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Abstract:
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The main goal of this study is the derivation of Carlson’s Trophic State Index (TSI) through the remote sensing of
four different Case-2 waters in the Mediterranean region such as Cyprus and Greece. TSlsp is derived through
extensive field ground campaign of Secchi Disk Depth measurements for the Asprokremmos Dam, located in
Paphos District in Cyprus; Alyki Salt Lake, located in Larnaca District in Cyprus; and in Karla Lake, located in
Volos District in Greece; and finally to three coastal water areas in the Limassol coastal area. Several regres-
sion models have been applied in order to develop the best regression model between the TSlsp and in-band
reflectance values for Landsat TM/ETM derived from spectroradiometric measurements using a GER-1500 field
spectroradiometer over the main case study area in Asprokremmos Dam in Cyprus. Finally, we apply several
regression models for Asprokremmos Dam for retrieving the suitable Landsat TM/ETM band or band combina-
tions (obtained from field spectroradiometric measurements) in which TSlsp can be determined. Indeed, the best
regression model has been obtained by correlating 'TSI Versus Band2/Band3’, with R2=0.89. Al field TSlsp and
in-band reflectance values from the four different water bodies have been used to develop the best fitted model
for the established TS/sp Versus Band2/Band3 model. We find that the exponential regression model provides
the best fitted equation over the four different water bodies.
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1. Introduction

management in Europe, based mainly upon ecological
elements; its final objective is achieving at least 'good
ecological quality status’ for all water bodies by 2015.
The analyses of pressures and impacts must consider how

The European Water Framework Directive (WFD) estab-
lishes a framework for the protection of groundwater, in-
land surface waters, estuarine waters, and coastal wa-
ters. The WFD constitutes a new view of water resources

*E-mail: christiana.papoutsa@cut.ac.cy

pressures would be likely to develop, prior to 2015, in
ways that would place water bodies at risk of failing to
achieve ecological good status, if appropriate programs of
measures were not designed and implemented [1]. Fu-
ture scenarios for water resources in the Mediterranean
region suggest (1) a progressive decline in the average
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streamflow (already observed in many rivers since the
1980s), including a decline in the frequency and mag-
nitude of the most frequent floods due to the expansion
of forests; (2) changes in important river regime charac-
teristics, including an earlier decline in high flows from
snowmelt in spring, an intensification of low flows in sum-
mer, and more irregular discharges in winter; (3) changes
in reservoir inputs and management, including lower avail-
able discharges from dams to meet the water demand from
irrigated and urban areas and (4) hydrological and popu-
lation changes in coastal areas, particularly in the delta
zones, affected by water depletion, groundwater reduction
and saline water intrusion. These scenarios enhance the
necessity of improving water management, water prizing
and water recycling policies, in order to ensure water sup-
ply and to reduce tensions among regions and countries
2}

Reliable, spatially covering and cost-efficient monitor-
ing techniques of lakes and coastal waters are generally
growing in importance as a consequence of increasing
symptoms of the on-going eutrophication process. Re-
mote sensing offers a potentially significant source of in-
formation, and methods are being developed for opera-
tional large-scale monitoring of water quality [3]. At the
same time, additional in situ samples and reference field
spectra can aid in finding new methods and test not only
the accuracy of the final image analysis output, but also
the intermediate steps in that process and estimate the
accuracy of the remote sensing or image processing tech-
nique under development. As a result, "ground-truth” or
validation data are required to Support Remote Sensing
Research and Development as is used to assist with (1)
image analysis and interpretation (e.g. image classifica-
tion) of remotely sensed imagery, (2) remote sensor cal-
ibration, and (3) accuracy assessment of image analysis
results [4-7].

Protecting and monitoring lake water quality is a ma-
jor concern for many local and state agencies [8]. Envi-
ronmental researchers have been making efforts to moni-
tor, simulate and control eutrophication for more than two
decades. Various mathematical models have been devel-
oped and applied to rivers, lakes and estuaries [9-11].
Satellite and aircraft remote sensing systems has been
used to monitor inland water by using the correlation be-
tween broad-band reflectance and other properties of the
water column, including Secchi disk depth, turbidity, total
suspended solids (TSS), Chl-a concentrations, tempera-
ture and water quality data analyzed in a laboratory [12—
18].

The water quality is known to be affected by suspended
sediment, phytoplankton biomass (Chl-a concentration)
and dissolved organic carbon. These three components

are also the major factors that control the spectral sig-
Since the 1960-70s,
a number of attempts have been made to quantitatively
evaluate the trophic state of lakes using single-variable
trophic indices or multi-parameter approaches [21]. The
trophic condition of a freshwater lake is linked to densities

natures of water bodies [19, 20].

of algal pigments, or algal biomass, which are indicative of
overall productivity, as well as concentrations of certain
nutrients, such as nitrogen and phosphorus [22, 23]. Carl-
son proposed a trophic state index (TSI) [24] that retains
the expression of the diverse aspects of the trophic state
found in three multi-parameter indices yet also has the
simplicity of a single parameter index, for water quality
assessment of impounded water bodies. Carlson’s trophic
state index can be computed from any of the three interre-
lated water quality parameters: Secchi Disk (SD), Chl-a
concentration, and Total Phosphorous measurement (TP).
The index has since then been widely accepted owing to
its calculation simplicity and ability to communicate be-
tween researchers, government agencies, and local com-
munity residents [24]. The use of remote sensing for lake
trophic index formulation is based on the fact that the
consequences of eutrophication and an increase in pro-
ductivity will be associated with a change in the optical
properties of the water mass [25].

Secchi Disk Transparency (SDT) is a standard indicator
of water clarity, which is strongly correlated with biomass
and annual productivity of suspended algae and is influ-
enced by the abundance of organic and inorganic particu-
late and dissolved matter [26, 27]. SDT measurements are
the most consistently collected data and have been found
to correlate well with Landsat data [28]. Turbidity is a
unit of measurement quantifying the degree to which light
traveling through a water column is scattered by the sus-
pended organic (including algae) and inorganic particles.
The light scattering increases with a greater suspended
load. Turbidity is commonly measured in Nephelometric
Turbidity Units (NTU).

