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Abstract: The present study examines the rainfall-runoff-based model development by using artificial
neural networks (ANNs) models in the Yerli sub-catchment of the upper Tapi basin for a period
of 36 years, i.e., from 1981 to 2016. The created ANN models were capable of establishing the
correlation between input and output data sets. The rainfall and runoff models that were built
have been calibrated and validated. For predicting runoff, Feed-Forward Back Propagation Neural
Network (FFBPNN) and Cascade Forward Back Propagation Neural Network (CFBPNN) models
are used. To evaluate the efficacy of the model, various measures such as mean square error (MSE),
root mean square error (RMSE), and coefficient of correlation (R) are employed. With MSE, RMSE,
and R values of 0.4982, 0.7056, and 0.96213, respectively, FFBPNN outperforms two networks with
model architectures of 6-4-1 and Transig transfer function. Additionally, in this study, the Levenberg—
Marquardt (LM), Bayesian Regularization (BR), and Conjugate Gradient Scaled (CGS) algorithms are
used to train the ANN rainfall-runoff models. The results show that LM creates the most accurate
model. It performs better than BR and CGS. The best model is the LM-trained method with 30 neurons,
which has MSE values of 0.7279, RMSE values of 0.8531, and R values of 0.95057. It is concluded that
the constructed neural network model was capable of quite accurately predicting runoff for the Yerli
sub-catchment.

Keywords: artificial neural network; rainfall-runoff modeling; feed-forward back propagation;
cascade forward back propagation

1. Introduction

Hydrologists have been attempting to understand the translation of rainfall to runoff
for many years to estimate streamflow for objectives including water supply, flood control,
irrigation, drainage, water quality, power production, recreation, and fish and wildlife
propagation [1]. Rainfall-runoff modeling is one of the most prominent hydrological
models used to examine the relationship between rainfall and runoff generated by various
watershed physical factors [2]. In the real world, all physical catchment features influence
rainfall-runoff; hence, generalizing all physical catchment characteristics is a difficult
process. It is difficult to depict such a large range of values in a lumped hydrological model
since the parameter values must be averaged for each watershed [3].

In the past, academics and hydrologists have presented different ways for effectively
forecasting runoff by building several models of rainfall-runoff (RR) [4]. The process of
rainfall-runoff is highly nonlinear and incredibly complex and is still poorly understood [5].
Furthermore, several rainfall-runoff models require a substantial amount of data, which
are used for calibration and validation time scale, making them computationally intensive
and, thus, unpopular [6]. Machine learning techniques are becoming more prevalent due
to their ease of use, simplicity, and efficiency [7]. Machine learning techniques are a good
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option when there are minimal data and the process is complex [8]. In the context of
estimating issues, artificial neural networks (ANNSs) are a subclass of machine learning that
have received significant attention [9]. ANNs are data-processing systems that mimic the
capabilities of the human brain [10]. ANNs were first developed in the 1940s and come in a
wide variety [11]. ANN models are also known as black-box models [12]. The application
of ANNSs in the creation of models results in trustworthy and versatile learning ability,
which makes ANNSs promising for forecasting [13]. ANN models have been extremely
prevalent in the domains of hydrology, water resources, and watershed management in
recent decades [14]. The ANN contains three layers, an input layer, a hidden layer, and an
output layer [15]. The weight of communication is the relationship between the neurons in
the consecutive layers [16]. In the given study, the input layer consists of six types of data,
namely (rainfall, minimum temperature, maximum temperature, surface pressure, specific
humidity, and wind speed). The hidden layer consists of layers with two different sets of
number of neurons 10 and 20, respectively. The output layer comprises predicted runoff.

The objectives of the present study are as follows: (i) to develop a rainfall-runoff
model for Upper Tapi using an Artificial Neural Networks Technique, (ii) compare ANN
rainfall-runoff models developed using NNTOOL with different neural network types, i.e.,
FFBPNN and CFBPNN, and (iii) to compare ANN rainfall-runoff models trained using LM,
BR, and SCG algorithms.

2. Materials and Methods
2.1. Study Area and Data Collection

The current study area comprises a portion of the Upper Tapi Basin known as the
Purna sub-catchment (Figure 1). The area lies between Maharashtra and Madhya Pradesh,
between latitudes of 20°09’ N to 22°03’' N and longitudes of 75°56 E to 78°17’ E. It has
subtropical to temperate climatic conditions. The mean annual precipitation in the chosen
area varies from 833 to 990 mm. Table 1 reveals the sources of data for this study.
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Figure 1. Index Map of the study area.
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Table 1. Source of data.

Data Type Data Source
Digital Elevation Model USGS Earth Explorer
Rainfall

Central Water Commission
India Meteorological Department
Discharge Central Water Commission

Meteorological data

2.2. Methodology

The theoretical aspects and research methodology used in the current study to identify
the best neural network model to perform the rainfall and runoff modeling for the Yerli sub-
catchment have been discussed in this section. Figures 2 and 3 depict the methodological
flowchart of NNTOOL and NNSTART respectively.

[ Develop Artificial Neural Netwark models using MATLAB NNTOOL box ]

] ]

L4

¥

v

Data import in Creating Network Madel

NNTOOL box Network Training * Evaluation
h 4

v ‘

Annual rainfall | Network tvpe-FFBPNN & performance, Regression (R),
CFBPNN training stare and Mcan Square Error
el Ta s function - Trai 1 (MSE). Mean
Training function:- Trainlm regression plat
nual runoff I Leaming function:-lemgdm absolute Ermor
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Figure 2. Flow chart of NNTOOL.
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# Bayesian Regularization (trainbr)
> Scaled Conjugate Gradient (trainscg)

L]

Train network
(Retrain till satisfactory
regression plot is obtained)

v

Figure 3. Flow chart of NNSTART.
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2.2.1. Following Steps Should Be Performed for Developing an ANN Model Using NNTOOL

e  Data Collection: The required observed data (rainfall, runoff, temperature, specific
humidity, surface pressure, wind speed) at the prerequisite station are to be collected.

e Import Data: The collected data are imported into the NNTOOL box as input and
target data.

e  Creating Network: The network is created by selecting a suitable network type, i.e.,
FFBPNN or CFBPNN. The network architecture is formed (6-2-1, 6-3-1, 6-4-1).

e Number of Neurons: For the given network, the number of neurons is taken as 10
or 20.
Network Training: The developed network is trained based on performance function.
Result: Once the network is trained, the result is checked by plotting the regression
plot, and the predicted output is obtained.

e  Retraining: If the obtained regression plot is not satisfactory, then reinitialization of
weights has to be conducted by changing the number of neurons.

e Model Evaluation: Based on statistical parameters such as (MSE), (RMSE), (R?),
and (R).

2.2.2. Following Steps Should Be Performed for Developing an ANN Model Using NNSTART

e  Neural Fitting App: The Neural Fitting app will help to select data, create and train
a network, and evaluate its performance using mean square error and regression
analysis.

e Data Selection: The collected data will be used as both the input and output data.
The input data are in a 6 x 36 matrix. On the other hand, the target data are in a
1 x 36 matrix.

e  Validation and Test: The data are split as follows, 70% (training), 15% (validation), and
15% (testing).

e  Network Architecture: For the given network, the number of neurons is taken as 10,
20, and 30.

e  Select Algorithm: For training, the algorithms, namely Levenberg-Marquardt (trainlm),
Bayesian Regularization (trainbr), and Scaled Conjugate Gradient (trainscg), were used.
Train Network: To fit the input and goal data, train the network.

Retrain: The network is retrained if a satisfactory regression plot is not obtained.
Output: Desired predicted output is obtained after fixing the regression plot.

2.3. Model Evaluation Criteria
The findings of the ANN model applied in this study were evaluated by means of:

e Mean Square Error (MSE):
1& 2
MSE = ) (Qp - Qo) M

i=1

e  Root Mean Square Error (RMSE):

RMSE =

@

n

v (Qu) - QUDTS

e Regression Coefficient (R): Using Regression Plot between predicted and observed
runoff.

where Q) is the value of predicted runoff; Q, is the value of observed runoff; O(i) is the n

estimated runoff value; and Q(i) is the n observed runoff value.



Environ. Sci. Proc. 2023, 25,1

50f8

3. Results and Discussion
3.1. NNTOOL

The multilayer FFBPNN and CFBPNN algorithms with Levenberg-Marquardt (LM)
are utilized to optimize the learning approach in this study. Two different models were
developed, i.e., (FFBPNN) and (CFBPNN) with three different architectures (6-2-1, 6-3-1
and 6-4-1) using several combinations of transfer functions, i.e., (transig, logsig, and purelin)
along with two sets of neurons, 10 and 20, and then compared for their capability to estimate
the flow for the period 1981-2016.

3.1.1. Feed Forward Back Propagation Neural Network (FFBPNN)

FFBPN, while considering 6-2-1, 6-3-1, and 6-4-1 architectures, the transig function
provides the best value for performance. The most effective model architecture for the
Transig function is 6-4-1, which has a value of MSE 0.4982, the value of RMSE 0.7056, and
the value of R 0.96213. Table S1 contains the inclusive outcomes. However, in comparison
to other transfer functions, the transig transfer function with architecture 6-4-1 yielded
better results in the current study. Figure 4 depicts the best regression plot.
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Figure 4. Regression plot for FFBPNN 6-4-1 model.

