow (1988) and Karp- 
oss et al. (2007) showed that Coulter counter measure- 
ents were better correlated with ESDv, whereas those 
btained with the LISST-100X were better correlated with 
SDs. Different physical measurements are sensitive to dif- 
erent attributes of the particle (for example, whereas 
ear-forward light scattering is sensitive to the particle’s 
ross-sectional area, electrical impedance is sensitive to the 
article’s volume). In line with the results of those authors, 
e used ESDs for the LISST-100X and ESDv for the Coulter 

ounter. P

235 
To test the feasibility of detecting pollen suspended in 
istilled water and multi-constituent sea water we used two 
nstruments: 

1. The LISST-100X, type B (Sequoia Scientific, Inc.), a laser 
instrument for measuring scattering and transmission in 
situ. This measures the volume concentration of parti- 
cles V(D) in 32 size classes, divided logarithmically from 

1.25 to 250 μm, using small angle forward-scattering 
laser diffraction. The scattered light is measured in 32 
size bins using a red laser diode at 670 nm and a 32-ring
silicon detector. At these small angles, laser diffrac- 
tion is unaffected by the composition of particles, be- 
cause light scattering is determined almost entirely by 
light diffracted by the particle. With the software pro- 
vided by the manufacturers, the scattering intensities 
measured by the detector are mathematically inverted 
to obtain the particle volume concentration, assuming 
that the particles are spheres. A detailed description 
of the technology and its application is provided by 
Agrawal and Pottsmith (2000) . 

2. Multisizer 4 Coulter Counter (Beckman Coulter) 
equipped with a 100- μm aperture. The device uses 
the Coulter method, known as electrical sensing zone 
(ESZ), a method with high resolution and accuracy, ad- 
ditionally supported by digital pulse processor, which 
provides ultra-resolution, multi-channel analysis, and 
accuracy unattainable by other technologies and meth- 
ods of measurement (volumetric pump precise is higher 
than 99.5%). The application of 100 μm aperture allows 
for precise designation of particles in 2—60 μm size 
range (treated as equivalent sphere diameter) divided 
into 400 size channels logarithmically spaced over the 
measured range. The aperture of the instrument was 
calibrated using microsphere standards following the 
manufacturer’s procedure. The measurements of par- 
ticle size distribution (PSD) were made in three repli- 
cates for each sample. 

It should be mentioned, however, that in situ measure- 
ents in sea water are possible only with the LISST-100X 

nstrument. The Coulter counter is suitable only for the in 
itro examination of water samples in the laboratory. More- 
ver, as it is extremely sensitive to extraneous factors, it is 
sually used for measurements on land in samples conserved 
ith Lugol’s solution. 
The research material consisted of pine pollen grains col- 

ected from male inflorescences directly from the trees dur- 
ng the pollen season (12—31.05.2018). In the laboratory, 
his pollen was mixed with distilled water to obtain a pre- 
iminary suspension. After 24 hours, this was used to pre- 
are further suspensions with different concentrations of 
ollen. These were obtained by mixing the preliminary sus- 
ension with different proportions of distilled water. The 
nal samples thus contained 10, 20, 25, 30, 50, 75 and 100% 

f the preliminary suspension. These were then examined 
sing the LISST-100X instrument and the Coulter counter. 
he measurements with the LISST-100X were carried out for 
0 minutes. To prevent the pollen grains from the outflow 

uring the measurements, the samples were stirred contin- 
ously in a chamber equipped with a magnetic stirrer (Full 
ath Mixing Chamber for LISST-100X). 
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Table 1 Characteristics of ESD values of pine pollen grains (maximum, minimum, mean, median and standard deviation) 
measured under a microscope and regrouped into the LISST and Coulter counter classes. 

equivalent spherical diameter (ESD) range of min—max average median standard deviation 

Microscope and Coulter 
ESDs [ μm] 27.7—67.4 44.7 45.0 4.2 
ESDv [ μm] 27.4—67.3 44.1 44.4 4.1 
LISST-100X 
ESDs [ μm] 26.7—72.2 44.7 43.9 4.8 
ESDv [ μm] 26.7—72.2 44.1 43.9 4.7 
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The next experiment was carried out using sea water. 
he pine pollen grains were mixed with distilled water and 
eft to stand for 24 hours. On the following day, sea water 
not containing any pollen grains) was sampled from the sea 
urface by the pier at Ustka. These samples were not con- 
erved with Lugol’s solution: both the conservation of sea 
ater ( Menden-Deuer et al., 2001 ; Zaruz and Irigoien, 2008 ) 
nd its non-conservation, as well as any lengthy delay be- 
ween sampling of the water and its analysis in the labora- 
ory can modify the particle size distribution (PSD) of bio- 
ogical particles. As soon as the sea water was brought to 
he laboratory (ca 1 hour after sampling), 7 samples were 
repared containing the suspension prepared 24 hours ear- 
ier (containing pine pollen grains and distilled water) and 
ea water. The respective samples contained 10, 20, 25, 30, 
0, 75 and 100% of the distilled water suspension. The LISST- 
00X was then used to measure PSD in both the original sea 
ater and in the mixtures prepared from it. The measure- 
ents were carried out under exactly the same conditions 
s were applied when measuring the suspensions of pollen 
n distilled water (see the previous paragraph). 

. Results and discussion 

.1. ESD measurements of pine pollen grains 
nder the microscope 

ecause pollen grains differ in size in different parts of the 
orld, the first step in this research involved characteriz- 
ng the size distribution of pine pollen grains from south- 
rn Baltic coastal areas. To this end, pollen was collected 
irectly from the male inflorescences of pine trees, which 
as then soaked in distilled water for 24 hours prior to the 
easurements. A total of 3353 pollen grains in this sus- 
ension were measured under an optical microscope, after 
hich the ESDv and ESDs of each grain were determined. 
able 1 lists the maximum and minimum values of ESD for 
ine pollen grains, along with their mean values, median 
nd standard deviation. ESDv ranged from 27.4 to 67.3 μm 

ith a mean of 44.1 μm, ESDs from 27.7 to 67.4 μm with a
ean of 44.7 μm. 
The Coulter and LISST-100X measurements were classi- 

ed according to size. The Coulter diameters were allocated 
o 400 size bins, each of constant width. With the LISST-100X 
here are just 32 size bins of uneven width, which increases 
ith increasing particle diameter. To correctly interpret the 
oulter and LISST-100X diameters, the microscopically mea- 
236 
ured diameters were regrouped into the same size bins as 
hose obtained with the instruments. Table 1 and Figure 2 
how the results of the analyses of these regrouped distribu- 
ions of diameters. Clearly, the grouping of diameters mea- 
ured under the microscope in the Coulter size classes with 
espect to the ungrouped measurements does not alter the 
arameters describing their characteristics. The reverse is 
he case when diameters are regrouped according to the 
ISST size classes. In this case, the smaller number of bins 
eans that we observe certain changes with respect to the 
ngrouped measurements. The mean value of ESDs = 44.7 
nd ESDv = 44.1, whereas the standard devation is 4.8 and 
.7, respectively. 

.2. PSD measurements of pine pollen grains in 

ater 

n the next experiment, we tested whether the LISST-100X 
nd Coulter instruments could be used to measure the con- 
entration and PSD of a suspension of pollen in water. PSD 

as measured in suspensions of six different concentrations 
f pine pollen grains in distilled water. By way of example, 
igure 3 shows the results obtained for suspensions contain- 
ng three different concentrations of pollen. We see that 
he presence of pollen grains in water is indicated by a dis- 
inct peak in the same range as that where the peak was 
bserved in the microscope measurements (see Figure 2 ). 
e can therefore assume that this peak is due to the pres- 
nce of pine pollen. 
The measurements of pollen suspensions under the mi- 

roscope and with the two instruments also enabled a com- 
arison of the results. The Coulter measurements are sim- 
lar to the results obtained with the microscope. On the 
ther hand, the distribution of the LISST diameters is dis- 
inctly broader than that of the Coulter measurements. The 
SD of pine pollen grains measured with the LISST ranged 
rom 24.6 to 78.4 μm, but with the Coulter counter was 
rom 24.62 to 60.0 μm. The wider range of ESD bins of pollen
rains obtained with the LISST is due to the differences in 
he size bins of the two instruments: the LISST has far larger 
ins than the Coulter counter. Measuring the size of very 
arge pine pollen grains using the Coulter counter was lim- 
ted by the size of the diaphragm in this instrument. With a 
00 μm diameter diaphragm, pollen grains from 2 to 60 μm 

an be measured, but the ESDs of some grains lie beyond this 
ange. To measure such larger grains a diaphragm of wider 
iameter would be necessary. Despite these differences, we 
till get good agreement between the maxima from both in- 
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Figure 2 Equivalent spherical diameter (ESDv and ESDs) of pine pollen grains measured under the microscope in ( a ) Coulter size 
classes and ( b ) LISST-100X size classes. 

Figure 3 Particle size distribution of pine pollen grains as measured with two different instruments. Three samples with different 
concentrations are depicted (25, 50, 75% pollen: distilled water). 
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truments for the pine pollen grain size class from 40.5 to 
7.7 μm. Both instruments showed a distinct peak in the di- 
meters in the same range as the microscope measurements 
t ca 45 μm, albeit the local Coulter maximum displays a 
reater volume concentration than that obtained with the 
ISST. This is due to the narrower measurement range of 
he latter instrument. 
Both instruments were also used to estimate the total 

umber of pollen grains in the suspension. The measure- 
ents made under the microscope ( Figure 2 ) and with the 
ISST and Coulter counter ( Figure 3 ) indicate that the peak 
rom the pollen grain size ranging from 24.6 to 78.4 μm and 
rom 24.62 to 60 μm (Coulter) can be linked to the pres- 
nce of pine pollen, and that the magnitude of that peak 
ives a rough indication of its concentration in water. In 
237 
he subsequent calculations, therefore, it was assumed that 
he pollen concentration was equal to its concentration in 
he following ranges: LISST-100 × 24.6—78.4 μm, Coulter 
4.62—60.0. To test the quality of this means of estimating 
ollen concentrations in water, we analysed the measure- 
ents obtained from the samples with different pollen con- 
entrations. Here we took into account the fact that when 
ixing a known volume of a water-pollen grain mixture with 
 known volume of distilled water, we can define the rel- 
tive changes in pollen concentration in the samples with 
espect to the concentration in the original pollen mixture. 
he results of these measurements confirmed the linear de- 
endence between the instrumentally measured concentra- 
ions and the calculated ones (coefficient of determination 
 

2 = 0.99) (see Figure 4 a). 



M.M. Pawlik and D. Ficek 

Figure 4 ( a ) Comparison of estimated concentration of pine pollen grains in the solutions and its values determined using by 
LISST method; ( b ) Relationship between the volume concentration obtained from Coulter-measured particle size distributions and 
those obtained from the LISST-100X distributions. The real pine pollen grain concentrations obtained using by with both instruments 
are shown in black, whereas the pollen grain concentrations obtained after the addition of the LISST measurements of pollen grains 
larger than 60 μm to the Coulter measurements are shown in grey. 
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We further compared the pollen grain counts using the 
wo aforementioned instruments. It turned out that, despite 
mploying two different measurement techniques, the cor- 
elation between the results obtained with both was very 
igh (coefficient of determination r 2 = 0.99) ( Figure 4 b —
oncentrations shown in black). However, the pollen con- 
entrations in all the samples measured with the LISST were 
omewhat higher than with the Coulter counter. This is be- 
ause, as mentioned above, the Coulter counter diaphragm 

s too small and is incapable of measuring pollen grains with 
SD > 60 μm. That is why to estimate the total number 
f pollen grains in the suspension, the data from two size 
lasses > 60 μm obtained with the LISST-100X were added 
o the Coulter measurements. The results, shown in grey, 
re illustrated in Figure 4 b. This figure shows that after this 
orrection, the measurements obtained with both instru- 
ents differ only slightly, the slope of the straight line is 
lose to 1, and the coefficient of determination r 2 = 0.99. It 
hould be noted that there are always certain differences 
n the readings given by the two instruments because they 
mploy different measurement techniques and differently 
nterpret ESD ( Jennings and Parslow, 1988 ; Jonasz, 1987 ; 
arp-Boss et al., 2007 ). 

.3. PSD measurements using LISST in 

ulticomponent sea water 

etermining the concentration of one SPM constituent in 
 mixture containing other such constituents on the basis 
f PSD spectra poses a considerable challenge. As will be 
hown below, this is more or less possible if one knows the 
ize distribution parameters of the sought-after SPM con- 
tituent. Pine pollen occurs in sea water together with other 
ubstances suspended in it in various combinations of con- 
entrations. It is obvious, therefore, that measurements of 
uch multi-constituent SPM are best carried out in situ. How- 
ver, the sampling technique and the time elapsing between 
238 
ampling and analysis in the laboratory are just two fac- 
ors that can lead to errors that are hard to estimate. That 
s why for this part of our research we tested the possi- 
ility of analysing the pollen concentration using only the 
ISST-100X, an instrument which permits in situ measure- 
ents in sea water. The preliminary results of that study, 
ublished in Pawlik and Ficek (2016) , showed that in situ 
easurements of pollen concentrations using the LISST-100X 
re feasible. Later, we tested the accuracy of that method. 
or this purpose, measurements were made on mixtures 
f Baltic Sea water with known concentrations of pollen 
rains. To estimate the numbers of pollen grains suspended 
n sea water, we applied our knowledge of their size distri- 
ution from microscope measurements ( Figure 2 , Table 1 ) 
nd the LISST-measurements of pollen suspensions in dis- 
illed water ( Figure 3 ). Besides pollen in sea water, there
re multifarious other particles that modify the PSD spec- 
rum, so when estimating the pollen grain concentration, 
e adopted a number of simplifications. We assumed that 
he concentration of SPM with ESD both below (ESD < 24.6 
m) and above (ESD > 92.6 μm) the value measured micro- 
copically in pollen grains constituted a background unre- 
ated to the pollen grains and that we should take only val- 
es above that background level into consideration when 
stimating pollen concentrations. We also assumed that the 
evel of the background signal between the limiting values 
aried linearly (see Figure 5 ). We included in the pollen 
ignal all those values that were above the line drawn be- 
ween the concentrations from beyond the pollen ESD in- 
ervals (the yellow columns in Figure 5 ). The choice of the 
pper limit (92.6 μm) to estimate pine pollen is related 
o the property of the device LISST-100X, which is used 
ear forward light scattering measurements to obtain in- 
ormation about the size and concentration of suspended 
articles. 
Then we examined how various concentrations of pollen 

rains affected the volume distributions of marine SPM mea- 
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Figure 5 Diagram illustrating the methodology for measuring the concentration of pine pollen grains in any suspension using the 
LISST instrument. 

Table 2 Proportions of pine pollen grains mixed with distilled water and sea water used for measurements in the study 
experiment. 

Number of a sample Proportion ofpreliminary suspension 
(pollen mixed with distilled water) 

Mixture 1 
Distilled 
water 

Mixture 2 
Natural sea 
water 

Natural sea water — — 100 ml 
Preliminary suspension of pine pollen grains 100% 100 ml — —
Sample 1 10% 10 ml 90 ml 90 ml 
Sample 2 20% 20 ml 80 ml 80 ml 
Sample 3 25% 25 ml 75 ml 75 ml 
Sample 4 30% 30 ml 70 ml 70 ml 
Sample 5 50% 50 ml 50 ml 50 ml 
Sample 6 75% 75 ml 25 ml 25 ml 
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ured using the LISST-100X and its ability to measure the 
ine pollen concentration. The research material for this 
xperiment consisted of mixtures containing set propor- 
ions of pine pollen grains in distilled water and sea water 
 Table 2 ). 
We then measured the pollen grain concentrations in 

hese suspensions; the results are shown in Figure 6 . This 
gure shows that all the distributions are characterized by 
istinct peaks, which testify to the presence of particular 
roups of SPM constituents in the water. The blue line indi- 
ates the measurement made in sea water without the addi- 
ion of pollen grains. The sea water was dominated by SPM 

ith ESD between 2.86 and 40.5 μm, with a distinct peak 
etween 10.8 and 12.7 μm. The species composition of the 
axa microphytoplankton present in the sea water samples 
nd its dimensions are listed in Table 3 . Microscopic mea- 
urements showed that, apart from the pollen, the sam- 
les analyzed did not contain any large concentrations of 
hyto- or zooplankton of dimensions within the range of the 
ominant maximum shown in Figure 2 . The next curves on 
his figure show the measurements of sea water with pollen 
rains. We see that the addition of ever larger quantities of 
he pollen grain — distilled water mixture to the sea water 
239 
enerates a conspicuous bulge in the 24.6—78.4 μm range, 
ith a distinct peak in the pollen grain group of diameter 
4 μm. At the same time, we note a gradual decline in the
oncentration of nanoplankton in the marine suspensions. A 
radual decline concentration of nanoplankton depends on 
he relative size and concentration of the pine pollen grains 
n the marine suspensions. 

In order to test the proposed methods of estimating 
ollen grain concentrations, this time in sea water contain- 
ng other SPM as well, we analysed the measurements of 
he above samples containing different amounts of pollen. 
ere, we utilized the fact that when mixing a known vol- 
me of distilled water containing pollen with a known vol- 
me of sea water, we can calculate the relative changes of 
ollen concentration in the samples with respect to the ini- 
ial pollen grain concentration. These measurements con- 
rmed the linear dependence between the calculated con- 
entrations and the LISST-measured ones (coefficient of de- 
ermination r 2 = 0.99; see Figure 6 d). Thus, when sea water 
oncentrations of pollen are high, PSD spectra analysis dis- 
riminates the pine pollen fraction from the total SPM, and 
ts concentration can be measured with a satisfactory level 
f accuracy. 
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Figure 6 ( a—c ) LISST-measured particle volume distribution for suspensions of pine pollen grains and natural seawater sampled 
from the Ustka Pier on 6 May 2019. The mixed suspension was produced by combining different concentrations of pine pollen grain 
suspensions in different concentrations of natural seawater and distilled water; ( d ) Comparison of LISST concentration of pine 
pollen grains and concentration of the same pine pollen grains calculated from the volume (measurements in a natural seawater 
samples and a distilled water samples). 

Table 3 List and characteristics of microphytoplankton taxa and taxonomic groups identified in the water used for measure- 
ments (sampled on 6 May 2019) in the Baltic Sea with mean ESDs; ESD — equivalent spherical diameter. 

Taxonomic groups Species Calculated volume [ μm 

3 ] ESDs [ μm] 

Chlorophyceae Pseudopediastrum boryanum 15896—49749 31.2—45.6 
Bacillariophyceae Actinocyclus spp. 110214—371972 59.5—89.2 
Dinophyceae Gyrodinium spp. 2685—15656 17.2—31.0 
Dinophyceae Dinophysis acuminata 29401—34006 38.3—40.2 

240 
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Figure 7 In situ concentrations measured with the LISST at different stations in the Baltic during the pine pollen season. ( a ) Locations of the stations where large concentrations 
of pollen grains were observed in the southern Baltic Sea. ( b ) Concentration of pine pollen grains in waters of the Baltic Sea (visible with the naked eye). ( c—f ) In situ concentrations 
of pine pollen at four measurement stations in the Baltic Sea. 
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The final part of this work presents examples of in situ 
SD measured with the LISST at different stations in the 
altic during the pine pollen season ( Figure 7 ). The posi- 
ions of the stations are shown in Figure 7 a. Large concen- 
rations of suspended pollen at these stations were visible 
ith the naked eye — this is illustrated by the photograph 
n Figure 7 b. The presence of large pollen concentrations 
as also confirmed by the distinct peak in the PSD spectrum 

etween 24.6 and 78.4 μm, with maxima at ca 44 and 52 
m ( Figure 7 c—f). As shown earlier by the laboratory mea- 
urements, this range coincides with the size range in which 
ollen grains are observed. Application of the above method 
o calculate the pollen concentration at the various stations 
howed that the pollen grain concentrations and the pro- 
ortions of suspended pollen in the total SPM in the 1.25—
50 μm size range were: 2.4 μl l −1 (34.2%) at station Plat1, 
.8 μl l −1 (23.5%) at P5, 4.1 μl l −1 (39.6%) at L4 and 2.7 μl
 

−1 (49.2%) at P39. These measurements demonstrate that 
ollen suspensions in the Baltic Sea can locally reach very 
igh concentrations, sometimes even being the dominant 
onstituent of the SPM. 

. Conclusions 

his paper is the first to describe and validate a method 
f counting pine pollen grains in an aquatic environment. 
umerical and volume distributions of this important con- 
tituent of marine SPM were calculated using a LISST-100X 
nd a Coulter counter and the results compared. Even 
hough these two instruments employ different techniques 
or detecting particles, a high correlation was achieved 
etween the concentrations of pine pollen grains in wa- 
er. The experiment described shows that if we know the 
SD of the pollen grains, we can use both the LISST-100X 
nd the Coulter counter to identify and detect this suspen- 
ion. When used for laboratory measurements, both instru- 
ents yielded similar size distributions and concentrations. 
he LISST-100X is superior for the detection of pine pollen 
rains, because it is capable of measuring the in situ volume 
oncentration of this pollen in Baltic Sea water relatively 
uickly and simply. However, the correct interpretation of 
ISST data requires that the pollen concentrations in the 
uspensions be large enough for the signal (peak) due to it at 
0.5—47.7 μm to be readily visible against the background 
SD of other SPM. 
Research into SPM in surface waters nowadays is espe- 

ially important, when remote monitoring techniques are 
n the ascendancy. Ongoing global and local environmental 
hanges demand the intensification of studies of the Baltic 
ea, a sensitive ecosystem endangered by eutrophication. 
here is no doubt that if the correctly interpreted SPM com- 
osition signal reaching the satellite is incorporated in satel- 
ite algorithms, it will significantly improve the quality of 
emotely-sensed data. 
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Abstract Size-fractionated primary production (PP) and chlorophyll- a (Chl- a ) with phyto- 
plankton abundance and nutrients were investigated in the south-eastern Black Sea from 

November 2014 to August 2015. A 14C radio-tracing technique was used to estimate phyto- 
plankton primary production. C-14 experiments revealed that total PP ranged from 295 mgC 
m 

−2 d −1 to 5931 mgC m 

−2 d −1 along the study area. Size-fractionated PP varied from 84 to 
1848 mgC m 

−2 d −1 , from 96 to 3156 mgC m 

−2 d −1 and from 56 to 3363 mgC m 

−2 d −1 for pico-, 
nano- and microphytoplankton, respectively. Overall, winter (4163 mgC m 

−2 d −1 ) and spring 
(5931 mgC m 

−2 d −1 ) were the most productive seasons, which coincided with high phytoplank- 
ton abundance. Contributions of microphytoplankton and nanophytoplankton were prominent 
in spring with maximum PP values. Winter was the second productive season with high contribu- 
tions of nano- and microphytoplankton PP. Summer and autumn were less productive seasons, 
which were characterised by a high contribution of pico- and nanophytoplankton PP. Dinoflagel- 
lates were represented with the highest species richness (68 species, 53.54%) and diatoms were 
the second group along the area. Diatoms and other phytoplankton species (mainly Emiliania 
huxleyi ) were the most abundant groups in terms of quantitative contribution. The results show 

that microphytoplankton along the study area are responsible for the majority of PP. However, 
the measured high Chl- a against low size-fractionated PP clearly indicates that smaller groups 
(i.e., pico- and nanophytoplankton) were dominant during these periods. Hence, the quantifi- 
cation of size-fractionated PP rates together with ecological indicators will allow for a more 
comprehensive assessment of the Black Sea ecosystem. 
© 2021 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 

hytoplankton community composition and size classes 
i.e., pico-, nano- and micro-phytoplankton) affect bio- 
eochemical processes, carbon fixation and transferring 
f organic matter to upper trophic levels via photo- 
ynthesis mechanism ( Guidi et al., 2010 ; Kiørboe, 1993 ; 
argalef, 1965 ; Uitz et al., 2010 ). This mechanism builds 
he base of the marine food web, and regulates trophic in- 
eractions, nutrient dynamics, and energy transfer to up- 
er trophic levels ( Paerl et al., 2003 ; Platt and Sathyen- 
ranath, 2008 ). Since phytoplankton physiologically quickly 
espond to environmental changes, this makes them sensi- 
ive indicators of environmental degradation in the aquatic 
cosystems ( Hays et al., 2005 ; McQuatters-Gollop et al., 
007 ). 
Photosynthetic capacity, trophic role and physiology of 

he phytoplankton are closely related to their size struc- 
ure ( Song et al., 2019 ). Size structure of phytoplankton 
nfluences food web efficiency and carbon export in the 
elagic ecosystem ( Tilstone et al., 2017 ). For example, mi- 
rophytoplankton ( > 20 μm in size) are responsible for new 

roduction and contribute significantly (nearly 20% of an- 
ual primary production) to carbon fixation ( Eppley and Pe- 
erson, 1979 ; Goldman, 1993 ; Michaels and Silver, 1988 ; 
elson et al., 1995 ; Tilstone et al., 2017 ). Nanophytoplank- 
on (2—20 μm in size) are responsible for most of the pri- 
ary production (PP) in many shelf seas ( Joint et al., 1986 ). 
icophytoplankton are dominant in the low Chl- a areas of 
ligotrophic subtropical and tropical seas ( Aiken et al., 
009 ; Veldhuis et al., 2005 ), and their contributions to an- 
ual PP are generally low when compared with other size 
roups ( Curran et al., 2018 ). Moreover, phytoplankton size 
lasses can be associated with different biogeochemical re- 
ions and trophic status for a given area. Oligotrophic wa- 
ers are generally dominated by picophytoplankton with low 

hl- a and PP rates ( Curran et al., 2018 ; Platt et al., 1983 ;
iviani et al., 2011 ). Differently, nanophytoplankton have 
oderate Chl- a and PP rates in the mesotrophic regions. 
y contrast, the microphytoplankton inhabit eutrophic ar- 
as (i.e., nutrient replete waters) with high Chl- a and PP 
apacity ( Cho and Azam, 1988 ; Eppley and Peterson, 1979 ; 
alkowski et al., 1998 , Tilstone et al., 2017 ). Moreover, 
icrophytoplankton plays a major role in global carbon 
ycle ( Tilstone et al., 2017 ). Hence, measuring of size- 
ractionated primary production and monitoring of changes 
n phytoplankton size structure have vital role in under- 
tanding biogeochemical carbon cycle, biological pump, 
cosystem management strategies and sustainable ecosys- 
em policies ( Aumont et al., 2003 ; Le Quéré et al., 2005 ; 
ilstone et al., 2017 ; Uitz et al., 2010 ). 
The Black Sea is a biologically productive and the 

argest anoxic marine environment ( Yilmaz et al., 2006 ; 
unev et al., 2002 ). However, due to ecological deterio- 
ations, shifts in the ratio of major phytoplankton groups, 
ualitative and quantitative changes in community struc- 
ure, phenological changes in bloom pattern and de- 
line in PP rates have been observed over the decades 
 Agirbas et al., 2014 ; Bat et al., 2011 ; Feyzioglu and Sey-
an, 2007 ; Kideys, 1994 , 2002 ; Kopelevich et al., 2002 ). 
he Black Sea is characterized with two phytoplankton 
245 
looms throughout the year. The major bloom (mainly di- 
toms) occurs in early spring, while a secondary bloom 

f coccolithophores appears in autumn ( Sorokin, 1983 ; 
edernikov and Demidov, 1997 ). However, additional sum- 
er blooms of dinoflagellates and coccolithophores have 
requently been reported from the Black Sea ( Hay et al., 
990 ; Sur et al., 1996 ; Yayla et al., 2001 ; Yilmaz et al.,
998 ). 
Production rates were generally high in the north- 

estern Black Sea, they ranged from 570 to 1200 mgC 

 

−2 d −1 , whereas values varied from 320 to 500 mgC m 

−2 

 

−1 in the regions of continental slope, 100 to 370 mgC 

 

−2 d −1 in the central deep-sea regions during 1960—1991 
 Bologa et al., 1986 ; Demidov, 2008 ; Vedernikov and Demi- 
ov, 1997 ). On the contrary, PP rates along the south- 
rn Black Sea were reported as 247—1925 mgC m 

−2 d −1 

or spring, and 405—687 mgC m 

−2 d −1 for summer-autumn 
eriod during 1995—1996 ( Yilmaz et al., 2006 ). Recently, 
onthly production rates for the south-eastern coasts of 
he Black Sea were reported as 285—565 mgC m 

−2 d −1 for 
oastal stations, and as 126—530 mgC m 

−2 d −1 for offshore 
tations ( Agirbas et al., 2014 ). Majority of studies have fo- 
used on the simultaneous analysis of size-fractionated PP 
n the oceans ( Cermeño et al., 2005 ; Han and Furuya, 2000 ;
ochem and Zeitzschel, 1989 ; Tamigneaux et al., 1999 ), 
owever, no studies that include size-fractionated PP rates 
ere reported from the Black Sea, and therefore, it is essen- 
ial to understand which size classes of phytoplankton are 
easonally active and make a major contribution to primary 
roduction. 
In this study, we consider the spatial and temporal 

ariations in seasonal size-fractionated PP and Chl- a with 
hytoplankton abundance and nutrient data in the south- 
astern Black Sea during the 2014—2015 sampling period. 
he present study also provides the first measurement of 
ize-fractionated PP rates for the study area, and specifi- 
ally focuses on determining the contribution of phytoplank- 
on size classes to total PP rates in the study area through-
ut a seasonal cycle. 

. Material and methods 

.1. Study area and sampling regime 

amplings were performed seasonally at the 12 stations 
rom November 2014 to August 2015 along the south-eastern 
lack Sea ( Figure 1 ). The station coordinates and sampling 
etails are given in Supplementary Material Table 1. Seawa- 
er samples were obtained from the particular depths (sur- 
ace, 10 m, 20 m, 30 m and 40 m) by using a SBE 32 Carousel
osette sampler. A SBE 25 plus CTD probe was deployed 
from surface to 100 m) to reveal the vertical profile of 
emperature, salinity and Chl- a during samplings. Similarly, 
hotosynthetically active radiation (PAR) was measured sea- 
onally by using a Li-Cor (LI-193 SA) sensor mounted to CTD 

conductivity, temperature, depth) probe. The 1% light pen- 
tration depth was also calculated from PAR values in or- 
er to determine the base of euphotic zone along the study 
rea. Variations of the parameters measured for the study 
rea are summarized in Table 1 . 



E. Agirbas and M. Bakirci 

Figure 1 Map of study area and station locations (K2: Kemalpasa 2 nm, K8: Kemalpasa 8 nm, P2: Pazar 2 nm, P8: Pazar 8 nm, 
P15: Pazar 15 nm, Ç2: Camburnu 2 nm, Ç8: Camburnu 8 nm, T2: Trabzon 2 nm, T8: Trabzon 8 nm, T15: Trabzon 15 nm, G2: Giresun 
2 nm, G8: Giresun 8 nm). 

Table 1 Seasonal ranges of the parameters (mean, minimum and maximum values) obtained for the study area. 

Parameters Autumn Winter Spring Summer Overall 

Temperature ( °C) 12.27 8.67 10.37 13.06 11.08 
(8.35-18.20) (8.123-10.52) (8.14-19.79) (8.379-28.41) (8.12-28.41) 

Salinity ( ‰ ) 18.38 18.23 18.30 18.39 18.33 
(17.43-19.98) (17.354-18.88) (16.13-19.54) (17.63-19.71) (16.13-19.98) 

Chl- a ( μg l −1 ) 1.25 1.60 0.68 0.60 1.03 
(0.35-4.57) (0.27-4.96) (0.21-2.50) (0.161-2.75) (0.16-4.96) 

Euphotic zone (m) 22.33 28.67 29.83 35.25 29.02 
(19-26) (18-36) (23-45) (31-40) (18-45) 

NO 2 + 3 -N ( μM) 0.59 0.60 0.0449 0.23 0.37 
(0.001-2.12) (0.014-1.55) (0.001-0.61) (0.001-0.88) (0.001-2.12) 

PO 4 -P ( μM) 0.060 0.059 0.030 0.029 0.04 
(0.001-0.28) (0.001-0.11) (0.001-0.14) (0.001-0.14) (0.001-0.28) 

SiO 2 -Si ( μM) 4.24 2.04 1.94 1.55 2.444 
(1.58-13.63) (0.01-6.30) (0.60-4.75) (0.28-5.19) (0.01-13.63) 

Pico_PP (mgC m 

−2 d −1 ) 347.67 433.50 817.50 486.33 521.25 
(84-582) (120-1143) (275-1848) (119-1335) (84-1848) 

Nano_PP (mgC m 

−2 d −1 ) 409.25 947.42 1318.17 414.08 772.23 
(188-637) (97-2095) (263-3156) (96-1168) (96-3156) 

Micro_PP (mgC m 

−2 d −1 ) 217.92 702.83 1301.33 444.42 666.63 
(86-529) (56-1710) (169-3363) (73-1204) (56-3363) 

Total_PP (mgC m 

−2 d −1 ) 974.67 2084.08 3437.17 1344.83 1960.19 
(521-1444) (323-4163) (951-5931) (295-2555) (295-5931) 

246 
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.2. Phytoplankton analysis 

amples (1 litre) for the phytoplankton analysis were pre- 
erved with 4% formalin, and later the samples were con- 
entrated to 10 ml by sedimentation method after keep- 
ng the samples immobile for 2 weeks in a dark and 
ool place until microscopic analysis ( Utermöhl, 1958 ). 
he excess seawater after settling was gently removed 
ith a pipette. A subsample of 1 ml from the concen- 
rated sample (10 ml) was counted by using a Sedgewick- 
after cell under a phase-contrast binocular microscope 
Leica DM4000). The phytoplankton groups (diatoms, di- 
oflagellates, other phytoplankton groups) were identified 
ccording to Balech (1988) , Tomas (1996) and Rampi and 
ernard (1978) . 

.3. Nutrient analysis 

amples for nutrient (NO 2 + 3 -N, SiO 2 -Si and PO 4 -P) analy- 
es were filtered through 0.45 μm cellulose acetate mem- 
rane filters. The filtrate was collected in 100 ml acid- 
ashed high-density polyethylene bottles, and then was 
ept frozen (—20 °C) until the analysis. An auto-analyser 
SEAL) was used to measure nutrient concentrations. Ni- 
rite and Nitrate (NO 2 + 3 -N) were analysed according to cad- 
ium coil reduction method followed by sulfanilamide re- 
ction in the presence of N-(1-naphthylethylenediamine) 
ihydrochloride (Std. Methods 4500-NO 3 

−F, APHA, 1998 ). 
rtho-phosphate (PO 4 -P) was detected according to Or- 
hoAcidic molybdate/antimony with ascorbic acid reduction 
phosphomolybdenum blue) method (Std. Methods 4500-P 
, APHA, 1998 ). Reactive silicate (SiO 2 -Si) was measured 
y using acidic molybdate with ANSA reduction (silico- 
olybdenum blue) method (Std. Methods 4500-SiO 2 D, 
PHA, 1998 ). 

.4. Size-fractionated primary production 

xperiments 

 14C radio-tracing technique was deployed in order to 
stimate phytoplankton primary production ( Steemann- 
ielsen, 1952 ; Richardson, 1991 ). For this purpose, sea wa- 
er samples from each depth were sub-sampled into 50 ml 
lear polycarbonate bottles. All bottles were pre-cleaned 
ollowing JGOFS protocols to reduce trace metal contam- 
nation. Each bottle (50 ml) was inoculated with 50 μL 
aH 

14 CO 3 
− (1 μCi; 2220000 dpm). After inoculations, the 

olycarbonate bottles were transferred to an on-deck incu- 
ation system (ICES Incubator HYDROBIOS) with simulated 
ubsurface irradiance over depth to 97%, 55%, 33%, 20%, 
4%, 7%, 3%, 1% or 0.1% of the surface value and incubated 
or two hours (between 10.00 and 12.00 pm). 
After the incubation, each sample was filtered through 

.2, 2 and 10 μm polycarbonate filters to measure the pico-, 
ano- and microphytoplankton primary production, respec- 
ively. The filters were exposed to concentrated hydrochlo- 
ic acid (HCI) fumes for 12 hours. Then, the filters were 
ransferred to scintillation vials and 4 ml of scintillation 
ocktail was added. The carbon activities (as disintegra- 
ion time per minute, DPM) of each sample were measured 
ith a liquid scintillation counter (LSC, PerkinElmer TriCarb 
247 
550). Dark-bottle values were subtracted from the counts 
btained from different light depths to calculate net pro- 
uction. Hourly rates of production were calculated from 

he measurements, and then these rates were converted to 
epth-integrated PP rates (mgC m 

−2 d −1 ) using the trape- 
oidal method ( O’reilly and Zetlin, 1998 ). Hourly production 
ates were converted to daily rates depending on PAR mea- 
urements. 
Following equation was used to calculate the rates of 

P: 

 t = 

dpm ( a ) .t ot al CO 2 ( c ) . 12 ( d ) . 1 . 05 ( e ) . 1 . 06 ( f ) .k 1 .k 2 .k 3 
dpm ( b ) 

here Pt = carbon uptake, mgC m 

−3 h −1 and: 

) = sample dpm — background dpm = net dpm/sample 
) = the activity of the added 14 C solution dpm 

) = concentration of total CO 2 in experimental water, 
μMdm 

−3 

) = 12: the atomic weight of carbon, converts μMdm 

−3 ’to 
mgdm 

−3 

) = a correction for the effect of 14C discrimination 
f) = a correction for the respiration of organic matter pro- 

duced during the experiment 

 1 = a correction factor for sub-sampling 
 2 = a time correction factor 
 3 = a unit conversion factor 

.5. Evaluation of data 

olmogorov-Smirnov test was applied to check whether 
he distribution of data was normal. One-way analysis 
f variance (ANOVA) test was used to test for significant 
ifferences between data sets (e.g., size-fractionated PP, 
hl- a , phytoplankton abundance, inorganic nutrients and 
ydrography). 

. Results 

.1. Temperature and salinity profiles 

ea surface temperature (SST) ranged from 8.58 °C (winter 
015) to 28.41 °C (summer 2015) with a statistically signif- 
cant difference (ANOVA, p < 0.001) during the study period 
 Figure 2 ). The water column was uniform in winter due to
he strong convectional mixing, whereas thermal stratifica- 
ion was observed in summer and continued until autumn. 
he seasonal thermocline was detected between 20 and 50 
 depths in summer and autumn. Surface salinity values re- 
ealed a typical Black Sea pattern and varied from 16.13 ‰ 

spring 2015) to 18.18 ‰ (summer 2015) with seasonal differ- 
nces (ANOVA, p < 0.001). Depending on the depth, salinity 
ncreased to 20 ‰ which indicates the presence of Mediter- 
anean origin waters at deeper depths ( Figure 3 ). Surface 
alinity values clearly show that the upper layer of the study 
rea is influenced by the river inflow, particularly during 
pring. Euphotic zone depth derived from PAR values ranged 
rom 18 m (winter 2014) to 45 m (spring 2015) along the 
rea. In general, the thickness of euphotic zone in summer 
nd spring was greater than in other seasons ( Table 1 ). 
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Figure 2 Spatio-temporal variations in temperature (A: autumn, B: winter, C: spring, D: summer). 
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.2. Nutrient dynamics 

easonal dynamics of nutrients (i.e., nitrite plus nitrate, 
hosphate and silicate) were given in Figures 4—6 . Over the 
248 
tudy period, nutrient concentrations substantially varied, 
nd revealed statistically significant seasonal differences 
ANOVA, p < 0.001). Extensive vertical mixing during autumn 
nd winter seasons resulted in high nutrient concentrations 
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Figure 3 Spatio-temporal variations in salinity (A: autumn, B: winter, C: spring, D: summer). 
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n the euphotic zone. On the other hand, the concen- 
rations were relatively low and showed a more uniform 

attern during spring and summer along the study area. 
n general, the nutrient concentrations were high in the 
utumn and winter, and depending on phytoplanktonic 
249 
ctivity, the concentrations decreased in the spring and 
ummer. Overall, phosphate concentrations (0.001—0.28 
0.04 μM) were very low, however, concentrations of NO 2 + 3 
0.001—2.12 ±0.39 μM) and silicate (0.01—13.63 ±1.93 μM) 
ere significantly high along the stations ( Table 1 ). 
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Figure 4 Spatio-temporal variations in nitrite and nitrate concentrations (A: autumn, B: winter, C: spring, D: summer). 
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NO 2 + 3 -N concentrations were generally high in autumn 
0.001—2.12 μM) and winter periods (0.014—1.55 μM) when 
ixing process took place and phytoplanktonic activity 
ere low, differently, the concentrations were low in 
250 
pring (0.001—0.61 μM) and summer (0.001—0.88) periods 
 Figure 4 ). Depending on the depth, high concentrations 
ere recorded between 10 m and 20 m, except for the sum- 
er (Ç2 station, 40 m). 
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Figure 5 Spatio-temporal variations in phosphate concentrations (A: autumn, B: winter, C: spring, D: summer). 
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PO 4 -P concentrations were generally low (generally 
ess than 0.5 μM) with statistically significant differences 
ANOVA, p < 0.05) in the study area ( Figure 5 ). The high-
st concentrations were measured in the autumn (0.001—
251 
.28 μM), while the lowest values were measured in spring 
nd summer (0.001—0.14 μM). During the study period, 
eeper waters were characterized by high phosphate con- 
entration in autumn (T2 station, 40 m) and winter (P8 
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Figure 6 Spatio-temporal variations in silicate concentrations (A: autumn, B: winter, C: spring, D: summer). 
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tation, 40 m), while the surface waters had much phos- 
hate in spring (P8 station surface) and summer (P8 station, 
0 m). 
In general, SiO 2 -Si concentrations revealed an increas- 

ng pattern with depth ( Figure 6 ), and varied significantly 
252 
ANOVA, p < 0.05) along the study area. The highest con- 
entrations were generally recorded in autumn (1.58—13.63 
M) and winter (0.01—6.30 μM). On the other hand, the con- 
entrations decreased in spring (0.60—4.75 μM) and summer 
0.28—5.19 μM). 
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Figure 7 Spatio-temporal variations in diatom abundance (A: autumn, B: winter, C: spring and D: summer). 
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.3. Phytoplankton composition and abundance 

 total of 127 species were identified along the study 
rea. 53.54% of these were dinoflagellate species (68 
pecies), 40.94% were diatom species (52 species) and 
253 
.51% consisted of other species (7 species), mainly coc- 
olithophores ( Emiliania huxleyi ). The most dominant and 
ommon species were Chaetoceros decipiens, Coscinodis- 
us granii, Coscinodiscus radiatus, Pseudo-nitzschia del- 
catissima, Rhizosolenia calcar-avis, Rhizosolenia setig- 
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ra, Thalassionema nitzschioides, Thalassiosira anguste- 
ineata, Alexandrium minutum, Ceratium furca, Ceratium 

usus, Ceratium tripos, Dinophysis acuminata, Dinophysis 
cuta, Dinophysis ovata, Gymnodinium sp., Noctiluca scin- 
illans, Prorocentrum compressum, Prorocentrum micans, 
rorocentrum minimum, Protoperidinium depressum, Pro- 
operidinium steinii, Scrippsiella triquedium and Emiliania 
uxleyi along the study area. 
Quantitative phytoplankton distribution along the study 

rea varied seasonally. Dinoflagellates (up to 5 × 10 3 cells 
 

−1 ) and other taxonomic groups (up to 1.5 × 10 5 cells 
 

−1 ) were in notable abundance during the autumn. On the 
ther hand, diatoms (up to 3 × 10 5 cells l −1 ) abundance 
emarkably increased in winter ( Figures 7 —9 ). In spring, 
inoflagellates abundance (up to 10 × 10 3 cells l −1 ) and 
ther taxonomic groups (maximum 4 × 10 4 cells l −1 ) were 
emarkably high, however, a decrease in diatom abundance 
as detected when compared to the previous sampling 
eriod. Quantitative phytoplankton density significantly 
ecreased in the summer, and the abundance remained 
elow 3 × 10 3 cells l −1 when compared to other seasons 
 Figures 7, 8 and 9 ) 
In terms of total cell number, winter was the most promi- 

ent period with a maximum of 4.1 × 10 5 cells l −1 , followed 
y autumn (up to 1.5 × 10 5 cells l −1 ) and spring (up to 
 × 10 4 cells l −1 ), respectively ( Figure 10 ). Over the study 
eriod, the abundance of diatoms revealed statistically sig- 
ificant differences among all seasons, while dinoflagellates 
ere statistically different in spring and summer, other tax- 
nomic groups were only statistically different in the au- 
umn and summer (ANOVA, p < 0.05). Similarly, total cell 
umbers also showed statistically significant differences be- 
ween all seasons except for the autumn and spring seasons 
ANOVA, p < 0.05). 

.4. In-situ Chlorophyll- a 

n-situ Chl- a concentrations (0.16-4.96 ± 0.87 μg l −1 ) sig- 
ificantly varied (ANOVA, p < 0.01) over the study period. In 
he autumn (0.35—4.57 μg l −1 ), the first 20 m of the water 
olumn was rich in terms of Chl- a , and its concentrations 
eached up to 4.57 μg l −1 ( Figure 11 A). After these depths, 
hl- a profile showed a more uniform pattern. In the winter 
0.27—4.96 μg l −1 ), Chl- a was much patchy due to the in- 
ensive vertical mixing process ( Figure 11 B). In this period, 
hl- a concentration reached up to 5 μg l −1 . In the spring 
0.21—2.50 μg l −1 ), the first 20—40 m of the water column 
as much richer in terms of Chl- a concentration. However, 
hl- a concentration did not exceed 2.50 μg l −1 during this 
eriod when the river runoff was intense, and the nutrient 
oncentration was high ( Figure 11 C). In the summer (0.16—
.75 μg l −1 ), Chl- a concentrations were lower than other 
easons, and the highest concentrations (2.75 μg l −1 ) were 
enerally detected at 20—25 m ( Figure 11 D). 

.5. Total and size-fractionated primary 

roduction 

uring the study period, total PP revealed significant sea- 
onal variations ( Figure 12 , Table 1 ). Total and group- 
pecific depth-integrated Primary Production rates for the 
254 
tations are given in Supplementary Material Table 2. Spring 
as the most productive season with the highest total PP 
ates (5931 mgC m 

−2 d −1 ) over the study period. Winter was 
he second productive period, and total PP rates reached 
p to 4163 mgC m 

−2 d −1 . Summer and autumn had rela-
ively low total PP levels when compared to other seasons, 
nd their PP rates were 2555 mgC m 

−2 d −1 and 1444 mgC 

 

−2 d −1 , respectively. Among the stations, Kemalpasa and 
azar stations, which are under the effect of river runoff, 
ere the most productive stations, whereas Camburnu sta- 
ion had the lowest production rates in terms of total pri- 
ary production rates. 
The rates of size-fractionated PP varied remarkably 

hroughout the study period ( Figure 13 , Table 1 ). In gen-
ral, the rates of PP varied from 84 to 1848 mgC m 

−2 d −1 , 96
o 3156 mgC m 

−2 d −1 and 56 to 3363 mgC m 

−2 d −1 for pico-,
ano- and microphytoplankton, respectively. The autumn 
eriod was characterised with high nanophytoplankton PP 
637 mgC m 

−2 d −1 ) and followed by picophytoplankton 
P (582 mgC m 

−2 d −1 ) along the study area ( Figure 13 A,
able 1 ). A substantial increase in PP rates of nano- 
2095 mgC m 

−2 d −1 ) and microphytoplankton PP (1710 
gC m 

−2 d −1 ) were recorded in the winter ( Figure 13 B).
n this period, PP rates increased by almost 2—3 folds 
ompared to the autumn period. In the spring, the high- 
st size-fractionated production rates were detected, and 
eached up to 3000—3500 mgC m 

−2 d −1 along the stations 
 Figure 13 C). In this period, the most significant contribu- 
ion was made by microphytoplankton (3363 mgC m 

−2 d −1 ). 
he second group was nanophytoplankton with the rates of 
156 mgC m 

−2 d −1 levels. Picophytoplankton was the last 
roup with the maximum rate of 1848 mgC m 

−2 d −1 in spring 
 Table 1 ). Summer period was characterized by picophy- 
oplankton, and the production rates reached up to 1335 
gC m 

−2 d −1 ( Figure 13 D). In terms of spatial variation, mi-
rophytoplankton was generally dominant along the coastal 
tations, however their production rates (1200 mgC m 

−2 d −1 ) 
as less than picophytoplankton. Nanophytoplankton were 
igh in offshore stations with the rates of 1168 mgC m 

−2 d −1 

uring summer ( Table 1 ). 

. Discussion 

he present study facilitates to examine the spatio- 
emporal changes in size-fractionated PP, total PP, and in- 
itu Chl -a with phytoplankton abundance and nutrient data 
long the south-eastern Black Sea. More importantly, this 
ork is also the first study that revealed size-fractionated 
rimary production rates with a seasonal basis for the Black 
ea. 

.1. Spatio-temporal variations in nutrients 

he surface waters of the southern coasts of the Black 
ea are characterised with low nutrient concentrations es- 
ecially during stratified periods ( Basturk et al., 1994 ; 
ingel et al., 1993 ; Codispoti et al., 1991 ). The concen- 
rations are mostly affected by sub-surface nutricline and 
ertical mixing processes ( Yayla et al., 2001 ). Besides, re- 
ional rivers are also the primary resources of nutrients, 
specially in coastal areas. Nutrient concentrations in the 
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Figure 8 Spatio-temporal variations in dinoflagellates abundance (A: autumn, B: winter, C: spring and D: summer). 
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uphotic zone varied seasonally from 0.16 to 1.5 μM for 
NOx, and from 0.03 to 0.35 μM for phosphate in the spring- 
utumn period of 1995—1996 ( Yilmaz et al., 1998 ). During 
uly 1997—September 1998 period, concentrations in the 
uphotic zone were detected as < 0.35 μM for PO 4 , < 0.5 
255 
M for NO 2 + 3 and 5 μM for silicate along the southern Black 
ea ( Yayla et al., 2001 ). In the present study, nutrient con-
entrations varied seasonally, and detected as 0.001—2.12 
M; 0.001—0.28 μM and 1.58—13.63 μM for NO 2 + 3 -N, PO 4 - 
 and SiO 2 -Si, respectively. Throughout the seasons, au- 
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Figure 9 Spatio-temporal variations in other phytoplankton groups abundance (A: autumn, B: winter, C: spring and D: summer). 
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umn was detected as the richest period in terms of nutri- 
nt concentrations along the study area. In the study area, 
oastal stations were richer in terms of nutrient concen- 
rations than offshore stations. In particular, some stations 
e.g., T2 and P2) are under influence of major river runoffs 
e.g., De ̆girmendere and Fırtına Rivers) which lead to de- 
256 
ect high nutrient concentrations even at the base of the 
uphotic zone. 
Total NO 2 + 3 -N concentrations for the southern Black Sea 

ere reported as 0.11—0.59 μM ( Eker-Develi et al., 2003 ). In 
nother study, total NO 2 + 3 -N concentrations were reported 
s 0.02—4.14 μM for the Anatolian coast of the Black Sea 
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Figure 10 Spatio-temporal variations in total phytoplankton cell numbers (A: autumn, B: winter, C: spring and D: summer). 
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 Coban-Yildiz et al., 2000 ). Along the south-eastern Black 
ea coasts, the total NO 2 + 3 -N concentrations varied be- 
ween 0.37 and 4.71 μM in coastal waters and ranged from 

.31 to 4.46 μM in open waters ( Agirbas, 2010 ). In a study
onducted by Koca (2014) , NO 2 + 3 -N concentrations were de- 
257 
ected between 0.52 and 9.88 μM along the south-eastern 
lack Sea (Rize) ( Koca, 2014 ). In the present study, the to-
al NO 2 + 3 -N concentration varied between 0.001 and 2.12 
M with significant seasonal variations. Compared to previ- 
us studies, NO 2 + 3 -N concentrations were found to be lower 
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Figure 11 Spatio-temporal variations in in-situ Chl- a concentrations (A: autumn, B: winter, C: spring and D: summer). 
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han those of studies conducted along southern coasts of the 
lack Sea. 
Average PO 4 -P concentration in surface waters was re- 

orted as 0.419 μM in the Black Sea ( Sorokin, 1983 ). In a
ime-series study conducted along the Romanian coasts, av- 
258 
rage PO 4 -P concentrations were measured as 0.26 μM for 
he period of 1959—1965, 6.54 μM for the period of 1983—
990 period, 1.86 μM for the period of 1991—2000 and 0.49 
or the period of 2001—2005 ( Oguz et al., 2008 ). The aver-
ge PO 4 -P concentration was reported as 0.002 μM (Novem- 



Oceanologia 64 (2022) 244—266 

Figure 12 Spatio-temporal variations in integrated size-fractionated primary production rates (A: autumn, B: winter, C: spring 
and D: summer). 
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er 2009) to 0.052 μM (June 2009) at the coastal stations 
n the south-eastern Black Sea ( Agirbas, 2010 ). In the open 
aters, concentrations varied between 0.002 μM (Novem- 
er 2009) and 0.068 μM (June 2009). Similarly, the phos- 
hate concentration for the south-eastern Black Sea var- 
ed between 0.01—0.06 μM ( Kopuz, 2012 ). Along the south- 
astern coasts (Rize), PO 4 -P concentration varied between 
.03 and 0.90 μM ( Koca, 2014 ). In this study, PO 4 -P concen-
rations ranged from 0.001 to 0.28 μM. The highest PO 4 -P 
oncentrations were observed in autumn while, the lowest 
alues were measured in winter. Overall, a significant de- 
rease was observed in PO 4 -P concentrations over the years 
hen compared to the previous decades along the study 
rea. 
As a general trend, SiO 2 -Si concentration of seawater 

aries between 7—15 μM in surface waters during the win- 
er period, concentrations may decrease down to 0.35 μM in 
he summer period ( Tait, 1988 ). Depending on phytoplank- 
on activity, SiO 2 -Si concentrations decrease especially af- 
er intense diatom blooms in the Black Sea, and its con- 
entration increases again with river inputs and precip- 
259 
tation ( Bologa, 1986 ). The average annual surface wa- 
er SiO 2 -Si concentrations were reported as 40.5 μM for 
he period of 1959—65; 11.0 μM for the period of 1983—
990; 12.6 μM for the period of 1991—2000 and 13.7 μM 

or the period 2001 of 2005 along the Romanian coasts 
 Oguz et al., 2008 ). Particularly, after the 70’s, reactive 
ilicate concentration in surface waters of Black Sea de- 
reased by 60% due to dam constructions on river Danube, 
nd this decline led to dramatic changes in phytoplank- 
on compositions especially in diatoms in the early 1990s 
 Kideys et al., 2000 ). It was reported that SiO 2 -Si con-
entrations varied between 1.20 and 14.08 μM in the 
outh-eastern Black Sea coast ( Agirbas, 2010 ). In another 
tudy conducted in the same region, SiO 2 -Si concentrations 
anged from 0.37 to 16.63 μM ( Kopuz, 2012 ). Similarly, sili- 
ate concentrations were reported between 1.92 and 16.25 
M along the south-eastern Black Sea ( Koca, 2014 ). In the 
resent study, SiO 2 -Si concentrations varied between 1.58 
nd 13.63 μM. The highest concentrations were detected in 
he autumn due to vertical mixing and low phytoplanktonic 
ctivity. 
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Figure 13 Spatio-temporal variations in total integrated primary production rates (A: autumn, B: winter, C: spring and D: sum- 
mer). 
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.2. Spatio-temporal variations in phytoplankton 

he seasonal dynamics of the Black Sea phytoplank- 
on exhibit a typical spring bloom of which diatom are 
ain responsible groups, whereas in the autumn bloom 

s stimulated by the coccolithophore Emiliania huxleyi 
 Honjo et al., 1987 ; Oguz and Ediger, 2006 ; Sorokin, 1983 ;
edernikov et al., 1993 ). However, ecological changes oc- 
urred in the ecosystem after the 80 ′ s have led to un- 
sual summer phytoplankton blooms ( Hay et al., 1990 ; 
ur et al., 1996 ; Yayla et al., 2001 ; Yilmaz et al., 1998 ).
260 
oreover, these changes have also caused significant shifts 
n phytoplankton composition and bloom patterns along 
he Black Sea. In general, diatoms were considered as 
he main group (46%) contributing to the total phyto- 
lankton biomass, followed by dinoflagellates with a rate 
f 27% ( Zaitsev and Alexandrov, 1997 ). However, after 
utrophication and the retention of inorganic nutrients 
mainly silicate) caused shifts in phytoplankton group ra- 
ios in favour of coccolithophores and dinoflagellates rather 
han diatoms ( Bodeanu et al., 1998 ; Bologa et al., 1995 ;
ociasu et al., 1996 ; Humborg et al., 1997 ; Moncheva and 
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rastev, 1997 ). Qualitative changes were also reported in 
he phytoplankton composition during the eutrophication 
eriod, in which the diatom ratio decreased from 67% 

209 species) to 46% (172 species) between 1960—1970 
nd 1972—1977 ( Bologa, 1986 ). In addition, the gradual 
ncreases in number of dinoflagellates species in recent 
ears, especially during summer, have made them the dom- 
nant group along the Black Sea ( Mikaelyan et al., 2013 ; 
oncheva et al., 2001 ; Uysal and Sur, 1995 ; Uysal et al., 
998 ; Zaitsev and Alexandrov, 1997 ). Similarly, a high di- 
oflagellate species number (81% of total species number) 
ere reported from south-western Black Sea ( Ediger et al., 
006 ). Agirbas et al. (2015) also reported a high dinoflag- 
llate dominance (71%) from the south-eastern Black Sea 
or the period of February—December 2009. In the present 
tudy, a high dinoflagellate dominancy (53.54%) was also ob- 
erved throughout the study period. Overall, the results are 
onsistent with recent trends reported from previous stud- 
es thus suggesting the dinoflagellate species have become 
he dominant group in terms of species richness in the study 
rea. 
During the study period, two distinct phytoplankton 

loom were identified in terms of phytoplankton abun- 
ance. These periods were autumn (1.5 × 10 5 cells l −1 ) and 
inter (4.1 × 10 5 cells l −1 ). Especially in winter, diatoms 
ere represented with the high cell abundance, followed by 
. huxleyi . In the autumn, major contributions were made 
y E. huxleyi and dinoflagellates. Throughout the study pe- 
iod, diatoms reached the highest abundance (3 × 10 5 cells 
 

−1 ) in the winter, whereas dinoflagellates reached the high- 
st abundance (1 × 10 4 cells l −1 ) in the spring. E. huxleyi 
as the most abundant species represented in the other 
roups and reached the highest abundance (1.5 × 10 5 cells 
 

−1 ) in winter. 
The north-western shelf of the Black Sea was charac- 

erized with higher phytoplankton abundance than other 
arts of the region. However, the abundance of phytoplank- 
on along the south-eastern Black Sea is quite low when 
ompared with north-western coasts. Phytoplankton abun- 
ance, ranged from 3 × 10 4 to 4.1 × 10 5 cells l −1 , obtained 
rom the present study were found to be similar to those of 
revious studies conducted on the Anatolian coasts of the 
lack Sea ( Bat et al., 2007 ; Eker, 1999 ; Feyzioglu, 1996 ),
owever, values were lower than the studies carried out on 
he north-western continental shelf. 

