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The influence of river discharge on the spatial and temporal variability of thermohaline and 
turbidity conditions at the sea surface (0.5 m) was studied in the shallow Bay of Koper (Gulf of 
Trieste, northern Adriatic Sea) which is influenced mainly by the polluted Rižana River. Conductivity, 
temperature and turbidity were measured monthly at 36 sampling sites between June 2011 and June 
2013. Empirical orthogonal function analysis (EOF) was applied to investigate the data and to study 
the spatial distribution of variability and their temporal variations of temperature, salinity, density 
and turbidity. The EOF results showed an area of high variance in the proximity of the Rižana River 
mouth for all variables. The high variations in the time series for all variables were shown to be 
related mainly to high variations in the time series of the river discharges. Coupled field analysis 
showed the area of low salinity and high turbidity. A strong relationship was found between turbidity 
and suspended solid (TSS) concentration data collected in the local rivers and near shore zone 
suggesting that turbidity can be used as a satisfactory surrogate of TSS estimation.
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INTRODUCTION

The river input of fresh water exerts a signifi-
cant impact on the thermohaline (TH) and turbid-
ity properties of coastal waters (COZZI et al., 2012). 
A high concentration of suspended solids is the 

ORIgINAl SCIeNTIfIC pApeR

main cause of high turbidity in the estuary and 
adjacent coastal areas (WOLANSKI, 2007). Coastal 
ecosystems are sensitive to spatial and sea-
sonal fluctuations of TH properties and turbidity 
(WOLANSKI, 2007). Strong horizontal and vertical 
gradients of TH properties are pronounced in 
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episodes of high river discharge, and coincide 
with high turbidity which is considered a stress 
factor for benthic organisms (ORPIN et al., 2004). 
OGORELEC et al. (1987) suggested that the Rižana 
River is the major source of fluvial water and 
sediments flowing into the Bay of Koper (BoK), 
located in the eastern part of the Gulf of Trieste 
(northern Adriatic Sea). A sediment input rate of 
28·103 t year-1 was estimated by OGORELEC et al. 
(1987) from the mean river flow rate (4 m3s-1) and 
the averaged suspended sediment concentration 
(22 mgl-1). The inflow of fluvial material is the 
principal cause of silting and the accumulation 
of a considerable quantity of sediments in the 
local port (Port of Koper) (LUKA KOPER, 2011). 
The coastal zone around the town of Koper is 
largely urbanized and industrialized and thus 
subjected to high anthropogenic pressures stem-
ming from industry, port activities, marinas and 
tourism (ORLANDO BONACA et al., 2008). Munici-
pal and industrial waste waters, even if they are 
treated by industrial and municipal treatment 
plants, affect the Rižana and Badaševica Riv-
ers (FAGANELI & TURK, 1989). Pollutants and 
nutrients are mostly bound through flocculation 
and adsorption on fluvial solids (COVELLI et 
al., 2007; STONE & DROPPO, 1996; DROPPO, 2001) 
and transported by rivers into the BoK (TURK 
et al., 2013; BAJT, 2000). Hence, the impact of the 
river Rižana is not limited to TH properties and 
turbidity but it also affects the distribution of 
TSS concentrations and associated nutrients and 
pollutants. The TSS concentration in the water 
column affects the light penetration influenc-
ing endangered species and habitats sensitive 
to light attenuation present in the BoK  (LIPEJ 
et al., 2006). Moreover, the particles of mud and 
sand can destabilize the substrate and bury the 
benthos (WOLANSKI, 2007). Methods which esti-
mate total suspended solids concentration from 
turbidity data were studied in various environ-
ments (SUK et al., 1998; GIPPEL, 1989; GIPPEL, 1995; 
HOFMANN & DOMINIK, 1995; PACKMAN et al., 1999) 
and can be applied to study the relation between 
turbidity and TSS in the BoK, as well.

Spatial TH properties of the Gulf of Trieste 
have been described by MOSETTI (1967) and more 
recently by MALAČIČ et al. (2006). MALAČIČ et al. 
(2006) showed that Slovenian rivers, compared 

with the Isonzo (Soča) River, play only a minor 
role in the variations of the TH properties of 
the Gulf of Trieste, so the main influence of 
the Rižana River, and to a much lesser extent 
of Badaševica River, is expected to be limited 
to the BoK area. The study of TH properties of 
BoK were also partially included in reports on 
bay sedimentology (OGORELEC et al., 1987) and 
Rižana estuary pollution (FAGANELI & TURK, 
1989). From the above literature it is assumed 
that the inflow of the Rižana River, with an 
annual discharge rate of ~ 4 m3s-1, has a signifi-
cant influence on spatial and temporal TH prop-
erties and on turbidity in the BoK but to a minor 
extent on the whole Gulf of Trieste.

This article presents spatial and temporal 
variations of TH properties, density and turbid-
ity in the sea surface layer in the shallow BoK. 
The aims of this study were to:

1) Analyse spatial and temporal TH proper-
ties and turbidity variations in the BoK in rela-
tion to river discharge,

2) correlate spatial patterns and time series of 
salinity, density and turbidity,

3) determine the relationships between all 
studied variables along three vertical profiles,

4) evaluate whether turbidity data can be 
used as a satisfactory estimate of TSS in coastal 
waters.