3.1.2. Cascade Forward Back Propagation Neural Network (CFBPNN)

Similarly, for CFBPNN, while considering 6-2-1, 6-3-1, and 6-4-1 architectures, the
transig function provides the best value for performance. The most effective model archi-
tecture for the transig function is 6-4-1, which has MSE values of 0.8813, the value of RMSE
0.9387, and the value of R 0.96096. Table S2 contains the inclusive outcomes [17]. However,
in comparison to other transfer functions comparison to other, the transig transfer function
with architecture 6-4-1 yields better results. Figure 5 depicts the best regression plot.
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Figure 5. Regression plot for CFBPNN 6-4-1 model.

3.2. NNSTART

In this study, three different algorithms, namely Levenberg-Marquardt (trainlm),
Bayesian Regularization (trainbr), and Scaled Conjugate Gradient (trainscg), were used for
model development. Table S3 shows the Yerli station results for the ANN trained by LM,
BR, and CGS. The study compares ANN models that were trained with LM, BR, and CGS.
LM-trained algorithm with 30 neurons is the best model with an MSE value of 0.7279, an
RMSE value of 0.8531, and an R value of 0.95057. Figure 6 shows the best regression plot
for the LM algorithm with 30 neurons.
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4. Conclusions

This study described how ANN models are used to estimate yearly runoff for the Yerli
sub-catchment of the upper Tapi basin. Runoff estimation was undertaken using NNTOOL
and NNSTART. Adopting NNTOOL, two different models were developed, i.e., FFBPNN
and CFBPNN networks, using several combinations of input data and then comparing
their capability of flow estimation for the period 1981-2016. For estimating runoff using
NNTOOL, two NN are used, with the values of MSE, RMSE, and R calculated. For the
transig function in FFBPNN, the most prominent model architecture is 6-4-1, which has an
MSE value of 0.4982, an RMSE value of 0.7056, and a value of R of 0.96108. The 6-4-1 model
architecture for the transig function is the most effective for CFBPNN, with MSE values of
0.8813, RMSE values of 0.9387, and R values of 0.96096. Using three different algorithms,
LM, BR, and CGS, were used to predict runoff. Among the three, the LM-trained algorithm
with 30 neurons is the best model, with MSE values of 0.7279, RMSE values of 0.8531, and R
values of 0.95057. According to the findings, FFBPNN predicts better results than CFBPNN,
and the LM algorithm stands out among the other algorithms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ECWS-7-14232 /51, Table S1: Results of FFBPNN for Yerli station,
Table S2: Results of CFBPNN for Yerli station, Table S3: Results of NNSTART for Yerli station.
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Abstract: Hydrological dam safety analyses should assess the frequency curve of maximum reservoir
water levels in flood events by routing a large set of inflow hydrographs. Therefore, stochastic
bivariate analyses are used. Hydrograph shapes obtained by using hydrometeorological simulations
are required for each flood peak-hydrograph volume pair. Hydrograph shapes depend on hyetograph
shapes. A sensitivity analysis is required to select the appropriate hyetograph shape, focusing on the
influence of the hyetograph time step on the hydrograph shape. In this study, the Cuerda del Pozo
Dam in central Spain is selected as a case study.

Keywords: hydrological dam safety; bivariate analysis; floods; hyetographs; rainfall-runoff modelling

1. Introduction

Hydrological frequency analyses are usually focused on univariate approaches of
flood peak time series. For example, univariate analysis can be used to either design or
assess the safety of most bridges and culverts, as they can be designed only with the study
of the flow peaks for a given return period. In such cases, maximum water levels usually
depend on flood peaks. However, it is necessary to account for the entire flood hydrograph
to assess hydrological dam safety correctly [1]. In a dam, inflow hydrographs are routed in
the reservoir; therefore, outflow peak flows will be equal or smaller than inflow peak flows,
depending on reservoir storage volumes, spillway length and characteristics, the operation
strategy in the spillway gates, and inflow hydrograph characteristics, etc. Consequently, a
univariate analysis cannot fully assess the exceedance probability of a given hydrological
event and multivariate analyses are required. In addition, it is necessary to use stochastic
approaches to generate a large set of hydrograph volume-peak flow pairs that keeps
the statistical properties of both the marginal univariate frequency distributions and the
dependence structure between variables [2].

The hydrological safety in a dam is related to the maximum water level that the reser-
voir reaches in a flood event associated with a given return period. Therefore, it should be
analysed with the frequency curve of maximum reservoir water levels in order to better as-
sess hydrological dam safety. For this purpose, a large set of inflow hydrographs generated
using a stochastic approach should be routed through the reservoir. In such an approach,
the result will depend on several variables, such as flood peak and hydrograph volume
univariate frequency curves, and the dependence structure between these variables [3].
Therefore, it is essential to consider several variables by using a multivariate analysis to
assess hydrological dam safety.

In addition, a given hydrograph shape has to be assigned to each flood peak-hydrograph
volume pair in the stochastic procedure. Therefore, hydrometeorological simulations
are required to characterise the catchment response in flood events and obtain feasible
hydrograph shapes that can be generated. Hydrometeorological simulations are based on
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hyetographs that characterise precipitation depths and the temporal variability of rainfall
in storms. Several design hyetograph shapes are available in the literature [4]. Hydrograph
shapes will depend on the design hyetograph selected [5]; therefore, a design hyetograph
that characterises rainfall characteristics in the catchment and simulates hydrograph shapes
similar to those observed should be selected.

This paper aims to analyse a set of hyetograph shapes to assess its influence on hydro-
graph shapes in hydrometeorological simulations. Moreover, a hyetograph shape that will
allow for calibrating flood peaks and hydrograph volumes with reasonable hydrological
model parameter values will be identified. An approach based on a bivariate analysis using
hydrometeorological simulations to assess hydrological dam safety will be used.

2. Case Study

The analysis is carried out in the Cuerda del Pozo Dam located in central Spain
(Figure 1). The Dam belongs to the Douro River Basin Authority.

Figure 1. Location of the study and detailed map of the catchment area.

The catchment area that drains into the Cuerda del Pozo Dam is 547 km?. The dam is
located at an altitude of 1080 m above sea level. In the catchment, the maximum altitude is
2146 m, and the mean altitude is 1315 m. The Cuerda del Pozo Dam is located on the River
Douro with a height of 40.25 m. The conservation volume is 250 hm3.

A digital terrain model (DTM) with a cell size of 25 m was used to delineate the extent
of the catchment and its properties. It was supplied by the Spanish Instituto Geogrifico
Nacional (IGN). Daily precipitation data at ten rainfall gauging stations were supplied
by the Spanish National Meteorological Agency (AEMET, Agencia Estatal de Meteorologia,
in Spanish). Daily streamflow data at two gauging stations and daily reservoir storage
volume and outflow releases at the Cuerda del Pozo Dam were supplied by the Centre for
Hydrographic Studies of CEDEX and the Sistema de Informacion del Agua of the Spanish
Ministry of Environment. Hourly rainfall and streamflow data were supplied by the real-
time SAIH system of the Douro River Basin Authority. Figure 2 shows the location of the
ten rainfall gauging stations (red dots), the two streamflow gauging stations (yellow dots),
and the Cuerda del Pozo Dam (green dot).
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Figure 2. Location of the rainfall (red dots), streamflow (yellow dots) and dam (green dot) gauging
stations considered in the study.

3. Materials and Methods

This study is based on a stochastic procedure to generate a large set of inflow hydro-
graphs that is routed through the Cuerda del Pozo Reservoir to assess the hydrological
safety of the Cuerda del Pozo Dam. Hydrometeorological simulations are used to generate
feasible hydrograph shapes that can be generated in the catchment in flood events. This
study simulates the Cuerda del Pozo catchment in natural regime. The following return
periods are considered in the analysis: 2, 2.5, 5, 10, 25, 50, 100, 200, 500, 1000, 2000, 5000
and 10,000 years.

The hydrometeorological simulation is based on the curve number method and the
Clark unit hydrograph. The SCS curve number is used as the loss method to obtain the net
rainfall [6]. The Clark unit hydrograph is used as a transform method for characterising
the runoff concentration and diffusion processes in the catchment [7].

This study aims to find an adequate hyetograph shape to generate both the runoff
volumes given by the univariate frequency curve of the hydrograph volumes and the
flood peaks given by the univariate frequency curve of the flood peaks. This process
presents different difficulties; therefore, a sensitive analysis is used to obtain an adequate
shape of the hyetograph that leads to feasible values of the hydrological model parameters,
calibrating both hydrograph volume and flood peaks.

Flood hydrographs in the Cuerda del Pozo Dam are usually generated by storms
with a mean duration of ten days. Therefore, 10-day hyetographs are considered in order
to obtain the runoff volumes given by the univariate frequency curve of the hydrograph
volumes. In this study, the Chicago hyetograph based on the intensity-duration-frequency
curve is considered [8].

