¢! Desalination and Water Treatment
www.deswater.com

33 (2011) 22-35
September

1944-3994 / 1944-3986 © 2011 Desalination Publications. All rights reserved.

O doi: 10.5004/dwt.2011.2627

Modeling the Nestos River plume dynamics using ELCOM

N. Kamidis*™, G. Sylaios?, V.A. Tsihrintzis®

“Laboratory of Ecological Engineering & Technology, Department of Environmental Engineering,

Democritus University of Thrace, 67100 Xanthi, Greece

Tel. +30 2594022691-3; Fax +30 2594022222; email: nikkami@inale.gr
*National Agricultural Research Foundation, Fisheries Research Institute, Nea Peramos, 64007, Kavala, Greece

Received 10 February 2010; Accepted in revised form 5 November 2010

ABSTRACT

Results from the first attempt to simulate the Nestos River plume using the three-dimensional nu-
merical model ELCOM are presented. The numerical model was validated using in-situ CTD data
from three field campaigns taking place under variable discharge and meteorologic conditions.
Results showed that the model predicted satisfactorily the surface expansion and the shape of
Nestos river plume in all cases. The calculated versus observed salinity values showed significant
correlations under high, moderate-high and low flow condition. The numerical model revealed that
Nestos plume enters the Kavala Gulf only under high and intermediate river flow conditions, and
only under favorable east and northeast winds. After validation, the model was used to examine
plume behavior under four test cases of variable discharge and winds. These results illustrated that
Nestos plume is mostly wind-driven, while river discharge is the key parameter responsible for
transporting the plume away from the mouth. The plume directed mainly westwards throughout
the year, under the influence of the general water circulation and the predominance of E-NE winds.
Local coastal morphology such as the existence of the Thassos Passage also plays a significant role

on the plume dispersion and movement.
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1. Introduction

River discharge plays an important role on the hy-
drodynamics, biogeochemistry, productivity and the
dynamic stability of coastal environments [1]. In terms
of hydrodynamics, the introduction of river freshwater
induces fresh-to-salt water frontal zones, with the buoy-
ant freshwater spreading away from the river mouth in
the form of a surface river plume [2]. The motion of the
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plume appears generally influenced by external forcing of
larger temporal and spatial scales, as the ambient coastal
circulation, the latitude-dependent deflective Coriolis
force, the wind stress and the tidal variability [3]. In
terms of biogeochemistry, river plume water transports
organic and inorganic, dissolved and particulate nutrient
compounds of nitrogen, phosphorus and carbon, thereby
altering the cycling of these elements in the coastal zone
[4]. As the rate of nutrient loads through rivers has risen,
due to the impact of point or non-point pollution sources,
more frequent and more toxic eutrophication incidents
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occur in the coastal marine environments [5-7]. How-
ever, this enhancement of surface biological production
may produce limitations in bottom light penetration
and dissolved oxygen exhaustion, thus hampering
benthic primary production [8,9]. Increased nutrients
and plankton levels favour the development of nurs-
ery grounds, attracting juveniles from any fish species,
whose survival and growth at these early stages depend
strongly on plume water dispersal and expansion [10].
In parallel, fluvial suspended particulate matter (SPM)
contained within plume water, contribute into coastal
sedimentation, regulate the optical characteristics of the
water column and play a major role in the transport and
dispersion of trace metals in estuarine and coastal envi-
ronments [11]. Finally, buoyancy inputs enhance water
column stability through density stratification and alter
the vertical distribution of physical and chemical water
properties [12].

It occurs from the above that river plumes are relevant
actors in shaping and supporting various aspects of
the socio-economic environment in areas close to river
mouths [13]. However, river plume characteristics are
also prone to hydrological alterations that often take
place along a river catchment by various human inter-
ventions. The impounding of freshwater behind dams
regulates discharge downstream, causing significant
reductions and alterations in the timing, magnitude and
frequency of high and low river flows, ultimately produc-
ing a hydrologic regime significantly different from the
pre-damming natural flow regime [14,15]. Under these
conditions, especially in the arid and micro-tidal Medi-
terranean environment, the freshwater flux and the local
winds appear as the most important factors determining
river plume dynamics. The complexity of interaction
between meteorological and hydrodynamic features,
freshwater input and coastal morphology, together with
human alterations, make numerical modeling an impor-
tant tool, useful in understanding the processes governing
horizontal plume spreading and vertical mixing.

