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Abstract: The study of plumes occurring at the mouth of small rivers of temporal flow is a challenging
task due to the lack of sedimentological and flow data of appropriate spatiotemporal scales. The
present contribution examined the case of a typical un-gauged intermittent Mediterranean stream
located in Northern Crete (Xiropotamos river). The SWAT (soil and water assessment tool) model was
used to simulate and reproduce the hydrological behavior of the adjacent intermittent (Giofyros) river
discharging at the same beach, the basin of which has the same geomorphological and hydrological
characteristics. The output of the calibrated SWAT model was used to simulate daily flow data for
the year 2014. The results were then considered together with the results of the RGB analysis of
optical datasets of high spatio-temporal resolution for the same period, derived from a beach optical
monitoring system (BOMS). The RGB analysis of the optical (TIMEX) imagery was shown to be a
useful technique to identify and classify coastal plumes by using the spatio-temporal variability of
pixel properties. The technique was also shown to be useful for the (qualitative) validation of the
SWAT output and could be further improved by the collection of ‘ground truth” data.

Keywords: SWAT model; hydrological modeling; sensitivity analysis; RGB; image analysis;
sediment plumes

1. Introduction

Intermittent rivers/streams are characterized by periodical, seasonal or/and episodic/
ephemeral flows, occurring during wet periods and flash flood events. Despite their
ephemeral flow, these systems are of high significance for sediment mobilization and
transport, accounting for more than 30% of the total length and discharges of the global
river network [1] and draining over half the world’s land surface [2]. At the same time,
more and more rivers around the world are becoming intermittent due to water diversion,
groundwater extraction, flow regulation and land-use alteration, as well as climate change
factors [3-6].

In the Mediterranean, intermittent river basins account for more than 40% of the to-

tal [7], with the intermittent rivers being very significant surface water bodies [2,8]. In recent
years, negative trends in streamflow have been reported in Europe [3,4,9-12] with recent
studies suggesting that zero-flow days are increasing and tend to occur earlier in the season,
particularly around the Mediterranean basin [13,14]. However, despite the significant
European legislation encouraging towards the identification/restoration of the quality of
Attribution (CC BY) license (https://  the European hydrological network [15,16], little emphasis has been placed on intermittent
creativecommons.org/licenses /by / rivers, which also are associated with a dearth in adequate monitoring networks/systems
40/). able to provide information of appropriate spatio-temporal resolutions [1,17].
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Intermittent rivers are characterized by long no-flow periods during the dry season,
interspersed with periods of high flows and flash floods related to periods of high pre-
cipitation [2,18]. Flow intermittence can be spatio-temporally variable, depending on the
meteorological conditions [19,20], geological and topographic controls [21] and human
constructions such as dikes, dams and reservoirs (e.g., [22]). During high flows, buoyant
river water is transported into the coastal ocean resulting in the generation of river plumes
that influence coastal water bodies and involve significant volumes of sediment. Coastal
water stratification in such plumes constrains sediment mixing and influences the coastal
sediment transport processes [23,24], particularly in the case of reduced tidal influence and
in periods of low wind stress [25,26].

Plumes comprise dynamically distinct regions spanning a large range of spatio-
temporal scales [27]. The spatio-temporal variability of periodical/ephemeral coastal
plumes makes them difficult to study. During the last decades, significant advances in
remote sensing and satellite sensors have provided a better understanding of these pro-
cesses and many studies use satellite or/and aerial images for the monitoring of the coastal
processes [27-34]. However, most satellite information cannot easily resolve the evolu-
tion of the coastal plumes from small to medium streams with adequate spatio-temporal
resolution [35-37].