In long-duration hyetographs, the time step selection is crucial, as the hydrograph
shape will depend on the hyetograph time step. If a small time step is considered in a
design hyetograph of several days, sharp hydrographs will be generated with peak flows
that can be greater than required. Consequently, unreasonable model parameter values,
that would otherwise be necessary, could be needed to smooth the concentration and
diffusion processes, decreasing the simulated flood peaks. However, if a large time step is
considered, smooth hydrographs could be obtained with flood peaks smaller than required.
In this case, model parameter values could not be found to calibrate flood peaks.
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In this study, a set of time steps will be considered in the design hyetograph to
analyse its influence on the flood hydrograph shape. Time steps of 1, 2,3, 6, 12 and 24 h
are considered.

4. Results and Discussion

A return period of 1000 years has been considered for the sensitivity analysis. Figure 3
shows the hyetographs obtained for the time steps considered in the study.
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Figure 3. 10-day Chicago hyetographs considered in the Cuerda del Pozo catchment.

Before calibrating the model, flood hydrographs are obtained for each time step to
assess the influence of the hyetograph time step on the hydrograph shape (Figure 4). The
results show that, for small time steps, sharp hydrograph shapes are obtained with high
peak flows. In contrast, for large time steps, smooth hydrographs are generated with low
peak flows.
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Figure 4. Flood hydrographs obtained before calibrating the hydrological model parameters.

The hydrological model is calibrated to obtain the 1000-year flood peak and the
hydrograph volume given by the univariate frequency curves. The peak flow is calibrated
with the storage coefficient parameter (K) of the Clark unit hydrograph used as a transform
method. The results are shown in Figure 5 and Table 1. The figure shows that, with the
calibrated K parameter, similar hydrograph shapes are obtained for the time steps of 1, 2, 3,
6 and 12 h. This is not the case for the 24 h time step because the desired peak flow cannot
be reached even with the lowest values of the parameter K.

Hydrograph shapes
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Figure 5. Flood hydrographs obtained after calibrating the hydrological model parameters.
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Table 1. Results of the calibration of the storage coefficient parameter K of the Clark unit hydrograph
method for each subcatchment.

Subcatchment
K Values
SC1 SC2 SC3
Initial 2.833 1.471 1.024
At=1h 9.631 5.001 14.50
At=2h 9.716 5.045 14.60
At=3h 9.773 5.075 14.70
Calibrated

At=6h 9.632 5.001 14.50
At=12h 5.722 2971 11.15

At=24h 0.283 0.147 1.0

In addition, in order to evaluate the results correctly, the values of the coefficient K
obtained for each time step after calibrating the hydrological model are analysed. The table
shows that, to obtain the desired peak flow value, high K values are required for small time
steps and low K values are required for large time steps.

5. Conclusions

In flood events, hydrological dam safety should be assessed using the frequency curve
of maximum reservoir water levels. For this purpose, a large set of inflow hydrographs
is routed through the reservoir. Therefore, in this study in Cuerda del Pozo, a stochastic
bivariate analysis based on hydrometeorological simulations is performed to assess hydro-
logical dam safety. With this aim, a set of hyetograph shapes and their influence on the
shape of the hydrographs are analysed.

The results of the study show that the flood hydrographs obtained before calibrating
the hydrological model have lower peak flows and smoother shapes with each hyetograph
time step increase. In addition, as the hyetograph time interval increases, the calibrated K
parameter becomes smaller. However, for a hyetograph time step of 24 h, even with a very
low K parameter value, the peak flow required by the univariate flood frequency curve
cannot be achieved.
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Abstract: Porous pavements are considered an alternative to increasing the city’s permeable surfaces
and have great potential for rainwater harvesting. Over time, the surface layer clogs, limiting the
application and use of porous pavement. This study aims to evaluate the maximum time for an
intervention on a porous surface to recover its permeable properties before clogging. Through a
constant load permeameter, rainwater runoff simulations were performed to measure the permeability
coefficient of porous asphalt mixtures. Void content and interconnected voids were also evaluated.
The parameter permeability showed a good indicator for determining when a surface layer will clog,
and by taking regular measurements, the necessary intervention time to prevent it can be established.
The designed porous mixture surface intervention should occur every year.

Keywords: porous asphalt mixture; clogging; intervention time

1. Introduction

The growing urbanization process in cities leads to an increase in impermeable ar-
eas, generating changes in the natural characteristics of watersheds. Consequently, the
recharge of springs and groundwater is compromised, and as the volume of surface runoff
increases, the risks of floods and inundations occur. An alternative for integrated rainwater
management is using porous pavements and surfaces.

The pavement layer surface mainly comprises porous asphalt mixtures, produced
with a high amount of air voids and a percentage of coarse aggregates to form an open-
graded granulometry and allow water to flow through it. The open gradation results in
higher voids (18-25%) compared to densely-graded mixtures [1,2]. On the other hand, fine
aggregates contribute to mixture strength and durability, but increasing their proportion
compromises the permeability, which is negligible if the void content is less than 14% [3].

Zhang et al. asserted that studies had shown the benefits of porous mixtures compared
to dense ones. Due to the interconnected porosity, the water flows out of the pavement
during rainfall, avoiding accumulation on the surface. The road safety improvements
include increased skid resistance and reduced hydroplaning [4].

The infrastructure can introduce low-impact development models through increasing
permeable areas such as green spaces, porous pavements, and water systems. These models
allow rainwater to be absorbed, retained, and released to reduce runoff volume and peak
flow, slow down runoff speed, replenish groundwater, and filter rainwater pollutants [5,6].
However, the water that precipitates on the pavement surface carries contaminants and
powdery materials (runoff), which, over time, lead to the progressive clogging of the voids.

Due to clogging, functionality is affected, and the porous pavement (or surface) cannot
facilitate drainage. Additionally, the porous surface suffers damage due to water stagnation
inside. The rate of clogging depends on factors such as the pavement surface, void content,
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traffic load, pavement slope, maintenance measures adopted, and environmental and local
conditions [7]. An evaluation of the progression of clogging can be performed in the field
or laboratory using permeameters.

Porous surface pavement layers are beneficial as they contribute to stormwater man-
agement by reducing surface runoff. On the other hand, the voids in porous layers clog over
time, and the permeable characteristics decrease. Because of this, road agencies avoided
applying the porous surface layer to the pavement.

In order to contribute to advancing the use of porous mixtures as a pavement surface
layer, the primary motivation of this study was to evaluate the clogging by simple perme-
ability tests. Thus, permeability reduction enabled establishing the needed intervention
time to restore porous mixtures permeable characteristics. This study aims to evaluate the
maximum time for an intervention in a porous mixture to recover its permeable properties
before clogging.

2. Methodology

In this study, the clogging progression of a porous asphalt mixture was measured in
the laboratory to evaluate the maximum intervention time for recovery of the permeable
properties. The porous asphalt mixtures were produced with asphalt rubber fabricated at a
Brazilian refinery (terminal blend) with 15% incorporated rubber. Aggregates of granitic
origin from southern Brazil were used, whose gradation curve is shown in Figure 1.
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Figure 1. Mixture gradation curve.
The mixture design was performed according to the ASTM D 7064 standard [8] in the

CGS (660 kPa, angle 1.25°, 50 gyrations) and resulted in an asphalt content of 5.0% and a
void volume of 24.2%. Figure 2 presents the experimental methodology procedure.

Phase 1 Phase 2 Phase 3
Mixtures compaction Clogging simulations Tests
i )
Compaction levels Runoff Permeability
v (solid particles + water) Voids volume
Gyrations in CGS 7 Interconnected voids volume
50; 75; 100; 150; 200 Permeameter

¥

3 samples per level

Intervention time

Figure 2. Experimental procedure.

To simulate the traffic influence on the mixture’s air void reduction, in Phase 1, the sam-
ples (100 mm in diameter; 63.5 in height on average) were moulded at different compaction
levels in the Superior Performing Asphalt Pavements (SUPERPAVE) gyratory compactor
(CGS) through increasing gyration numbers (50—reference, 75, 100, 150, and 200). Three
samples per level were produced to perform the tests.

The solid material that accumulated under an overpass on a medium traffic road was
collected to compose the solid particles for runoff experimentation. After drying in an
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oven, the solid material was selected by sieving, and the fraction retained on sieve no. 100
(0.149 mm) was used, based on the study by Fwa et al. [9]. Adjustments were made to the
amount of material for the sample dimensions of this study, resulting in 3.53 grams. To
promote sample clogging in the runoff solution, 3.53 grams of the solid material were added
to one liter of water. The runoff solution was introduced into the reservoir (Figure 3), and
the samples were submitted to simulation cycles in a constant head permeameter developed
by the authors of this study (Figure 3). The permeability coefficient was calculated through
Equation (1). For porous materials, Fwa et al. [9] defined a constant (n of 0.70) to minimize
the significant error between readings in tests using laboratory permeameters, which were
also adopted in this study.