Under the above conditions, understanding the mech-
anisms responsible for the spreading and dispersion of
Nestos River plume along the Thracian Sea coastal zone
is of particular importance for coastal environmental
processes, especially as Nestos River plume dynamics
have never been studied previously. In this work, results
on the spatial and temporal variability of Nestos River
buoyant spreading are shown, based on a field monitor-
ing program and the application of a three-dimensional
numerical hydrodynamic model. The study is focused
primarily on the freshwater mass transport within the
area of interest, attempting to describe the mechanisms
responsible for this transport. Collected field data were
used to validate model results. After validation, the in-
vestigation of Nestos River plume behavior was studied
under four typical cases of variable river discharge and
wind conditions.

2. Materials and methods
2.1. Study area
2.1.1. Nestos River description

The Nestos/Mesta River is one of the 71 internationally
shared river catchments of Europe [16], having its source
in Rila Mountains (southwestern Bulgaria), draining an
area of 5,613 km?, of which 2,768 km? (or 49.34% of the
total basin) belong to Bulgaria, entering Greece a few
kilometers upstream of Thissavros Reservoir and turning
into river downstream of Platanovrisi Reservoir, crossing
the Gorges and the Delta area, until its final outflow in the
Thracian Sea [17]. The relief in the whole drainage basin
is mountainous and semi-mountainous, apart from the
Delta area where a floodplain is formed covering 440 km?.
Agriculture is the leading economic sector in Nestos River
Basin, while production of energy, industry and tourism
are also important economic activities [18]. A third dam at
Toxotes serves an extensive irrigation network for 131 km?
arable land at the deltaic zone (Fig. 1).

The mean pre-damming annual discharge at the site
Temenos during the period 1966-1996 was 39.7 m?/s,
characterized by a strong seasonal and inter-decadal vari-
ability (data from Public Electricity Cooperation). This
reduction coincided with the period of dam construction
at Thissavros and Platanovrisi (1986-1997). During dam
operation, freshwater runoff depicted a slight increase
to 828x10° m? per year, with limited seasonal variability
throughout the whole year [19,20].

2.1.2. Coastal zone description

The Nestos River outflows its freshwater on an al-
most East-West oriented coastline, between Kavala and
Vistonikos Gulf (Fig. 1). The area is shallow with gradual
depthincrease, reaching 50 m depth approximately 20 km
southwards of the Nestos River mouth. The coastal flow
is influenced by the presence of the Thassos Island to the
southwest of the river mouth, showing higher velocities
at the Thassos Passage and before the Kavala Gulf entry
(Fig. 1). This flow comprises the Black Sea Water (BSW),
discharged through the Dardanelles Strait, moving cy-
clonically along the Thracian Sea coastline [21,22] and
entering the Kavala Gulf through the Thassos Passage
[23]. BSW occupies the first 40 m of the water column,
overtopping the more saline and warmer Levantine In-
termediate Water (LIW) [24].

2.2. Monitoring program
2.2.1. Nestos River discharge monitoring

Twenty one field campaigns were carried out at 4 sta-
tions throughout the year 2006, along the downstream
part of Nestos (Fig. 2). Furthermore, river discharge was
measured through an auto-recording telemetric station,
located 20 km upstream of the river mouth (Fig. 2). The
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Fig. 1. Map of the Nestos River (Greek part) and its outflow to the Thracian Sea.
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Fig. 2. Map of coastal sampling stations along the Nestos River and coastal zone. The map also shows the location of the au-

tomated telemetric station.