In recent years, there has been an emphasis on the development/deployment of
coastal optical monitoring systems, e.g., [38] for real-time monitoring of coastal processes.
Time-stack (averaged) images can be obtained from the processing of videos derived from
coastal video cameras. Such images (optical products) have been previously used to record
coastal hydrodynamics and morphodynamics, including the spatial distribution of wave
breaking [39,40], water flow velocities [41], detection of shoreline (e.g., [42]) and wave
run-up [43] positions, coastal bathymetric changes [44] and topographic changes in tidal
flats [45]; however, there is no known work focused on the detection and analysis of coastal
river plumes. In the present study, the soil and water assessment tool (SWAT) [46,47], a
widely used hydrological tool that can provide assessments of water level, flow and sedi-
ment dynamics of basins of different scales [48-51], was used to simulate the flow regime
of a typical intermittent flow system on the island of Crete, in the eastern Mediterranean
region. SWAT has been previously used in Mediterranean settings to simulate flows and
provide assessments of water quality and sediment transport in the Mediterranean region
(e.g., [10,52-57]) Simulation parameters were obtained after appropriate calibration of the
SWAT model using the available meteorological and hydrological data, and validated uti-
lizing the plumes identified in the images of a coastal optical monitoring system deployed
in the study area.

2. Materials and Methods
2.1. Study Area

Located at the southernmost point of the Aegean sea, Crete is the largest of the Greek
islands, covering an area of 8336 km? and accounting for 6.3% of the total area of Greece [58].
The study focused on the adjacent hydrological basins of Xiropotamos and Giofyros rivers,
two of the four intermittent rivers outflowing at Ammoudara beach [59],the main urban
beach to the west of the island’s major city, Heraklion (Figure 1). Ammoudara beach is a
6.1 km long, urban beach that can be divided into two main sectors. At its western sector
a beachrock reef, e.g., lithified beach sediments [60] is found at or close to the beach face,
whereas at its eastern sector, the beachrock forms a submerged reef with a varying width
and distance from the shoreline (Figure 2). Dry beach widths range between 22 and 75 m
along the beach, with the inner beach associated with low sand dunes, as well as extensive
human development. Beach face gradients vary, with the steeper gradients (5-8°) found
in the east, where the dry beach forms on sands and gravely sands. Ammoudara beach is
exposed to winds and waves from the northern sector; analysis of the available historical
information has shown a significant shoreline retreat (10-60 m) and sediment loss since
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the 1960s, with longer retreats and higher spatio-temporal variability found at the eastern
section variability [42,61].
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Figure 1. Location of Giofyros and Xiropotamos watersheds and location of the Meteorological
stations.

The climate in this region is typically Mediterranean, characterized by long dry periods
during summer and a few precipitation periods during winter (92 mm in January). During
summer months, there is almost no stream except during some rare precipitation events,
while in winter there are periods of heavy rainfall and run-off [62].

Xiropotamos hydrological basin has an area of about 48.6 km?, whereas the Giofyros
River basin is approximately 4.5 times larger (186.5 km?, Figure 1). The Giofyros and
Xiropotamos river outflows have been found to contain significant concentrations of both
nutrients and pollutants, with runoff events having significant impacts on the quality of
the coastal waters of Ammoudara beach [58]. A dyke (training coastal structure) has been
constructed perpendicular to the coastline (Figure 2b,c) for the offshore dispersion of the
Giofyros River discharges [63].

Giofyros river has a length of about 24.5 km, (with its tributaries 73.1 km). The
mean elevation of the watershed is 360 m (maximum is 1764 m). Its watershed is mainly
composed of alluvial deposits, whereas there are also a few karstic spots of insignificant
aquifer discharge. The soil consists of alluvial regosols and marl and limestone leptosols.
Primary land uses in the lower altitudes are olive groves and vineyards covering 34%
and 24% of the basin, respectively. However, in higher altitudes (above 600 m) sparse
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Mediterranean scrubland (phrygana) is dominant. The lower part of the watershed, near
the outlet, is highly urbanized and prone to flooding [64].

Giofyros

Xiropotamos

Giofyros Giofyros
Xiropotamos

Xiropotamos

Figure 2. (a) Aerial photo showing the central and eastern part of Ammoudara beach; (b,c) satellite
images taken in October 2013 and August 2015 respectively, providing evidence of offshore sediment
transport. The wave breaking zone in the reed is also evident; (d) satellite image taken in Februaty
2015 showing a plume event offshore Xiropotamos river mouth at the eastern part of Ammoudara
beach (satellite image source: Google Earth).