During our research, field campaigns were established in
four different water bodies. The Asprokremmos Dam, lo-
cated in Paphos District area in Cyprus; the Larnaca main
Salt Lake, located in Larnaca District area in Cyprus; the
coastal areas of Zugi Harbour; Vassiliko Cement Works
and Limassol Old Harbour, located in Limassol District
area in Cyprus; and Karla Lake, located in Volos District
area, in Thessaly, Greece. During the field campaigns, in-
situ spectroradiometric measurements and measurements
of the SD and turbidity were acquired. Samples were col-
lected for laboratory water quality analyses. The project’s
main objective was the comparison of the water spectral
signatures of different water bodies, under various trophic
conditions. In this work, characteristic spectral signatures
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of each water body for several turbidity values are pre-
sented and discussed. Furthermore, the TSI values based
on SD field measurements are calculated and used for the
development of a simple algorithm which aims to estimat-
ing the T S/sp directly from the Landsat ETM+ spectral
bands.

2. Materials and methods

In this section the overall methodology and the resources
used during the field studies are described. The main
objective of this project is to examine the spectral char-
acteristics of several water bodies. The examined wa-
ter bodies refer to sites with different productivity levels
such as oligotrophic (coastal sites), mesotrophic/eutrophic
(Asprokremmos Dam and Larnaca Salt Lake) and eu-
trophic/hypertrophic (Karla Lake). The specific coastal
sites were selected as potential point sources (harbors
and cement works) are located at those areas.

2.1. Study areas

Four study areas were selected for our research field
campaigns, representing four different categories of water
bodies. The intense modification of their characteristics
increases the range of the performed measurements/data,
extending the validity of the concluding results, as will
be shown. Special attention was given in choosing sites
with ecological interest and/or those that contain water
that is under pressure. Three sampling sites are located
in Cyprus and one is in Greece. Specifically, as shown
in Figure 1, in Cyprus we selected (1) the Asprokremmos
Dam in Paphos District, and (2) the Larnaca main Salt
Lake in Larnaca District area, both of which are coastal
sites. The third area refers to (3) the coastal area of Li-
massol with three sampling points across the coastline at
(3.1) Zugi, (3.2) Vassiliko Cement Works and (3.3) Old
Harbor, all facing distinct tensions. The fourth selected
area is (4) Karla Lake, located in Volos District area in
Thessaly, Greece (Fig. 3). This area was selected as it
shows much higher values of nutrients concentration com-
pared to the respective observations in the Cyprus water
bodies.

Asprokremmos Dam, located in Paphos District in Cyprus,
was the main pilot study area in which extensive sampling
campaigns were performed. Asprokremmos Dam is built at
an altitude of about 80 m above sea level and is located
16 km east of the city of Paphos. The construction was
completed in 1982 and is the second largest reservoir in
Cyprus with a maximum capacity of 52,375,000 m>. It is an
earth fill dam consisting of the main embankment, spill-

Figure 1. Examined water bodies located in Cyprus, (1) Asprokrem-
mos Dam, Paphos District; (2) Larnaca main Salt Lake
(Alyki), Larnaca District and (3) coastal area of Limassol
District (3.1 Zugi, 3.2 Vassiliko Cement Works & 3.3 Old

Harbor).
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Figure 2. Map of Lake Karla, located in the Volos District area, Thes-
saly, Greece. Black squares show points of inflowing wa-
ter for reconstruction purposes. Centre of the lake is at
39°29'00” N, 22°49'00” E. (Reproduced from Oikonomou
etal., 2012 [29]).

way, tunnels and galleries and geotechnical works. Due to
the relatively poor rainfall the dam rarely overflows. The
Xeros River which flows directly into the dam runs only
during winter and spring. The dam’'s water is used for
both potable and irrigation purposes. Figure 2 presents
the two areas of the reservoir where extreme conditions
are observed (Outlet Area: lower turbidity values & Inlet
Area: higher turbidity values). In-situ campaigns were
carried out with the collaboration of the Cyprus Water
Development Department, Paphos, Cyprus [30].

2.1.1. Larnaca main Salt Lake (Alyki)

The Larnaca Salt Lake Complex is one of the most im-
portant natural standing water bodies in Cyprus and is
of international ecological significance (declared a pro-
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Figure 3. Picture of Asprokremmos focused in the (a) Outlet Area &
(b) Inlet Area of the Dam.

tected area by a decision of Council of Ministers (1997),
Ramsar Site, Natura 2000 Site, Special Protected Area
under Barcelona Convention, Important Bird Area). It con-
sists of four main lake water bodies, the main Salt Lake
(Alyki), Orphani, Soros and the small so-called Airport
Lake, which was part of the Orphant Lake but was cut
off when the airport runway was constructed [31]. This
wetland area in southeastern Cyprus is in one of the dri-
est parts of the island. The three most important climatic
factors determining the development of salt lakes are tem-
perature, net evaporation and precipitation [32]. The wet-
land area includes extensive halophytic communities on
the shores of the lakes and in the area between the lakes
and the sea. Two small forests - one by the western bank
(Tekke), and the other on the east bank of Alyki - add
bio-diversity to the area.

Our research field campaigns focused on Alyki, which is
the main salt lake, having a very high salinity regime,
hence its use in the past for salt collection [31]. The hy-
persalinity of Larnaka’s salt lake makes it inhospitable to
many life forms and only some specialized adapted forms
can survive [33]. The alga that forms the basis of the food
chain here is Dunaliella salina, a brick red unicellular
alga, which is a very salt tolerant species. On this alga
feeds Artemia salina, the Brine shrimp. These shrimps are
the main food of the Flamingo and of other birds in these
lakes. On average, about 1000-2000 Flamingo overwinter
here each year, though in peak years, such as 1995 and
2005, there may be as many as 7000 [34, 35].