station is equipped with an acoustic current-meter and
stage sensor, and water discharge occurred through direct
measurements at its cross-section and the development
of stage-discharge relation. The station is also equipped
with a conductivity and temperature meter. Measure-
ments were recorded at a 1-h interval. The above data
were used as inputs to the coastal numerical model, in
the form of river discharge time-series (Fig. 3). It occurs

that year 2006 may be characterised as a ‘wet year’ in
terms of freshwater discharge, since the wet-to-dry mean
seasonal discharge equals to 2.02. Higher mean monthly
flows were measured in January (135 m?/s), February
(128 m%/s) and March (118 m?®/s), while the lowest ap-
peared in the summer (June—-August), varying between
25.3 and 30.3 m?/s.
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Fig. 3. Nestos River discharge measured from field campaigns and the automated station throughout the year 2006.

2.2.2. Nestos River plume monitoring

One oceanographic survey was conducted in 19 sta-
tions of the coastal zone in November 2005. Temperature
salinity and conductivity were measured throughout the
entire water column and used as initial conditions for
the numerical model. Furthermore, three surveys were
carried out during high (28/3/2006), moderately high
(25/5/2006) and low Nestos River flow (2/8/2006) condi-
tions, in order to test model performance. Temperature,
salinity, density and conductivity were measured in the
entire water column of the 24 stations, using a Seabird
SBE 19plus CTD (Fig. 2). Tidal elevation and three-di-
mensional velocity vectors throughout the water column
were collected using an upward facing 300 KHz ADCP,
deployed 15 km west of the river mouth.

2.3. ELCOM model

2.3.1. Model description

Estuary and Lake Computer Model (ELCOM) is a
three-dimensional hydrodynamic model developed by
the Centre for Water Research (CWR) [25,26]. ELCOM is
used to simulate the variation of salinity and temperature
in space and time for estuaries, lakes and reservoirs by
solving the unsteady, 3D-Reynolds averaged, hydro-
static, Navier-Stokes, Bussinesq equations and the scalar
transport equations for salinity, temperature, tracers and
incorporating a mixing model for vertical turbulent trans-
port [27]. The unsteady Reynolds-averaged equations
were solved on an Arakawa C-grid using a semi-implicit
method with quadratic Euler-Lagrange discretization
of momentum advection [28], while a conservative
ULTIMATE QUICKEST approach was used for scalar
transport [29]. Heat exchange through the water surface
is governed by standard bulk transfer models found in the
literature [30,31]. The principal equations implemented
by ELCOM are:

The continuity equation:
ou;
=0

Oxj a

The momentum equation:

n
ou, +U, u, =—q ﬁ+iijp'dz
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The vertically-integrated continuity equation:

n__ot
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The transport equation:
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where j = 1,2,3 represent the three space components,
a, 3 (=1, 2) the two horizontal space components, U the
Reynolds-averaged velocity, n the Reynolds-averaged
free-surface elevation, po the reference density, o’ the in-
situ density anomaly, f the Coriolis constant, v, the eddy
viscosity coefficient, k. the eddy diffusivity coefficient,
C the scalar tensor, S the scalar source term. Horizon-
tal eddy diffusivity coefficients are generally assumed
similar for both salinity and water temperature [32].
Vertical eddy diffusion was derived from mixing energy
budgets used in 1D lake modelling [31]. The S term is
representing the heat input/loss from the sea surface for
the temperature calculation and evaporation/precipita-
tion at the sea surface and freshwater inputs from point
sources regarding salinity calculation.
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The boundary conditions at the sea surface due to the
wind action are described by the wind stress equations
for x,, x, and x, direction respectively:

(u& )i — C]g pair

water

(WyWy)'"* W, ®)

where (u,) is the wind shear velocity in a direction, W, is
the vector wind speed in 8 direction, and C; is the bulk
wind stress coefficient for wind values at 10 m from sea
surface.