Information from three (3) meteorological stations, installed at different elevations
(Phoenicia—79 m, Prof. Ilias—292 m and Ag. Varvara—620 m-Figure 1) showed an
annual mean precipitation of 841 mm for the period 1956-2009, with annual minimum
and maximum values of 496 mm and 1416 mm, respectively. Stream flows occur typically
during the wet period (late October -early March), whereas there are mostly zero flows
during the dry summer period. Giofyros riverine discharge to the Ammoudara beach has
been estimated as 21.6 x 10° m3/ year [62,65].

2.2. Model Setup

SWAT (Soil and Water Assessment Tool) is a basin-scale, continuous time model
that operates on a daily time step. It was developed by the USDA-Agricultural Research
to predict the impact of watershed management on water, sediment, and agricultural
chemical yields in gauged and ungauged watersheds. The model is physically based,
computationally efficient, and capable of continuous simulation over long time periods [66].
Major model components include weather, hydrology, soil temperature and properties,
plant growth, nutrients, pesticides, bacteria and pathogens, and land management. In
SWAT, the watershed is divided into multiple sub-basins, which are further subdivided
into hydrologic response units (HRUs). The simulation of the hydrological cycle by SWAT
is done according to the following water-balance equation [67]:

SW,} - SWO + Z]’:l (Pd - Qs - Ea - Wseep - Qg) (1)

where SW; is the soil water content (mm), SWj is the initial water available to plants (mm),
P; is the daily precipitation (mm), Qs is the surface runoff (mm), E, is the evapotranspiration
(mm), W) is the percolation (mm), Qg is the amount of return flow on a day (mm) and t is
the time (days). Subdivision of the watershed enables the model to reflect the difference in
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evapotranspiration for various crops and soils. Thus, the runoff is predicted separately for
each HRU and routed to obtain the total runoff for the watershed. This increases accuracy
and gives a much better physical description of the watershed [67].

SWAT requires many geospatial input data since it is a physically based semi-distributed
model. This dataset mainly includes an elevation map, soil database, land use/cover map
and hydro-meteorological data. Daily precipitation data for the period January 1956—
December 2009 were collected from four meteorological stations, Phoenicia, Prof. Ilias, Ag.
Varvara and Heraklion (Figure 1). The daily temperature data were collected from two
stations (Phoenicia and Heraklion), and daily flow observations were available from the
Phoenicia station (Table 1).

Table 1. Data sources used for setting up the SWAT model.

Data Source Resolution

STRM- United States
Geological Survey (USGS)
DEM https: 30m
/ /earthexplorer.usgs.gov/
(accessed on 15 October 2021)

Land use map of The
Land use European Environment -
Agency (EEA)
Soil Harmonized world soil .
database (HWSD)/FAO

Directorate of Water of the
Decentralized Administration
of Crete/National
Meteorological Service

Observed Hydrometeorology Daily

The watershed delineation features in arc SWAT allow for the definition of the digital
stream network layer based on the morphology of the basin using the DEM. The basin was
divided into 25 sub-basins. Using the landuse and soil data, 198 Hydrological Response
Units (HRUs) were created, and each unit is the result of the combination of a specific type
of soil, land use and slope in each subbasin. This subdivision facilitates the calculation of
the flow. taking into consideration the physical environment of the watershed [68]. For
the calibration, the period used to run the model was from September 1977 up to August
1984 including both dry and wet years, and a three-year warmup period was included to
account for hydrologic trends. A validation period of daily observations for the period
September 1995 to August 1996 from the same station (Phoenicia) was used. The time steps
of both calibration and validation are daily.

2.3. Calibration, Validation and Sensitivity Analysis

Among various methods to perform calibration and uncertainty analysis is the widely
used Sequential Uncertainty Fitting 2 (SUFI-2) approach with the SWAT calibration un-
certainty procedure (SWAT-CUP) [69,70]. SUFI-2 is a semi-automated approach, used
to perform parameterization, sensitivity analysis, uncertainty analysis, calibration and
validation of hydrologic parameters [71]. Sensitivity analysis in particular is necessary to
understand which particular input parameter has a great impact on the model outflow [72].
In order to reduce the computing effort, the parameters chosen for the sensitivity and
uncertainty analysis were chosen as the most sensitive following preliminary tests [73].