2.1.2. Coastal Areas in Cyprus (Limassol District Area)

Cyprus is the third largest island in the Mediterranean
(after Sicily and Sardinia) with an area of 9,251 square
km and has 772 km of shoreline of which 404 Km are in
the occupied areas, 72 km within the Sovereign British
Base areas, and only 296 km within the area controlled
by the Government of Cyprus. The most serious coastal-
planning problems today relate to the sudden expansion
of the main coastal urban centers of Limassol, Larnaka and
Paphos and have mostly been caused by the type and the
speed of development. From a survey [36] of a coastal

stretch of 181 km, in 1973 development along the coastal
zone was only 22 km urban, 9 km suburban/tourist and
150 km pristine. This picture changed completely in 1991
with 31 km urban, 48 km suburban/tourist and only 102
km pristine coastline. Serious problems started to appear
also in the coastal zone outside from the urban areas,
mainly due to the rapid encroachment of development of
tourism facilities and holiday homes in natural/pristine
areas [36].

The Ministry of Agriculture, Natural Resources and Agri-
culture is responsible for the control of the pollution of
water and soil, which is a result of human activities. Con-
tinuous studies are conducted dealing with the impact of
pollution on marine ecology, as well as with the impact of
aquaculture on marine biodiversity. For the assessment of
the ecological status of coastal waters, a relevant monitor-
ing is being implemented within the Water Framework Di-
rective (2000/60/EC). Furthermore, within the MED POL
Program, a monitoring of the coastal water quality in-
cluding the assessment of pollutants (heavy metals etc.)
in sea-life is carried out. It is a fact that excessive use of
fertilizers has resulted in high nitrate levels in the aquifer
in specific areas, leading in some cases to higher nutrient
concentration. This factor, combined with other synergis-
tic mechanisms, has resulted to the occasional occurrence
of the ephemeral macroalgae Cladophora at a few beaches
[37]. The study areas are located in the Limassol District
on the southern part of the island of Cyprus. Three differ-
ent sampling stations were selected as Figure 1 indicates
(3.1 is the area of the Zugi Harbour, 3.2 is the area of the
Vassiliko Cement Works and 3.3 is the area of the Old
Harbour); all are under relatively strong anthropogenic
pressure.

2.1.3. Lake Karla (Thessaly, Greece)

Lake Karla, is located in the plain of Thessaly, in the Volos
District area, in Greece (see Fig. 2) and was selected as a
case study because it shows high values of nutrients con-
centrations (such as chlorophyll-a and phosphates) com-
pared to those observed in Cyprus water bodies. Lake
Karla was also chosen because notably, until 1962, it
was a natural lake sustained by Pinios River winter flood
flows and basin runoff. That period, the natural lake Karla
was covering most of the eastern part of Thessaly plain
in central Greece. It was one of the most important wet-
lands in Greece and a natural reservoir which provided
significant water storage. The basin surface runoff and
the overflowing floodwaters of Pinios River sustained Lake
Karla. The lake area was fluctuating from 40 to 180 km?
due to the very gentle land slope and the inflow-outflow
balance. For this reason, a significant area of the sur-
rounding farmland was often inundated, facing soil salin-
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ity problems [29, 38-40]. The lake was drained through
an ambitious reclamation project, mainly for agricultural
purposes. Quite shortly after the reclamation project’s
completion, it became evident that it was a failure. In fact
it created bigger problems than the ones it was supposed
to solve. The decision to restore part of the former lake
has only recently been made by the Greek government, al-
though numerous studies advocoating the construction of
a reservoir have been made throughout the period follow-
ing the lake’s drainage. Currently a project for a partial
restoration of the Karla Lake is under progress. Accord-
ing to the current scheme, a water reservoir with a size
of 3,800 Ha will be created in the lowest part of the old
lake bed [29, 40, 41].

2.2. Resources

The sampling campaigns started in April 2010 and lasted
until October 2010 including eighteen sampling cam-
paigns at the Asprokremmos Dam. Five sampling cam-
paigns were performed in open sea, ten in the Karla Lake
and five in the Alyki. The main resources used during
the field campaigns will be described in this section. A
power-engine boat was used to support the in-situ cam-
paign in the main study area at Asprokremmos Dam in
Paphos. A small boat was used to support the in-situ
campaign in the Karla Lake in Thessaly region, in Volos,
in Greece. A canoe boat was used in order to carry out
the sampling campaigns in Larnaca main Salt Lake (Alyki)
in Larnaca District, in Cyprus. Finally, a ship was used
in order to carry out the sampling campaigns in Limassol
District coastal areas, in Cyprus. A Global Position Sys-
tem (Garmin GPS72) and a differential Leica Viva GPS,
utilized in order to track the locations of the selected sam-
pling stations during all the campaigns.

A hand-held GER-1500 field spectroradiometer (which
has a spectral range extending from 350 nm to 1050 nm
and 512 channels with a sampling bandwidth of 1.5 nm)
equipped with a fibre optic probe was occupied in order
to retrieve the water spectral signatures just below the
water surface of the examined water bodies. Reflectance
values were calculated as the relative reflectance which
is determined as the ratio of the target radiance (up-
welling radiance from the water body) to the reference
radiance (upwelling radiance measured on the white ref-
erence panel with approximately 100% reflectance across
the spectrum). McCloy [42] describes the technique for
measuring the reflectance factors using a control stable
surface with known characteristics. This is the method
that was followed in this research for the spectroradio-
metric measurements. For the aims of the current study,
a commercially available "Labsphere” compressed "Spec-

tralon” white panel was used as the control stable sur-
face. Spectralon diffuse reflectance targets are ideal for
field applications which are performed in order to collect
remote sensing data since they appear high reflectance.
Spectralon diffuse reflectance targets appear typical re-
flectance values range from 95% to 99% and are spec-
trally flat over the UV-VIS-NIR spectrum. Stability of
the light field is always an issue in field measurements
because sky conditions are not always stable. For this
reason a reflectance measurement was always taken over
the "Spectralon” white panel shortly before every single
reflectance measurement acquired over a water body dur-
ing the field campaigns [43, 44] Reflectance data were
collected from a boat at a depth of approximately 10 cm
below the water surface in the vertical downward direc-
tion. The relative reflectance measures were oriented to
the boat side within the light propagation to minimize sun
glint from waves, but far enough not to be affected by the
boat shadow [45]. Also, the in-situ determination of wa-
ter turbidity was achieved using both a portable turbidity
meter (Palintest Micro950) and a Secchi Disk. Secchi
Disk depth measurements were taken over the shady side
of the boat [46]. In addition, water surface samples were
collected and laboratory analyses for the estimation of
chl-a, phosphates and total suspended solids concentra-
tions were established.