ELCOM numerical method uses and extend the TRIM
scheme [28] by including a hybrid advection scheme for
momentum, an energy-based mixing model for vertical
diffusion and the conservative advection of scalars us-
ing a third-order explicit scheme. Vertical layers are of
variable thickness, providing the greatest resolution in
the mixing zones.

2.3.2. Model implementation

The modelled area covered the broader Nestos River
shelf, discretized into a uniform horizontal grid consist-
ing of 1 x 1 km orthogonal cells, thus including overall
4,717 horizontal cells (Fig. 4). The water column depth at
each cell was determined using the 1:50,000 bathymetric
chart. A maximum number of 59 variable in thickness

layers were used to discretise the water column in each
horizontal cell. The water depth in the study area varied
between 2 near the coast and 300 m south of the Thassos
Island. Surface layers were thinner (0.2 m), with thick-
ness increasing gradually towards the bottom layers,
reaching 22 m. Initial conditions in terms of salinity were
defined at the grid domain based on the November 2005
survey. Model boundary conditions involved hydrologic,
meteorological and tidal forcing. Hydrologic forcing was
determined on a daily basis by interpolating the Nestos
River discharge measurements, obtained at the Nestos
River mouth. For the period that telemetric data were
available (August — December 2006), boundary forcing
involved the daily averaging of hourly river discharge
data. Meteorologic forcing included the synoptic daily
datasets of solar radiation intensity, atmospheric tem-
perature, atmospheric relative humidity, precipitation
and wind speed and direction acquired from NOAA
database (http://ready.arl.noaa.gov/READYamet.php).
Tidal forcing at the open boundaries was determined by
performing harmonic analysis on the ADCP tidal records,
and selecting the basic semi-diurnal M, and diurnal S,
tidal constituents, with amplitudes 0.20 and 0.15 m and
phases 32.9 and 350.5 degrees, respectively [33]. The
temporal variability of model boundary conditions for
the year 2006 is shown in Fig. 5. The time series of salinity
at the eastern boundary for the entire year was obtained
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Fig. 4. The computational grid of ELCOM model.
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Fig. 5. Model boundary conditions: (a) wind direction, (b) air temperature, (c) wind speed and (d) relative humidity.

by a significant number of field campaigns held in the
Thracian Sea. In this way the seasonal variability of the
Black Sea water impact which denoted by many authors
[21,23,34] is applied to the model (Fig. 6).

2.3.3. Model calibration

The calibration procedure included model runs un-
der several combinations of bottom drag coefficient (C,,)
and horizontal eddy diffusivity values (k, ,), in order to
achieve the best possible salinity simulation. The validity
of model calibration was statistically tested in the entire
water column (N =225 cases) for a high river flow incident
(March 2006), under which the river plume was more
evident. The validity of each model output was tested
using various statistical tests, such as:

(a) the slope (y) of the linear regression P = yM between

the measured (M) and predicted data (P):

N

;(xi _f)(% _y)
>, ~%)

i=1
where x, the measured data, y, the modeled data and
X,y are the means of measured and modeled values,
respectively. When y > 1 the model overestimates the

Y= (6)

observed data, while when y < 1 the model underes-
timates the measured values.

(b) the squared correlation coefficient (R?), representing
the scatter rate between the measured and modeled
data from the best fit line:

e

BT HE]

where N is the number of observations. Best value
for R? is unity, at which the measured and modeled
values are not scattered around the best fit line for the
equation y = yx.

(c) the root mean square error (RMSE) and the scatter
index (SI). Both parameters have to be close to zero for
best model accuracy. The RMSE value derived from
the equation:
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Fig. 6. Time-series of salinity applied in the entire water column of the eastern open boundary. The image also shows the

stronger Black Sea water influence during summer.

while the SI is defined as the ratio of RMSE to the
average observed value [35]:

_ RMSE

SI x100 )

X

Lower values of SI indicate less residual variances.