In the prospective of the recently installed 
automatic hydrological station at the Rižana 
River (PRIMORSKE NOVICE, 2014) and the ocea-
nographic buoys in the bay (LUKA KOPER, 2013; 
REGIONAL OBALA, 2014) the findings of this 
investigation provides a valid basis for further 
studies of TH and TSS.

MATeRIAlS AND MeTHODS

Study site

The BoK is a wide submerged valley of 
the Rižana River located in the Gulf of Trieste 
(northern Adriatic Sea) (OGORELEC et al., 1991). 
It is a shallow, semi-enclosed bay with an aver-
age depth of 16 m, and covers about 35 km2 
(OGORELEC et al., 1987). The depth of BoK (Fig.1) 
decreases linearly from 23 m the open boundary 
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of the bay on the west–side to 1m in the coastal 
zone. Three dredged canals (average depth 16 
m) connect the open part of the gulf to the port 
basins (Fig. 1). The circulation is influenced 
mainly by tide (range of ± 1 m) and wind, in 
particular the easterly wind (Bora) (MALAČIČ et 
al., 2014).

The mouth of the Rižana River is located 
on the east side of the BoK in the second basin 
of the port of Koper, while its relief outputs 
are located in the third basin of the port and 
in the brachial wetland zone of Škocjanski 
zatok. The first basin of the port of Koper is the 
most southern of the three port basins, situated 
in the vicinity of the town of Koper (Fig. 1). 
FAGANELI & TURK (1989) described the Rižana 
River as a small, polluted river with a variable 
mean flow rate of 4 m3s-1 and the river estuary 
as being highly stratified, with a short mean 
fresh water replacement time of less than 1 day. 
The spatial distribution of fluvial water and 
particulate suspended matter (turbidity) in the 
BoK is affected by meteorological and hydro-
logical factors, primarily wind (meteorological) 
and river discharge rate (hydrological), as well 
as maritime traffic (OGORELEC et al., 1987; COV-

ELLI et al., 2007). High discharges and sediment 
transport peaks occur during short periods of 
intense precipitation. The flow rate of the Rižana 
was recorded by the Slovenian Environmental 
Agency (ARSO) from 1966 to 2013 at the gauge 
station Kubed (located 13 km upstream from the 
river mouth), and that of the Badaševica River at 
Šalara (located 3.2 km upstream from the river 
mouth). The mean water flow of the Rižana 
between 1966 and 2012 was 3.9 m3s-1 (ARSO, 
2014 c), minimum discharge ~0.1 m3s-1 and maxi-
mum of 190.5 m3s-1 recorded during an extreme 
event in 2010. The Badaševica River has a lower 
flow rate, with a minimum ~0.1 m3s-1 and a max-
imum flow rate of 6.2 m3s-1 (an extreme event 
in 2006); the annual mean discharge is 0.3 m3s-1 
(ARSO, 2014 c). Additionally, it was observed that 
the discharge of the two local rivers can increase 
up to ten times within a few hours (PLUT, 1980). 
Other inputs of fresh water in the BoK are run-
offs of storm water located around the bay. The 
discharge of these runoffs is not measured and 
therefore not included in the analysis. The mete-
orological data were measured in the port zone 
(lon = 13.7° ; lat = 45.6° ; height = 2 m) by the 
ARSO meteorological station (ARSO, 2014 b).

field measurements, sampling and TSS 
concentration measurements

Campaigns were performed at 36 survey and 
sampling sites in the BoK (Fig. 1), between June 
2011 and June 2013 (28 campaigns) at monthly 
intervals. In order to avoid episodes of sediment 
re-suspension induced by maritime traffic, the 
survey was performed during low maritime traf-
fic. The water column was profiled using a con-
ductivity, temperature and depth (CTD) probe 
(Hydrolab data sonde model 4a) with turbidity 
sensor (ISO 7027 compliant) which measures 
the light back scatters within a wave light of 
860nm ± 10nm. Before each cast, the instrument 
was allowed to stabilize for 1 minute. The probe 
was lowered manually from the water surface to 
the sea bed, recording temperature, conductivity 
and turbidity data at the sampling rate of 1 Hz. 
The depth interval for the input data of vari-
ables was chosen between 0.2 – 0.7 m, which 