.3. Spatio-temporal variations in Chl- a 

hl- a concentrations vary spatially and temporally along 
he Black Sea. The concentrations in the Black Sea 
ere reported as 0.15 ± 0.04 μg/l for the period 
f 1964—1986 ( Kideys, 1994 ; McQuatters-Gollop et al., 
008 ; Mikaelyan et al., 2013 ; Vinogradov et al., 1999 ; 
unev et al., 2002 ). However, the seasonal variations in Chl- 
 are not spatially uniform in the Black Sea ( McQuatters- 
ollop et al., 2008 ). The average Chl- a concentrations for 
he entire Black Sea varied between 0.59 and 0.69 μg 
 

−1 ( Kopelevich et al., 2004 ). In the shelf region, winters 
ere generally characterised with low Chl- a concentrations 

 McQuatters-Gollop et al., 2008 ). On the other hand, max- 
mum concentrations in Chl- a are generally observed dur- 
ng autumn and winter in the open areas of the Black 
261 
ea, while reaches to minimum concentrations in summer 
 Vinogradov et al., 1999 ). 
For the Anatolian coasts of the Black Sea, Chl- a con- 

entrations ranged from 0.1 to 1.5 μg/l during 1995—1996 
 Yilmaz et al., 1998 ). In another study, the surface Chl- a
alues along the coast of Turkey for the period of 1996—
998 ranged from 0.34 to 0.42 μg l −1 ( Eker-Develi et al., 
003 ). Ediger et al. (2006) reported that the mean Chl- a 
oncentration for the south-western Black Sea varied be- 
ween 0.15 and 1.23 μg l −1 . In the SE Black Sea, surface
ater of Chl- a values was reported as 1.97 μg l −1 and 1.84
g l −1 for coastal (2 miles) and offshore (8 miles) stations, 
espectively ( Agirbas, 2010 ). In another study, Chl- a con- 
entrations along the SE Black Sea changed between 0.34 
nd 2.71 μg l −1 ( Koca, 2014 ). Along the south-eastern Black 
ea ecosystem, the average surface Chl- a concentrations for 
he period of November 2014—August 2015 were reported 
s 0.37—2.68 μg l −1 ; 0.16—2.04 μg l −1 and 0.32—1.79 μg 
 

−1 for 2, 8, and 15 miles, respectively ( Turkmen, 2016 ). In
nother study, monthly surface Chl- a concentrations varied 
etween 0.51 and 3.97 μg l −1 for river mouth, between 0.16 
nd 2.47 μg l −1 for coastal and 0.18 and 3.04 μg l −1 for
ffshore stations ( Genc, 2018 ). Karadeniz (2019) reported 
hat mean surface water in-situ Chl- a concentrations var- 
ed between 2.61 μg l −1 , 2.56 μg l −1 and 2.23 μg l −1 for 2,
 and 15 miles, respectively. Overall, the Chl- a concentra- 
ions obtained from the present study exhibited a distinct 
easonal pattern, autumn and winter were characterized 
ith high Chl- a concentrations (0.35—4.57 and 0.27—4.96 
or autumn and winter, respectively), however, the lowest 
alues were detected during spring and summer when the 
tratification started in spring and strengthened in summer 
long the study area. The differences in Chl- a values ob- 
erved between the present study and previous studies em- 
hasise that regional differences, study period, sampling 
egime and frequency as well as changes in phytoplankton 
ommunities under changing ecosystem conditions are the 
ain factors. 

.4. Spatio-temporal variations in total and 

ize-fractionated primary production 

he Black Sea is commonly reported one of the largest eu- 
rophic (greater than 500 gC m 

−2 y −1 ) marine environment 
n the world ( Arai, 2001 ). Over the decades, considerable 
hanges in nutrient input (especially silicate) and other eco- 
ogical factors altered trophic food web structure of the 
lack Sea. These changes affected the succession, intensity, 
requency, and extension of phytoplankton besides the rates 
f PP throughout the Black Sea ( Oguz, 2005 ). Previous stud- 
es in the Black Sea on the PP reported that the values for
he north-western shelf as 570—1200 mgC m 

−2 d −1 , for the 
ontinental slope as 320—500 mgC m 

−2 d −1 and for deep-sea 
egions as 100—370 mgC m 

−2 d −1 for the period of 1960—
991 ( Bologa, 1986 ; Demidov, 2008 ; Vedernikov and Demi- 
ov, 1993 ). PP values were reported for the nearshore as 
85 mgC m 

−2 d −1 in July 1997 in the western Black Sea, and
he rates of PP for the deep regions of the Black Sea were
eported as 62—461 mgC m 

−2 d −1 during the spring 1998 pe- 
iod ( Yayla et al., 2001 ). For the southern coasts of the Black
ea, PP rates were measured as 247—1925 mgC m 

−2 d −1 for 
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pring period, and 405—687 mgC m 

−2 d −1 for summer and 
utumn periods from 1995 to 1996 ( Yilmaz et al., 2006 ). In 
nother study, monthly PP rates for the south-eastern coasts 
f the Black Sea were calculated as 285—565 mgC m 

−2 d −1 

or the coastal station, and as 126—530 mgC m 

−2 d −1 for 
he offshore station ( Agirbas et al., 2014 ). Recently, a time- 
eries study obtained from the Wavelength Resolving Model 
WRM) for the period of 1998—2011 using SeaWiFS data re- 
ealed spatial and temporal variations in mean annual PP 
alues for the open Black Sea. PP rates were significantly 
igher in the western Gyre (110—2196 mgC m 

−2 d −1 ) than 
he eastern Gyre (111—1806 mgC m 

−2 d −1 ) ( Agirbas et al., 
017 ). In the present study, total PP production rates were 
ignificantly varied, and values ranged from 1444 mgC m 

−2 

 

−1 (autumn) to 5931 mgC m 

−2 d −1 (spring) along the study 
rea. The differences observed in PP values along the differ- 
nt parts of the Black Sea are thought to be due to nutrient 
oncentrations ( Cociasu et al., 1997 ). In addition, variabil- 
ty in the rim current and the physics of the gyres also play a
ignificant role in regional differences of PP ( Enriquez et al., 
005 ; Zatsepin et al., 2003 ). The cyclonic boundary of 
im current which constitutes a biogeochemical barrier be- 
ween coastal and offshore areas, and frontal jet instabil- 
ties between the rim current and the interior eddy fields 
ffect the spatial variability in PP around the Black Sea 
 Oguz et al., 1994 ; Yilmaz et al., 1998 ). Moreover, Batumi 
nticyclone along the eastern Gyre, which appears as warm 

ore rings during summer, may also led to decrease in PP 
 Oguz et al., 1993 ). Similarly, low PP rates detected in the 
ummer period coincided with low nutrient concentrations 
nd phytoplankton abundance along the stations. Changes 
n PP rates could be also related to community struc- 
ure than abiotic factors ( Richardson and Schoeman, 2004 ). 
n the study area, rates of PP closely coupled with phy- 
oplankton abundance in some seasons. Spring was the 
ost productive period which coincided with high dinoflag- 
llates number. The second productive period was winter, 
hich concur with high diatom abundance along the study 
rea. 
The main contribution of this study, which sets the cur- 

ent study apart from those of previous ones is the no stud- 
es on the size-fractionated PP have been conducted in 
he Black Sea so far. In this respect, this study includes 
omprehensive data on spatio-temporal variations in size- 
ractionated PP measurements in the Black Sea for the first 
ime. In general, the rates varied from 84 to 1848 mgC m 

−2 

 

−1 , 96 to 3156 mgC m 

−2 d −1 and 56 to 3363 mgC m 

−2 d −1 

or pico-, nano- and microphytoplankton fractions, respec- 
ively. During the study period, the contribution of each 
ize class to total PP changed seasonally along the study 
rea. Overall, microphytoplankton was the major group 
ontributing to total PP in the study area. The PP values 
or the microphytoplankton were high in spring (3363 mgC 

 

−2 d −1 ) and in winter (1710 mgC m 

−2 d −1 ). The second im-
ortant group was nanophytoplankton, and their contribu- 
ion was generally high in winter (2095 mgC m 

−2 d −1 ) and 
pring (3156 mgC m 

−2 d −1 ). The production rates for the pi- 
ophytoplankton were generally low along the study area, 
owever, their contribution was substantial in summer, and 
ccasionally detected in spring. 
In terms of spatial variability, coastal stations were 

enerally dominated by microphytoplankton. On the other 
262 
and, offshore stations were characterised by nano- and pi- 
ophytoplankton during the study period ( Figure 13 ). Ear- 
ier studies reported that picophytoplankton biomass and 
P rates are lower than larger size classes, however, high 
n oligotrophic gyres. On the other hand, nanophytoplank- 
on significantly contribute to total PP in coastal upwelling 
reas due to ability of light utilisation ( Hirata et al., 
009 ; Moreno-Ostos et al., 2011 ; Maranon et al., 2001 ; 
ilstone et al., 1999 ; Uitz et al., 2010 ). The differences in
ize-fractionated PP values between coastal and offshore 
reas evidently emphasize that physical factors are the ma- 
or drivers in PP rates along the study area. Coastal ecosys- 
ems of the Black Sea are principally governed by fresh- 
ater inflow and climatic factors ( Bodeanu, 2002 , 2004 ), 
owever, the open sea areas are controlled by stratifi- 
ation, mixing and circulation processes ( Sorokin, 2002 ). 
oreover, spatial and temporal variation in PP of differ- 
nt size classes vary greatly in the oceans with respect to 
ydrography, irradiance, nutrient availability and biogeo- 
hemistry ( Bricaud et al., 2004 ; Poulton et al., 2006 ). 
Water column stratification decreases nutrients input 

rom below the thermocline to the euphotic zone, thus 
ossibly limiting PP especially in the micro- and nanophy- 
oplankton in the oligotrophic areas of Atlantic Ocean 
 Aldridge et al., 2014 ; Maranon et al., 2003 ). Especially, di-
toms due to their nitrogen metabolism can respond rapidly 
o nitrate enrichment ( Fogg, 1991 ), any deficiencies in nu- 
rient affect the PP rates of diatoms and microphytoplank- 
on. Similarly, due to high nutrient concentrations in spring, 
he highest PP rates were recorded with dominance of mi- 
rophytoplankton along the study area. A significant rela- 
ionship between abiotic factors and spring PP rates, were 
etected, particularly in silicate and nitrate concentrations 
ith high PP rates in Western English Channel (WEC). Be- 
ides, high nutrient concentrations are generally thought to 
romote larger cells such as diatoms ( Barnes et al., 2015 ; 
cAndrew et al., 2007 ; Poulton et al., 2006 ). Moreover, 
anophytoplankton may have a moderate PP capacity in 
ow Chl- a areas because of their mixotrophic characteristic 
 Riemann et al., 1995 ). 

. Conclusions 

he data presented here contribute to our understanding of 
patio-temporal variations in total PP, size-fractionated PP 
nd Chl- a with phytoplankton abundance and nutrient data 
long the south-eastern Black Sea. More importantly, the 
tudy mainly focuses on the revealing the PP rates of size- 
lasses in the study area throughout a seasonal cycle. We 
bserved that microphytoplankton had the highest PP rates 
3363 mgC m 

−2 d −1 ), followed by nanophytoplankton (3156 
gC m 

−2 d −1 ) and picophytoplankton (1848 mgC m 

−2 d −1 ) 
long the study area. Overall, winter (4163 mgC m 

−2 d −1 ) 
nd spring (5931 mgC m 

−2 d −1 ) were the most productive 
easons in terms of total PP which coincided with high phy- 
oplankton abundance. Earlier studies on PP reported two 
istinct periods in early spring and autumn, however, sum- 
er blooms have been also detected along the Black Sea 

 Hay et al., 1990 ; Sur et al., 1996 ; Yilmaz et al., 1998 ). Sim-
larly, two distinct periods in PP rates were also detected in 
he present study, however, seasonality of bloom timing was 
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ifferent from previous studies. Mikaelyan et al. (2017) have 
eported similar phenological changes in phytoplankton 
loom pattern along the Black Sea. 
Chl- a concentrations were high in autumn (4.57 μg l −1 ) 

nd winter (4.96 μg l −1 ); however, its values were rela- 
ively low in spring and summer. Along the study area, di- 
oflagellates were the dominant group in terms of species 
ichness (68 species, 53.54%), and diatoms was the sec- 
nd most abundant group. On the other hand, diatoms and 
ther phytoplankton species (mainly E. huxleyi ) were the 
ost abundant groups in terms of quantitative contribu- 
ion. SST varied seasonally between 8.58 and 28.41 °C is 
n important factor which affects the hydrography. Along 
he study area, depending on the seasonal thermocline and 
hytoplankton activity, nutrient concentrations were low in 
pring and summer when compared with autumn and win- 
er. On the other hand, high nutrient concentrations (espe- 
ially NO 2 + 3 -N and SiO 2 -Si) provoke productivity of micro- 
hytoplankton in coastal waters. The coastal stations of the 
outhern Black Sea have different characteristics (e.g., river 
nflow, hydrography, light conditions and current properties 
tc.) and were separated statistically from the offshore sta- 
ions with high production rates, phytoplankton abundance 
nd nutrient concentrations. The results suggest that micro- 
hytoplankton along the study area are responsible for the 
ajority of PP. However, the measured high Chl- a against 

ow size-fractionated PP clearly indicates that smaller phy- 
oplankton size classes (i.e., pico- and nanophytoplankton) 
ere dominant during these periods. Hence, the quantifi- 
ation of size-fractionated PP rates with ecological drivers 
hydrography, nutrient availability, irradiance etc.) will give 
 more comprehensive picture for the Black Sea ecosystem. 
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Abstract The present study investigated the phytoplankton assemblage and diversity with 
physicochemical parameters of Diu coastal waters in different seasons during 2018—19. Dur- 
ing the study period, 61 phytoplankton species comprising diatoms (50 sp.), dinoflagellates (8 
sp.), and cyanophyceae (3 sp.) were recorded. Diatom was found to be a major community and 
contributed 79 to 99% of total phytoplankton abundance. Reduction in dinoflagellate and dom- 
inance of pennate-diatoms were observed during the monsoon. Chlorophyll- a concentration 
also showed a similar trend and decreased during the monsoon. However, the phytoplankton 
abundance was low particularly during the monsoon which might be due to the elevated to- 
tal suspended solids (TSS) load. Canonical correspondence analysis revealed that diatoms were 
able to survive in high TSS with the support of high nutrients; while dinoflagellates were lim- 
ited due to those conditions. Overall, the reduction in phytoplankton abundance, diversity, and 
biomass was recorded due to the elevated TSS input along the coastal waters of Diu. 
© 2021 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 

hytoplankton dynamics are mainly controlled by a 
ide range of environmental variables like nutrients, 
emperature, salinity, light availability, current cir- 
ulation, water turbidity, and grazing pressure by 
ther trophic level organisms ( Gao and Wang, 2008 ; 
evy et al., 2007 ; Margalef, 1978 ; Verlencar and 
arulekar, 2006 ; Zarauz et al., 2008 ). Studies related 
o the controlling factors of phytoplankton community 
omposition and its fate in the northern Arabian Sea are 
imited ( Geeta and Kondalarao, 2004 ; Nair et al., 2005 ; 
aqvi et al., 2006 ). Identification of the main factors 
ontrolling phytoplankton in a particular water body is 
rucial for choosing an appropriate management strategy 
or the maintenance of the desired state of ecosystem 

 Peretyatko et al., 2007 ). Phytoplankton species have 
ifferent traits and based on their size, shape, growth 
ate, and motility are together determine their eco- 
ogical niche and favorable environmental conditions 
 Litchman and Klausmeier, 2008 ; Spilling et al., 2018 ). In 
ecent decades, rapid growth in industrialization, urbaniza- 
ion in coastal zones, tourism, and harbor activities have 
xerted enormous anthropogenic pressure on nearshore 
cology ( Bhavya et al., 2016 ; Seitzinger et al., 2010 ). The 
quatic environment like estuaries and coastal waters is af- 
ected by both riverine nutrient input and water properties 
ike turbidity ( Wang et al., 2019 ). 

The total suspended solids (TSS) is one of the important 
nvironmental factors which reflect the turbidity charac- 
eristic of eroding coastline or the entry of the suspended 
aterials into the coastal seawater through land runoff
nd determines the plankton composition and abundance 
 Wu et al., 2011 ). TSS is a significant variable that impacts 
he spatio-temporal patterns of phytoplankton and regu- 
ates the biogeochemical processes of aquatic ecosystems 
 Weyhenmeyer et al., 1997 ). The increase in TSS strongly 
ffects the light attenuation which further influences the 
hlorophyll- a concentration in seawater and consequently 
ffects the zooplankton and higher tropical organisms 
 Dunton, 1990 ). The natural process of particular coastal re- 
ions has unique characteristics that are controlled by wa- 
er exchange with nearby areas, the topology of the coast- 
ine, rainfall, and river discharge ( Ilyash et al., 2015 ). A 
ombination of these processes with anthropogenic activ- 
ties results in the formation of a gradient in biotic and 
biotic factors which impacts phytoplankton species com- 
osition, succession, and abundance ( Biswas et al., 2015 ; 
ardikar et al., 2017 ). Diu Island (20.71 °N, and 70.98 °E) is 
ocated along the northeastern Arabian Sea, Gujarat. The 
eographical area of Diu is about 40 km 

2 . The climate is 
articularly warm and humid, the average annual rainfall 
anges between 2300 and 4800 mm, the annual atmospheric 
emperature ranged from 15 °C to 42 °C ( Jha et al., 2021 ). In
iu, the TSS load is always high throughout the year which 
riginates from the erosion of farmlands and forests which 
re discharged through rivers and increases mainly during 
he monsoon. Disturbance of shore sediments and resuspen- 
ion in shallow parts of estuarine and coastal regions due to 
idal currents also play a major role in higher TSS load in 
he coastal region ( NCCR, 2018 ; NIO, 2015 ). Phytoplankton 
istribution patterns are strongly correlated with environ- 
268 
ental factors such as TSS ( Lepisto et al., 2004 ). Studies 
elated to phytoplankton community dynamics concerning 
nvironmental drivers are deficient in Diu and the surround- 
ng coast. 

In view of this above, the present study was conducted 
n the coastal waters of Diu, the northeastern Arabian Sea, 
) to investigate the distribution patterns of phytoplank- 
on community composition and diversity during different 
easons, 2) to examine the relationship between the phy- 
oplankton groups, and the environmental variables, and 
) addressing the physicochemical factors controlling the 
bundance of diatoms and dinoflagellates. 

. Material and methods 

n the present study, seven sampling locations (Station- 
,2,3,4,5,6, and 7) with the depth of 2 to 18 m were se-
ected for the seawater collection and analysis of physic- 
chemical and biological parameters ( Figure 1 ). The sea- 
onal samples were collected in Pre-monsoon (PRM) (Febru- 
ry), Monsoon (MON) (September), and Post-monsoon (POM) 
November) from the study region during the period 2018 to 
019. Rainfall data were collected from the Indian Meteo- 
ological Department (IMD). Sea surface temperature (SST), 
alinity, and pH were measured using a calibrated portable 
ulti-parameter water quality instrument (HANA-HI 9829). 
urface water samples were collected using a Niskin sam- 
ler for the estimation of dissolved oxygen (DO), total 
uspended solids (TSS), nutrients, and chlorophyll- a (Chl- 
 ). DO was measured using the modified Winkler’s method 
 Carrit and Carpenter, 1966 ). The TSS was determined by 
ltering known quality of well-mixed sample through a 
reweighed standard glass-fiber filter (0.45 μm Millipore 
F/C), and the residue retained on the filter was dried 
t 103—105 °C to a constant weight. The increase in the 
eight of the filter represents the total suspended solids 

 APHA, 2012 ). All the nutrients (ammonia, nitrite, nitrate, 
hosphate, and silicate) were analyzed following standard 
pectrophotometric procedures ( Grasshoff et al., 1999 ). For 
hl- a analysis, 1 L of seawater sample was filtered by GF/F 
lter and was wrapped with an aluminum foil and frozen 
t −20 °C until analysis. Chl- a was analyzed spectrofluoro- 
etrically by following the standard protocol ( Parson et al., 
984 ). For phytoplankton analysis, 5 L of the surface wa- 
er sample was collected and preserved with Lugol’s iodine 
olution. In the laboratory, samples were kept for 48 h for 
ettling. For the enumeration of phytoplankton, the concen- 
rated sample was examined under the microscope (ZEISS 
-902984) and identified to the lowest possible taxonomic 
evel using the identification keys ( Subrahmanyan, 1946 , 
959 ; Taylor, 1976 ; Tomas, 1997 ). 
Diversity indices (viz., Shannon Weiner diversity index 

 H 

′ ) and Margalef’s species richness (d) and Pielou’s even- 
ess ( J ′ )) were calculated for all the seasons by using the
tatistical software package PRIMER 6.0. One-way analy- 
is of variance (ANOVA) was performed on XLSTAT soft- 
are to evaluate the statistical significance of diversity in- 
ices. Pearson correlation and multivariate regression anal- 
ses were performed to find out the linear relationship be- 
ween the biotic and abiotic factors. Canonical Correspon- 
ence Analysis (CCA) was performed to examine the rela- 



Oceanologia 64 (2022) 267—275 

Figure 1 Map showing the study locations along the coastal waters of Diu, northeastern Arabian Sea. 

Figure 2 Temporal variation of Rainfall in the coastal region of Diu, northeastern Arabian Sea during 2018—2019. 
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ionships between the phytoplankton community and envi- 
onmental variables by using CANOCO statistical software. 
rior to statistical analysis, the heterogeneity in the phyto- 
lankton data was removed by converting all the data to log 
x + 1) transformation. 

. Results and discussion 

.1. Seasonal variation of environmental 
arameters 

uring the study period, the monthly total rainfall was 
igher during July 2018 ( Figure 2 ). In the last six years, the
aximum rainfall in Diu was recorded in July 2018 (1265.4 
m). Spatio-temporal variations of physio-chemical param- 
ters are presented in Figure 3 . The TSS load in the coastal 
269 
aters of Diu is moderately high throughout the year which 
ay be due to the erosion of coastal land, farmlands, and 
orests which are discharged through rivers and increase 
ainly during heavy rainfall. During the study period, the 
SS level ranged from 17.7 to 202.2 mg L −1 , the mean con-
entration was lower during the PRM and 2 to 3 times higher 
uring the MON ( Figure 3 ). Erosion of soil from farmlands 
nd forests may be the major source for TSS load which 
as brought through the runoff and river discharge mainly 
uring the high rainfall ( NCCR, 2018 ). High TSS level (202.2 
g L −1 ) at the river mouth station (St-1) during the MON 

onfirmed that the main source for the elevated TSS was 
hrough land runoff caused by the high rainfall. Previous 
tudies also reported that siltation caused by the large river 
un-off was the main reason for the high concentration of 
SS along the Gulf of Khambhat ( Raghunathan et al., 2004 ). 
isturbance of shore sediments and resuspension in shallow 
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Figure 3 Spatio-temporal variation of physico-chemical variables along the coastal waters of Diu, northeastern Arabian Sea for 
the different seasons like pre-monsoon (PRM), monsoon (MON), and post-monsoon (POM). 

Figure 4 Seasonal changes in the taxonomical composition of phytoplankton abundance in the coastal waters of Diu, northeastern 
Arabian Sea for the different seasons like pre-monsoon (PRM), monsoon (MON), and post-monsoon (POM). 

270 
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Figure 5 Canonical correspondence analysis (CCA) triplots for phytoplankton abundance, biomass (Chl- a ), and diversity with 
associated environmental variables in the coastal waters of Diu, northeastern Arabian Sea. Environmental variables (SST — sea 
surface temperature, salinity, DO — dissolved oxygen, TSS — total suspended solids, pH, DIP — dissolved inorganic phosphorus, 
nitrite, nitrate, ammonia, silicate, and N:P ratio) are represented by arrows. Stations represented as Pr-1 to Pr-7 (pre-monsoon 
stations 1—7), Mo-1 to Mo-7 (monsoon stations 1—7), and Po-1 to Po-7 (post-monsoon stations 1—7). 
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arts of estuarine and coastal regions due to tidal currents 
lso plays a major contribution to TSS load in the coastal re- 
ion ( NIO, 2015 ). The SST varied from 28.22 to 30.99 °C, the
igher and lower SST was found during the POM and MON, 
espectively. Salinity fluctuated highly among the seasons, 
igher salinity was recorded during the PRM (34.25) and 
ower during the MON (31.43). Drop in the SST and salin- 
ty might be due to the intense rainfall recorded during the 
ON. The pH was higher during the PRM and lower during 
he MON and POM. However, the salinity (r = 0.81, p < 0.01) 
nd pH (r = 0.88, p < 0.01) showed strong positive corre- 
ation with the phytoplankton abundance, whereas the TSS 
r = —0.60, p < 0.01) was correlated negatively. The DO 

anged from 2.38 to 5.9 mg L −1 , the higher mean concen- 
ration of DO was found during the PRM which might be due 
o the higher primary production ( Kumar et al., 2018 ). 
Inorganic nutrients showed significant variation (n = 21, 

 < 0.01) between the stations ( Figure 3 ). The dissolved in- 
rganic nitrogen (DIN) (NH 4 

+ + NO 2 
− + NO 3 

−) was high 
uring the PRM and MON, which might be due to the in- 
reased concentration of nitrate and ammonia. The in- 
reased nitrate concentration could be due to anthro- 
ogenic input ( Kumar et al., 2018 ; Zhou et al., 2008 ). 
iyalalRam et al. (2011) also reported that the significant 
ositive correlation between TSS and DIN indicates the ero- 
271 
ion of soil and nutrient flux which is carried through river 
ischarge. The mean concentration of ammonia was high 
uring the MON. The phosphate and silicate concentrations 
ere also higher during the MON and lower during the POM. 
mmonia and phosphate formed a strong positive correla- 
ion (r = 0.90, p < 0.01), the similar result from the previous
tudy suggested that it could be the indication of sewage 
isposal and sediment release leading to higher phosphate 
oncentration ( Hardikar et al., 2019 ; Howarth et al., 2011 ). 
he mean N:P ratio was higher during the PRM ( ∼16) and 
ower during the MON ( ∼9) and POM ( ∼10), the optimal N:P
atio during the PRM resulted in higher phytoplankton abun- 
ance and biomass. 

.2. Seasonal variation of phytoplankton biomass, 
bundance, and diversity − relationship with 

nvironmental variables 

he phytoplankton biomass (chlorophyll- a ) varied from 0.09 
o 0.31 mg m 

−3 , the mean concentration of chl- a was higher
uring the PRM and lower in the MON and POM, respectively 
 Table 1 ). Depletion in phytoplankton biomass during the 
ON might be due to the elevated level of TSS (r = —0.72,
 < 0.01). The phaeophytin concentration varied from 0.01 
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Table 1 Seasonal variations of phytoplankton abundance, biomass, and species diversity indices in the coastal waters of Diu, 
northeastern Arabian Sea. Values in the open and parentheses represent the minimum-maximum and mean values ± standard 
error respectively. PRM — Pre-monsoon; MON — Monsoon; POM — Post-monsoon. 

PRM MON POM 

Phytoplankton abundance (x 10 3 cells L —1 ) 13.5—42.0 1.2—2.8 2.6—5.3 
(23.6 ±3.5) (1.8 ±0.2) (4.0 ±0.4) 

Chlorophyll a (mg m 

—3 ) 0.20—0.31 0.09—0.23 0.09—0.24 
(0.26 ±0.01) (0.15 ±0.02) (0.15 ±0.02) 

Phaeophytin (mg m 

—3 ) 0.29—0.44 0.18—0.45 0.01—0.25 
(0.36 ±0.02) (0.29 ±0.04) (0.07 ±0.03) 

Species diversity ( H’ ) 2.06—2.56 1.10—2.18 2.14—2.71 
(2.30 ±0.07) (1.71 ±0.17) (2.40 ±0.09) 

Species richness ( d ) 1.26—1.70 0.28—1.03 1.09—1.88 
(1.51 ±0.07) (0.68 ±0.12) (1.45 ±0.11) 

Species evenness ( J’ ) 0.72—0.89 0.97—1.00 0.91—0.97 
(0.83 ±0.02) (0.99 ±0.004) (0.94 ±0.01) 
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o 0.45 mg m 

−3 , the higher and lower concentration was ob- 
erved during the MON and POM, respectively. Phytoplank- 
on diversity indices showed a significant variation (n = 21, 
 < 0.01) between the seasons ( Table 1 ). The mean phy- 
oplankton diversity ( H 

′ ) was higher during the POM (2.40 
0.24) followed by the PRM (2.30 ± 0.18) and low during 

he MON (1.71 ± 0.45). The maximum and minimum species 
ichness ( d ) was recorded during the PRM and MON, respec- 
ively. The species evenness ( J ′ ) did not show much vari- 
tion between the seasons, however, the higher evenness 
as found during the MON (0.99) despite low diversity and 
ichness, which could be due to the lower abundance of phy- 
oplankton species at all the locations. 
The phytoplankton taxa identified during the study pe- 

iod are shown in Table S1 (supplemental material). A to- 
al of 61 phytoplankton species (23-centric diatoms, 27- 
ennate diatoms, 8 dinoflagellates, and 3 cyanophyceae) 
ere recorded along the coastal waters of Diu. Diatoms 
ere the most dominant phytoplankton group during all 
he seasons, whereas dinoflagellate and cyanophyceae were 
ow. The higher number of phytoplankton taxa was recorded 
uring the POM (38) followed by the PRM (27) and MON (17). 
he phytoplankton abundance varied from 1.2 to 41.9 × 10 3 

ells L −1 , the higher abundance was observed during the 
RM which could be attributed to a higher N:P ratio. The 
ean phytoplankton abundance was higher during the PRM 

23581 cells L −1 ) and lower during the MON (1780 cells L −1 ) 
ollowed by the POM (4046 cells L −1 ). A similar trend was 
lso observed in phytoplankton biomass (chl- a ) during the 
resent study. During the PRM phytoplankton abundance 
as high at St-1 and decreased towards St-7. Whereas dur- 
ng the MON and POM the abundance was low at St-1 and 
ncreased towards St-7, which might be due to the higher 
SS release from the riverside. Many studies along the 
est coast of India encountered higher phytoplankton abun- 
ance and biomass during the MON ( Hardikar et al., 2019 ; 
umar et al., 2018 ; NIO, 2015 ). However, the present 
hytoplankton abundance and biomass were low compare 
o the previous reports of Diu and surrounding regions 
 Hardikar et al., 2019 ; NIO, 2015 ). Though, very few stud- 
es reported low phytoplankton abundance in the Diu coast, 
272 
he reason was not documented ( Raghunathan et al., 2004 ). 
owever, the present study explored the limiting factors for 
hytoplankton growth. During the study period, 79 to 99% 

f the phytoplankton density was contributed by diatoms, 
he detailed contribution of phytoplankton groups during all 
he seasons are presented in Figure 4 . Diatoms were domi- 
ant during the MON (99%) followed by PRM (92%) and POM 

79%). Total phytoplankton abundance during the MON was 
ery low and varied from 1189 to 2788 cells L −1 and the 
aximum abundance was contributed by diatoms (pennate 
iatoms — 68% and centric diatoms — 31%). Dinoflagellate’s 
ontribution was higher during the POM (21%) and dropped 
uring the MON (1%) and PRM (1%). Particularly during the 
ON, only one species of dinoflagellate ( Protoperidinium 

allidum ) was observed and contributed 1% to the total phy- 
oplankton community. The drop in the dinoflagellate abun- 
ance and diversity during the MON and PRM might be due to 
he higher TSS (r = —0.23). During the MON, resulting 100% 

ennate diatoms at the riverine station (St-1, Figure 4 ) in- 
icate that mixing of bottom waters due to the high rainfall 
nd runoff could be the reason for the higher TSS and dom- 
nance of pennate diatoms. 

Canonical correspondence analysis (CCA) was per- 
ormed to determine the environmental factors control- 
ing the phytoplankton groups ( Figure 5 ). Eigenvalues of 
xes 1 ( λ1 = 0.104) and 2 ( λ2 = 0.074) explained 93.3% 

f the relationship between the phytoplankton commu- 
ity and environmental variables. The axis-1 was asso- 
iated with the MON and PRM stations, where the di- 
toms (pennate and centric) and phytoplankton biomass 
Chl- a ) were positively correlated with TSS, nutrients, and 
egatively correlated with SST and salinity ( Figure 5 ). 
hereas, for dinoflagellates, the reverse trend was ob- 
erved and associated with the POM stations. CCA re- 
ult suggests that diatoms could survive in high TSS and 
avored to low SST, salinity, and high nutrients; while 
he dinoflagellates were restricted due to those ele- 
ated TSS, nutrients and favored to high SST and salinity. 
e et al. (2012) also observed a similar trend that diatoms 
avor the high silicate, phosphorus with low temperature, 
nd the dinoflagellate favors the low silicate, phosphorus 
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Figure 6 Relationship between TSS with phytoplankton abun- 
dance, and diversity in the coastal waters of Diu, northeastern 
Arabian Sea. 

Figure 7 Relationship between diatom and dinoflagellate 
abundance with nitrate, and silicate, respectively, in the 
coastal waters of Diu, northeastern Arabian Sea. 
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273 
ith high SST. In addition to that, the regression analy- 
is conformed that, overall the decline in phytoplankton 
bundance, and diversity due to the elevated level of TSS 
 Figure 6 ). The previous study at Veraval also encountered a 
eduction in phytoplankton growth due to the elevated level 
f turbidity ( Hardikar et al., 2019 ). The regression analysis 
llustrated that the nitrate and silicate were the main fac- 
ors influencing the abundance of diatoms, whereas the di- 
oflagellates were reducing with those factors ( Figure 7 ). 
urther studies need to be carried out for the better un- 
erstaning about the fluctuation among the phytoplankton 
roups with varying nutrients. 
Several studies have reported the increased phytoplank- 

on abundance or harmful algal blooms due to the ele- 
ated nutrients in the coastal environmment by land runoff
nd upwelling phenomenon ( Hardikar et al., 2019 ; 
umar et al., 2020 ; Levy et al., 2007 ). In the present study,
he reduction in phytoplankton abundance was observed 
ue to the elevated level of TSS which could be attributed 
o natural erosion patterns as well as anthropogenic ac- 
ivities. Continuous reduction in phytoplankton abundance 
ould also affect the zooplankton and higher tropical lev- 
ls which may impact the fish stock in the future. Further 
tudies need to be carried out in the future for a better
nderstanding of the TSS, nutrients load, and their effect 
n plankton and higher tropical level. Thus, the present 
tudy suggests that to control erosion through plantation 
nd shore protection measures and managing the anthro- 
ogenic discharge in the coastal waters of Diu. Though the 
SS load is due to natural erosion, there is a need for 
hore protection measures which will ultimately conserve 
he coastal environment and enhance biological productiv- 
ty. 

. Conclusion 

hough light is the primary limiting factor for the phyto- 
lankton growth, the high TSS recorded in the present study 
ould have reduced the light and result in the lower phy- 
oplankton abundance. Hence, the TSS played a key role 
n affecting the phytoplankton abundance, diversity, and 
iomass in the coastal waters of Diu. Possibly the coastal 
rosion and land runoff could be attributed to higher TSS 
oad which might affect the growth of phytoplankton and 
igher trophic level. Thus, the present study suggests to de- 
elop the plantation in the coast and nutrient management 
trategy for the coastal waters of Diu. Reduction in phyto- 
lankton abundance and biomass could reflect in fish stock, 
ence, more attention and continuous monitoring are re- 
uired for developing better conservation and management 
lan in the coastal regions. 
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Abstract The Coastal region of Diu is the natural habitat dominated by Avicennia marina 
mangrove species at the southeast coast of Saurashtra in Gujarat state of India. However, Diu 
being a famous industrial and tourism place survival of these mangrove species is threatened 
due to anthropogenic activities. In present studies, sediment and leaf samples of A. marina 
were collected from the Diu coast to evaluate the ecological threat of heavy metals accumu- 
lation in the marine habitat. There was remarkable presence of heavy metals such as copper, 
nickel, cadmium, chromium and lead in sediments and leaf samples of A. marina . The values 
of Biological concentration factors (BCFs) of heavy metals in leaf samples were high for cad- 
mium, chromium and lead which suggest chelation of these heavy metals with biomolecules. 
The geo-accumulation index suggested that Site-4 and Site-5 were heavily contaminated with 
copper and nickel. The ecological risk index suggested that there is no significant effect of 
heavy metals on growth of plants in the mangrove ecosystem. Principal component analysis 
revealed that the samples collected from the natural habitats (Site-4 and Site-5) near the fish- 
ing and industrial areas were the main sources of heavy metal contamination. Hence, it was 
concluded that the concentration of heavy metals in the studied ecosystem had limited impact 
on growth of plants at Site-1, Site-2 and Site-3. However, growth of plants at Site-4 and Site-5 
were threatened due to the toxic effect of copper and nickel present in its sediments. 
© 2021 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 

he coastal region of the Diu with vast tidal flats is one 
f the richest zones for mangroves along the west coast 
f India. It is the natural habitat of Avicennia marina in 
he Gulf of Khambhat. Conservation of this natural habi- 
at of A. marina is important as it is the only island dom- 
nated by these plants. A. marina species are distributed 
parsely in these regions in the form of patches and sur- 
ival of these mangrove patches is significantly threatened 
ue to anthropogenic human activities in subtidal and in- 
ertidal zone of coastal region. As it is a famous tourism 

lace and industrial zone of Gujarat, it is continuously influ- 
nced by urbanization activities. This strong anthropogenic 
orcing has a highly negative impact on subtidal and inter- 
idal habitats within the region. Major industries present in 
he Diu region are polyester, cotton yarn, plasticizers, paper 
etroleum byproducts, pharmaceuticals, plastics, electrical 
onductors and marble tiles. These industries are known to 
nduce high concentrations of heavy metals in water and 
ediments of the marine ecosystem through pollutants from 

rban runoff and industrial waste disposal ( Bodin et al., 
013 ; Marchand et al., 2006 ). 
Various studies have depicted that mangroves have abil- 

ty to survive in changing environmental conditions such as 
lternating floods, low oxygen level in sediments, chang- 
ng osmotic potential, organic, inorganic or metal pollution 
 Buajan and Pumijumnong, 2010 ; Li et al., 2016 ). Even, they 
ave ability to accumulate heavy metals in aerial roots and 
ranslocate them to other organs of the plant ( Fernández- 
adena et al., 2014 ; Li et al., 2016 ; Usman et al., 2013 ). The
oncentrations of heavy metals were found high in aerial 
oots of mangrove species such as Avicennia, Rhizophora 
nd Kandelia as compared to shoots ( Chiu et al., 1995 ; 
acFarlane and Burchett, 2002 ; Peters et al., 1997 ; Tam and 
ong, 2000 ; Thomas and Fernandez, 1997 ). Heavy metals 
re hazardous to mangrove plants if its concentration in- 
reases above 5 gm/cm 

3 . They threaten survival of man- 
roves by affecting on their metabolic processes which in 
urn reduces growth and reproduction in plants ( Wright and 
elbourn, 2002 ). These in turn reduces density and diver- 
ity of plant species in the ecosystem ( Järup, 2003 ; Yan 
t al., 2017 ). Therefore, the ecological assessment and sub- 
equent protection measures framework for preserving the 
nly natural habitat of A. marina are a necessity needed 
romptly. 

. Material and methods 

.1. Geographical locations of the study area 

resent research was conducted on five locations where 
. marina inhabits the coastal region of Diu. These 
ve locations were selected for this research on the 
asis of the geographical dominance of A. marina 
pecies, the anthropogenic activities, aggregation of fish- 
ng community and sewage pollution in the area. The 
ites were located at the following geographical loca- 
ions: 1) Site-1 (Near Goghala bridge: GPS 20 °43 ′ 46.66 ′′ N 

0 °59 ′ 17.52 ′′ E); 2) Site-2 (Opposite Jethibai Bus Station: 
277 
PS 20 °43 ′ 7.31 ′′ N 70 °58 ′ 52.16 ′′ E); 3) Site-3 (Airport road,
iu: GPS 20 °42 ′ 51.90 ′′ N 70 °57 ′ 28.26 ′′ E); 4) Site-4 (Be-
ind Goa Industrial Development Corporation area: GPS 
0 °42 ′ 57.40 ′′ N 70 °56 ′ 59.87 ′′ E); 5) Site-5 (Taad village bridge:
PS 20 °44 ′ 7.35 ′′ N 70 °55 ′ 48.07 ′′ E) ( Figure 1 ). 

.2. Sediments samples collection and heavy 

etals analysis 

eavy metals analysis from sediments and leaves samples 
as done by following the method prescribed by Enders and 
ehmann (2012) with some modifications. Sediments and 
eaves samples were collected from five different places 
Site-1 to Site-5) in plastic collection vessels. Sediments 
nd leaf samples were dried in an oven at 70 °C and then
rinded using mechanical grinder. The powder of samples 
as passed through 0.3 mm size sieves. Further dry ash ox- 
dation method was used to digest the powder samples of 
oil and leaves. The well grinded dry powder of each sam- 
le was filled in cruscible of muffle furnish. In Muffle furnesh 
sh of each sample powder was prepared by incubating the 
ruscible for 5 hrs. at 550 °C. Then after cooling ash was dis-
olve in 5 ml of 25% HCl. The mixture was filtered using acid
ash filter paper and final volume of 50 ml was prepared us- 
ng distilled water. Concentration of all microelements (Mg, 
, B, Fe, Zn, Cu, Mn, Ni) and heavy metals (As, Cd, Cr, Pd,
g, Se) were determined from this digested sample solution 
sing ICP-MS (ICAP Q Thermo Fisher Scientific, Waltham, 
A, USA). Samples were analyzed in triplicate using the fol- 
owing operation conditions of instrument: Power = 1550W, 
ool gas flow = 14.1 L/min, nebulizer gas flow = 0.94 L/min, 
uxillary gas flow = 0.79 L/min, dwell time = 0.01 s, pero-
tatic pump speed = 40 rpm, total time for each sample 
easurement = 3 min. 

.2.1. Comparison of heavy metal estimation data with 

ediment quality guidelines (SQGs) 
he data obtained in present studies was compared 
ith sediment quality guidelines (SQGs) as described 
y Bakan and Özkoc (2007) , Luo et al. (2010) and 
acDonald et al. (2000) . These guidelines consists of the 
ata on probable effect level (PEL), threshold effect level 
TEL), lowest effect level (LEL), effect range low (ERL), 
oxic effect threshold (TET), effect range median (ERM), 
nd severe effect level (SEL) of heavy metals in coastal re- 
ions. 

.2.2. Determination of the biological concentration 

actor (BCF) in leaves samples 
he biological concentration factor (BCF) of leaves was 
alculated to evaluate the accumulation level of heavy 
etals in plant tissues from sediments. BCF values for 

eaves were expressed as original data averages for the 
eavy metals such as Cu, Ni, Cd, Cr, and Pb. The BCF val-
es were calculated based on the equation described by 
ui et al. (2007) and Yoon et al. (2006) : 

C F leaf = C leaf / C sediment 

here C leaf are the heavy metal concentrations in the leaf 
nd C sediment is the heavy metal concentration in the sedi- 



V. Patale and J.G. Tank 

Figure 1 Topography of study area which shows the five natural habitats of Avicennia marina at Diu coast. 
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.2.3. Determination of geo-accumulation index (I geo ) 
eo-accumulation index (I geo ) of heavy metals was deter- 
ined to assess the changes of concentration of heavy met- 
ls by associating it with the heavy metal concentrations 
n aquatic sediments with the geochemical background. 
t was calculated by following the equation described by 
üller (1969) 

 geo = lo g 2 C n / ( 1 . 5 ) B n 

here, C n is the concentration of metal measured in man- 
rove sediments, B n is the geochemical background value of 
he earth’s crust ( Taylor and McLennan, 1985 ). 
1.5 is a constant applied to account for the potential 

ariability in the reference value due to the influence of 
ithogenic processes. 

I geo values can be categorized in the following manner: 
ncontaminated sediment when I geo = 0; uncontaminated 
o moderately contaminated sediment when 0 < I geo < 1; 
oderately contaminated sediment when 1 < I geo < 2; 
oderately to heavily contaminated sediment when 2 
 I geo < 3; heavily contaminated sediment when 3 < 

 geo < 4; heavily to extremely contaminated sediment 
hen 4 < I geo < 5; and extremely contaminated sediment 
hen 5 < I geo . 

.2.4. Determination of the probable ecological risk 

oefficient (E 

i 
r ) 

he probable ecological risk coefficient (E i r ) was deter- 
ined by following the formula given by Hakanson (1980) 

 

i 
r = T i r ∗C 

i 
r = T i r ∗C 

i 
r / C 

i 
n 

here, T i r values for measured heavy metals are Cr = 2, 
u = 5, Ni = 5, Pb = 5 and Cd = 30; C 

i 
r is the contamination
278 
actor, C 

i 
s is the concentration of heavy metals in the sedi- 

ent, C 

i 
n — a background value for heavy metals and T i r is 

he metal toxic response factor. 
E i r values can be categorized in the following manner: 
E i r < 40 then low risk, 40 < E i r < 80 then moderate risk,

0 < E i r < 160 then considerable risk, 160 < E i r < 320 then
igh-risk and E i r > 320 then very high risk 

.2.5. Statistical analysis 
ultivariate cluster analysis was performed to construct a 
endrogram based on the similarity matrix data using the 
aired group (UPGMA) method with arithmetic averages and 
uclidean similarity index. All the measured parameters 
ere also subjected to Principle component analysis to de- 
ermine significant relationship of one component with an- 
ther. Comparisons and similarity groupings of all measured 
arameters were done by using two-way ANOVA to deter- 
ine significant variation between means. All the analysis 
as performed using Past: Palaeontological Statistics soft- 
are package. 

. Results 

.1. Sediments quality assessment at natural 
abitats of Avicennia marina 

rom present studies, it was observed that the mean con- 
entration of heavy metals in sediments varied in range 
rom 1.34 to 2.64 μg/g for copper, 0.028 to 2.093 μg/g for 
ickel, 0.023 to 0.09 μg/g for cadmium, 0.012 to 0.099 μg/g 
or chromium, and 0.024 to 0.098 μg/g for lead. The con- 
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Table 1 Variation in mean concentration of heavy metals accumulation in leaves samples due to season changes. 

ANOVA 
Source of Variation SS df MS F P-value F crit 

Sites 0.000105 4 2.63E-05 6.701746 0.000176 3.674045 
Seasons 0.032951 14 0.002354 600.3941 1.24E-55 2.417951 
Error 0.00022 56 3.92E-06 
Total 0.033276 74 

Figure 2 Changes in the mean concentration of heavy metals in sediments at all the five natural habitats of Avicennia marina 
during different seasons. 
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and Site-4 as compared to other sites ( Figure 2 ). 
entrations of heavy metals in sediments were in following 
rder Cu > Ni > Cd > Cr > Pd. There was remarkable significant
ariation (p < 0.01) of mean heavy metals concentration 
t all the five natural habitats of A. marina at Diu coast 
 Table 1 ). There was also significant (p < 0.01) influence 
f seasonal changes on concentration of heavy metals in 
ediments of all the five natural habitats of A. marina at Diu 
oast. The concentration of copper was high during summer 
eason as compared to winter and monsoon season at all 
he five habitats. The copper concentration remained high 
t Site-4 and Site-5 as compared to other sites ( Figure 2 ). 
he concentration of nickel was high during summer season 
279 
s compared to monsoon and winter season at all the five 
abitats ( Figure 2 ). The concentration of cadmium was 
igh during summer and winter season as compared to 
onsoon. The cadmium concentration remained high at 
ite-4 and Site-5 as compared to other sites ( Figure 2 ). 
he concentration of chromium was high during monsoon 
nd winter season as compared to summer. The chromium 

oncentration remained high at site-1 and Site-5 as com- 
ared to other sites ( Figure 2 ). The concentration of lead 
as high during winter and monsoon season as compared to 
ummer. The concentration of lead remained high at Site-2 
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Table 2 Variation in the mean concentration of heavy metals in sediments at all the five natural habitats due to seasonal 
changes. 

ANOVA 
Source of Variation SS df MS F P-value F crit 

Sites 0.255424 4 0.063856 1.053742 0.387995 3.674045 
Seasons 42.59691 14 3.042636 50.20916 1.74E-26 2.417951 
Error 3.393557 56 0.060599 
Total 46.24589 74 

Figure 3 Changes in accumulation of heavy metals in leaves of Avicennia marina during different seasons. 
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.2. Accumulation of heavy metals in leaves of 
vicennia marina 

rom present studies, it was observed that the mean con- 
entration of heavy metals in leaves varied in range from 

.049 to 0.067 μg/g for copper, 0.009 to 0.028 μg/g for 
ickle, 0.003 to 0.009 μg/g for cadmium, 0.021 to 0.052 
g/g for chromium and 0.001 to 0.0039 μg/g for lead. The 
oncentrations of heavy metals in leaves were in following 
rder Cu > Cr > Pd > Ni > Cd. There was no significant (p > 0.01)
ifference in the accumulation of heavy metals in leaves of 
. marina at all the five natural habitats. However, there 
as remarkable high influence of seasonal change on ac- 
umulation of heavy metals in leaves ( Table 2 ). There was 
lightly higher accumulation of copper in leaves of A. ma- 
ina during monsoon as compared to summer and winter 
280 
 Figure 3 ). There was high accumulation of nickle in leaves 
f A. marina during summer season as compared to mon- 
oon and winter ( Figure 3 ). There was high accumulation 
f cadmium during winter and summer season as compared 
o monsoon ( Figure 3 ). There was high accumulation of 
hromium during summer season as compared to winter and 
onsoon ( Figure 3 ). There was high accumulation of lead 
uring summer season as compared to monsoon and winter 
 Figure 3 ). 

.3. Biological concentration factors 

he mean values of biological concentration factors ob- 
ained from leaves samples were in range 0.023—0.044 
g/g for copper, 0.01—0.39 μg/g nickel, 0.033—0.26 μg/g 
or cadmium, 0.0029—0.36 μg/g for chromium and 0.015—
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Figure 4 Biological concentration factors of heavy metals in leaves of Avicennia marina during different seasons. 

Figure 5 Geo-accumulation index of heavy metals (Cd, Cr, Pb) in sediments of Avicennia marina during different seasons (a). 
Geo-accumulation index of heavy metals (Ni, Cu) in sediments of A. marina during different seasons (b). 

281 
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Figure 6 Improved Nemerow index of heavy metals in sediments of Avicennia marina during different seasons. 

Figure 7 Potential Ecological Risk index (E i r ) of heavy metals in sediments during different seasons. 
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Figure 8 Non-metric multidimensional scaling of five natural 
habitats of Avicennia marina on the basis of heavy metals con- 
centrations in sediments. 
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.094 μg/g for lead. The highest biological concentration 
actors among all the five habitats during three seasons 
ere obtained for cadmium and chromium in leaves samples 

 Figure 4 ). 

.4. Geo-accumulation index and ecological risk 

oefficient 

he geo-accumulation index (I geo ) suggested that cadmium 

nd lead demonstrated uncontaminated sediments with I geo 
reater than equal to 0 at all the five habitats during all 
easons. The chromiun demonstrated moderately contami- 
ated sediments with I geo value greater than 1 at Site-2 and 
ite-5 during monsoon season and at Site-4 and Site-5 during 
inter season. However, during summer season chromium 

howed uncontaminated sediments with I geo value greater 
han 0. The copper and nickel demonstrated moderately to 
eavily contaminated sediments with I geo value greater than 
 in all the five habitats during all seasons ( Figures 5 a and
 b). The improved Nemerow index ( Figure 6 ) and potential 
cological risk index showed the same pattern as that of the 
eo-accumulation index. However, the copper, nickel, cad- 
ium, chromium, and lead demonstrated uncontaminated 
ediments with E i r values less than 40 ( Figure 7 ). 

.5. Multivariate cluster analysis 

ultivariate cluster analysis was used to detect the simi- 
arity between the five habitats during three seasons. Clus- 
282 
er analysis grouped the five habitats in to two groups on 
he basis of its mean heavy metal concentrations in sedi- 
ents during three seasons. Group A included Site-1, Site-2 
nd Site-3 and Group B included Site-4 and Site-5. Group 
 corresponds to high concentration of Cu, Ni, Cr, Pd and 
d during summer and winter season as compared to group 
 which suggests high pollution in group B as compared to 
roup A. Similar clusters were also formed by non-metric 
ultidimentional scaling (MDS) ( Figure 8 ) which supported 
he results of multivariate Cluster analysis. From the Prin- 
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Figure 9 Principal component analysis of heavy metals in sediments of five natural habitats Avicennia marina during different 
seasons (summer, winter and monsoon). 
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iple component analysis, it was observed that there was 
9.9% total variations were retained on the basis of the 
igenvalue. The first and second principle components ex- 
lained 58.435% and 30.059% of variance in the heavy met- 
ls, respectively. However, third and fourth priniciple com- 
onent explained only 10.167% and 1.338 % of the vari- 
nce, respectively. This suggests that cluster B which in- 
ludes Site-4 and Site-5 has more pollution of heavy met- 
ls than cluster A which includes Site-1, Site-2 and Site-3 
 Figure 9 ). 

. Discussion 

n present studies, there was significant (p < 0.01) influence 
f seasonal changes on concentration of heavy metals in 
ediments of all the five natural habitats of A. marina at 
iu coast. The concentration of copper was high during sum- 
er season as compared to winter and monsoon at all the 
Table 3 Comparison of total heavy metals [ μg/g] in mangrove 
and standard quality guidelines. 

Heavy metals Cu Ni 

Threshold effect concentration (TEC) SQGs 
Threshold effect level (TEL) 16 16 
Lowest (2000) effect level (LEL) 35.7 18 
Effect range low (ERL) 70 30 
Canadian sediment quality guidelines (TEL) 18.7 —

Probable effect concentration (PEC) SQGs 
Probable effect level (PEL) 149 36 
Severe effect level (SEL) 110 75 
Toxic effect threshold (TET) 86 61 
Effective range median (ERM) 390 50 
Canadian sediment quality guidelines (PEL) 108 —

Present studies 
Monsoon Season 
Site-1 1.65 0.645 
Site-2 1.34 0.543 
Site-3 1.984 0.784 
Site-4 1.953 0.432 
Site-5 1.569 0.028 
Summer Season 
Site-1 1.785 0.965 
Site-2 1.976 0.976 
Site-3 2.432 1.072 
Site-4 2.355 0.365 
Site-5 2.643 2.093 
Winter Season 
Site-1 1.38 0.382 
Site-2 1.84 0.432 
Site-3 1.66 0.649 
Site-4 2.3 0.941 
Site-5 2.4 0.439 

284 
ve habitats. The concentration of cadmium was high dur- 
ng summer and winter season as compared to monsoon. 
he concentration of chromium was high during monsoon 
nd winter season as compared to summer. The concen- 
ration of lead was high during winter and monsoon sea- 
on as compared to summer. It was assumed that the pres- 
nce of higher concentration of copper in sediments is due 
o the presence of many fishing boats that use antifouling 
aints that contains CuSO 4 as a major ingredient which is 
eing also suggested by Usman et al. (2013) . The presence 
f other heavy metals in the natural habitats of mangroves 
s due to several anthropogenic activities such as fishing, 
ewage and industrial pollution which are the major causes 
or the accumulation of heavy metals in the sediments. Ma- 
or industries present in the Diu region are polyester, pa- 
er, cotton yarn, petroleum by products, plasticizers, phar- 
aceuticals, electrical conductors, marble tiles, and plas- 
ics which are the key sources of heavy metal pollution in 
angrove sediments. Previous studies have also recorded 
sediments at different sites along the coastal region of Diu 

Cd Cr Pd 

0.596 26 31 
0.6 37.3 35 MacDonald et al. (2000) 
5 80 35 
0.7 — 30.2 Canadian Council of 

Ministers of 
Environment (2002) 

3.53 90 91.3 
10 110 250 
3 100 170 
9 145 110 
112 — 112 Canadian Council of 

Ministers of 
Environment (2002) 

0.061 0.059 0.08 
0.087 0.088 0.095 
0.032 0.064 0.043 
0.051 0.012 0.024 
0.023 0.099 0.074 

0.05 0.018 0.0458 
0.08 0.018 0.0579 
0.07 0.016 0.0533 
0.08 0.015 0.0986 
0.09 0.015 0.0438 

0.043 0.096 0.0723 
0.063 0.018 0.0843 
0.057 0.054 0.0753 
0.075 0.077 0.0432 
0.051 0.088 0.0379 
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igh concentrations of heavy metals in mangrove sediments 
nd have suggested that anthropogenic activities are the 
ain source of heavy metal pollution in mangrove habitats 

 Defew et al., 2005; Tam and Wong, 2000 ). 
The results obtained in the present studies were 

ompared with the standard quality guidelines (SQGs) 
f heavy metals given by Bakan and Özkoc (2007) , 
uo et al. (2010) and MacDonald et al. (2000) . The threshold 
ffect concentrations of copper, nickel cadmium, chromium 

nd lead were lower than the values of TEL, LEL, ERL, 
EL, SEC TET and ERM ( Tables 3 ). This suggest that 
he season changes has maximum influence on accumula- 
ion of heavy metals in sediments of mangroves habitat 
hich can cause infrequent threat to the marine organisms 

 MacDonald et al., 2000 ). 
In present studies, the highest biological concentration 

actors among all the five habitats during three seasons 
ere obtained for cadmium and chromium in leaves sam- 
les. This clearly suggests the bioavailability of cadmium 

nd chromium in sediments of all the five natural habitats 
f A. marina. The low values of biological concentration 
actors for copper, nickel, and lead suggests low bioavail- 
bility of these metals in the sediments. This reflects the 
helation of heavy metals with organic molecules which re- 
ults in formation of immovable compounds ( Li et al., 2016 ; 
ath et al., 2014 ). 
The geo-accumulation index (I geo ) was introduced by 

üller (1969) to assess metal pollution in sediments. It has 
een applied in present studies to facilitate the qualitative 
ssessment of heavy metal contamination in sediments of 
ve natural habitats ( Shi et al. 2014 ; Srinivasa et al. 2010 ).
he improved Nemerow index and potential ecological 
isk index showed the same pattern as that of the Geo- 
ccumulation index. These results suggests that the sedi- 
ents are influenced by anthropogenic sources such as in- 
ustrial wastes, untreated sewage effluents and antifoul- 
ng paints from fishing boats ( Usman et al., 2013 ). The 
cological risk index suggested that there is no signifi- 
ant effect of heavy metals on growth of plants in the 
angrove ecosystem. Multivariate cluster analysis, non- 
ultidimentinal scaling and Principal component analysis 
evealed that the samples collected from the natural habi- 
ats (Site-4 and Site-5) near the fishing and industrial areas 
ere the main sources of heavy metal contamination. 