The P-factor, which is typically expressed as 95 PPU (indicating the cumulative dis-
tribution of the simulated variable at the 2.5% and 97.5% levels, e.g., 95% prediction
uncertainty), is used to determine the degree of uncertainty. It represents the proportion of
observed data developed by the 95 PPU band. For the simulation to be closer to accuracy,
the P-factor needs to be closer to 100% and R-factor to zero [46]. Accordingly, the first run
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using the 11 selected parameters helped in defining the most sensitive parameters to use
during the calibration by observing their P and R factors.

Most case studies implementing SWAT use both quantitative and qualitative criteria
to assess the calibration results [46]. A single statistical criterion does not provide enough
information to assess the goodness-of-fit of a hydrological model in all occasions, most
commonly both the peak and low values. Indeed, a multitude of criteria need to be
combined and compared [74,75]. Some studies [75] suggest the use of at least a goodness-
of-fit and an absolute error criterion, while others [76,77] suggest that graphical techniques
should be used in the evaluation of hydrologic modelling results.

The model performance was evaluated using the quantitative criteria, the Nash-Sutcliffe
efficiency (NSE) [75,78], the percent of bias (PBIAS) [79] and the RSR (ratio of root mean
square error to standard deviation) Indices [77] as presented in the following Equations:

NSE = 1 [Z?l(oi — Pi)z @
Yi4(0i-0)
X, (0 P #1007,
PBIAS = [ o) ] o 3)
RSR = (0 Py’ o)
",(0;-0)?

where O; is the ‘ith” observation for the constituent being evaluated, P; is the “ith’ simulated
value for the constituent being evaluated, O is the mean of observed data for the constituent
being evaluated, and 7 is the total number of observations.

Based on the existing literature review as well as knowledge of the location, 11 param-
eters were chosen for the model calibration presented in Table 2. Following its calibration
and validation the SWAT was used to simulate flows for the period of the available optical
datasets (TIMEX images, see below)) in order to check/validate the plume events. For this
purpose, precipitation and temperature data for the same year derived from the Heraklion
meteorological station were used as input data for the calibrated SWAT model.

Table 2. Parameters used for the calibration of the SWAT model.

File ! Parameter Name Description Range
Threshold depth of water in shallow aquifer
GW GWQMN required for return flow to occur (mm H,O) 0-5000
RCHRG_DP Deep aquifer percolation fraction 0-1
ALPHA_BF Baseflow alpha factor (1/days) 0.1-1
SOL_Z Depth from soil surface to bottom of layer (mm) 0-3500
SOL Available water capacity of the soil layer (mm
SOL_AWC . 0-1
H,O/mm soil)
LAT_TIME Lateral flow travel time (days) 0-18
HRU EPCO Plant uptake compensation factor. 0-1
’ ESCO Soil evapotranspiration compensation factor 0-1
CANMX Maximum canopy storage (mm H,O) 0-100
RTE CH K2 Effective hydraulic cgnductlmty in main channel (=0.01) until 150
alluvium (mm/h)
MGT CN2 Initial SCS runoff curve number for moisture 35-98

condition II.

1 with mgt, crop cover management process; gw, groundwater process; sol, soil water dynamics process; rte, water
routing; hru, water dynamics at HRU level.
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The observed flow of the Phoenicia station was used for the calibration and validation
process. The sensitivity analysis was conducted using SUFI-2 in SWAT-CUP, and out of
the initially selected parameters, 11 parameters were identified for the calibration process
(Table 3), out of which, the most sensitive parameters were found to be SOL_K, RCHRG_DP
and SOL_Z, according to the p values estimated.

Table 3. SWAT-CUP Sensitivity Analysis results parameter ranges for 12 parameters.

No. 1 Parameter Name Fitted Value = Min Max p Value
1 R__SOL_K (1).sol 0.88450 —0.10000 1.0000 0.00000
2 R_RCHRG_DP.gw 0.43550 —0.10000 0.6000 0.00000
3 R__SOL_Z (1).sol 1.02765 0.50000 1.1100 0.00005
4 V__CANMX.hru 12.1500 0.00000 30.000 0.01127
5 V_EPCO.bsn 0.93912 0.927336 0.9821 0.02186
6 R__CH_Kl.sub 17.6250 15.0000 40.000 0.12865
7 V__ESCO.bsn 0.17315 0.15667 0.27032 0.31120
8 R_CN2.mgt —0.37277 —0.39585 —0.34922  0.40871
9 R__SOL_AWC (1).sol 0.57501 0.49290 0.58363 0.42238
10 R_GWQMN.gw —0.43125 —0.50000 0.75000 0.65486
11 R__ALPHA_BFE.gw —1.09526 —1.09568 —1.0100 0.72990