3. Results and discussion

We use a combination of TSlsp measurements and spec-
tral characteristics of the water bodies to explore the ef-
fectiveness of simple algorithms relating directly TSlsp to
common spectroradiometric measurements. Specifically,
SD measurements of the Asprokremmos Dam were used
to calculate the Carlson’s TSlsp through the relation (1).

TSlsp = 60 — 14.41Ln(SD) 1)

All the spectral measurements were processed in order
to calculate the respective mean in-band reflectance val-
ues using the relative spectral response filters given by
the U.S. Geological Survey (USGS) including the spec-
tral characteristics of the Landsat ETM+ sensor as shown
in [47]. Al the TSlsp values were correlated with the
corresponding mean in-band reflectance values and sev-
eral tests were done to achieve the best correlation sets.
Several regression models between TSlsp and different
band combinations were examined in order to retrieve the
most effective relation in order to monitor the TSlsp using
Landsat ETM+ sensor data. Results of one- and two-
band linear regression were applied, based on the mea-
surements acquired during the extended sampling cam-
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paign that took place during 2010 at the main study area
of the Asprokremmos Dam covering the entire reservoir
surface. Eighteen field campaigns were performed with a
total of 161 measurements. All the results are given in
Figure 4, where the correlation between the TSlsp mea-
surements and several spectral-related values are shown.
In most cases a linear relation represents the data reason-
ably well. In the cases of using spectral data from Band3
and Band4, a log-Llinear relation improves the correlation
coefficients slightly. In all cases, the best correlation (R?
= 0.87) was achieved between the TSlsp and the Band
ratio 2:3 of the Landsat ETM+ mean in-band reflectance
values (see Fig. 4), resulting in a clear linear relation of
the form (2).

TSlsp = 86 — 12Band2/Band3 (2)

As noted, this result was derived during the sampling cam-
paign of the Asprokremmos Dam indicating that the best
correlation was given for the Band ratio 2:3. The re-
sult indicates that the maximum TSlsp value should be
around 86, when the Band ratio 2:3 vanishes. Admitting
that the range of the measured data is relatively short,
we may also try to fit an exponential curve, which could
be approximately linear in the specific short range of the
data. This is shown in Figure 5, where it is evident that
the approximate linearity in the range of the data is not
modified. However, the exponential relation allows for
higher TSlsp values at low Band ratios 2:3, estimating a
maximum TSlsp value around 93 as the Band ratio 2:3
vanishes. Taking into account that the maximum possible
TSlsp value should be 100 [41], we force the intercept to
match this limit, obtaining, without any serious distortion
to the correlation coefficient, the exponential relation (3).

TSlsp = 100 exp(—0.24Band2/Band3) (3)

Additional surveys were performed over the Larnaka’s Salt
Lake, the Karla Lake and the Limassol coastal area, aim-
ing to collect additional SD and field spectroradiometric
data in order to test the generality and the effectiveness
of the above equation (3). Taking into account the re-
sults of all the examined water bodies, the exponential
behavior becomes evident (Figure 6). Both the exponen-
tial and the linear models successfully describe the re-
sults derived from the Asprokremmos sampling campaign
as both curves appear similar in that range. The inclusion
of the rest of the data, however, promotes drastically the
choice of the exponential fit. Specifically, Asprokremmos
Dam TSlsp values range from 40.0 to 77.3 with an av-
erage value of 54.4, while for the case of Larnaca’s Salt
Lake TSlsp values range from 69.4 to 70.6 with an av-
erage TSlsp value of 70. Both data sets are accurately

described by the acquired equation (3). For the coastal
water bodies, TS/sp values range from 13.6 to 15.5 with
an average T Slsp value of 14.5. In that case, equation (3)
slightly overestimates (by around 7%) the measurements.
On the other side, for Karla Lake the TS/sp values range
from 73.9 to 90.5 with an average TS/sp value of 80.3
which is underestimated (by around 15%) using equation
(3). However, it is evident that the measurements over
Karla Lake reveal a different pattern in comparison to the
rest of the data; this is perhaps due the fact that Karla
Lake is a severely hypertrophic lake with high concen-
trations of nutrients, contrary to the Asprokremmos Dam
and the other sites. It is important to mention that in the
case of the Asprokremmos Dam, the concentration of chl-
a ranged from 4 to 40ug/L (average 14.9ug/L), contrary
to the case of Karla Lake where concentrations of chl-a
ranged from 5 to 311ug/L (average 73.4ug/L). Still, the
divergence is considered reasonable.

Aiming to secure the validity of equation (3), the fitting
procedure of the exponential relation was repeated, in-
cluding the whole data set from all the measuring sites.
As shown in Figure 7, in that case the two parameter ex-
ponential fitting reveals an intercept close to the limit of
100 (102). Forcing the intercept to match this limit results
in exactly the same coefficient in the exponential (-0.24)
that appears in (3). It is worth noted that in this case,
where all the measurements are used, the overall corre-
lation coefficient increases to 0.91. This result indicates
that the acquired empirical equation seems trustful, and
could be used as a first guide for the estimation of TS/sp
values from spectral characteristics, showing good overall
performance with a smooth behavior between the limiting
values of TSlsp (0 - 100).