Fig. 1. Bay of Koper located in the Gulf of Trieste (northern 
Adriatic Sea). The contoured lines are the isobaths and 
the survey sites are numbered (1 - 36). The point BLS 
marks the sampling site on the Badaševica River and 
RIP on the Rižana River. The numbered squares (I., II. 
and III.) indicate the location of the port basins
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use of EOF can be found in the research into 
Black Sea surface temperature (BUONGIORNO 
NARDELLI et al., 2010) and seasonal and inter-
annual variations of sea surface salinity in the 
tropical Pacific Ocean (DELCROIX & HÉNIN, 
1991). The EOF aims to cast a single variable in 
terms of space and time and is a useful method 
for studying large quantities of data (GLOVER et 
al., 2011). Before proceeding with the EOF and 
coupled field analysis, the domain of the third 
basin (see Fig. 1) was excluded from the analy-
sis due to lack of data in this part of the BoK. 
The grid maps of the sea surface (SSLp) for stud-
ied variable indexed (p) were reshaped in the 
S-mode (the maps were organized column-wise) 
matrix Xp of size N×M (N (SSL) time slice (t) 
and M grid cells (SSL)) in accordance with the 
specification of GLOVER et al. (2011). The mean 
value of data was removed and formed a covari-
ance matrix (Rp) (GLOVER et al., 2011):

      
 

The eigenvectors called patterns (EOFp) and 
eigenvalues (δp) were extracted using the func-
tion eig.m provided by GLOVER et al. (2011), 
and the EOF loadings or spatial EOFs amplitude 
calculated from:

   

The expansion coefficients, called ampli-
tudes (bp(t)), are calculated as weighted linear 
combinations of the data grid points:

and the percentage of covariance (PoV) is 
calculated from eigenvalues of leading k-modes:

is denoted as the sea surface layer (SSL) 0.5 m. 
Water samples for TSS were collected at the sur-
face (0.5 m deep) at 19 sampling sites in the bay, 
one at the Rižana River mouth and at 2 sampling 
sites in the Rižana (RIP) and Badaševica (BLS) 
Rivers (Fig. 1) using 10 l Niskin samplers. The 
water samples (1 l) were immediately stored in 
polyethylene bottles at 5°C and filtered within 
four hours. One litre of water sample was fil-
tered through a pre-weighed 47 mm diameter 
Whatman GF/F glass-fibre filter with approxi-
mately 0.7 μm pores pre-ignited at 480ºC for 
3 hours. The filters with particles were washed 
several times with MiliQ water to remove salt 
and dried at 60ºC in an oven (Aurodent typ 830 
nf). TSS concentration was determined gravi-
metrically and suspended organic matter (SOM) 
concentration gravimetrically after combustion 
in a 480ºC furnace for 2 hours. 

Quality checking and data processing

Probe calibration was tested with standard 
solutions before and at the end of the measure-
ment campaigns. Before data processing, the 
temperature (°C), salinity in practical salinity 
units (PSU) and turbidity in Nephelometric Tur-
bidity Units (NTU) profiles were controlled by a 
data quality check (4°C < Temperature < 33°C ; 
8 PSU < Salinity < 40 PSU; 0 NTU < Turbidity 
< 400 NTU). Sea water density was calculated at 
atmospheric pressure using the UNESCO 1983 
(EOS 1980) polynomial equation (FOFONOFF et al., 
1983). Horizontal natural neighbour interpolation 
(LEDOUX & GOLD, 2005) was used to provide 
spatial grid maps of the sea surface variables of 
514×342 cells and ~ 10×10 m cell resolution. 
The empty cells were excluded in order to avoid 
errors in the further analysis.

empirical orthogonal function analysis

The EOF method (PREISENDORFER & MOB-
LEY, 1988) is a statistical tool used in many 
branches of science, among others meteorology 
and oceanography, to identify spatial patterns of 
variability and to measure the statistical impor-
tance of each pattern and of its time variation 
(BJÖRNSSON & VENEGAS, 1997). Examples of the 

(2.1)

(2.2)

(2.3)

(2.4)

Coupled fields methods

In order to identify the relationship between 
the studied variables, EOF analysis can be 
extended to a comparison of the time-evolution 
of the two property distributions (GLOVER et al., 
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2011). In the literature (BRETHERTON et al., 1992), 
these techniques are also called singular value 
decomposition (SVD) (BJÖRNSSON & VENEGAS, 
1997), and constitute one of the approaches that 
isolate coupled modes of variability between 
time series of two fields. The coupled field 
method is used to study correlation maps for the 
k-th mode, defined as the vectors of correlation 
values between the expansion coefficient of k-th 
mode of a field at each grid point (BRETHERTON 
et al., 1992; BJÖRNSSON & VENEGAS, 1997). 

The cross-covariance matrix (Rlr) is formed 
from two maps (Xp) indexed with l – left and 
r – right as:

   (2.5)

The singular vectors and singular values 
are extracted using the fundamental matrix 
operation SVD (BJÖRNSSON & VENEGAS, 1997; 
GLOVER et al., 2011):

     (2.6)

U contains the left and V the right patterns 
(eigenvectors) of Rlr, while the S contains the 
singular values (Sk) of Rlr, (BJÖRNSSON & VEN-
EGAS, 1997; GLOVER et al., 2011). The time series 
are computed with:

   (2.7)

   (2.8)

To address the relative importance of the k-th 
mode the squared covariance fraction (SCF) is 
defined (BJÖRNSSON & VENEGAS, 1997) as fol-
lows:

    
    (2.9)

factor analysis

Factor analysis (FA) is a statistical exten-
sion of principal component analysis which is 
described in detail by GLOVER et al. (2011). FA 
defines the more important and retained factors 
containing the “signal” and the less important 
factors containing the “noise” (GLOVER et al., 

2011). The covariance matrix was constructed in 
Q-mode form (variables are oriented row wise) 
from three different profiles, performed at meas-
urement sites 5, 19 and 24 (Fig.1) incorporating 
temperature, salinity, turbidity and calculated 
density. The data were standardized and the 
eigenvalue and the singular value extracted from 
the covariance matrix using the eigsort.m com-
putation (GLOVER et al., 2011).