The semi-automated calibration focused on the soil parameters SOL_K and SOL_Z.
Additionally, to approach the average annual water mass balance values for Giofyros
and especially evapotranspiration, ESCO and EPCO were used to produce the maximum
possible evapotranspiration. CN2 and LAT_TIME were employed to produce the peaks of
the hydrograph. The LAT_TTIME parameter regulates the discharge rate of soil lateral flow
and was added to produce flashy peaks. Finally, the groundwater parameters (GWQMN,
RCHRG_DP and ALPHA_BF) were calibrated to estimate the baseflow.

2.4. RGB Analysis of Optical Data

Coastal river plumes transport more than one-third of the precipitation runoff as
well as sediments from land to the ocean [80]. The quantity, distribution, and color of
light reflected from the surfaces of the highest sediment particles in the water column
greatly influence the visibility and appearance of the plume. Thus, it is possible to detect a
plume event from the spectral signature of the reflected light from a water surface, with the
properties of the reflecting material/surface controlling the intensity and the wavelength
of the reflected light [81].

The optical products/meta-data from a beach optical monitoring system deployed at
the eastern margin of Ammoudara beach [42] were used in this study for RGB analysis.
The optical system was deployed on the roof of the Olympic stadium at an elevation of
26 m (Figure 3a) and is composed of 3 PointGrey FLEA-2 video cameras connected to a
station pc, set to monitor a beach stretch (about 2400 m) at the eastern part of Ammoudara
beach. However, as image resolution decreases with distance, images were analyzed for a
beach stretch of (1400 m long) proximal to the station. Xiropotamos outlet was within the
system’s field of vision, but not the Giofyros outlet; therefore, the RGB image analysis refers
to the Xiropotamos river plumes. The optical system was set to operate in burst mode,
retrieving 10-min 3 gp videos with a resolution of 1920 x 1080 pixels, at the beginning of
each daylight hour, and a sampling rate of 5 Hz (i.e., 3000 images per hour). From these
images, and following specialized image processing techniques, high-resolution time-stack
imagery (TIMEX mosaics) expressing the “mean state” of the beach for these 10 min periods
(Figure 3b), were generated amongst other optical coastal products (for details see [42]).
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Figure 3. (a) Ammoudara beach, Heraklion, Crete; location of the optical system, the field of vision
of the cameras, the Heraklion Meteorological station and the mouth of Xiropotamos river, and
(b) Example of Geo-rectified TIMEX mosaic of Ammoudara beach (6 February 2014, 10:00).

River discharge rate is a main variable affecting the size of river coastal plumes [34,82,83].
These plumes tend to be formed during times of rapid sediment outputs as rivers reach
peak discharges [84,85]. In order to qualitatively validate the rainfall-runoff events with
the use of the TIMEX imagery, RGB analysis was carried out. For each color channel
(Red, Blue or Green) a display histogram was constructed expressing the conditions before,
during and after four selected events characterized by increased precipitation levels. The
events were selected on the basis of the hydrograph of Giofyros watershed in 2014, and
the availability of suitable TIMEX images from the Ammoudara beach (i.e., absence of
cloudiness which could affect the color distribution in the TIMEX images). It is noted
that the visualized RGB histograms of the selected TIMEX images were produced for a
selected area close to Xiropotamos river mouth (dimensions of 573 x 163 pixels), where
high sediment discharges during plume events were found to take place.