Figure 3. The constant-head permeameter developed in the study. Legend: (1.) Reservoir (volume
5 liters); (2.) reservoir support elevated 50 cm from the sample; (3.) hose (diameter 10 mm); (4.) plastic
shower for water flow control; (5.) plastic mould in which the sample is inserted; (6.) sample with
lateral waterproofing by silicone; (7.) support to fix the sample; (8.) a spillway (3/8” gauge) to keep
the water level above the sample; and (9.) a water collector from the spillway.

The initial permeability coefficient (k;) was determined using water, and after five
simulations with runoff solution, the final permeability coefficient (k¢) was measured.
For each sample, the void volume and the interconnected void volume were evaluated
before and after the simulations. It was used as a criterion, which means the sample was
considered clogged when the interconnected void volume reached 12%.

For each sample group, the permeability coefficient reduction (kr) was calculated
as a function of the mean value distribution (Equation (4)) and the uncertainty range
(Equation (5)). The maximum intervention time in months was established from the
number of simulations required to reach the criteria, considering the annual precipitation
average for Floriandpolis (1570 mm). In this way, for this precipitation, each simulation
cycle represents 261.67 mm, and one cycle corresponds to two months.

k=V/i" )
V=Q/tx A (2)
i=H/L ®)
kr=ax e PN @)
u=p+u )
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where k is the permeability coefficient (mm/s); V is the runoff speed (mm/s), given by
Equation (2); i is the hydraulic gradient (dimensionless), given by Equation (3); n is the
constant [9] equal to 0.7; Q is the drained volume (mm?®); tis each cycle simulation time (s);
A is the top surface area of the sample (mm?); H is the height of the water layer (mm); L is
the sample height (mm); kr is the permeability coefficient reduction (mm/s); a and b are
regression coefficients; N is the number of simulations; u is the uncertainty range; u is the
mean permeability coefficient (mm/s); and u is the standard deviation (mm/s).

3. Results and Discussion
3.1. Influence of Compaction Effort in the Void Reduction

As a function of the number of gyrations, Figure 4a presents the reduction in void
volume, and Figure 4b the interconnected void volume.
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Figure 4. Void reduction as a function of the number of gyrations. (a) Void volume; (b) intercon-
nected voids.

In Figure 4, it can be observed that as the level of compaction effort increased, the
void volume decreased. After 100 gyrations, the void volume tended to stabilize with
average values of 21.34%, 20.76%, and 20.62% for 100, 150, and 200 gyrations, respectively
(Figure 4a). The interconnected void volume reduction and the increased compaction effort
indicated a decrease in permeability (Figure 4b). Similarly, there was a tendency for values
to stabilize after 100 gyrations, being, on average, 13.25%, 12.63%, and 12.23% for 100, 150,
and 200 gyrations, respectively.

3.2. Influence of Compaction Effort in the Permeability Coefficient Reduction

Table 1 shows the initial permeability coefficients (ki) measured before and after the fi-
nal (kf) evaluated simulations. The values were normalized for the permeability coefficient
reduction (kr) analysis through the obtained average (Figure 5). The uncertainty range pre-
sented a reliability of 68.3%. In Figure 5, the increase in compaction effort, which represents

the traffic load over time, is reflected in the reduction in the permeability coefficient.

Table 1. Permeability coefficients.

Gyrations Number ki (mm/s) 1 kf (mm/s) 2
50 2.95 1.53
75 2.26 0.84
100 1.98 0.64
150 1.01 0.15
200 1.15 0.10

! Initial permeability coefficient; 2 final permeability coefficient.
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Figure 5. Void reduction as a function of the number of gyrations.

In the literature, there is a lack of studies that evaluated clogging in samples submitted
to different compaction efforts. Samples submitted in simulation cycles using a permeame-
ter with more than 20% voids were less affected by clogging [9]. Lin et al. [10] asserted that
the initial permeability coefficient of samples was 0.56 mm/s, and after simulations, when
it reached 0.49 mm/s, the surfaces were clogged. These studies corroborated the fact that
permeability tests help estimate void reduction due to clogging.

3.3. Intervention Time

Table 2 presents the regression coefficients obtained (Equation (2)) for each group
of samples (number of gyrations). Table 3 shows the obtained average values of void
volume, interconnected void volume, and permeability coefficients for the sample group
as a function of the number of gyrations. The permeability coefficient reduction (kr) was
calculated by Equation (2) when the interconnected void volume reached a value of 12%,
and then the intervention time can be estimated.

Table 2. Regression coefficients (a and b).

Number of Gyrations a b
50 3.0786 0.137
75 2.5136 0.199
100 2.0386 0.223
150 1.1594 0.425
200 1.1013 0.429

Table 3. Parameters for the permeability reduction calculation.

Number of vyl IVv2 Kmean > Kpmin ¢ ITS Precipitation
Gyrations (%) (%) (mm/s) (mm/s)  (months) (mm)

50 24.54 15.73 1.53 1.16 14.16 1853

75 22.28 14.19 0.80 0.68 13.15 1720

100 21.34 13.25 0.60 0.49 12.64 1654

150 20.79 12.63 1.01 0.12 10.66 1395

200 20.68 12.23 0.22 0.21 7.59 994

3

1 Void volume; 2 interconnected void volume; > mean permeability coefficient; 4 minimum permeability coefficient;

and ° intervention time.

The intervention time for the porous asphalt mixture to recover its permeable proper-
ties was proportional to the number of gyrations, reflecting that the traffic effort contributes
to the reduction of permeability. For example, in Table 3, the intervention time was fourteen
months for the compaction after 50 gyrations, while for 200 gyrations, it was more than
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seven months. To prevent clogging progression, the intervention by surface cleaning for
the porous mixture studied should occur at least every year.

4. Conclusions

A porous asphalt mixture was produced to estimate the necessary intervention time
for the maintenance of permeable characteristics. Samples of different compaction efforts
in the CGS were submitted based on the increase in the number of gyrations (50, 75, 100,
150, and 200 gyrations) to evaluate the traffic effect over time.

The samples were tested in the laboratory by cycling rainwater (runoff solution)
through a constant head permeameter developed in the study. Before and after simulations,
the void volume, interconnected voids, and permeability coefficient were measured. A
stabilization of void volume and interconnected void volume values was observed after
100 gyrations, indicating that higher compaction levels present slight variations. The
permeability reduction of each set of samples was evaluated statistically through the
uncertainty range and the analysis of experimental data.

A minimum value of 12% of the interconnected void volume was established, consid-
ering that the porous mixture was clogged. The intervention time was estimated after the
pavement surface layer was open to traffic. The permeability reduction was proportional
to the increase in the number of gyrations. For samples subjected to 50 gyrations, the maxi-
mum intervention time was 14 months. On the other hand, for 200 gyrations, considering
the effect of traffic, the intervention time was shorter, approximately 7.6 months.

Considering the porous asphalt mixture of this study and the local annual rainfall
(1570 mm), based on the evaluated parameters, it is recommended that the intervention
time for surface cleaning (with water and air jets) be carried out at least each year. Moreover,
it is essential for future studies that the mixture’s internal structure be analyzed to estimate
the intervention time and permeable parameter measurements. Additionally, experimental
stretches must be constructed and monitored for data validation. The study limitations
were using the same amount of solid material in the laboratory tests and just one type
of porous mixture. The following research steps should involve the development of a
stormwater simulator and analysis by tomography.
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Abstract: This study presents the provisional, regulating and cultural ecosystem services that can be
delivered by the newly constructed multi-purpose reservoir of Lake Karla located in a water-scarce
agricultural area in central Greece. The present short paper takes advantage of literature data and
outputs produced from a dynamic GIS hydrologic and management model of the study area with
SWAT that simulated hydrology, reservoir operation, irrigation practices and crop production. The
paper highlights the net provisional services that the local agricultural society can gain from the full
operation of Karla and the additional benefits arising, such as flood control, biodiversity maintenance,
aesthetic improvement and touristic opportunities.

Keywords: ecosystem services; hydrologic modelling; irrigated agriculture; Karla reservoir; SWAT;
water management

1. Introduction

Irrigated agriculture is essential to crop production in the Mediterranean region,
which faces water scarcity. Hence, its sustainability requires the efficient management of
the available but limited regional water resources [1]. Investments for sustainable water
management in the agricultural sector include a large variety of interventions from small
ponds to large reservoirs that are able to collect, store and distribute water with the purpose
of maximising the total farm income [2]. Particularly in water-scarce agricultural regions,
reservoirs increase the availability of water for irrigated agriculture, and at the same time
they can preserve the integrity of the local ecosystem while providing environmental ben-
efits [3]. This study presents the newly created Karla reservoir, a large work constructed
for the above purposes at the southeastern edge of the agricultural catchment of Pinios
(~10,800 km?) in Central Greece. For decades, the wider area has been a significant pro-
ducer of agricultural crops, but water shortages during summers and over-abstractions of
groundwater have caused significant losses of crop production [4], mainly cotton, which
still drives the local agricultural economy [5].