. Conclusions 

rom the present studies, it was concluded that the lev- 
ls of heavy metals were lower than the toxic effect 
hreshold level and probable effect level which indicates 
 very limited biological impact on the marine environ- 
ent. The higher concentrations of heavy metals in the 

eaves samples of mangroves indicated that A. marina ac- 
umulates heavy metals. The values of biological concen- 
ration factors (BCFs) suggested that the bioavailability of 
admium, chromium and lead were high as compared to 
opper and nickel. According to I geo index, Site-4 and Site-5 
ere heavily contaminated with copper and nickel. How- 
ver, Site-1, Site-2 and Site-3 were moderately affected 
y heavy metals. The ecological risk index suggested that 
here is no significant effect of heavy metals on growth 
285 
f plants in the mangrove ecosystem. Principal compo- 
ent analysis revealed that the samples collected from 

he natural habitats (Site-4 and Site-5) near the fishing 
nd industrial areas were the main sources of heavy metal 
ontamination. 
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Abstract Phosphorus reactivity and bioavailability in lake sediments is determined by diverse 
fractions of phosphorus (P) and their distribution. To gain deeper insights into P dynamics in 
Lakes, sediments from El Temsah Lake were investigated for water soluble P (WSP), readily 
desorbable P (RDP), algal available P (AAP) and Olsen-P using different chemical extraction 
methods. Total P (TP), organic P (OP), inorganic P (IP) contents, were also investigated. The 
TP, OP and IP concentrations in the sediments were 598.39 μg/g, 199.76 μg/g and 398.63 μg/g, 
correspondingly. Concentrations of the bioavailable P in the sediments followed the order AAP 
(48.42 μg/g) > WSP (14.60 μg/g) > RDP (1.82 μg/g) > Olsen-P (1.50 μg/g). Pearson correlation 
analysis exposed that there were significant correlations among the bioavailable P fractions 
concentrations and the TP concentrations (r = 0.83; p > 0.01 , r = 0.94; p > 0.01 , r = 0.62; p > 0.05); 
for WSP, AAP, and Olsen-P respectively. Moreover, there were no obvious associations amongst 
total P and N, Al, Ca, Fe, Mg, Mn, and OM in the sediments. The outcomes of phosphorus 
ecological risk assessment in sediments by single pollution standard index method revealed 
that the standard index of TP varied from 0.19 to 1.85. It demonstrated that the ecological 
pollution risks of phosphorus in El Temsah Lake sediments was comparatively low. 
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. Introduction 

hosphorus (P) has a crucial role in defining the func- 
ion and productivity of the ecosystems. Sediments and 
oils embrace considerable amounts of inorganic, organic 
nd microbial P. Therefore, phosphorus dynamics are man- 
ged by chemical and biological properties and processes 
 Reddy et al., 2005 ). Phosphorus is existing in the sediment 
atrix in the formulas of aluminum, calcium, iron complex 
alts and organic species, or adsorbed on the surface min- 
rals ( Pettersson et al., 1988 ). The quantity of mobile or 
ioavailable P in the sediments is a significant sign for sup- 
osing impending internal loading and the discharge to the 
ater column ( Rydin, 2000 ). In this context, it is requisite 
o identify not only the total P level in the sediments but 
lso the levels of diverse P forms ( Aydin et al., 2009 ). 
A valuable way to appraise the stock of possibly available 

ractions is to fractionate P depending on the extractabil- 
ty by leaching chemicals of accumulative aggressiveness 
 Perkins and Underwood, 2001 ; Tiyapongpattana et al., 
004 ). Chemical sequential extractions have been pro- 
ected to designate the several fractions in which phospho- 
us presents in the sediment ( Psenner and Pucsko, 1988 ; 
uban et al., 1999 ; Ruttenberg, 1992 ). The chemical se- 
uential extraction methods for P fractions in sediment are 
omplicated and inefficient. The bioavailable P levels in 
ake sediments may be simply considered by quantifying the 
evels of readily desorbable P (RDP), water soluble P (WSP), 
lgal available P (AAP), or NaHCO 3 extractable P (Olsen-P) 
 Zhou et al., 2001 ) than by P fractions as labile P, reductant
, metal bound P, occluded P and organic P ( Soliman et al., 
017 ; Wang et al., 2010 ). These fractions of P in lake sed-
ments were extensively considered by several investiga- 
ors ( Bo et al., 2014 ; Dapeng et al., 2011 ; Okbah, 2006 ;
oliman et al., 2017 ; Wang et al., 2010 ; Zhou et al., 2001 ;
hu et al., 2013 ) and can be, easily analyzed by diverse 
hemical extraction methods ( Zhou et al. 2001 ). 
To the best of our knowledge, this corresponds to the 

rst study to relate phosphorus fractionation to scrutinize 
ts probable bioavailability in El Temsah Lake sediments. So, 
he leading objectives of the present study is to (1) appraise 
he spatial variability in total and bioavailable phosphorus 
evels in El Temsah Lake sediment, (2) evaluate the ecolog- 
cal risk of P, (3) recognize the relationship between P and 
arious sedimentary parameters. Phosphorus fractions were 
lso appraised in relative to the levels of the most impor- 
ant P binding elements Al, Ca, Fe, Mg, and Mn, along with 
ther sediment physicochemical characteristics. 

. Material and methods 

.1. Sampling and study area 

l Temsah Lake is the backbone of the tourism and fishing in- 
ustries in the Suez Canal area ( Kiser et al., 2009 ). However, 
288 
he Lake suffers from accumulative pollution levels which 
re affected by untreated domestic and industrial wastew- 
ter ( Donia, 2011 ) in addition to agricultural wastes con- 
equences from land-based activities of Ismailia City, and 
resh water from some drains: El-Mahsama, EI-Bahtini and 
l-Forsan ( Abdel Sabour et al., 1998 ) ( Figure 1 ). The dete-
ioration of the lake has prolonged to a severe level where 
rgent action is mandatory to restore the lake ecosystem 

 Donia, 2011 ). 
Twelve surface sediment samples were collected in sum- 

er 2017 using Peterson grab sampler. Sampling sites were 
elected to cover different sorts of pollution to the Lake; 
omestic, agricultural, and industrial ( Figure 1 ). 

.2. Geochemical characteristics of the sediments 
nd elemental composition 

rganic matter was assessed by the wet oxidation method 
ollowing the method of ( Loring and Rantala, 1992 ). Total 
arbonate was determined as designated by Black (1965) . 
rain size analysis was analyzed using the standard siev- 
ng technique ( Folk, 1974 ). Total levels of Al, Ca, Fe, Mg
nd Mn in the sediment were measured after wet digestion 
 Oregioni and Aston, 1984 ) using an atomic absorption spec- 
rometer (AAS, Model AA-6800 Shimadzu) operating in the 
ame mode. The total nitrogen (TN) was analyzed by Kjel- 
ahl procedure ( Bremner, 1960 ). Total phosphorus (TP) was 
nalyzed by treating at 550 °C (2.5 h), succeeded by 1 M 

Cl extraction for 16 h. Inorganic phosphorus (IP) was di- 
ectly extracted with 1 M HCl for 16 h. Organic phospho- 
us (OP) was measured as the difference between TP and IP 
 Aspila et al., 1976 ). 

.3. Bioavailable phosphorus 

xtractable P that is correlated to P bioavailability in 
he sediments incorporates algal available P (AAP), read- 
ly desorbable P (RDP), sodium bicarbonate (NaHCO 3 ) ex- 
ractable P (Olsen-P), and water soluble P (WSP). These 
ractions of phosphorus were measured in line with 
hou et al. (2001) ( Table 1 ). 

.4. Ecological risk assessment 

he extensively used evaluation method for ecological risk 
f phosphorus is the single pollution index that was estab- 
ished based on the guidelines for environmental quality as- 
essment expressed by the Department of Environment and 
nergy of Ontario, Canada (1992). This index was calculated 
sing the subsequent formula: 

 T P = 

C T P 

C 
s 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Study area of El Temsah Lake. 
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here S T P is the single pollution index, C T P is the deter- 
ined concentration of TP and C s is the standard concen- 
ration of P . 
Relative to the regulations of the safe concentration lim- 

ts for nutrients in the Sediment Quality Guidelines (SQGs) 
 Alvarez-Guerra et al., 2010 ), the standard concentrations 
f TP should be 600 μg/g. Consistent with the value of S T P 
ndex, the risks are categorized into four grades, as indi- 

ated in Table 2 . 0

289 
.5. Data analysis 

raphically depicting groups of numerical data through 
heir quartiles were prepared using Minitab version 17. The 
orrelation analyses and means appraisal analyses were ac- 
omplished by Pearson Correlation in SPSS 13.0 (Statistical 
rogram for Social Sciences). Significance levels were la- 
elled as non-significant (no signs, p ≥ 0.05), significant ( ∗, 
.05 > p ≥ 0.01) or highly significant ( ∗∗, p < 0.01). 
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Table 1 Chemical extraction methods protocol ( Zhou et al., 2001 ). 

Bioavailable P form Method 

Algal available phosphorus 
(AAP) 

0.2 g of sediment sample was shaken with 0.1 M NaOH (pH 13.1) for 4 h. 

NaHCO 3 extractable 
phosphorus (Olsen-P) 

2.5 g of sediment sample was shaken in 50 ml of 0.52 M BaHCO 3 (pH 8.5) for 0.5 h. 

Readily desorbable phosphorus 
(RDP) 

2 g of sediment sample was shaken in 50 ml of 0.01 M CaCl 2 for 1 h. 

Water soluble phosphorus 
(WSP) 

1 g of sediment sample was shaken with 100 ml of deionized water for 2 h at 25 °C. 

Note: The P extracts in the four steps were filtered through0.45 mm pore size membrane filters. 

Table 2 Evaluation criteria and values for ecological risk of phosphorus in sediments of El Temsah Lake. 

Risk level Value Pollution assessment Results for El Temsah Lake 

Level I S T P < 0.5 Clean Sites: 1, 2, 3, 9, 10 
Level II 0.5 ≤ S T P < 1 Slightly polluted Sites: 8, 11, 12 
Level III 1 ≤ S T P < 1.5 Moderately polluted Sites: 4, 5 
Level IV 1.5 ≤ S T P Seriously polluted Sites: 6, 7 
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Figure 2 Box and whisker plots of CaCO 3 , OM, Sand, Silt, Clay 
(%), and N, Ca, Mg (%), and Al, Fe, Mn ( μg/g). 
. Results and discussion 

.1. Physicochemical characteristics of the 

ediments 

hysical and chemical characters of sediments are essen- 
ial for appraising the P exchange procedures between sedi- 
ents and overlying waters ( Gonsiorezyk et al., 1998 ). Out- 
omes of physicochemical characteristics of the sediments 
re demonstrated in Figure 2 in box and whisker plots. 
Carbonate concentrations are considerably low, desig- 

ating the influx of terrigenous materials ( Soliman et al., 
018 ). Organic matter is needed in the fractionation of 
 under definite hydrolyzing circumstances. It may formu- 
ate complexes with elements, such as Al, Ca, Fe, Mg, and 
n, which possibly govern P fate in the aquatic ecosystems 
 Fu et al., 2000 ; Pardo et al., 2003 ). In this study, OM display
oncentrations ranging from 0.19 to 10.25%. The dispersal 
f grain size reveals the domination of the sand fraction 
3.26—90.01%) followed by the clay fraction (3.03—89.88%). 
Descriptive statistics of elemental composition in sedi- 

ents of El Temsah Lake are presented in Table 3 and their 
istribution is illustrated in Figure 2 . Calcium levels range 
rom 5.62 to 22.63%, Mg from 1.9 to 10.85%, Al from 2280 to 
860 μg/g dw, while Fe from 4100 to 5778 μg/g dw, and Mn 
rom 123.56 to 642.37 35 μg/g dw. The coefficients of varia- 
ion (CV) for Mn in sediments are as high as 46.93%, followed 
y Mg (CV: 43.88%) and Ca (CV: 38.26%) ( Table 3 ). This enti-
les the relatively great alterations in total Mn, Mg, and Ca 
evels in the sediments, which may be owing to manmade 
ntrusions of metals ( Huang et al., 2019 ), and the prevalent 
hysicochemical conditions and complex reactions such as 
dsorption, flocculation and redox condition happening in 
he sediments ( Sekhar et al., 2003 ). While the lowest metal 
290 
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Table 3 Descriptive statistics of elemental composition in sediments of El Temsah Lake. 

Al ( μg/g) TP ( μg/g) Fe ( μg/g) Mn ( μg/g) Ca (%) Mg (%) IP ( μg/g) OP ( μg/g) TN ( μg/g) OC (%) 

Min 2280 131.84 4100 123.56 5.64 1.9 73.44 32.91 1200 0.17 
Max 3860 2028.76 5778 642.37 22.63 10.85 1365.74 663.02 31300 5.31 
Average 3024 598.39 4783.7 335.43 14.52 5.98 398.63 199.76 15450 2.11 
SD 462 563.78 588.6 157.41 5.55 2.625 384.5 183.04 12823 2.09 
CV (%) 15.3 106.13 12.30 46.93 38.26 43.88 96.45 91.63 82.99 99.22 

CV — coefficient of variance. 
TP — total phosphorus. 
IP — inorganic phosphorus. 
OP — organic phosphorus. 
TN — total nitrogen. 
OC — organic carbon. 

Figure 3 Distribution of organic, inorganic and total phospho- 
rus ( μg/g) in El Temsah Lake sediments. 
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eviations are perceived for Fe (CV: 12.30%) and Al (CV: 
5.30%), proving an identical distribution of these elements 
n the considered sites ( Bastami et al., 2016 ). 

Total nitrogen (TN) fluctuates from 1200 to 31300 μg/g 
w (CV: 82.99%). This proposes that the TN levels of the 
ediments varied significantly. Sites 4, 5, 6, 7, 11, and 12 
isplay intensely greater levels than the other sites. All re- 
ults exceed 1000 μg/g which is the Chinese environmen- 
al protection and EPA standard ( US EPA, 2002 ; Wang et al., 
010 ). The standard is a level where the sediments must 
e dredged to protect the environment ( US EPA, 2002 ; 
ang et al., 2010 ). 
The total phosphorus (TP) contents at different sites of 

he sediments are demonstrated in Figure 3 . Total P con- 
ents are in general high, alternating from 131.84 to 2028.76 
g/g dw (CV: 106.13%), attaining the maximum concen- 
rations in the sediments from sites (2, 6, 8, 10, 11, and 
2). This entitles that the lake sediments may have a high 
rospective to provide P to the overlying water ( Gao et al., 
005 ). There is no obvious homogeneousness recognized in 
he spatial distribution of TP levels in the sediments. The 
reas of the maximum TP accumulation in the sediments 
or the most part covered the areas of maximum TN lev- 
ls in the sediments. This may be explained by the efflu- 
nts of agriculture, domestic wastes, and shipping activi- 
ies resulting from the governorate of Ismailia ( Said and El 
groudy, 2006 ). 
291 
.2. Phosphorus fractions and bioavailability 

.2.1. Inorganic, and organic fractions of phosphorus 
utcomes for the levels of inorganic phosphorus (IP) and 
rganic phosphorus (OP) in El Temsah Lake sediments are 
epicted in Figure 3 . It can be seen in Figure 3 that inor-
anic phosphorus is the most important form (around 66% of 
he TP). Inorganic phosphorus level range from 73.44 μg/g 
w to 1365.74 μg/g dw. IP has been shown to be an essen-
ial source of bioavailable P in eutrophic sediments. NaOH- 
, which mostly comprises P bound to Al and Fe oxides and 
ydroxides ( Ruban et al., 2001 ), may be leached from sed- 
ment and bring about the growing of phytoplankton under 
he anoxic circumstances that succeed at the sediment—
ater interface ( Bo et al., 2014 ). The level range of the
rganic phosphorus is 23.91—663.02 μg/g dw (about 33.56% 

f the TP). The concentrations of OP in sediments are in 
enerally low. OP is leached only when organic matter in 
he lake is mineralized ( Pedro et al., 2013 ). This is a signifi-
ant character distinguishing sediments from soils, in which 
rganic forms prevail ( Gunduz et al., 2011 ). In general, OP 
ay release bioavailable fractions of P which may possibly 
e utilized directly or indirectly by algae ( Liu et al., 2012 ).
he content of bioavailable P reveals the amount of con- 
amination and the endogenous release capacity. Bioavail- 
ble P may be converted into active P by chemical and bio- 
ogical reactions and consecutively affect the water quality 
 Bridgeman et al., 2012 ). Numerous investigations have ex- 
osed that elevated quantities of bioavailable P in the sed- 
ments lead to superior release of P ( Liu et al., 2012 ). Ac-
ording to Rydin (2000) , around 50—60% of OP in sediments 
ay be degraded or hydrolyzed to bioavailable P. 

.2.2. Bioavailable phosphorus 
he levels of diverse bioavailable P fractions considered in 
his work are presented in Figure 4 . The comparative in- 
olvement of each form to the TP is depicted in Figure 5 .
he rank order owing to the average levels of P fractions 
n El Temsah Lake is AAP > WSP > RDP > Olsen-P. A detached
iscussion of each bioavailable P form is given below. 
.2.2.1. Water soluble phosphorus (WSP). WSP is deliber- 
ted as the best evaluation of directly available P the sed- 
ments ( Zhou et al., 2001 ). Levels of WSP are considerably 
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Figure 4 Distribution of bioavailable phosphorus fractions ( μg/g) in El Temsah Lake sediments. 

Table 4 Literature data concerning bioavailable phosphorus worldwide. 

Location Bioavailable Phosphorus fractions ( μg/g) Reference 

WSP RDP AAP Olsen-P 

El Temsah Lake 14.60 1.84 48.42 1.50 This study 
Lake Mariut, Egypt 40.81 9.08 107.12 89.27 Soliman et al. (2017) 
Lake Edku, Egypt 9.77 1.70 59.70 42.40 Okbah (2006) 
Taihu Lake, China 1.8 0.3 340 38.7 Bo et al. (2014) 
West Lake, China 
Lough Erne, Ireland 

77.1 
188.4 

44.8 
67.2 

354.1 
1293.9 

238.9 
512.2 

Zhou et al. (2001) 
Zhou et al. (2001) 

Figure 5 Percentage of bioavailable P fractions in El Temsah 
Lake sediments. 
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nterrelated with P bound to clays ( Hu et al., 2007 ). In El
emsah Lake the levels of WSP in the considered sediments 
ange from 1.49 μg/g dw to 58.99 μg/g dw, and average 
4.60 μg/g dw. The highest WSP concentration is demon- 
trated in sediment from site 11. This faction of phosphorus 
ccounts for 2.39% of sedimentary TP in El Temsah Lake. 
hese values are to some extent low in consideration to the 
alues (40.81, 77.1 and 188.4 μg/g dw) described for Lake 
ariut in Egypt, West Lake, China, and Lough Erne, Ireland, 
orrespondingly, and higher than Lake Taihu, China (1.8 
g/g dw) and Lake Edku, Egypt (9.77 μg/g dw) ( Table 4 ). 
.2.2.2. Readily desorbable phosphorus (RDP). Readily 
esorbable phosphorus signifies the simply desorbed and re- 
eased P reflected as algal available P ( Zhou et al., 2001 ). 
he RDP levels in El Temsah Lake display high variations 
292 
anging from 0.55 μg/g dw in site 1 to 6.85 μg/g dw in
ite 11 ( Figure 4 ). The RDP concentration is nearly 12 times
reater in sediment from site 11 than in sediment from 

ite 1. By discharge of industrial wastes this site is con- 
aminated with: 1) Liquid wastes such as oil and grease, 
aints, in addition to wastes from ships and discarding of 
omestic wastewater. 2) Solid wastes as metals, sand in- 
luding metals debris and fouling ( Abdel Sabour et al., 1998 ; 
oliman et al., 2019 ). The proportional contribution of RDP 
o the available phosphorus ranges from 0.1% to 1.27%, and 
he average is lower than 1% (0.47%) ( Figure 5 ). This desig-
ates that most of the phosphorus is bound in such a fraction
hat isn’t exchangeable, and therefore, not available for di- 
ect uptake by plants ( Branom and Sarkar, 2004 ). These lev- 
ls are fairly small in accordance with the levels described 
or Mariut Lake, West Lake, China and Lough Erne, Ireland, 
nd higher than Lake Taihu, China and Lake Edku, Egypt 
 Table 4 ). 
.2.2.3. Algal available phosphorus (AAP). This faction 
f sedimentary phosphorus denotes phosphorus combined 
ith metal (hydr) oxides, mostly of Al, and Fe, which is 
xchangeable again with OH 

−, anion of organic ligands 
nd inorganic phosphorus complexes dissolved in alkali 
 Rydin, 2000 ). NaOH extractable P may be released for the 
rowing of phytoplankton once anoxic circumstances domi- 
ate at the sediment-water interface ( Ting, 1996 ). The AAP 
evels in the studied sediment samples range from 10.37 
g/g dw in sediment from site 3 to 262.47 μg/g dw in sedi-
ents from site 12 ( Figure 4 ). The comparative contribution 
f AAP to the available phosphorus is between 2.13% (in site 
) to 12.94% (in site 12) ( Figure 5 ). The outcomes acquired in
his work were lesser than the outcomes described for other 
akes ( Table 4 ). This may be related to the sediment tex-
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ure (high clay and silt amounts in the lake. Furthermore, 
hese results were comparable to the outcomes in earlier 
esearches that the comparative involvement of NaOH—P to 
P ranged from 5 to 70% with elevated values in eutrophic 
akes, and NaOH—P was an essential origin for bioavailable 
 in eutrophic sediments ( Penn et al. 1995 ; Wang et al., 
010 ). 
.2.2.4. NaHCO 3 extractable phosphorus (Olsen-P). Olsen- 
 is an appropriate measure for demonstrating the situation 
f nutrients in soils. In agreement with Zhou et al. (2001) , 
lsen-P levels in soils that are > 46 μg/g dw specify a high 
utrient rank. Consequently, Olsen-P may be moreover de- 
iberated as a measurable indicator of the availability of P 
or algae. Commonly, Olsen-P is represented as the active 
Cl—P since a possibly mobile percentage is shown to be in- 
olved in the HCl—P fraction ( Kisand and Noges, 2003 ). The 
evels of this fraction of P in El Temsah Lake sediment range 
rom 0.53 μg/g dw in site 1 to 3.3 μg/g dw in site 11, and
ccounts for from 0.1% in site 12 to 0.58% in site 3 of to-
al phosphorus ( Figures 4 and 5 ). The attained data reveals 
hat agreeing to the standards of agricultural soils, all the 
ocations of the study area have low Olsen-P. 

Table 4 displays that the results attained in this work are 
esser than the results of 89.72, 42.40, 238.9, 512.2, 38.7 
g/g dw designated for Lake Mariut, Lake Edku, West Lake, 
nd Lough Erne, Lake Taihu, respectively. 
.2.2.5. Ecological risk of phosphorus in the sediments. 
he considered samples may be distributed into two cat- 
gories based on the Chinese environmental dredging com- 
on standard ( Liu et al. 1999 ). Samples that their TP levels 
ere higher than 500 μg/g dw (sites 2, 6, 8, 10, 11, and 12)
re deliberated as heavily polluted with certain ecological 
isk effects and would be dredged. The others (sites 1, 3, 
, 5, 7, and 9) are slightly polluted (mesotrophic or olig- 
trophic), in which TP levels were lesser than 500 μg/g dw. 
Based on the Canadian Sediment Quality Guidelines 

SQGs) ( Mudroch and Azcue, 1995 ), the TP levels at 42% of 
he investigated sites surpassed the lower SQGs value (550 
g/g), and the TP concentrations at site 12 reached the 
pper SQGs value (2,000 μg/g) ( Figure 4 ), demonstrating 
hat there will be elevated levels of toxicity to sediment- 
welling organisms from phosphorus at site 12. Phosphorus 
ets into El Temsah Lake from greater amounts of wastes, 
omprising raw liquid and solid municipal wastewater, in- 
ustrial wastewater and agricultural runoff that dumped 
nto the lake ( Abdel Sabour et al., 1998 ). 

The single pollution index of phosphorus in El Temsah 
ake sediment samples varies from 0.19 to 1.85, and the 
isk grade ranges from Grade I to III. Noticeably, 41% of 
he samples in El Temsah Lake are clean (grade I). On the 
ther hand, other sites of the sediment samples are slightly 
25%) or moderately (17%), or seriously (17%) polluted. Con- 
equently, the average risk of total phosphorus contamina- 
ion in El Temsah Lake is relatively low. 
.2.2.6. Relationships between bioavailable phosphorus 
ractions and geochemical components of the sediments. 
hosphorus dynamics is associated with its collaboration 
ith the diverse sediment matrix components, so the un- 
erstanding of the diverse forms in which phosphorus ex- 
sts in the sediments is required ( Pardo et al., 2003 ). The 
orrelation of Fe, Mn, and P in lake sediments is not ob- 
iously assumed, though there is an overall agreement 
293 
rom the deliberation of solubility product interactions that 
hemical interaction of phosphate would happen with Al, 
a, and Fe complexes. Phosphate anions may be taken 
p from the water by alumina, kaolinites, and montmo- 
illonites ( Chen et al., 1973 ) and similarly by precipitated 
erric and aluminum hydroxides ( Carritt and Goodall, 1954 ; 
su, 1965 ). 
Fe:P proportion is deliberated as a degree of available 

orption places for phosphate ions on iron oxyhydroxide sur- 
aces. The proportion of Fe:P beyond 15 is adequate for iron 
o adjust the benthic fluctuation of phosphorus from sedi- 
ent to oxic water ( Jensen et al., 1992 ). Rydin and Brun-
erg (1998) also designated the development of an active 
xic barrier with the overhead Fe:P proportion. In El Tem- 
ah Lake sediments, the Fe:P proportion is lower than 15 
xcluding site 1 and, leading to lower levels of Fe:P. This 
an prove that the perceived phosphorus is associated with 
he geochemistry of the lake sediment. Consequently, there 
s no sufficient iron in the sediments to combine with phos- 
horus at the majority of the sampling locations, repre- 
enting that iron can’t manage the phosphorus release and 
he influence of NaOH-P on the water column phosphorus is 
reat ( Soliman et al., 2017 ). Additionally, a substantial neg- 
tive relationship ( −0.76; p > 0.01) is established between 
he Fe:P atom proportion in surface sediments and mean 
alues of TP in the lake sediments. These results propose, 
ut do not ascertain, that the internal phosphorus loadings 
n this lake are not associated with the Fe:P atom propor- 
ion. 
In this study, a high significant positive correlation co- 

fficient (r = 0.79; p > 0.01) between Fe-Mn is exhibited 
 Table 5 ). The close chemical resemblance between Fe and 
n is revealed geologically in their corporate association in 
ocks of all types. Hydrous oxides of iron and manganese 
re approximately plentiful in clays, soils, and sediments 
 Bortleson and Lee, 1974 ). However, there is no obvious 
elationship between TP-Fe and TP-Mn in El Temsah Lake. 
greeing with Mackereth (1966) P deposition is not affected 
y differences in the iron and manganese cycle, but the pre- 
ipitation of P can be basically biological and constant. Fe 
s appearing to be associated with clay minerals (r = 0.94; 
 > 0.01) which will afford slight prospects for P precipi- 
ation with Fe complexes ( Bortleson, 1971 ). Additionally, 
here is no relationship between Ca and any of the bioavail- 
ble phosphorus fractions. This is similar with the results of 
thers ( Jensen et al., 1992 ) and confirms that the extent of
alcium existing in the sediment has no effect on the dis- 
ersal of the different P pools ( De Groot, 1991 ). 
Results exhibit that, no association may be recognized 

etween the IP/OP and the organic matter level in the sedi- 
ent samples ( Table 5 ). Consequently, the dispersal of phos- 
horus between the inorganic and organic fractions seemed 
ot to be associated with the organic matter concentration 
n apparent way. This is possibly owing to the composite 
roperties of organic matter and to the intricate relations 
mongst the diverse sediment characteristics ( Pardo et al., 
003 ). 
A significant relationship exists between organic matter 

OM) and total nitrogen (TN) in the sediments of El Temsah 
ake ( r = 0.92, P < 0.01) which proposes that the content
f TN can be regulated by organic source ( Hakanson and 
ansson, 1983 ) while total phosphorus associates nega- 
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Table 5 Correlation matrix for the different studied components in sediments of El Temsah Lake. 

Al Ca Fe Mg Mn TN TP IP OP CaCO 3 OM WSP RDP AAP Olsen-P Sand Silt Clay 

Al 1 
Ca 0.74 ∗∗ 1 
Fe -0.76 ∗∗ -0.95 ∗∗ 1 
Mg -0.09 -0.51 0.59 ∗ 1 
Mn -0.07 ∗∗ -0.89 ∗∗ 0.79 ∗∗ 0.23 1 
TN -0.73 ∗∗ -0.83 ∗∗ 0.81 ∗∗ 0.53 0.59 ∗ 1 
TP -0.48 -0.29 0.18 -0.59 ∗ 0.51 0.1 1 
IP -0.47 -0.28 0.16 -0.61 ∗ 0.50 0.1 0.99 ∗∗ 1 
OP -0.51 -0.31 0.21 -0.54 0.51 0.11 0.99 ∗∗ 0.97 ∗∗ 1 
CaCO 3 -0.54 -0.68 ∗∗ 0.62 ∗ 0.39 0.54 0.89 ∗∗ 0.14 0.14 0.152 1 
OM -0.51 -0.61 ∗ 0.58 ∗ 0.51 0.35 0.92 ∗∗ -0.11 -0.11 -0.09 0.94 ∗∗ 1 
WSP -0.63 ∗ -0.33 0.21 -0.61 ∗ 0.41 0.2 0.83 ∗∗ 0.84 ∗∗ 0.79 ∗∗ 0.11 -0.03 1 
RDP -0.61 ∗ -0.25 0.15 -0.49 0.24 0.18 0.50 0.53 0.44 0.002 0.001 0.87 ∗∗ 1 
AAP -0.52 -0.38 0.25 -0.57 ∗ 0.59 ∗ 0.18 0.94 ∗∗ 0.94 ∗∗ 0.91 ∗∗ 0.27 0.003 0.88 ∗∗ 0.58 ∗ 1 
Olsen-P -0.54 -0.26 0.17 0.34 0.16 0.20 0.62 ∗ 0.60 ∗ 0.64 ∗ 0.07 0.02 0.69 ∗∗ 0.63 ∗ 0.51 1 
Sand 0.73 ∗∗ 0.98 ∗∗ -0.95 ∗∗ -0.48 -0.88 ∗∗ -0.82 ∗∗ -0.33 -0.31 -0.35 -0.71 ∗∗ -0.63 ∗ -0.32 -0.19 -0.43 -0.24 1 
Silt 0.14 -0.21 0.13 0.34 -0.12 0.16 -0.43 -0.39 -0.49 0.09 0.2 -0.17 0.14 -0.28 -0.12 -0.12 1 
Clay -0.75 ∗∗ -0.98 ∗∗ 0.94 ∗∗ 0.46 0.89 ∗∗ 0.81 ∗∗ 0.36 0.34 0.38 0.71 ∗∗ 0.59 ∗ 0.33 0.19 0.46 0.25 -0.99 ∗∗ 0.06 1 

Correlation is significant at ∗ P < 0.05, ∗∗ P < 0.01; n = 12 
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Table 6 Total organic carbon/total nitrogen (TOC/TN), total organic carbon/total phosphorus (TOC/TP) and total nitro- 
gen/total phosphorus (TN/TP) organic carbon/organic phosphorus (OC/OP), Iron/phosphorus, manganese/phosphorus ratios in 
El Temsah Lake sediments. 

Station TOC/TN TOC/TP TN/TP OC/OP Fe:P Mn:P 

1 1.50 14.75 9.84 54.70 15.20 0.72 
2 1.00 15.32 15.32 6.60 4.09 0.16 
3 1.46 17.65 12.11 87.33 19.31 1.74 
4 1.74 74.37 42.86 774.57 12.12 0.59 
5 1.47 53.09 36.12 377.74 9.67 0.79 
6 1.30 36.60 28.15 182.90 5.40 0.43 
7 1.63 49.56 30.34 715.30 14.82 1.33 
8 0.68 14.32 20.99 24.20 2.82 0.22 
9 0.78 10.14 13.04 39.47 8.82 0.26 
10 0.33 10.67 32.02 8.64 4.35 0.22 
11 0.99 50.68 51.22 47.39 2.08 0.15 
12 1.36 47.28 34.69 41.93 1.42 0.18 
Min 0.33 10.14 9.84 6.60 1.42 0.15 
Max 1.74 74.37 51.22 774.57 19.31 1.74 
Average 1.19 32.87 27.22 196.73 8.34 0.57 
SD 0.43 21.68 13.15 276.37 5.92 0.51 
CV 36.10 65.95 48.29 140.48 70.99 90.42 
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ively with OM ( Table 5 ). This entails that sediment TP 
s influenced by parameters other than organic matter 
 Knosche, 2006 ). If N and P in the sediments are originated 
rom the similar origin, they must have a good relationship. 
hough, it is designated that the relationship between TN 

nd TP is insignificant in El Temsah Lake sediments, display- 
ng dissimilar sources ( Table 5 ). 

Earlier investigations have revealed that the ratios of nu- 
rient elements in sediments may reveal the geochemical 
eactions of elements, the environment and the origins of 
nternal and external contaminations ( Gu et al., 2017 ). Par- 
icularly, the TOC/TN ratio is extensively utilized to catego- 
ize the probable origins of organic matters and the differ- 
nces among species. The TOC/TP ratio reveals the decom- 
osition rate of OC and P fractions in sediments to a definite 
ange ( Peng, 2016 ). The TN/TP ratio reveals the dynamic 
rogressions of the accumulation, deposition and release of 
 and P in water ( Peng, 2016 ). If TOC/TN > 10, the OM is
rincipally from land sources; if TOC/TN = 10, the internal 
nd external OM is essentially in equilibrium; if TOC/TN < 

0, the OM is mostly from water bodies ( Peng, 2016 ). 
From Table 6 , the TOC/TN in El Temsah Lake sediments 

iffers from 0.3 to 1.7. Consequently, the TOC accumula- 
ion and TOC/TN in sediments in El Temsah Lake are posi- 
ively interrelated to the organic components from the wa- 
er body. The TOC/TP in sediments in El Temsah Lake alters 
rom 10.1 to 74.4. The average value of the TOC/TP ratios is 
2.9. Furthermore, the spatial dissimilarities of TOC/TP in 
he sediments have comparatively high coefficient of vari- 
nce (CV) of 65.95% > 50%. Great TOC contents in sites (4, 5, 
, 7, 11, and 12) have a substantial influence on the spatial 
ifferences of nutrient element ratios, compared with the 
ther sites. These sites have greater amounts of TOC, which 
ay be introduced into the sediments by untreated munic- 

pal and urban wastes ( Abdel Sabour et al., 1998 ). Conse- 
uently, the accumulation of TOC dominates the TOC/TP 
atio. Data of the ratio between OC and OP (OC/OP) 
295 
ay support the understanding of the provenance, decom- 
osition and preservation of sedimentary organic matter 
 Sardans et al., 2012 ), in addition to the transformation 
f phosphorus in sediments. In general, approximately all 
f the sediment OM types in aquatic ecosystems are origi- 
ated from biological photosynthetic activity in the aquatic 
nd/or terrestrial environments. The OC/OP ratio of ma- 
ine plankton is closer to the Redfield C/P ratio of 106:1 
 Anderson and Sarmiento, 1994 ; Redfield et al., 1963 ), and 
iffer from ∼50:1 to 150:1 ( Li and Peng, 2002 ), with an av-
rage of about 117:1 ( Anderson and Sarmiento, 1994 ). In 
his work, the OC/OP ratios range from 6.6 to 774.6, with 
n average of 196.7 ± 276.37 ( Table 6 ), which exceed the 
edfield ratio, representing that El Temsah Lake sediments 
eceive substantial quantity of OC from land-based origins. 
Nitrogen and phosphorus are key parameters for the cat- 

gorization of trophic status as they are nutrients most 
robable to limit aquatic primary producers in lakes and 
ivers. The total N to total P (TN:TP) ratio is usually uti-
ized as a guide that signifies the nutrient limitation for al- 
al growth. Elser et al. (2009) indicate that phosphorus is 
imiting when TN: TP by weight is > 16, nitrogen is limiting 
hen TN: TP is < 14, and either nitrogen or phosphorus or 
oth are limiting when TN:TP is between 14 and 16. Results 
isplay that the TN:TP in El Temsah Lake is fluctuated from 

.8 to 51.2 (average: 27.2), signifying that the limiting nu- 
rient for the algal growth in El Temsah Lake is P. 
The ratio of N: P in sediment is greater than the Redfield 

alue, displaying that P in the considered lake sediment is 
rimarily autogenic. 
Table 5 exhibits that there is a significant relationship 

etween WSP and TP in El Temsah Lake sediments (r = 0.83;
 > 0.01). More or less P may be simply desorbed and re-
eased, predominantly when the level of P in the water 
olumn is decreased ( Zhou et al., 2001 ). Additionally, out- 
omes of Pearson correlation analysis display a poor positive 
elationship concerning RDP and TP or IP ( Table 5 ). 
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The Olsen-P fraction was the smallest of the extracted P 
ractions. In particular, RDP in sediments of El Temsah Lake 
nly accounted for 0.34% of TP ( Figure 5 ). The correlation 
etween Olsen-P and TP was poorer than in any other anal- 
sis, but still highly significant (P < 0.05). 
It is perceived that the AAP fraction displayed an en- 

anced sign of P bioavailability. The AAP fraction ex- 
racted greater quantities of P compared to WSP, RDP and 
lsen-P, ranging between 2.13 and 12.94% (average: 6.67%) 
 Figure 5 ). The relationships between P extracted in the 
AP fraction and TP or IP are somewhat much better than 
he other extracted fractions and are significant at a < 0.01 
evel ( Table 5 ), proposing that the elevation in TP and co- 
nciding leaching of P from sediment improved the bioavail- 
bility and increase risk of P ( Wang and Liang, 2015 ). 
The comparatively larger quantity of extracted P and 

he significant relationship between extracted and sedimen- 
al TP designates that a substantial part of P in El Tem- 
ah Lake sediments is combined with Fe/Al oxides ( Anjos 
t al., 2000 ), and a comparatively substantial fraction of 
e/Al-bound P is bioavailable. These fractions of P are 
asily dissolved under alkaline conditions and converted 
nto dissolved P when the redox environment changes 
 Han et al., 2014 ). Dissolved P may then enter the overlying 
ater, and finally deteriorates the water quality ( Wang and 
iang, 2015 ). 
AAP discloses the impact of sediment texture, while a 

igh clay percentage improves the level of AAP. This end re- 
ult is sustained by Pearson correlation analysis where a pos- 
tive correlation between AAP and clay (r = 0.46) ( Table 5 ) is
esignated. 

. Conclusion 

his paper presents the results of P fractions (TP, OP, IP, and 
ioavailable P) in the surface sediment and from El Temsah 
ake. Total phosphorus concentration is on average 598.39 
g/g. The IP level was higher than OP for the studied area 
nd its average % contents were 66.50% of TP. Where the av- 
rage level of the OP was 33.50% of TP. Relative abundances 
f the bioavailable P fractions in the sediment follow the 
ank: AAP > WSP > RDP > Olsen-P. The AAP method extracted 
he most P and the RDP and Olsen-P methods extracted the 
east P. Clearly, as the levels of WSP, RDP, and Olsen-P were 
ow, accounting for lower than 4% of TP, these fractions were 
s insignificant as available P sources for algal growth. In 
ontrast, AAP accounted for more than 7% of TP. WSP, AAP, 
nd Olsen-P forms gave bioavailable P levels that were cor- 
elated to the IP, TP, and OP levels. Correlation coefficients 
howed that there were significant correlations among the 
ioavailable P fractions concentrations and the TP concen- 
rations. Moreover, there were no apparent relationships 
etween TP and N, Al, Ca, Fe, Mg, Mn, and OM in the sedi-
ents. This study exhibited that the TN:TP ratio in the wa- 
er column fluctuated from 9.8 to 51.2, proposing that P 
as the limiting nutrient for the algal growth in El Temsah 
ake. Moreover, Fe:P ratio was lower than 15 supposing that 
here wasn’t adequate iron in the sediment to combine with 
hosphorus at most of the investigated samples. Consistent 
ith the single pollution index method, the risk level of P 
ontamination in the sediments was comparatively low. Re- 
296 
ults from this study establish a background of bioavailable 
hosphorus fractions in sediments from El Temsah Lake and 
an be utilized as a reference for forthcoming investigations 
n the fluctuations of phosphorus bioavailability over time. 
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Abstract Instantaneous cloud cover over the Baltic Sea, estimated from satellite information, 
may differ by as much as several dozen percent between the day and night. This difference 
may result from both weather conditions and different algorithms used for the day and night. 
The diurnal differences in cloudiness measured by proprietary and operational systems were 
analysed as part of research on marine environmental assessment and monitoring. An optimised 
algorithm for 2017 was presented and supplemented with information from radiation modelling. 
The study showed that, in general, the average values of daily changes in cloud cover over the 
sea depend on the season, which generally corresponds to the length of the day and contrasts 
with the amount of cloudiness. The results were compared with available online data that met 
the night and day detection criteria, the climate model, and the climate index. The averaged 
analysis of seasonal changes showed that similar values of the satellite estimates are higher 
than those obtained from the climate model and the lidar estimation. The satellite estimates 
from SatBaltic showed the lowest uncertainty. The diurnal cycle was confirmed by all analysed 
systems. These results may indicate common physical mechanisms and a methodological reason 
for the uncertainty of satellite-based data. The results clearly showed the existing diurnal 
difference in the amount of cloud cover over the Baltic Sea and indicated that this difference 
is not always explained by the physical properties of the atmosphere. The probable causes for 
these uncertainties were identified and diagnosed. 
© 2021 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 license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

he study of cloudiness above the sea surface based on 
bservations from satellites is a very complex problem. 
he complexity involves results of measurements in both 
he shortwave and longwave ranges, i.e. the visible (VIS) 
nd infrared (IR) radiation. The literature includes numer- 
us studies ( Anthis et al., 1999 ; Bennouna et al., 2010 ;
inkensieper et al., 2018 ; Saunders et al., 1988 ) on remote
loud cover detection systems which are applicable to aver- 
nces. Production and host- ing by Elsevier B.V. This is an open 
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Figure 1 An example of cloudiness estimation and the resultant statistical error (Baltic Sea, 18 May 2017, 5:30 UTC) (LW, left-hand 
side; SW, right-hand side) [source: www.satbaltic.pl ]. 
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ged global-scale situations, but their actual regional-scale 
tility is frequently debated. Due to the nature of radiation, 
easuring it involves a lot of uncertainties. Cloud detec- 
ion systems based on satellite data mostly use physical 
arameters calculated from the radiation spectrum, i.e. 
olour, shape, thickness, gradient, height, and inter-band 
elationships or interactions between the detected objects 
hemselves ( Mahajan et al., 2020 ). Different detection 
echniques as well as different classification methods are 
sed, e.g. binary classification and measurement of cloud 
over opacity based on pixel values. For the Baltic Sea re- 
ion, a review of cloudiness in reference to climate change 
as carried out by Post et al. (2020) . The study analysed the 
egional mean time series and regional maps of trends in 
he Baltic Sea area. The cloud parameters studied were to- 
al fractional cloud cover and cloud-top height. In the study 
arried out by Reuter et al. (2014) , a SEVIRI-based cloud 
etection algorithm was developed for the Baltic Sea catch- 
ent area. The total cloudiness obtained from the satellite 
ata was 0.65 compared to 0.63 for the model. Large 
iscrepancies were observed in the 24-hour cloud-cycle 
hase. There was no significant trend in the total cloud 
mount, either from the model or from the satellite data. 
i et at. (2020) proposed a cloud detection method based 
n genetic reinforcement learning in order to improve cloud 
etection at a regional scale. Banks et al. (2015) showed 
hat the standard cloud mask used routinely in processing 
lobal ocean colour data from National Aeronautics and 
pace Administration (NASA) can mask optical phenomena 
uch as intense algal blooms in the Baltic Sea. These blooms 
ave a significant impact on the environment and require 
300 
ppropriate monitoring. Their findings show that replacing 
he standard cloud mask can increase the data accuracy 
y 22% during the seasonal cycle in the Baltic Sea. On the 
ther hand, Kowalewska-Kalkowska et al. (2019) showed 
he difficulties and limitations of poor cloud masking over 
he Baltic Sea in identifying and modelling coastal up- 
elling. It was also demonstrated that the usefulness of 
his factor for predicting threats associated with extreme 
onditions is still limited as a consequence of the regional 
stimation of hazardous weather events ( Latos et al., 
021 ). Jakobson et al. (2014) showed that the diurnal 
ariability of precipitable water over the Baltic Sea is 
he inverse of water vapour variability over land. Finally, 
ahajan et al. (2020) discussed the current trends and 
irection of development for modern regional cloud de- 
ection systems based on satellite data. A hybrid approach 
sing machine learning, physical parameter acquisition and 
round-based validation was recommended for model im- 
rovement. The cited publications mostly concern issues of 
mproving the quality and daily variability of the data at the 
egional scale, which suggests that the actual usefulness of 
loud algorithms is questionable. This study discusses the 
ossibility of using a simple algorithm to assess cloudiness 
n regions with similar geographical conditions as the Baltic 
ea. Paszkuta et al. (2019) explained those methods in 
ore detailed recommendations. They show new results on 
he extent and size of cloud cover during the day and night 
ime. Detection methods have been identified as the main 
ource of uncertainty. First, to minimise errors, efforts were 
ade to limit the research area to a more homogenous re- 
ion. The proximity of the northern part of the Baltic Sea to 

http://www.satbaltic.pl


Oceanologia 64 (2022) 299—311 

Table 1 Spectral characteristics of the SEVIRI radiometer channels. 

Waveband Spectral range ( μm) Remarks 

λcen λmin λmax 

1 VIS0.6 0.64 0.56 0.71 Atmospheric visible window 

2 VIS0.8 0.81 0.74 0.88 Atmospheric visible window 

3 NIR1.6 1.64 1.50 1.78 Near infrared atmospheric window 

4 IR3.9 3.90 3.48 4.36 Atmospheric thermal window 

5 WV6.2 6.25 5.35 7.15 Water vapour absorption 
6 WV7.3 7.35 6.85 7.85 Water vapour absorption 
7 IR8.7 8.70 8.30 9.10 Atmospheric thermal window 

8 IR9.7 9.66 9.38 9.94 Ozone absorption 
9 IR10.8 10.80 9.80 11.80 Atmospheric thermal window 

10 IR12.0 12.00 11.00 13.00 Atmospheric thermal window 

11 IR13.4 13.40 12.40 14.40 Carbon dioxide absorption 
12 HRV 0.75 0.40 1.10 Atmospheric visible window + water vapour absorption 

t
o
p
p
t
2
n
b
t
s
t
h
b
b
q
f
d
c
u
i
r  

P
t
f
e
T
t
s
t
e
o
c
d
d
t
o
t
g
b
w
t

s
S
d
d
d
p
r
b
a
f
e
b
a
o
v
t
t
i
t
i
h
h
r
m
m
s
h
s
e
s
i
o
l
d
d
u
a
w
p
c
c

he northern polar circle rules out, for a considerable period 
f time, the possibility of using the entire bandwidth range, 
articularly the bandwidths in the short-wave part, and 
oses a serious challenge for geostationary satellites, e.g. 
he Meteosat Second Generation (MSG) ( Bennouna et al., 
010 ). It is, therefore, interesting to begin with cloudi- 
ess detection broken down into shortwave and longwave 
and ranges, the division being important not only for the 
ransition from daytime to night-time, but also for the mea- 
urement site. The changes will then depend primarily on 
he available information; for obvious reasons (including the 
igh solar angle limitation), only data from the longwave 
and can be used during the night ( Table 1 ). Differences 
etween night-time and daytime cloud cover estimates are 
uite natural and are visible when comparing information 
rom shortwave and longwave band daytime routines. The 
ifferences are explained by the physical parameters of 
loudiness because high-reflectance warm formations are 
sually the only reference for brightness temperature stud- 
es, and cold fog does not always affect the visible radiation 
ange ( Jakobson et al., 2014 ; Jedlovec, 2009 ; Kr ę żel and
aszkuta, 2011 ; Paszkuta et al., 2019 ). As the problem is 
he regional scale, different methodologies, which are a 
airly important source of uncertainty, introduce artefacts 
merging along the shoreline or at the edge of low clouds. 
he artefacts result from an incorrect estimation, e.g. with 
he use of the textural image analysis techniques. At the 
ame time, they are difficult to eliminate due to convec- 
ions forming in the area and the presence of near-shore 
ffects such as upwellings. There are numerous examples 
f instantaneous, regional over- and underestimation of 
loudiness in the atmosphere. Figure 1 shows examples of 
ifferences in cloudiness estimation done by operational 
etection systems during the day and night. The date and 
ime ( Figure 1 ) was chosen due to the apparent variability 
f data and the availability of a wide range of different 
ypes of cloud cover. Generally, methods adapted to the 
lobal scales ( Figure 2 ), show the daytime cloudiness to 
e lower when compared to regional scales ( Figure 1 ), 
ith the night-time cloudiness being comparably higher. For 
his reason, the averaged characteristics show relatively 
301 
mall differences which increase with the change of the 
olar Zenith Angle (SZA): the higher north, the larger the 
ifference due to a change in the proportions between the 
aytime vs. night-time routines. In many comparisons, it is 
ifficult to unequivocally state whether and which physical 
rocess is responsible for the differences between the 
outines. It is certain, however, that the presence of a large 
ody of water substantially affects the detection results, 
nd physical analyses should be conducted separately 
or the daytime and night-time routines. The paper is an 
xtension of the study conducted by Paszkuta et al. (2019) , 
ut it is the first study to show the optimisation of the 
lgorithm in the process of generalizing Planck’s law based 
n satellite results and published materials. To reveal the 
ariability in the detection of diurnal Baltic Sea cloudiness, 
he results are compared with alternative sources and 
he North Atlantic Oscillation (NAO) index. The goal is to 
ncrease the quality of oceanographic data. An overestima- 
ion of cloudiness can often deprive us of information about 
mportant sea surface phenomena that can last several 
ours, such as coastal upwelling. An underestimation can 
ave a negative impact, e.g. on the balance of radiation 
eaching the sea surface. The aim is to identify and esti- 
ate the source of uncertainty arising from the satellite 
easurement process. Clearly, considering the availability, 
cope and amount of information, satellite measurements 
ave an undeniable value. The article consists of five 
ections. In Section 1 the problem is described using the 
xample of the briefly summarised SatBaltic project, the 
tate of knowledge on cloud detection using satellite data 
s presented, and daily analyses taking into account some 
utside factors on the Baltic are performed, followed by a 
iterature review. Section 2 focuses on the description of 
ata used in the analyses and suitable for comparing the 
ifferences between day and night values. The methods 
sed in the paper are based on the technique published 
nd presented in detail for the first time by the authors, 
hich consists in linearising Planck’s law. It has been 
roposed to improve the method further. In Section 3 , we 
learly describe the modifications to that method and the 
hanges in cloud cover detection. In Section 4 , we present 
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Figure 2 Block diagram of the cloud detection data flow ( Paszkuta et al., 2019 ). 
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he significance of our findings. In the last section, we 
iscuss the results and list the probable reasons for the 
ifferences. 

. Material and methods 

 flagship product of satellite cloudiness data developed 
ithin the SatBaltic project ( Wo źniak et al., 2011a,b ), con- 
ists of a series of tests using the split-windows technique 
nd model estimations for cloudless atmosphere ( Figure 2 ). 
he detection technique is, in principle, based on a differ- 
nce between the Spinning Enhanced Visible and Infrared 
mager (SEVIRI) ranges ( Table 1 ) and compares the out- 
omes with values modelled for cloudless conditions. It gen- 
ralises radiation transmission equations using relationships 
etween two neighbouring spectral bands, and is, in fact, 
ased on the magnitude of the difference between them 

 Kriebel et al., 2003 ; Kryvobok et al., 2005 ). The technique 
f split windows and model estimation for the cloudless at- 
osphere at the Baltic Sea was used both in the short and 

ong range of waves. In this way, the SatBaltic system uses 
wo values of the cloud fraction: one referring to short- 
ave radiation and the other to longwave band. The differ- 
nce between the magnitude of radiation at full cloudiness 
nd in the absence of clouds under identical thermal con- 
itions over the Baltic Sea may be as high as 120 W m 

−2 .
he semi-empirical formulae reported in the literature are 
requently based on the general cloudiness function as the 
ain factor determining the bottom-up flux of longwave- 
and radiation. This is, however, a far-flung approximation 
hich may be subject to a statistical error of as much as 
ven 30% ( Zapadka et al., 2015 ). The characteristic fea- 
ure of the method proposed is that it is region-specific 
302 
nd based on radiation models developed by the authors 
o avoid relying on external sources. Similarly to most of 
he studies referred to, the division into daytime and night- 
ime is included, with the incident radiation angle of 67 °
eing used as a criterion ( Paszkuta et al., 2019 ). The dif-
erences in the diurnal cycle of cloud cover, and hence in 
he radiative cycle, can lead to significant changes in the 
nergy balance. Clouds generally attenuate the solar radia- 
ive energy flux. The problem of absorption or transmission 
y different types of clouds has been explained in the lit- 
rature ( Kaczmarek and Dera, 1998 ; Rozwadowska, 2004 ). 
he Baltic Sea has thermodynamic properties that are dif- 
erent from those of the land and the oceans, and some of 
hose properties have a significant influence on the atmo- 
phere. Seawater is subject to constant phase changes that 
bsorb large amounts of energy. The energy required for 
hese processes comes mainly from the atmosphere. There- 
ore, changes in the water can cause significant changes in 
he atmosphere, which occur in a continuous diurnal cycle, 
ifferent (on a different scale) than in the open oceans. 
he air temperature varies by a few to a dozen degrees 
er day, with little change in water temperature. There- 
ore, it happens that the water in the Baltic Sea has a higher
emperature than the air as a consequence of air tempera- 
ure fluctuations. If the sea is cooler than the air, the wa- 
er will draw heat from its surroundings in an attempt to 
ompensate for this difference. Conversely, when the wa- 
er in the sea contains more energy, the air temperature 
hanges. These mechanisms can partly explain the diurnal 
ifferences in cloud cover. At night, when the air warms up, 
t rises higher. When the rising air reaches the height where 
ondensation occurs, the conditions for the formation of 
louds occur. During the day, the situation can reverse and 
 cloud-free atmosphere can form. If the water is warmer 
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Figure 3 Example of global fraction of cloud cover on 5 May 2017 at 12:00 UTC (a), and (b) Monthly average diurnal variation 
fraction of cloud cover for the Baltic Sea, data obtained from ECMWF—ERA5 ( https://cds.climate.copernicus.eu ). 
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han the environment, clouds may even form around the 
lock. Based on the European Centre for Medium-Range 
eather Forecasts climate reanalysis data 1 (ECMWF—ERA5) 
hown in ( Figure 3 ), the average daily difference in the per- 
entage of cloud cover on the Baltic Sea (between 2008 
nd 2017) was up to a few percent, depending on the lo- 
ation and season: a maximum of 13% was recorded which 
s lower than the value obtained in the study using satel- 
ite data. This confirms the results obtained by the authors; 
owever, the question remains whether these phenomena 
ave natural causes. The daily changes in cloud cover over 
he Baltic Sea shown in the study could even modify the at- 
ospheric circulation, if they have a natural basis. In the 
est of the paper, we will identify other causes that are not 
ndicative of natural physical processes. It is interesting to 
ook for trends and long-term changes in the climate related 
o the cloud cover parameter; however, at the moment, 
1 https://cds.climate.copernicus.eu 

o
a

303 
his is not the subject of this analysis, although the arbi- 
rary period of 30 years of climate changes already covers 
he period of data collected by satellite instruments. The 
atellite-based cloudiness data calculated by the Advanced 
ery High Resolution Radiometer (AVHRR) (mounted on the 
iros N satellite series operated by the National Oceanic and 
tmospheric Administration, NOAA) is based on the AVHRR 
rocessing Over Land cLoud and Ocean (APOLLO) algorithm 

 Saunders and Kriebel, 1988 ). The algorithm involves five 
ndependent tests. It analyses a sequence of threshold, tex- 
ural, and inter-waveband relations. Significantly, one of 
he routines is dedicated to marine areas and simultane- 
usly analyses the relationship between short and longwave 
hannels while using separate series of daytime and night- 
ime data ( Cracknell, 1997 ). Results of the algorithm have 
een repeatedly compared with alternative solutions and in 
itu measurements ( Kriebel et al., 1989 ). The AVHRR data, 
wing to the regional measurement system, does not have 
n inferior spatial structure to the data generated by SE- 
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Table 2 Estimation constants for the SEVIRI thermal 
channels. 