ReSUlTS AND DISCUSSION

field data

Spatial maps (28) for all variables in the SSL 
were averaged in time (in the studied period 
June 2011 to June 2013) and the results (Fig. 
2) show the influence of the river mainly in the 
proximity of the Rižana River mouth. Obviously 
the temperature in the SSL is mainly related to 
the annual cycle of solar radiation (MALAČIČ 
et al., 2006) which is assumed to be uniformly 
distributed spatially if the influence of clouds 
is disregarded. However, the average tempera-
ture (Fig. 2a) in the second basin was 17.4°C 
and in the central part of the bay 18.3°C, while 
an overall maximum temperature of 18.6°C 
was observed in the shallow part. The salinity 
(Fig. 2b) in the second port basin was 28 PSU 
(minimum) and in the western part, 36.5 PSU 
(maximum). The same spatial distribution was 
observed in the density pattern (Fig. 2c) with a 
strong horizontal density gradient ∆ρ = 6 kgm-3/
km. Thus, the averaged SSL density structure is 
affected mainly by river discharge. The horizon-
tal gradient of turbidity (Fig. 2d) in the SSL is 
∆Turbidity = 8 NTU/km, with minima of 1 NTU 
in the south part, 3 NTU in the central part of the 
bay and maximum (mean) of 11 NTU in the sec-
ond basin. A similar structure pattern is present 
on all variable maps, confirming the significant 
influence of riverine inflow on coastal water 
during the studied period.

At the beginning of the studied period several 
precipitation episodes occurred. The average 
daily precipitation between 1st June and 6th June 
2011 was 0.5 mm (see Fig. 3); the maximum 16 
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mm was observed on 6th June 2011 (ARSO, 2014 
b). During this month surveys were intensified 
(Fig. 3) in order to record the high river dis-
charge event. The highest horizontal and verti-
cal stratification for all variables in the period 
studied was observed on 8th June 2011, related 

to high fresh water discharge of the Rižana 
(maximum 31 m3s-1) and Badaševica (maximum 
2 m3s-1) Rivers (ARSO, 2014 c). A horizontal tem-
perature gradient (∆T = 6°C /km) was noted 
between the mouth of the Rižana River and the 
centre of the BoK. Salinity and turbidity gradi-
ents were evaluated at the boundary of the front 
- ∆S = 20 PSU/km and ∆Turbidity = 120 NTU/
km. An extremely dry period occurred between 
October 2011 and October 2012 (Fig. 3) and 
a climatological (1955-2013) minimum dis-
charge of the Rižana River (mean 1.9 m3s-1) was 
recorded (ARSO, 2014 c). Twelve days of dry and 
cold, with Bora wind speed > 15 m s-1 in Febru-
ary 2012 (ARSO, 2014 b) resulted in homogeniza-
tion of the entire water column (ARSO, 2012 a). 
During this period, minimum temperature 4°C 
and maximum salinity 38.7 PSU were recorded 
along the water column. Between August 2012 
and June 2013 the frequency of precipitation 
increased, resulting in an average precipitation 
> 0.1 mm and an average river flow rate of 
5.9 m3s-1. The average river flow rate during 
the surveys was 4.6 m3s-1, slightly higher than 

Fig. 2. Average SSL temperature (a), salinity (b), density 
(c) and turbidity (d) horizontal distribution interpo-
lated from 36 survey sites for the 28 survey campaigns 
in the 2011 - 2013 period

Fig. 3. Mean river flow of the Rižana River and mean precipitation in the period June 2011- June 2013
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the 3.9 m3s-1 (ARSO, 2014 c) recorded during the 
climatological period. Two different stages of 
the Rižana River discharge were recorded dur-
ing the studied period, low discharge 1.1 m3s-1 
(between 6th June 2011 and 6th June 2012) and 
high discharge 5.1 (between 6th June 2012 and 
6th June 2013) (ARSO, 2014 c).

eOf analysis

Most of the explained variance lies in the 
first mode: temperature 99%, turbidity 77%, 
density 73% and salinity 69% (see Fig. 4). 
Modes explaining less than ~20% of the vari-
ance showed the spatial structure of the EOF 
and expansion coefficients that were not related 
to the hydrological impact and were excluded 
from further analysis. The following spatial 
maps and expansion coefficients are normalized 
on scale 0 – 1 in accordance with BJÖRNSSON & 
VENEGAS (1997).