Karla was a natural lake until 1962, when it was drained in favor of increasing agricul-
tural land, but water scarcity and loss of wetland functions and values prompted the need
for its reconstruction [6], which was completed almost one decade ago. The new project is
today a Natura and Ramsar aquatic ecosystem, and a functional reservoir [7], having as its
main water supply purpose the irrigation of crops. Its development was possible through
natural winter runoffs from the surrounding areas and water diversions from Pinios river
during the wet period of the year [8].
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Irrigated crops have high water demands as they need almost 5000 m?/ha per growing
season, water that had been abstracted mostly from groundwater sources in past years.
This has led to the overexploitation of aquifers and to a significant increase in the energy
cost of pumping [5,8]. The 38 km? reconstructed Lake Karla is designed to store water
between the lower water depth of 2-2.5 m and the upper depth of 4.5-5 m. These depths
correspond to ~100 x 10° m® and 180-200 x 10° m® of water, respectively. The depth of
2-2.5 m corresponds to the minimum water level of the reservoir, necessary to fulfill the
ecological criteria of the wetland. So, the maximum allowable water volume is nearly
200 x 10° m3, but only half is allowed for extraction. For security reasons, an artificial
tunnel can remove excess water to the sea [8].

The purpose of this short paper is to briefly present and evaluate the significance
of the expected delivered benefits from the construction of Karla, both in terms of the
available water for irrigation and respective crop productivity, and the environmental
and socio-economic improvement of the surrounding area. To this end, we use literature
information and already published environmental, hydrologic and crop growth modeling
data [7-9].

2. Materials and Methods

A modeling system of Pinios basin with SWAT (Soil and Water Assessment Tool)
model [10] represented the hydrology, water management and crop productivity under
two scenarios: (i) with irrigation water supply from Lake Karla and (ii) with the inexistence
of the lake and irrigation water abstracted from groundwater [8]. Figure 1 shows the area
of interest in GIS.

Channels/Ditches

\:] Thessaly RBD
:l Karla basin

KARLA Lake

Figure 1. The Karla reservoir (lake) within the Karla basin of the Thessaly River Basin District (RBD)
along with the channels/ditches diverting water from Pinios river and the surrounding areas into
the lake.

The elaboration of the model was based on recent land use, water management and
climate data of the historic period 2001-2010. The second scenario represents a situation
without the existence of the lake, thus without water diversions from the river of Pinios,
with surface waters of the Karla basin routed naturally to the small nearby rivers, the area
of the lake (Figure 1) being fallow and the limited groundwater storage being the only
source of irrigation water for the 8000 ha of cropland around the lake’s area. In the first
scenario, the Karla reservoir was simulated in SWAT based on a water volume-surface
area relationship and the calculation of its water balance on a monthly basis by considering
precipitation, evaporation, inflows from Pinios diversions and natural runoff, abstractions
in the dry period for irrigating 8000 ha of crops, seepage and overflows. SWAT incorporates

28



Environ. Sci. Proc. 2023, 25, 4

30f6

a crop growth component, which simulates the potential growth and yield when crops
do not experience temperature, water and nutrient stress [11]. The model was calibrated
and validated based on reported hydrologic data and crop yields [8]. Regarding other
data, necessary for discussing non-provisional services, we used the recent studies of
Sidiropoulos et al. [7] and Dodouras et al. [9], which describe and evaluate, based on real
data, the entire new Lake Karla project.

3. Results and Discussion

The SWAT model was executed for a 10 y period with historic climate (2001-2010) data
for the two scenarios, including or not Lake Karla in the simulation, and provided monthly
and annual outputs. The outputs of the calibrated model give estimates of provisional
services, namely actual irrigation water applied to the 8000 ha crop area and the crop yield
on a mean annual basis, while published studies give information about non-provisional
services, such as flood control, aesthetic improvement, enhancement of biodiversity and
touristic opportunities. All information arising both from the simulation results and the
reported data is summarized in Figure 1 and is associated with types of ecosystem services
provided by the lake [12] (Figure 2).

Ecosystem
Service/Benefit
U Provisional l
Irrigation Cropyields . l_
[ i _C Itural
U water (cotton) Resulatlon& ultural
—t—— Maintenance
Aesthetic &
[ o mmgyor 4.89t/ha or Recreation E\E;mf)o';:ic
M : &Tourism ati
35.120 tfy appreciation

Populations &

Flood
Protection
) Habitats

U Maintaining

Figure 2. Ecosystem services relevant for Lake Karla (based on [12]).

With no Karla reservoir simulated, the model was forced to apply 500 mm (5000 m?/ha)
of water from May to late September by abstracting groundwater; however, the avail-
ability of water in the aquifer could not fully cover the irrigation water doses. Hence,
less than 50% of the optimum water could be annually abstracted (215 mm or 2150 m?/ha).
On the other hand, with the Karla reservoir simulated, there was full availability of water
for application to cotton fields, thus the model simulated optimum irrigation doses. This
had very positive effects on crop production as the crop growth routine of SWAT simulated
cotton yield as 4.89 t/ha/y for the 8000 of cotton land, almost double that without the Lake
Karla in operation. This is attributed to the absence of water stress days in the accumulation
of crop biomass development. Thus, with Lake Karla, the irrigation requirements are fully
met (100%), with the effectiveness of covering irrigation needs without Karla being only
43%. For the 8000 ha of irrigated land, total cotton production with Karla included is twice
as much as without it; the annual production is 39,120 t and 21,520 t, respectively. The
additional income rises up to 880 EUR /ha, which is equivalent to 7,040,000 EUR for the
entire cropland area of the 8000 ha based on a guaranteed unit cotton price of 0.40 EUR/kg.
For a typical individual land property of 4-5 ha, the annual income increase for a single
farmer is estimated as ~4000 EUR.

On the other hand, water saving in the aquifers is considerable as well. Lake Karla
results in no pumping, thus saving 17.2 hm3 annually in the aquifer (2150 m3/ha for
8000 ha). With the 38 km? Karla Lake, continuous seepage (0.1 mm/h) from the lake’s
bottom can also result in an annual aquifer recharge of 33.2 hm3/y, almost 30 hm®/y more
than the precipitation that could become net groundwater recharge through percolation
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on an annual basis from the same area. In combination, increased percolation and zero
groundwater abstractions result in significant benefits for the aquifer and the soil stability.

Water availability within Lake Karla relies mainly on Pinios diversions during the wet
period of the year with abstracted water quantities that never cause hydrologic pressures
on the river. A minimum water level of 2.5 m and a volume of 100 hm? in the lake has to be
maintained to support biodiversity. SWAT simulated the actual monthly water storage as
shown in Figure 3 where the minimum of 100 hm? is always respected within the 10-year
simulation period.

Water Volume in Karla

200

150
100
50

o

o

=

Watervolume hm?

HEROMOO NN O AT~ OMOANND AT O MWD O NN Do g~
AHA A NN NN M T T INNN DR~~~ 0000 6o
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Months

Figure 3. Water stored in Karla reservoir on each month within a 10-year (120 months) simulated
historic period starting in 2001 (1 = first month of the simulation).

Thus, apart from the provisioning services of irrigation water and crop productivity
(Figure 4a), several other benefits can be obtained through ecosystem services from the
restored Lake Karla. The lake offers shelter and food for many species of migratory birds,
being a biodiversity hot-spot. Birds favor nesting in the marshes and artificial islands
(Figure 4b). The fish community of Lake Karla is composed of six families and thirteen
species, with the family of Cyprinidae being the most dominant in terms of abundance and
biomass [7].

(0)

Figure 4. Ecosystem services provided by Lake Karla: (a) crop areas irrigated by the lake’s water,
(b) part of the lake with bird nesting areas, (c) the museum, a touristic attraction. Photos taken by the
first author of the manuscript in October 2019.

The agricultural floodplain in the perimeter of Karla will be highly protected from
inundation, even during seasons with high precipitation and runoff depths. The Karla
reservoir will have the capability to trap flooded waters through the operation of the
already constructed works. As a result, it will be possible to prevent farmland inundation,
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enhance groundwater restoration over the years and mitigate desertification. Increased
groundwater availability may also support other water uses.

The ecological benefits associated with biodiversity enhancement can also offer great
cultural services. Info kiosks, bird-watching sites, the tourist information center and the
local museum of natural history (Figure 4c) already exist [13]. The area can offer activities,
such as visiting environmental education sites, hiking and cycling, while encouraging the
development of additional services/facilities such as accommodation and water sports.

4. Conclusions

This short study summarized the main provisional and non-provisional ecosystem
services delivered by the new Lake Karla reservoir located in the southeastern part of Pinios
river basin, Thessaly region, central Greece. Based on a previous modelling study and liter-
ature information, water supply in irrigated agriculture, the respective crop production and
farmers’ income in the surrounding cropland areas of Lake Karla can be maximized with
the presence of the reservoir, and at the same time, water scarcity and overexploitation of
groundwater resources can be mitigated. Maintaining a minimum water level in the reser-
voir can also support biodiversity and other ecosystem functions uninterruptedly. Cultural
(aesthetic and recreational) services also have a great potential to be further developed.