Still, further work is needed in order to strengthen and test
the previous result with measurements at the range of high
TSIsp values (more than 70), and especially at the range
of relatively low T S/sp values (less than 40) where a clear
gap in the data can be observed (Figs. 6-7). This is due
to the fact that the coastal waters of Cyprus are classified
among the poorest in nutrients of the world’s oceans, and
are characterized as ultra oligotrophic. Since the back-
ground values of nutrients are very low, the sea around
Cyprus has low productivity resulting in very low T S/sp
values around 20. The inclusion of the missing information
can be achieved either by performing field measurements
over different seawater bodies in Cyprus, looking for ar-
eas (with the aid of remote sensing and satellite data)
with highest T S/sp values or by performing such measure-
ments over other seawater bodies in other Mediterranean
countries (such as Greece or Italy) where higher TSisp
values have been observed. Also, due to the simplicity of
the relation, the theoretical investigation and the link of
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ing the extended field campaigns at the Asprokremmos
Dam, Paphos District. The linear model is shown as a
dashed line, the exponential model is displayed as a con-
tinuous line and the exponential model, with an intercept
of 100, is displayed as a dotted line.
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Figure 6. A simple linear and the two exponential regression models
used to describe the relationship between our variables of
interest, TSlsp and the ratio Band2/Band3, derived from
the ground truth measurements acquired during the ex-
tended field campaigns at the Asprokremmos Dam, Pa-
phos District. The linear model appears on the diagram
as a dashed line, the exponential model is displayed as
a continuous line and the exponential model, with an in-
tercept of 100, is displayed as a dotted line. Data are
acquired from four different water bodies, Asprokremmos
Dam in Paphos District; Larnaca main Salt Lake (Alyki);
the coastal area of Limassol and Karla Lake in Volos Dis-
trict, Thessaly, Greece. The empty circles represent mea-
surements taken at the Asprokremmos Dam; the empty
triangles represent the measurements taken at the Lar-
naca main Salt Lake (Alyki); the empty squares referred to
the measurements taken at the Karla Lake and the filled
squares correspond to data acquired at the coastal area
of Limassol.

the relation to known physical mechanisms that drive this
result would be a provoking opportunity. Such possibility
is left for future research.

In conclusion, further analysis of the measurements ac-
quired during the sampling campaigns at the Asprokrem-
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Figure 7. Correlation between TSisp and ratio Band2/Band3 of
the mean in band reflectance of ETM+ derived from the
ground truth measurements performed over four different
water bodies, Asprokremmos Dam in Paphos District; Lar-
naca main Salt Lake (Alyki); coastal area of Limassol and
Karla Lake in Volos District, Thessaly, Greece. The two
exponential regression models used to describe the re-
lationship between our variables of interest are shown.
The exponential model is displayed as a continuous line
and the exponential model with an intercept of 100 is dis-
played as a dotted line. The empty circles represent mea-
surements taken at the Asprokremmos Dam; the empty
triangles represent the measurements taken at the Lar-
naca main Salt Lake (Alyki); the empty squares referred to
the measurements taken at the Karla Lake and the filled
squares correspond to data acquired at the coastal area

of Limassol.
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Figure 8. Correlation between SD and turbidity (NTU) acquired dur-
ing the field campaigns at the Asprokremmos Dam, Pa-
phos District.

mos Dam has shown that there is an exponential relation
between turbidity (NTU) and SD. As shown in Figure 8,
the relation between the two variables can expressed as
LnSD = 1.72 - 0.86 LnNTU. This equation can be used
in order to convert any available turbidity (NTU) mea-
surement to SD, and to further calculate T S/sp using the
extracted equation (3).
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4. Conclusions

Trophic state is an important parameter for the water qual-
ity studies and there is a great need for its systematic
monitoring in different water bodies, such as inland and
coastal waters. Above all, TS/sp can be used as an
alert tool from the local water management authorities.
This study fills the gap of developing a suitable regres-
sion model between TS/sp and spectral reflectance val-
ues acquired from field spectroscopy with the main aim
to assist future satellite observation. The development
of a suitable regression model that utilizes reflectance
measurements acquired using field spectroscopy assists
remote sensing users in retrieving accurate statistical re-
sults since atmospheric interventions are eliminated. Data
from four different field campaigns were presented and
utilized. Specifically, in-situ spectroradiometric measure-
ments and measurements of the SD and turbidity were
analyzed and correlated. The TSI values based on SD
field measurements were used for the development of a
simple algorithm which helps in the direction of estimating
TSlsp directly from the Landsat ETM+ spectral bands.
We have shown that an optimal correlation between spec-
tral characteristics and T S/sp values may be obtained by
using an exponential regression model of the form The for-
mula performs surprisingly well in a wide range of data
from very different sources. The acquired empirical equa-
tion seems trustful, and could be used as a first guide for
the estimation of TS/sp values from spectral characteris-
tics, showing a good overall performance with a smooth
behavior between the limiting values of TSlsp (0 - 100)
for Case-2 water bodies in the Mediterranean region.

It is important to highlight that the proposed methodology
using field spectroradiometric measurements for deriving
the TSlsp, can be applied not only on Landsat TM or
ETM remotely sensed data but also for any other new
satellite sensor (e.g. ESA CHRIS-PROBA) that covers
partially the spectral ranges of field spectroradiometers
(e.g. for the GER1500 350-1500 nm or the SVC1024 350
-2500 nm). This gives the opportunity to further test the
applicability and accuracy of the method deriving also the
appropriate trophic index for specific water types. We
have focused on the development of an algorithm which
can be applied on Landsat TM/ETM satellite image data
to obtain the TS/sp values, since it is the most widely
used satellite providing a continuous record of earth ob-
servations, and a large number of cloud-free archived data
are available for the case of Cyprus which is of great im-
portance for monitoring programs. Indeed, we can extent
our approach to any new satellite sensor.