eOf analysis of temperature and salinity

Spatial distribution of the first mode (Fig. 
5a), shows lower amplitude signal in the region 
close to the Rižana River mouth. The amplitude 
of the signal decreases from the open part of 
the bay (0.8) to the Rižana River mouth (0) 
which suggests a cooling/heating action of the 
fresh water inflow. A rather less pronounced 
signal amplitude (~ 0.6) was observed at the 
western boundary of the BoK suggesting vari-
ations related to the exchange of water masses 
with the rest of the Gulf of Trieste. The maxi-
mum value was observed in the vicinity of the 
Badaševica river mouth and in the north-eastern 

part of BoK. This variability is associated with 
the interaction between the air and the relatively 
confined water mass in the shallow zone (~ 1.5 
m). The expansion coefficient of the first mode 
(Fig. 6a) shows the signal of seasonal tempera-
ture variation with a minimum in February and 
a maximum in August. Obviously, this coincides 
with the oscillation of mean temperature in the 
SSL and the mean of air temperature, which is 
seen through the strong correlation between the 
expansion coefficient and air temperature (r = 
0.94). The extreme low temperature is related to 
the prolonged period (from 28th January to 14th 
February) of Bora wind (ARSO, 2012 a).

EOF analysis reveals that the spatial varia-
tion of salinity (Fig. 5c) is explained by the first 
mode (69%). The highest amplitude signal (1) is 
seen at the Rižana River mouth. An amplitude 
signal of 0.8 prevails in the second basin with a 
value 0.5 at the entrance of the basin (13°44’). 
In the centre ~ 0.2 and in the shallow part of 
the BoK, (~ 0.1) lower values can be seen. The 
expansion coefficient (Fig. 6b) with a minimum 
on 21st March 2013 and a maximum on 13th Feb-
ruary 2012 has a negative correlation (r = - 0.79) 
with the Rižana River daily mean discharge (Q), 
which depicts variability of salinity in relation to 
variability of the Rižana River discharge.

eOf analysis of density and turbidity

The spatial structures of EOF density ampli-
tudes are illustrated in Fig. 7a which shows the 
high amplitude of density in the second basin. 
In the first mode of density (Fig. 7a), which 
explains 73% of all data, the maximal amplitude 

Fig. 4. Percentage of covariance explained by the EOFs of temperature (a), salinity (b), density (c) and turbidity (d)
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(1) is limited to the Rižana River mouth and to 
the central part of the second basin, while a sig-
nal amplitude of 0.6 is observed at the entrance 
of the second basin. In the centre of the BoK and 
adjacent to the coast, the amplitude signal is 0.4. 
The expansion coefficient (Fig. 8a) is similar to 
the main expansion coefficient of salinity (Fig. 
6b) with a negative correlation coefficient (r = 
-0.79) with the air temperature. The correlation 

Fig. 5. Normalized maps of the SSL of the first EOF pattern 
of temperature (a) and salinity (b)

Fig. 6. Normalized expansion coefficients for the SSL of the first EOF mode of temperature (a) and salinity (b). The red 
line with diamonds represents the air temperature recorded in the port zone. The red dotted stripes denote the survey 
campaigns and the blue line depicts the Rižana River discharge. The correlation coefficient (r) for the mean air tem-
perature and the expansion coefficient of temperature (a) and daily mean river discharge and the expansion coefficient 
of salinity (b)

coefficient with the daily mean discharge of the 
Rižana River is r = 0.25. This result suggests 
that in the studied period the seasonal oscillation 
of temperature was the primary cause of mean 
density changes in BoK.

The spatial structure of the first EOF mode 
(Fig. 7b) of turbidity explains 77% of the data 
and shows the maximum in the region of the 
Rižana River mouth. Minima are observed in the 
western part and in the shallow part of the BoK 
(~0). In the centre of the bay, the value ~ 0.5 
was observed. The spatial structure of the signal 
has minima at the north, west and south sides 
(~ 0), in the centre of the bay (~ 0.4) and near 
the Rižana River mouth (~ 1). On 8th June 2011, 
in the proximity of the Rižana River mouth, at 
sampling site 24 (Fig. 1), the observed turbidity 
variation value lies between the minimum value 
of 2 NTU and maximum 120 NTU. The maxi-
mum turbidity amplitude was observed in con-
comitance to the event on 8th June 2011 when 
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the highest river outflow of the Rižana River 
(31 m3s-1) during the entire survey campaign 
was recorded. Further maximal amplitudes of 
the expansion coefficient were observed on 23rd 
January 2013 (1.8 m3s-1) and 21st March 2013 
(8.8 m3s-1). Between 14th March 2013 and 20th 
March 2013 the mean flow rate was ~19.8 m3s-1; 
the maximum value was observed on 18th March 

2013 (50 m3s-1). The influence of the discharged 
fluvial water quantity prior to the survey (21st 
March 2013) was accentuated more by the 
salinity expansion coefficient (Fig. 6b) than by 
turbidity (Fig. 8b). This difference occurs due 
to TSS settling and hence lower turbidity while 
salinity is expected to be more persistent in the 
SSL. The influence of Rižana River discharge 
on turbidity is also noticeable in the relatively 
lower correlation coefficient (r = 0.67) in com-
parison to the salinity.