Channel k A B C 

T 

M 
9 9.3066 0.992 0.627 0.9983 

T 

M 
10 8.3966 0.998 0.397 0.9988 

Figure 4 Planck’s law for the temperatures analysed, with 
spectral ranges. 
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IRI. From the standpoint of instantaneous regional obser- 
ations, the MSG is more advantageous for the measurement 
f rapidly changing cloud cover (particularly at the esti- 
ated range). Average differences between the data gen- 
rated by AVHRR and SEVIRI are up to several per cent, the 
alues being higher for the night-time data. The cloud prod- 
cts offered on-line from MODIS data combine the IR and 
IS ranges, similarly to the algorithm proposed in this study. 
he cloud fractional cover product developed in 2004 by the 
atellite Application Facility on Climate Monitoring (CM SAF) 
onsortium within the CLoud property dAtAset (CLAAS-2) us- 
ng SEVIRI (Edition 2) (today the Interim Climate Data Record 
ICDR]) is based on NWC SAF cloudiness detection and clas- 
ification algorithms. The Cloud-Aerosol Lidar and Infrared 
athfinder (CALIPSO) was designed to investigate the effects 
f clouds on the radiation budget ( Chepfer et al., 2013 ). 
quipped with the Cloud-Aerosol Lidar with Orthogonal Po- 
arization (CALIOP), the device offers information based on 
ctive detection. 

. Results 

.1. New approaches 

n line with the goal of this study, we estimated the aver- 
ges for daytime and night-time events separately. Accord- 
ng to this important classification, the data sets relate to 
hysical processes taking place during the day and at night. 
lthough marked differences in cloudiness between the day 
nd the night, such as those discussed in the previous sec- 
ion, are likely not to have physical underpinnings, certain 
ifferences in the emission of the sea will always happen. 
hey emerge, for example, due to the cyclical course of 
olar radiation and its consequences during the daytime, 
hereas at night they occur because of, e.g., the forma- 
ion of a humid zone just above the sea surface, which 
ffects the long waveband emission. For the IR range, the 
ethod is based on the three-dimensional numerical hydro- 
ynamic M3D model ( Kowalewski, 1997 ), which allows us to 
alculate the emission temperature of the sea both dur- 
ng the daytime and at night. As the T 9 (9.80—11.80 μm) 
nd T 10 (11.00—13.00 μm) frequency bands are close on the 
pectrum ( Table 1 ), the first approximation disregarded the 
on-linear nature of Planck’s law, and brightness tempera- 
ures in the SEVIRI channels were estimated from the mod- 
lled sea-surface temperature ( SST ). This simplification (ap- 
roach 1) has some advantages, as it produces more general 
esults, but involves unavoidable errors which, owing to the 
tructure of the algorithm (the difference between the two 
avebands is estimated with comparable uncertainty) may 
nly be acceptable on account of the broad objectives of 
he detection model. The relationships can be illustrated 
s: 

 

M = SS T M3D · A, (1) 

here T 

M equals estimated brightness temperature; SST M3D 

quals sea surface temperature determined by M3D; A 

quals calibration constant from Table 2 . 
This approximation assumes the coefficient which in fact 

auses the ratio between the black body and true emis- 
ion in the SEVIRI channels 9 and 10 to approach one. The 
304 
oefficient should be understood as an effect of averaging 
he daytime and night-time values calculated according to 
he split-window formula and simultaneously taking into ac- 
ount the differences between the surface temperature and 
he SST . More detailed estimations based on the IR range 
or the day and the night should result from different emis- 
ive characteristics of the spectral bands used. The prob- 
em seems to be well-explored for the sea surface; unfor- 
unately, the emissivity of inhomogeneous cloud layers at 
oor radiation is difficult to measure. This is one of the rea- 
ons why noticeable differences, resulting from the nature 
f the radiation itself, occur when the cloudiness coefficient 
s calculated from VIS and IR. Should the emissivity values (a 
oefficient showing the difference between the properties 
f the true body and the black body) be switched, the radi-
tion in the channel would — depending on the temperature 
be higher or lower at the same values of the emitting 

ody temperature. In the first approximation (approxima- 
ion 1 in Figure 7 ), the relationship was a priori assumed 
o be linear, which influences the difference between the 
aytime and night-time cloud cover detection. To solve the 
roblem of the non-linearity of Planck’s law, the subsequent 
pproximations 2 and 3 use two different radiation transmis- 
ion equations, one for the night and the other for the day 
or the same thermal channels. The function of fitting the 
pectral radiation to the black body radiation is non-linear 
 Figure 4 ) and makes it possible to, e.g. measure SST using
atellite techniques ( Wang et al., 2019 ). Radiation emitted 
y the sea surface in the range of IR wavelengths recorded 
y SEVIRI can be approximated by a function correlating 
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Figure 5 Examples of linear approximation of Planck’s laws to: a,c) Short; b,d) Long; wave-areas analysed in the study. 
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ith the Planck function: 

 ( λ) = εF 
2 h c 2 

λ5 

1 
e hc/λk B T 

;
(

hc 
λk B T 

� 1 
)

, (2) 

here: ε equals ambient emissivity; F equals device-specific 
oefficient involving geometric and radiometric factors; T 

quals black body temperature; λ equals wavelength; h 

quals the Planck constant; c equals light speed; and k B 
quals the Boltzmann constant. 
Eq. (2) is valid provided that hc / λkT >> 1, i.e. the 

avelength is below the function maximum. Figure 4 and 
igure 5 show blackbody radiation in the detection temper- 
ture range for semi-transparent objects, i.e. objects with 
adiation emission similar to that at sea. Spectral ranges 
orresponding to the channels analysed in this work are 
arked. As the temperature increases, the function max- 

mum (the near-IR) shifts towards shorter wavelengths. This 
ehaviour is described by the Wien’s law, λ= b/T , where b 

quals 2.8978 × 10 6 nm-K. As seen in Figure 4 and Figure 5 , 
he spectral ranges marked are below the function maxi- 
um. This presents a challenge for satellite-aided remote 
ensing, because it means that the intensity of the signal 
305 
nalysed will be correspondingly lower. In such cases, when 
he brightness temperature of the atmosphere is close to 
hat of the sea surface, certain linearisation of Planck’s law 

s observable ( Figure 5 ). An appropriate transformation of 
he function simplifies it to 1/ λ: 

n 
(
λ5 I 

) = ln 
(
2 h c 2 εF 

) − hc 
k B T 

1 
λ

. (3) 

This makes it possible to carry out linear fitting to the lin- 
arised radiation spectra. In addition to advantages related 
o usability, this operation ensures an ideal representation 
f deviations by the blackbody curves. Therefore, the fitting 
an be carried out in a more universal form, excluding natu- 
ally non-analysed parts of the non-linear spectrum. This is 
articularly useful at temperatures corresponding to shorter 
avelengths where uncertainties are crucial and the black- 
ody radiation is relatively low. Non-linear procedures call 
or the fitting of the Planck formula parameters ( ε, F, T , and
) which are less sensitive than those of the linear equation 
nd, if they are different from true values, the fitting will 
ot converge ( Wang et al., 2019 ). The brightness temper- 
ture computed on the basis of satellite sources is based 
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Figure 6 A comparison of daytime and night-time MSG data series cloudless sea in 2017: a) Radiation temperatures in channel 
9; b) Radiation temperatures in channel 10; c) Difference between the (10—9) radiation temperatures for the BalticBeta station. 
Filled shapes for May 17. 
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n Planck’s law, but SST (determined by the M3D), used to 
alculate the brightness temperature under cloudless condi- 
ions, not necessarily does. The temperature ratio proposed 
n this study includes the SST with an identical value within 
hannels 9 and 10, multiplied by the linear factor. Unfor- 
unately, in reality, brightness temperatures differ across 
ifferent spectral ranges, although the difference may be 
mall. Generally, the source of temperature may be of no 
mportance if multiplied by the fourth root of the emissiv- 
ty coefficient. In an appropriate channel, the result is the 
mission temperature in this spectral channel. According to 
he Stefan—Boltzmann law, the amount of thermal radiation 
stimated for a satellite channel from brightness tempera- 
ure is: 

 = εσSST 4 M3D 
 = T 4 

 = ( ε ) 
1 
4 SS T M3D . 

(4) 

ccording to Masuda et al. (1988) , at the wavelength of 10.8 
m (SEVIRI channel 9) and at the latitude of the Baltic Sea 
SZA of about 60 °), emissivity is about 0.967. Obviously, the 
missivity determined this way will additionally depend on 
306 
he SZA and wind speed; including these factors will pro- 
uce the constant A as shown in Table 2 . The coefficients 
alculated are the fourth roots of the emissivity coefficient. 
igure 7 provides a comparison between results obtained 
ith the algorithm proposed earlier, broken down into suc- 
essive approach 1 with Eq. (1) , approach 2 with Eq. (3) and
pproach 3 with Eq. (4) . With such approaches, however, 
he daytime and night-time data are difficult to compare 
ecause the situations are completely different. This will 
e important for the identification of the common parame- 
er which affects, e.g. the value of transmission or emission. 
ithin 24 hours, the temperature of both the clouds and the 
tmosphere can vary significantly. In the algorithm, SST is of 
nly auxiliary importance. It will never be ideal, because 
t stems from theoretical estimation. Therefore, emissiv- 
ty was determined empirically, that is, cloudless events 
ere selected — in a controlled manner — for pixels T 9 and 
 10 . Figure 6 shows the relationships (for 2017) between 
rightness temperatures measured at 12:00 and 00:00 UTC 

n channels 9 and 10 and the differences between them. 
alculations were made for areas identified as cloudless, 
onditionally and simultaneously at 12:00 and 00:00 UTC. 
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Figure 7 Evolution of the IR cloudiness algorithm: a modelled 
difference between satellite channels as a function of the sur- 
face radiation temperature. 
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igure 6 allows us to conclude that during the day the sea 
arms up in synchrony with the solar zenith angle (in sum- 
er and spring the most) and tends to cool down during 
he night. The previously mentioned example of May 17 
 Figure 1 ) was marked with filled shapes. It is not the 
ooling-down itself that is interesting, but its extent. Statis- 
ically, the cooling-down effect is included in radiation bud- 
ets; unfortunately, however, it cannot be observed in radi- 
tion models, e.g. in the M3D. To demonstrate the changes 
n the physical properties of the water during the night, an 
dditional analysis of the T 10 —T 9 difference was included 
n Figure 6 c. This way, we learned that physical properties 
f the water do undergo diel changes. This confirms the 
ypothesis that, if cloudiness is derived from IR channels, 
ifferent methods ought to be used for the night and for 
he day. Interpretation of the effect during the daytime in 
he VIS range is undoubtedly related to absorption and to 
vaporation at night. The general formulae showed in the 
unctional diagram (approximation 1, Figure 7 ) should be 
odified to better fit the regional conditions by means of 
on-linear combination of the Planck function and the spec- 
ral wave length (approach 2 and approach 3, Figure 7 ). It 
s assumed that the relationship between radiation in two 
eighbouring spectral bands is non-linear, whereby the diel 
eriod should be divided into at least two zones: the daily 
nd nightly zone: 

 

M = 

c 1 k (
ln 

(
c 2 k 3 

SS T M3D 
+ 1 

)
− B 

)
C , 

(5) 

here T 

M equals brightness temperature [K], k equals wave 
umber [m 

—1 ]; c 1 = 0.014388 K m, and c 2 = 119.10659 mW 

r −1 m 

−7 are empirical constants; while the remaining val- 
es are the same as defined in Table 2 ( EUMETSAT, 2007 ; 
UMETSAT, 2012 ). In the last approximation, for a more ef- 
ective illustration of the difference between the day and 
he night, we applied Planck’s radiation law directly. This 
ime, we used the calibration values of the satellite ra- 
iometer as measured prior to launching. The brightness 
emperature can be estimated as: 

 

M = a 0 + a 1 T S + a 2 T 2 S , (6) 
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here: 

 s = 

ch 

κλ( ln ( 
2 c 2 h 

λ5 SS T M3D 
+ 1 ) − B ) C 

, 

 0 , a 1 and a 2 are constants fitted to every SEVIRI band, avail-
ble from the European Space Agency catalogue. 
Like earlier, the SST M3D is calculated for each pixel by the 

3D. The remaining constants are defined in Table 2 . The 
evelopment of the cloudiness algorithm from long wave- 
ength channels in Table 1 generally involved a technical fit- 
ing of the formula to the constraints of the satellite de- 
ice. This should restrict the uncertainties generated by 
he first approximation. The solutions proposed treat the 
loudiness data (for brightness temperatures > −3 °C) and 
lear sea in a characteristic manner. The second Eq. (3) and 
hird Eq. (4) approximations involve the non-linear Planck’s 
aw ( Figure 7 ). The difference between the channels is most 
ronounced in the second approximation: while considering 
hannels with the ability of remarkable cloud detection, the 
ifferences are in agreement with the first approximation 
q. (1) , and the differences for temperatures correspond- 
ng to cloudy pixels are considerable. The general under- 
stimation and overestimation of satellite cloud detection 
as analysed taking into account the full available chan- 
el range. In the analysis, they were taken into account 
ccording to the detection algorithm. However, there is a 
igh risk for cloud cover to be overestimated and for clear 
ixels to be classified as cloudy. Approximation 3, Eq. (4) , 
roduced a completely different pattern. While retaining 
on-linearity, it poorly reflected the difference. Results of 
omparing the approximations shown in Figure 7 along with 
stimations from short wavelength channels proposed be- 
ow are discussed in the next section. As the cloudiness 
extent and type of clouds) changes, the magnitude of the 
atellite signal recorded alters as well. As demonstrated 
bove, this also affects the change in the VIS radiation dif- 
erence between the neighbouring satellite channels. Un- 
er cloudless conditions, the difference remains more or 
ess stable. The values can be estimated from a radiation 
odel, e.g. the Solrad model ( Kr ę żel and Paszkuta, 2011 ;
r ę żel et al., 2008 ). Such operations require estimation 
f the radiation from the Earth surface to the satellite 
adiometer. 

.2. Comparison of calculated and estimated 

quivalents of cloud cover 

he methods described above were used to determine 
he unitless equivalent of cloudiness, an equivalent of the 
cloud fraction’ calculated from external sources due to dif- 
erent terminology used in the literature to define the same 
loudiness variable for the marine environment. The vali- 
ation involved both qualitative and quantitative aspects. 
stimations were performed for instantaneous and tempo- 
ary averaged situations. The qualitative analysis of the 
loudiness product involved a comparison between irradi- 
nce data series recorded in 2017 by stationary instruments 
t Lotos Baltic Beta stations (55 °28 ′ 50.67 ′′ N, 18 °10 ′ 54.03 ′′ E)
data from the SatBaltic portal). Information on the empiri- 
al data used is detailed in the publication by Zapadka et al. 
2020) . The comparison of in situ data with cloudiness val- 
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Figure 8 Distribution of the differences between the cloudiness estimated in situ and calculated from satellite data: a) at night 
(data collected during the day was applied to the night-time algorithm); b) during the day; the data was collected on 26 April 2019 
on board of the r/v Oceanograf. 
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es estimated from the satellite-derived data requires gen- 
ralisation of reference points assigned not only to the 
lace, but also to the time of the nearest available projec- 
ion. This pertains to both VIS and IR routines. Therefore, 
ost of similar analyses show fairly large uncertainties as- 
ociated primarily with the methodology of the measure- 
ent itself, and use radiation information collected during 
he day. At this stage, estimation showed about 80% of the 
ases to be estimated correctly, which means that in 20% of 
he cases the algorithm may be 100% wrong: cloudless areas 
ay be interpreted as completely clouded (in IR situations) 
nd vice versa. 
Figure 8 shows the distribution of differences between 

he cloudiness equivalent estimated on land (cl observe ) 
nd calculated from satellite data for the night (clfrIR, 
igure 8 a) and the day (clfrVIS, Figure 8 b). The largest dis- 
repancies occur when the value of a pixel is estimated by 
veraging a totally cloudless and clouded area. The former 
ituation may be rectified by appropriately testing the chan- 
els, while the latter may be corrected by applying appro- 
riate validation techniques and procedures. The remaining 
ifferences are most likely caused by the detection method- 
logy. Figure 8 shows exclusively the daytime data series, 
.e. for SZA less than 67 °, the cloudiness was estimated with 
he night-time algorithm for measurements taken during the 
ay (in the long waveband channels only). Calculations for 
he night-time scenario in Figure 8 b, conducted with an 
lgorithm published by Paszkuta et al. (2019) showed the 
ean of 0.06, standard deviation of 0.34, and the correla- 
ion coefficient of 0.66. Figure 8 a illustrates the distribu- 
ion of the differences between the cloud cover estimated 
ith the daytime routine (in the shortwave-band channels); 
hile deviations that appear due to the precision of wave- 
and range were calculated from the solar constant and 
he Solrad results for cloudless atmosphere. The difference 
etween the estimated cloudiness for the daytime routine 
howed the mean error of 0.12, standard deviation of 0.26, 
nd the correlation coefficient of 0.77. In order to restrict 
he error of measurement, our further analysis involved rou- 
ines that show the best characteristics, with the method- 
logical error reduced to the minimum under the current 
308 
onditions. The quantitative characteristics were applied 
or the entire 2017 for data acquired with different detec- 
ion systems and satellite devices. 

. Discussion 

he cloud factor ( Paszkuta et al., 2019 ) was averaged tem-
orally and compared with the unitless cloudiness param- 
ter (tentatively termed the ‘cloudiness equivalent’ be- 
ause of the need to standardise the results within 0—
00%) produced by various satellite systems available on 
ine: APOLLO (The Cloud Physical Properties Royal Nether- 
ands Meteorological Institute) ( Kriebel et al., 2003 ), CM 

AF (The Satellite Application Facility on Climate Moni- 
oring) ( Finkensieper et al., 2018 ), MODISCP (The Moder- 
te Resolution Imaging Spectroradiometer Cloud Product) 
 Platnick et al., 2017 ) and CALIPSO—CALIOP (Cloud-Aerosol 
idar Pathfinder Satellite Observations—Cloud-Aerosol Li- 
ar with Orthogonal Polarization) ( Chepfer et al., 2008 ; 
inker et al., 2009 ). It should be mentioned that these sys- 
ems compute data separately for the shortwave and long- 
ave bands, using different satellite sources, thus rendering 
he analysis still more valuable. Figure 9 illustrates the re- 
ationship between cloudiness (termed differently and var- 
ously standardised in different systems, hence the general 
erm ‘equivalent’) that has been normalised for the needs 
f this study to the common conversion factor in the range 
f 0—100%. Despite substantial differences in instantaneous 
stimations, the routines show the mean annual cloudiness 
ver the Baltic Sea to be at a similar level of about 64%. As
ould be expected, the highest and the lowest cloudiness 
as recorded during winter (November—January) and sum- 
er (May—August), respectively. This trend was repeated by 
ll the systems. At the monthly averaging level, substantial 
ifferences in the amount of cloudiness, of up to several 
er cent, can be seen. The increase in the difference be- 
ween the systems in cloudiness estimations may be associ- 
ted with the true magnitude of cloudiness which is at its 
owest in summer (3—4%) and may be as high as several per 
ent in winter. Because data from all seasons was used, the 
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Figure 9 Different estimates of average monthly equivalent 
of cloud cover (colour-coded), and the NAO index (dashed line) 
for the Baltic Sea basin in 2017. 
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Figure 10 The absolute difference between the cloudiness 
equivalent determined during the day and at night (%). 
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mpact of meteorological parameters may be significant. 
n Figure 9 , the general weather property is represented 
y the NAO (North Atlantic Oscillation) index ( J ędrasik and 
owalewski, 2019 ) as a function of cloudiness. The quanti- 
ative dependence of variables is represented by the dashed 
ine. The NAO oscillates in the positive (NAO > 0) and neg- 
tive (NAO < 0) directions. The positive phase represents 
he period of the strong Azores and deep Icelandic Atmo- 
pheric Lows, which move large air masses containing heat 
nd moisture to the area of Northern Europe (including the 
altic Sea). As a result of low movement (from the west 
o the east), there is an increase in cloud cover/reduction 
f direct upwelling radiation, the number of storms and an 
ncrease in wind speed ( J ędrasik and Kowalewski, 2019 ). 
here are thaws in winter, and frequent rainfall and temper- 
ture drops in summer. During the negative phase, there are 
pposing conditions, as humid air masses are moved by baric 
ystems (weaker by the Azores High and shallower by the 
celandic Lows) towards the Mediterranean Sea. Continen- 
al masses from the east and north-east flow to the area of 
orthern Europe, which consequently generates sunny and 
loudless summers and severe winters with reduced cloudi- 
ess. In Figure 9 , the monthly trend of cloudiness in 2017 
hows a decrease from January (about 80%) to May (20%), 
 slight increase in June and July (a little over 30%), and a 
egular increase from August to December (40% to 90%, re- 
pectively). Almost simultaneously, the fluctuations of the 
AO index rise from the positive phase (NAO = 1.6 in Jan- 
ary) and fall to −2.0 in May, then alternately rise and fall 
o the negative phase in June and July. In the subsequent 
eriod that year, from August to December (fall—winter), 
he index value rose to 0.95, thus indicating a transition to 
he positive phase. The correlation seems to be obvious, as 
he decrease of cloud cover at the beginning of the year 
ollows the decrease of the NAO index, which, during the 
inter, represented the conditions of intense Atlantic cir- 
ulation over the Baltic Sea. Light cloudiness causes the so- 
ar radiation to increase. Slight variations (increase in June 
nd decrease in July) in cloudiness are accompanied by an 
ncrease in the values of the (negative) NAO index. From 

ugust to December, there is a steady increase in cloudi- 
ess and a shift of the NAO index from the negative to the 
309 
ositive phase, characterised by a return to the Atlantic cir- 
ulation. 
The dominance of the positive phase in the autumn—

inter period in the Baltic Sea area confirms the crucial 
ole of the winter circulation in the NAO/North Atlantic Os- 
illation ( Hurrel, 1995 ). More discussion on the conditions 
f the NAO index in relation to cloudiness in the Baltic 
ea is presented by Gomis et al. (2008) , J ędrasik (2019) ,
ehmann et al. (2002) , Ruiz et al. (2008) . Generally, data 
veraging increases the similarity between the methods: 
he longer the data series averaged, the more convergent 
he results. For the needs of this research, due to the na- 
ure of the measurements, it may be assumed that the low- 
st cloudiness deviations were obtained with measurements 
onducted with the active CALIPSO methods. Using this data 
eries as a reference, the methods producing higher and 
ower values can be treated as over- and underestimating 
he measurements, respectively. Figure 10 shows the rela- 
ionship between the absolute differences in cloudiness es- 
imated during the day and at night. The differences be- 
ween the methods used are fairly distinct and range from 

 few to several per cent. Should the differences be more 
r less consistent, an effect of the physical parameters 
f cloudiness could be suspected, but the differences sug- 
est a methodological issue with most of the data sources, 
hich can be rectified technically. The difference increases 
n summer, i.e. when the estimated cloud cover is at its low- 
st. The absolute difference between day and night is not 
ainly a function of the cloudiness: it is mainly the result 
f the measurement method. One may try to relate it to 
he day-to-night length ratio, particularly in winter for the 
orthern areas of the Baltic Sea when darkness prevails over 
uch of the diel cycle. As could be expected, the lowest dif- 
erence was shown by the CALIPSO data series. The value of 
% is closest to the absolute day vs. night difference. Dis- 
egarding the averaging effects and lidar data modelling, 
t may be assumed that the differences between various 
ystems result from the methodology of cloudiness assess- 
ent. Chepfer et al. (2019) combine satellite observations 
f cloud profiles and relative humidity profiles to document 
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iurnal variations in water vapour and vertical cloud distri- 
ution. While the average daily water vapour and cloud pro- 
les are different over the land and the ocean, their day-to- 
ay changes from their daily averages have similar charac- 
eristics. The relative humidity and optically thin cloud frac- 
ion profiles change together, reaching the maximum values 
n the troposphere at night and the minimum values during 
he day. It has been shown that when atmosphere over ter- 
estrial regions shows a diurnal positive anomaly for low thin 
louds, there are positive anomalies of opaque clouds in the 
ower atmosphere over oceanic regions in the second half 
f the night, which continue to grow until sunrise. Accord- 
ng to Bergman et al. (1996) , most of the diurnal variation 
n cloudiness is explained by regressions of only three vari- 
bles: the daily solar position, the surface temperature, and 
he cloud level. The diurnal variability of cloudiness does 
ot show a strong correlation with any climatological vari- 
ble, as the variations are geographically independent and 
hus highly consistent spatially. Bergman et al. (1997) , stud- 
ed the diurnal variation of cloudiness over time and found 
hat the effect of clouds on radiative fluxes is due to the 
iurnal variation of their properties. Time-averaged ener- 
ies are obtained from radial transfer calculations in which 
loud cover, temperature, and humidity are estimated from 

atellite observations. 

. Conclusions 

esults obtained with the algorithm proposed showed the 
verage cloudiness at night to be higher by a few per 
ent than during the day, the results being similar to those 
roduced by standard routines. This difference may stem 

rom natural or procedural causes. Therefore, regional al- 
orithms should not rule out the natural character of the 
arine environment. However, results of similar satellite- 
ased estimations should be treated with utmost caution 
ecause detection methods remain the primary source of 
ncertainty, which is usually explained by technical prob- 
ems associated with low quality of the data. Unfortunately, 
here is no reliable information which would confirm that 
he changes over the Baltic Sea are significant enough to 
odify atmospheric circulation and increase/decrease the 
loud amount by several per cent, which would suggest a 
atural cause of the changes. As the location and even the 
ime of the uncertainty are known, it is possible to develop 
 targeted correction method. For this reason, application 
f the algorithm results to environmental studies on a re- 
ional scale should consider the factors that have a poten- 
ial to improve the reliability of data. The obtained results 
an be successfully used to determine the average cloud 
over metrics over the Baltic Sea because the analysis is 
nter-seasonal and climate comparisons do not show much 
orrelation. Finally, the procedural factors responsible may 
e associated with radiation transmission through the at- 
osphere and, obviously, with the conditions of the solar 
adiation flux. 
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Abstract We evaluated the temporal and spatial trends of the hydrological (temperature 
and sea ice) and biochemical (chlorophyll-a concentration) characteristics in springtime in the 
Baltic Sea. Both are strongly affected by climate change, resulting in a decrease in the du- 
ration of sea-ice melting in the previous decade. A new regime of sea ice began in 2008 and 
in all basins of the Baltic Sea, a rapid warming during spring could be detected. Using satel- 
lite data, the temporal and spatial variations in spring bloom were analysed during severe and 
warmer winters. Using a coupled hydrodynamic-biogeochemical model, we tested the response 
of spring bloom to the changing ice conditions. The results of the modelling indicated that the 
presence of ice significantly influences the predicted chlorophyll-a concentration values in the 
Baltic Sea. Therefore, it is necessary that any coupled model system has a realistic ice model 
to ensure the best simulation results for the lower trophic food web as well. 
© 2021 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 license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

he Baltic Sea is a semi-enclosed, brackish regional sea 
ith a unique large-scale gradient from temperate ma- 
ine to subarctic climate. Located in Northern Europe, the 
altic Sea is seasonally covered with ice ( Leppäranta and 
yrberg, 2009 ). Its ecosystem is dominated by a strong 
alinity gradient ( Zettler et al., 2014 ) and is simultane- 
usly threatened by eutrophication ( Norbäck Ivarsson et al., 
019 ), pollution from hazardous substances and marine lit- 
er ( Abalansa et al., 2020 ; HELCOM 2018 ; Selin and Van-
eveer 2004) , and climate changes ( Murray et al., 2019 ), 
hich make the sea extremely vulnerable. 
nces. Production and host- ing by Elsevier B.V. This is an open 
nses/by/4.0/ ). 
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This study aimed to (i) describe the melting season of 
he Baltic Sea and its spatial and temporal variability, (ii) 
nderstand the trends of sea ice melting and variability of 
he sea surface temperature, (iii) analyse the phytoplank- 
on (chlorophyll-a concentration values) during the melting 
eason, and (iv) test the response of spring blooms (concen- 
ration peak values) to changes in the sea ice by using a 
iogeochemical model. 
The ice season lasts up to seven months ( Vihma and Haa- 

ala, 2009 ) with the typical maximum ice extent in late 
ebruary and early March ( BACC II Author Team, 2015 ). The 
elting season starts in March, but the sea ice is observed in 
he northernmost Bothnian Bay until June ( Leppäranta and 
yrberg, 2009 ). The maximum ice extent observed during 
he mildest winter (2019/20) was only 37 000 km 

2 ( ∼9%), 
nd that in the harshest winter (1986/87) was 407 000 km 

2 

97%). Hence, both the ice extent and level of sea ice thick- 
ess vary largely ( BACC II Author Team, 2015 ). The sea ice 
s up to 1.8-m thick ( Haas, 2004 ), and due to the ice drift,
ce ridges are typically 5—15 m thick ( Leppäranta and Myr- 
erg, 2009 ), with the maximum drift measured in the Gulf 
f Finland with 1 m s −1 ( Lilover, 2018 ). 
Sea ice severely affects turbulent fluxes at the water 

urface and beyond, influencing the thermodynamics of the 
cean and water-mixing. The sea ice and snow cover, which 
revent the exchange of heat, CO 2 , and other gases among 
he air, sea and water vaporisation, are good insulators be- 
ween the ocean and the atmosphere. Furthermore, the sea 
ce is often covered with snow, which severely influences 
ight attenuation. The albedo of a new snow cover can be up 
o 0.9, and that of melting bare ice is only 0.4, which is con-
iderably larger than that of the open sea ( < 0.1) ( Vihma and
aapala, 2009 ). Therefore, a small decrease in the ice or 
now cover leads to a large increase in net solar radiations 
nder water. 
In early March, the phytoplankton spring bloom starts in 

he southern parts of the Baltic Sea and extends to the melt- 
ng sea ice edge of the Gulf of Finland in April ( Spilling et al.,
018 ). Several physical processes drive the spring bloom. 
irst, light availability exhibits a strong impact as the 
ecessary force of primary production ( Wasmund et al., 
998 ). Second, water temperature controls the intensity 
f most biological and chemical processes ( Brierley and 
ingsford, 2009 ). For most fish species, the initial signal 
f spawning is the crossing of a certain threshold of wa- 
er temperature. For instance, herring spawning peaks at 
.6 °C in the middle Baltic Proper ( Jørgensen, 2005 ). The 
rocess rate increases by approximately a factor of 2 per 
0 °C ( Jørgensen, 1994 ), and climbs up to 2.3 times for zoo-
lankton metabolism ( Ivanova, 1985 ). Thus, changing sea 
ce conditions not only indicate changing water tempera- 
ures but also affect spring bloom timings and phytoplank- 
on species compositions ( Klais et al., 2017a , Klais et al., 
017b; Pärn et al., 2021 ), with further implications on nutri- 
nt cycles and ecosystem dynamics ( Klais et al., 2013 ). The 
resence of sea ice leads to calm conditions under water; 
hus, most of the heavy plankton (e.g., diatoms) sink below 

he euphotic zone ( ∼10 m) with velocities, at times, reach- 
ng as high as 15 to 30 m d —1 ( Passow, 1991 ); while dinoflag-
llates stay in the euphotic zone and reproduce ( Gemmell 
t al., 2016; Pärn et al., 2021 ). 
313 
Various climate features including temperature, ice phe- 
omena and ecosystem characteristics can be found in rela- 
ively stable regimes, which can last for several decades. 
owever, these states can abruptly change to another 
egime due to several reasons. The shift of the regime in 
hese features in the Baltic Sea was studied by Hagen and 
eistel (2005) , Keevallik (2011) , Neumann et al. (2011) , 
tips and Lilover (2010) . According to Kahru et al. (2016) ,
he water transparency has decreased since 2007 in the 
entral Baltic Sea. Rjazin et al. (2020) analysed the sever- 
ty characteristics of the ice season, maximum ice extent 
nd ice cover duration of the winter seasons from 1982—
016. They showed that in the winter of 2007, a shift oc- 
urred in the ice severity characteristics. Global warming 
s a driver of this shift and can severely influence the sea 
ce season and extent. Friedland et al. (2013) estimated 
hat the sea ice extent may decrease by 20% to 40% by the
nd of the 21 st century, depending on the assumed climate 
hange scenario. In the Baltic Sea, the phytoplankton spring 
loom accounts for a large part of annual biomass produc- 
ion ( Macias et al., 2020 ) and bloom timing affects car- 
on recycling, ∼50% annual carbon fixation is during spring 
loom ( Lipsewers, 2020 ). Spring indicates the beginning of 
he growth season, and spring bloom is the key to pelagic 
nd benthic (secondary) production ( Chiswell, 2015; Grif- 
ths, 2017; Spilling et al., 2018 ). Climate variations in the 
altic Sea affect plankton communities mostly in the be- 
inning of the production season ( Käse and Geuer, 2018 ; 
inder and Sommer, 2012 ). Global warming affects the tim- 

ng, composition and magnitude of the phytoplankton spring 
loom in the Baltic Sea ( Hjerne et al., 2019 ; Meier et al.,
018 ). This phenomenon has dramatic implications on the 
ood web dynamics and carbon recycling ( Winder and Som- 
er, 2012 ). The temporal match with zooplankton consump- 
ion is disturbed ( Winder, 2004 ). 
Biogeochemical models are one key to understanding po- 

ential implications ( Eilola et al., 2013 ; Neumann et al., 
012 ), if these models are able to reproduce the key fea- 
ures of spring bloom. Therefore, realistic ice models are 
ecessary to be able to simulate the timing, composition 
nd magnitude of the phytoplankton spring bloom. Dur- 
ng the melting season, in the Baltic Sea, air tempera- 
ure exceeds water freezing temperature, even when the 
ater body is covered with ice. Marine ecosystem mod- 
ls, using simplified ice calculations, usually ignore the 
ce cover during the melting period. Because of the ice 
over, the effect of wind on water circulation is elimi- 
ated, the sunlight is largely reflected back into the at- 
osphere, and the warm air does not come in direct con- 
act with the water surface. If these processes are ig- 
ored, inaccurate model results are obtained for the tim- 
ng, composition, and magnitude of spring bloom dynam- 
cs. Although few biogeochemical models incorporate ice 
ub-models ( Tedesco et al., 2016 ), only NEMO Nordic and 
OM-ERGOM provide an ice model validated against Baltic 
ea observation data ( Pemberton et al., 2017; Rjazin, 2019 , 
eumann et al., 2020 ). Eilola et al. (2013) investigated the 
mpact of sea ice on Baltic Sea biogeochemistry by using an 
ce model validated by ( Meier, 1999 ). Neumann (2010) ap- 
lied MOM-ERGOM to estimate that the sea ice extent may 
ecrease by two-thirds due to climate change by the end of 
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Figure 1 Quantity of chlorophyll data collected during the 
March, April, and May of 1998—2020 for the stations included in 
this study. 
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he 21 st century, which can lead to an earlier offset of spring 
loom up to one month in the Bothnian Sea and Bay. 
Climate impact research is important because politi- 

ians, decision makers and the society require guidance 
egarding the environmental effects of global warming. 
herefore, sea ice modelling must be corrected to predict 
pring bloom dynamics to improve biogeochemical models 
f the Baltic Sea. 

. Material and methods 

.1. Observational data 

.1.1. Sea ice data 
he daily ice fractions of the Baltic Sea were provided 
y the Copernicus Marine Environment Monitoring Service 
 Von Schuckmann et al., 2018 ). Ice concentration data was 
cquired from the Swedish Meteorological and Hydrological 
nstitute (SMHI) at 5.5 km horizontal resolution. Secondly, 
he ice product (daily ice concentration) of ERA5 was used, 
hich is the latest reanalysis product from the European 
entre for Medium-range Weather forecast (ECMWF), cover- 
ng the 1979—2020 period ( Hersbach, 2020 ). The mean ice 
xtent was determined daily. 
This data was used to calculate the ice melting period 

f the Baltic Sea for the ice seasons of 1982—2020. The ice 
xtent reaches its maximum near the end of February or 
eginning of March. Therefore, the days before 1st March 
ere not counted to focus purely on the melting period. 
he average melting time (MT) was computed as follows: 1) 
alculate the number of days when ice concentration is at 
east 30% for each grid cell for each year; 2) calculate the 
patial average of the number of ice-covered days on the 
altic Sea or sub-basins. 

T = 

1 
i max 

i max ∑ 

1 

n ∑ 

d 0 

C it (1) 

here C it = 1; if the ice concentration on the day d in the
rid cell i is > 30% and 0 otherwise, t 0 is 01 March, and n
s the maximal melting season length (days) in the grid cell 
110 days), i max is the number of cells in the Baltic Sea or 
he sub-basin. 
Rjazin (2017) defined the characteristic difference of the 

ce season, which is the difference between the maximum 

ce extent (Emax) and the ice extent sum (IES). IES describes 
he ice cover extent from the starting of ice appearance 
o its end. In normalised form, the IES can be interpreted 
s the number of ice days, which, daily, considers the ice- 
overed area. 

ES = 

t n ∑ 

t 0 

A t (2) 

here A t is the ice cover extent on the day t, t 0 is the ice
ppearance date, and t n is the last day of the ice cover. In 
he reference winter of 1986/87, the maximum ice extent 
as 97% of the entire Baltic Sea. 
We defined ice season characteristics dch as the ratio of 

oth values: 

ch = IES / Emax (3) 
314 
Emax is the value of the maximal ice extent in a partic-
lar season.The regime shift detection method was used to 
dentify regime shifts in the MT time series and dch. 

.1.2. Sea surface temperature (SST) and 

eteorological data 
he Danish Meteorological Institute (DMI) reanalysed the 
aily sea surface temperature (SST) data on a grid of 
.03 ° × 0.03 ° by combining Pathfinder AVHRR satellite data 
ecords, along-track scanning radiometer (ATSR) reprocess- 
ng for a climate (ARC) dataset, and in situ observations. 
alidation against an independent set of in situ observa- 
ions showed a highly stable performance of the reanal- 
sed dataset with the mean deviation and standard devia- 
ion (SD) of −0.06 and 0.46 °C, respectively, with respect to 
ata from the moored buoys ( Von Schuckmann et al., 2018 ). 
he meteorological forcing data of the ERA5 reanalysis ob- 
ained from the ECMWF for every 6 hours was applied to the 
odel and used for SST. 

.1.3. Chlorophyll-a data 
o investigate the annual, monthly, and daily variations in 
urface chlorophyll-a concentrations, data was used which 
as provided by the Global Ocean Satellite monitoring 
nd marine ecosystem study group (GOS) of the Italian 
ational Research Council (CNR) with a spatial resolution 
f 1 km, which was estimated using the BalAlg algorithm 

 Pitarch et al., 2016 ). The spring data from March to May for
998—2020 was extracted. Daily data was unevenly avail- 
ble, especially for the northern part of the Baltic Sea, and 
nly a few observations were available ( Figure 1 ). For 2008 
nd 2015—2018, we acquired the data of up to 26 days 
or May for some regions of the Baltic Sea ( Figure 2 ). In
arch and April 1999, the data of only 8 and 9 days, re-
pectively, were available, and in 2013, the data of 22 days 
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Figure 2 Maximum quantity of satellite data for a single-grid cell during March (solid), April (dashed), and May (dotted). 
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as available. The rate at which data were recorded fluctu- 
ted throughout the study with an increasing trend towards 
ay. There is no day for which satellite data is available for 
ll the 23 years; however, for a minimum of 8 years, data is 
vailable for each grid point. On 4 days (16, 22, 23, and 29 
ay), data was collected for 18 years. 
Chlorophyll-a concentration data revealed speckle errors 

uch as large or negative values. Although satellite data was 
ot as accurate as in situ measurement data, this was the 
nly data available for daily measurements covering large 
arts of the Baltic Sea. The raw satellite data was cor- 
ected as follows: (1) only values between 0 and 20 mg m 

−3 

ere used; (2) the time series was smoothed out with a 5- 
ay moving average to prevent the occurrence of individual 
igh-concentration values; and (3) horizontal smoothing was 
onducted at each grid point through a weighted average of 
he grid point and the nearest eight surrounding points. The 
enter point received a weighting of 1, the points on either 
ide and those above and below received a weighting of 0.5, 
nd the corner points received a weighting of 0.3. 

.2. Model description 

.2.1. Setup 

imulations were performed using a coupled three- 
imensional model system, comprising a hydrodynamic 
odel GETM ( https://getm.eu/ ; Burchard, 1999; Burchard 
nd Bolding, 2002; Stips, 2004 ) and a biogeochemical model 
ERGOM; www.ergom.net ), based on the model described by 
eumann (2000) . A general ocean turbulence model (GOTM; 
ww.gotm.net ) was coupled with the GETM to resolve ver- 
ical mixing ( Umlauf and Burchard, 2005 ) and ice existence 
roblems. The default diatom sinking velocity is 0.5 m d —1 . 
ur implementation of the model for the Baltic Sea had a 
orizontal resolution of 2 × 2 nm and included 25 vertical σ
ayers with an open boundary in northern Kattegat. Hourly 
ea level data was interpolated from gauge measurements 
t Kattegat. The model considers the land-based runoff and 
utrient loads that had incorporated into 20 major rivers 
 Neumann and Schernewski, 2008 ). 
315 
Pärn (2020) provided the main validation for the cou- 
led model. Hydrodynamic features such as salinity, tem- 
erature, and surface elevation were well reproduced. The 
omparison of the modelled SST with satellite data revealed 
 bias of approximately 0.7 °C. The root-mean-square er- 
ors (RMSEs) of the sea surface and bottom salinity were 
.3—1.7 PSU. All the modelled eutrophication indicators, 
hlorophyll-a, oxygen, nitrate, and phosphate followed 
he dominant seasonal cycles. The simulated chlorophyll- 
 model was highly suitable to the southern Baltic Sea 
RMSE = 0.9), but it was improvable in the ice-covered parts 
uch as the Gulf of Finland. 

.2.2. Model scenarios 
he model was applied to study the effects of physical pro- 
esses on the spring bloom affected by the sea ice. The re- 
ults of runs A and B were compared and the difference 
etween the two scenarios with respect to the chl-a con- 
entrations was analysed. Six melting seasons, 1986—1987, 
995—1996, 2002—2003, 2009—2010, 2010—2011 and 2012—
013 were modelled, and the biogeochemical model vari- 
bles had the same initial distributions on 1st March (at the 
eginning of melting time). Two scenarios were modelled to 
stimate the ice effect. 
In Run (A), we used the ice data obtained from SMHI 

 section 2.1.1 . sea ice data). If the model grid cell was
ssumed to be ice covered, the water surface tempera- 
ure was set equal to the freezing point temperature and 
he wind stress was set to 0. The underwater light condi- 
ions were limited due to sea ice. In the case of sea ice,
ARi = 0.7 ∗PAR, where PAR is photosynthetically active ra- 
iation and PARi is PAR under ice ( Lei et al., 2011 ). 
For Run (B), a simple approach was implemented to 

odel ice conditions assuming a minimal thermodynamic 
ce approximation. When the sea surface temperature (SST) 
as equal to the freezing temperature, the model grid cell 
s assumed to be “ice covered”, PARi = 0.7 ∗PAR, and the 
ind stress was set to 0. When the sea surface temperature 
SST) was above freezing temperature, the model grid cell 
s assumed to be open water. The key difference of this ap- 
roach compared to Run (A) is that the simple “ice” model 
n Run (B) did not consider ice during spring even though ice 

https://getm.eu/
http://www.ergom.net
http://www.gotm.net
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Figure 3 Average ice melting duration (MT) for the Baltic Sea and Bothnian Bay for the years 1982—2020. 

Figure 4 (a) Average number of ice-melting days in the Baltic Sea for 1982—2020 and (b) number of ice-melting days for 1987. 
SMHI dataset. 
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over existed on the sea as seen by satellite data. From this 
oint of view, during the spring bloom, this period is the key 
ssue. 

.3. Regime shift detection methodology 

he detection of regime shifts in time series data can be 
pplied to identify points in time when abrupt changes in 
he data structure occurred. This specific point in time is 
ereafter referred to as the changepoint. 
Several well-documented methods are available for 

hangepoint detection (e.g., ( Zeileis, 2003 )). These meth- 
ds are based on solid statistics and can reproducibly iden- 
ify regime shifts as a significant change in the time se- 
316 
ies mean. First, Bai (1994 , 1997) developed a method 
hat can be used to test the occurrence of a single 
hangepoint in a time series. Bai and Perron (1998) then 
xtended this method to determine multiple change- 
oints. Rodionov (2004) developed a principally similar 
ethod, and other methods are provided in the review by 
antua (2004) . We used the method developed by Bai and 
erron (2003) and described by ( Zeileis, 2003 ). This method 
s a widely used technique for the detection of struc- 
ural changepoints in time series regression models. Their 
ethod was implemented in the strucchange package of 
he statistical software R , which is freely available on 
he Comprehensive R Archive Network (CRAN, http://cran. 
-project.org/ ). 

http://cran.r-project.org/
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Figure 5 Duration of periods with strong winds (speed > 6 
m s −1 ) in ice-covered areas during the sea-ice melting period. 
ERA5 wind data of 1982—2020 has been used. 
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The method of Zeileis (2003) is based on a test used to 
ssess deviations from the classical linear regression model. 
 time series is assumed to have b changepoints, at which 
he coefficients shift from one stable regression relation- 
hip to another. Consequently, b + 1 segments with constant 
egression coefficients must exist. These optimal segments 
ay be determined through a dynamic programming ap- 
roach, thereby minimising the residual sum of squares for 
ertain observation intervals. The selected interval search 
ength influences the results. The default value of 0.15 al- 
ows a maximum of 5 changepoints to be found in the time 
eries. Therefore, optimising the search interval and maxi- 
um number of changepoints searched by using the inves- 
igated data is important. The F statistics were used to es- 
imate the optimal number of changepoints, including con- 
dence interval determination. To detect changepoints on 
n annual time scale, high-frequency contributions (such as 
easonal cycles) must be eliminated by applying appropri- 
te filtering or averaging methods before the analysis. Low- 
requency oscillations with a period exceeding the selected 
egment length can lead to changepoint detection. This is 
specially relevant for the time series with considerable 
utocorrelations and/or linear trends, which require pre- 
hitening or even trend removal. All the significance tests 
ere used with respect to a 5% error probability threshold. 
orresponding confidence intervals are presented in the fig- 
res by using a time range indicated with the dashed verti- 
al lines. 

. Results for the melting period 

he ice melting time and characteristics of ice seasons anal- 
sed for the Baltic Sea used the SMHI and ERA5 database. 
s the data correlates well with each other (cross correla- 
ion 0.9) and refers to the same trends, we used only SMHI 
ata to describe the results. The following sub-basins were 
sed in the analysis: Bothnian Bay (BB), Bothnian Sea (BS), 
orthern Baltic Proper (NBP), Gulf of Finland (GoF), Gulf 
igure 6 Time series of ice season severity characteristic dch in 
ine) in 2004 in the Baltic Sea. 

317 
f Riga (GoR), Gotland Basin (GB), Southwest Baltic (SWB) 
 Figure 1 ). 

.1. Duration of the melting time 

he sea ice is a prominent feature of the Baltic Sea. The 
verall Baltic Sea melting time (MT) was acquired for an av- 
rage of 10.8 days through SMHI data for the studied period 
 Figure 3 ). The study period was divided into three parts, 
979—1994, 1995—2007, 2008—2020, the average ice melt- 
ng time of the period was 14.6 days, 11.6 days and 4.4 days,
espectively. Spatial differences were quite large, and thus, 
he range was from 0 days in the southern and central Baltic 
winter 1982—2020, a statistically significant changepoint (red 
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Figure 7 Time series of multiannual daily mean SST over the Baltic Sea basins. 
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ea to 70 days in Bothnian Bay ( Figure 4 a). The most severe
inter in the study period occurred in 1987, which resulted 
n ice formation almost everywhere, except in the southern 
entral Baltic, and melting times of > 90 days ( Figure 4 b). 
hus, spatial gradients were relatively less strong because 
he high ice concentrations led to less mobile ice. 
The average ice melting duration for the Baltic Sea 

howed a statistically significant changepoint in 2013 
 Figure 3 a). After 2013, the ice melting duration de- 
reased considerably to < 4 days (except in 2018). The MT 
ime series data was analysed to determine the occur- 
ence of breakpoints in the different basins of the Baltic 
ea ( Table 4 ). For the entire Baltic Sea, GoF and the BB
 Figure 3 b), statistically significant changepoints were iden- 
ified. 
Because the spring period is characterised by high-speed 

ind, the existence of ice plays an important role in wind 
tress hampering. We estimated how long the sea ice led to 
he elimination of the effects of strong winds ( Figure 5 ). For 
he area with the longest melting period (Bothnian Bay), it 
as up to 20 days, and it was lesser in the other basins. On
verage it was 12 days in the Gulf of Bothnia, 10 days in 
318 
he Gulf of Finland, 8 days in the Gulf of Riga, 2 days in the
orth and mid Baltic Proper, and 0.2 days in the southern 
art of the Baltic Proper. 
The ice season severity of the Baltic was classified into 

hree classes: mild ( > 135 000 km 

2 ), average (135 000 to
80 000 km 

2 ) and severe ( < 180 000 km 

2 ). Classification is
one according to the maximum ice extent. Types of win- 
ers in our study: Mild winters occurred during 1988/1989, 
989/1990, 1990/1991, 1991/1992, 1992/1993, 1993/1994, 
999/2000, 2001/2002, 2007/2008, 2008/2009, 2013/2014, 
014/ 2015, 2015/2016, 2016/2017 and 2019/2020; av- 
rage winters occurred during 1982/1983, 1987/1988, 
997/1998, 1998/1999, 2000/2001, 2003/2004, 2004/2005, 
006/2007, 2011/2012 and 2017/2018; and severe win- 
ers occurred during 1981/1982, 1983/1984, 1984/1985, 
985/1986, 1986/1987,1993/1994, 1995/1996, 2002/2003, 
005/2006, 2009/2010, 20010/2011 and 2012/2013. 

.2. Characteristics of ice seasons (dch) 

he dch time mean over the Baltic Sea is 0.9. If the value
f dch for the respective season is higher than the average, 
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Table 1 Comparison of the dates when the surface temperature of the water reached 5.6 °C. 

Basin a) 1982—1994 b) 1995—2007 c) 2008—2020 a—b(days) b—c(days) 

Bothnian Bay 12 Jun 9 Jun 3 Jun 3 6 
Bothnian Sea 31 May 31 May 23 May 0 8 
Northern Baltic Proper 19 May 17 May 11 May 2 6 
Gulf of Finland 19 May 20 May 13 May —1 7 
Gulf of Riga 9 May 9 May 5 May 0 4 
Gotland Basin 11 May 12 MAY 5 May —1 6 
Western Baltic 4 May 31 April 24 April —4 7 

t
t
s
a
2
d
e
r
t
c
m
o
2

3
s

W
a
t
(
1
p
c
a
o
e

S
p  

S
w
a
c
t
l
S

3

S
t
1
s
(
c
m  

n
f

Figure 8 March—May average chlorophyll-a concentration 
(mg m 

−3 ) for 1998—2020 over the Baltic Sea. Satellite-based 
Chl-a data from Copernicus product. 
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hen the ice cover lasts for a relatively long time compared 
o the maximum ice extent of the same winter. The ice sea- 
ons’ characteristic dch mainly exhibited higher than aver- 
ge values for 1982—2003 and lower than average values for 
004—2020, except for 2010 ( Figure 6 ). The lower values of 
ch indicated the seasons (winters) when the ice cover was 
xtensive for some time, but it did not last for a long du- 
ation. Before 2004, the ice cover duration was longer than 
hat of the maximum ice extent. The duration of the ice 
over of the previous decade decreased compared to the 
aximum ice extent of the same winter. The time series 
f 1982—2020 had a statistically significant changepoint in 
004 in the Baltic Sea. 

.3. Shift of Sea Surface Temperature (SST) in 

pring 

e observed that the dates of the water threshold temper- 
ture, i.e., 5.6 °C, changed during 1982—2020. To find out if 
he surface temperature of the sea had changed over time 
 Figure 7 ), the study period was divided into three periods: 
982—1994, 1995—2007 and 2008—2020. The threshold tem- 
erature was observed in the last period, 4 to 8 days earlier 
ompared to the middle interval ( Table 1 ). Between the first 
nd second period, there was not such a clear trend, and 
nly for some basins the threshold temperature was reached 
arlier. 
BB and GoF differed from other basins. The April average 

ST over BB and GoF had a statistically significant change- 
oint in 2006 ( Table 4 ). In other basins (BS, NBP, GoR, GB,
WB) the surface temperature was strongly in accordance 
ith the average surface temperature over the Baltic Sea, 
nd the correlation was > 0.92. Also, the correlation coeffi- 
ient between all the sub-basins (except BB) was > 0.88, but 
he mean SST between BB and Baltic was 0.68. The corre- 
ation coefficient between MT and mean SST over the Baltic 
ea was —0.9. 

.4. Analysis of chlorophyll-a concentrations 

atellite-based chlorophyll-a average (1998—2020) concen- 
rations for the Baltic Proper were 0.6, 0.9, 1.4, 2.3 and 
.6 mg m 

−3 for January, February, March, April and May, re- 
pectively. The chlorophyll-a time average concentrations 
 Figure 8 ) showed the highest gradient and values of the 
hlorophyll-a concentration in the Gulf of Finland (up to 8 
g m 

−3 ) and the Gulf of Riga (up to 7 mg m 

−3 ). However, the
orthernmost data for the Baltic Sea and easternmost data 

or the Gulf of Finland must be viewed with some caution W

319 
ecause the ice cover lasts longer in these areas. We in- 
estigated the pattern of spring bloom according to winter 
everity ( Section 3.1 ). Figure 9 shows the multiannual daily 
ean of chlorophyll-a concentration for spring in Baltic Sea 
asins. The Bothnian Bay and Gulf of Riga were excluded be- 
ause when they are covered with sea ice from March—May, 
atellites provide unreliable data or there is a lack of satel- 
ite data for these areas. In the SW Baltic, the spring bloom 

egins on average on March 10—15, and average chlorophyll- 
 concentration values decrease ( < 2 mg m 

−3 ) in mid-April.
n the beginning of spring, chlorophyll-a concentration val- 
es are low (up to 2 mg m 

−3 ) in all basins except the Gulf of
inland. In other basins, concentrations started to increase 
n early April, and the peak was reached in late April. 

The peak of chlorophyll-a multiannual daily mean con- 
entration lasted for a shorter duration after severe winters 
han after average and mild winters ( Table 2 ). In severe win-
ers, peak of concentration only lasts a few days, except in 
he Gulf of Finland. In all the basins, chlorophyll-a concen- 
ration values were lower in severe winters than in average 
nd mild ones, mainly during the whole season ( Figure 9 ). 
e compared the chlorophyll-a multiannual daily mean con- 
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Figure 9 Chlorophyll-a multiannual daily mean concentration over the Baltic Sea basins from March to May for severe, average, 
and mild winters. 

Table 2 Number of days when the daily chlorophyll-a concentration values were higher than the mean. 

Basin Severe (Day) Average (Day) Mild (Day) Before shift (Day) After shift (Day) 

Bothnian Sea 31 56 42 50 22 
Northern Baltic Proper 31 58 46 59 31 
Gulf of Finland 25 54 56 54 25 
Gotland Basin 7 56 57 58 8 
SWS Baltic 18 41 60 41 18 

c
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a
T
e

T
1
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e
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a
c
in Table 4 . 
entration (1998—2020) in each basin with the daily values 
f severe, average, and mild winters. We summed up the 
umber of days when the daily values were higher than the 
ean concentration ( Table 2 ). 
The chlorophyll-a data does not correlate with the MT 

nd SST data shown in the previous sections (3.1 and 3.3). 
he GoF and GoR chlorophyll-a data did not correlate with 
ach other (r = —0.068) or with other basins ( Figure 10 ). 
320 
he April mean chlorophyll-a concentration from the period 
998—2020 was analysed for the selected sub-basins. The 
hlorophyll data series is shorter than the ice data, how- 
ver, the statistically significant changepoint was in 2002 
nd 2011 in the April mean chlorophyll-a time series in NBP 
nd, in 2011, in the whole Baltic Sea. Statistically significant 
hangepoints were identified for the other basins as shown 
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Figure 10 Correlation between April mean chlorophyll-a concentration between the subbasin. 
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Phytoplankton and chlorophyll-a concentration profiles 
ere rarely measured in the areas covered with the sea ice. 
o such data are available for the GoF and GoR. An excep- 
ion is the Bay of Mecklenburg (St. OMO22), for which the 
easurement data is available for March 2009—2019 in the 

CES database. The Bay of Mecklenburg is covered with ice 
n cold winters ( Schmelzer et al., 2014 ). The number of ice 
ays in Rostock (the nearest port to the station) were: 0, 
7, 77, 23, 54, 4, 2, 22, 11, 39, 2, 0 days according to 2009—
020. In severe winters, the chlorophyll-a concentration on 
he surface ( Figure 11 ) is lower than that for deep under- 
ater (10 m). In mild winters, concentration values are the 
ame, or the surface concentration is high. An exception 
s 2015, when the surface, a deep layer of 5 m, and a deep
ayer of 10 m exhibited chlorophyll-a concentrations of 8, 7, 
nd 11 mg m 

−3 , respectively. The day before the measure- 
ents, March 17, 2015, the average wind speed was low < 5 
 s −1 (ERA5 data) and the diatom sinking velocity during 
he spring bloom in the central Baltic Sea is 15 to 30 m d −1 

 Passow, 1991 ). 