3. Results
3.1. SWAT Simulations

The hydrographs representing the results for the calibration and validation periods are
shown in Figure 4. It is evident that the simulated flow generally follows the patterns of the
observed flow for both calibration and validation periods. However, the model was not able
to simulate flows during specific precipitation events, during which the recorded flow was
high (e.g., in February 1978, June 1979 and May 1981—Figure 4a), this could be attributed
to the steep slopes, evident in higher latitudes, which intensify the runoff. Furthermore, the
Soil Conservation Service (SCS) Curve Number (CN2) method [86] includes only hydraulic
parameters of the soil to estimate different stages of soil moisture, and it does not take
into account the precipitation intensity [87]. The latter affects the infiltration rate, which
is typically modified to resemble dry, normal, and wet conditions. During dry periods,
the CN2 method allows for more water infiltration and water retention by the soil; thus, it
cannot simulate adequately intense flash floods occurring in the middle of the dry period.
Nevertheless, during the calibration period of 1983, the hydrograph showed acceptable
and well-correlated results (Figure 4a).
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Figure 4. (a) Hydrograph of daily calibration of the total of period 1977-1984; and (b) hydrograph of
the validation period during the hydrological year 1995-1996 (Giofyros watershed).

When examining the projected and recorded flows during the validation period of
1995-1996, there are some noticeable peaks in the simulated flow that do not match with
the recorded data (i.e., in January and March 1996—Figure 4b). The latter may be attributed
to the scarcity of the meteorological stations that influences the precipitation spatial distri-
bution over the watershed. Furthermore, the results of PBIAS statistical criterion shows a
gradual flow overestimation for the validation period (1995-1996) (Table 4). In comparison,
both the Nash-Sutcliffe (NSE) and RSR criteria were found to be acceptable for both calibra-
tion and validation periods (>0.5 and <0.7, respectively), which are within the range [77].
Overall, SWAT model simulation showed good performance, and was able to accurately

simulate baseflow discharge, as well as projecting with acceptable accuracy most of the
recorded flows.

Table 4. Statistical criteria for the calibration and the validation period.

Satisfactory Level Calibration Validation
NSE >0.5 0.62 0.58
PBIAS 25% 8.6 —-2.3
RSR <0.7 0.61 0.73

Regarding the 2014 simulation period (i.e., the period for which TIMEX images have
been available), the projected flows were in accordance with the precipitation patterns
(Figure 5). There are four main precipitation events (higher than 10 mm in February,
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March, November and December) which have been simulated by the model satisfactorily.
It should be noted that a peak in the simulated flow is evident in August during which
precipitation was absent. This could be explained from snow melting occurring at higher
elevations of Psiloritis mountain (peaks at 2456 m), which is also supported by the relevant
literature [82,86], which were not included in the setup of the model due to data scarcity.
In addition, it should be noted that SWAT projected low flow values during noticeable
precipitation events (during May, June and October), which can be explained by the use of
one hydrological station data.

Streamflow (CMS)
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Y T

80
A/;N\\_A—M .
100
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—Simulated flow —Precipitation

Figure 5. Simulated flow for the year 2014 using SWAT calibrated model.

3.2. RGB Analysis of the TIMEX Imagery

The RGB histograms during the high discharges and plume events are shown for
four selected events. The first event was associated with two successive plumes occurring
on 2 March 2014 and 5 March 2014). In these dates, the observed rainfall was 1.6 mm
and 11.6 mm and the simulated flow velocities were 1.15 cms and 2.19 cms respectively
(Figure 6). The histograms of these successive events show that the density of the pixels
before and after the events is higher than the “during stage” in all RGB channels, indicating
that most pixels in the rectangle display similar values with lower intensity (0.25 to 0.45 in
red channel and 0.45 to 0.55 in both green and blue channels), probably due to the absence
of significant amount of sediment at the nearshore. However, during the 5 March 2014
plume, pixel intensity values are higher (ranging between 0.65 and 0.8 in the red and blue
channels, and 0.55 to 0.65 in the green channel), which may indicate a higher turbidity in
the sediment plume, also visible in the TIMEX images (Figure tc).

The second selected event occurred during 25 March 2014. During this day, the
recorded precipitation had a value of 0.3 mm, whereas the (simulated) flow was found
to be about 0.5 cms (Figure 5). Although this event was not as intense as the event in the
beginning of March, a similar trend of higher densities in the “before” and “after” stages
was found compared to those during the event (the “during” stage) (Figure 7). It is noted
that, in this case, the histogram expressing the state before the event (the “before” stage)
showed generally higher values in all three-color channels, compared to the event in early
March. This might be explained by the residual sediment suspension in the coastal waters
after the event. It is also noticeable, that the “during” stage shows a wider spreading in the
brightness values.