5. Acknowledgements

his work was co-funded by the European Regional Devel-
opment Fund and the Republic of Cyprus through the Re-
search Promotion Foundation (The "SATCOAST" Project
iPIZIEPSILONZiNU¢ i EPSILON¢ i KAPPA;/0609/60).
The authors gratefully acknowledge the Department
of fisheries and marine research in Cyprus; the Water
Development Department in Cyprus; the Maritime In-
stitute of Eastern Mediterranean, Limassol, Cyprus; the
Department of Civil Engineering, University of Thes-
saly, Volos, Greece and the Management Body of the
Eco-Development Area of Karla, Mavrovouni, Kefalovriso
and Velestino for their technical support during the
in-situ measurements. In addition the authors would like
to acknowledge the Cyprus University of Technology /
Department of Civil Engineering and Geomatics (Remote
Sensing Laboratory), Limassol, Cyprus for supporting this
study.

References

[1] Borja, A L, Galparsoro, O., Solaun, I. Muxika, E.
M., Tello, A., Uriarte, and V., Valencia. "The Euro-
pean Water Framework Directive and the DPSIR, a
methodological approach to assess the risk of failing
to achieve good ecological status”, Journal of Estu-
arine, Coastal and Shelf Science, Vol. 66 (1-2), pp.
84-96 (2006). doi:10.1016/j.ecss.2005.07.021

[2] Garcia-Ruiz, J. M., J. I, Lépez-Moreno, S. M,
Vicente-Serrano, T., Lasanta—Martinez, and S,
Begueria. "Mediterranean water resources in a
global change scenario”, Journal of Earth-Science
Reviews, Vol. 105 (3-4), pp. 121-139 (2011).
doi:10.1016/j.earscirev.2011.01.006

[3] Harma, P, J., Vepaldinen, T., Hannonen, T., Pyhalahti,

J., Kémari, K., Kallio, K., Eloheimo, and S., Koponen.

"Detection of water quality using simulated satellite

data and semi-empirical algorithms in Finland”, The

Science of the Total Environment, Vol. 268, pp. 107 -

121 (2001). PII: S 0 PIl: S0048 - 9697 (00) 00688 -

4.

Dekker, A. G., and S. W. M., Peters. "The use of the

Thematic Mapper for the analysis of eutrophic lakes:

=

A case study in the Netherlands”, International Jour-
nal of Remote Sensing, Vol. 14, pp. 799 -821 (1993).
[5] Yacobi, Y. Z, A, Gitelson, and M., Mayo. "Re-
mote sensing of chlorophyll in Lake Kinneret using
high-spectral-resolution radiometer and Landsat TM:
Spectral features of reflectance and algorithm devel-
opment”, Journal of Plankton Research, Vol. 17, pp.

Brought to you by | Cyprus University of Technology
Authenticated
Download Date | 2/14/17 12:21 PM




Trophic State Index derivation through the remote sensing of Case-2 water bodies in the Mediterranean Region

2155-2173 (1995).

[6] Reif, M., C., Piercy, J., Jarvis, Br.,, Sabol, Ch., Macon,
R., Loyd, Ph., Colarusso, H., Dierssen, and J., Aitken.
"Ground Truth Sampling to Support Remote Sens-
ing Research and Development: Submersed Aquatic
Vegetation Species Discrimination Using an Airborne
Hyperspectral/Lidar System”, ERDC TN-DOER-E30
(2012).

[7] Lillesand, TM., RW., Kiefer, and J. W, Chipman,
"Remote sensing and image interpretation”, 5th ed.
Hoboken, NJ: John Wiley & Sons (2004).

[8] Sawaya, K. E., L. G. Olmanson, N. J. Heinert, P. L.
Brezonik, and M. E. Bauer, "Extending satellite re-
mote sensing to local scales: land and water resource
monitoring using high-resolution imagery”, Remote
Sensing of Environment, Vol. 88, pp. 144- 156 (2003).
doi:10.1016/j.rse.2003.04.0006

[9] Lung, W.S., "Assessing phosphorus control in the
James River Basin”. Journal of Environmental Engi-
neering, Vol. 112(1), pp.44-60 (1986).

[10] Kuo, JT., J.H. Wu, and W.S. Chu. Water quality simu-
lation of Te-Chi Reservoir using two-dimensional do-
dels. Wat. Sci. Tech 30(2):63-72 (1994).

[11] Senay, G. B., N. A. Shafique, Br. C. Autrey, FL. Fulk,

and S. M. Cormter, "The Selection of Narrow Wave-

bands for Optimizing Water Quality Monitoring on
the Great Miami River, Ohio using Hyperspectral Re-
mote Sensor Data”, Journal of Spatial Hydrology.

Lillesand, T.M., Johnson, W.L., Deuell, R.L., Lindstrom,

O.M., Meisner, D.E., "Use of Landsat data to predict

the trophic state of Minnesota lakes”. Photogrammet-

ric Engineering and Remote Sensing, Vol. 49, pp.

219-229 (1983).

Baban, S.M.J,, "Detecting water quality parameters

[12

[13

in Norfolk Broads, UK, using Landsat imagery”. In-
ternational Journal of Remote sensing, Vol. 14, (7),
pp.1247 - 1267 (1993).

Harding, LW, E.C. Itsweire, and W.E. Esalas, "Algo-
rithm development for recovering chlorophyll concen-

[14

trations in the Chesapeake Bay using aircraft remote
sensing, 1989-91". Photogrammetric Engineering &
Remote Sensing, 61(2),pp.177-185 (1995).

Giardiano, C., Pepe, M., Brivio, PA., Ghezzi, P, Zili-
oli, E., "Detecting chlorophyll, secchi disk depth and

[15

surface temperature in a sub-alpine lake using Land-
sat imagery”. The Science of the Total Environment,
Vol. 268, pp.19-29 (2001).

Kloiber, S. M., Brezonik, P. L, Olmanson, L. G, &
Bauer, M. E., "A procedure for regional lake water

16

clarity assessment using Landsat multispectral data”.
Remote Sensing of Environment,Vol. 82 (1), pp.38- 47
(2002).