.5. Impact of the sea ice on the spring bloom in 

he ecosystem model 

 coupled hydrodynamic—biogeochemical model was imple- 
ented to analyse the difference between the two scenar- 

os with respect to the chl-a concentrations at stations. 
We examined the frequency of the predictions coincid- 

ng with the timing of the spring phytoplankton bloom for 

he two different runs. If both the run results were in the c

321 
ange of ±3 days, we counted the results as coinciding. The 
ates predicted by the two runs for the spring phytoplank- 
on bloom peak slightly coincided with each other. Stations 
MBMPK2 and OMBMPK3 coincided 4 times, station Gda ńsk 
 times while stations H1, 14, and G1 did not coincide with 
ny of the considered cases. The prediction difference for 
he timing of the spring phytoplankton bloom peaks for each 
tation are presented in Table 3 . If the bloom peaks of run
A) and run (B) coincided by ( ±3 days), then we consider 
he blooming difference to be 0 days. The interval in the 
outhern part of the Baltic Sea (OMBMPK2 and OMBMPK3) 
as 4 days, and in the Gda ńsk Bay, it was 6 days. The cor-
elation of the diatom concentration between runs (A) and 
B) was 0.2—0.9 ( Figure 11 , Table 3 ). The correlation coef-
cient is sensitive to the selected time interval. The same 
eriod (25.03—5.05) was considered for all the stations. The 
ritical value of the Pearson correlation coefficient is 0.44 
p = 0.05). The correlation of the diatom concentration be- 
ween runs (A) and (B) is not significant at stations H1 and 
1. Differences existed in the bloom timing, with the four 
tations having a timing of > 10 days. This shows that the 
resence of ice significantly influences the values predicted 
hile using the model. 

.6. Influence of sea ice on the dynamics of 
hlorophyll-a sinking 

ea ice reduces wind-induced turbulence in the euphotic 
ayer even if it is temporary. The effect of the mechanism on 
hlorophyll-a concentration was tested with the model. The 
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Table 3 Correlation of the concentration between runs (A) and (B). Correlation of the concentration between runs (A) and 
(B). 

Stations Correlation (1.03—31.05) Correlation during bloom (25.03—5.05) Interval of the spring bloom timing peak (days) 

14 0.6 0.4 10.2 
32 0.8 0.45 13.7 
G1 0.5 0.2 17.8 

Gda ńsk 0.8 0.75 6 
H1 0.57 0.4 13.8 

OMBMPK2 0.9 0.8 3.8 
OMBMPK3 0.85 0 > .7 3.7 

Figure 11 Scatter diagram of the chlorophyll-a concentra- 
tions from the two different model simulations, evaluated for 
stations indicated in Figure 1 . 
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Table 4 Changepoint of the MT, SST and average April 
clorophyll-a concentration for the Baltic Sea and its parts. 

Basin MT (SMHI) SST Chl-April Chl-May 

BB 2013 1992 + 2006 No data No data 
BS 1987 1988 2002 2002 
NBP No No 2002 + 2011 2002 + 2010 
GB 1987 No 2011 No 
GoF 2013 2006 No No 
GoR No No 2011 2013 
SWB No data 1987 No No 
Baltic 1987 + 2011 No 2011 2008 
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t
A

onditions for the sinking of chlorophyll-a varied consider- 
bly depending on the presence of open water or sea ice. 
igure 12 depicts the multiannual daily mean chlorophyll- 
 concentration in run (A) and run (B) for six modelled 
pring seasons. The chlorophyll-a concentration started to 
ncrease in the middle of March in both the simulations. The 
hlorophyll-a concentration values were higher at a depth 
f 10—15 m for run A ( Figure 12 ) which is caused by the
iatoms sinking. Therefore, the spring bloom of dinoflagel- 
ates appeared only in the sea area with thin ice (or low 

ind conditions), and thus, the chlorophyll-a concentration 
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alues were lower in the upper 5 m layer. For run B, the
iatoms dominated in the ice-free water and in the upper 
 m. 

. Discussion 

he Baltic Sea is seasonally ice covered with biologi- 
al activity being the lowest during winter. The average 
hlorophyll-a concentrations over the Baltic Proper as seen 
sing satellite data were < 1 mg m 

−3 before March. The 
ctivity of biota during spring depends strongly on the ice 
over duration. Climate changes have affected the living 
nvironment of the Baltic Sea. The average ice melting 
ime (MT) of the Baltic Sea showed a statistically significant 
hangepoint in 2011. 
The average MT in spring decreased over the last decade. 

efore 2011, the average MT for the Baltic Sea was ∼13 
ays. Since 2012, the MT was ∼4 days. 
Our study showed a larger change in the northern part 

f the Baltic Sea, however, Rjazin et al. (2017) reported a 
arger change in the mean air temperatures over the south- 
est (compared to the north) of the Baltic Sea. In the south- 
rn Baltic region, the average skewness of air temperature 
istribution shifted from 0.39 to 0.8 ( Rjazin et al., 2017 ). 
The generation of sea ice has been episodic after regime 

hift, and ice has not been able to grow to a large thick-
ess. The ice season characteristic dch shifted from 1.1 to 
.7 in 2004 ( Figure 6 ). Compared to the maximum ice ex-
ent of the season, the ice cover lasted longer before 2004. 
fter 2004, the lower values of dch indicated the winters 
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Figure 12 Daily average chlorophyll-a concentration values (normalise scale, values start at 0.2) at the four selected stations 
( Figure 1 ) averaged for the severe winters of 1987, 1996, 2003, 2010, 2011, and 2013. 
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n which the ice cover was extensive for some time but did 
ot last for a long duration. However, considerable strong 
inds occur during the MT. Wind speeds higher than 6 m s −1 

ccur in some areas for 20 days ( Figure 5 ) during the spring
eriod. This creates conditions for changes in the species 
omposition of phytoplankton. 
Changes in the productivity regimes in spring were ob- 

erved. The April average SST of the Bothnian Bay and the 
ulf of Finland showed a statistically significant change- 
oint in 2006. The water temperature triggered many life 
rocesses which have threshold values. It can be con- 
luded that the date of the water threshold temperature 
f 5.6 °C changed during 1982—2020. The threshold temper- 
ture dates changed after the changepoint and were on av- 
rage achieved on 11 May in 1982—2007, and 6 days earlier 
05 May) in 2008—20 in the Baltic Proper ( Figure 7 ). The in-
erval 4—8 days between the dates was detected in all the 
asins in the Baltic Sea ( Table 1 ). 
Sub-arctic ecosystems are strongly dependent on envi- 

onmental factors such as water temperature and changes 
n it will influence the ecosystem. The spawning tem- 
erature of herring is just one example that we took as 
he threshold value. Phytoplankton cannot compensate for 
he temporal shift, as the spring bloom is also limited 
y the available light, shown for the southern Baltic Sea 
y Friedland et al. (2012) . Climate change effects are 
323 
ery quickly identified as a high-risk for herring spawning 
 Gröger et al. 2014 ). 
The most active period in the sea, the spring bloom, oc- 

urs at the end of April ( Figure 9 ), when chlorophyll con-
entrations were highest in the Baltic Sea, according to 
atellite data. In the southern parts of the Baltic Sea, the 
pring bloom starts in early March. The beginning of the 
pring boom (according to satellite data) did not occur pro- 
ressively from the south to the north. Chlorophyll-a con- 
entration values in the Gotland Basin, North Baltic Proper 
nd Bothnian Sea started to increase when the spring bloom 

n the Southwest Baltic was over, i.e., in mid-April, reach- 
ng its peak by the end of April ( Figure 9 ). In the Gulf of
inland, chlorophyll-a concentrations started to increase in 
arly April. They were lower in severe winters throughout 
ost of the spring season in all Baltic Sea basins ( Figure 9 ).
he Gulf of Finland and the Gulf of Riga are biologically in- 
ependent basins, chlorophyll-a concentration during spring 
loom did not correlate with each other or with the rest 
f the Baltic Sea sub-basins. The correlation coefficient be- 
ween GoF and GoR is —0.068, with other sub-basins it is in 
he range of 0.068—0.69 ( Figure 10 ). 
The modelling experiment compared the results of a ref- 

rence run (A) with observed sea ice with those of a run 
B) with underestimated sea ice (imitating a mild and ice- 
ree winter), which confirmed that ecological conditions dif- 
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ered significantly for both the scenarios. It has been found 
hat there are low chlorophyll-a concentrations in the up- 
er 5 m layer in run (A) and the concentration values in- 
reased at the surface in run (B). The results of the expe- 
itions in the Bay of Mecklenburg gave a similar result in 
arch 2009—2019. In mild winters, the measured values of 
hlorophyll-a concentration are the same in the euphotic 
one, or the surface concentration is higher (with the ex- 
eption of 2015); however, in severe winters, the concen- 
ration of chlorophyll-a on the surface is lower than in the 
eeper layer (10 m). 
It can be seen from the observations and the model ex- 

eriment that it is not enough to present the surface values 
lone to describe spring bloom. The deeper layers of the 
ater column should also be considered. It can therefore 
e assumed that even in severe winters (shown by satel- 
ite data), the concentrations are lower throughout the sea- 
on ( Figure 9 ) than in mild winters. The presence of ice 
liminates the effect of wind, thus creating calm condi- 
ions when the heavier particles (diatoms) sink below the 
uphotic zone ( ∼10 m). The ice conditions during spring 
re one of the key factors affecting the magnitude, timing 
nd composition of the spring bloom. The correlation of the 
hlorophyll-a concentration between simulations with sea 
ce (A) and simulations with the simple ice model (B) was 
.2—0.9. The southern parts of the sea are less affected by 
ea ice (correlation is higher), and the regions of the central 
altic Sea are more affected. 
During ice free conditions in the spring bloom, the di- 

toms with a higher growth rate were predominant and 
uickly consumed nutrients. This indicated a faster end 
f the spring bloom leading to a rapid decrease in the 
hlorophyll-a concentration. During moderate ice cover and 
indless springs, the physical conditions were suitable for 
inoflagellates. Their nutrient intake was lower than the 
iatoms allowing the nutrients to be available for longer 
n the euphotic zone. Diatoms lost their competitive ad- 
antage under sea ice and calm wind as these conditions 
ed the diatoms to sink into the deeper layers of water 
here light was not available. The changes in dominance of 
hese two phytoplankton classes strongly affected the ma- 
ine food web and showed that they have a role in the net 
ransfer of CO2 to the oceans and then to the sediments. 
Extrapolating our results to a future with higher water 

emperatures and less ice, we can expect an increase in the 
iatom bloom magnitudes, although this event could po- 
entially not occur in calm winds. This is according to our 
tudy, but blooming is the product of complex processes, 
hich need to be investigated more widely to understand 
he mechanisms behind the underlying change in phyto- 
lankton dynamics. The focus of our study was on the south- 
rn and central Baltic Sea. In conditions such as those in the 
orthern part, where ice is thicker and closer along with the 
resence of snow, there is less light in the sea during spring. 
his part was not described in our work. 
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Abstract A vertically 2-D numerical model based on the Delft3D modelling system is set up, 
calibrated, and validated to simulate the tidal hydrodynamics in the Arabian Gulf. The model 
is a barotropic solution, controlled by 13 tidal components at open boundaries. The perfor- 
mance of the numerical model was evaluated using the hourly water level observations and 
the TOPEX/Poseidon altimetry data. Statistical analysis showed a good agreement between the 
simulated and observed water levels. RMS error was found to be ranged from 0.07 to 0.23 m, 
with maximum discrepancies observed at Ras Tanura and Mina Sulman stations. However, the 
IOA between the simulated and observed water levels was significant (0.95—0.99). On average, 
the errors for the tidal constituents considered in the analysis are in the order of < 0.02 m (4%). 
The M 2 , S 2 , K 1 and O 1 tidal waves represent the largest among other constituents, where the 
amplitude of S 2 represents almost 30% of the M 2, and the O 1 tidal wave represents about 50% 
of the K 1 tide. The co-tidal charts of the semidiurnal tides show the existence of two anti- 
clockwise amphidromic systems in the north and south ends (centred around 28.25 ° and 24.5 °N 

respectively) close to the western side, while the diurnal constituents form only a single am- 
phidromic point in the central part, centred around 26.8 °N (North Bahrain). On the other hand, 
the velocity amplitudes of the U and V components of the numerical model were compared 
with a previous observational study and found to be agreed well. 
© 2022 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 global level, the Arabian Gulf (AG) (known also as 
he Persian Gulf) is an important region environmentally, 
conomically, and politically due to the oil-related activ- 
ties and gas resources. The physical border of the AG is 
urrounded by the shoreline of Saudi Arabia, Bahrain, and 
atar on the western edge, the coastline of Iran on the 
astern side, Kuwait in the north-western part, Iraq on the 
orthern part, and the United Arab Emirates (UAE) on the 
outhwestern coastline ( Figure 1 ). Generally, the AG expe- 
iences a sub-tropical climate due to its location in the north 
f the tropic of cancer. A common weather event in the re- 
ion is known as the “Shamal”, which is a north-westerly 
ind predominant throughout the year ( Perrone, 1979 ). 
owever, the weather condition experiences seasonal vari- 
tions connected with the amplitudes of the Arabian and 
ndian thermal lows ( Emery, 1956 ; Perrone, 1979 ). The AG 

egion is characterized by high evaporation rates ( ∼ 2 m 

r -1 ) ( Ahmad and Sultan, 1991 ; Privett, 1959 ) which exceed 
he net freshwater either by precipitation or rivers flow ( Al- 
ubhi, 2010 ; Pous et al., 2012 ). As a result, the AG acts as
 large inverse-estuarine system, where the Strait of Hor- 
uz is the only mechanism that controls the exchange be- 
ween the AG and the northern Indian Ocean. The physi- 
al and hydrographic conditions of the AG including water 
igure 1 Map of the Arabian Gulf including numerical model bath
he world ocean. 

328 
emperature, salinity, wind conditions, heat flux, flow ex- 
hange regime, etc, can be found in the previous inves- 
igations (e.g., Ahmad and Sultan, 1991 ; Al-Subhi, 2010 ; 
rewer et al., 1978 ; Brewer and Dyrssen, 1985 ; Chao et al.,
992 ; Emery, 1956 ; Johns et al., 2003 ; Kämpf and Sadri-
asab, 2006 ; Pous et al., 2004 ; Reynolds, 1993 ; Yao, 2008 ). 
Tides in the AG are an important driving force 

 Elshorbagy et al., 2006 ). The tidal wave in the AG is to be
scillating at a period of 22.6 or 21.7 hours where the main 
idal motion in the AG is due to Kelvin waves ( Defant, 1961 ).
everal studies were carried out in the AG to study the 
idal conditions using tide gauge data ( Akbari et al., 2016 ; 
l-Mahdi et al., 2009 ; Al-Subhi, 2010 ; Khalilabadi, 2016 ; 
haraf El-Din, 1988 ; Siddig et al., 2019 ; Sultan et al., 1995 ).
n the other hand, a number of modelling studies were ap- 
lied to study the tidal components considering only the 
our principal tidal components (M 2 , S 2 , O 1 , K 1 ), which
onsidered for producing the amplitude and phase charts 
 Bashir, 1993 ; Lardner et al., 1982 , 1988 ; Poul et al., 2016 ;
ajafi and Noye, 1997 ; Pous et al., 2012 ; Thompson et al., 
994 ; Trepka, 1968 ). The conclusion drawn from these stud- 
es suggests that the tidal system is complex and changes 
rom being primarily semi-diurnal to diurnal throughout the 
asin. Interaction between semidiurnal (M 2 , S 2 ) and diurnal 
O 1 , K 1 ) tidal constituents yield resonance, where the for- 
er results in two amphidromic systems (one in the north- 
ymetry based on ‘GEBCO_2021’ global bathymetry datasets for 
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rn and one in the southern parts), and the latter forms 
nly a single amphidromic point in the central part, near 
ahrain. However, the earlier modelling studies showed that 
mplitudes and phases of the tidal components were not 
ccurately produced by the used models, mainly due to 
sing coarse mesh-resolution, as well as low resolution of 
athymetry along the coastlines. Trepka (1968) used nonlin- 
ar Cartesian coordinate of Hansen Scheme to predict M 2 

n the Gulf considering a coarse resolution grid (14 km). 
is model predictions of amplitude and phase were good in 
eneral, but large discrepancies of about 20% were found 
long the coastal areas. Later, he conducted an experi- 
ent considering 7 tidal constituents and compared the 
esults with predictions of low and high water presented 
n the German and English Tide Tables. Their model dis- 
repancies were in the range of 0.1 m in high and 0.36 m 

n low waters, with maximum deviation of about 60 min. 
ardner et al. (1982) simulated the tides in the Gulf using 
he finite difference scheme considering a coarse grid (20 
m) to generate the co-charts of the M 2 and K 1 constituents. 
hey concluded that the computed amplitudes and phases 
re under-overestimated in several regions in the Gulf, due 
o the method of computation used, where the amplitudes 
re calculated as the average of all the maximum tidal ele- 
ations and the phases are calculated from the time of the 
ast maximum of elevation. Later, Lardner et al. (1988) used 
he method of characteristics to predict M 2 and K 1 tidal con- 
tituents and compared their model results with co-tidal 
harts. They found that the phase contours are in good 
greement while the amplitude contours include large dis- 
repancies. They attributed the discrepancies to the low 

rid resolution along the coastline. Bashir (1993) modeled 
he tides using a ∼ 9 km grid model resolution and four tidal 
onstituents (M 2 , S 2 , O 1 , K 1 ) to drive the model. He vali-
ated his model using data from Admiralty chart, where his 
odel tended to underestimate the amplitudes and overes- 
imate the phases. Najafi and Noye (1997) modelled the AG 

ides using a Cartesian depth-averaged model and a spher- 
cal coordinate model (8.7 km x 9.7 km) forced by 10 tidal 
onstituents mainly the major semidiurnal and diurnal and 
L 2 , μ2 ). They found that the predicted phases for M 2 and O 1 

re not consistent with the Admiralty charts in the strait of 
ormuz. They attributed the discrepancies to the boundary 
ffect. Pous et al. (2012) used a 9 km grid resolution model 
orced by 7 tidal constituents to generate only the co-charts 
or M 2 and K 1 . They concluded that their model error ratio 
s in the order of 0.05 m (10%) on average with maximum 

iscrepancies observed for P 1 , O 1 and K 2 . Recently, a mod- 
lling study by Poul et al. (2016) have considered 13 tidal 
onstituents to describe the tides and focusing on effect of 
eshm canal in the Gulf, but only qualitative comparisons 
ere provided in this study, thus, nothing can be stated 
bout the discrepancies assessment. 
As seen above that all previous modelling efforts used 

oarse-resolution models forced by a limited number of 
idal constituents (depending on the study interest) along 
he open boundaries. In this study, we setup, calibrate and 
alidate a vertically 2-D barotropic tidal model, consider- 
ng a spatial horizontal mesh size of 5 km, bathymetry data 
t a resolution of 15 arc-seconds, and 13 tidal components 
long the open boundary. For this purpose, the Delft3D 

odel, which was developed in the Netherlands by D elft Hy- 
329 
raulics is used. To select optimal parameters in the numer- 
cal model, sensitivity tests of the numerical and physical 
arameters were conducted. The simulation results were 
valuated using water level measurements at 7 tide gauge 
tations and TOPEX/Poseidon (T/P) altimetry data. More- 
ver, one ADCP mooring station was used to validate the 
odel in terms of U and V components. Once, the model 
as been validated, tidal conditions are described for the 
G region. The rest of the manuscript is arranged as follows. 
ection 2 introduces the materials and methods, including a 
rief description of the modelling system and the AG Model 
onfiguration. The results and discussion of the numerical 
imulations are given in section 3 . Section 4 sheds light on 
he summary and conclusion of this study. 

. Material and methods 

.1. Study area 

he selected domain for the current study covers the en- 
ire AG basin including the Strait of Hormuz and part of the 
ulf of Oman. The AG is located between 30 °, 24 °N lati-
ude, and 48 °, 57 °E longitude, oriented in the NW and SE
irection. It is a marginal, semi-enclosed hypersaline sea, 
ith a maximum width of 370 km to a minimum of about 
0 km found in the Strait of Hormuz. The length of the AG
s about 1000 km along its main axis. The surface area of 
he water basin is about 239,000 km 

2 ( Emery, 1956 ). The 
ottom topography of the Gulf is relatively shallow, with a 
aximum depth of 90—100 m in the Strait of Hormuz, and 
 mean depth of about 35 m ( Pous et al., 2004 ; Roos and
chuttelaars, 2011 ; Siddig et al., 2019 ). The deeper topo- 
raphic features ( > 50 m) in the region are found along the
ranian coast while the shallower areas ( < 20 m) are found 
long the southwestern coasts. The AG is connected through 
he southern boundary with the Gulf of Oman (where the 
ypical depth is ∼900 m), and the northern Indian Ocean via 
he Strait of Hormuz. 

.2. Data source 

n this study, hourly time-series of tidal data at seven 
tations, namely Arabiyah Island, Jubail, Marjan Island, 
urayyah Pier, Ras Tanura, Mina Sulman, and Jask Har- 
our (see Figure 2 for their locations) were made avail- 
ble. These data were obtained from ARAMCO Oil Company 
xcept for Mina Sulman and Jask Harbour stations, they 
ere downloaded from the Sea Level Centre at University of 
awaii (UHSLC) from the following link ( http://uhslc.soest. 
awaii.edu/data/?rq#uh182a ). The hourly recorded time 
eries from ARAMCO Oil Company covers the year 1999 while 
he sea level data for Mina Sulman and Jask Harbour in- 
ludes the years 1997 and 2012 respectively. The main pur- 
ose of using the hourly tidal data is to carry out harmonic 
nalysis and validate the numerical tidal model. Moreover, 
idal constituents at 20 points selected within the model 
omain extracted from TOPEX/Poseidon (T/P) altimetry 
ata ( http://volkov.oce.orst.edu/tides/global ) were con- 
idered to validate the numerical model. On the other hand, 
arotropic tidal currents in terms of U and V components 

http://uhslc.soest.hawaii.edu/data/?rq#uh182a
http://volkov.oce.orst.edu/tides/global
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Figure 2 Computational grid distribution of the AG-Model, blue line represents the closed boundaries, green line represents the 
open boundary, ( ●) denotes tide gauge stations, and ( �) denotes ADCP mooring, ( � ) denotes T/P data locations. 
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based on ADCP data) were taken from a published study 
 Johns et al., 2003 ) for the year 1997 at one station lo-
ated in the Strait of Hormuz (26.2678 o N, 56.0867 o E) to val- 
date the numerical model. The bathymetry data used is de- 
ived from the new release of the global bathymetry dataset 
GEBCO_2021 Grid” at a 15 arc-second interval grid ( ∼ 450 
), ( https://www.gebco.net/data _ and _ products/gridded _ 
athymetry _ data/gebco _ 2021/ ). To drive the tidal hydrody- 
amic model, 13 harmonic constituents, mainly semidiurnal 
ides (M 2 , N 2 , S 2 , K 2 ) and diurnal tides (k 1 , P 1 , O 1 , Q 1 ) includ-
ng (M f , M m 

, M 4 , MS 4, and MN 4 ) in the form of amplitudes and
hases were extracted from the global ocean tidal model 
PXO8 ( Egbert and Erofeeva, 2002 ) ( https://www.tpxo.net/ 
lobal/tpxo8-atlas ). 

.3. Statistical analysis 

n the present study, several statistical parameters were 
onsidered to evaluate the performance of the numeri- 
al model. These are determined by calculating the BIAS 
 Eq. (1) ), the index of agreement ( IOA ) ( Eq. (2) ), and the
oot mean square difference ( RMSD ) ( Eq. (3) ) based on the
ollowing formula: 

IAS = 

1 
n 

n ∑ 

1 

abs ( Simul at ed − Observed ) (1) 
330 
OA = 

∑ n 
i =1 ( O i − S i ) 

2 ∑ n 
i =1 

(∣∣S i − ō 
∣∣ + 

∣∣O i − ō 
∣∣)2 , 0 ≤ IOA ≤ 1 (2) 

here o i is the observation and s i is the simulation and ̄o is 
he average observation value ( Willmott, 1981 ). 

MSD = 

√ √ √ √ 

1 
n 

n ∑ 

1 

( Simul at ed − Observed ) 2 (3) 

On the other hand, the Delft3D - TRIANA program of the 
elft3D modelling system has been employed to perform 

he tidal analysis and derive the main semidiurnal (N 2 , M 2 , 
 2 , K 2 ) and diurnals (Q 1 , O 1 , P 1 , K 1 ) tidal constituents for
oth predictions and observations. The program also pro- 
ides a statistical assessment of the discrepancies between 
bservations and simulation results. The statistical assess- 
ent includes the standard deviation of the tidal analysis 
SD), the Upper Extreme of the Residual (UER) and Lower 
xtreme of the Residual (LER), and the Summed Vector Dif- 
erence (SVD) ( Eq. (4) ), which is calculated as: 

 

Obs 

√ 

[ H C cos ( G C ) − H O cos ( G O ) ] 
2 + [ H C sin ( G C ) − H O sin ( G O ) ] 

2 (4) 

n which 
∑ 

Obs refers to a summation over the stations with 
bserved amplitude and phase . 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2021/
https://www.tpxo.net/global/tpxo8-atlas
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.4. Model description 

n the current research, the numerical hydrodynamic model 
as developed with the Delft3D modelling system. The 
odelling system was developed in the Netherlands by 
L │D elf t Hydraulics ( Deltares, 2011 ), The Delft3D-Flow 

odel (the main module) is capable to solve two- (2D) or 
hree-dimensional (3D) non-steady flow and transport pro- 
esses produced from tidal and meteorological elements in- 
luding the temperature and salinity differences effects. 
he Delft3D modelling system is based on the primitive 
avier-Stokes equations for incompressible free surface 
ow, under the Boussinesq approximation ( Roelvink and 
anning, 1995 ). The system solves the momentum ( Eq. (5) —
6) , and continuity equations ( Eq. (7) ) for velocities and wa- 
er levels. The equations include the horizontal equations 
f motion and the transport equations for conservative con- 
tituents. 
The governing equations of the model are as follows: 

∂u 
∂t 

+ u 
∂u 
∂x 

+ v 
∂u 
∂y 

+ g 
∂η

∂x 
− fv + 

gu | U | 
C 2 ( d + η) 

− v w 

(
∂ 2 u 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

)
= 0 

(5) 

∂v 
∂t 

+ u 
∂u 
∂x 

+ v 
∂v 
∂y 

+ g 
∂η

∂y 
− fu + 

gv | U | 
C 2 ( d + η) 

− v w 

(
∂ 2 u 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

)
= 0 

(6) 

∂η

∂t 
+ 

∂ ( d + η) u 

∂x 
+ 

∂ ( d + η) v 
∂y 

= 0 (7) 

n which η is the water level elevation (m), d is the still 
ater depth (m), f is the Coriolis parameter (1 s −1 ), t is 
he time (s), U is the magnitude of the total velocity (m 

 

−1 ), C is the Chézy’s friction coefficient (m 

1/2 s −1 ), u and v
re the depth-averaged velocities in the x- and y-directions 
m s −1 ), v w is the diffusion coefficient (m 

2 s −1 ), g is the ac-
eleration due to gravity (m 

2 s −1 ) 
The numerical solution of the equations is discretized 

sing the centred second-order finite differences method 
n a staggered Arakawa C-grid ( Arakawa and Lamb, 1977 ). 
o solve the shallow water equations, the Alternating Dif- 
erential Implicit (ADI) technique is used, which separates 
ne integration time step into two stages. Therefore, the 
olution is implicit, and each stage is comprised of half a 
ime step ( Stelling and Leendertse, 1992 ). Since the solu- 
ion is implicit, the consistency of the model is not lim- 
ted by the time step. The wave propagation is primarily 
elated to the Courant number ( Eq. (8) ), and to ensure ac- 
urate wave propagation in the grid, and accurate solution 
y Equation (8) , the C r is less than 4 

√ 

2 ( Roelvink and Ban- 
ing, 1995 ; Stelling and Leendertse, 1992 ). 

C r = 2�t 

√ 

gH 

(
1 

�x 2 
+ 

1 
�y 2 

)
< 4 

√ 

2 (8) 

here C r is the Courant number, �t is the time step (s), g is 
he acceleration due to gravity (m s −²), H is the local water 
epth (m), and �x, �y are the grid mesh sizes in the x- and
-directions (m). 
331 
.5. Model configuration 

he computational mesh of the AG model (hereafter AG- 
odel) covers the entire AG and extended to the Gulf of 
man at 58 °E. The model area was structured using a rect-
ngular grid with a uniform horizontal grid resolution of �x 
nd �y = 5 km ( Figure 2 ). The figure also shows the positions
f the water level observations considered in calibrating and 
alidating the hydrodynamic model. The bathymetry of the 
G-Model was based on the "GEBCO_2021 Grid" at a 15 arc- 
econd interval grid ( ∼ 450 m). The resulting bathymetric 
ap based on this data is shown in Figure 1 . In terms of open
oundary, the modelling system ( Delft3D ) permits the use of 
he Riemann-invariant boundary condition to reduce error 
eflections in the open boundary ( Verboom and Slob, 1984 ). 
hen there is no incoming wave, then a zero Riemann in- 
ariant is imposed to ensure that all waves can leave the 
omain freely. The open boundary of the AG-Model was set 
t the Gulf of Oman (58 °E). Along the open boundary, 13 har-
onic constituents, mainly semidiurnal tides (M 2 , N 2 , S 2 , K 2 )
nd diurnal tides (K 1 , P 1 , O 1 , Q 1 ) including (M f , M m 

, M 4 , MS 4, 
nd MN 4 ) in the form of amplitudes and phases were pre-
cribed and linearly interpolated. The coordinates system 

f the AG-Model is spherical, which means that the variation 
f the Coriolis force is specified in the latitude direction. At 
he closed boundaries, a free slip condition was applied (U 

nd V = 0). In terms of initial conditions of water levels, they
ere set to zero. A time step of �t = 60 seconds was set
o carry out the simulations. The water density and gravi- 
ational acceleration values were set respectively 1028 kg 
 

−3 and 9.81 m s −2 . The model was initialized for differ-
nt periods, (1 January 1997, 1 January 1999, and 1 Jan- 
ary 2012) and the simulations were carried out for 12 con- 
ecutive months. However, due to warming up processes, 
he equilibrium state was attained after ten days; thus, the 
rst ten days of the simulation were removed before the 
nalyses. 

.6. Tuning model parameters 

wing to the simplification, approximation, and assump- 
ions employed in the numerical model, assessment of the 
odel inputs is required ( Palacio et al., 2005 ). To assess 
he general performance of the numerical model, sensitiv- 
ty tests were carried out to adopt optimal numerical and 
hysical parameters to the AG-Model. These parameters in- 
olved the boundary condition, time step, bottom rough- 
ess, and horizontal eddy viscosity (HEV). In terms of open 
oundary forcing, the model at eastern (U-direction) bound- 
ry was driven by the major eight semidiurnal and diurnal 
idal components including (M f , M m 

, M 4 , MS 4, and MN 4 ). The
nitial run showed that the AG-Model produces similar tidal 
levations to the observed ones, therefore, the amplitudes 
nd phases of the tidal components were adopted to carry 
ut all simulations. On the other hand, changing the value of 
he time step did not influence the numerical model results; 
owever, the smaller the time step, the higher the accuracy 
f the computations. As mentioned above that the wave 
ropagation is related to the Courant number ( Eq. (8) ), ac- 
ordingly, a time step of 1 minute was used in all runs to
eet the stability criteria and accuracy requirements. The 
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Table 1 Sensitivity analysis of Chézy coefficient parameter. 

Station ID Water depth (m) Chézy (m 

1/2 s −1 ) BIAS (m) RMSE (m) IOA 

Arabiyah Island 56 45 0.06 0.19 0.97 
65 0.07 0.15 0.97 
85 0.07 0.13 0.97 

Jubail 10 45 0.07 0.26 0.98 
65 0.07 0.19 0.98 
85 0.08 0.14 0.98 

Marjan Island 46 45 0.07 0.17 0.94 
65 0.08 0.14 0.94 
85 0.08 0.12 0.95 

Qurayyah Pier 25 45 0.08 0.10 0.75 
65 0.06 0.08 0.85 
85 0.03 0.04 0.95 

Ras Tanura 8 45 0.10 0.29 0.98 
65 0.10 0.23 0.98 
85 0.10 0.22 0.98 

Mina Sulman 11 45 0.01 0.32 0.99 
65 0.01 0.25 0.99 
85 0.01 0.23 0.99 

Jask Harbour 10 45 0.01 0.07 0.99 
65 0.01 0.07 0.99 
85 0.01 0.07 0.99 

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. IOA 

represents Index of agreement; RMSD represents Root mean square difference and BIAS. 
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Table 2 Numerical and physical parameters adopted for 
the AG-Model. 

Parameters Value Unit 

Grid Resolution 5 (km) 
Time Step 60 (s) 
Che źy Coefficient 85 (m 

1/2 s −1 ) 
Horizontal Eddy Viscosity (HEV) 1 (m 

2 s −1 ) 
Water Density 1028 (kg m 

−3 ) 
Gravitational Acceleration 9.81 (m s −2 ) 
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elft3D model applies Chézy coefficient formulation ( C= H 
1 / 6 
n ) 

hich is based mainly on the bottom roughness and the wa- 
er depth height. The bottom roughness is an important pa- 
ameter that plays a crucial role in the hydrodynamic flow 

odels. To investigate its influence on the model results, 
hree different Chézy coefficient values of 45, 65, and 85 
 

1/2 s −1 as uniform over the entire domain were examined 
 Table 1 ). The analysis revealed that using higher or lower 
alues from 65 m 

1/2 s −1 (a default value of the Delft3D sys- 
em) causes slight influences on the model results. However, 
he simulations carried out with bottom roughness (Chézy) 
f 85 m 

1/2 s −1 led to provide better results based on the 
alues of RMS error. Therefore, a constant Chézy bottom- 
oughness coefficient of 85 m 

1/2 s −1 was applied temporally 
nd spatially throughout the model domain. Owing to its es- 
ential role in defining turbulence mixing, the influence of 
he HEV was also tested by comparing different cases with 
he original simulation. It was found that the EHV coefficient 
as insignificant influence on the outcome of the simulation. 
he optimal settings chosen for the final simulations of the 
G tidal hydrodynamics are summarized in Table 2 . 

. Results and discussion 

 2-D hydrodynamic tidal model (5 km) has been setup for 
he entire AG system environment to study the tidal charac- 
eristics. To test the performance and quality of the AG- 
odel settings, two approaches were considered. Firstly, 
he model performance was assessed by comparing the 
odel results in terms of water level with available hourly 

bserved time series and tidal constituents based on T/P s

332 
ata. The model performance was also assessed by com- 
aring the model results in terms of current velocities (U 

nd V components) with the previous observational study of 
 Johns et al., 2003 ) for the year 1997. Both qualitative and
tatistical comparisons were carried out. In the second ap- 
roach, discrepancies in terms of amplitudes and phases for 
he major semidiurnal and diurnal astronomical components 
ere quantified statistically. In the following, the model 
valuation, co-charts analysis, and simulated tidal currents 
re discussed. 

.1. Tidal elevation 

n this section, comparisons of tidal elevations and statisti- 
al assessments of discrepancies between the model simula- 
ions and observations are presented. Figure 3 a—g shows ex- 
mples of the qualitative comparison for all stations, while 
able 3 lists the statistical assessment. In general, the figure 
hows a good match between the simulated and observed 
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Figure 3 Comparisons between tidal predictions and observations at (a) Arabiyah Island, (b) Jubail, (c) Marjan, (d) Qurayyah Pier, 
(e) Ras Tanura, (f) Mina Sulman, (g) Jask Harbour. 

t
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idal elevations. This is confirmed by predicting low and high 
ater during neap and spring tidal cycles ( Figure 3 ) and by 
eproducing the different tidal regimes in the Gulf region. 
owever, there is an underestimation of high/low water 
333 
t all stations, except for Jask Harbour. It is pronounced 
argely at Ras Tanura and Mina Sulman stations. These 
iscrepancies may arise from several aspects, the most 
mportant is the bathymetry of the model, especially the 
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Table 3 Statistical analysis of all stations considered in the model validation. 

Station No. Station ID BIAS (m) RMSD (m) IOA 

1 Arabiyah Island 0.07 0.13 0.98 
2 Jubail 0.08 0.14 0.99 
3 Marjan Island 0.08 0.12 0.95 
4 Qurayyah Pier 0.03 0.04 0.96 
5 Ras Tanura 0.10 0.22 0.98 
6 Mina Salman 0.01 0.23 0.99 
7 Jask Harbour 0.01 0.07 0.99 

Note: The P-value related to all comparisons is very low (P > 0.0001), indicating that the results from correlation are significant. IOA 

represents Index of agreement; RMSD represents root mean square difference and BIAS. 
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hallow coastal bathymetry. Previous studies indicated that 
he performance and accuracy of tidal regional models 
epend highly on correct seabed data, where these models 
re often restricted by seabed data, especially in shallow 

egions ( Madah et al., 2015 ; Quaresma and Pichon, 2013 ). 
oreover, the locations of the tide gauge stations of Ras 
anura and Mina Sulman are mainly at port constructions 
r marine platforms, which have topographic influences. 
uch influences may be difficult to be resolved by the 
resent numerical model because of the mesh resolution 
nd bathymetry along these locations. This suggests that 
sing high-resolution bathymetry data in shallow regions 
s indispensable for tidal simulation in the AG. For phase 
onditions, there is a very slight phase lag between the 
odel simulations and observations, pronounced mainly at 
he Marjan station ( Figure 3 ). 
To further quantify the discrepancies between the wa- 

er level observations and the AG-Model predictions, calcu- 
ation of the respective discrepancies at the high/low wa- 
er level was conducted ( Table 3 ). Statistical parameters 
ave been determined for each observation point consid- 
red in the visual interpretation for Figure 3 . In general, 
able 3 shows a very good agreement between the water 
evel observations and simulated time series. It was found 
hat RMS error ranges from 0.07 to 0.23 m while the BIAS 
alue varies from 0.01 to 0.1 m with maximum discrepancies 
bserved at Ras Tanura and Mina Sulman stations. However, 
he IOA between the simulated and observed water levels 
as significant with p-values less than 0.0001. The IOA val- 
es are found to be varied between 0.95—0.99 for all sta- 
ions. These statistical values reflect that the AG-Model is 
ble to reproduce the tidal levels in the Arabian Gulf region 
o a very good degree. 
Further validation of the AG-Model was carried out con- 

idering T/P altimetry data at 20 points selected within the 
ulf domain (see Figure 2 for their locations). In general, 
he predicted amplitudes and phases of semidiurnal and di- 
rnal tidal constituents are in very good agreement with the 
alues of T/P data ( Figure 4 a, b). 
In the second approach, harmonic analysis of the simu- 

ated and observed tidal data was performed to evaluate 
he discrepancies in terms of amplitude and phase of the 
ajor semidiurnal and diurnal astronomical components. An 
verview of the discrepancies at the stations of Jask Har- 
our, Qurayyah, Ras Tanura, and Marjan Island is presented 
n Table 4 . The last column in the table lists the signal-to- 
oise ratio ( SNR ). The results of the other stations are shown 
334 
n Appendix A. Statistical assessment of the discrepancies 
hich includes SD, UER, LER, and SVD of the residuals based 
n the Delft3D-TRIANA tool is presented in Table 5 . 
From Table 4 , the simulated and observed amplitudes 

rrors ( H C — H O ) of all components are found to be in
he range of a few centimetres, varying between -0.065 to 
.02 m in all stations. Maximum discrepancies are found for 
he M 2 tidal wave in the Marjan and Ras Tanura stations 
0.020 and -0.055) respectively and K 1 tidal wave (-0.065) 
n the Marjan station only. However, the Mina Sulman sta- 
ion having slightly the largest discrepancies as shown in 
ppendix A. Excluding this station, the results indicate that 
he tidal model (AG-Model) in terms of amplitudes of the 
ajor semidiurnal and diurnal tides is performing well. On 
he other hand, the amplitude ratio ( H c / H o ) for semidiur-
al tidal constituents is found to be 1 in all stations except 
he Marjan station, which is showing a slightly larger value, 
hile for diurnal constituents is ranged between 0.5 to 1. 
he phase errors ( G c — G o ) between the computed and ob- 
erved tidal constituents are observed to be satisfactorily in 
ll stations, with maximum phase errors observed at Ras Ta- 
ura station for S 2 . Statistical assessment in Table 5 shows 
hat the SD of the tidal analysis is close to zero. In terms
f LER and UER , they range from -0.13 to -0.09, and from
.03 to 0.16, respectively. The SVD , (which is a ratio for the
otal discrepancies of all constituents) is found to be 0.074, 
.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta- 
ura, and Marjan Island stations, respectively. These results 
ndicate that the tidal model (AG-Model) in terms of ampli- 
ude and phase is performing well. 

.2. Co-amplitude and co-phase charts analysis 

o generate co-tidal charts, the tidal components obtained 
rom the harmonic analysis of the AG-Model outcomes were 
sed. Three dominant tidal regimes have been identified in 
he AG, mainly the mixed, semidiurnal, and diurnal tides 
e.g., Akbari et al., 2016 ; Siddig et al., 2019 ). As mentioned
n the introduction that previous modelling studies consid- 
red only the four tidal components (M 2 , S 2 , P 1 , O 1 ) to show
o-amplitude and co-phase charts. In this study, the four 
ajor tidal constituents of each tidal regime (M 2 , N 2 , S 2 ,
 2 , K 1 , P 1 , O 1 , Q 1 ) dominate the region were considered
n the analysis to enhance our understanding and knowl- 
dge of the tidal hydrodynamics in the AG. The resulting 
o-amplitudes and co-phases were analysed and compared 
ith the previous modelling studies as well as the British 
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Table 4 Comparison between amplitudes and phases of computed and observed tidal components for Jask Harbour, Qurayyah Pier, Ras Tanura, and Marjan stations. 

Components Jask Habour Qurayyah Pier 

H o H c G o G c H c — H o G c — G o H c / H o SNR H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.681 0.666 155.7 156.9 0.015 1.2 1.02 6E + 04 0.08 0.095 252.5 195.0 0.011 -57.7 1.10 4E + 04 
S 2 0.265 0.259 185.0 187.9 0.006 3.0 1.02 8E + 03 0.02 0.024 309.9 238.0 0.002 -71.7 1.10 2E + 03 
N 2 0.166 0.166 140.9 139.7 0.000 -1.2 1.00 3E + 03 0.02 0.018 219.5 161.0 0.003 -58.4 1.20 1E + 03 
K 2 0.076 0.069 180.6 182.3 0.007 1.7 1.10 5E + 02 0.01 0.007 289.0 229.0 0.000 -60.4 1.00 2E + 02 
K 1 0.395 0.397 338.4 339.8 -0.002 1.4 1.00 9E + 03 0.03 0.017 110.3 48.5 -0.008 -61.8 0.70 2E + 03 
O 1 0.205 0.205 339.6 341.8 0.000 2.2 1.00 3E + 03 0.02 0.014 24.5 348.0 -0.003 -36.9 0.80 1E + 03 
P 1 0.117 0.122 335.2 338.5 -0.005 3.3 0.96 1E + 03 0.01 0.003 83.5 13.6 -0.003 -69.9 0.50 8E + 01 
Q 1 0.044 0.045 345.4 344.5 -0.001 -0.9 0.97 1E + 02 0.00 0.002 6.6 309.0 0.000 -57.6 1.00 2E + 01 

Components Ras Tanura Marjan 

H o H c G o G c H c — H o G c — G o H c / H o SNR H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.613 0.558 128.9 63.0 -0.055 -65.9 0.91 6E + 04 0.056 0.076 262.8 204.0 0.020 -59.0 1.36 4E + 03 
S 2 0.216 0.179 185.2 111.8 -0.037 -73.4 0.82 8E + 03 0.031 0.035 216.8 165.0 0.004 -51.7 1.14 1E + 03 
N 2 0.125 0.118 98.8 30.1 -0.007 -68.7 0.94 3E + 03 0.015 0.018 155.7 92.0 0.004 -64.2 1.25 3E + 02 
K 2 0.080 0.075 177.2 104.4 -0.005 -72.9 0.90 5E + 02 0.008 0.010 17.5 324.0 0.003 -53.5 1.25 6E + 01 
K 1 0.147 0.120 339.1 298.2 -0.027 -40.9 0.81 9E + 03 0.312 0.248 97.2 67.0 -0.065 -29.9 0.80 3E + 03 
O 1 0.116 0.104 281.2 254.4 -0.012 -26.8 0.90 3E + 03 0.193 0.169 137.1 119.0 -0.024 -18.3 0.90 1E + 03 
P 1 0.045 0.032 328.4 283.0 -0.013 -45.4 0.70 1E + 03 0.097 0.072 101.8 70.0 -0.025 -31.6 0.74 3E + 02 
Q 1 0.020 0.020 269.8 230.1 0.000 -39.7 0.98 1E + 02 0.033 0.030 23.3 0.3 -0.003 -23.0 0.91 3E + 01 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c - H o : amplitude difference, G c - G o : Phase 
difference, H c / H o : Amplitude ratio, SNR : signal-to-noise ratio. 
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Figure 4 Comparisons of tidal (a) amplitudes and (b) phases between the AG-Model and T/P data. 

Table 5 Statistical Assessment obtained from Delft3D-TRIANA. 

Parameters Station ID 

Jask Harbour Qurayyah Pier Ras Tanura Marjan Island 

SD 0.008 0.029 0.047 0.030 
LER -0.027 -0.090 -0.130 -0.103 
UER 0.032 0.092 0.165 0.091 
SVD 0.074 0.269 1.397 0.741 

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector 
differences. 
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dmiralty ( Admiralty, 2012 ) co-charts especially, the M 2 , S 2 , 
 1, and O 1 tidal constituents. 

.2.1. Semidiurnal constituents 
o-amplitudes and co-phases of the major semidiurnal con- 
tituents (M 2 , S 2 , N 2, K 2 ) are displayed in Figure 5a—d , re-
pectively. In general, the amplitudes of M 2 , S 2 , N 2, and K 2 
idal waves have the same performance in the AG basin. The 
ominant pattern of these tidal waves is the generation of 
wo anticlockwise amphidromic points, one is in the north- 
estern part, and one is in the southern end of the basin 
entred around 28.25 ° and 24.5 °N, respectively. 
The M 2 tidal wave represents the largest among other 

onstituents with a maximum amplitude of 0.9 m. The am- 
litude of S 2 tidal wave is low and represents almost 30% of 
he M 2 , while N 2 and K 2 tides are relatively smaller in ampli- 
udes compared to the S 2 tide. As can be seen from the fig- 
re that the semidiurnal M 2 , S 2 , N 2, and K 2 tidal waves have
mplification in tidal height at several locations inside the 
G basin ( Figure 5 ). These locations are, the northern end 
f the Gulf (near Kuwait, Iraqi coast, and the northern coast 
f Iran), the middle part of the basin, mainly on the eastern 
oast (Iran) and on the Saudi coast, the northern Bahrain, 
he southwestern end of the basin and the Strait of Hor- 
uz. On the other hand, the co-amplitude chart shows low 

mplitudes at the southeast coast of Iran, the UAE coast, 
he eastern coast of Qatar, the south of Bahrain, the Saudi 
336 
oast, mainly in the vicinity of the Ras Tanura, Qurayyah 
ier, and Mina Sulman stations. Figure 5 also shows the cal- 
ulated phases for the major semidiurnal tidal constituents 
n the AG. In general, the tidal amplitudes and phases are in 
ood agreement with the co-amplitude and co-phase lines 
f the British Admiralty charts ( Admiralty, 2012 ). 

.2.2. Diurnal constituents 
o-amplitudes and co-phases of the major diurnal con- 
tituents (K 1 , P 1 , O 1 , Q 1 ) are shown respectively in
igure 6 a—d, respectively. The major feature of these tidal 
aves is the generation of a single amphidromic point in 
he central portion of the AG centred around 26.8 °N (North 
ahrain). In general, the diurnal constituents show amplifi- 
ation in tidal amplitude at several different locations, with 
 minimum value in the central part where a virtual am- 
hidromic system is developed. 
The diurnal component K 1 represents the largest among 

ther constituents with a maximum amplitude of 0.42 m. 
he amplitude of O 1 tidal wave is about 50% lower than 
he K 1 tide, while P 1 and Q 1 tides are smaller in amplitudes 
ompared to the O 1 tide. Maximum computed amplitudes 
or P 1 and Q 1 are respectively 0.1 and 0.04 m ( Figure 6
, d). The K 1, P 1 , O 1, and Q 1 tidal waves have amplifica-
ion in tidal height toward the head of the Gulf (Kuwait, 
raqi coasts, and northern coast of Iran), and the south- 
astern coast of Qatar, the southern Emirate coast, and 
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Figure 5 Co-amplitudes (red solid-lines) and co-phases (green dashed-lines) of major semidiurnal components (M 2 , S 2 , N 2 , K 2 ). 
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he Gulf of Oman including the strait of Hormuz ( Figure 6 ). 
he patterns observed along the southern Emirate coast are 
onsistent with the tidal values reported in the coastal stud- 
es by Balaji (2012) and Mohamed and El-Dahshan (2002) , 
owever, they were not shown in the previous modelling 
tudies. On the other hand, low amplitudes were observed 
t the south of Bahrain, the Saudi coast (mainly in the vicin- 
ty of Qurayyah Pier and Mina Sulman stations), the UAE 
oast, the south-western coast of Qatar. The computed am- 
litudes and phases are in good agreement with the British 
dmiralty Charts ( Admiralty, 2012 ). 
The above basic tidal patterns, in general, are consistent 

ith all previous modelling studies and the British Admiralty 
harts ( Admiralty, 2012 ); however, the position of the am- 
hidromic points especially for semidiurnal constituents as 
ell as locations of high/low amplitudes are slightly differ- 
nt when comparing with some previous modelling studies 
ut comparable to the latter. The Admiralty (2012) charts, 
ardner et al. (1988 , 1982 ), Trepka (1968) , Najafi and 
oye (1997) , and our model results show that the position of 
he amphidromic systems produced by (M 2 , S 2 ) tidal waves is 
lose to the western coast, unlike few studies that showed 
ositions that are mostly near the centre of the basin. How- 
ver, Lardner et al. (1982) produced the co-chart for M 2 
337 
ith under- overestimation in some areas and later pro- 
uced the amplitudes and phases of M 2 and K 1 tidal waves 
ith also underestimations of amplitudes due to the coarse 
rid model used along the coastline (20 km) ( Lardner et al., 
988 ). Moreover, Trepka (1968) found that the amplitude er- 
or of S 2 , K 1, and O 1 tidal constituents was large. He recom-
ended using a finer grid resolution and more than 7 tidal 
onstituents along the open boundary to get the prediction 
f the minor tides. Najafi and Noye (1997) also modelled the 
G tides using Cartesian coordinates to produce the M 2 , S 2 , 
 1, and O 1 tidal charts and found that the predicted phases 
ere not well reproduced by the model. 

.3. Sensitivity analysis for the number of tidal 
onstituents at the open boundary 

o test the accuracy of the numerical model in representa- 
ion of the tidal conditions in the Gulf region, three differ- 
nt scenarios were carried out considering different num- 
er of tidal constituents along the open boundary. In the 
rst scenario (SN-1), the model was run using only the four 
idal constituents (M 2 , S 2, K 1 , O 1 ) at the open sea bound-
ry. In the second scenario (SN-2), the model was driven 
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Figure 6 Co-Amplitudes (red solid-lines) and co-phases (green dashed-lines) of major diurnal components (K 1 , P 1 , O 1 , Q 1 ). 
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y the major eight semidiurnal (M 2 , N 2 , S 2 , K 2 ) and diur-
al tidal components (K 1 , O 1 , P 1 , Q 1 ). In the third scenario
SN-3), the same as the second one but with additional five 
idal constituents (M f , M m 

, M 4 , MS 4, MN 4 ). Figure 7 shows
n example of the model predictions of the three scenarios 
gainst the observations at two coastal stations (Ras Tanura 
nd Mina Sulman), while Table 6 lists the statistical assess- 
ent for all stations considered in the analysis. The initial 
imulation (SN-1) shows that the AG-Model produces similar 
idal elevations to the observed ones, however the discrep- 
ncies are large at the coastal areas, where the RMSE varies 
etween 0.12 to 0.28 m. The simulation of the SN-2 shows 
light improvements in tidal amplitudes compared with the 
N-1. The RMS error ranges from 0.07 to 0.25 m with maxi- 
um discrepancies found at the coastal stations (Ras Tanura 
nd Mina Sulman). The tidal predictions of the last scenario 
SN-3) confirms that the AG-Model produces better results 
ompared to the two previous scenarios (SN-1 and SN-2), 
specially at the coastal stations, where the discrepancies 
re less than 0.24 m ( Figure 7 and Table 6 ). 
The statistical assessment in Tables 3 and 5 also confirms 

he model ability to reproduce the tidal regimes in the Gulf 
ccurately. This indicates that using 13 tidal constituents 
long the open boundary is very important in simulating the 
338 
idal conditions in the AG region. Such tidal constituents 
re necessary to be incorporated to reproduce the regional 
ropagation of tidal waves ( Quaresma and Pichon, 2013 ), 
hus, they can interact nonlinearly. The AG-Model predic- 
ions based on using 13 tidal constituents along the open 
oundary conditions showed a very good agreement with 
he water level time series observations in the Gulf region 
 Figure 3 ). Maximum discrepancies in amplitudes are found 
n the range of 0.065 m at Marjan station only for K 1 , while
n average, the errors for all tidal constituents considered 
n the analysis are in the order of less than 0.02 m (4%)
 Table 4 and Appendix A). This error value is reflecting a very
ood performance of the AG-Model compared with the pre- 
ious modelling studies carried out in the Gulf, where min- 
mum discrepancies (on average 0.05 m, 10%) were found 
n the study by Pous et al. (2012) who used only 7 tidal
onstituents along the open boundary. On the other hand, 
he comparison of the tidal constituents between the AG- 
odel and T/P altimetry data showed a very good agree- 
ent ( Figure 4 ), indicating the effectiveness of the tidal 
onstituents prescribed along the open boundary in explain- 
ng the tidal conditions in the Gulf region. 

Although the AG-Model underestimates slightly the am- 
litudes of the tidal constituents, especially at Ras Tanura, 
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Figure 7 Comparisons between tidal predictions and observations at (a) Ras Tanura and (b) Mina Sulman stations considering a 
different number of tidal constituents at the open boundary. 

Table 6 Statistical analysis for the number of tidal con- 
stituents at the open boundary. 

Station ID Scenarios RMSE (m) 

Arabiyah 
Island 

SN-1: 4TC 0.15 
SN-2: 8TC 0.14 
SN-3: 13TC 0.13 

Jubail SN-1: 4TC 0.16 
SN-2: 8TC 0.15 
SN-3: 13TC 0.14 

Marjan 
Island 

SN-1: 4TC 0.12 
SN-2: 8TC 0.13 
SN-3: 13TC 0.12 

Qurayyah 
Pier 

SN-1: 4TC 0.08 
SN-2: 8TC 0.07 
SN-3: 13TC 0.04 

Ras 
Tanura 

SN-1: 4TC 0.26 
SN-2: 8TC 0.23 
SN-3: 13TC 0.22 

Mina 
Sulman 

SN-1: 4TC 0.28 
SN-2: 8TC 0.25 
SN-3: 13TC 0.23 

Jask 
Harbour 

SN-1: 4TC 0.17 
SN-2: 8TC 0.08 
SN-3: 13TC 0.07 

Note: The TC represents tidal constituents, RMSE represents 
Root mean square difference. SN-1: [M 2 , S 2 , K 1 , O 1 ]; SN-2: 
[M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , Q 1 ]; SN-3: [M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , 
P 1 , Q 1 , M f , M m 

, M 4 , MS 4, MN 4 ] 
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ina Sulman stations (the western coast) as shown from the 
tatistical analysis ( Section 2.3 ), the model captures all re- 
ions of high and low amplitudes accurately ( Figure 5 , 6 ) 
dentical to the British Admiralty Charts ( Admiralty, 2012 ). 
owever, the coastal areas of Ras Tanura and Mina Sulman 
339 
tations are shallow and complex due to coastal construc- 
ures, indicating that the grid resolution along these sta- 
ions is inadequate to resolve the tidal amplitudes accu- 
ately. These results may be improved by applying a nesting 
pproach as explained by Spall and Holland (1991) , consid- 
ring parent and child grids with changing grid spacings, in 
hich the child grid has a finer resolution in areas of ques- 
ion. In this approach, the data is exchanged between the 
oarse parent grid and the finer child grid, allowing the child 
odel to resolve better the tidal hydrodynamic patterns in 
uch complex regions, as applied in several regional ocean 
odelling (e.g., Barth et al., 2005 ; Debreu et al., 2012 ; 
ason et al., 2010 ). In this frame, the numerical model re- 
iability would be enhanced, thus, the AG-Model can be ap- 
lied as a regional model. 

.3. Form factor analysis 

o find out the relative importance of the semidiurnal and 
iurnal tidal components in the AG, the form factor ( FF ) is
alculated based on ( Pugh, 2004 ): 

 F = 

O 1 + K 1 

M 2 + S 2 

here O 1 , K 1 , M 2, and S 2 are the elevation amplitudes of the
ndicated components. To classify, if FF < 0.25 the tide is 
emidiurnal; if FF is between 0.25 and 1.5, the tide is mixed 
emidiurnal; if FF is between 1.5 and 3, the tide is mixed di-
rnal, and when FF > 3, the tide is diurnal. Figure 8 shows
he spatial distribution of the FF in the AG basin. As can be
bserved that the AG-Model reproduces the tidal types ob- 
erved in the region accurately, where the tidal type varies 
ccording to the location. The relative importance is clear 
n the northern and southern portions of the AG where an- 
iclockwise amphidromic points are developed, and it is not 
onstant in the whole AG. Thus, the diurnal tide is greater 
n the northern and southern parts of the AG, showing mixed 
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Figure 8 Distribution of form factor based on the model results. 

Table 7 Comparison between amplitudes and phases of computed and observed tidal components of East velocities (m s −1 ) 
at the Strait of Hormuz for the year 1997. 