The third selected event occurred on 13 August 2014. In this event, there was no
precipitation, whereas the simulated flow had a value of 4.3 cms. Interestingly although
no precipitation was recorded during this event, the hydrograph indicates a high flow
peak, which may be attributed to increased mountain snowmelt due to increased summer
temperatures. This high flow is also evident in the TIMEX imagery of this period: while
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the RGB histograms representing the “before”, “during” and “after” stages display similar
densities (Figure 8). Nevertheless, it should be noted that the histogram expressing the
“before” stage is found to have lower values compared to the histograms expressing the
“during” and “after” stages. In addition, the histogram expressing the “during” stage of
the event shows a wider spreading in the brightness values, similar to the late March event.
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Figure 6. (a) Geo-rectified TIMEX mosaic of Ammoudara Beach during the rainfall-runoff event (27
February 2014, 12:00); (b) (2 March 2014, 12:00); (c) (5 March 2014, 12:00); (d) (8 March 2014, 12:00)
showing the plumes; and (e) graph of the RGB analysis of images before (a), during (stage 1 and 2)
(b,c) and after (e).
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Figure 7. (a) Geo-rectified TIMEX mosaic of Ammoudara Beach during the rainfall-runoff event
(23 March 2014, 12:00); (b) (25 March 2014, 12:00); (c) (27 March 2014, 12:00) showing the plumes; and
(d) Graph of the RGB analysis of images before (a), during and after the event (b,c).
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Figure 8. (a) Geo-rectified TIMEX mosaic of Ammoudara Beach during the rainfall-runoff event
(8 August 2014, 13:00); (b) (13 August 2014, 13:00); (c) (15 August 2014, 13:00) showing the plumes;
and (d) graph of the RGB analysis of images before (a), during and after the event (b,c).

The fourth selected event occurred on 12 October 2014. The recorded precipitation
was low (0.1 mm) and the simulated flow was about 0.2 cms. The RGB histograms for this
event had similar patterns to those of the spring events, with higher pixel density in the
“before” and “after” stages compared to the “during” stage, as well as wider spreading in
the pixel brightness during the event (Figure 9).
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Figure 9. (a) Geo-rectified TIMEX mosaic of Ammoudara Beach of the rainfall-runoff event (6 October
2014, 11:00); (b) (12 October 2014, 11:00); (c) (17 October 2014, 11:00) showing the plumes; and (d)
graph of the RGB analysis of images before (a), during and after the event (b,c).
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According to hydrograph of the year 2014, highest flows occurred in the autumn and
winter, with the highest peak evident on 1 November 2014 (Figure 5). However, this event
could not be isolated for RGB analysis of the TIMEX image, due to the malfunction of the
optical system. Nevertheless, during the days with available TIMEX imagery, plumes were
found to be more profound during the spring period, as also shown in the investigated
events of early and late March (Figures 6 and 7). The results of this work are in agreement
to the findings of a previous study carried out in shallow waters, where the histogram of
Red channel was found to have values of 0.2-0.6, while the Green and Blue channels values
in the range 0.3 to 0.5 [83], these values tend to reduce during the manifestation of plumes,
which could be due to absorption of light by suspended sediments especially in the Blue
channel [84].

4. Discussion

Hydrological modelling of Giofyros watershed in the present work proved to be a
challenging task, mainly due to the absence of data for the upstream part of the basin
(where the intermittent flow of the stream is more profound), and the lack of data on
the groundwater table fluctuation which presented difficulties in the calibration of the
watershed. In fact, different combinations of the hydrological parameters may result in
acceptable statistical results while presenting very poor or even unrealistic hydrographs
having no or little agreement with the observations, frequently missing the peak runoffs
that are crucial for the remainder of the study. This is an effect of the equifinality principle
addressed in [85,88]. Generally, the SWAT model was able to project satisfactorily the
hydrology of Giofyros stream, which was validated by the observed flow. Additionally,
the model reproduced specific riverine flow events during the dry summer period, for
which there was an absence of precipitation records. The latter could be attributed to
snow melting events occurring in higher latitudes, which has also been suggested in [84]
or smaller scale storms not well captured by the rain gauging stations. However, the
SWAT was unable to effectively project single, intense rainfall events occurring during
the wet, winter period, showing overestimations of the runoff. These discrepancies might
be attributed to the use of daily precipitation records which do not include information
on rainfall intensity. In Mediterranean regions such as Greece, most rainfall phenomena
are typically short in duration (limited from minutes to a few hours) and very intense,
potentially causing flash floods, unlike those occurring in other European regions where
rainfall is more uniform [89,90]. Therefore, the model may exhibit worse performance in
summer flash floods after long dry periods due to limitations in the SCS curve number
method to simulate such events on a daily step.