However, for the project’s successful operation in the long term, there is a need
to raise awareness among all of the stakeholders, not only for the benefits but also for
the maintenance and to further develop the actions required. Of high priority is the
construction of the remaining parts of the collective irrigation network around the reservoir.
For the economic viability of the project, a volumetric pricing of irrigation water that is
counterbalanced by crop productivity should be established. Finally, it has to be ensured
that the minimum water level in the reservoir is always maintained so that the lake can act
as an important biodiversity site and healthy ecosystem.
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Abstract: Hydrodiplomacy is the emerging framework where legal acts, based on technical data and
information, aim to support commonly accepted solutions to water-related tensions among states
with transboundary waters. In this research, hydrodiplomacy components in relation to (a) policy,
(b) preventive, (c) cooperative, and (d) technical aspects are considered together with climate change,
which is bound to destabilize the core element of hydrodiplomacy, i.e., water. The study area is
composed of the five transboundary river basins of Greece. The coupling of all these different nature
elements is conducted with the use of the AHP multicriteria method, and the results of a normalized
output that quantifies water transboundary cooperation in the climate crisis era are given.

Keywords: hydrodiplomacy; transboundary cooperation; shared waters; climate change; Maritsa/
Meric/Evros; Mesta/Nestos; Struma/Strymonas; Vardar/Axios; Vjosa/Aoos

1. Introduction

Fragile issues that are based on the current status of systems, such as the management
of transboundary waters, are highly probable to be destabilized by the induced changes of
climate change to water resources. The latest IPCC’s report on climate change (AR6) [1]
outlines a high confidence that the observed increase in extreme precipitation is associated
with an increase in the frequency and magnitude of river floods. High confidence is also ex-
pressed on the linkage of the increased frequency and the severity of agricultural /ecological
drought with the anthropogenic warming over the last decades. Regarding the future, the
report outlines with great confidence mean streamflow decreases in the Mediterranean, as
well as flood increases in the same area in terms of magnitude, frequency, and seasonal-
ity. Additionally, the upscaling of water management issues from a national level to an
international one, i.e., the cases transboundary water resources, will jeopardize existing
balances and cooperation agreements. The latter are based on historic water records, with
their creditability and accuracy to be doubted under climate change conditions due to the
foreseen spatiotemporal variations in relation to the hydrological cycle components.

The mitigation of past hydro-political tensions over shared water systems is confronted
by hydrodiplomacy, i.e., the emerging framework that fosters diplomatic processes for
resolving or restricting current or imminent disagreements or conflicts between countries
that share common water resources [2]. It has been established that in general, nations
with active water cooperation share peace, while nations at risk of going to war over issues
other than water, tend to not have active water cooperation agreements with the riparian
states they have conflicts with [3]. Keskinen et al. [4] introduce a stepwise Water Diplomacy
Paths approach for assessing water diplomacy actions, and the authors recognize five key
aspects for water diplomacy, and these the political, preventive, integrative, cooperative,
and technical aspects.

The research’s objective is to assess the impact of climate change on hydrodiplomacy.
To do so, and based on the approach proposed by Keskinen et al. [4], the hydrodiplomacy
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components laid on (a) policy aspects, such as cooperation agreements and common legal
frameworks on water management, (b) preventive aspects, such as socio-political tensions,
human pressures on hydrosystems, and historical disputes among riparians, (c) cooperative
aspects, such as joint development and research programmes and projects, and (d) technical
aspects, such as the quality and quantity status of the transboundary waters, are assessed
together with climate change features. The latter are expressed as (e) climate change-related
studies on transboundary waters and as (f) climate change-related ratified agreements and
protocols. The coupling of the various components is communicated through an index,
which is applied in the transboundary river basins of Greece and reflects water-related
transboundary cooperation.

2. Materials and Methods

2.1. Case Study Area

The case study area consists of the five transboundary river basins that Greece shares
with its neighboring countries. Particularly from east to west, Greece shares with Bulgaria
and Turkey the Maritsa/Meric/Evros river basin, with Bulgaria the Mesta/Nestos river
basin, with Bulgaria and North Macedonia the Struma/Strymonas river basin, with North
Macedonia the Vardar/Axios river basin, and with Albania the Vjosa/Aoos river basin [5],
Figure 1.

Greece

2

ros/Meric River Basin Struma/Strymonas River Basin VjosalAoos River Basin 012525 S0 75 100

River Basin Vardar/Axics River Basin Kilometars

Figure 1. Illustration of the transboundary river basins of Greece that are shared with the neighbor-
ing states.

In terms of water policy, Greece and Bulgaria are the only two states that have com-
mon environmental policies since both belong to the European Union (EU) and the water
governance follows the EU’s Water Framework and Floods Directives. As a derivative of
the Directives” implementation process, both countries have developed River Basin Man-
agement Plans (RBMPs) and Flood Risk Management Plans (FRMPs); thus, the chemical
and ecological status of the river water bodies, as well as the pressures on the hydrosystems,
have been identified [6]. On the other hand, for the parts of the basins that do not belong
in EU Member States, limited information about the water quality status at finer scales
is available. However, information relative to population densities, irrigated agriculture
demands, and hydropower production can be exploited from the literature [7].

The water-related transboundary disputes between Greece and the other riparian
states can be classified into two main categories: one that involves water quantity issues,
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such as floods, and one connected with water quality issues. Induced floods from the
transboundary waters appear in the Maritsa/Meric/Evros and Struma/Strymonas river
basins, while degraded water quality inflows from the upstream countries are mentioned
in the Mesta/Nestos and Vardar/Axios river basins [6,8-10]. On the other hand, no water-
related transboundary pressures appear in the case of the Vjosa/Aoos river basin. The
latter basin, together with the Mesta/Nestos one, are basins where a bilateral agreement
exists between the riparian states. Toward this direction, since 2010 Bulgaria and Greece
have formulated an active joint expert working group that focuses on the implementation
of the EU Directives within their shared waters.

Finally, in terms of climate change, all countries of the case study area have ratified
the Kyoto protocol and the Paris Agreement for climate change mitigation and adaptation.
Greece, Bulgaria, and Turkey have developed national and regional adaptation policies [11].
On the other hand, North Macedonia and Albania have not proceed with implementing
the derived obligations from their international commitments. As for the research on
climate change impacts on the transboundary waters, which is expressed through the
number of scientific publications, the literature shows that for the Maritsa/Meric/Evros
and Mesta/Nestos river basins there have been 6 and 9 published scientific articles, re-
spectively, while 5 publications have been conducted in relation to the Struma/Strymonas
river basin, e.g., [12-20]. In the case of the Vardar/Axios and Vjoosa/Aoos river basins,
4 publications have been identified for each basin, e.g., [21-23]. To sum up, in the research,
all the aforementioned factors, together with climate change, are considered fundamental
assets in hydrodiplomacy, with the importance score of each factor/criterion to be given in
Table 1.

Table 1. Proposed criteria and scoring scale of each criterion.

No Criteria Scoring Scale No Criteria Ranking Scale
Ri  chemical Good status > 75% =5 Historical disputes No disputes =5
1 lverst Ct erica Good status ~ 50% =3 7 between the Few disputes =3
status Good status < 20% =0 riparian Multiple disputes = 0
Ri , losical Good status > 70% =5 Active cooperation >3 agreements = 5
2 1vers ecoogica Good status ~ 45% =3 8 3 1-2 agreements = 3
status agreements
Good status < 15% =0 No agreement = 0
Vil bili No vulnerability = 5 Common Yes =5
3 u n;:lra Clllty to Moderate vulnerability = 3 9 legislative Partially = 3
ooas Vulnerable system = 0 framework No=0
Inhabitants/km? <20 = 5 Indicator 6.5.2 of >90% =5
4 Population density  Inhabitants/km? ~ 70 = 3 10 Shoaos ~50% =3
Inhabitants/km? > 100 = 0 <20% =0
Aericul Minimum < 10% =5 International CC Yes =5
5 grl.cq .ture Moderate ~ 40% =3 11 policies in national Yes, but not in force = 3
activities Extensive >70% =0 legislation No=0
Production < 0.1GW =5 Publications on CC Publications >10 = 5
6 H};ig(i_}; g:::r Production < 0.3GW =3 12 and transboundary 3-7 publications = 3
8 Production < 0.6GW =0 waters Publications <2 =1

2.2. Hydrodiplomay Criteria, Analytical Hierarchical Process, and Weighting Factors

The mixing of these heteroclites factors was accomplished with the Analytical Hi-
erarchical Process (AHP) multicriteria method [24]. The AHP is grounded on pairwise
comparisons of the proposed factors, commonly known as criteria, based on the relevant
information about the criteria and on the decision maker’s knowledge and experience of
the thematic. The method provides decisions when multiple factors/actors are involved in
the solution by ranking the proposed criteria, with its applicability in various sectors to be
acknowledged in the literature [25,26]. In the research, the AHP was used for estimating
the weights of the criteria and thus their contribution to the solution by following the
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standardized scoring method—from 1 to 9—for each pairwise comparison [27]. It should
be mentioned that the scoring is the author’s subjective judgment, which nevertheless is
based on the collected information that is presented in the previous section. By adopting the
following considerations, the final weights and the ranking of the 12 criteria are depicted
in Table 2.

Table 2. Criteria weighing and ranking based on the AHP pairwise comparisons.