Components H o H c G o G c H c — H o G c — G o H c / H o 

M 2 0.208 0.249 35.4 42.0 0.041 6.7 1.1 
S 2 0.085 0.096 69.3 74.1 0.011 4.8 1.1 
N 2 0.053 0.059 18.2 24.6 0.006 6.4 1.1 
K 1 0.236 0.228 204.6 213.8 -0.008 9.1 0.9 
O 1 0.091 0.107 177.5 202.0 0.016 24.6 1.1 
P 1 0.072 0.063 185.9 210.5 -0.009 24.6 0.9 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio. 
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ature dominant with semidiurnal and diurnal components 
n the eastern coast and the western coast respectively. The 
gure reveals that the diurnal nature (orange) dominates in 
he northern part of the AG, at around 28 °N; while the sur- 
ounding is dominated by the mixed tides, mainly diurnal 
green) and semidiurnal (blue). Similar characteristics are 
bserved in the southwestern part of the basin, at approx- 
mately 24.5 °N, while the central part of the AG and the 
trait of Hormuz are dominated by semidiurnal components 
purple). These results agree with the previous studies in 
he region (e.g., Akbari et al., 2016 ; Siddig et al., 2019 ). 

.4. Tidal currents 

o evaluate the simulation results in terms of U and V com- 
onents, barotropic tidal currents based on ADCP observa- 
ions reported in Johns et al. (2003) for the year 1997 at 
ne station located in the Strait of Hormuz were consid- 
red. Table 7 , 8 list the comparisons between amplitudes 
nd phases of observed and simulated tidal constituents of 
ast and north velocities, while Table 9 shows the statis- 
ical assessment. The comparison indicates that the simu- 
ated and observed amplitude errors ( H C — H O ) of M 2 , N 2 , S 2 ,
 1 , P 1, and O 1 are found to be in the range of a few m s −1 ,
arying between -0.01 to 0.041 m s −1 for east and north ve- 
340 
ocity components. The maximum discrepancies are found 
or M 2 tidal velocity with 0.041 and 0.024 m s −1 for U and
 respectively, while minimum errors are observed for P 1 . 
n the other hand, the phase errors ( G c — G o ) between the
omputed and observed U and V components are found to 
e reasonable, with maximum phase errors of 32.9 and 32.3 
egrees for the north velocity of O 1 and P 1 respectively. To 
btain an evaluation of the model performance regarding 
orizontal and/or vertical tide, the deviations in terms of 
mplitude ratio and phase errors were considered. The typ- 
cal value of phase error is 0 and the amplitude ratio is 1
 Deltares, 2011 ). It was observed that the amplitude ratio 
 H c / H o ) is approximately close to 1 for all components of
 and V tide, and the phase errors ( G c — G o ) are found to be
ess than 33 degrees. Statistical assessment in Table 9 shows 
hat the SD of the tidal analysis is 0.01, while the SVD is less
han 0.2. These results indicate that the tidal model (AG- 
odel) in terms of east and north velocities is performing 
ell. 
To study the tidal currents in the AG, the simulated 

ide-induced currents from the numerical model are anal- 
sed. The simulation results are analysed under flood and 
bb conditions during the spring tide. The simulated tide- 
nduced current patterns during flood and ebb are shown in 
igure 9 a,b. The tidal currents in general are changing 
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Figure 9 Depth averaged velocity during (a) flood (20:00:00 hr) and (b) ebb (04:00:00 hr) conditions. 
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ased on the basin geometry and ocean currents of flood 
nd ebb tides. The simulation results reveal that the cur- 
ent magnitude of 0.25—0.5 m s −1 is dominated in the AG. 
he highest velocities during flood tide were observed in 
he Strait of Hormuz, in the vicinity of the northern part, 
n the vicinity of Bahrain and western coast of Qatar, and 
n the shallow coastal areas along UAE. The maximum cur- 
341 
ent velocities extend up to 0.86 m s −1 in the vicinity of 
he Strait of Hormuz and the head of the Gulf. The sim- 
lation results are comparable with the tidal simulations 
f Najafi and Noye, (1997) and the more recent modelling 
tudy of Mehri et al. (2021) . 
The simulation results suggest an intensification of cur- 

ents along the north-western coast (Saudi coast) directed 
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Table 8 Comparison between amplitudes and phases of computed and observed tidal components of North velocities (m s −1 ) 
at the Strait of Hormuz for the year 1997. 

Components H o H c G o G c H c — H o G c — G o H c / H o 

M 2 0.152 0.176 34.9 49.7 0.024 14.8 1.1 
S 2 0.062 0.068 69.7 81.1 0.007 11.4 1.1 
N 2 0.038 0.042 18.2 32.2 0.004 14.0 1.0 
K 1 0.171 0.163 204.6 221.9 -0.008 17.3 0.9 
O 1 0.062 0.075 177.5 210.4 0.013 32.9 1.2 
P 1 0.055 0.045 185.8 218.1 -0.010 32.3 0.8 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio. 

Table 9 Statistical assessment obtained from Delft3D-TRIANA. 

Parameters East velocities at Strait of Hormuz North velocities at Strait of Hormuz 

SD 0.01 0.01 
LER -0.04 -0.03 
UER 0.04 0.03 
SVD 0.18 0.19 

SD: Standard deviation of tidal Analysis; LER: Lower extreme for residuals; UER: Upper extreme for residuals; SVD: Summed vector 
differences. 
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outhward, and along the UAE shallow areas directed north- 
ard and eastward. On the other hand, maximum currents 
agnitude during ebb tide (0.25 m s −1 ) is also detected in 
he Strait of Hormuz, and along the UAE shallow coastal 
aters (0.4 m s −1 ). The simulation results reveal that the 
irection of tidal currents contains some variability. In the 
orthern and central part, the tidal currents are directed 
outhward, however, in the Strait of Hormuz and the south- 
rn part, it is opposite, causing a deviation to the tidal cur- 
ents towards the south-western coast. 

. Conclusion 

he current study is concerned with the simulation of tidal 
ydrodynamics in the AG using a vertically 2-D hydrody- 
amic model based on the Delft3D modelling system. The 
odel is a barotropic solution forced by 13 tidal compo- 
ents at the open boundaries in the eastern Gulf of Oman 
58 °E). The model results were validated against the avail- 
ble water level observations at 7 locations, and data from 

/P, where statistical analyses in terms of BIAS, RMSD, IOA, 
D, and SVD parameters were considered to evaluate the 
umerical model. Using 13 tidal constituents along the open 
oundary indeed provided very good results (error 4%) com- 
ared with the previous modelling studies carried out in 
he Gulf, which considered only a limited number of tidal 
onstituents to drive the models, indicating that nonlin- 
ar interactions cannot be ignored. Sensitivity analysis also 
howed that the model prediction based on 13 tidal con- 
tituents produces much better results than the model pre- 
iction using 4/8 tidal components at the open sea bound- 
ry. The analysis showed that the BIAS value varies from 

.01 to 0.1 m while, RMS error was found to be ranged from 

.07 to 0.23 m, with maximum discrepancies observed at 
342 
as Tanura and Mina Sulman stations. These two stations 
re mainly located at marine platforms/constructions, and 
haracterised by complex bathymetry, therefore, a small- 
cale high-resolution ‘child’ model coupled with a coarse- 
cale ‘parent’ model applying the nesting approach would 
mprove the accuracy of predictions in such areas, as shown 
n different studies (e.g., Barth et al., 2005 ; Debreu et al., 
012 ). However, the IOA was found to be significant with 
-values less than 0.0001. The IOA values are found to be 
ver 0.95 for all stations, except the Qurayyah Pier station, 
ith a value of 0.83 ( Table 3 ). The SD of the tidal analysis
s found close to zero, while the SVD is found to be 0.074,
.269, 1.397, and 0.741 for Jask Harbour, Qurayyah, Ras Ta- 
ura, and Marjan Island stations respectively ( Table 5 ). On 
he other hand, the amplitude ratio ( H c /H o ) for semidiurnal 
idal constituents and diurnal constituents is found close to 
, while the phase error ( G c — G o ) is observed to be sat-
sfactorily in all stations. Based on the statistical evalua- 
ion, the simulation results were analysed to generate co- 
idal charts. The results showed that the semidiurnal tides 
enerate two amphidromic points located in the northern 
nd southern parts, around 28.25 ° and 24.5 °N respectively, 
hile diurnal tides generate a single amphidromic system 

ocated in the central part around 26.8 °N. 
The hydrodynamic model was also validated in terms of 

 and V velocity components in the Strait of Hormuz with a 
revious study by Johns et al. (2003) . The amplitude ratio 
 H c / H o ) is found to be close to 1 for all components of U
nd V tide, and the phase error ( G c — G o ) is found to be less
han 33 degrees. The simulation showed that the highest ve- 
ocities occur in the Strait of Hormuz, in the vicinity of the 
orthern part, in the vicinity of Bahrain and western coast of 
atar, and in the shallow coastal areas along UAE. The simu- 
ation also suggests an intensification of tidal currents along 
he north-western coast (Saudi coast) during flood condition 



Oceanologia 64 (2022) 327—345 

a
s
m
t
A
t
g
i
t

A

T
A
s

f
A
1
t
t
t
d

A

T

nd the eastern coast of Iran during ebb condition directed 
outhward. In summary, although the AG-Model underesti- 
ates slightly high/low waters, the analysis indicates that 
he model can reproduce the tidal surface elevations in the 
G region with very good accuracy. In the next step, the 2-D 

idal model will be extended into a 3-D approach to investi- 
ate the relevant forcing mechanisms that play a major role 
n the circulation of the AG, including wind conditions and 
hermohaline fluxes. 
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Table 1a Comparison between amplitudes and phases of compu

Components H o H c G o G c 
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ppendix 

able 1a , 2a , 3a and 4a . 
ted and observed tidal components at Jubail station. 

H c — H o G c — G o H c / H o SNR 

-0.042 93 .5 0.9 1E + 03 
-0.040 63 .1 0.8 1.9E + 02 
0.004 -86 .6 1.0 2.8E + 01 
0.039 -61 .8 2.6 7.2E-03 
-0.042 -20 .2 0.7 1.9E + 02 
-0.024 -0 .7 0.8 2.1E + 02 
-0.006 -2 .6 0.9 3.8E + 00 
0.002 -43 .6 1.1 2.3E + 00 

mplitude of simulated tide, G c : phase of the simulated tide, H c 
tude ratio, SNR : signal-to-noise ratio. 

ed and observed tidal components at Arabiyah Island station. 

H c — H o G c — G o H c / H o SNR 

-0.029 -43.4 0.9 2.5E + 03 
-0.020 -47.2 0.8 2.6E + 02 
-0.001 -46.7 1.0 8.4E + 01 
-0.001 -49.1 1.0 3.2E + 01 
-0.039 -29.5 0.8 1.8E + 03 
-0.016 -17.6 0.9 6.5E + 02 
-0.017 -31.0 0.7 1.8E + 02 
-0.001 -27.4 1.0 2.1E + 01 

mplitude of simulated tide, G c : phase of the simulated tide, H c 
tude ratio, SNR : signal-to-noise ratio. 
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Table 3a Comparison between amplitudes and phases of computed and observed tidal components at Mina Sulman station. 

Components H o H c G o G c H c — H o G c — G o H c / H o SNR 

M 2 0.710 0.550 319.3 330.7 -0.160 11.4 0.8 5.4E + 03 
S 2 0.208 0.165 97.0 92.9 -0.042 -4.1 0.8 3.7E + 02 
N 2 0.156 0.125 6.5 17.4 -0.031 10.8 0.8 2.7E + 02 
K 2 0.081 0.050 252.7 249.2 -0.031 -3.5 0.6 9.5E + 01 
K 1 0.098 0.082 156.6 152.2 -0.016 -4.4 0.8 3.2E + 02 
O 1 0.065 0.056 16.4 32.2 -0.008 15.8 0.9 1.3E + 02 
P 1 0.036 0.022 166.1 155.2 -0.014 -10.8 0.6 4.3E + 01 
Q 1 0.009 0.010 60.4 79.9 0.001 19.5 1.0 2.9E + 00 

H o : amplitude of observed tide, G o : phase of the observed tide, H c : amplitude of simulated tide, G c : phase of the simulated tide, H c 
- H o : amplitude difference, G c - G o : Phase difference, H c / H o : Amplitude ratio, SNR : signal-to-noise ratio. 

Table 4a Statistical assessment obtained from Delft3D-TRIANA. 

Parameters Station ID 

Jubail Mina Sulman Arabiyah Island 

SD 0.040 0.049 0.028 
LER -0.143 -0.208 -0.099 
UER 0.119 0.127 0.085 
SVD 1.092 1.563 1.078 

SD : Standard deviation of tidal Analysis; LER : Lower extreme for residuals; UER : Upper extreme for residuals; SVD : Summed vector 
differences. 
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Abstract Salinity and pH play a fundamental role in structuring spatial patterns of physical 
properties, biota, and biogeochemical processes in the estuarine ecosystem. In this study, the 
influence of salinity-pH gradient and carbonate system on polychaete diversity in Ennore, Up- 
panar, Vellar, and Kaduvaiyar estuaries was investigated. Water and sediment samples were 
collected from September 2017 to August 2018. Univariate and multivariate statistical anal- 
yses were employed to define ecological status. Temperature, salinity, pH, and partial pres- 
sure of carbon-di-oxide varied between 21 and 30 °C; 29 and 39 ppt; 7.4 and 8.3; and 89.216 
and 1702.558 μatm, respectively. PCA and CCA results revealed that DO, chlorophyll, carbon- 
ate species, and sediment TOC have a higher influence on polychaete community structure. 
Forty-two species such as Ancistrosyllis parva, Cossura coasta, Eunice pennata, Euclymene 
annandalei, Lumbrineris albidentata, Capitella capitata, Prionospio cirrifera, P. pinnata, P. 
cirrobranchiata , and Notomastus sp. were found dominantly in all estuaries. Shannon index 
values ranged between 1.619 (UE-1) and 3.376 (VE-2). Based on these findings, high levels of 
carbonate species and low pH have a greater impact on polychaete diversity and richness val- 
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ues. The results of the AMBI Index revealed that stations UE-1, UE-2, UE-3 in Uppanar, EC-1, 
EC-2 in Ennore indicate “moderately disturbed”, while other stations are under the “slightly 
disturbed” category. This trend was quite evident in M-AMBI as well. 
© 2022 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/ ). 

1

E
h
(
t
c
a
i
c
P
e
o
c
r
p
c
a
2
o
(
s
c
e
L
t
i
o

c
e
b
a
s
t
i
a
a
(
a
a
a
s
E
i
r
b
p
2

o
r

i
(  

s
r
a
t
a
i  

P
v
f
t
a
v
i
a
v
2

e
a
f
l
t
n
d
n
c
t
a
s

2

2

E
R
T
t
c
h
t
c
c
T
n
p
p

t

. Introduction 

stuaries are dynamic ecosystems that host one of the 
ighest biodiversity and biological production in the world 
 Bianchi, 2007 ). They have been increasingly vulnerable 
o anthropogenic inputs in recent decades, undergoing 
omplex biogeochemical and hydrological processes. They 
re vulnerable aquatic ecosystems due to the constant 
nflux of contaminants, mostly from land runoff, agri- 
ultural and industrial discharges ( Fiorino et al., 2018 ; 
lhalova et al., 2018 ). Among the environmental param- 
ters prevailing in estuaries, salinity is known to be one 
f the most important key environmental parameters that 
ontrol the biological components of the estuarine and ma- 
ine ecosystems. Equally, changes in water pH mainly de- 
end on CO 2 fluxes through photosynthesis, bicarbonate de- 
omposition, freshwater influx, salinity, and temperature, 
s well as organic matter degradation ( Rajasegar et al., 
002 ). pH fluctuation may also have negative impacts 
n the metabolism and growth rate of marine organisms 
 Guinotte and Fabry, 2008 ). Furthermore, temperature, 
alinity, and pH in tandem are known to affect seawater 
hemistry directly, as well as buffering capacity and el- 
vated CO 2 in estuarine systems ( Dickinson et al., 2012 ; 
annig et al., 2010 ; Nikinmaa, 2013 ). It is also reported that 
he uncharacteristic changes in temperature, pH, and salin- 
ty exacerbate adverse effects on biota distribution, mostly 
n benthic organisms ( Bochert et al., 1996 ; Dean, 2008 ). 
Understandably, estuaries play a key role in the global 

arbon (C) cycle and carbon dioxide (CO 2 ) budget ( Le Quéré
t al., 2016 ; Regnier et al., 2013 ). They are characterized 
y a dynamic range of carbon dioxide (pCO 2 ) fluxes, which 
re sequestered in the terrestrial system by photosynthe- 
is and weathering reactions and transported to the ocean 
hrough rivers and estuaries. The high fluctuation of pCO 2 

n estuaries reflects similar trends of organic carbon stocks 
nd degradation compared to other coastal environments 
s exemplified in the levels of dissolved organic carbon 
DOC), oxygen saturation level (%O 2 ), and chlorophyll- a (Chl 
 ). Furthermore, an increase in pCO 2 concentration in the 
quatic environment also reduces the availability of carbon- 
te ions, affecting biological and physicochemical processes 
ignificantly ( Doney et al., 2009 ; Frankignoulle et al., 1998 ). 
arlier studies have also reported the negative responses to 
ncreased pCO 2 exposure on a variety of endpoints in ma- 
ine organisms at various physicochemical (acid-base) and 
iological parameters namely survival, growth rate, and re- 
roduction ( Freitas et al., 2016 ; Rodriguez-Romero et al., 
014a , b ). 
On the other hand, benthic organisms also play a piv- 

tal role in the functioning of estuaries and coastal envi- 
onments, through re-mineralization and nutrients churn- 
347 
ng between sediment and the overlying water column 
 Ingole et al., 2009 ; Jayaraj et al., 2007 ). Polychaetes con-
titute the most dominant component with high species 
ichness and abundance in the invertebrate communities in 
quatic environments besides possessing varying levels of 
olerance to environmental stress as they have been known 
s bio-indicators of environmental quality assessment stud- 
es worldwide ( Jayaraj et al., 2007 ; Khan et al., 2014 ;
apageorgiou et al., 2006 ; Sigamani et al., 2019 ). Con- 
ersely, anthropogenic disturbances, especially pollutants 
rom industrial clusters and urban discharges located along 
he coast, may result in deleterious effects on the biotic and 
biotic variables of an ecosystem leading to dwindling biodi- 
ersity in estuarine and marine environments. Earlier stud- 
es have done elsewhere also reported that the estuaries 
ct as a sink for pollutants and become impacted by a wide 
ariety of contaminants ( Khan et al., 2014 ; Natesan et al., 
017 ; Senthilnathan and Balasubramanian, 1994 ). 
The present study aims to investigate the status of 

cosystem variability in relation to salinity-pH and carbon- 
te systems influence on the distribution of polychaetes in 
our select estuaries viz., (i) Ennore, (ii) Uppanar, (iii) Vel- 
ar, and (iv) Kaduvaiyar, Southeast coast of India. Ennore es- 
uary is known for the dumping of fly ash slurry from the 
earby Ennore thermal plant, and the disposal of municipal 
omestic wastes. Similarly, on the northern bank of Uppa- 
ar, where clusters of industries are located, discharges in- 
luding coolant water are finding their way into this ecosys- 
em. Quite on the contrary, Vellar and Kaduvaiyar estuaries 
re known to receive wastes from anthropogenic activities, 
ewage disposal, and agricultural run-off. 

. Material and methods 

.1. Study area 

nnore estuary is a backwater that drains the Koratalliyar 
iver. It is located in the north-eastern part of Chennai city, 
amilnadu, India, and is spread over an area of 4 km along 
he coast of the Bay of Bengal. The southern arm of the 
reek, fringing the northern areas of the city of Chennai, 
as well-developed industries, utilities, suburban residen- 
ial areas, and fishing hamlets. The northern section of the 
reek or Kosastalaiyar backwater is connected to Lake Puli- 
ate and has two major developments: the north Chennai 
hermal Power Plant and Ennore port. Development in the 
orthern area is likely to intensify with a major industrial 
ark being proposed at present, including power utilities, 
etrochemical industries, and chemical storage units. 
The confluence of Gadilam and Paravanar rivers forms 

he Uppanar estuary at Cuddalore’s old town area and opens 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 Map showing the sampling stations. 
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nto the Bay of Bengal. The Uppanar estuary is the open type 
f estuary with the tidal action extending up to a distance of 
pproximately 6 km. The width of the estuary ranges from 

0 to 30 m, with an average depth of 2.5 m. It acts as a
ink since the large quantity of effluents/discharges accu- 
ulated from these industries located on the northern bank 
f the Uppanar estuary are finding their way into the river. 
Contrarily, the Vellar estuary, situated along the south- 

ast coast of India is relatively undisturbed. It presents a 
emi-diurnal tidal action range from 10—15 km towards the 
pstream region. The average width and depth of this es- 
uary are 100 m and 2.5 m, respectively, and it receives 
errestrial runoff from the river and different channels. The 
ntrusion of neritic water from the sea and freshwater from 

he land source forms the brackish nature of the Vellar es- 
uary. 
The river Kaduviyar is situated near the town Nagapat- 

inam on the east (Coromandel) coast of India. The Kadu- 
iyar estuary has its source in another major river, Cauvery 
f Tamil Nadu. The Kaduviyar estuary has a year-round con- 
ection with the sea and is subjected to semi-diurnal tides 
ith a maximum tidal amplitude of approximately 1.0 m. It 
ows for a distance of 380 km through an area of red, sandy, 
eached and laterised black soil in loamy red soil, and finally 
oins with the Bay of Bengal. A selection of estuaries was 
ade based on their nature and the accrual of discharges 
rom nearby industries and other anthropogenic sources, as 
ell as salinity intrusion; sampling was made accordingly in 
hree stations/locations in each of the following estuaries: 
348 
Ennore estuary: EC-1, EC-2, EC-3 (Lat. 13 °13 ′ 59.19"N, 
Long. 80 °19 ′ 1.44"E); 

Uppanar estuary: UE-1, UE-2, UE-3 (Lat. 11 °42 ′ 14.24"N, 
Long. 79 °45 ′ 23.89"E); 

Vellar estuary: VE-1, VE-2, VE-3 (Lat. 11 °29 ′ 43.36"N, 
Long. 79 °45 ′ 21.42"E) and 

Kaduvaiyar estuary: KE-1, KE-2, KE-3 (Lat. 
10 °45 ′ 52.16"N, Long. 79 °50 ′ 56.95"E) of Southeast 
coast of India ( Figure 1 ). 

.2. Collection of water and sediment samples 

he estuaries are exposed to a microtidal regime, with a 
idal range varying between 0.22 m to 1.5 m. The tidal 
egime is mostly composed of semi-diurnal components. 
he tidal phase at estuaries is semidiurnal having two 
eaks and two lows every day. Samples were collected dur- 
ng high tide periods. Water samples were collected using 
lean plastic 1 L poly-propylene bottles. Parameters such 
s temperature, pH (Eutech Instrument, Singapore), and 
alinity (Hand refractometer, Atago co. Ltd., Japan) were 
ecorded in-situ. Dissolved oxygen (DO) and Biological Oxy- 
en Demand (BOD) were measured by following Winkler’s 
itration method ( Strickland and Parsons, 1972 ). To esti- 
ate the other physicochemical parameters, water sam- 
les were preserved immediately in an icebox and brought 
o the laboratory in a controlled condition. Total Alkalin- 
ty (TA) was quantified in the laboratory by a titrimetric 
ethod using methyl orange and phenolphthalein indica- 



Oceanologia 64 (2022) 346—362 

t
u
g
a
b
a
E
D
t
a
a
S
z
p
z
c
c

s
d
k
s
P
l
a

2

F
i
0
l
o
fi
(
t
w
s

2
a

P
v
W
P
s
i
(
b
2
a
s
s

c
m
s
h
7
w
l
(  

o
p
e
a
T
g
b  

v

2
p

V
s
t
t
a
v
d
t
i
i
C
u
T
(

3

3

T
r
p
b
F  

a
b
F
t
a
t
p

t
s
4

ors ( Gran, 1952 ); Chlorophyll- a concentration was analyzed 
sing Strickland and Parson’s method (1972); Dissolved Or- 
anic Carbon (DOC) was analyzed using a Shimadzu TOC 
nalyzer (Shimadzu TOC-VCPH); Particulate Organic Car- 
on (POC) was obtained with GF/F filters (0.45 μm), dried 
t 65 °C and analyzed using an elemental analyzer (Perkin 
lmer, 2400), carbonate ion (CO 3 ), bicarbonate ion (HCO 3 ), 
issolved Inorganic Carbon (DIC) and carbon-dioxide par- 
ial pressure of (pCO 2 ) were calculated from pH, temper- 
ture, salinity and measured using ‘Seacarb’ package avail- 
ble in ‘R’ software ( Gattuso et al., 2019 ). The Venice 
ystem method was used for the classification of salinity 
ones (with slight modifications for the requirements of the 
resent study) ( Anonymous, 1959 ). Accordingly, the salinity 
ones viz., polyhaline (25—30), and euhaline (30—40) were 
lassified. Based on this, stations in various estuaries were 
ategorized. 
Sediment samples were collected using a stainless grab 

ampler. After collection, the sediment samples were shade 
ried and then homogenized using a mortar and pestle. A 
nown quantity of homogenized samples was subjected to 
ediment texture using the pipette method of Krumbein and 
ettijohn (1938) and Total Organic Carbon (TOC) was calcu- 
ated with the chromic acid oxidation method ( El Wakeel 
nd Riley, 1957 ). 

.3. Benthic samples 

or faunal analysis, sediment samples were collected us- 
ng a long-armed Peterson Grab, which covered an area of 
.1 m 

2 . In each station, three replicate samples were col- 
ected and then passed through sieves of 0.5 mm. Retained 
rganisms were stored in a clean plastic container and were 
xed immediately with 5% formalin to which Rose Bengal 
0.1 g/100 ml distilled water) dye was added for easy spot- 
ing at the time of sorting. After sorting, the polychaetes 
ere counted and identified to species level by consulting 
tandard references ( Day, 1967 ; Fauvel, 1953 ). 

.4. Diversity indices and benthic ecological 
ssessment tools 

olychaete data were subjected to the following di- 
ersity descriptors i) Shannon index (H’) ( Shannon and 
eaver, 1949 ), Margalef richness ( Margalef, 1958 ), and 
ielou’s evenness ( Pielou, 1966 ) using PRIMER software (ver- 
ion 7.0). In addition to diversity indices, ecological health 
ndices namely AMBI (AZTI Marine Biotic Index) and M-AMBI 
Multivariate-AZTI Marine Biotic Index) were also adopted 
y following the method proposed by Borja et al. (2000 , 
008 ); Muxika et al. (2007) ; AZTI Laboratory ( http://ambi. 
zti.es ). To perform AMBI indices, benthic species were as- 
igned to the following five ecological groups based on their 
ensitivity to the pollutants: 

i Ecological Group I (EG-1) — very sensitive to organic 
enrichment, 

ii Ecological Group II (EG-II) — indifferent to organic en- 
richment, 

iii Ecological Group III (EG-III) — tolerant to excess organic 
enrichment, 
349 
iv Ecological Group IV (EG-IV) — second-order opportunis- 
tic species and 

v Ecological Group V (EG-V) — first-order opportunistic 
species. 

Borja et al. (2000) further categorized the following 
lassifications with their scale ranges based on the above- 
entioned ecological groups as unpolluted (0.0—1.0); 
lightly polluted (1.1—2.0); moderately polluted (2.1—4.0); 
eavily polluted (4.1—6.0) and extremely polluted (6.1—
.0). Accordingly, the distribution of these ecological groups 
ere further analyzed according to their sensitivity to pol- 
ution stress using BI (Biotic Index) with eight levels (0—7) 
 Hily et al., 1986 ; Majeed, 1987 ). To confirm the trend
f AMBI, the M-AMBI index was also calculated which ex- 
resses the relationship between observed values and ref- 
rence condition values. At high quality status, the M-AMBI 
pproaches 1 and at bad quality status, it approaches 0. 
he threshold values are as follows: high quality > 0.80, 
ood quality 0.57—0.80, moderate quality 0.38—0.57, and 
ad quality < 0.20 ( Muxika et al. 2007 ). These reference
alues were accomplished with the WFD requirements. 

.5. Statistical treatment for environmental 
arameters 

ariations in physicochemical parameters are shown in a 
catterplot. One-way ANOVA was performed using Tukey’s 
est to observe the variation among the stations. To ascer- 
ain the relationship among the environmental parameters, 
 PCA biplot was drawn using physicochemical parameters 
s seasons. Canonical Correspondence Analysis (CCA) was 
rawn to determine the relationship between environmen- 
al parameters and polychaetes. All the above-stated graph- 
cal and various multivariate analyses were performed us- 
ng the statistical language R version 3.5 ( R Development 
ore Team, 2018 ). Scatterplot and PCA biplot was plotted 
sing “ggplot2” of ‘R’ software ( Wickham et al., 2018 ). 
he CCA was used to run “Vegan 2.4.4” of ‘R’ software 
 Oksanen et al., 2017 ). 

. Results 

.1. Physico-chemical characteristics 

he mean with SD values of physicochemical parameters 
ecorded at each sampling location is summarized in Sup- 
lementary Table 1. The surface water was characterized 
y a salinity gradient from 26.0 to 39.0 ppt (mean 32.0 ±3.5, 
 = 1.181, p < 0.1) with a maximum during summer (VE-3)
nd a minimum during monsoon season (KE-1); pH varied 
etween 7.4 (UE-1) and 8.3 (EC-1 & VE-3) (mean 7.9 ±0.2, 
 = 1.691, p < 0.1) showing significant variations and wa- 
er temperature reaching 30.0 °C (EC-2) during summer and 
 trough of 21.0 °C (VE-1) during pre-monsoon, with sta- 
istically significant variations (mean 25.4 ±1.9, F = 4.058, 
 < 0.05). 
A positive linear relationship was inferred between wa- 

er temperature versus salinity and pH ( Figure 2 a). Dis- 
olved oxygen ranged between 3.1 (EC-2, summer) and 
.8 mg/l (UE-1, pre-monsoon), (mean 3.9 ±0.4, F = 2.189, 

http://ambi.azti.es
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Figure 2 Variation of physico-chemical parameters during the study period; (a) temperature versus salinity-pH, (b) dissolved 
oxygen (DO) versus salinity-pH, (c) biological oxygen demand (BOD) versus salinity-pH, and (d) chlorophyll versus salinity-pH. 

Figure 3 Variation of physico-chemical parameters during the study period; (a) alkalinity versus salinity-pH, (b) carbonate ion 
versus salinity-pH, (c) bicarbonate ion versus salinity-pH, and (d) carbon dioxide versus salinity-pH. 
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 < 0.05). Unlike temperature, a negative linear relation- 
hip was found between DO versus salinity-pH ( Figure 2 b). 
he range of BOD was found to vary between 0.5 (UE-1) 
nd 2.4 mg/l (EC-2) with lower values during the monsoon 
eason and high values during the summer season (mean 
.0 ±0.4, F = 3.515, p < 0.05). Biological oxygen demand 
350 
ersus salinity and pH showed a positive linear relationship 
 Figure 2 c). Chlorophyll- a concentration exhibited high val- 
es (2.4 μg/l) at VE-1 during the monsoon season and lower 
alues (0.6 μg/l) at KE-3 during summer season. A neg- 
tive linear relationship was found between chlorophyll- a 
nd salinity-pH ( Figure 2 d). 
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Figure 4 Variation of physico-chemical parameters during the study period; (a) dissolved inorganic carbon (DIC) versus salinity- 
pH, (b) dissolved organic carbon (DOC) versus salinity-pH, (c) particulate organic carbon (POC) versus salinity-pH, and (d) partial 
pressure of CO 2 (pCO 2 ) versus salinity-pH. 
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Figure 5 Partial pressure of carbon dioxide versus pH during 
the study period. 
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Further, total alkalinity varied from 1118.9 (VE-3) to 
736.4 μmol/kg (UE-1) with significant variations among 
tations (mean 1396.4 ±160.6, F = 7.747, p < 0.001). 
or total alkalinity, salinity and pH, a negative linear re- 
ationship was observed ( Figure 3 a). Carbonate ion and 
icarbonate ion values exhibited a maximum of 196.3 
mol/kg (EC-1) during summer and a minimum of 38.7 
mol/kg (UE-1) during monsoon season (mean 105.8 ±41.4, 
 = 1.769, p < 0.1) and from 676.2 μmol/kg (VE-3, summer) 
o 1640.4 μmol/kg (UE-1, monsoon), respectively (mean 
107.2 ±227.7, F = 3.031, p < 0.05). For carbonate ions 
ersus salinity — pH gradient, a positive correlation was ob- 
erved ( Figure 3 b) while HCO 3 showed a negative correla- 
ion with salinity and pH ( Figure 3 c). Similarly, pCO 2 showed 
 wide variation from 2.4 (KE-3) to 51.5 μmol/kg (UE-1) 
mean 12.6 ±9.3, F = 3.202, p < 0.05) with a negative linear 
elationship against salinity-pH gradient ( Figure 3 d). 
Dissolved inorganic carbon (DIC) concentrations ranged 

etween 835.8 (VE-3) and 1734.3 μmol/kg (UE-1) with 
 non-conservative decreasing trend along the salinity- 
H gradient ( Figure 4 a) during the summer season 
hereas increasing trend during the monsoon season (mean 
236.2 ±207.9, F = 3.965, p < 0.001). Dissolved organic 
arbon concentration ranged from 30.1 (KE-1) to 487.5 
mol/kg (EC-1) (mean 190.4 ±125.8, F = 0.864, p < 0.1) 
ith a maximum during summer and a minimum during 
he monsoon season showing a positive linear relationship 
long the salinity-pH gradient ( Figure 4 b). Particulate or- 
anic carbon varied greatly between 32.0 (VE-3) and 742.5 
mol/kg (EC-1), with a maximum value recorded during the 
onsoon season and minimum during summer season (mean 
34.3 ±175.5, F = 0.936, p < 0.1) and thus a negative linear 
351 
elationship was observed between POC versus salinity — pH 

radient ( Figure 4 c). pCO 2 also varied significantly from 89.2 
KE-3) to 1702.6 μatm (UE-1), with significant variations 
mean 434.0 ±307.1, F = 3.084, p < 0.01), coupled with a 
on-conservative decreasing trend along with the salinity —
H gradient ( Figure 4 d). Similarly, linking pCO 2 versus pH, 
 negative linear relationship emerged ( Figure 5 ). Similarly, 
n increasing trend was observed with DIC ( Figure 6 a), POC 
 Figure 6 c), and pCO 2 ( Figure 6 d) along the pH gradient bar-
ing DOC wherein a negative linear relationship was found 
 Figure 6 b). 

.2. Sediment characteristics 

OC content ranged between 3.7 (VE-2) and 9.7 mgC/g 
EC-1) with a maximum value during the summer and min- 
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Figure 6 Variation of physico-chemical parameters during the study period; (a) dissolved inorganic carbon (DIC) versus partial 
pressure of CO 2 (pCO 2 ), (b) dissolved organic carbon (DOC) versus partial pressure of CO 2 (pCO 2 ), (c) particulate organic carbon 
(POC) versus partial pressure of CO 2 (pCO 2 ), and (d) carbon dioxide versus partial pressure of CO 2 (pCO 2 ). 

Figure 7 Seasonal variations of sedimentary total organic carbon (TOC) recorded in various stations of the study area. 
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mum value during the monsoon season (mean 6.3 ±1.2, 
 = 2.301, p < 0.05) ( Figure 7 ). Sediment texture indicated 
hat clay content is relatively high compared to sand and 
ilt. Clay ranged between 4.25 (VE-1, monsoon) and 87.47% 

KE-1, summer) followed by sand with a range from 2.37 
UE-1, monsoon) to 56.45% (VE-1, premonsoon) and silt from 

.35 to 49.34% with a peak in VE-3 (monsoon) and a trough 
n KE-1 (summer) ( Figure 8 ). 

.3. Principal Component Analysis (PCA) 

he principal component analysis plot revealed four large 
roups ( Figure 9 ). Two components explained 55.69% of to- 
al variance with 41.54% and 14.15% of components 1 and 2, 
352 
espectively. The component representing DO, chlorophyll, 
CO 3 , alkalinity, DIC, POC, pCO 2 , CO 2 , sediment TOC, and 
lays point towards pre-monsoon, monsoon, and postmon- 
oon, while those representing temperature, salinity, pH, 
OD, CO 3 , DOC, sand, and silt point towards the summer 
eason. PCA plots drawn for individual estuaries are illus- 
rated in Supplementary Figure 1. 

.4. Canonical Correspondence Analysis (CCA) 

he canonical correspondence analysis describes the prin- 
ipal tendencies in the relationship between the envi- 
onmental variables and polychaete assemblage. Compo- 
ents 1 and 2 explained 42.24% of the total variability 
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Figure 8 Variations in the sediment texture recorded in various stations of the study area. 

Figure 9 Principal component analysis drawn for the interrelation among environmental parameters and seasons. 
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f species-environment biplot and accordingly the follow- 
ng environmental parameters such as pH, salinity, DO, 
O 3 , sand, clay, DOC had a positive correlation in compo- 
ent 1 and polychaetes namely Cirratulus cirratus, Cos- 
ura coasta, Diopatra cuprea, Diopatra neapolitana, Dorvil- 
ea sp., Glycera benguellana, Maldane sarsi, Marphysa sp., 
ephtys dibranchis, Notomastus aberans, Phylo capensis, 
ista cristata, Pygospio elegans, Sabella sp., Syllis anops, 
helepus sp., emerged as highly correlated species with 
aximum canonical values (0.5376, 0.4554, 0.2993, 0.2990, 
353 
.2879, 0.2040, 0.1967 and 0.1929) ( Figure 10 ). Contrarily 
n component 2, temperature, BOD, chlorophyll, alkalinity, 
CO 3 , DIC, POC, pCO 2 , CO 2 , Sed.TOC, and silt exhibited 
 negative correlation with Ancistrosyllis parva, Ancistro- 
yllis sp ., Capitella capitata, Cirratulus filiformis, Eucly- 
ene annandalei, Eunice pennata, Eunice sp., Glycera uni- 

ornis, Goniada emerita, Goniada sp ., Lumbrineris aber- 
ans, Lumbrineris albidentata, Nereis diversicolor, Nereis 
p., Notomastus sp., Ophelia sp., Pectinaria sp., Pista 
uadrilobata, Platynereis dumerilii, Platynereis sp., Poly- 



P.P. Sarathy, V. Bharathidasan, P. Murugesan et al. 

Figure 10 Ordination of polychaete species against environmental variables recorded during the study. 
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ora capensis, Prionospio cirriferra, P. cirrobranchiata, 
. pinnata, Serpula sp. as highly associated polychaete 
pecies. 

.5. Biological entities 

olychaete density was found to vary from 518 to 4723 in 
 m 

−2 with a maximum observed during summer and mini- 
um during monsoon season. Together 42 species of benthic 
olychaetes were recorded during the study with a maxi- 
um species in Vellar estuary (41 species) followed by Kadu- 
aiyar estuary (31 species), Ennore creek (30 species), and 
ppanar estuary (25 species). The most abundant species 
ere Capitella capitata, Prionospio cirrifera, P. pinnata, P. 
irrobranchiata , and Notomastus sp. in Ennore and Uppa- 
ar estuaries; Ancistrosyllis parva, Cossura coasta, Eunice 
ennata, Euclymene annandalei, Lumbrineris albidentata, 
ephtys dibranchis , and Pectinaria sp. in Vellar and Kadu- 
aiyar. 
Similarly, the species Cirratulus cirratus, Cirratulus fili- 

ormis, Cossura coasta, Diopatra cuprea, Diopatra neapoli- 
ana, Prionospio cirrifera, Notomastus aberans , and No- 
omastus sp. was found to be more common in Vellar, 
aduvaiyar, Ennore, and Uppanar; followed by Ancistrosyllis 
arva, Euclymene annandalei, Eunice sp ., Glycera sp ., Go- 
iada sp ., Lumbrineris albidentata, Marphysa sp ., Nephtys 
354 
ibranchis, Nereis sp ., Notomastus sp ., Pista cristata, 
latynereis sp ., Polydora capensis , and Pygospio elegans. 
With respect to the salinity gradient zone, as many as 42 

olychaete species were observed, with a maximum num- 
er of polychaetes recorded in the polyhaline zone (salinity 
ange from 25 to 30 ppt) and minimum number in the Eu- 
aline zone (salinity range from 30 to 40 ppt). Among the 
olychaete families, representatives from Capitellidae, Eu- 
icidae, Lumbrineridae, Nephtyidae, Nereididae, Spionidae 
ere found to be dominant in the euhaline zone, and those 
f Cirratulidae, Cossuridae, Dorvilleidae, Glyceridae, Go- 
iadidae, Maldanidae, Onuphidae, Opheliidae, Orbiniidae, 
ectinariidae, Pilargidae, Sabellidae, Syllidae, and Terebel- 
idae in the polyhaline zone. Table 2 lists the number of 
olychaetes recorded in the salinity zones of various estu- 
ries. 

.6. Diversity indices 

pecies diversity (H’) varied from 1.6 (UE-1, monsoon) to 3.4 
VE-2, summer), species richness (d) fluctuated between 3.0 
nd 6.9 with a maximum in UE-1(summer) and minimum in 
E-2 (monsoon). Regarding Pielou’s species evenness (J), it 
anged between 0.6 and 0.9 with a peak in VE-2 (summer) 
nd a trough in UE-1 (monsoon). 
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Figure 11 AZTI Marine Biotic Index (AMBI) disturbance classification values in stations of various estuaries during the study. 
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.7. Ecological health assessment using biotic 

ndices 

he AMBI values calculated for benthic polychaetes fluctu- 
ted from 2.23 to 4.12, with a peak at EC-1 and a trough in
E-2 indicated stations UE-1, UE-2, UE-3 in Uppanar; EC-1 
nd EC-2 in Ennore belong to the category of moderately 
isturbed; while stations namely VE-1, VE-2, and VE-3 in 
ellar, KE-1, KE-2, and KE-3 in Kaduvaiyar and EC-3 in En- 
ore belonged to the slightly disturbed category ( Figure 11 ). 
imilarly, M-AMBI values ranged between 0.49 and 0.99 indi- 
ating that stations UE-1, UE-2, and EC-1 fell into moderate 
cological health status, while other stations into good and 
igh ecological health status ( Figure 12 , Table 1 ). 

. Discussion 

stuarine environments are subjected to changes in physico- 
hemical properties due to continuous mixing of freshwater 
ith brackish waters as well as discharges from urban and 
ther sources ( Bianchi, 2007 ). The estimation of water qual- 
ty is fundamental in determining the health of an ecosys- 
em ( Chang, 2008 ). In the present study, salinity-pH coin- 
ided with their variation throughout the study and followed 
he same pattern with a gradual rise and fall. Among the 
easons, a typical upstream-downstream salinity gradient 
as observed with a minimum of 26.0 ppt (KE-1, monsoon) 
nd a maximum of 39.0 ppt (VE-3, summer). Similarly, wa- 
er pH showed seasonal variation from 7.4 (UE-1, monsoon) 
o 8.3 (EC-1 and KE-3, summer). Temperature showed wide 
ariations between 21.0 (VE-1, pre-monsoon) and 30.0 °C 

EC-2, summer), indicating a positive linear relationship 
ith salinity and pH. High values during summer could be 
ttributed to faster evaporation and low values during the 
355 
onsoon season due to the dilution of brackish water and 
reshwater influx in the respective area. The findings of the 
resent study are in close agreement with the trends ob- 
erved in other studies made elsewhere ( Bharathi et al., 
018 ; Bouillon et al., 2003 ; Vajravelu et al., 2018 ). 
Dissolved oxygen concentrations ranged between 3.1 

EC-1) and 4.8 mg/l (UE-1) and accordingly a negative linear 
elationship was observed with salinity and pH. The high- 
st values registered in the pre-monsoon season were at- 
ributed to the influx of freshwater. On the contrary, re- 
arding BOD, a maximum value was observed during sum- 
er and a minimum level was observed during the monsoon 
eason with a positive correlation to salinity and pH. A sim- 
lar distribution of DO content with a maximum during the 
onsoon and minimum during the summer season was re- 
orted earlier by Morgan et al. (2006) in Upper Kaskaskia 
ivers and Sigamani et al. (2015) in Vellar—Coleroon estuar- 
ne complex, southeast coast of India. 
Conversely, the chlorophyll value exhibited a maximum 

uring the monsoon at VE-1 and a minimum during the sum- 
er season at KE-3. The higher value could be due to wind- 

nduced upwelling and river runoff, which would have in- 
reased the chlorophyll level. A negative correlation was 
ound between chlorophyll- a versus salinity and pH. Chloro- 
hyll concentrations recorded are comparable to those re- 
orted in earlier studies ( Cloern et al. (2017) in San Fran- 
isco Bay and Shanthi et al. (2015) in Bengal Bay). 
Total alkalinity is an important factor in determining the 

stuary’s ability to neutralize acidification from rainfall or 
astewater. Alkaline compounds such as CO 3 , HCO 3, and hy- 
roxides, remove hydrogen ions and thus lower the acid- 
ty of the water ( Toma, 2013 ). In the present investigation, 
he maximum alkalinity was recorded during the monsoon 
UE-1) and the minimum (VE-3) during the summer season. 
here was a negative link between the salinity-pH gradient 
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Table 1 AMBI, ecological groups, BI-disturbance classification, and M-AMBI status of the stations during the study. 

Stations EG I (%) EG II (%) EG III (%) EG IV (%) EG V (%) AMBI BI from mean AMBI Disturbance classification M-AMBI Status 

EC-1 3.093 6.186 11.34 71.649 7.732 4.12 3 Moderately disturbed 0.50 Moderate 
EC-2 4.167 8.333 14.583 66.667 6.25 3.94 3 Moderately disturbed 0.59 Good 
EC-3 11.864 23.729 42.373 10.169 11.864 2.80 2 Slightly disturbed 0.75 Good 
UE-1 1.282 8.333 10.897 77.564 1.923 4.06 3 Moderately disturbed 0.49 Moderate 
UE-2 1.961 11.111 13.072 69.281 4.575 3.95 3 Moderately disturbed 0.56 Moderate 
UE-3 2.041 14.286 55.102 18.367 10.204 3.31 3 Moderately disturbed 0.64 Good 
VE-1 22.581 33.871 19.355 17.742 6.452 2.27 2 Slightly disturbed 0.93 High 
VE-2 30.488 20.732 21.951 23.171 3.659 2.23 2 Slightly disturbed 0.98 High 
VE-3 20 31.429 25.714 17.143 5.714 2.36 2 Slightly disturbed 0.88 High 
KE-1 27.778 8.333 33.333 16.667 13.889 2.71 2 Slightly disturbed 0.70 Good 
KE-2 11.111 30.556 19.444 33.333 5.556 2.88 2 Slightly disturbed 0.76 Good 
KE-3 26.471 32.353 11.765 14.706 14.706 2.38 2 Slightly disturbed 0.76 Good 

AMBI: AZTI marine biotic index; BI: biotic index; M-AMBI: Multivariate-AMBI. 
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Table 2 Polychaete species recorded in the polyhaline and euhaline zones of the select estuaries (September 2017—August 2018). 

Family Polychaete species UE (pH 7.4—8.1) VE (pH 7.6—8.1) EC (pH 7.5—8.3) KE (pH 7.7—8.3) 

Polyhaline 
Sal (25—30) 

Euhaline Sal 
(30—40) 

Polyhaline 
Sal (25—30) 

Euhaline Sal 
(30—40) 

Polyhaline 
Sal (25—30) 

Euhaline Sal 
(30—40) 

Polyhaline 
Sal (25—30) 

Euhaline Sal 
(30—40) 

Capitellidae Capitella capitata + - + + + + + + 

Notomastus aberans + - + - + - + - 
Notomastus sp. + + + + + + + + 

Cirratulidae Cirratulus cirratus + + + + + + + + 

C. filiformis - - + - - - + + 

Cossuridae Cossura coasta - - + + - - - - 
Dorvilleidae Dorvillea sp. - - + + + - - - 
Eunicidae Eunice pennata + + + + + + + + 

Eunice sp. - - + + + + + + 

Marphysa sp. + + + + + + + - 
Glyceridae Glycera benguellana - - + + - - + + 

G. unicornis + + + - + + - - 
Goniadidae Goniada emeriti + - - - + - - - 

Goniada sp. + + + + + + - - 
Lumbrineridae Lumbrineris aberrans - - + + - - + - 

L. albidentata + + + + + + + + 

Maldanidae Euclymene annandalei - - + + + + + + 

Maldane sarsi - - + - + - - - 
Nephtyidae Nephtys dibranchis + - + + + + + - 

N. hombergi + + + + + + + + 

Nereididae Nereis diversicolor + - + + + - - - 
Nereis sp. + + + + + + + + 

Platynereis dumerilii + + + + + - - - 
Platynereis sp. + + + + + + + + 

Onuphidae Diopatra cuprea - - + - - - - - 
D. neapolitana - - + - + - + - 

Opheliidae Ophelia sp. - - + + - - + + 

Orbiniidae Phylo capensis + + + + - - + + 

Pectinariidae Pectinaria sp. + + + + + + + + 

Pilargidae Ancistrosyllis parva + - + + - - - - 
Ancistrosyllis sp. + + + + + + + + 

Sabellidae Sabella sp . - - + - + - - - 
Serpula sp. - - + - + - - - 

Spionidae Polydora capensis + - + + - - + - 
Prionospio cirriferra + + + + + - + + 

P. pinnata + + + + + - + + 

P. cirrobranchiata + + + + + - + + 

Pygospio elegans + - + + + + - - 
Syllidae Syllis anops - - + + + + + + 

Terebellidae Pista quadrilobata - - + - - - + - 
P. cristata + - + + + - - - 
Thelepus sp. - - + + - - - - 

Note : + , present; -, absent. 
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Figure 12 Multivariate-AZTI marine biotic index (M-AMBI) values indicating the ecological status for the stations of various estu- 
aries during the study disturbance classification and M-AMBI status of the stations during the study. 
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nd total alkalinity, HCO 3 , and CO 2 ; and a positive linear 
ssociation with CO 3 . Ray et al. (2018) also reported a simi- 
ar correlation with parameters combinations. Earlier stud- 
es indicated that the range of alkalinity, CO 3 , and HCO 3 

ad increased in areas where heavy anthropogenic activi- 
ies occur, corroborating the findings of the current study 
 Bouillon et al., 2003 ; Oliveira et al., 2018 ; Thasneem et al.,
018 ). 
Studies conducted elsewhere reported that DIC and DOC 

re strongly influenced by estuarine processes ( Gu et al., 
009 ). Accordingly, the carbon species namely DIC, DOC, 
nd POC are essential components having an important 
ink in biogeochemical carbon cycling between land and 
cean ( Wu et al., 2007 ). The increased concentration of 
O 2 and bicarbonate ions reduces the availability of car- 
onate ions, which affects metabolism, growth rate, and 
elative abundance of polychaetes ( Ho and Carpenter, 2017 ; 
eron, 2011 ). In the present study, DIC concentration ranged 
etween 835.777 (VE-3, summer) and 1734.268 μmol/kg 
UE-1, monsoon) with a non-conservative decreasing trend 
long the salinity and pH gradient. However, as an odd- 
ty, the trend was opposite in DOC, wherein an increas- 
ng trend was found along the salinity-pH gradient, with 
aximum DOC during the summer and a minimum dur- 

ng the monsoon season. POC ranged between 32.0 (EC-1, 
ummer) and 742.5 μmol/kg (EC-1, monsoon), generating 
 negative linear relationship between POC versus salin- 
ty and pH gradient. Likewise, Marescaux et al. (2018) and 
ay et al. (2018) reported similar ranges of POC concen- 
rations with a negative linear relationship for the salinity- 
H gradient. With respect to pCO 2 , values ranged from 89.2 
KE-3) to 1702.6 μatm (UE-1). As that of DIC, pCO 2 also ex- 
ibited a non-conservative decreasing trend along the salin- 
358 
ty and pH gradient. With respect to pCO 2 with DIC, DOC, 
OC, and CO 2 concentrations, an increasing trend with a 
ositive linear relationship was found along the pH gradi- 
nt excluding DOC that showed a negative linear relation- 
hip. The study conducted by Hutchins et al. (2019) found 
 positive linear association versus salinity-pH gradient on 
arge-scale drivers of DIC and POC in the Boreal river. Fur- 
hermore, low salinity was found to exacerbate negative 
ffects of elevated CO 2 levels on growth, energy balance, 
nd bio-mineralization of common estuarine invertebrates 
 Cauwet, 1991 ; Dickinson et al., 2012 ; Dutta et al. , 2019 ;
upta et al., 2008 ; Hutchins et al., 2019 ; Marescaux et al.,
018 ; Palanivel et al., 2019 ; Ray et al., 2018 ). 
Total organic carbon plays a vital role in the accumula- 

ion and release of different micronutrients. It is a well- 
tched fact that the sediment texture determines the to- 
al organic carbon content, which in turn, influences the 
istribution of benthic organisms. Organic matter in sed- 
ments is an essential source of food for benthic fauna 
 Gray, 1974 ; Pearson and Rosenberg, 1978 ; Sanders, 1958 ; 
nelgrove and Butman, 1994 ). In the present investigation, 
otal organic carbon ranged between 3.7 (VE-2, monsoon) 
nd 9.7 mgC/g (EC-1, summer). Sediment texture revealed 
lay content to be relatively high compared to sand and 
ilt. Clay ranged between 4.25 (VE-1, monsoon) and 87.47% 

KE-1, summer) followed by sand ranging from 2.37 (UE- 
. monsoon) to 56.45% (VE-1, premonsoon) and silt be- 
ween 5.35 and 49.34% with a peak in VE-3 (monsoon) and a 
rough in KE-1 (summer). Earlier authors reported that dur- 
ng the summer season, a large amount of organic matter 
ettled at the bottom potentially elevating TOC levels in 
he study area ( Khan et al., 2014 ; Murugesan et al., 2018 ;
ajasegar et al., 2002 ). 
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Multivariate analysis is considered to be an effective 
ethod to retrieve information from data sets containing 
ore significant amounts of variance, simultaneously con- 
idering the interrelationships of several influential vari- 
bles. Furthermore, these methods also allow us to analyze 
he patterns by relating biotic variables with abiotic pat- 
erns on spatio-temporal scales ( Field, 1987 ). Accordingly, 
CA representing the parameters DO, chlorophyll, HCO 3 , al- 
alinity, DIC, POC, pCO 2 , CO 2 , sediment TOC, and clay were 
ssociated with pre-monsoon, postmonsoon, and monsoon 
easons; whereas temperature, salinity, pH, BOD, CO 3 , DOC, 
and, and silt were associated with summer season (Sup- 
lementary Figure 1). Similar seasonal combinations of pa- 
ameters were also reported by Mukherjee et al. (2014) and 
igamani et al. (2015) . 
The canonical correspondence analysis describes the 

rincipal tendencies in the relationship between the envi- 
onmental variables and polychaete species assemblages. 
n component 1, parameters such as pH, salinity, DO, CO 3 , 
and, clay, and DOC had a positive correlation with Cir- 
atulus cirratus, Cossura coasta, Diopatra cuprea , etc., 
s highly associated polychaetes; while other parame- 
ers such as temperature, BOD, chlorophyll, alkalinity, 
CO 3 , DIC, POC, pCO 2 , CO 2 , Sed.TOC and silt exhibited 
 negative correlation in component 2 with Ancistrosyl- 
is parva, Ancistrosyllis sp ., Capitella capitata , and Cir- 
atulus filiformis as significantly correlated polychaete 
pecies. Similar combinations of environmental variables 
nfluencing the benthic faunal distribution were reported 
y Murugesan et al. (2018) , Musale et al. (2015) and 
ivaraj et al. (2014) . 
Moreover, several authors also report that the combina- 

ions of pH, salinity, and sediment variables play crucial 
oles in determining the distribution of the benthic com- 
unity structure. Sediment-bound organic matter is related 
o its clay content, which in turn influences the feeding 
abits of the benthic fauna ( Fauchald and Jumars, 1979 ; 
lint, 1981 ; Gray, 1974 ), validating the results of the present 
tudy. 
About polychaete density, the low density recorded dur- 

ng the monsoon season could be attributed to the inflow 

f copious freshwater from rivers, reducing the salinity 
evel, and leading to unfavorable conditions. Similar trends 
ere reported by Murugesan et al. (2018) and Sivaraj et al. 
2014) . 
Species diversity and richness values were high during 

he summer and low during the monsoon season, while 
pecies evenness largely followed the trend of species di- 
ersity. Several researchers stated that terrestrial runoff
uring monsoon season, industrial wastes, sewage, and an- 
hropogenic activities are known to influence the distribu- 
ion of benthic organisms, reducing diversity values during 
he monsoon season ( Musale et al., 2015 ; Natesan et al., 
017 ). With respect to polychaete diversity and pCO 2, high 
uctuation of pCO 2 in estuaries reflects similar trends of 
rganic carbon stocks and degradation in other coastal 
nvironments as exemplified by dissolved organic car- 
on, oxygen saturation level, and chlorophyll- a . The in- 
rease in partial pressure of carbon-dioxide concentra- 
ion in the aquatic environment will reduce the avail- 
bility of carbonate ions, which results in minimal detri- 
ental effects in biological and physicochemical processes 
359 
 Doney et al., 2009 ; Frankignoulle et al., 1998 ). Other re-
earchers elsewhere reported that high pCO 2 /low pH re- 
uces polychaete diversity and increases species richness 
alues ( Gambi et al., 2016 ; Molari et al., 2019 ). Accord-
ngly, high pCO 2 /low pH was recorded in stations of Uppanar 
nd Ennore estuaries with minimum polychaete diversity. 
 similar range of diversity values was recorded earlier by 
han et al. (2014) in Vellar-Uppanar estuary; Sivaleela and 
enkataraman (2013) in selected places long the Tamil- 
adu coast; Natesan et al. (2017) in Ennore coastal waters; 
elvaraj et al., (2019) in Vellar and Ennore estuarine ecosys- 
ems. 
Concerning salinity-zones, the members of the follow- 

ng polychaete families viz., Capitellidae, Eunicidae, Lum- 
rineridae, Nephtyidae, Nereididae, Spionidae were found 
o be dominant in the euhaline zone, and those of the 
irratulidae, Cossuridae, Dorvilleidae, Glyceridae, Goniadi- 
ae, Maldanidae, Onuphidae, Opheliidae, Orbiniidae, Pecti- 
ariidae, Pilargidae, Sabellidae, Syllidae, and Terebellidae 
amilies were dominant in the polyhaline zone. Accordingly, 
t is evident that the polychaete families with the salin- 
ty pattern stated above, indicate their ability to regulate 
yper and hypo-osmotic environments in different salin- 
ty zones as described by earlier researchers ( Costa et al., 
980 ; Freel et al., 1973 ; Onwuteaka, 2016 ; Quinn and 
ashor, 1982 ; Richmond and Woodin, 1999 ; Smith, 1970 and 
an Gaest et al., 2007 ). 
AMBI-indices are a widely used tool for assessing the eco- 

ogical health status of ecosystems ( Borja et al., 2000 ). In 
he present study, AMBI values calculated for the benthic 
olychaete species fluctuated from 2.23 to 4.12. Accord- 
ng to these values, stations UE-1, UE-2, and UE-3 in Up- 
anar estuary, EC-1, and EC-2 in Ennore were found to fall 
n the category of moderately disturbed, while other sta- 
ions were in the slightly disturbed category. Similarly, M- 
MBI values ranged between 0.49 and 0.99 with UE-1, UE-2, 
nd EC-1 falling under the moderate ecological health cat- 
gory, while other stations fell under good and high ecolog- 
cal health categories. In their study, Khan et al. (2014) and 
atesan et al. (2017) also reported similar ecological cate- 
ories since the referred stations of Uppanar-Ennore were 
ocated near the discharge points of industrial waste, 
ower-plant discharge of coolant water, indiscriminate dis- 
harge of untreated municipal waste, terrestrial river run- 
ff and anthropogenic activities which could have gener- 
ted variations in the benthic community structure resulting 
n the dominance of pollution tolerant benthic polychaete 
roups in the disturbed category. 