The simulated flows proved to be useful in detecting dynamic coastal sediment plumes
at the eastern sector of Ammoudara beach, where both the Giofyros and Xiropotamos river
outflow. The flow peaks of the modelled Giofyros hydrograph indicated the presence of
plumes, which were also recorded by the coastal optical (TIMEX) imagery, even in days
of no precipitation (e.g., the August event-Figure 8). The analysis of the images before,
during, and after the flood events allowed the temporal validation of the river plumes.
These plumes are usually visible as a stream of suspended sediments in the coast [91] and
their occurrence may range from a few days to several months, depending on the river
size [92,93]. The Xiropotamos coastal plumes can be classified as small considering their
duration, for instance, in the event of the late of March the river plume was evident for two
days, as was the case for the August event. In early March, the larger plume event detected
might have been due to a flash flood, since the watershed of the rivers outflowing at the
eastern Ammoudara beach (i.e., the Giofyros and Xiropotamos watersheds) are prone to
high flooding when the late winter and spring rainfall is combined with melting snow at
the uplands [86].

In addition to the flow simulations, SWAT has been also widely used to predict
sediment yields to the sea. An initial sediment yield graph was obtained from the calibrated
SWAT to show the potential of using observed sediment data to correlate the relationship
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between the quantity of sediment yield and size of the plumes in the optical images. As
shown in Figure 10, during the period of the highest precipitation height and flow level
(21 mm and 6 cms in 12 November 2014), a significant amount of sediment yield (of about
14 tonnes) was predicted by the model to be transported to the sea in the day of the event.
Under lower precipitation and flow levels (16 mm and <1 cms respectively) the simulated
sediment yield was significantly reduced (at about 3.8 tonnes). Interestingly, small amounts
of sediment were predicted for the October event (of about 0.5 tonnes), even if significant
precipitation heights were measured (at about 12 mm). It also should be noted that during
the August plume event, when relatively high flows (of about 4 cms) were simulated, there
were no corresponding (simulated) sediment mobilizations. This might be attributed to the
lack of available sedimentological data.
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Figure 10. Daily precipitation heights and daily sediment yield during 2014.

The RGB analysis applied in the TIMEX images/mosaics proved to be an effective
tool for river plumes detection. This technique could considerably be improved by ob-
taining information on sediment concentrations; in this case, SWAT projections could be
effectively validated and provide quantitative estimations of the suspended sediment
outflow. However, there are some limitations, mainly related to potential system down-
time and/or during the occurrence of short plume events during the night when images
cannot be obtained. The meteorological conditions may also affect image clarity during
extreme events.

5. Conclusions

The study showed that the SWAT model was able to project flow events in an inter-
mittent flow watershed that resulted in the development of significant coastal plumes.
The RGB analysis of the coastal optical video (TIMEX) imagery was shown to be a useful
technique to identify and classify coastal plumes by using the spatio-temporal variability
of pixel properties; during plume events, the pixel color intensity at the discharging coastal
area appears lower, whereas the pixel brightness has a wider spread compared to the
situation before and after the events. The technique was also shown to be useful for the
(qualitative) validation of the SWAT output and could be further improved by the collection
of ‘ground truth’ data. High turbidity events isolated from the TIMEX imagery showed
good agreement with the flow events simulated by the SWAT.

In intermittent river settings, such as those of Giofyros and Xiropotamos watersheds,
coastal river plume events are generally difficult to be captured by remote sensing tech-
niques which are limited by the availability of suitable data due to the remote sensing
platform schedules and the meteorological conditions present during intense precipitation
events. Coastal video optical data, although they could be also constrained by the meteoro-
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logical conditions, appear to be more efficient, particularly if they can be combined with
ground truth data and hydrological modelling.
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