The calibration results for March 2006 showed a good
agreement with the measured data for all the combina-
tions of k; , and C, parameters (Table 1). The model slight-
ly overestimates the salinity values for all the examined
cases, while the R? showed very good results and varied
between 0.837 and 0.888, thus there was limited scattering.
To proceed with model validation, the pair of C,, = 0.005
and k,,=0.6 m?/s was selected, since it combines the best
RMSE and Sl values (1.061 and 3.00, respectively) together
with sufficient R? and y results. According to [36] and [37],
the suggested values are more than sufficient in order to
characterize the simulation as successful.

3. Results
3.1. Model validation

In March and under high river discharge (137 m?/s),
the plume covered the entire surface layer of the inves-
tigated area (Fig. 7a). However, during the sampling
date (28/3/2006), the plume moved northeast of the river
mouth, under the influence of low to moderate SSE—
SSW winds (0.2-3.4 m/s) lasting for 24 h prior to field
campaign. Surface salinity close to the river mouth was
measured between 24 and 30 and appeared adequately
simulated by the model (27.5-30.8; Fig. 7a). The plume
also expanded southwards (29.1-29.9) and westwards
(28.8-29.1), reaching the entrance of the Kavala Gulf.
The model showed that the southern plume expansion
exceeded the sampling region, reaching a distance of 19
km from the river mouth. The western plume expansion

was modeled satisfactorily, with surface salinity rang-
ing between 28 inside the Thassos Passage and 32 at the
Kavala Gulf entrance. Inside the Kavala Gulf surface
salinity was slightly affected by the Nestos River plume.

In May, and under moderately high river flow
(101 m?¥/s), a well defined plume was formed, expanding
westwards under the persistent low magnitude east-
erly—northeasterly winds (~2 m/s). The plume entered
the Kavala Gulf having a sharp frontal form, as shown
in Fig. 7b. Lower salinity was measured between 28.9
and 29.7, close to the river mouth, gradually increasing
to 31.3 inside the Gulf. The plume expansion to the east
and south direction appeared smaller. The plume shape
and direction were successfully modeled by ELCOM as
shown in Fig. 7b. The model revealed that the plume
moved towards the Kavala Gulf with surface velocity of
0.36 m/s at the Thassos Passage. When in the Passage, the
plume was pressed inshore due to Ekman drift producing
calculated surface salinity values between 29.3 and 31.6.
As a result, the model was unable to predict the smaller
plume expansion to the east and south of the estuary,
resulting to relatively increased salinity within 2 km
from the mouth (34.6-35.4). As a result, the comparison
between measured and calculated salinities showed lower
but still significant correlation (N =337, R*=0.64, y=1.04,
RMSE =2.16, SI = 6.2%).

In August, Nestos plume is restricted at a close dis-
tance from the river mouth due to low freshwater dis-
charge (15.8 m?/s; Fig. 7c). In this area, the salinity was
measured between 31.5 and 32.3. The model predicted
similar salinity range (31.5-33.7), but simulated even
lower salinity at the small embayment to the west of the
river mouth and close to the coastline (26.7). It seems that
the SE wind blowing for 12 h with an average speed of
2.3 m/s, dragged and trapped the plume inside this small
gulf. This time the plume did not reach the entrance of the
Kavala Gulf, due to the extremely limited river flow. The
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Table 1

Model simulation performance for salinity during March 2006, under different drag coefficients and eddy diffusivities values

Salinity
k,, (m,/s) R? Y RMSE SI (%)
g |02 0.873 1.012 1.225 3.574
S o4 0.845 1.017 1.357 3.959
o |06 0.859 1.011 1.158 3.376
0 0.874 1.012 1.092 3.185
g8 |02 0.885 1.012 1.052 3.067
S |04 0.885 1.013 1.077 3.141
o |06 0.888 1.015 1.092 3.184
0.8 0.883 1.015 1.120 3.267
0 0.877 1.013 1.098 3.203
0.1 0.878 1.012 1.077 3.141
0.2 0.883 1.014 1.103 3.216
|04 0.885 1.012 1.072 3.127
S 05 0.883 1.014 1.096 3.197
. 10.6 0.886 1.011 1.061 3.000
“ o8 0.888 1.014 1.077 3.141
1.0 0.875 1.015 1.135 3.312
2.0 0.837 1.015 1.131 3.300
3.0 0.886 1.013 1.075 3.138

comparison between measured and computed salinities
presented very good values for all statistical parameters
(N =230, R*=0.80, vy =1.05, RMSE =2.31, SI = 6.6%). The
scatter diagrams between the measured and simulated
salinity for all the examined cases are presented in Fig. 8.