. Conclusion 

he present study provides benchmark data on the distri- 
ution of polychaetes in relation to pH-salinity gradients 
n the studied estuaries of Tamilnadu. The role of the pH- 
alinity gradient in conjunction with sediment characteris- 
ics on polychaete distribution is intriguing, as there was a 
ecrease in polychaete diversity during monsoonal months, 
ut a few opportunistic polychaete species were found to 
ccur in extremely large numbers in the Uppanar and En- 
ore estuaries. Although some light has been shed on the 
ole of the salinity-pH gradient on the polychaete commu- 
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ity in selected estuaries, more research into the interac- 
ion modes of biotic/abiotic processes is needed to deter- 
ine the accuracy of polychaete occurrence along salinity 
radients/zones of biological, chemical, and physical pro- 
esses. 
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Abstract In this study, wind-driven coastal upwelling in the Caspian Sea was investigated 
using a developed three-dimensional hydrodynamic numerical model based on the Princeton 
Ocean Model (POM). The model was forced with wind fields and atmospheric fluxes from the 
ECMWF database and it considers freshwater inflows from the Volga, Kura and Ural Rivers. This 
model was implemented for 10 years (2008—2018). Findings indicated that the upwelling in 
the Caspian Sea was due to effects of wind and bottom topography, often occurring from May 
to September. In June and July, in the eastern part of the middle and sometimes southern 
basins, up to 3 °C water temperature difference occurs between coastal and offshore areas. 
The vertical temperature gradient in the middle basin was larger than that in the southern 
basin. Upwelling in August in the eastern coasts of the middle basin within 25 km of coast from 

the depth of 15 m to the surface was shown, which was due to the effects of wind and bottom 

topography. In the middle basin, the highest vertical velocities caused by upwelling in June, 
July and August were 12, 13.82, and 10.36 m/day, respectively. 
© 2022 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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inds in specific areas lead to divergence of water mass 
n oceans and seas. If surface water is driven by wind ac- 
ion away from the coast, the only way for its replacement 
s by upwelling from below. Since there is a good chance 
hat the upwelled water has been enriched in nutrients, an 
pwelling area is likely to be a site of enhanced biological 
roduction. Coastal upwelling is mainly influenced by winds 
nd rotational effects of the Earth (Coriolis force), so that 
ts formation is owing to the presence of coast as an im- 
enetrable lateral boundary as well as the relatively shal- 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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Figure 1 Three basins of the Caspian Sea. 
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ow waters of the continental shelf ( Brink, 1983 ; Kämpf and 
hapman, 2016 ). The denser mass of water rises to sea sur- 
ace, so that the sea surface temperature drops. The hori- 
ontal movement of water masses toward the offshore de- 
reases the sea level in the coastal area, and it creates 
 horizontal pressure gradient and produces a geostrophic 
urrent under Ekman’s transfer function ( Kämpf and Chap- 
an, 2016 ). Many studies have related the coastline ori- 
ntation and the upwelling-favorable winds ( Anand et al., 
019 ; Closset et al., 2021 ; Li et al., 2018 ; Nigam et al.,
018 ; Sun et al., 2017 ; Wirasatriya et al., 2020 ). Owing 
o the prevailing wind regime in the summer, the forma- 
ion of the upwelling phenomenon in the Caspian Sea is 
ighly important ( Ibrayev et al., 2010 ). The surface wa- 
ers are often warmer during the summer in the shallow 

oastal areas of the Caspian Sea, while along the east coast 
f the middle and southern Caspian basins, due to favorable 
inds (parallel to the coast), the surface waters move to- 
ard the west coast, and create the this phenomenon in the 
ast coast ( Ibrayev et al., 2010 ). Furthermore, they some- 
imes cause downwelling on the west coast. Several fac- 
ors, such as wind and bottom topography (length and cur- 
ature of the bed), affect the rise of water along the coast 
 Shanks et al., 2000 ). The bottom topography plays a key 
ole in the formation of the long upwelling filaments, whose 
ignature extends over the entire water column and influ- 
nces the upper layer dynamics advecting water parcels off- 
hore ( Meunier et al., 2010 ). The upwelling phenomenon in 
arm seasons has an almost stable trend as confirmed in at- 
ospheric ( Kosarev and Yablonskaya, 1994 ) and satellite ob- 
ervations ( Sur et al., 2000 ). During the summer, due to the 
revailing north wind, a relatively strong current is gener- 
ted from the eastern part of the sea to the center, creating 
he Ekman transport along the eastern part ( Ibrayev et al., 
010 ). In July, the prevailing wind in the central Caspian 
ea is often from north to south, causing the upwelling phe- 
omenon on the east coast ( Knysh et al., 2008 ), while in 
he winter, the movement of water mass to the south and 
orth on the western and eastern parts, respectively, in the 
ubsurface layer (up to 30 m depth) of the Caspian Sea cre- 
tes a seasonal counterclockwise rotation ( Gunduz and Öz- 
oy, 2014 ). Sea surface temperature (SST) satellite data of- 
en show relatively colder waters along the coast and fila- 
ents penetrating offshore from the upwelling region. The 
pwelling region extends from 41 ° to 44 °N along the eastern 
oast with a temperature anomaly of 2—3 °C in a region ex- 
ending 5—20 km from the coast ( Gunduz and Özsoy, 2014 ). 
he thermohaline structures of the Caspian Sea waters in 
he areas near the river mouths as well as on the eastern 
hores of the middle Caspian basin, where upwelling is ob- 
erved in the summer, have considerable inconsistency in 
hree dimensions, and seasonal changes in the temperature 
nd salinity of sea water are at 100 m and 20 m, respectively 
 Tuzhilkin and Kosarev, 2005 ). To investigate the upwelling 
henomenon in the eastern coasts of the middle Caspian 
asin, one study used a three-dimensional COHERENS model 
hose horizontal model grid was 0.046 × 0.046 degree and, 
n the vertical direction, it had 30 layers in the sigma co- 
rdinates ( Shiea and Bidokhti, 2015 ). The model was im- 
lemented for 5 years, and it was investigated by sim- 
lation results, studying the horizontal and vertical tem- 
erature structure, and velocities of the sea currents in 
364 
he eastern area of the middle Caspian coast. The maxi- 
um vertical velocity was 12 m/day in July and 7 m/day 

n August ( Shiea and Bidokhti, 2015 ; Shiea et al., 2016 ).
lthough previous research focused on studying the cir- 
ulation of the Caspian Sea, some issues in simulation of 
he current field remain unresolved. Since currents over 
he Caspian Sea are primarily wind-driven ( Ghaffari et al., 
013 ), their accurate simulations depend largely upon the 
ind data resolution ( Kitazawa and Yang, 2012 ). However, 
o the best of our knowledge, previous studies did not ap- 
ly well-resolved spatial changes of wind field over the 
aspian Sea to predict its current field (e.g. Gunduz and 
zsoy, 2014 ; Ibrayev et al., 2010 ; Turuncoglu et al., 2013 ).
he major problem using satellite SST images to detect up- 
elling is that they only provide information about the near 
ea surface layer ( Su and Pohlmann, 2009 ). In addition to 
he lack or scarcity of field measurements for the Caspian 
ea, a high-resolution hydrodynamic model of the South- 
rn Caspian Sea circulation is also absent in the literature. 
n this research, upwelling caused by wind and bottom to- 
ography during the year and in the whole Caspian Sea by 
pplying more forcing and resolution (compared to previ- 
us research), was carried out using Princeton Ocean Model 
POM). The purposes of the paper are (1) to implement the 
D hydrodynamic model (POM) for current, salinity and tem- 
erature fields modeling of the Caspian Sea by applying a 
.041 ° resolution; (2) to investigate the frequency of up- 
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Table 1 Main characteristics of the Caspian Sea ( Arpe et al., 2018; Hall, 2002 ; Kostianoy and Kosarev, 2005 ). 

Surface area (km 

2 ) North 386,400 in 2017 112,056 
Middle 139,104 
South 135,240 

Volume (km 

3 ) North 1% 78,200 900 
South 66% 27335 
South 33% 49865 

Length (km) 1,200 
Width (min-max) (km) 196-435 
Average depth (m) North 5 (max 20) 

Middle 190 (max 790) 
South 330 (max 1025) 

Average surface temperature ( °C) North Winter: 0 °C with ice cover Summer: 24 
South Winter: 10 Summer: 27 

Average surface salinity (psu) North 4 
Middle 12.8 
South 13 

Figure 2 Climatic fields of the water temperature ( °C, a, b) and salinity (psu, c, d) in the surface layer of the Caspian Sea in 
February and August ( Tuzhilkin and Kosarev, 2005 ). 
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elling (per month) in the Caspian Sea using POM model; 
3) In particular, we try to identify the roles of bottom to- 
ography and wind field as important upwelling mechanisms 
n the Caspian Sea. 

. General features of the Caspian Sea 

.1. Study area 

he Caspian Sea, a landlocked body of water between 
sia and Europe, and the largest enclosed sea basin 
n the world is located at 36—48 °N and 46—55 °E, with 
0—44% of the total lacustrine waters of the world 
 Dumont, 1998 ; Bohluly et al., 2018 ). According to phys- 
cal and geographical conditions as well as the bottom 

opography, the Caspian Sea is divided into three basins 
 Figure 1 , Table 1 ), North Caspian Basin (NCB), Mid- 
le Caspian Basin (MCB) and South Caspian Basin (SCB) 
 Tuzhilkin and Kosarev, 2005 ; Zereshkian and Mansoury, 
020 ). 
365 
.2. The climatic temperature and salinity fields 
f the Caspian Sea 

ased on the results of statistical and physical analy- 
es of ship and coastal measurement data ( Tuzhilkin and 
osarev, 2005 ), the winter surface temperature field is char- 
cterized by its significant increase from the north to the 
outh ( Figure 2 a). Heat losses during the winter in the north-
rn and southern Caspian basins reach approximately 700 MJ 
 

—2 and 200 MJ m 

—2 , respectively. Water temperatures are 
pproximately 3 °C lower than those in the open sea at the 
ame latitude ( Tuzhilkin and Kosarev, 2005 ). The advection 
f the waters of the northern and southern Caspian basins 
ffects the surface temperatures of the western and eastern 
oundaries of the Middle Caspian Sea. The maximum values 
f the winter surface temperatures in the Middle Caspian 
esult from the advection of warm waters from the south to 
he north along its eastern boundaries. In the summer, the 
inimum temperature of the Caspian Sea is observed in part 
f its eastern coast, which could be due to a summertime 
pwelling. The high summertime recurrence of upwelling 
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Figure 3 Annual mean climatic field of the current vec- 
tors in the surface layer of the Caspian Sea ( Tuzhilkin and 
Kosarev, 2005 ). 
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ff the eastern coast of the Middle Caspian from May to 
eptember makes this phenomenon climatically significant 
nd it is well illustrated in the multiannual mean monthly 
elds of the water temperature ( Figure 2 b). 
The salinity field in the Caspian Sea is subject to certain 

easonal changes owing to its geographical location, river 
nflow, evaporation (shallow-water zones off arid eastern 
oasts), and precipitation ( Tuzhilkin and Kosarev, 2005 ). In 
inter, due to reduced evaporation, surface salinity is low 

n the central and southern Caspian basins ( Figure 2 c). The 
ropagation of reduced salinity from the northern basin to 
he middle is negligible due to high evaporation in the sum- 
er ( Figure 2 d). 

.3. The mean annual field of the current and 

ind of the Caspian Sea 

he mean annual current velocities at the centers of the 
ub-basin gyres are 0.05—0.10 m s —1 and reach 0.20 m s —1 at 
he interfaces of gyres with opposite vorticities ( Figure 3 ). 
ind-induced currents play a rather significant role in the 
ea surface layer ( Table 2 ). The current variability is re- 
ated to the synoptic variability of the direct wind impact 
 Medvedev et al., 2020 ). 
366 
. Data and methods 

.1. POM model 

he POM is a simple-to-run yet powerful ocean modeling 
ode to simulate a wide-range of problems, from small-scale 
oastal processes to global ocean climate change ( http:// 
ww.ccpo.odu.edu/POMWEB/ ; Mellor and Blumberg, 1985 ). 
any international researchers have studied numerous ap- 
lications of this model in the modeling field in oceans and 
eas in different parts of the world. This model was provided 
y Princeton University in New Jersey and was developed 
ith the support of the Geophysical Fluid Dynamics Labo- 
atory (GFDL) of the National Oceanic and Atmospheric Ad- 
inistration (NOAA) as well as the Princeton Dynamic Analy- 
is Institute ( Blumberg and Mellor, 1987 ). The message pass- 
ng interface Princeton Ocean Model (mpiPOM) was devel- 
ped by Advanced Taiwan Ocean Prediction (ATOP), and it 
as optimized for the needs and resources of the ATOP sys- 
em ( Oey et al., 2013 ). This model was developed for the
aspian Sea with modifications and various types of coding 
s mpiPOM_Caspian Sea (mpiPOM-CS). 

.2. Data preparation to implement the model 

nfortunately, most of the time, there are not sufficient re- 
iable data for the study area due to the lack of field mea-
urements. For the model input, temperature and salinity 
ata of the World Ocean Atlas ( Antonov et al., 2006 ) were
sed; despite high accuracy (1 °), the data do not cover 
he entire Caspian Sea and an algorithm for extrapolation, 
n addition to interpolation on the grid, should be used 
 Mansoury et al., 2015 ). The General Bathymetric Chart of 
he Oceans (GEBCO) aims to provide the most authoritative, 
ublicly available bathymetry data sets for the oceans and 
eas including the Caspian Sea. Atmospheric fluxes data, in- 
luding wind, precipitation, evaporation, heat fluxes (sen- 
ible and latent), and short and long wave solar radiation 
ere received from the ECMWF database with an accuracy 
f 0.125 ° and a 6-hour time step. The most important rivers 
ntering the Caspian Sea are Volga (5 branches), Kura and 
ral. The monthly average of Naval Research Laboratory 
NRL) data was used for the data of the rivers ( Table 3 ;
ara et al., 2010 ). In this research, the model was imple- 
ented for ten years (2008—2018), and the last year out- 
uts of the model implementation were investigated. The 
odel domain is 46.5—55 °E and 36.5—47 °N with a horizon- 
al resolution of 0.041 ° (about 4 km) and 35 vertical layers in 
igma coordinates. It uses external and internal time steps 
f 2s and 90s, respectively. To apply the parallel process- 
ng, four cores were considered with a computational grid 
f 135 × 103. 

.3. Stability and validation of the model 

n the course of a year, salinity has almost a round cy- 
le, but in the first years of the model, it does not have
 clear trend. Its multi-year repetition during model ex- 
cution indicates that the model is stable (and can also 
e true for temperature). In this study, salinity changes 
n the last years of the model implementation show rela- 

http://www.ccpo.odu.edu/POMWEB/
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Figure 4 Monthly mean wind velocity vectors in (a) December and (b) July 1982. The units are in m/s ( Ibrayev et al., 2010 ). 

Table 2 Some wind features in the Caspian Sea ( Ibrayev et al., 2010 ). 

Wind speed (typically) Summer (approximately 4 m/s) 
The maximum speed occurs to the east of the Apsheron 
Winter (approximately 5—6.5 m/s) 
The maximum speed occurs in the north ( Figure 4 a) 

The classification of the annual cycle 
of the monthly mean wind 

1 — December—January: 
With the convergence of winds in MCB and SCB due to high land-sea temperature 
( Figure 4 a) 
2 — February—July: 
When large-scale anti-cyclonic winds prevail over the sea ( Figure 4 b). 
3 — August—November: 
When average wind direction gradually changes from south-, southwestward to 
westward. 

Figure 5 Changes in salinity in the ten-year implementation 
period of the model. 

t
S

S
w
t

d
w
m
o

m
d
g
i
c
i  

s

3

U
f

ively good model stability ( Kämpf and Sadrinasab, 2006 ; 
adrinasab and Kämpf, 2004 ) ( Figure 5 ). 
The data collected during research cruises in the Caspian 

ea in August and September (from 30.08.1996 for one 
eek) were used to validate the model results. To validate 
he model output according to the available measurement 
367 
ata during 1996 ( UNESCO-IHP-IOC-IAEA, 1996 ), the model 
as re-run for ten years (1988—1997). The results of the 
odel output and measurements were compared to each 
ther ( Figure 6 ) in three positions ( Figure 1 ). 
The following comparisons indicate acceptable agree- 

ents between the model results and the measurement 
ata and satellite image ( https://oceancolor.gsfc.nasa. 
ov/ ). Due to the limited availability of the current veloc- 
ty measurement data in the Caspian Sea, the mean annual 
urrent velocities of previous study ( Figure 3 ), SST satellite 
mage ( Figure 7 a) and this study ( Figure 7 b) were compared,
howing good agreement between them. 

.4. Upwelling detection mechanism 

pwelling occurs due to divergence of currents in the sur- 
ace layers of the sea caused by wind field, in the presence 

https://oceancolor.gsfc.nasa.gov/
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Figure 6 Comparison of modeled and observed temperature—salinity properties: a) St.1, b) St.2 and c) St.3 in 1996. 
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f the shoreline or other special conditions, after which 
he water of the lower layer (colder and denser) is trans- 
erred to the surface to maintain balance. The lower lay- 
rs are known as permanent sources of nutrients, so pro- 
uctivity is significant in areas where upwelling occurs. Due 
o the favorable wind in the sea shores and the resulting 
cumenical transfer, there is a difference in water level 
etween the coast and offshore, and the pressure differ- 
nce caused by them will follow the surface geostrophic 
368 
ow. Changes in sea water temperature (surface temper- 
ture at nearshore and offshore, and the vertical section 
f seawater temperature) and sea currents (such as verti- 
al velocity) due to a rise in a body of water from depth
o surface which can be caused by wind and bottom topo- 
raphic effects ( Meunier et al., 2010 ), indicate the coastal 
pwelling ( Ghaffari et al., 2013 ; Olita et al., 2013 ). In
his research, owing to the physical and geographical lo- 
ation of the Caspian Sea, the Coriolis effect in differ- 
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Figure 7 Annual mean climatic field of SST ( °C): a) Satellite image ( https://oceancolor.gsfc.nasa.gov/ ); b) Model output in the 
Caspian Sea. 

Table 3 Monthly mean discharge for the major rivers dis- 
charged into the Caspian Sea ( Kara et al., 2010 ). 

Volga (m 

3 /s) Kura (m 

3 /s) Ural (m 

3 /s) 

January 780 490 50 
February 790 500 55 
March 800 530 60 
April 1500 800 900 
May 4780 1050 1370 
June 4000 800 420 
July 1650 450 220 
August 1120 310 180 
September 1000 315 140 
October 1060 400 140 
November 1070 420 135 
December 780 460 80 

Table 4 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in June. 

Day w max (m/day) 

11 10.5 
12 11 
13 10.1 
27 10.3 
28 11.3 
29 12 

Table 5 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in July. 

Day w max (m/day) 

22 12.09 
24 8.64 
25 13.82 
26 7.77 

Table 6 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in August. 

Day w max (m/day) 

3 10.36 
4 6.04 
5 6.9 
6 8.64 
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369 
nt latitudes and a variable wind field, as well as the ice 
ffect were considered with an appropriate accuracy in 
piPOM-CS. 

. Results 

.1. Spatio-temporal variability of sea surface 

emperature 

igure 8 presents the monthly changes in the Caspian Sea 
emperature in 2017. In the northern and middle basins, 
he climate pattern is relatively cold and in the southern 
asin, the pattern is warm. Sea surface temperature from 

anuary to April in the three basins of the Caspian Sea have 
ncreased, and this increase in temperature in the north- 
rn basin (from January to April) is east-west due to depth 
hanges ( Figure 8 a—d). These changes are caused by the 
ower depth of the eastern part compared to the west- 
rn part of the basin and the lower heat capacity of the 
eafloor relative to seawater. The mean monthly seawater 
emperature in some parts of the Caspian Sea, particularly 
rom May to September, undergoes unexpected changes 
 Figure 8 e—i). SST changes in the eastern part of the mid-
le and southern basins, from May to August and into part 
f September, are colder than offshore ones (blue ovals). 
rom October to December, it resumes its natural trend 
 Figure 8 j—l). In these months, the air temperature rises 
ompared to previous months, and this increase in tem- 

https://oceancolor.gsfc.nasa.gov/
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Figure 8 SST ( °C) with monthly mean wind overlaid in 2017. 
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erature is expected to affect the eastern coasts of the 
aspian Sea due to the shallow depth and to raise the sur- 
ace temperature of the water. However, the sea surface 
ater on the eastern shores of the central and southern 
aspian basins has been colder compared to the offshore ar- 
as, which may be owed to the transfer of cold water from 

he lower layers to the sea level. The difference between 
he average sea surface temperature in the eastern part of 
he middle Caspian Basin (coastal and offshore) indicates 
he possibility of upwelling in these areas. 
370 
Nevertheless, the monthly pattern of the wind field in 
ay, August and September does not show the Ekman trans- 
ort in favor of upwelling (perpendicular to the coastline) 
 Figure 8 e,h,i). However, the direction of the wind in this 
art, due to pushing the surface water, causes a difference 
n the water level between coastal and offshore areas, be- 
ng consistent with the upwelling event. Since the effect of 
ther factors (other than wind) may play a role in creat- 
ng upwelling, it is necessary to examine the daily changes 
or a more detailed study. Northwest and north winds in 
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Figure 8 Continued. 
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une and July are the main mechanism of upwelling on the 
astern coasts of middle and southern Caspian basins, ow- 
ng to the Ekman transport perpendicular to the coastline 
 Figure 8 f,g). 

.2. Vertical section of seawater temperature in 

iddle and southern Caspian basins 

n May, although the wind direction in the middle Caspian 
asin (at 43 °N) is not parallel to the east coast ( Figure 8 e),
 slight upwelling occurs in lower layers, which may be 
ue to topographic effect ( Figure 9 a). However, in the 
outhern Caspian basin (at 39 °N), it is upwelling-favorable 
ind. Coastal upwelling is seen in the upper layers, which 
an be due to wind field effect ( Figure 9 b). In June, 
emperature contours show that the water masses of the 
astern coasts of the middle and southern Caspian basins 
re the result of divergence of surface waters and the 
ovement of water from lower layers to upper layers 

 Figure 9 c,d). Wind field is the main factor of upwelling 
n this month ( Figure 8 f).The intensity of upwelling due 
o wind is higher in the middle basin than in the southern 
asin, so that the topographic effect in this basin is neg- 
igible ( Figure 9 ). In July, in the middle basin, the rise of
ater mass at a depth of 20 m to the surface occurred, 
nd in the southern basin at a depth of 12 m, partially 
long 52—53 °E, according to the north wind ( Figure 9 e,f). 
urthermore, in the middle basin, wind-driven upwelling is 
redominant. 
In August and September, the rise of water mass from 

ower layers to upper layers in the middle basin (at 43 °N) 
an be seen in two parts ( Figure 9 h,i). The first part (blue
vals) indicates weak coastal upwelling considering the east 
nd southeast wind and change at the coastal water level 
Less than 10 m depth) ( Figure 9 g,i). However, the second 
arts (red ovals) show water rises from a depth of approxi- 
ately 35 to 10 m (along another longitude), which can be 
ue to sea currents encountering the seafloor (bottom to- 
ographic effect). Nevertheless, in the southern basin (at 
9 °N), rising water is seen only in part, at a depth of 35—
0 m (orange ovals), which is similar to the middle basin 
wing to topographic effects ( Figure 9 h,j). 
371 
.3. Monthly mean of vertical velocity in June and 

uly 

ccording to Figure 10 , the maximum vertical velocity oc- 
urs at 51.2 °E in June and July considering positive values. 

.4. Daily upwelling in June, July and August 

ising water mass from lower layers to the surface layer on 
une 27 ( Figure 11 a) in the longitude 51.2 °E occurs consider-
ng the northwest wind that is almost parallel to the coast- 
ine ( Figure 11 b). Moreover, according to Table 4 , the high-
st vertical velocity is estimated at 12 m/day in upwelling 
vents this month, where w max is the maximum vertical ve- 
ocity. 

On July 22, the water mass rises vertically in the longi- 
ude 51.20 °E ( Figure 12 a,b), and according to Table 5 , the
ighest vertical velocity is 13.82 m/day in upwelling events. 
In August, according to the wind direction (southeast), 

he mechanism of formation of upwelling on the fourth 
ay cannot be the effect of wind ( Figure 13 a). Although 
he vector of the wind field in this area is almost paral-
el to the coastline, its Ekman transport is to the onshore. 
herefore, the formation of upwelling in this part of mid- 
le basin coasts can be due to topography ( Figure 13 b). The
ighest vertical velocity is 10.36 m/day in upwelling events 
 Figures 13 b, 14 , Table 6 ). 

. Conclusion 

n this study, upwelling in the Caspian Sea was investigated 
sing a developed three-dimensional hydrodynamic numeri- 
al model (mpiPOM-CS). The Validation of the model results 
ased on measurement and observational data (satellite im- 
ge) showed greater consistency of the simulation results. 
ccording to the findings, upwelling often occurs in the 
aspian Sea from May to September, which is in good agree- 
ent with the results of studies conducted by Lavrova et al. 
2011) and Tuzhilkin and Kosarev (2005) in the eastern part 
f the middle Caspian basin. The difference in SST between 
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Figure 9 Vertical section of the seawater temperature ( °C) in MCB and SCB (May—September). 

372 
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Figure 10 Monthly mean of the vertical velocity (m/day) in MCB. 

Figure 11 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on June 27. 

Figure 12 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on July 22. 

373 
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Figure 13 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on August 4. 

Figure 14 Plan view of the topography and model current 
vectors at a depth of 27 m and its seawater temperature ( °C) in 
the eastern part of the middle Caspian Basin on August 4. 
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he eastern coast of the southern basin and the offshore 
rea is noticeable in May. Upwelling occurs in upper layers 
t the 20 m depth to the surface and 15 km from the coast,
hich can be due to the wind field effect. However, in the 
iddle Caspian basin, a slight upwelling occurs in lower lay- 
rs, owing to the topographic effect. In June, in the middle 
asin, upwelling occurs within 25 km from the coast in up- 
er layers at a depth of 35 m. Although the difference in SST 
between coastal and offshore waters) in these two basins is 
egligible, the vertical temperature gradient is much more 
ntense in the middle basin (43 °N) than in the southern basin 
39 °N). Upwelling in the middle basin occurred 6, 4, and 4 
imes per month in June, July, and August, respectively, so 
hat its intensity in June and July is much higher than in Au- 
ust. According to the wind field direction, upwelling events 
n June and July are mainly due to wind field effects and in 
ugust due to the bottom topography. In July and August, 
he mean of the maximum vertical velocities in the middle 
aspian basin was estimated 10.58 m/day and 7.98 m/day, 
374 
espectively, being in good agreement with the results ob- 
ained by Shia and Bidokhti (2015) (12 m/day and 7 m/day, 
espectively). The reason for the slight difference in these 
alues can be explained by the difference in the forcing ap- 
lied to the model. Wind-driven upwelling in August occurs 
n the eastern coasts of the middle Caspian basin within 25 
m from the coast up to a depth of 15 m. The mechanism of
pwelling formation in the middle Caspian basin in June and 
uly is north or northeast wind (parallel to the coastline), 
eing consistent with the results obtained by Knysh et al. 
2008) indicating that the reason of upwelling in July is the 
revailing wind from north to south in the middle Caspian 
asin. According to east and southeast winds in August and 
eptember in the eastern part of the middle basin, the up- 
elling in these months can be due to the effect of the bot-
om topography. 
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Abstract Approximately one-year water level records were utilized for examining the tidal 
dynamics and tidal asymmetry at the Shatt Al-Arab river estuary. The harmonic and the tidal 
skewness, two traditional methods in quantifying tidal asymmetry in tidal systems, were used. 
The water level measurements revealed a presence of a tidal wave attenuation when prop- 
agating further towards the inland direction, with notable reductions in the tidal range. The 
results of the harmonic analysis indicated that the diurnal and semi-diurnal constituents expe- 
rience considerable damping towards the upstream direction. The largest constituent was M2, 
followed by K1, O1, and S2. The largest shallow water constituent was MK3, followed by M4, 
MS4, MN4, and M6. The tidal form number ranged from 0.68 to 0.7 along the estuary; then, 
mixed, mainly semi-diurnal tidal nature was observed. However, six possible combinations of 
tidal constituents were used to quantify the tidal asymmetry, involving the interactions be- 
tween astronomical constituents alone as well as with the higher harmonics. According to the 
harmonic method, the relative phase difference of M2 and M4 constituents was in the range 
of 63 to 87.06, suggesting a flood dominance behavior of tidal wave along the estuary. Positive 
values of the tidal skewness were observed at all stations, with a pronounced increase towards 
the inland direction. The M2 and M4 interaction was the main contributor to tidal asymmetry, 
followed by M2-K1-O1, M2-S2-MS4, M2-M4-M6, K1-M2-MK3, and M2-N2-MN4 interactions. 
© 2022 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 

he tidal wave generated in the ocean undergoes sev- 
ral changes when propagating towards the coastal regions, 
hich are generally shallow water areas, leading to tidal 
ave asymmetry ( Parker, 2007 ). The tidal asymmetry refers 
o the distortion of the tidal wave with an unequal dura- 
ion of rising and falling tides, as well as the difference in 
he strength of the flood and ebb velocities ( Friedrichs and 
ubrey, 1988 ; Pugh, 1987 ). Tidal asymmetry plays a major 
ole in sediment transport and water circulation in estuaries 
nd coastal systems. The tide-averaged (residual) sediment 
ovement in tidal environments is mainly related to its 
idal asymmetry situation ( Gatto et al., 2017 ; Hoitink et al., 
003 ). Consequently, the long-term morphological changes 
f these water systems are mainly associated with their 
idal dynamics ( Aubery and Speers,1985 ). 
Various factors contribute to tidal asymmetry, resulting 

rom the interaction between the astronomical tide and 
onlinearities generated inside the estuary, including bot- 
om friction, river inflow, bathymetric changes, and the 
orphology of such systems ( Dronkers, 1986 ; Godin, 1991 ; 
liveira et al., 2006 ). Bottom frictions play the main role 
n the dissipation of tidal energy and transformation of the 
ave energy from the principal tidal constituents to sev- 
ral frequencies. These sets of frequencies are known as 
hallow water components of the tide ( Boon, 2013 ). The 
hallow water components of tide are mainly referred to 
s the multiplying of principle frequencies, such as M4 and 
6, representing the constituents generated from the prin- 
iple semi-diurnal tidal constituent M2 and known as over- 
ides or higher harmonics. Furthermore, the shallow wa- 
er effects lead to the nonlinear interaction between the 
rincipal tidal constituents as well as the overtides, which 
an generate constituents with various frequencies and are 
nown as compound tides, resulting from two or more con- 
tituents such as MN4, MS4, and MK3 ( Gallo and Vizon, 2005 ; 
oitink et al., 2003 ). River inflow has substantial effects on 
he tidal dynamics of estuarine systems. However, river dis- 
harge can increase the average water level and thus reduce 
he tidal amplitudes and retards the celerity of tidal prop- 
gation, that is, deforming the tidal waves ( Godin, 1985 ; 
uo et al., 2015 ). Moreover, the morphology of the tidal sys- 
ems can have an impact on their tidal dynamics. The fun- 
eling shape estuaries with reducing cross-sections can be 
amping the tidal wave energy by reflection against bound- 
ries. In contrast, tidal waves can be amplified when the 
ffects of the convergent overcome the effect of frictions. 
onsequently, tidal wave propagation exhibits a difference 
etween high and low water, and deformation in the tidal 
ave occurs ( Prandle, 2003 ). 
Basically, there are two methods to recognize tidal asym- 

etry ( Guo et al., 2019 ). The first is the harmonic method, 
hich requires the calculations of amplitudes and phases of 
he interacted tidal constituents. This method depends on 
he phase difference between the interacted constituents 
n order to determine the direction of the tidal asymmetry 
nd the ratio of the amplitudes to quantify the magnitude 
f the asymmetry ( Parker, 2007 ). The second is the statis- 
ical method, which calculates the tidal probability density 
unction and is known as a tidal skewness ( Nidzieko, 2010 ; 
ong et al., 2011 ). 
377 
Shatt Al-Arab river is formed by the confluence of 
uphrates and Tigris rivers at Qurna city in the Basrah 
rovince in southern Iraq and discharges to the Arabian Gulf 
 Figure 1 ). Shatt Al-Arab river estuary (SARE) represents an 
nternational border between Iraq and Iran. SARE has high 
mportance for Basrah province as well as for many cities 
n the Iranian side. In addition to using its water for various 
esidents’ activities, the river is considered to be a navi- 
ation channel for shipping, oil transportation, and fishing 
 Lafta, 2021a ). Several ports are located on the two river 
ides, principally depending on the tidal status in their over- 
ll activities ( Abdullah et al., 2016 ; Al-Taei et al., 2014 ). 
Tides of SARE follow the tidal regime of the Arabian 

ulf. However, there are limited studies that highlighted 
he tidal dynamics of SARE. Generally, due to several rea- 
ons, the field measurements of physical characteristics in 
his estuary are scarce ( Abdullah et al., 2015 ). The study 
f Al-Ramdhan and Pastour (1987) was the first study dis- 
ussing the water movement in SARE. They indicated that 
he water dynamics in the estuary is governed by tidal ef- 
ect and freshwater inflow. The tidal wave in SARE was an- 
lyzed by Abdullah (2002) . The analysis was based on the 
ata of 29 days of water level taken from the admiralty 
ide tables at the primary port of Iraq, known as an Outer 
ar station. This station is located at the northwest tip of 
he Arabian Gulf, south of the SARE mouth ( Figure 1 ). He
llustrated that M2 constituent was the major tidal com- 
onent. Moreover, he demonstrated that the tide displays 
 mixed, predominant semi-diurnal nature with the form 

umber at 0.85. Abdullah (2014) , based on the predicted 
ater level acquired from the website ( http://easytide ), 
tudied the characteristics of tidal phenomena in SARE. He 
emonstrated that the tidal wave undergoes attenuation as 
t propagates towards the upper reaches of the river, and 
he ebb duration was longer than the flood duration. Cor- 
espondingly, the aim of the current study is to examine 
he tidal dynamics and tidal wave deformation based on the 
ontinuous field measurements of water level at several lo- 
ations along the estuary. However, according to our knowl- 
dge, there are no studies that explored the tidal dynamics 
n this estuary through the use of comprehensive field mea- 
urements of water level. In particular, to give a picture of 
idal dynamics along SARE, evolution of tidal constituents 
nd tidal deformation are discussed. 

. Material and methods 

.1. Study area 

ARE is located in southern Iraq and represents the main 
ource of freshwater discharging to the Arabian Gulf ( Al- 
amani et al., 2020 ). The length of the river is about 200
m from Qurna city until it meets the Arabian Gulf at about 
2 km south of Faw city ( Figure 1 ). The river width exhib-
ted a funnel shape nature. The width ranges from about 
000 m at its mouth and is reduced to 200 m at the Qurna.
he bathymetry of the river is irregular, with the maxi- 
um and minimum depths reaching 18 and 6 m, respectively 

 Lafta, 2021a ). Many islands formed along the river course 
s a result of river depositions, as well as tectonic and an- 
hropogenic activities ( Al-Whaely, 2014 ). 

http://www.easytide
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Figure 1 Location map of the study area showing the measurement locations of water level. 
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The hydrology of SARE is governed by the freshwater dis- 
harged from Tigris, Euphrates, and Karun rivers, the tidal 
orce of the gulf, and the climatic conditions ( Allafta and 
pp, 2020 ). However, the continuous developments in the 
pstream countries of the Tigris, Euphrates, and Karun 
ivers result in very large reductions in the amounts of fresh- 
ater arriving at SARE. Additionally, the water resources 
uthorities in Iraq exacerbate the problem after 2009, when 
he Euphrates river inflow towards SARE is completely segre- 
ated by constructing an embankment on its stream, about 
5 km west of the Qurna site. Nowadays, due to these devel- 
pments, SARE receives freshwater mainly from the Tigris 
iver and minorly from the Karun river. These changes result 
n a pronounced alteration in the river hydrology and conse- 
uently affect the tidal propagation along the estuary. 

.2. Data collection 

ater level measurements represent the main data required 
o conduct the study objective. However, the hourly water 
evel records at four sites are conducted by installing water 
378 
evel divers at Faw, Sihan, Abo Flous, and Basrah. The co- 
rdinates, distance to the estuary mouth, and length of the 
ata record of these sites are given in Table 1 . 
The field measurements of water level were accom- 

lished as cooperation between Marine Science Cen- 
er/University of Basrah and Delft University of Technol- 
gy during 2014. SARE is a high dynamics, and its naviga- 
ion channel is always crowded by ships and fishermen’s 
oats. Hence, all water level divers were installed inside 
teel pipes on the western bank of the estuary to overcome 
he undesired movement. These pipes contain several holes 
long their entire course to allow the water to flow through 
hem. 
Before installing these instruments, a controlling point 

n the land was determined by transferring its level rela- 
ive to the local datum in this region, which is the mean sea
evel at Faw city (known as Faw 1979 datum). The differen- 
ial global position system was utilized for transferring the 
evel to the control points. Then, the divers were installed 
t suitable depths by taking into account that they are sub- 
erged during low and high tides. 
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Table 1 The coordinates, distance to the estuary mouth, and period of the data record at study stations. 

Station Longitude Latitude Distance to Estuary Mouth (km) Period of Record 

Faw 48 °29.986 ′ E 29 °58.104 ′ N 12 1/22/2014 to 1/9/2015 
Sihan 48 °11.973 ′ E 30 °19.423 ′ N 67.7 1/25/2014 to 12/23/2014 
Abo Flous 48 °1.528 ′ E 30 °27.585 ′ N 98.4 1/25/2014 to 12/23/2014 
Basrah 47 °50.098 ′ E 30 °32.041 ′ N 119 3/26/2014 to 12/24/2014 
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.3. Methodology 

.3.1. Harmonic analysis of tide 

he harmonic method is widely utilized for investigating 
he tidal dynamics and tidal asymmetry in coastal systems 
 Iglesias et al., 2019 ; Lafta et al., 2020 , 2021b ; Mao et al.,
004 ; Siddig et al., 2019 ; Suh et al., 2014 ). This method
s based on calculating the amplitudes and phases of the 
idal constituents from the measured tidal data series 
 Boon, 2013 ). 
The equation for the harmonic model is given as follows 

 Boon, 2013 ): 

 ( x, t ) = h ◦ + 

m ∑ 

j=1 

f j H j cos 
(
ω j t + u j − k ∗j 

)
, (1) 

here t is the time in hours, h ( x,t ) is the predicted wa-
er level, f j is the lunar node factor for constituent, H j is 
he amplitude for constituent, h 0 is the mean water level 
n that location, u j is the nodal phase for constituent, κ j 

∗ is 
he phase of constituent, ω j is the frequency of constituent, 
nd m is the number of constituents. For purely solar con- 
tituents, f j = 1 and u j = 0. The Matlab worldtides, a pack- 
ge for tidal analysis, was used in this study. More details 
n this method, acquiring, and the application of this pack- 
ge can be found on the website ( https://www.mathworks. 
om/matlabcentral/fileexchange/24217- world- tides ). 
However, tidal asymmetry can be generated when the in- 

eracted constituents satisfy 2 ω 1 = ω 2 and ω 1 + ω 2 = ω 3 ( ω
s the constituent frequency) ( Song et al., 2011 ). The rela- 
ive phase relations, likely 2 θ1 − θ2 and θ1 + θ2 − θ3 ( θ is the 
onstituent phase in degrees), are mainly utilized for rec- 
gnizing the nature of tidal deformation. In a semi-diurnal 
idal system, for example, the interaction of the princi- 
al lunar semi-diurnal constituents M2 with its first har- 
onic M4 was broadly considered as the main cause that 

s responsible for tidal asymmetry ( Aubrey and Speer, 1985 ; 
riedrichs and Aubrey, 1988 ). The phase difference ( 2 θ1 = 

2 ) in the range of 0 to 180 degrees refers to a shorter 
uration of the rising tide than the falling tide, or a flood 
ominance, while, in contrast, the phase difference in the 
ange of 180 to 360 degrees refers to an ebb dominance 
idal wave. When the phase difference was exactly 0 or 180 
egrees, no tidal asymmetry will occur. Similarly, triad con- 
tituents interactions can lead to a tidal asymmetry. How- 
ver, Song et al. (2011) examined the tidal wave deforma- 
ion in 335 sea-level stations around the world. He reported 
hat, in the mixed, mainly semi-diurnal tidal systems, the 
ost significant triad interactions that can contribute to 
he total tidal asymmetry are M2-M4, M2-S2-MS4, M2-N2- 
N4, M2-K1-O1, M2-K1-MK3, and M2-M4-M6. Similarly, the 
elative phase difference of these triad interactions in the 
379 
ange of 0 to 180 degrees refers to a longer falling tide than
he rising tide, thus flood dominance. Meanwhile, the phase 
ifferences in the range of 180 to 360 degrees refer to an 
bb dominance tidal system ( Song et al., 2011 ). 

.3.2. Tidal skewness 
idal skewness is a statistical approach based on the 
alculation of the probability density function of wa- 
er level proposed by Nidzieko (2010) and extended by 
ong et al. (2011) . In this method, asymmetry from several 
onstituents combinations taken into account, with only 
wo or three combinations, could contribute to tidal skew- 
ess ( Zhang et al., 2018 ). The most remarkable feature of 
his method is that it can determine the strength and rel- 
tive contribution of each of such combinations into total 
idal asymmetry based on the amplitudes, phases, and fre- 
uencies of the tidal constituents. The tidal skewness re- 
ulting from the combination of two tidal constituents is 
iven as follows ( Song et al., 2011 ): 

2 = 

3 
4 a 

2 
1 ω 

2 
1 a 2 ω 2 sin ( 2 ϕ 1 − ϕ 2 ) [ 1 

2 

(
a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 

)] 3 
2 

. (2) 

Meanwhile, the skewness resulting from the combina- 
ions of three constituents is given as follows ( Song et al., 
011 ): 

3 = 

3 
2 a 1 ω 1 a 2 ω 2 a 3 ω 3 sin ( ϕ 1 + ϕ 2 − ϕ 3 ) [ 1 

2 

(
a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 

)]3 / 2 , (3) 

here a n , ϕ n , and ω n are amplitude, phase, and frequency 
f the tidal constituent. The contribution of the different 
ombination to the overall tidal asymmetry is obtained as 
ollows: for the combination of two constituents: 

2 = γ2 

( 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 ∑ N 

i =1 a 
2 
i ω 

2 
i 

) 3 / 2 

(4) 

nd for the combinations of three constituents: 

3 = γ3 

( 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 ∑ N 

i =1 a 
2 
i ω 

2 
i 

) 3 / 2 

. (5) 

Hence, the total skewness can be obtained by the sum- 
ation of individual β: 

N = 

∑ 

β2 + 

∑ 

β3 . (6) 

The direction of the tidal asymmetry is determined by 
he sign of the total skewness γN . The positive values of γN 

efer to a short period of rising water and long period of 
alling water, that is, the flood dominance, while the nega- 
ive values of γN indicate the ebb dominance nature of tidal 
symmetry. 

https://www.mathworks.com/matlabcentral/fileexchange/24217-world-tides
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.3.3. Relative Sensitivity Coefficient (RSC) 
he sensitivity of tidal asymmetry contributed by differ- 
nt combinations to the evolution of the amplitudes of 
idal constituents can be examined by a nondimensional 
arameter known as a relative sensitivity coefficient (RSC) 
 Zhang et al. 2018 ). 
The expression of RSC takes the form of two or three 

ombinations ( Yu et al. 2020 ): for the combination of two 
idal constituents: 

 a 1 = 

2 a 2 2 ω 

2 
2 − a 2 1 ω 

2 
1 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 

, (7) 

 a 2 = 

a 2 1 ω 

2 
1 − 2 a 2 2 ω 

2 
2 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 

, (8) 

nd for the combination of three tidal constituents: 

 a 1 = 

a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 − 2 a 2 1 ω 

2 
1 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 

, (9) 

 a 2 = 

a 2 1 ω 

2 
1 + a 2 3 ω 

2 
3 − 2 a 2 2 ω 

2 
2 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 

, (10) 

 a 3 = 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 − 2 a 2 3 ω 

2 
3 

a 2 1 ω 

2 
1 + a 2 2 ω 

2 
2 + a 2 3 ω 

2 
3 

, (11) 

here a and ω represents the amplitude and frequency of 
he tidal constituent, respectively. The RSCs values refer 
o the correlation between tidal skewness and constituent 
mplitude. However, the positive RSC implies the positive 
elationship between the tidal skewness and the amplitude; 
hat is, tidal asymmetry will improve with the increase of 
he amplitude. In contrast, negative RSC suggests that tidal 
symmetry will be reduced as the amplitude increases. 

. Results and discussion 

.1. Tidal harmonics 

he time series measurements of water level are shown in 
igure 2 , which are exhibits the spatial and spring-neap vari- 
bility of the tidal range. The maximum tidal range was 
bserved in the Faw station, reaching about 3 and 2.5 m 

n spring and neap tides, respectively. These ranges are 
early similar to the ranges recorded in estuary mouth by 
hahidi et al. (2011) , which are about 3.2 and 2.65 m in 
pring and neap tides, respectively. Meanwhile, the tidal 
ange is highly reduced in Basrah station and reaches 0.5 
 in spring tide. However, the reduction in the tidal ranges 
long the SARE reflect the continuous attenuation of the 
idal wave when propagating further upstream. 
The along-estuary variations in the amplitudes and 

hases of the tidal constituents (O1, K1, N2, M2, S2, MK3, 
N4, M4, MS4, and M6) at the four locations are shown 
n Table 2 . These ten tidal components explain over 92% 

f the total variance in water level at Faw station. Har- 
onic analysis results suggested that the tidal form numbers 
O1 + K1/M2 + S2) range between 0.68 and 0.7. Hence, SARE 
s characterized by mixed, predominantly semi-diurnal tides 
ccording to the classification of Defant ( Defant, 1960 ). 
his result is in accordance with the previous finding of 
bdullah (2002) . Among the main tidal constituents used in 
380 
he analysis, the largest was M2 in all stations. The second 
mportant constituent was K1, followed by O1, S2, and N2. 
he maximum amplitudes of the principal tidal constituents 
M2, S2, N2, K1, and O1) were observed in the Faw station. 
owever, it is obvious from Table 2 that the amplitudes of 
he semi-diurnal and diurnal tidal constituents have under- 
one a large reduction with distance along the longitudi- 
al path of the estuary. The reduction in the constituents’ 
mplitudes could be attributed to local bathymetry, that 
s, friction effect, which appears to exceed the effect of 
onvergence nature of the estuary. As mentioned before, 
ARE is characterized by irregular depths along its course 
s well as the existence of several islands, particularly in 
he region located north and south of the confluence point 
f Karun river with SARE, as indicated in Figure 1 . These 
slands can work as barriers that participate in the attenu- 
tion and nonlinear transformation of tidal energy and con- 
equently the decay of the tidal harmonics. As illustrated by 
he results of the harmonic analysis ( Table 2 ), most of the
idal energy is mainly dissipated near these islands, and this 
s reflected by the sharp decline of the amplitudes of the 
stronomical tidal constituents at Abo Flous station. How- 
ver, Wu et al. (2018) demonstrated that the islands have 
 major effect on tidal hydrodynamics in tidal channels and 
ake the tides more nonlinear. The reduction in the am- 
litudes of the tidal components towards inland direction 
as observed in many tidal systems, that is, Murray coastal 
agoon ( Jewell et al., 2012 ), Cochin estuary ( Vinita et al.,
015 ), and Yangtze estuary ( Lu et al., 2015 ). 
The shallow water tidal constituents are generated when 

he tidal wave is distorted inside the estuary. The high- 
st amplitudes of these constituents were observed near 
he estuary mouth (Faw station), except for M6. Unlike the 
4 constituent, which is the most significant shallow wa- 
er component in semi-diurnal tidal systems, MK3 was the 
argest shallow water constituent in the SARE. This could be 
ecause SARE is a mixed, mainly semi-diurnal tidal system, 
nd the dominant astronomical components M2 and K1 con- 
rol the tidal behavior. Consequently, the nonlinear transfer 
f energy from these two constituents gives a rise to MK3 
mong the other shallow water components. The second- 
argest shallow water constituent was M4, followed by MS4. 
hese two constituents vary almost similarly due to their 
lose frequencies. However, the evolution trend of the shal- 
ow water constituents displays a continuous reduction to- 
ards the inland direction, generally like the evolution of 
he principal astronomical components, except for the M6 
nd MK3. The M6 amplitude reaches its peak value at the 
ihan station, about 61% relative to its amplitude at Faw 

tation, and then decreases towards upper stations. In ad- 
ition, the amplitude of the MK3 constituent showed a little 
ncrease between Abo Flous and Basrah stations, in compari- 
on with its continuous reduction from Faw to Abo Flous sta- 
ions. This inconsistent behavior of the shallow water com- 
onents reflected the influences of the local geometry of 
he estuary in such regions. 
The phase lags of all tidal constituents exhibited a grad- 

al increase along the SARE. The tidal period in the SARE 
s close to the period of the M2 constituent, that is, 12.42 
ours ( Abdullah et al., 2016 ). Hence, the time of high and
ow water along the estuary is associated with the time of 
rest and trough of the M2 wave. However, according to 
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Figure 2 Time series of hourly water level records along the Shatt Al-Arab river estuary at Faw (A), Sihan (B), Abo Flous (c), and 
Basrah (D) stations during 2014. 

Table 2 Amplitudes (m) and phases (degrees) for the tidal constituents used in the analysis. 

Tidal Constituent Faw Sihan Abo Flous Basrah 

Amp. Phase Amp. Phase Amp. Phase Amp. Phase 

O1 0.261 218.89 0.122 260.66 0.068 297.30 0.059 304.81 
K1 0.449 305.53 0.277 346.40 0.133 22.59 0.129 32.58 
N2 0.159 166.29 0.081 225.60 0.04 268.27 0.036 298.01 
M2 0.799 278.58 0.443 342.32 0.23 28.39 0.221 54.09 
S2 0.249 36.59 0.125 101.17 0.06 153.01 0.053 177.94 
MK3 0.07 141.26 0.041 239.61 0.027 308.47 0.028 341.25 
M4 0.049 110.10 0.03 261.64 0.015 350.85 0.014 30.99 
MS4 0.039 236.95 0.022 22.15 0.011 109.57 0.008 154.10 
MN4 0.017 2.17 0.009 156.61 0.005 256.09 0.004 299.08 
M6 0.005 223.8 0.013 79.98 0.011 202.85 0.008 265.33 

381 



A.A. Lafta 

H
t
b

T

w
T
v
i
s
w
(
s
e
s
c
o
d
r
i
p  

h
w
t
a
g
f
p
A
h
T
a
r
b
a
s
l
t
p
i
K
B
t
s
o  

c
F
s
w
r
t
o

3

T
o
a
2

r

a
e
F
t
n
a
r
d
t
t
i
H
i  

h
w
f

s
a
t
M
r
1
t
t
t
A
t
n
r
c
d

B
i
c
e
t
f
t
d
n
e
(  

z  

F
s
t
t
a
c
s
s
t
t
a
p
m
A
(  

T
s

icks (2006) and Kuang et al. (2017) , the time corresponding 
o the phase lag of the tidal constituent can be estimated 
y the following: 

 ime = 

�G 

360 
× T cont. , 

here �G is the phase lag between two locations and 
 cont. is the period of the tidal constituent. The results re- 
ealed that the phase lags of the semi-diurnal constituents 
ncrease faster than the phase lags of the diurnal con- 
tituents. This is mainly related to the effect of friction, 
hich is proportional to the square of the wave speed 

 Parker, 2007 ); that is, wave speeds of semi-diurnal con- 
tituents are slower than those diurnal constituents. How- 
ver, according to Hicks (2006) , the speed of the tidal con- 
tituents is 360 °/ T cont. ; hence, semi-diurnal constituents de- 
ay faster than the diurnal constituents under the effects 
f friction. This result is consistent with the theoretical in- 
ication of Godin (1999) , which illustrated that the decay 
ate of the tidal constituents is frequency-dependent; that 
s, constituents with higher frequencies decay faster. The 
hase lag of M2 ( T M 2 = 12 . 42 hours ) between Faw and Si-
an stations reaches 63.74 degrees; that is, high water, or 
ave crest, takes about 2.19 hours between these two sta- 
ions. By taking into account that the distance between Faw 

nd Sihan stations reaches 55 km, hence tidal wave propa- 
ates with speed at about 25 km/h. As the tidal wave moves 
urther upstream, a pronounced delay in speed occurs. The 
hase lag of M2 reaches 46.07 degrees between Sihan and 
bo Flous stations, and hence, high water needs about 1.58 
ours to cover the distance between these two locations. 
he distance between Sihan and Abo Flous is about 31 km, 
nd consequently, the tidal wave propagates at a speed that 
eaches 21 km/hour. The phase lag reaches 135.51 degrees 
etween Faw and Basrah station; that is, about 4.67 hours 
re required for the tidal wave to move from Faw to Basrah 
tation. The phase lags of the S2 and N2 exhibited a simi- 
ar evolution trend as M2 but with a few different magni- 
udes as a result of their different periods. Additionally, the 
hase lags of the diurnal constituents also showed gradual 
ncreases towards upstream. For instance, the phase lag of 
1 between Faw and Basrah stations reaches 87.05 degrees. 
ased on the period of the K1, which equals 23.93 hours, 
he time required by this wave to move from Faw to Basrah 
tation reaches 5.78 hours. However, since the wave speed 
f K1 is about half of the speed of M2 ( Hicks, 2006 ), and by
omparison of the time required by M2 and K1 to move from 

aw to Basrah stations, it is obvious that semi-diurnal con- 
tituents experience a large delay along the estuary. Mean- 
hile, the phase lags for the shallow water constituents are 
elated to their frequencies and increase faster than the as- 
ronomical constituents towards upstream under the effect 
f nonlinear friction. 

.2. Tidal asymmetry 

idal asymmetry can be created by the combinations of two 
r more constituents, both astronomical or mixed between 
stronomical and shallow water constituents ( Guo et al., 
019 ; Provost, 1991 ; Song et al., 2011 ). 
The results of the harmonic method indicated that the 

elative phase relation between M2 and M4 ( 2 θM − θM ) 
2 4 

382 
t the Faw station is 87.06 degrees and varies along the 
stuary with 63, 65.93, and 77.19 degrees in Sihan, Abo 
lous, and Basrah stations, respectively. Hence, according 
o Aubrey and Speer (1985) , SARE exhibits a flood domi- 
ance behavior if only the M2-M4 interaction is taken into 
ccount. According to Lu et al. (2015) , the M4/M2 amplitude 
atio that is greater than 0.01 indicates the significant tidal 
istortion in the tidal system. In SARE, this ratio ranged be- 
ween 0.061 and 0.067 and exhibited an inconsistent evolu- 
ion trend by increasing from Faw towards Sihan, and then, 
t displayed a little reduction towards the other stations. 
owever, the evolution of this ratio depends on the behav- 
or of both M2 and M4. The spatial distribution of this ratio is
ighly dependent on the local geometry of the estuary, and 
hen it increases, it refers to the large transfer of energy 
rom M2 to M4. 
Tidal asymmetry was investigated further by the tidal 

kewness metrics. Following Song et al. (2011) , the tidal 
symmetry in SARE can be induced by several interac- 
ions, such as M2-M4, M2-K1-O1, M2-S2-MS4, M2-K1-MK3, 
2-N2-MN4, and M2-M4-M6. However, the relative phase 
elations for all these interactions ranged between 5 and 
79 degrees, suggesting a flood dominance tidal asymme- 
ry in the estuary. These results are mainly consistent with 
he observed longer period of the ebb tide than the flood 
ide and are in agreement with the previous indications of 
bdullah (2014) . Figure 3 displays the mean values of the 
idal skewness at all stations. Positive values of tidal skew- 
ess were observed at all stations, indicating a longer pe- 
iod of the falling tide than the rising tide. The steadily in- 
reasing tidal skewness reflected the continuous tidal wave 
eformation towards the upper reaches of the estuary. 
The highest values of tidal skewness were recorded at 

asrah and Sihan stations, indicating the nonuniform behav- 
or of tidal wave deformation along the SARE. However, in- 
reasing the tidal skewness at the middle reaches of the 
stuary, that is, at Sihan station, could be mainly attributed 
o the local characteristics of the estuary as well as to the 
reshwater inputs from the Karun river, which is sufficient 
o prolong the ebb duration, and consequently more tidal 
eformation at this region will occur. Similar behavior of 
onuniform tidal wave deformations was observed in sev- 
ral estuaries in the world, that is, the upper St. Lawrence 
 Godin 1985 , 1999 ), the Amazon estuary ( Gallo and Vin-
on, 2005 ), and Changjiang river estuary ( Guo et al., 2019 ).
urthermore, Figure 3 illustrates the contributions of the 
ix combinations to total tidal skewness. The nonlinear in- 
eraction between M2 and its first harmonic M4 appears 
o be the dominant contributor to tidal asymmetry, with 
 gradual evolution along the estuary. This interaction ac- 
ounts for 49.17, 51.73, 54.67, and 54.45% of the total 
kewness at Faw, Sihan, Abo Flous, and Basrah stations, re- 
pectively. However, asymmetry generated by this interac- 
ion is traditionally increased by the reduction of M2 ampli- 
ude and generation of M4, and obviously, this is the case 
t SARE, which displayed a large reduction of the M2 am- 
litude towards inland stations. Such behavior was com- 
only recorded in many estuaries around the world, like the 
mazon estuary ( Gallo and Vizon, 2005 ), Yangtze estuary 
 Lu et al., 2015 ), and Pearl river delta ( Zhang et al., 2018 ).
he interaction of the astronomical M2-K1-O1 triad repre- 
ents the second main contributor to the tidal asymmetry, 
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Figure 3 The contributions of the six combinations to total tidal skewness along the Shatt Al-Arab river estuary. 