[17] Wang, Y.P, Xia, H., Fu, JM., Sheng, GY. "Water
quality change in reservoirs of Shenzhen, China: de-
tection using LANDSAT TM data”. Science of the To-
tal Environment, Vol. 328, pp.195-206 (2004).

[18] Zhengjun, W. H. Jianming, D. Guisen. "Use
of satellite imagery to assess the trophic state
of Miyun Reservoir, Beijing, China”,
mental Pollution, Vol. 155, pp. 13-19,
doi:10.1016/j.envpol.2007.11.003

[19] Svéb, E., A. N. Tyler, T. Preston, M., Présing,
and K. V., Balogh. "Characterizing the spectral re-

Environ-
(2008).

flectance of algae in lake waters with high sus-
pended sediment concentrations”. International Jour-
nal of Remote Sensing, Vol. 26(5), pp. 919-928
(2005). doi:10.1080/0143116042000274087.

Hudson, S. J,, G. F,, Moore, A. |, Bale, K. R, Dyer,
and J., Aitken, "An operational approach to deter-
mining suspended sediment distributions in the Hum-

20

ber estuary by airborne multi-spectral imagery”. Pro-
ceedings of the First Airborne Remote Sensing Con-
ference and Exhibition, Strasbourg, France, 11-15
September (1994).

Xu, F-L, Sh., Tao, R. W, Dawson, B.-G., Li, "A GIS-
based method of lake eutrophication assessment”.
Ecological Modelling, Vol. 144, pp. 231-244 (2001).
Pll: S0304-3800(01)00374-X

Han, L. and D. C. Rundquist, "Comparison of NWRED
Ratio and First Derivative of Reflectante in Estimat-

21

22

ing Algal-Chlorophyll Concentration: A Case Study
in a Turbid Reservoir”. Remote Sensing of Environ-
ment, Vol. 62, pp. 253-261, (1997).

[23] Horne, AJ., Goldman, C.R,, 1994. Limnology, Second
ed. McGraw Hill, New York.

[24] Carlson, R. E., "A trophic state index for lakes”, Lim-
nology and oceanography, Vol. 22(2), pp. 361-369
(1977).

[25] Baban, Serwan M. ], "Trophic
and ecosystem checking of lakes using remotely
sensed information”. Hydrological Sciences Jour-
nal, Vol. 41 (6), pp. 939-957 (1996). doi:10.1080/
02626669609491560.

[26] Peckham, V., J. W., Chipman, T. M,, Lillesand, and S. 1.,
Dodson, "Alternate stable states and the shape of the
lake trophic distribution”. Hydrobiologia, Vol. 571, pp.
401 - 407 (2006). doi:10.1007/s10750-006-0221-1

[27] Thiemann, S., and H., Kaufmann, "Determination of
Chlorophyll Content and Trophic State of Lakes Us-
ing Field Spectrometer and IRS-1C Satellite Data
in the Mecklenburg Lake District, Germany”. Remote
Sensing of Environment, Vol. 73, pp.227-235 (2000).
PII S0034-4257(00)00097-3.

[28] Kloiber, SM., T. Anderle, PL. Brezonik, L.G. Ol-

classification

Brought to you by | Cyprus University of Technology
Authenticated
Download Date | 2/14/17 12:21 PM



C. Papoutsa, E. Akylas, D. Hadjmitsis

manson, M.E. Bauer, and D.A. Brown, "Trophic state
assessment of lakes in the Twin Cities (Minnesota,
USA) region by satellite imagery”. Arch. Hydrobiol.
Ergebn. Limnol. Vol.55, pp.137-151 (2000).
[29] Oikonomou, A, M., Katsiapi, H. Karayanni, M.
Moustaka-Gouni, and K. Ar. Kormas, "Plankton Mi-
croorganisms Coinciding with Two Consecutive Mass
Fish Kills in a Newly Reconstructed Lake. The Sci-
entific World Journal, Vol. 2012, Article ID 504135,
14 pg. doi:10.1100/2012/504135
Papoutsa, C., and D. G. Hadjimitsis,
Sensing for Water Quality Surveillance in Inland
Waters: The Case Study of Asprokremmos Dam
in Cyprus”, Remote Sensing of Environment: Inte-
grated Approaches, 2013. Retrieved from http://cdn.

[30 "Remote

intechopen.com/pdfs/45146/InTech-Remote sensing’
for'water quality ‘surveillance in"inland waters the”
case study of "asprokremmos "damin’cyprus.pdf
Hadjichristophorou, M., 2008. "Lead shot at Lar-
naca Salt Lake - Assessment and Restoration Activ-

[31

ities”. Department of Fisheries and Marine Research
(DFMR), Cyprus.

[32] Williams, W.D., "Environmental threats to salt lakes
and the likely status of inland saline ecosystems
in 2025" Journal of the Environmental Conservation,
Vol.29 (2): pp.154-167 "(2002).

[33] Wharton, D.A., 2002. "Life at the limits. Organisms in
extreme Environments”, Cambridge University Press.
pp- 319.

[34] Hadjichristophorou, M., 2004. "The Larnaca Salt
Lakes”, Information leaflet of the Department of Fish-
eries and Marine Research. Ministry of Agriculture
Natural Resources and Environment. Nicosia, Cyprus.

[35] Demetropoulos, A., 2006. "Sustainability and Protec-
tion of Freshwater Ecosystems in Cyprus” Report to
DFMR in the context of the CONFRESH Project.
Nicosia, Cyprus.

[36] Andreas Demetropoulos, 2002. "Cyprus National Re-
port on the Strategic Action Plan for the Conser-
vation of Marine and Coastal Biological Diversity
in the Mediterranean (SAP-BIO)", Prepared for and
sponsored by the Regional Activity Centre for Spe-
cially Protected Areas (RAC/SPA) Tunis, Tunisia.
http://medmpa.rac-spa.org/pdf/cyprus’fr.pdf

[37

Department of Environment ministry of agriculture,
natural recourses and environment, 2010. "Fourth
National Report to the United Nations Convention
on Biological Diversity”, September 2010, Nicosia,
Cyprus.