Name of Criterion Ranking Weight

Rivers’ chemical status 7 4.30%

Rivers’ ecological status 12 1.60%

Vulnerability to floods 8 4.20%

Population density 9 3.40%

Agriculture activities 10 2.10%

Hydropower generation 11 2.00%

Historical disputes between the riparian 12 1.60%
Active cooperation agreements 4 10.10%
Common legislative framework 2 15.30%
Indicator 6.5.2 of SDG2030 5 9.50%
International CC policies in national legislation 1 25.20%
Publications on CC and transboundary waters 3 14.60%

e  Climate change is conceived as an important emerging hazard for water resources, thus the
climate change-related criteria receive the higher score during the pairwise comparison.

e  Criteria related to cooperation agreements and common water policies are very signif-
icant and get high scores.

e  Water dependencies, e.g., hydropower and irrigation, have a critical role in trans-
boundary waters as they show the dependence of the regional economy on the waters.

e  Hydrodiplomacy mechanisms are negatively affected by degraded rivers’ water qual-
ity, since the water quality affects various human activities.

3. Results and Discussion

The impact of climate change on hydrodiplomacy is expressed by an index score
(Table 3) that comes from the normalization of the importance of each criterion on a
scale of 1 to 5 (1 = less important, 5 = more important) by multiplying the rank of reach
criterion (Table 1) with the weights coming from the AHP method (Table 2). The outputs
demonstrate that the more secure cooperation bonds on the transboundary river basin scale
under climate change conditions are found in the Mesta/Nestos river basin, which receives
a score of 4.11 out of 5 (4.11/5). Particularly, both countries that share the specific basin
have common water management policies, implement climate change adaptation plans,
and have put in force a joint working group for developing common RBMPs. The lack of
extensive knowledge about the water quality status of the Bulgarian river water bodies is
one of the criteria that receives a low score. Similarly, the Struma/Strymonas river basin
has a high score of 3.70 out of 5, with the flooding problems in the transboundary area
impacting the final score. The flooding problems in the transboundary zone as well as the
lack of knowledge about the waters originating in Turkey results in classifying the Maritsa/
Meric/Evros basin with the third higher score (2.86/5), since climate change will probably
exaggerate the existing problems.

On the contrary, the lack of common water management policies together with the lack
of development of climate change adaptation plans from North Macedonia and Albania
are attributed through the relative low scores for the Vardar/Axios and Vjoosa/Aoos river
basins, i.e., 2.41/5 and 2.48/5, respectively. However, both counties are candidate for
joining the EU, which is a very promising perspective in terms of common environmental
policies with the downstream country.
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Table 3. Hydrodiplomacy and climate change index score for the transboundary river basins

of Greece.
Basins Criteria Score
1 2 3 4 5 6 7 8 9 10 11 12
Maritsa/ Is! 200 3.00 1.60 3.80 1.80 240 150 4.00 3.00 1.90 2.80 3.00
Meric/Evros w2 031 030 012 0.08 004 0.04 006 101 029 0.08 0.10 0.44 2.86
Mesta/Nest LS 500 2.00 1.00 350 220 320 4.00 500 5.00 2.90 4.00 5.00
esta/iNestos w 077 020 008 007 005 005 017 126 048 012 014 073 411
Struma/ LS 500 1.00 200 4.00 130 320 250 5.00 5.00 3.80 2.50 3.00
Strymonas w 077 010 015 008 0.03 005 011 126 048 0.16 0.09 0.44 3.70
Vardar/ Axi LS 200 1.00 350 3.80 150 200 4.00 250 3.00 3.50 2.00 2.00
ardat/axios w 031 010 027 008 003 003 017 063 029 015 007 029 241
Viosa/Acos LS 1.00 200 500 390 500 420 450 250 1.00 4.00 3.30 2.00
) w 015 020 039 008 011 0.07 019 063 0.10 0.17 0.11 0.29 2.48
1 LS: initial score; 2 W: weight.
4. Conclusions
The research proposes a methodology for assessing the hydrodiplomacy mechanism’s
balance in climate change conditions at the scale of transboundary river basins. The
proposed approach is expressed using an index that depicts the dependency of water
diplomacy on climate change. The index couples traditional water management factors,
such as water quality, floods, and cooperation agreements and protocols with climate
change factors with the use of the AHP method. Although the proposed methodology
is subjective to the ranking of the criteria and the pairwise comparison scores, the final
outputs constitute an important roadmap for the evaluation of the water cooperation status
at shared river basins under climatic stress situation.
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Abstract: This paper explores the planned resettlement process and the social impact induced by
the Tha Htay Hydropower Project in Myanmar. Through the empirical case study, the status of
direct impact on the resettled people, changes in their livelihood, policy orientation towards practical
limitations, practical consequences of resettlement, and inadequate preparation for resettlement
implementation were studied as verifiable evidence. In this paper, the survey data were compiled
from the responses of resettled people from three resettled villages: Maewa, Payit and Yegauk, which
were interpreted as the real condition of the project-affected people because a higher degree of their
dissatisfaction negatively affected the project, whereas a higher degree of satisfaction led to positive
effects. In this paper, a quantitative method was used to analyze the planned resettlement and its
social impact. As a survey descriptive design, a simple random sampling method was utilized to
collect samples from the target population with a contribution of structured questionnaires. The
collected data were presented by mean and standard deviation to decide the real situation of the
resettlement project. The study found that details of social impact were considered to carry out when
the construction of the hydropower project began. Then, the policy constraint in the resettlement
process was verified, which led to the insufficient preparation and implementation of the resettlement.
To meet the future development requirements of the planned resettlement process with fewer social
impacts on hydropower development projects, practical contributions and policy recommendations
are made for the compensation of farmland, where the people’s livelihoods are land-based, and
additional livelihood packages.

Keywords: planned resettlement; social impact; resettled people; practical limitation; policy constraint

1. Introduction

Certain hydropower development projects, even in developed countries, have had a
long-term effect on the entire human race. It is estimated that infrastructure development
projects relocate approximately 15 million people across the world. About four million
people are displaced each year worldwide by reservoir projects alone [1]. In Myanmar,
because of its abundant land and water resources, hydropower is one of the most significant
sectors and supplies the majority of the electricity distribution to locals and exports, with the
help of foreign investment [2] and the country’s budget allocation. In running hydropower
development projects, resettlement often has the most difficult and controversial impact on
infrastructure, production development, and social, cultural and environmental issues [3]
when aiming to fulfill the satisfaction of all affected people. Additionally, land acquisition
is an extremely complex issue, and the previous experiences of resettlement projects
have caused a significant conflict and lack of trust [4]. Myanmar’s land acquisition and
resettlement practice for hydropower development was a combination of the methods of
previous similar hydropower development projects and the general methods of national
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guidelines. Because of the socio-economic loss of the impacted villages and the associated
people’s livelihoods, the IFC recommends in-kind compensation when the displaced
people’s livelihoods are land-based, advising replacement land to be in the same condition
or superior in a productive land for the people displaced [5].

There are 27 operational hydropower development projects in Myanmar: 9 under con-
struction and 55 additional projects planned [1]. Only the remaining resettlement work of
the villages of Payit and Yegauk, due to the Tha Htay Hydropower Project, is anticipated to
be completed at the end of 2023 regardless of adding rehabilitation work, although Maewa
Village was already resettled in March 2009. This work (because of which 500 households
with 1591 persons were displaced to new resettlement locations in March 2009 and March
2021, respectively) is the second project running under the Ministry of Electric Power
after the Upper Paunglaung Hydropower Project. All of the resettled people in the Tha
Htay Hydropower Project received only cash compensation for each casual household
in one million in MMK, for their loss of farmlands, perennial plants, income and other
assets. Schmitt-Degenhardt asserted that a landholding of 3 acres was seen as an indicator
of the minimal landholding required to reduce poverty, based on agriculture alone in
Myanmar [6]. The current resettlement site was selected by the project proponent according
to the resettled people’s willingness to move near the Thandwe-Taungup road, but it was
not the optimal site selection. Every piece of infrastructure of resettlement and the Tha
Htay Hydropower Project were mainly based on the union budget, without support from
any international financial institutions. During the dam construction and resettlement and
severe COVID-19 outbreak, the deficit of bank transfers and the limitations from the union
budget to the local bank, as well as an increase in the price of local goods, caused the life
of the resettled communities to be more difficult, including a long-term improvement in
children’s education because parents’ job opportunities were uncertain.

In this study, the resettlement and social impacts based on the responses of respondents
were examined, highlighting the difference between local and international resettlement
practices [7], with the aim of investigating the displaced people’s options towards reset-
tlement practice, the social impacts and their satisfaction status with the fundamental
infrastructures, transportation, education level [8], healthcare services and job opportuni-
ties. Based on an empirical case study including the experiences or perspectives of resettled
persons, a judgement on the real situation of resettlement and the constraints of the govern-
ment policy applied for resettlement was made, since the Tha Htay Hydropower Project is
the second resettlement project with national priority proposed by the government.