Coupled fields analysis

In order to identify the correlations between 
salinity and turbidity and density and turbidity, 
the coupled field technique was applied to the 
first modes. The analysis showed a high square 
covariance fraction (SCF) that specifies the 
data explained in the first mode. Turbidity and 

Fig. 7. Normalized maps of the SSL of the first EOF pattern 
of density (a) and turbidity (b)

Fig. 8. Normalized expansion coefficients for the SSL of the first EOF mode of density (a) and turbidity (b). The red line 
with diamonds represents the air temperature recorded in the port zone. The red dotted stripes denote the survey 
campaigns and the blue line depicts the Rižana River discharge. The correlation coefficient (r) for the mean air tem-
perature and the expansion coefficient of density (a) and daily mean river discharge and the expansion coefficient of 
turbidity (b)
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salinity showed SCF = 94% and turbidity and 
density SCF = 88%. The strength of coupling 
(BJÖRNSSON & VENEGAS, 1997) is explained by 
the correlation coefficient (r), which is 0.58 for 
turbidity and salinity, while for turbidity and 
density it was somewhat lower (0.42). The maps 
and expansion coefficients were normalized 
and plotted as homogenous and heterogeneous, 
respectively. According to BRETHERTON et al. 
(1992), the left heterogeneous correlation map 
(turbidity) (Fig. 9c, Fig. 10c) is correlated to the 
right expansion coefficient (salinity) (Fig. 11a) 
and thus the turbidity can be estimated from the 
expansion coefficient obtained from the salinity/
density field. The left homogeneous correlation 
map (Fig. 9a, Fig. 10a) is an indicator of the 
geographical localization of the covarying part 
of the analysed field (BRETHERTON et al., 1992).

Coupled fields analysis of turbidity 
and salinity

The square covariance in the first mode is 
evaluated to 94%, while the coupling expan-
sion coefficient is in the correlation value r = 
0.58. The turbidity spatial structure (Fig. 9a) 
is dominated by the minima signal (~0) over 
the bay. In front of the second basin the signal 
strength is 0.3 and increases towards the centre 
(0.6) with maximum amplitude (1) in the Rižana 
River mouth. A similarly high signal is found 
in the second basin in the salinity distribution 
(Fig. 9b). The lower amplitude signal (< 5) 
shows a different distribution in comparison to 
the turbidity indicating poor correlation in this 
area. The turbidity heterogeneous maps (Fig. 9c) 
show a range of signal reaching ~2.5 km from 
the Rižana River mouth towards the centre of 
the BoK. The salinity signal (Fig. 9d) is accen-
tuated relative to that on the homogeneous map 
(Fig. 9b). However, in the northern part, a mini-
mal signal (0.2) is present in the centre of the 
bay (0.4). The highest signal is observed at the 
entrance and within the second basin (0.8 – 1), 
corresponding to the amplitude (1) of the signal 
of the turbidity.

Fig. 9. Normalized SSL homogeneous correlation maps 
of the first mode of turbidity (a) and salinity (b); and 
heterogeneous correlation maps of the first mode of 
turbidity (c) and salinity (d)

Fig. 10. Normalized homogeneous correlation maps of the 
first mode SSL turbidity (a) and density (b); heteroge-
neous correlation maps of the first mode of SSL turbid-
ity (c) and density (d).
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Coupled fields analysis of turbidity 
and density

The square covariance in the first mode is 
evaluated to 88%, while the coupling expansion 
coefficient is r = 0.42. The homogenous map 
of turbidity (Fig. 10a) shows the same spatial 
structure of signal as previous analysis (Fig. 
9a). The main difference in the correlation maps 
lies in the maps of density (Fig. 10b, Fig. 10d), 
which show different spatial structure (Fig. 10b) 
and higher signal, limited to the entrance and the 
second basin (Fig. 10d). Higher signal in the tur-
bidity spatial structure is present in the heteroge-
neous map (Fig. 10c), mainly in the central part 
of the BoK. The turbidity signal extends from 
the second basin to the central and northern parts 
of the bay, where the signal is 0.3, in the centre 
0.4 and, in the second basin, 0.6, increasing to its 
maximum value (1) in the Rižana River mouth.

factor analysis

Factor analysis was applied in the three verti-
cal profiles (Fig. 12) recorded at survey sites 5, 
19 and 24 (see Fig.1). The main variations of 
salinity and turbidity were found in the water 
column between 0 and 2 m depth in profile 24 
(Fig. 12) which is located near the Rižana River 
mouth. Profile 9 located in the central part of 
the BoK shows low mean variation in the same 
layer (0–2 m) while profile 5 located in the open 
part of BoK showed the lowest mean variation 
of all variables.