After the successful model validation, the general
behaviour of the Nestos River plume was described un-
der variable river discharge and wind conditions. Under
Model Run 1 the plume response was examined under
conditions of elevated river discharge (~100 m%s) and
the influence of E-NE winds of moderate magnitude
(2-5 m/s); under Model Run 2 the plume expansion is
described under W-NW winds (~3.5 m/s) and high river
flow (~130 m®/s). Model Runs 3 and 4 illustrate the plume
behaviour for low Nestos flows (~25 m¥s), under E-NE
and SW-W winds, respectively.

3.2. Model Run 1 — high river discharge and E-NE winds

This case simulates the conditions of 23/2/2006, char-
acterised by easterly-to-north-easterly winds influencing
continuously the area for approximately 12 h with an
average speed of 3.4 m/s (1.9-5.3 m/s). Nestos River flow
at this period was above the annual average, oscillating
around 100 m?/s. Model results illustrated that the plume
directed westwards and entered Thassos passage with a
surface flow of 0.3-0.6 m/s. The plume was confined close

to the northern coastline and entered the Kavala Gulf
(Fig. 9a). In the Kavala Gulf, the plume retained a NW
flow, moving almost parallel to the coastline, while at the
same time preserving its momentum, having an average
surface speed of 0.44 m/s. Water salinity 1 km from the
river mouth was found at 25.7, increasing gradually to
32.8 inside the Thassos passage and reaching 33.1-34.3
inside the Kavala Gulf. Under these conditions, plume
expansion towards the east of the river mouth was neg-
ligible, since salinity increases rapidly to 35.7 at close
distance from the mouth. Some plume parcels simulated
south of the mouth are attributed to western wind action,
occurred during 21/2/2006 (Fig. 10a).

3.3. Model Run 2 — high river discharge and W-NW winds

This case simulates the conditions of 18/1/2006 under
the prevalence of W-NW winds, with average magnitude
of 3.5 m/s and duration of 27 h. The plume marked mainly
a southern expansion, due to the high river discharge
(130 m%/s), obtaining a mean velocity of 0.21 m/s. Plume
salinity ranged between 25 at the river mouth and 34.8 at
the eastern coast of Thassos (Fig. 9b). The plume front was
simulated 16 km south of the river mouth. Inside Thassos
passage salinity was modelled at elevated values, vary-
ing between 35.6 and 36.3. However, inside the Kavala
Gulf surface salinity was simulated at lower levels with
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Fig. 7. Surface salinity distribution of observed (left panel) and predicted values (right panel) for: (a) March, (b) May and (c)
August 2006. At the left panel the daily median wind direction and the weekly averaged discharge are also presented.

an average value of 34.9. The plume travelled towards
west due to prolonged E-NE winds, blowing from 12/1
to 16/1 (Fig. 10b).

3.4. Model Run 3 — low river discharge and E-NE winds

In June (12/6/2006), Nestos River discharge was fairly
low, reaching 29.8 m¥/s, a typical flow for this season.
East-to-north-east winds prevailed in the area for a pe-
riod of 21 h, having an average wind speed of 3.2 m/s.
As it can be seen in Fig. 9¢, the plume was confined at
a very close distance from the river mouth and bended
slightly rightwards. The salinity 1 km from the mouth
was simulated at 31.9, increasing rapidly to 35.3 within
1 km southwards. Based on the model results, it occurs
that the plume covered an area of approximately 18 km?.
Lower salinity was simulated at the small gulf located
west of the river mouth (5=30), receiving freshwater from

the Nestos River and a drainage ditch. Surface velocity
within the plume was simulated between 0.09 m/s inside
the small gulf and 0.36 m/s 2 km west of the mouth. The
model also showed that no expansion occurred to the
west of the river mouth.