Loukas, A., N. Mylopoulos, L. Vasiliades, H. Tar-
nanas, J. Polykretis & A. Dimitriou, 2005. "Sustain-
able water Resources management in Pinios River

38

and Lake Karla Basins, Thessaly,Greece”, 6th Inter-
national Conference of EWRA, "Sharing a common vi-
sion for our Water Resources”; 7-10 September 2005,
Menton-France: pp. 1-10.

[39] Kokkinos K. and N. Mylopoulos,  2007.
"The  Lake KARLA Basin in  Thessaly,
Greece”, 2nd OpenMI-LIFE  Workshop, CEH,
Wallingford, 20-21 November 2007, UK.

http://www.openmi-life.org/events/second Workshop/
UTH 2nd OpenMI Life Workshop.pdf
Papadimitriou, Th., Z. Stampouli, and If. Kagalou.
"Preliminary Results on the cyanotoxicity in the
"new” Lake Karla (Thessaly - Greece)”, Proceedings

[40

of the 12th International Conference on Environmen-
tal Science and Technology Rhodes, Greece, 8 - 10
September, 2011.

Moustaka E., Mylopoulos N., Loukas A, 2002. "As-
sessment of the restored lake Karla operation under

41

different hydrological and water demand scenarios”,
Proceedings of the 6th International Conference of
Protection and Restoration of the Environment; 1-5
July 2002, Skiathos - Greece: pp. 207-215.

McLoy, K. R, 1995. Resource Management informa-
tion systems, Taylor and Francis, London, 244-281.
Hadjimitsis, D. G., and G., Papadavid. "Remote Sens-
ing for Determining Evapotranspiration and Irrigation
Demand for Annual Crops”, Remote Sensing of En-
vironment: Integrated Approaches, 2013. Retrieved

(42

[43

from http://www.intechopen.com/books/remote-
sensing-of-environment-integrated-approaches/
remote-sensing-for-determining-evapotranspiration-
and-irrigation-demand-for-annual-crops

C., D. G, Hadjimitsis and D. Alex-
akis. "Characterizing the spectral signatures and

(44

Papoutsa,

optical properties of dams in Cyprus
field spectroradiometric measurements”, Proc. SPIE
8174, Remote Sensing for Agriculture, Ecosystems,
and Huydrology XlIl, 817419 (October 07, 2011);
doi:10.1117/12.898353; http://dx.doi.org/10.1117/12.
898353

[45] Thiemann, S., and H., Kaufmann, "Lake water qual-

using

ity monitoring using hyperspectral airborne data -
a semiempirical multisensor and multitemporal ap-
proach for the Mecklenburg Lake District, Germany”.
Remote Sensing of Environment, Vol. 81, pp. 228 -
237 (2002). PII: S0034-4257(01)00345-5.

Papoutsa, C., A. Kounoudes, M. Milis, L. Toulios,
A. Retalis, K. Kyrou and D. Hadjimiisis, "Monitor-
ing Turbidity in Asprokremmos Dam in Cyprus using
Earth Observation and Smart Buoy Platform”, Jour-
nal of European Water Issue 38, pp. 25-32 (2012).
http://www.ewra.net/ew/issue 38.htm

46

Brought to you by | Cyprus University of Technology
Authenticated
Download Date | 2/14/17 12:21 PM



http://cdn.intechopen.com/pdfs/45146/InTech-Remote_sensing_for_water_quality_surveillance _ in_inland_waters_the_case_study_of_asprokremmos_dam_in_cyprus.pdf
http://cdn.intechopen.com/pdfs/45146/InTech-Remote_sensing_for_water_quality_surveillance _ in_inland_waters_the_case_study_of_asprokremmos_dam_in_cyprus.pdf
http://cdn.intechopen.com/pdfs/45146/InTech-Remote_sensing_for_water_quality_surveillance _ in_inland_waters_the_case_study_of_asprokremmos_dam_in_cyprus.pdf
http://cdn.intechopen.com/pdfs/45146/InTech-Remote_sensing_for_water_quality_surveillance _ in_inland_waters_the_case_study_of_asprokremmos_dam_in_cyprus.pdf
http://medmpa.rac-spa.org/pdf/cyprus_fr.pdf
http://www.openmi-life.org/events/secondWorkshop/UTH_2nd_OpenMI_Life_Workshop.pdf
http://www.openmi-life.org/events/secondWorkshop/UTH_2nd_OpenMI_Life_Workshop.pdf
http://www.intechopen.com/books/remote-sensing-of-environment-integrated-approaches/remote-sensing-for-determining-evapotranspiration-and-irrigation-demand-for-annual-crops
http://www.intechopen.com/books/remote-sensing-of-environment-integrated-approaches/remote-sensing-for-determining-evapotranspiration-and-irrigation-demand-for-annual-crops
http://www.intechopen.com/books/remote-sensing-of-environment-integrated-approaches/remote-sensing-for-determining-evapotranspiration-and-irrigation-demand-for-annual-crops
http://www.intechopen.com/books/remote-sensing-of-environment-integrated-approaches/remote-sensing-for-determining-evapotranspiration-and-irrigation-demand-for-annual-crops
http://dx.doi.org/10.1117/12.898353
http://dx.doi.org/10.1117/12.898353
http://www.ewra.net/ew/issue_38.htm

Trophic State Index derivation through the remote sensing of Case-2 water bodies in the Mediterranean Region

[47] Hadjimitsis, D. G., and C., Clayton, "Field Spec- agery”. Remote Sensing, Vol. 3 (2), pp. 362-377
troscopy for Assisting Water Quality Monitoring and (2011). doi:10.3390/rs3020362.
Assessment in Water Treatment Reservoirs Using At-
mospheric Corrected Satellite Remotely Sensed Im-

Brought to you by | Cyprus University of Technology
Authenticated

Download Date | 2/14/17 12:21 PM