The factor analysis results indicate an oppo-
site correlation of principal components (PC), 
that together (PC1 and PC2) explain 99% of all 
the data. The analysis of the selected episodes 
(Fig. 13) shows the relation between low salinity 
(due to river discharge) and increased turbidity 
in the profiles (Fig. 12). The main difference 
between factor loadings (FL), the salinity and 
turbidity profiles, was found during high river 
discharge (8th June 2011 and 21st March 2013). 

Fig. 11. Normalized expansion coefficient of the first mode of turbidity (circles – green line) and salinity (diamonds – red 
line) (a) and turbidity (circles – green line) and density (diamonds – red line) (b). The red dotted stripes denote the 
survey campaigns and the blue line depicts the Rižana River discharge
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Minor differences were found on 13th February 
2012 and 23rd August 2012, sharing (74%) and 
(85%) of all data, respectively. Factor analysis 
confirms fresh water inputs related to low salin-
ity in connection with density and increased tur-
bidity data. In fact, the results for 8th June 2012 
and 21st March 2013 (Fig. 13) show FL between 

Fig. 12. Temperature, salinity and turbidity profiles at sampling sites 5, 19 and 24. Red (bold) lines show the mean values 
and black dots the measured profile

Fig. 13. Factor loadings of temperature, salinity, turbidity and density in the profiles at sampling sites 5, 19 and 24

salinity (S FL: - 0.95) and turbidity (turbidity 
FL: 0.97), while density is correlated mainly to 
salinity (ρ FL: - 0.91). The minimal difference 
correlation between salinity and turbidity was 
observed in the PC1 (70%) on the 23sd August 
2012 (S FL: - 0.91; turbidity FL: 0), while there 
was a pronounced difference between tempera-
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ture and salinity (FL: 0.96; S FL: - 0.92). The 
PC2 follows the PC1 with opposite temperature 
FL (13th February 2012, 23rd August 2012 and 
21st March 2013) and less pronounced differenc-
es between salinity and turbidity. Salinity and 
turbidity are regularly counter correlated while 
density varies in its dependence on temperature 
(13th February 2012 and 8th June 2011).

Turbidity and suspended solids

The correlation between turbidity and TSS 
concentration data from two environments (river 
and coastal waters) was analysed through the 
least squares simple linear regression. The wider 
range of TSS concentrations were found in both 
rivers and ranged between 1.04 and 324.61 mgl-1 
and SOM between 0 and 39.22 mgl-1 represent-
ing ~ 35 % of TSS. The high values of TSS con-
centration were related to high river discharges 
of the Rižana (33.7 m3s-1) and Badaševica (3 

m3s-1) (ARSO, 2014 c) during the sampling. Fig. 
14a shows all data (n=41) for turbidity and TSS 
concentration for rivers Rižana and Badaševica 
with a linear regression model. The model 
shows a strong linear relationship between tur-
bidity and TSS with a correlation coefficient 
of R=0.99 and an intercept of – 0.63. The high 
correlation coefficient is related to the two out-
liers < 100 NTU and mgl-1. The correlation in 
the river was tested in the lower range of the 
TSS concentrations (0 – 40 mgl-1) and turbidity 
(0 – 40 NTU) (Fig. 14c). In this range the dis-
tribution of the two variables suggests a lower 
linear relationship in comparison to the larger 
range (Fig. 14a). However, the correlation coef-
ficient R = 0.92 supports linear dependency with 
a lower slope (0.77) and higher intercept (1) in 
the linear model. The turbidity–SOM correla-
tion coefficient for the Rižana and Badaševica 
Rivers (Fig. 14d) was found to be high (R=0.98) 
with an intercept of about 0.69 mgl-1 represent-

Fig. 14. Regression model for: (a) TSS and turbidity in rivers, (b) TSS and turbidity in coastal waters, (c) TSS and turbid-
ity in rivers in the lower range, (d) SOM and turbidity in rivers, (e) SOM and turbidity in coastal waters, SOM and 
turbidity in rivers in the lower range
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ing SOM which is supposed to be unaffected 
by light absorbance. This is consistent with a 
high correlation of TSS with SOM (R=0.98) 
representing on average about 35% of TSS. The 
turbidity–SOM correlation in the lower range 
(0 – 40 NTU and mgl-1) in the rivers (Fig. 14f) 
showed a linear distribution of the two variables 
with a correlation coefficient (0.89) that is com-
parable with the model in the large range (Fig. 
14d). At the marine sampling sites including the 
Rižana River mouth, TSS ranged between 1.25 
and 57.08 mgl-1 while SOM varied between 
0.66 and 9.53 mgl-1 representing about ~ 25% of 
TSS. All measured values of TSS concentration 
agreed well to those previously reported in the 
BoK (OGORELEC et al., 1987). The marine samples 
showed lower TSS concentration in comparison 
to the rivers which is probably due to dilution 
and settling of the sediment in the Rižana River 
mouth. Fig. 14b plots all sea water data (n=69) 
of turbidity and TSS with a simple linear regres-
sion model showing a low correlation (R=0.66). 
This low correlation can be attributed to several 
factors that include the impact of size, shape and 
composition of particles and the organic matter 
that affects turbidity measurements (CLIFFORD et 
al., 1995; GIPPEL, 1989). The turbidity-SOM cor-
relation for sea water samples (Fig. 14e) was 
rather low (R=0.61) with an intercept of 1.22 
mgl-1 representing rather high SOM concentra-
tion unaffected by light absorbance. The impact 
of water colour due to dissolved organic matter 
(MALCOM, 1985) is evident at low TSS concentra-
tions and higher turbidity which indicates the 
limitations of the in-situ turbidity measurements.