3.5. Model Run 4 — low river discharge and W-SW winds

Model Run 4 simulated the conditions of 15/7/2006,
when the principal wind component was SW-W with
magnitude of 1.1 m/s for a period of 24 h. Nestos River
discharge oscillated at low levels, as in Model Run 3
(~25.3 m%/s). Model results showed that the plume occu-
pied a limited area of the surface layer and was strictly
confined in the vicinity of the river mouth (Fig. 9d). No
further plume expansion was computed, due to the low
river discharge. Salinity in the rest of the investigated
area was simulated between 35.9 and 36.7. Water ve-
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Fig. 8. Correlation of salinity between the calculated and
observed data for: (a) March, (b) May and (c) August 2006.

locity within this limited plume was also found weak
(0.1-0.3 m/s), analogous to the low wind magnitude and
orientated towards the east from the mouth area.

4. Discussion

The plume behaviour under variable river discharge
and wind directions was investigated with the use of anu-
merical model, after successful calibration and validation.
The simulation showed that the principal mechanism
controlling the plume orientation and expansion from
the mouth is the wind. Similar results were denoted by
many authors [38,39]. The tidal mechanism plays a minor
role in the plume mixing with the ambient water, due to
the micro-tidal Mediterranean environment. The wind
action is dominant in determining plume behaviour in
such systems [40,41]. Moreover, river discharge is essen-
tial and provides the adequate momentum to transport
the plume at large distances from the river mouth [40].
Under high river discharge and E-NE winds, the plume is
directed westwards and is pushed towards the northern
coastline as a result of the Ekman drift [42]. River dis-
charge at this particular period is sufficient and with the
assistance of favourable winds, the plume is transported
approximately 30 km westwards, entering the Kavala
Gulf through the Thassos Passage. Coastal morphology
plays a significant role to this western expansion. The
Thassos Passage created by the existence of the Thassos
Island, acts like a funnel providing additional accelera-
tion to the plume. The surface velocity of the plume in
this strait was simulated at 0.44 m/s, while outside the
passage velocity decreased to 0.2-0.3 m/s. This effect
drives the plume at its maximum distance from the river
mouth. Coastal morphology plays an important role on
the plume deflection, dispersion and preservation and af-
fects its general behaviour [13,43]. Eventually, the plume
penetrates the Kavala Gulf and declines to the northwest,
following the coastline slope (Fig. 9a). Furthermore, the
anticyclonic eddy produced inside the Kavala Gulf in
March 2006 (Fig. 7a) preserves and recycles this small
plume water mass. This eddy is produced by the combi-
nation of westward water circulation, wind variability,
bottom topography and coastline morphology generated
by the existence of the strait. The Thassos passage can be
considered as a source of brackish water with an opening
of 7km, every time persistent eastern wind occurs. As the
water travels to the west and exits the Thassos passage,
it suddenly becomes an ‘offshore current’, while at the
same time the area gradually deepens gently from 26 m
at the source to 42 m in the middle of the gulf. This situ-
ation is producing an anticyclonic eddy similar to those
reported by many authors [43—45]. However, in terms
of water circulation in the examined area, this eddy is
restricted within the Kavala Gulf.

Under W-NW winds and high river discharge, the
model showed that the plume expanded offshore, driven
once again by the Ekman drift [42,46]. This is a common
behaviour for a plume produced by adequate river dis-
charge, as pointed out by many authors [47,48]. Despite
the higher river discharge the plume formed under Model
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Run 2 occupied less surface area and appeared generally
weaker, compared to that of Model Run 1.