Figure 4 The mean value of relative sensitivity coefficient for different constituents amplitudes contributing to total tidal skew- 
ness by M2-M4 (A), M2-K1-O1 (B), M2-S2-MS4 (C), M2-K1-MK3 (D), M2-N2-MN4 (E), and M2-M4-M6 (F) along the Shatt Al-Arab river 
estuary. 
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ccounting for 32.18, 26.26, 21.03, and 18.42% at four sta- 
ions, respectively. However, although a substantial decline 
n the skewness of this interaction occurs towards the in- 
and direction, due to the large reduction of the amplitudes 
f astronomical constituents, the tidal asymmetry induced 
y this triad combination is a flood dominant in SARE. This 
ndicates that the tide is mostly a flood dominant in offshore 
efore entering the estuary. It is well known that the north- 
rn Arabian Gulf is a shallow water region with maximum 
383 
epths that do not exceed 20 m ( Lafta et al., 2019 ). Hence,
he nonlinear friction in shallow water plays a fundamen- 
al role in tidal wave deformation in the northern part of 
he gulf, resulting in the retard of the tidal wave propa- 
ation around low tides to high tides. Similar behaviors of 
he M2-K1-O1 interaction were observed in some estuarine 
ystems, such as the Cochin estuary ( Vinita et al., 2015 ) and
angtze estuary ( Yu et al., 2020 ). The M2-S2-MS4 interaction 
eems to be the third contributor, participating by about 
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155 . 
—10% to the total skewness. The considerable attenuation 
f both M2 and S2 constituents inside the estuary gave rise 
o this interaction. However, Song et al. (2011) indicated 
hat, in mixed semi-diurnal tidal systems, M2-S2-MS4 inter- 
ction plays a fundamental role in the tidal asymmetry in 
uch systems. The fourth important interaction was M2-M4- 
6 with contribution percentage rising from 2% at Faw to 
0% at Basrah station. This rise was expected as the M2 con- 
tituent experiences more reduction in the upper reaches 
f the estuary. The interaction of K1-M2-MK3 seems to have 
 secondary effect on the tidal asymmetry at all stations, 
ith the largest contribution reaching about 5% at Basrah 
tation. While the M2-N2-MN4 interaction has a minor role 
n the total asymmetry with the contribution not exceeding 
%, this can be attributed to the small amplitudes for both 
2 and MN4 constituents. 

.3. Influence of tidal evolution on tidal 
symmetry 

ensitivity analysis is conducted to quantify the response of 
he tidal skewness to the evolution of the tidal constituents 
long SARE. Figure 4 illustrates the relative sensitivity co- 
fficients for the six combinations contributing to the tidal 
symmetry in SARE. The results revealed that RSC for M2 
mplitude is negative for all six combinations. This implies 
hat the tidal asymmetry is enhanced by a reduction in the 
2 amplitude. The tidal asymmetry induced by the M2-M4 
ombination is mainly intensified by increasing M4 ampli- 
ude and decreasing the M2 amplitude. However, our results 
howed a relative reduction in the M4 amplitude, which is 
xpected to minimize the tidal skewness of M2-M4 along the 
stuary. In contrast, a substantial increase in tidal skewness 
f M2-M4 was observed towards the upper reaches of estu- 
ry. This behavior is mainly due to the large reduction in 
he M2 amplitude in comparison with M4 amplitude along 
he estuary. Regarding tidal skewness induced by the M2-K1- 
1 combination, the relative sensitivity coefficient implies 
hat tidal asymmetry is enhanced by increasing K1 and O1 
mplitudes and decreasing the M2 amplitude. The results 
ndicated that tidal skewness that resulted from M2-K1-O1 
symmetry experienced a significant reduction towards the 
pper reaches of the estuary, despite the substantial atten- 
ation of M2 amplitude. However, both K1 and O1 ampli- 
udes showed a large reduction as they propagate towards 
he inland direction, leading to an obvious minimizing of 
he M2-K1-O1 asymmetry. The sensitivity coefficient of M2 
or the M2-M4-M6 combination is also negative. The tidal 
symmetry induced by this combination undergoes a signif- 
cant increase towards the inland areas and is associated 
ith a large reduction that occurs in the M2 amplitude, in 
he same way as the M2-M4 combination. The sensitivity co- 
fficients of M2 for the remaining combinations, including 
2-S2-MS4, M2-K1-MK3, and M2-N2-MN4, are also negative. 
owever, all these three combinations illustrated a relative 
ncrease along the estuary due to the reduction that occurs 
n M2 amplitude. Consequently, the reduction of M2 ampli- 
ude plays a fundamental role in intensifying the tidal asym- 
etry in SARE. 
384 
. Conclusions 

n this study, the water level measurements indicated that 
he tidal wave experiences pronounced damping when prop- 
gating towards the inland direction. Consequently, the fric- 
ion effect was overcoming the convergent nature of the 
stuary. The maximum tidal ranges at the seaside station 
ere 3 and 2.5 m in spring and neap tides, respectively, and 
ecreased in the upper reaches of the estuary. The results 
f the harmonic analysis indicated that the amplitudes of 
he principles diurnal K1 and O1 and semi-diurnal M2 and S2 
xperience considerable reductions towards the inland di- 
ection under the effect of friction and the geometry of the 
stuary. Hence, in this context, higher and compound tides 
ere generated. 
Six possible interactions, including the astronomical and 

onlinearities to the total asymmetry, were evaluated. The 
ain contributor to the tidal wave deformation coincides 
ith the interaction of M2 and M4 at all stations, followed by 
ther interactions. The results of both the harmonic method 
nd the tidal skewness method demonstrated that SARE ex- 
ibited a flood dominance nature of tidal asymmetry. The 
onuniform behavior of tidal asymmetry was recognized. 
he Basrah and Sihan stations presented a more tidal wave 
eformation due to the local characteristics as well as the 
ffect of the freshwater inflow. The relative sensitivity co- 
fficient of M2 appears to have the largest values in all com- 
inations; hence, the tidal asymmetry of SARE is mainly sen- 
itive to variations in the M2 amplitude. 
It is worth mentioning that the results obtained are 

ainly based on the water level measurements and focused 
n the tidal duration asymmetry due to the lack of flow ve- 
ocity data. Hence, it is highly recommended to investigate 
he velocity asymmetry that is directly correlated with the 
ediment dynamics and morphological evolution in coastal 
ystems. Additionally, it is highly recommended to study the 
nfluence of the river discharge variations on the tidal dy- 
amics. This could be conducted based on the numerical 
odeling techniques. 
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Abstract Species aggregation has important implications for population survivorship and eco- 
logical functioning in many habitats, including rocky intertidal shores, which have been valu- 
able to research for understanding ecological patterns and process. Intertidal gastropods of 
the family Cerithiidae often form extensive aggregations for which the driving mechanism may 
be positive thigmotaxis, i.e. movement occurring until an obstructing surface is contacted, 
then cessation of movement. However, it is unknown if thigmotaxis may occur by cerithiids 
contacting and aggregating around uneven surfaces of the rock topography, or by contacting 
other conspecific individuals. We quantified aggregation patterns in invertebrate assemblages 
and topographic complexity at intertidal rock platforms in NW India with extensive cerithiid 
populations. The cerithiids Clypeomorus moniliferus and Cerithium caeruleum were the most 
common species. Distribution analysis confirmed significant over-dispersion indicative of ag- 
gregation (densities were often around zero but occasionally reached up to 680 dm 

−2 ). Multi- 
variate correlation analyses showed that topographic complexity contributes to overall species 
assemblage variability, but there was no evidence that topographic complexity correlates with 
cerithiid abundances or was likely to affect their aggregation. Thus the thigmotaxis produc- 
ing cerithiid aggregation is probably associated with individuals contacting each other rather 
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than any feature of the rock surface such as crevices or raised areas. Overall, while some 
components of species assemblages were associated with complex topography, regarding the 
abundant cerithiids, potential population benefits from aggregation (e.g. reduced desiccation 
and temperature) may be expected on rocky shores with any level of topographic complexity. 
© 2022 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 license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

ggregation or spatial patchiness is one of the most im- 
ortant population features to evaluate for understanding 
rocesses controlling species distribution ( He et al. 2000 ) 
nd consequent wider implications (e.g. setting conserva- 
ion priorities for species of concern or quantifying the fer- 
ilization and reproductive capability of broadcast spawn- 
rs; e.g. Button, 2008 ; Green and Ostling, 2003 ). Ag- 
regation may be related to biotic factors such as pre- 
ation defence ( Ray and Stoner, 1994 ) and food supply 
 Lauzon-Guay and Scheibling, 2009 ; Lapointe and Sainte- 
arie, 1992 ; Schmitt,1987 ) or to environmental factors 
uch as habitat complexity ( Stafford and Davies, 2005 ) 
nd environmental harshness ( Chapperon et al., 2013 ; 
ojas et al., 2013 ). Aggregations can have impor- 
ant ecological implications such as increased popu- 
ation survivorship and altered interactions with co- 
ccurring species ( Stafford and Davies, 2005 ; Stoll and 
rati, 2001 ). There can also be implications related to eco- 
omic use of species as resources ( Hallier and Gaertner, 
008 ). 
Invertebrates on rocky shores including limpets 

 Aguilera and Navarrete, 2011 ; Coleman, 2010 ; 
oisez, et al. 2020 ), gastropods ( Chapman and 
nderwood, 1996 ; Underwood, 2004 ) and chitons 
 Aguilera and Navarrete, 2011 ; Grayson and Chapman, 2004 ; 
ontecinos et al., 2020 ) are often observed to aggregate 
r occur in over-dispersed distributions. Past research has 
hown that habitat complexity is a main driver of aggrega- 
ion for invertebrates in intertidal rocky habitats. Difficulty 
f moving through areas of high topographic complexity 
f the rock substratum may reduce population turn-over 
 Underwood and Chapman, 1989 ) and cause higher densities 
ompared to habitat patches of less complex topography 
 Chapman and Underwood, 1994 ). Alternatively, a complex 
ocky intertidal topography may involve crevices and other 
eatures where susceptible species aggregate to avoid 
arsh environmental conditions ( Montecinos et al., 2020 ; 
tafford and Davies, 2005 ) or predation ( Garrity and Lev- 
ngs, 1981 ). Although if predators themselves use crevices, 
hen any prey aggregation may involve higher abundances 
utside crevices ( Fairweather, 1988 ). More recently there 
as been interest in increasing the scope of our knowl- 
dge about intertidal species aggregation to include other 
ess studied taxa, e.g. research on economically impor- 
ant aggregating gastropods in China ( Yu et al., 2020 ) 
nd on aggregation of poorly studied taxa from cryptic 
ntertidal habitats done by Grayson and Chapman (2004) . 
tafford et al. (2008) did computer simulations of in- 
ertidal gastropod aggregation behaviour in connection 
388 
ith availability of crevices and trail following. Crevice 
bundance appeared important in determining aggregation 
atterns. However for broadcast spawning species aggrega- 
ion behaviour also develops on flat rock. These simulations 
ighlighted the potential complexity of influences from 

opographic features toward affecting aggregation, which 
ould be followed up with observational or experimental 
esting. 
Rocky intertidal gastropods such as cerithiids and lit- 

orinids often have aggregated distributions ( Chapman and 
nderwood, 1996 ; Denadai et al., 2004 ; Moulton, 1962 ; 
ohde and Sandland, 1975 ). Cerithiid aggregations may be 
ormed during movement, involving individuals moving un- 
il contact occurs with some obstacle and then cessation of 
ovement ( Moulton, 1962 ). This has been described as pos- 

tive thigmotaxis, i.e. the tendency for individuals to move 
nto pressure such as from a solid surface. Surfaces caus- 
ng thigmotaxis and aggregation might be features of the 
ock associated with uneven topography ( Moulton, 1962 ). 
lternatively, it is possible that bodies/shells of other gas- 
ropod individuals may be the surfaces most commonly in- 
olved in thigmotaxis, in which case aggregation may occur 
rrespective of topographical features. In addition, aggre- 
ation formation appears to vary among cerithiids, an ex- 
mple of apparent lack of aggregation being found for the 
ow density Cerithium nodulosum populations (2 individuals 
er 100 m 

2 ) studied by Yamaguchi (1977) ; this can be com-
ared to the Clypeomorus moniliferum populations studied 
y Moulton (1962) which had closely positioned clusters con- 
aining hundreds to thousands of individuals. Cerithiids are a 
seful taxon for gaining insight about intertidal aggregation 
rocesses because of the wide extent of their distribution 
lobally across temperate ( Garilli et al., 2018 ) and tropi- 
al shores ( Denadai et al., 2004 ), and due to the apparent
onsistency and distinctiveness of the aggregation patterns 
hat have so far been described (e.g. Moulton, 1962 ). This 
ints at the possibility of related research programmes on 
hese observations being able to reveal mechanistic eco- 
ogical understanding with high spatiotemporal consistency 
 Underwood et al., 2000 ). Cerithiids can be considered as 
 model research taxon from which research findings can 
e applied to other aggregating intertidal species, some of 
hich are economically important (abalone — Button, 2008 ; 
helks — Yu et al., 2020 ). The potential ecological impor- 
ance of cerithiids themselves ( Nicolaidou and Nott, 1999 ) 
lso highlights the usefulness of research to understand 
ain processes determining distributions of their popula- 
ions and functions. 
Here we aimed to test hypotheses about patterns of 

ver-dispersion of intertidal macroinvertebrate distribu- 
ions on the Kathiawar Peninsula of Gujarat State in NW 
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Figure 1 Map showing the coastal sampling sites near the mu- 
nicipality of Veraval in the state of Gujarat in NW India. 
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ndia, using an observational study ( Underwood et al., 
000 ). The Kathiawar Peninsula has extensive intertidal 
ock platforms that harbour diverse plant ( Ishakani et al., 
016 ) and animal ( Bhadja et al., 2014 ) assemblages. The 
ntertidal biota of this region has been quantified in relation 
o different locations and seasons ( Misra and Kundu, 2005 ) 
ut few studies have revealed specific physical habitat 
eatures that may affect species distribution patchiness. 
Cerithiid gastropods are particularly widespread on NW 

ndian rocky shores, often with extremely patchy distribu- 
ions. This applies to large-scale distributions, with mean 
ensities per m 

2 found to vary between 30—279 among 
ifferent sites and seasons ( Thivakaran and Sawale, 2016 ) 
nd preliminary observations suggested strong patchiness 
ay also be common at smaller scales (here cerithiids 
ere often observed in clusters within areas of about 
.1 m 

2 where most individuals were in contact with each 
ther). Our specific aim was to quantify intertidal inverte- 
rate distributions, focusing on cerithiids, as well as fea- 
ures of their habitat. This study tested two main hypothe- 
es: 1) The distribution of cerithiids within rock-platforms 
s over-dispersed (confirming significant aggregation pat- 
erns) and 2) similar to studies on gastropod aggrega- 
ion as mentioned by Chapman and Underwood (1994) and 
eager et al. (2011) , cerithiid abundances will positively 
orrelate with rock topographic complexity. In addition to 
ests focusing on cerithiids, this correlation was also tested 
f rock topography on the whole invertebrate assemblage 
tructure. 

. Material and methods 

easurements of macroinvertebrate populations and habi- 
at complexity were taken during low tides at two 
ites near Veraval (i.e. 20 °55 ′ 01.15 ′ ′ N, 70 °20 ′ 35.29 ′ ′ E and 
20 °55 ′ 29.36 ′ ′ N, 70 °19 ′ 46.28 ′ ′ E) on the Kathiawar Peninsula 
 Figure 1 ) in January 2020. These were selected as ran- 
om sites, with biotic and abiotic structure appearing simi- 
ar between them. The Veraval shore has a gently sloping 
ock platform at the mid tidal zone below a sand beach 
t the high zone. A steep drop-off into deep subtidal wa- 
ers occurs at the seaward end of the low intertidal zone. 
he nearest settlement is the Veraval municipality approxi- 
ately 1—2km from the sampling sites. There are extensive 
389 
lgae present, which includes foliose algae but most notably 
on-geniculate coralline algal mats that had a mean cover 
f 31% when measured during nearby algal quadrat surveys. 
he sampling was done during winter, with mean tempera- 
ure of the intertidal rock surface at low tide being 25.18 °C
S.E. = 0.66). 
At each site, topographic complexity of the rock sub- 

tratum was measured along twenty randomly placed 2 m 

ransects at each site (40 transects total). Each transect 
as separated from other transects by approximately 2—
0 metres. The method for measuring topography was us- 
ng a steel chain draped across the undulating rock sur- 
ace, which can involve a single measurement taken per 
uadrat ( Aguilera et al., 2014 ) or multiple measurements 
 Beck, 1998 ). The length of each chain link section was 2.6
m, allowing the chain to provide a topographic profile of 
eatures such as crevices and boulders that have previously 
een shown as important for affecting aggregation of inter- 
idal species of similar body dimension to these cerithiids 
 Snyder-Conn, 1979 ). We laid one chain length along each 
ransect which had four 20 × 20 cm quadrats placed along 
he transect at evenly spaced intervals for sampling densi- 
ies of all macroinvertebrates, allowing the biotic data to 
e correlated to the linear topographic measurements that 
an through the middle of each quadrat. Complexity of the 
ock surface did not appear to differ according to any spe- 
ific spatial axis (e.g. the vertical profile from low to high 
ide level, compared to the alongshore horizontal profile), 
o topographic measurement from a single spatial axis was 
onsidered sufficient for estimating the general topographic 
abitat profile within a quadrat. 
The first hypothesis was tested using one sample 

olmogorov-Smirnov goodness-of-fit tests, separately for 
ach site. This method was previously used by Grayson and 
hapman (2004) for investigating intertidal mollusc ag- 
regation patterns by testing if populations have over- 
ispersed distributions among discreet patches of rocky 
abitat, but in our study the over-dispersion was tested 
mong quadrats on a continuous intertidal rock plat- 
orm. These analyses were done on the most widespread 
erithiid species ( Clypeomorus moniliferus and Cerithium 

aeruleum ) and tested if any patterns of over-dispersion 
n observed distributions among quadrats caused significant 
ifferences to the Poisson distributions expected if cerithi- 
ds were distributed randomly. 

The second hypothesis was tested using permutational 
nalysis of covariance (ANCOVA) to test the correlation be- 
ween cerithiid density (averaged from the four quadrats in- 
luded in each transect) and rock surface topography for the 
ransect. Site was included as a categorical random factor. 
he analysis was done in PRIMER 6 and used the resemblance 
easure of Euclidean distance and Type III Sums of Squares. 
omogeneity of variances was tested with PERMDISP us- 
ng medians, equivalent to Levene’s Test ( Anderson et al., 
008 ). All PRIMER analyses used 9999 permutations. 
Lastly, the total invertebrate assemblage (molluscs, 

rthropods, annelids and cnidarians) was analysed using 
he Distance Based Linear Modelling (DistLM) function in 
RIMER, correlating multivariate assemblage structure (bi- 
tic data) with the ratio values characterising topographic 
omplexity (environmental data). Data were combined from 

oth sites. Biotic data were fourth-root transformed to re- 
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Figure 2 Frequency distributions showing proportions of quadrats (20 × 20 cm) having different abundances of the cerithiid 
gastropod species Clypeomorus moniliferus (A, B) and Cerithium caeruleum (C, D) sampled at two sites on the rocky intertidal 
coast of Veraval. Grey bars show the measured frequency distributions of the actual populations; white bars show the calculated 
Poisson distributions expected if the populations were distributed randomly. In all cases the actual and Poisson distributions differed 
significantly (one-sample Kolmogorov-Smirnov goodness-of-fit tests). 
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uce the influence of abundant taxa. These data were plot- 
ed using Principle Coordinates (PCO) with vectors added to 
isualise which sample groups were associated with which 
ifferent taxa and values of the topography variable. 

. Results 

 total of 24 macroinvertebrate taxa were observed, mostly 
astropod molluscs ( Table 1 ). Two species in the family 
erithiidae were observed in large abundances ( Clypeo- 
orus moniliferus with mean density per quadrat of 21.01 
S.E. = 3.58) and Cerithium caeruleum with 3.71 (0.76)) 
nd two others more rarely ( Cerithium zonatum 0.04 (0.03) 
nd Rhinoclavis sinensis 0.01 (0.01)). Analyses were done on 
he large populations of C. moniliferus and C. caeruleum . 
or both species at both sites, observed frequency distri- 
utions among transects differed to the distributions ex- 
ected if cerithiids were distributed randomly ( Table 2 ). 
hey were often sparsely distributed in or absent from the 
ajority of quadrats, while smaller proportions had densi- 
ies up to 680 dm 

−2 for C. moniliferus ( Figure 2 a,b) and 
36 dm 

−2 for C. caeruleum ( Figure 2 c,d), confirming sig- 
ificantly over-dispersed distributions indicative of aggrega- 
ion. However, in one case ( C. caeruleum at site 2), the dis- 
ribution expected with random (Poisson) distribution had 
imilar proportions of samples with large densities com- 
ared to the empirical data ( Figure 2 d), so in this case 
he significant difference in frequency distributions may be 
argely attributable to the large proportion of vacant/low- 
ensity quadrat samples. 
390 
There was highly variable topographic complexity on the 
ampled rock platforms, indicated by measurements of the 
atio of the chain length (that followed the contours of the 
ock surface) to the linear length of the transect (2 m); val- 
es ranged from 0.717 to 0.995. The ANCOVA revealed no 
orrelations between cerithiid abundances and topographic 
omplexity ( Table 3 ). The only significant effect was from 

he random site factor for C. moniliferus ( Table 3 ). 
The multivariate assemblage structure was significantly 

orrelated with measures of topographic complexity (DistLM 

Pseudo-F = 3.128, P = 0.015). However, there was an 
 

2 value of only 0.076 so topographic complexity explained 
elatively minor amounts of the total variation. The vectors 
n the PCO plot ( Figure 3 ) showed that hermit crabs and
iphonaria spp. limpets were most strongly associated with 
he samples from rock surfaces with more complex/uneven 
opography. 

. Discussion 

ggregated distributions on the scale of metres are com- 
on for invertebrates on rocky shores ( Aguilera and Navar- 
ete, 2011 ; Chapman and Underwood, 1996 ; Coleman, 2010 ; 
rayson and Chapman, 2004 ; Moisez et al., 2020 ; 
ontecinos et al., 2020 ). Even so, the high levels of such 
atchiness for varied species on the Veraval shore was strik- 
ng. This suggests that the processes causing patchiness on 
ther shores are acting strongly here, or other processes are 
nvolved. For some intertidal gastropods, patchiness may be 
aused by aggregation in areas of abundant food ( Lauzon- 
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Table 1 List of total numbers of macrofaunal taxa found in January 2020 during the sampling at two sites on the intertidal rock platforms at Veraval. 

Phylum Class Order Family Species/common name Authority Site 1 Site 2 

Mollusca Gastropoda Caenogastropoda Cerithiidae Clypeomorus moniliferus Kiener, 1841 831 2531 
Cerithium caeruleum G. B. Sowerby II, 1855 224 369 
Cerithium zonatum W. Wood, 1828 0 6 
Rhinoclavis sinensis Gmelin, 1791 0 2 

Neogastropoda Muricidae Murex brunneus Link, 1807 1 0 
Purpura panama Röding, 1798 1 1 

Conidae Conus cumingii Reeve, 1848 0 1 
Conus figulinus Linnaeus, 1758 0 1 

Melongenidae Tylothais savignyi Deshayes, 1844 2 1 
Cycloneritida Neritidae Nerita albicilla Linnaeus, 1758 2 0 
Systellommatophora Onchidiidae Paronia verruculata Cuvier, 1830 1 1 
Patellogastropoda Nacellidae Cellana karachiensis Winckworth, 1930 3 0 
Trochida Turbinidae Lunella coronata Gmelin, 1791 13 70 
Sacoglossa Limapontiidae Placida sp. — 4 0 
Siphonariida Siphonariidae Siphonaria spp. — 21 42 
Nudibranchia Plakobranchidae Elysia sp. — 0 11 

Polyplacophora Chitonida Chitonidae Rhyssoplax peregrina Thiele, 1909 2 2 
Arthropoda Malacostraca Stomatopoda Squillidae Gonodactylaceus sp. — 0 2 

Decapoda Pilumnidae Pilumnus vespertilio Fabricius, 1793 2 0 
Plagusiidae Plagusia squamosa Herbst, 1790 0 1 
— Unidentified hermit crabs — 143 155 

Annelida Polychaeta Sabellida Sabellidae Sabella pavonina Savigny, 1822 0 6 
Cnidaria Anthozoa Actiniaria Actiniidae Aulactinia veratra Drayton in Dana, 1846 1 0 

Gyractis sesere Haddon & Shackleton, 1893 0 3 

391
 



S. Jethva, K. Liversage and R. Kundu 

Table 2 Statistical details from the one-sample Kolmogorov-Smirnov goodness-of-fit tests done on two cerithiid gastropod 
species at two sites on the Veraval coast. Gastropod distributions among quadrats were compared to Poisson distributions 
expected if distributions are random, with significant values representing population over-dispersion. 

Species Site Max. deviation D Kolmogorov-Smirnov test statistic ks P 

Clypeomorus 
moniliferus 

1 0.80 5.06 < 0.001 
2 0.38 2.37 < 0.001 

Cerithium 

caeruleum 

1 0.75 4.74 < 0.001 
2 0.56 3.56 < 0.001 

Table 3 ANCOVA on abundances of two intertidal gastropods testing effects of topographic habitat complexity (continuous 
variable) and random site (categorical variable). PERMDISP tests showed that variances were homogenous. 

Species Source DF MS F P 

Clypeomorus 
moniliferus 

Habitat complexity covariate 1 46.44 0.11 > 0.5 
Site 1 4294.30 10.32 < 0.001 
Residual 37 416.20 

Cerithium 

caeruleum 

Habitat complexity covariate 1 0.51 0.00 > 0.75 
Site 1 31.24 1.32 > 0.25 
Residual 37 23.60 

Figure 3 PCO ordination showing the structure of macroinvertebrate assemblages in quadrat samples of intertidal rock platforms 
at two sites near Veraval (Site 1 has black symbols, Site 2 grey). Vectors are included showing the macroinvertebrate taxa with 
strongest correlations to sample points (Pearson correlation R 2 > 0.25) and the sampling points associated with the measured 
environmental variable (topographic complexity, highlighted in bold); the vector length represents the strength of the correlation. 
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uay and Scheibling, 2009 ). The cerithiids here have a 
ighly generalised diet including microalgae and detritus 
hat can be taken from surfaces such as on rocks, mud, 
eaweeds, or seagrasses ( Ayal and Safriel, 1982 ). Here we 
id not quantify these potential food sources but their gen- 
ralised nature may be considered to result in a relatively 
ven spread over rock platforms such as at Veraval, so we 
onsidered that food supply may not be a feature of prior- 
ty to test for explaining this small-scale clustering. There 
as evidence that habitat complexity, in the form of un- 
venness of the rock topography, was to a limited extent 
tructuring the invertebrate assemblage as a whole. Based 
392 
n the current results, however, it may be ruled out that 
uch habitat complexity is involved in the strong patterns 
f cerithiid aggregation at the scale of complexity we mea- 
ured, although further studies may consider testing if com- 
lexity of the rock surface at different scales may still affect 
erithiid aggregation. 
Highly uneven topography may involve the presence 

f beneficial crevices and other shelters that produce 
ome tendency for processes resulting in aggregation (e.g. 
hapman and Underwood, 1994 ). However, gastropods may 
till acquire such shelter using the presence of conspecifics. 
or example, although crevices and pits may protect from 
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emperature/desiccation ( Stafford and Davies, 2005 ) or 
redation ( Garrity and Levings, 1981 ), similar protection 
ay also occur for individuals within dense aggregations 

 Ray and Stoner, 1994 ; Rojas et al., 2013 ) even on flat rock.
n the case of cerithiid aggregations, the latter situation 
ay be occurring. 
Observations of intertidal cerithiid behaviour in other re- 

ions have shown that while feeding at high tide they are 
ot aggregated, and that cluster formation occurs shortly 
efore low tide. Clustering possibly occurs via initiation of 
he thigmotactic response while moving ( Moulton, 1962 ), al- 
hough it has been unclear whether thigmotaxis is directed 
o features of the rock substratum or to surrounding con- 
pecifics. Our evidence suggests this situation may likewise 
e occurring for Clypeomorus moniliferus and Cerithium 

aeruleum in our study location, and that features of the 
ock substratum are not involved. Thus, regardless of vari- 
bility in topographic complexity, aggregations likely de- 
elop in response to the presence of other gastropods. Indi- 
iduals of Austrolittorina unifasciata, a similar aggregating 
ntertidal gastropod studied by Chapman (1995 , 1998) , fol- 
ow each other’s trails, and chemotaxis is a potential mech- 
nism to allow gastropod individuals to contact each other 
uring the aggregation forming process. Other features of A. 
nifasciata do not, however, relate to the cerithiids studied 
ere, such as the association of A. unifasciata with complex 
ock topography ( Chapman and Underwood, 1994 ). Informal 
bservations of cerithiids done by Moulton (1962) suggested 
 process of desiccation and temperature stress reduction 
ay occur within cerithiid aggregations, but the study by 
tafford et al. (2012) should also be considered that dis- 
ussed the difficulties of confirming any such process. 
Although there was no evidence that cerithiids were af- 

ected by habitat topography, the multivariate analysis indi- 
ated such an effect may occur for hermit crabs and limpets 
f the genus Siphonaria . This is similar to results from 

oke et al. (2019) who found that a related limpet in Sin- 
apore, Siphonaria atra, is also associated with uneven in- 
ertidal topography. They may be acquiring predation, tem- 
erature or desiccation protection by using features of un- 
ven rocky topography. Snyder-Conn (1979) found that her- 
it crabs can have aggregation patterns similar to cerithiids 
i.e. dispersed distributions during high tide immersion fol- 
owed by aggregation at low tide emersion; Moulton, 1962 ). 
owever, hermit crab aggregation was clearly controlled by 
opographic features such as crevices and boulders ( Snyder- 
onn, 1979 ). The lack of evidence for such topographic con- 
rol in the cerithiids we studied highlights the importance 
f testing correlations or effects of substratum features to 
nderstand intertidal invertebrate aggregation, as explana- 
ions clearly cannot be extrapolated from one taxon to an- 
ther, even if the biotic patterns have close similarity. 
Shelter seeking aggregation behaviours may be used 

y macroinvertebrate prey on the Veraval coast due to 
arge abundances of intertidal crab and whelk predators 
 Bhadja et al., 2014 ) and the potential for extreme re- 
ional summer temperatures ( Azhar et al., 2014 ). Also, 
hile topographic complexity appears largely ineffectual, 
ther environmental factors unexplored in this study may 
e contributing to gastropods aggregating in certain ar- 
as. For cerithiids, there may be implications from ag- 
regation for survivorship from harsh environmental condi- 
393 
ions or predators, but also for processes such as parasitism 

 Cannon, 1979 ). In addition, for some cerithiids, factors af- 
ecting their populations may in turn have consequences for 
he wider ecological system, e.g. via changes to biochem- 
cal cycling ( Nicolaidou and Nott, 1999 ). These results can 
uide further research on factors affecting cerithiid aggre- 
ation. Our results indicate plausibility of aggregation being 
ffected not by topography, but more likely by the alterna- 
ive explanation of the presence of conspecifics. This could 
e tested experimentally, with aggregation levels measured 
ollowing manipulation of densities of conspecific cerithiids 
r artificial mimics of cerithiids. Overall, the current study 
long with any further related observational or experimen- 
al research will inform our understanding of causes for and 
onsequences of aggregation behaviour in intertidal inver- 
ebrates. 
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Abstract The Chunnambar backwater of Puducherry experienced changes in water quality 
over a period. The most significant impact was the sudden mass fish kill event coincided with 
the Pseudo-nitzschia bloom. On 25 th September 2019, a mass fish kill event was reported, i.e. 
about a 0.25 metric ton (MT) floating on the water surface. On 29 th September 2019, a much 
larger ( ∼1 MT) than the earlier incident had occurred. Sampling was carried out to assess the 
causes thereof. The results indicate that high organic matter and bacterial loads accumulated 
in the water and sediment due to the closure of the river mouth for an extended period. High 
ammonia (61.4 μM) and phosphate (6.2 μM) levels attributed to eutrophic conditions in the 
water column and hypoxemia due to low dissolved oxygen (1.62 mg/L at St.1 and 2.4 mg/L 
at St.5) and algal bloom were the proximate cause of these sudden fish kills. We recommend 
periodic dredging to facilitate proper water exchange between the backwater and the sea. 
© 2022 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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The mass fish kill in the rivers, lakes, estuaries, and 
oastal waters are ( Hoyer et al., 2009 ; La and Cooke, 2011 ),
sually triggered by abrupt changes in environmental pa- 
ameters, i.e., salinity, temperature, pH, and dissolved oxy- 
en (DO), and the introduction of chemicals, toxicants or 
ollutants, toxic algal blooms and pathogens ( Eissa et al., 
013 ; Meyer and Barclay, 1990 ). These changes can hinder 
oastal and marine environments and influence the local 
conomy, i.e., loss of tourism, fisheries, aesthetic value, 
nd negatively impact the food web dynamics and nutri- 
nt balance ( Holmlund and Hammer, 1999 ). In many cases, 
he primary reasons attributed to mass fish kill are nat- 
ral and anthropogenic hypoxia ( Ram et al., 2014 ). The 
ther important factor that triggers fish kill is toxic algal 
looms ( Kangur et al., 2005 ). Certain species of diatom 

ike the genus Pseudo-nitzschia produce neurotoxin domoic 
cid (DA) is responsible for the neurological disorder known 
s amnesic shellfish poisoning (ASP) ( Pulido, 2008 ), can af- 
ect fish and other organisms ( Galvao et al., 2009 ). Excess 
utrient input is a primary concern in many coastal areas 
 Carpenter et al., 1998 ; Rabalais et al., 2002 ) and induce 
he growth of phytoplankton, some harmful algal blooms, 
igh organic matter, hypoxic or anoxic conditions, and mass 
ortality of biota ( Anderson et al., 2008 ; Glasgow and 
urkholder, 2000 ). Various developmental activities intro- 
uce a significant amount of organic matter and nutrients, 
ypically untreated or partially treated sewage released 
nto the rivers and estuaries, accelerate hypoxia and the 
utrophication processes ( Villate et al., 2013 ). Coastal hy- 
oxia (DO < 2.0 mg/L, or approximately 30% saturation) is 
 major threat to coastal ecosystems globally ( Ram et al., 
014 ; Zhang et al., 2010 ). Mortality occurs if oxygen lev- 
ls drop below a critical concentration depending on the 
sh species. Fishes in the water bodies likely evade ad- 
erse environmental conditions to overcome the harmful 
urroundings. However, if a large proportion of the wa- 
er bodies are suddenly affected, fishes cannot absorb the 
cological stress and relocate, resulting in mass mortal- 
ty. In the past, mass fish kill events in the Indian coastal 
aters have been reported, i.e., Tapti Estuary of Gujarat 

 Ram et al., 2014 ), Kokilamedu, Ennore, and Adyar estuary 
f Tamil Nadu ( Raja et al., 2019 ; Sachithanandam et al., 
017 ; Venugopalan et al.,1998 ). 
Puducherry, a union territory (UT) coastal city, is one 

f India’s most visited tourist destinations, surrounded by 
he Bay of Bengal on the eastern side and Tamil Nadu 
tate on the other three sides. A backwater known locally 
s Chunnambar lies in the southern part of the city adja- 
ent to the popular Paradise Beach, attracts many tourists 
or recreational activities, i.e. , swimming, sailing, boating, 
unbathing, and wading. The city has a population of around 
35,000 (as per the 2011 census). There are six major indus- 
ries in the UT of Puducherry manufacturing paper, alcoholic 
everages, chemicals, and pharmaceuticals. Around 40 mil- 
ion liters per day (MLD) of domestic sewage is being gener- 
ted, of which 31 MLD is treated in situ and the remaining 9 
LD is lost into the drains and rivers ( Govt. of Puducherry, 
019 ). The region experiences a tropical sub-humid climate 
ith an annual mean temperature of 25 °C and average 
early precipitation of 1200 mm ( Solai et al., 2010 ). 
On 25 th September 2019, the Puducherry Pollution Con- 

rol Committee (PPCC) was informed by the locals about the 
397 
ncident of a large number of dead fishes floating near the 
oathouse (St.1) of Chunnambar backwater ( Figure 1 ). To 
ssess the immediate cause of the fish kill incident, PPCC 

arried out a field survey and surface water sampling at four 
ocations (St.1 to St.4) on 26 th September 2019 ( Figure 1 ). 
n 29 th September 2019, another fish kill incident larger 
han the previous one occurred at a different location in 
he backwater at St.5 ( Figure 1 ). On 1 st October 2019, Na-
ional Centre for Coastal Research (NCCR), Chennai, took 
ognizance of the incident and sampled water and sediment 
rom 6 locations between 9 AM and 1 PM. The sampling loca- 
ions are spatially distributed i.e. , St.1 to St.5 in the Chun- 
ambar backwater, and St.6 at the shore, covering about 1.8 
m 

2 of backwater area ( Figure 1 ). Surface water samples 
ere collected in pre-cleaned polyethylene bottles using a 
L Niskin’s water sampler, then preserved in an icebox and 
ransported to the laboratory for analysis. A mercury ther- 
ometer measured the temperature with an accuracy of ±
.1 °C. The water quality probe ( In Situ AQUA TROLL, USA) 
easured pH and oxygen saturation. The dissolved oxygen 
nd biochemical oxygen demand (BOD) were estimated fol- 
owing Winkler’s titration method. Salinity was determined 
y Mohr Knudsen’s titration method ( Grasshoff et al., 2009 ). 
illipore membrane, 47 mm diameter filter (porosity 0.45 
m) was used for gravimetric determination of total sus- 
ended matter (TSM). Dissolved inorganic nutrients (NO 3 

−- 
, NO 2 

−-N, NH 4 
+ -N, PO 4 

3 −-P, SiO 4 
4 −-Si, TN, and TP) and the

nalytical precision of each nutrient parameters such as 
nitrate + nitrite ± 0.02 μM, ammonium ± 0.02 μM, phos- 
hate ± 0.01 μM and silicate ± 0.02 μM) was adopted by 
ollowing the standard protocol ( Grasshoff et al., 2009 ). One 
iter of water sample for Chl- a and pheophytin were filtered 
hrough Whatman GF/F, 47-mm-diameter filter (porosity 0.7 
m), and pigment extraction was performed using 90% ace- 
one. Chlorophyll- a (Chl- a ) and pheophytin concentrations 
ere measured by using a UV-visible spectrophotometer 

 Strickland and Parsons, 1972 ). One liter of phytoplank- 
on sample was collected and preserved with Lugol’s io- 
ine solution. The samples were settled for 48 hours af- 
er that, the supernatant was siphoned to the volume of 
pproximately 250 ml. 1 ml of an aliquot of the sample 
as taken in a Sedgewick-Rafter counting chamber for enu- 
eration of cells under a phase-contrast microscope (Nikon 
CLIPSE N i ), and species were identified following standard 
dentification manuals ( Desikachary, 1987; Sournia, 1970; 
ubrahmanyan, 1971 ). The microbial density from the sur- 
ace waters was analyzed by the spread plating method on 
elective medium plates with 0.1ml of suitable dilutions. 
he final counts were expressed in the colony-forming unit 
CFU/mL) followed by APHA (1998) . Statistical analyses in- 
luded Factor Analysis (FA) and Canonical Correspondence 
nalysis (CCA) on the present water quality data to under- 
tand the relationships between variables. FA and CCA were 
arried out by using Past 3 statistical software. 
The spatial variations of physicochemical and biological 

arameters are shown in Table 1 . Automatic weather sta- 
ion (AWS) data on air temperature, rainfall, wind speed, 
nd direction for the period 20 th to 30 th September 2019 
rovided by PPCC were analysed to understand local mete- 
rological influence. The wind speed was in the range of 0.5 
o 4 m/s with an average of 2.2 m/s, and wind direction var-
ed from 200 ° to 250 °, predominantly south-westerly. About 
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Figure 1 a) Study map with sampling locations; b— c) Fish kill incidents. 

1
d
t
f
i
f
a
r
t
s
a
s
v
D
s
t
i
m
s
c
o
μ

w
H

a
i
m
c
l
d
i
r

o
o
p
t
N  

o
a
w
i
g
s
t
2
t
t  
5 mm rainfall was recorded on 26 th September 2019. The 
aily air temperature followed high and low values consis- 
ent with the diurnal variations, between 28 to 32 °C except 
or two days (22 nd and 23 rd September 2019) with the min- 
mum value of more than 30 °C. Water temperature varied 
rom 28.6 to 32.9 °C. Maximum temperature was recorded 
t St.5 during second fish kill incident ( Table 1 ). The pH 

anged from 6.9 to 8.4; the lowest and highest pH was no- 
iced at St.1 on 26 th September and 1 st October 2019, re- 
pectively ( Table 1 ). Salinity ranged from 26 to 34.9 PSU, 
nd the highest salinity was observed at St.6 (shore). Total 
uspended matter (TSM) varied from 42 to 201.2 mg/L; high 
alues were observed during the first fish kill incident. The 
O ranged from 1.62 to 10.5 mg/L were recorded during the 
tudy period. Low DO (1.62 mg/L) was recorded at St.1 in 
he first fish kill incident whereas, DO was 2.4 mg/L at St.5 
n the second incident ( Table 1 ). The maximum DO (10.5 
g/L) was recorded at St.4 might be due to high oxygen 
aturation (177.1%) in the water column ( Table 1 ). Nitrite 
oncentration ranged from 0.2 to 0.5 μM, with an average 
f 0.33 μM. Nitrate and ammonia ranged from 1.2 to 4.7 
M and 2.5 to 61.4 μM, respectively. The maximum value 
as recorded at the mass fish kill location (St.5, Table 1 ). 
igh nitrate and ammonia values revealed the degradation 
398 
nd decomposition of fishes after the fish kill incident. Sim- 
larly, phosphate values varied from 1.2 to 6.2 μM, and the 
aximum was observed at St.5 ( Table 1 ). High phosphate 
haracterizes the decomposition process, and the adjacent 
ocation at St.4 (4.35 μM) signifies the impact of the inci- 
ent. Silicate varied from 4.9 to 148.2 μM, and the max- 
mum value was recorded at St.5 ( Table 1 ), indicating the 
iverine input of silica into the water. 
During the sampling period, a prominent discolouration 

f the surface water was noticed, attributed to the bloom 

f Pseudo-nitzschia, resulting in long, dense golden-brown 
atches ( Figure 2 a,b,c) spreading over about 1 km 

2 in 
he backwater. Phytoplankton density ranged from 94,800 
os/L to 589,600 Nos/L ( Table 1 ). A total of 31 species
f phytoplankton belonging to four groups, such as di- 
toms, dinoflagellates, green algae, and cyanobacteria, 
ere recorded. Diatoms (67%) constituted the most dom- 
nant group, followed by dinoflagellates (17%), green al- 
ae (11%), and cyanobacteria (5%). Eutrophic waters con- 
equently favor algae proliferation, causing algal bloom and 
he onset of hypoxic and anoxic conditions ( Karim et al., 
002 ). The bloom of Pseudo-nitzschia contributed 75% of 
he total abundance and was widely distributed in all loca- 
ions in the backwater except at St.6 shore water ( Table 2 ).
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Table 1 Physicochemical and biological parameters in the study area. 

Parameters Backwater (BW) Shore (SH) 

St.1 St.2 St.3 St.4 St.5 St.6 

I II I II I II I II II II 

Depth (m) - 1.4 - 2.6 - 1.3 - 2.5 1.2 - 
AT ( °C) 28 29.5 28 32 29 30.6 28.5 31.2 30.6 30 
WT ( °C) 29 28.6 29.5 30.8 31 29.7 30.5 31.7 32.9 28.8 
pH 6.9 8.4 7.1 8.2 7.7 8.2 7.8 8.2 7.6 8.0 
Salinity (PSU) 29 28.7 32 28.8 28 28.9 26 29.2 29.5 34.9 
TSM (mg/L) 164.7 50 164.3 54.0 201.2 50.0 167.7 42.0 52.0 42.0 
DO (mg/L) 1.62 8.3 2.91 6.2 3.90 9.8 4.11 10.5 2.4 6.2 
Oxygen Sat % - 149.4 - 98.7 - 153.3 - 177.1 39.3 99.1 
BOD (mg/L) - 3.7 - 2.9 - 3.5 - 4.5 2.2 3.0 
NO 2 ( μM) - 0.3 - 0.2 - 0.3 - 0.4 0.3 0.3 
NO 3 ( μM) - 4.4 - 2.9 - 1.2 - 1.9 4.7 4.1 
NH 4 ( μM) - 6.8 - 8.2 - 4.9 - 2.5 61.4 2.8 
PO 4 ( μM) - 2.9 - 2.4 - 2.8 - 4.3 6.2 1.2 
SiO 4 ( μM) 73.6 9.3 80.2 73.8 66.4 90.8 62.0 113.1 148.2 4.9 
Chl- a (mg/m 

3 ) - 188.8 - 210.9 - 203.0 - 98.9 43.2 34.7 
Phaeo (mg/m 

3 ) - 46.9 - 15.6 - 10.7 - 11.8 1.4 4.1 
Phytoplankton 

(x 10 

5 Nos/L) 
- 3.82 - 5.90 - 4.85 - 3.33 4.57 0.95 

THB 

( ×10 

5 CFU/mL) 
- 3.44 - 5.28 - 8.54 - 4.6 4.36 3.96 

TC ( ×10 

3 CFU/mL) - 9.5 - 1.3 - 15.6 - 6.1 3.1 9.2 
FC ( ×10 

1 

CFU/mL) 
- 5.0 - ND - 2.0 - 13.0 ND 9.0 

ECLO 

( ×10 

2 CFU/mL) 
- 9.0 - ND - 2.0 - ND 14.0 3.0 

SHLO 

( ×10 

4 CFU/mL) 
- 1.08 - 2.04 - 1.24 - 3.32 1.38 2.0 

VPLO 

( ×10 

4 CFU/mL) 
- 1.12 - 0.38 - 6.4 - 1.56 9.3 1.92 

I — Fish kill incident on 25.09.2019; Sampling date: 26.09.2019. 
II — Fish kill incident on 29.09.2019; Sampling date: 01.10.2019. 

S
b
d
a
P
g
h
l
c
l  

c
o
t
i
C
w
t
i
t
(

a

w
r
m
a
C
s
h
9
1
i
M
(  

w
a
d

t
t
(  

s  

a
a

ome species of phytoplankton had occurred commonly in 
oth shore and backwater. The common species such as 
iatoms Rhizosolenia setigera, Navicula longa, and green 
lgae Chlorella marina were recorded. A high density of 
seudo-nitzschia cells were found in the backwater and the 
ills of the dead fishes. The presence of many cells might 
ave suffocated the fish by clogging or irritating the gills 
eading to asphyxiation. Samples of six fish kill species were 
ollected and identified ( Figure 3 a—f). DO levels were be- 
ow 3 mg/L during fish kill events, and low DO ( < 2 mg/L)
an cause suffocation of fish and one of the common causes 
f fish kills. The decay of algae exhausted the oxygen, and 
he decomposition process depleted the available DO result 
n massive fish kill ( San Diego-McGlone et al., 2008 ). The 
hl- a ranged from 34.7 to 210.9 mg/m 

3 , and the highest 
as recorded at St.2 in concomitant with high phytoplank- 
on population density ( Table 1 ). The values of pheophytin 
n the study area varied between 1.4 and 46.9 mg/m 

3 , and 
he highest pheophytin concentration was recorded at St.1 
 Table 1 ). 
High microbial abundance recorded in the backwater was 

ttributed to the enrichment of organic matter associated 
399 
ith sewage effluent. Total heterotrophic bacteria (THB) 
anged from 3.44 to 8.54 ×10 5 CFU/mL, and the maxi- 
um density was encountered at St.3. Total coliform (TC) 
nd Faecal coliform (FC) varied from 1.30 to 15.60 ×10 3 

FU/mL and ND (not detected) to 13.0 ×10 1 CFU/mL, re- 
pectively. The pathogenic bacteria such as Vibrio para- 
aemolyticus like organisms (VPLO) varied from 0.38 to 
.30 ×10 4 CFU/mL, Shigella like organisms (SHLO) from 

.08 to 3.32 ×10 4 CFU/mL and, Escherichia coli like organ- 
sms (ECLO) from ND to 14.0 ×10 2 CFU/mL, respectively. 
aximum counts of VPLO and ECLO were found at St.5 
 Table 1 ). In the present case, oxygen depletion in the back-
ater might have occurred due to the increasing uptake of 
vailable dissolved oxygen by bacteria during the breaking 
own of high organic matter. 
The factor analysis was carried out to elucidate the pat- 

ern of variation existing in the dataset. Four significant fac- 
ors (eigenvalue > 1) indicate the total variance of 85.14% 

 Table 3 ). Factor 1 explains 39.52% of the total variance and
trong positive loadings of PO 4 , NH 4 , SiO 4, and TN moder-
te positive loading of water temperature. High phosphate 
nd nitrogenous substances specify the sewage pollution re- 



P. Mishra, S. Naik, P.V. Babu et al. 

Figure 2 a) Discoloration of backwater; b—c) microscopic images of Pseudo-nitzschia . 

Figure 3 a—f) Six fish species killed; a) Silago sihama , b) Cephalopholis sonerrati , c) Arius arius , d ) Leiognathus equidens , e) 
Mugil cephalus and, f) Strophiodonsathate . 
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ulting from the untreated sewage drained into the back- 
ater. Factor 2 explains the 25.71% of the total variance 
ith strong positive loading of NH 4 , and NO 3 , whereas nega- 
ive loading of DO%, DO, BOD, and pH. Depletion of DO and 
ncrease of BOD indicate the eutrophic condition in the wa- 
er column due to mostly land and agricultural runoff, do- 
estic and urban sewage. Factor 3 explained 19.91% of the 
otal variance and detected strong positive loading of phy- 
oplankton, Chl- a, and TP. In contrast, a negative salinity 
oad indicates the presence of excess nutrients, and favor- 
400 
ble water temperature supports the phytoplankton growth 
n the backwater. The tri-plot of CCA was performed to un- 
erstand the relationship between the phytoplankton and 
nvironmental variables are presented in Figure 4 . The first 
hree axes explained about 99% of the relationship between 
he environmental variables. Axis-1 accounted for 75.85% 

f the total variation, was positively correlated with salin- 
ty and pheophytin but negatively correlated with WT, NO 2 , 
iO 4, and phytoplankton. Axis-2 explained about 16.43% of 
he total variation, and it was positively correlated with 
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Table 2 Phytoplankton taxa (Nos/ml) in the Chunnambar backwater. 

Sl.No. Taxa Backwater (BW) Shore (SH) % Comp. 

St.1 St.2 St.3 St.4 St.5 St.6 BW SH 

1 Asterionellopsis 
glacialis 

X X X X X 56 0.0 11.8 

2 Bacteriastrum 

hyalinum 

X X X X 25 X 0.4 0.0 

3 Ceratium furca X X 32 29 42 X 1.8 0.0 
4 Ceratium tripos X X X 46 X X 0.8 0.0 
5 Chaetoceros 

curvisetus 
X 56 X X X X 1.0 0.0 

6 Chaetoceros 
diadema 

X X X 64 X X 1.1 0.0 

7 Chlamydomonas 
sp. 

X X 34 X X X 0.6 0.0 

8 Chlorella marina X X X X 78 34 1.3 7.2 
9 Chlorella salina 30 84 X X X X 1.9 0.0 
10 Coscinodiscus 

centralis 
X X X X X 72 0.0 15.2 

11 Dinophysis 
caudata 

X X X X X 28 0.0 5.9 

12 Gonyaulax minima 29 X X X 56 X 1.4 0.0 
13 Guinardia striata X X X X X 24 0.0 5.1 
14 Leptocylindrus 

danicus 
X X X 31 X X 0.5 0.0 

15 Lyngbya elegans X X X 35 X X 0.6 0.0 
16 Navicula clavata X X X X X 19 0.0 4.0 
17 Navicula longa 24 X X X X 38 0.4 8.0 
18 Odontella 

mobiliensis 
X X 42 X X X 0.7 0.0 

19 Oocystis sp. X 36 45 X X X 1.4 0.0 
20 Oscillatoria 

australis 
28 X X X X X 0.5 0.0 

21 Peridinium 

pentagonum 

X X 18 X X X 0.3 0.0 

22 Pinnularia alpina X X X X X 26 0.0 5.5 
23 Planktoniella sol X X 23 X X X 0.4 0.0 
24 Prorocentrum 

micans 
X X X 20 X X 0.3 0.0 

25 Pseudo-nitzschia 729 1026 956 572 1135 X 75.1 0.0 
26 Rhizosolenia alata X X X X X 43 0.0 9.1 
27 Rhizosolenia 

setigera 
57 106 75 128 92 76 7.8 16.0 

28 Skeletonema 
costatum 

X X X X X 58 0.0 12.2 

29 Thalassionema 
nitzschioides 

12 X X X X X 0.2 0.0 

30 Thalassiothrix 
longissima 

X X 52 X X X 0.9 0.0 

31 Triceratium 

reticulum 

X 32 X X X X 0.5 0.0 

Total taxa 909 1340 1277 925 1428 474 100.0 100.0 

N
w
t
p
t
s

f
s
i
w
s

O 3 , NH 4 , PO 4 , turbidity, and TSM and negatively correlated 
ith pH, DO, DO%, BOD, and Chl- a . The study revealed that 
he anthropogenic nutrients and salinity were the most im- 
ortant environmental factors influencing the phytoplank- 
on bloom and hypoxic conditions in the water column re- 
ulted in the mass fish kill. 
401 
Usually, fish kills incidents are a major cause of concern 
or the coastal water quality and ecosystem health. Our 
tudy demonstrates the impact of untreated sewage load 
n the backwater declined the water quality as THB counts 
ere overall high in the water column. Pollution indicators 
uch as FC and TC were several folds above the permissi- 
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Figure 4 Canonical Correspondence Analysis (CCA) for environmental variables. 

Table 3 Factor Loadings > 0.650000 (Varimax normal- 
ized). Extraction: Principal Component Analysis. 

Variables F-1 F-2 F-3 

AT 0.08 0.03 0.3 
WT 0.79 0.31 0.02 
pH —0.49 —0.75 0.41 
DO% —0.1 —0.99 0.11 
salinity —0.48 0.22 —0.84 

DO 0.01 —0.85 —0.21 
BOD 0.04 —0.98 —0.01 
PO 4 0.96 0.23 0.09 
NO 2 0.65 —0.36 —0.2 
NO 3 —0.05 0.69 —0.17 
SiO 4 0.84 0.16 0.12 
NH 4 0.88 0.75 0.01 
TP 0.21 0.51 0.73 

TN 0.83 —0.08 0.45 
Chl- a —0.3 —0.36 0.87 

Phaeo —0.23 —0.35 0.55 
Phyto 0.27 0.14 0.89 

Eigenvalue 7.11 4.63 3.58 
% of Variance 39.52 25.71 19.91 
Cumulative % 39.52 65.23 85.14 
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n
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le level [100 CFU/100ml, Central Pollution Control Board 
CPCB), New Delhi], and the variability of pathogenic and 
ibrio forms was more pronounced during the study. There 
s a dire requirement to develop a framework for safe back- 
ater use for amusement, contact sports, and fishing. The 
402 
ntrusion of a huge load of nutrients, viz. , nitrate, ammo- 
ia, and phosphate levels, were associated with sewage dis- 
harge and other anthropogenic and recreational activities 
n the backwater. High nitrate, phosphate, ammonia, and 
ilicate were recorded at the location of the major fish kill. 
n addition to this, the algal bloom of Pseudo-nitzschia , high 
acterial loads, and the hypoxic conditions (1.62 mg/L) at- 
ributed to the episodic mass fish kill events in the Chun- 
ambar backwater. 
The present study demonstrates that the discharges from 

earby residential hamlets, tourism activities, untreated 
oint sources such as Sankaraparani River waters must be 
aintained as per CPCB water quality criteria and guide- 

ines. Even though several measures have been imple- 
ented by the local administration and pollution control 
gencies, it is still necessary to focus on long-term solutions. 
t is suggested that appropriate water exchange between 
he backwater and the sea through periodic dredging and 
aintenance of the inlet, proper wastewater treatment fa- 
ilities, and installation of good aeration systems are some 
f the immediate measures that need to be implemented 
or improving the Chunnambar backwater quality. The regu- 
atory authorities need to regularly monitor the water bod- 
es to assess the changes happening in the water bodies to 
revent pollution. 
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