CONClUSIONS

The results demonstrate the application of 
the spatially extended survey strategy and the 
statistical data analysis techniques, providing 
new insights into the spatial and temporal influ-
ence of small rivers on the SSL of a shallow 
bay, the BoK as a study case. The EOF analysis 
demonstrated single variable spatio-temporal 
behaviour in the studied period and confirms 
that the region of fresh water influence is limited 
to the second port basin and the area ~2.5 km 
from the Rižana River mouth. The temperature 

distribution in the SSL was found to be influ-
enced by the river discharge, while high vari-
ability was observed in the shallow part of the 
bay. Peaks in temporal variations of SSL salinity 
and turbidity signals coincide temporally with 
peak discharges of the Rižana River. Correla-
tion between salinity and turbidity variations 
was found with couple field analysis pointing 
out the link between the two spatial structures, 
which determine the region of fresh water influ-
ence and the resulting turbidity distribution. The 
results of factor analysis confirmed the impact 
of the riverine water on the turbidity variable in 
the SSL and exclude other factors affecting high 
turbidity in the studied vertical profiles. High 
variability of salinity and turbidity was affected 
by the river discharge in the water column 
between 0 and 3 m in the port zone at a distance 
of ~2.5 km from the Rižana River mouth to the 
open part of BoK. 

During the studied period a single episode 
of river plume was recorded coinciding with 
the peak of the river discharge. Surveys in such 
episodes are difficult to perform due to unpre-
dictable weather and conditions at sea. How-
ever, the impact of this episode is evident in the 
spatio-temporal results and deserves particular 
research that can be performed using numerical 
modelling of plume distribution. Results of the 
present study can be used as a valuable calibra-
tion and comparison basis for future modelling 
of TH and TSS distribution.

Turbidity and TSS concentrations were high-
ly correlated in the Rižana and Badaševica 
Rivers particularly during high river discharges 
indicating the useful estimation of TSS concen-
tration and transport from the turbidity and river 
discharge. The present findings were described 
in the regression models that can be applied 
mostly in periods of high river discharge for 
forecasting the spatial and temporal variability 
of TSS distribution in semi-enclosed shallow 
bays. Another factor to be taken into account 
is the lower correlation of turbidity-TSS in the 
sea water. In order to obtain a reliable regres-
sion model and confidence interval on a wide 
spectrum of turbidity and TSS concentration, 
numerous water samples and measurements are 
required.
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Since in situ measurement (CDT - turbidity) 
is a more cost-effective approach compared to 
laboratory gravimetric analysis, it is neces-
sary to develop a regression model which will 
bridge the gap of the logistic problems. This 
was achieved in the presented study with the 
developed a regression model that will estimate 
spatial distribution of TSS concentration in the 
water column and the related deposition rate 
from turbidity during a high river discharge in 
a coastal area. In addition to that, the results of 
this study are of particular interest for the local 
port authorities in relation to the accumulation 
of riverine sediments in maritime canals and 
port basins.
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sažetaK

Utjecaj riječnog upliva na prostorne i vremenske varijabilnosti, termohalina svojstva i mutnoće  
na morskoj površini (0,5 m) je istraživano u plitkom Koparskom zaljevu (Tršćanski zaljev, sjeverni 
Jadran), koji je pod utjecajem uglavnom zagađene rijeke Rižana.

Vodljivost, temperatura i mutnoća su mjereni mjesečno na 36 postaja između lipnja 2011. i lip-
nja 2013. Primijenjena je analiza empirijske ortogonalne funkcije (EOF) kako bi se  istražili 
podaci i utvrdio prostorni raspored varijabilnosti, te vremenske promjene temperature, sla-
nosti, gustoće i zamućenosti. Rezultati dobiveni EOF metodom su pokazali visoka odstupa-
nja za sve varijable u području blizu ušća rijeke Rižana.

Visoke varijacije u vremenskoj seriji za sve varijable su pokazala da se uglavnom odnose na 
visoke varijacije u vremenskom nizu riječnog dotoka. Združena analiza terenskih istraživanja 
pokazala je da se radi o području niske slanosti i visoke zamućenosti.

Jaka veza je pronađena između zamućenosti i koncentracije suspendiranih krutih tvari (TSS), dok 
podaci prikupljeni u lokalnim rijekama i u neposrednoj blizini obale upućuju na to da se zamućenost 
može koristiti kao zadovoljavajući surogat za TSS procjene.

Ključne riječi: riječni upliv, thermohalina svojstva, zamućenost, suspendirane tvari, 
  sjeverni Jadran