Under the Model Runs 3 and 4, rapid mixing condi-
tions dominated leading to the plume dilution, as a result
of limited Nestos River discharge. In this way, the plume
is unable to move away from the mouth and appears
dispersed immediately by the wind action. The only area
which is able to preserve some plume volume is the small
gulf located 5 km to the west of the river mouth. This area
is less influenced by the wind since it is characterized by
low surface velocity (0.09 m/s), while it receives limited
freshwater parcels from Nestos River and an existing
drainage ditch.

Following the previously presented model results,
the temporal variability of salinity and velocity profiles
throughout 2006, at a grid cell located inside the Thas-
sos Passage, is shown in Fig. 11. These parameters are
daily averaged, thus results are smoothed through two
consecutive tidal cycles, in order to diminish the limited,
but still evident, tidal impact. It occurs that the Thassos
Passage received the stronger plume influence during the
winter (January to March) and in May (Fig. 11a). In situa-
tions such as January and March, the plume occupied the
top 5 m of the water column. These episodes of freshwater
arrival are accompanied by the surface layer western
movement as presented in Fig. 11b. The presence of the
plume inside the passage appeared weaker (32.7-34.8) in
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Fig. 11. Vertical distribution of (a) salinity, (b) along-shore
velocity and (c) cross-shore velocity for a station located 5 km
west of the Nestos River mouth and inside the Thassos Pas-
sage. Negative along-shore and cross-shore velocities represent
western and northern movement, respectively.

the October—December period (Fig. 11a) due to the lower
river discharge (40.8-55 m®/s). However, in occasions
like these, small plume amounts managed to penetrate
inside the Kavala Gulf under prolonged low magnitude
north-eastern winds (not shown). In fact, the surface layer
directed westwards for the majority of the year as a result
of two incidents: (i) based on the NOAA recordings the
eastern wind and its secondary components (20-150°)
were accounted for the 54.9% of the annual wind activ-
ity and (ii) the general water circulation of the area is
influenced by the BSW which is arriving at the eastern
boundary and moving towards west [23,34]. Eastern
movement occurred at a percentage of 29% of the year.
Highest alongshore velocities were simulated in January
(0.5-1.0 m/s) and September (0.4-0.8 m/s; Fig. 11b). This is
accounted to the high magnitude of north-eastern winds
in January (average: 11.3 m/s; max: 20.9 m/s) and Septem-

ber (average: 8.8 m/s; max: 15.8 m/s), which were blowing
continuously for 6 and 5.3 days, respectively (Figs. 5a
and 5c). At deeper layers, the alongshore velocity was
simulated at lower levels, ranging between 0 and 0.12 m/s.

On the other hand, the cross-shore velocity at the
surface layer was simulated at very low levels (average
0.07 m/s), indicating the limited lateral water transport
in the Passage (Fig. 11c). High lateral values were com-
puted in January, reaching 0.48 m/s, as a result of the
increased magnitude north-eastern winds. It seems that
the general circulation of the area favours the southern
water transport. However, a counter-current was created
below 3 m depth during most of the year, and this north-
ward movement is characterized by reduced velocities
(0.01-0.12 m/s).

5. Conclusions

The combination of field observations with numerical
modelling, delivered for the first time significant informa-
tion on the Nestos plume behaviour. The results of the nu-
merical model are in a good agreement with the observed
data, thus, we feel confident to predict the expansion of
the Nestos plume under variable combinations of river
discharge and winds. The presented cases cover nearly
70% of the conditions prevailing in the area throughout
year 2006. Results showed that Nestos plume is influ-
enced by a number of external forces and morphological
characteristics, but the prevailing force is the wind action.
Under eastern winds, the plume is expanding to the west,
while western winds can carry the plume offshore. The
existence of the Thassos Passage is also important, since
it accelerates the westward plume movement. Under
low to moderate river flow (40-50 m?®/s), the plume also
manages to enter the Kavala Gulf only during extended
eastern low magnitude winds (<2.0 m/s). Hydrodynamic
models have become an important tool that can be used
to reveal the principal mechanisms that influence the
plume expansion and the degree of the plume response
to these external forces.
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