2. Tha Htay Hydropower Project and Its Regional Context

Six power plants are being constructed, with an installed capacity of 1564 MW, across
Myanmar. Among them, the Tha Htay Hydropower Project is under construction, with
an installed capacity of 111 MW. In Rakhine state, the most western state of Myanmar, the
planned hydropower projects are Lemro 1 (600 MW) and Lemro 2 (90 MW) on the Laymro
River, Kyein Ta Li (28 MW) on the Kyein Ta Li River, Mi Chaung (200 MW) on the Kaladan
River, Saing Din (77 MW) on the Saing Din River, Than Dwe (39 MW) on the Thandwe
River [9], and Ann (10 MW) on Ann Creek, totaling 1044 MW including Tha Htay (111 MW).
Despite the eight rivers being identified as having hydropower development potential in
Rakhine state, the Tha Htay River is one of the most important rivers after the Lemro River.
The Thahtay River flows from northwest to west in Rakhine for around 120 km, before
discharging into the Bay of Bengal at Shwe Hlay Town. At the river mouth of the Tha Htay
River, the catchment area is 1293 km2 and the discharge is approximately 100-120 m3/s [9].
The 111 MW Tha Htay Hydropower Project in the Thandwe District began construction in
2008; it was developed by MOEP and financed by the government and it has reached over
73% progress as of November 2022. The geographical location of the Tha Htay Hydropower
project and its construction site are illustrated in Figures 1 and 2 respectively.
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Catchment

Taungup-
‘Thandwe Road

Figure 1. Geographical location of the case study area including two resettlement sites, dam construc-
tion site and the inundated area.

Figure 2. Construction site of the Tha Htay Hydropower Project from downstream view. (Source:
survey photo).

It is a 92.5 m rock-filled dam despite having a 90.83 m design height. At frist, the
Norwegian Government provided a technical assistance for handling environmental and
social issues, with the Tha Htay as a pilot project. Depending on an annual budget allocation
from the Ministry of Electric Power, all compensations, logistics and required machinery
for relocation, land clearing and every activity of the resettlement processes were the
responsibility of the project proponent (DHPI). In spite of considering the completion of
the project to be 2021, the construction has been ongoing due to the impact of COVID-19,
the union budget deficit and the country’s political situation. Now, the whole hydropower
project is expected to be commissioned in the 2025-2026 fiscal year, depending on the
union budget. The Tha Htay power station would be connected to the Oakshitpin-Taungup
transmission line of the national power grid. For long-term improvement, it is expected
to increase revenue, provide job opportunities to local people during the operation of
the hydropower station, and establish small-, medium- and large-scale electricity-based
industries, leading to economic development in the local region. The progress of the Tha
Htay Hydropower Project and resettlement process so far is shown in Table 1.

The water level of the old Maewa Village was only 16 m above sea level. To escape
from the rising water level by constructing a dam wall, Maewa Village was relocated first
in March 2009, followed by a plan to relocate the remaining two villages: Payit and Yegauk,
to near Mewa Village. However, those two villages had to be left because of the low water
level at that time. There was the first democratically elected government of Myanmar in
March 2011. The statistics of Maewa, Payit and Yegauk collected in 2008 were compiled
again in March 2014. In January 2015, Maewa was compensated for the rebuilding cost of
their houses and their lost properties in 2009, with it taking nearly six years for Maewa
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to receive compensation. In March 2016, the project-affected people from the villages of
Payit and Yegauk received compensation for their losses, such as farmlands and perennial
plants, but not household compensation. The project proponent first supported the housing
compensation batch by batch from 18 March 2022. As per DHPI'’s 2016 resettlement action
plan, it was found that the housing compensation rate of Payit and Yegauk was higher than
that of Maewa Village. Moreover, support for the casual household in Payit and Yegauk
was about 1,000,000 kyats, while those in Maewa received about 300,000 kyats for damage.

Table 1. Progress of Tha Htay Hydropower Project and resettlement.

Time Project Progressing Condition
. Preliminary survey measurements were conducted for the development of the 111 MW Tha Htay
April 2004 .
Hydropower Project.
December 2004 Myanmar Government approved the Tha Htay Hydropower Project to be implemented.
The detailed measurements from the selected dam locations were conducted. After that, location
June 2005 .
of the dam was confirmed.
. Construction work of the project started. The inventory of the villages of Maewa, Payit and
April 2008
Yegauk was collected.
March 2009 Maewa Village was relocated to a new location.
March 2014 The statistics of the three villages collected in 2008 were compiled again.
Maewa households were first compensated for the rebuilding cost of their houses and the
January 2015 .
properties they lost.
March 2016 The project-affected people from Payit and Yegauk were compensated for their losses, such as
farmlands, garden land, perennial plants and so forth, except household compensation.
March 2020 The resettlement area for Payit and Yegauk was approved by the regional government.
The inventory of the remaining two villages to be relocated was made again. Clearing the
October 2020 . s
resettlement area for housing plot and road building.
The first batch of housing compensation was given to some households from the villages of Payit
March 2021 and Yegauk, and 75 households from Yegauk and 153 households from Payit were relocated to
the proposed resettlement area.
April 2021 The remaining 233 households from Yegauk Village moved to the resettlement area.
o . - .
November 2022 73% of the whole project work has been completed but resettlement work will be complete in late

2023, except rehabilitation work.

2025-2026 fiscal year

Project commissioning is expected, but it depends on the union budget allocation

Source: DHPI (2022) and interview.

There were immense differences in the customs and cultures among the resettled
communities in the relocation of the impacted people [10]. However, the resettlement
area of the villages of Payit and Yegauk is 19.31 km away from the dam of the Tha Htay
Hydropower Project and 25.75 km away from the original old villages, according to the
field survey on the project-affected people. It is in the same district of Thandwe, closer
to Shwe Hlay in Thandwe Township, which has the same culture and customs. Due to
the heavy rain in the Rakhine state, the agricultural and alluvial lands located upstream
of the reservoir are flooded. Now, the resettled people can go to the previously impacted
villages to cultivate land for rice and vegetable farming during the implementation of the
hydropower project. After impounding the reservoir, they may lose their income if they
are not allowed to go to the previous villages to make their earnings.

3. Research Methodology

In this quantitative-approach-based research, a survey descriptive design was used
to analyze the planned resettlement and its social impact. Statistical descriptive statistics
are used to describe the basic features of the responses of the resettled people and present
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them by mean and standard deviation, based on the statistical outcomes. A simple random
sampling method was used to collect samples from the target population, with a contri-
bution of structured questionnaires from 127 samples: 78 samples from Yegauk Village,
43 samples from Payit Village and 8 samples from Maewa Village (out of 500 households in
3 villages). The target population of the resettlement due to land acquisition for Tha Htay
Hydropower Project is 1591, including 166 persons in 39 households in Maewa Village,
433 persons in 153 households in Payit Village, and 922 persons in 308 households in
Yegauk Village. Both primary and secondary data were collected. For the primary data
collection, a survey with a close-ended questionnaire was conducted. Then, the collected
data were tested and analyzed in SPSS software, mainly focusing on the statistical data.
The secondary data included those from the resettlement office of hydropower construction
unit No.4, related to the inventory of displaced people affected by the project; the baseline
data report; the environmental and social management report; the Resettlement Action Plan
(RAP) report, including the socio-economy regarding the Tha Htay Hydropower Project;
an analysis of the guidelines of IFC standards and national land acquisition, compensation
and resettlement; and the rehabilitation policy regarding hydropower development.

4. Findings and Discussion

According to the land acquisition findings, the impact of the Tha Htay Hydropower
Project on three submerged villagers was found and is presented in Table 2. About
677.9 acres of farmland, upland, garden land and garden land in the protected forest
from three submerged villages were occupied by the project proponent.

Table 2. Impact of the Tha Htay Hydropower Project on three submerged villages.

Items Maewa Village Payit Village  Yegauk Village Total
Household 39 153 308 500
Population 166 433 992 1591
Monastery 1 1 1 3

Basic Education School - 1 1 2
Rural Health Care Centre 1 1 1 3
Farmland (ac) 49.62 52.67 74.33 176.62
Upland (ac) 64.09 39.92 130.07 234.08
Garden Land (ac) 48.6 55.2 76.1 1979
Garden Land in the 2623 2% 17 693

protected Forest (ac)
Source: 2016, Statistics of DHPI’s Resettlement Action Plan.

The study firstly found that the basic property infrastructures, including housing,
monasteries, schools, rural healthcare centers, playgrounds, water supply systems, roads
and housing for educational employees, in the villages of Payit and Yegauk, respectively,
have been provided in the resettled villages by the project proponent. As per in Figure 3,
there is a library but no housing for educational employees in Maewa. Additionally, there
have been no healthcare employees in Maewa Village since 2016 nor in both Payit and
Yegauk since 2021. The villages of Payit and Yegauk are separated in the same resettlement
area shown in Figure 4 but they are in a close relationship. The people are Buddhist Rakhine
people, sharing community facilities such as the community building, rural healthcare
center and cemetery. Their way of life has changed differently compared to their previous
lifestyle; however, the main source of their livelihood is still casual working such as bamboo
cutting, livestock rising and forest product extraction.

Compared to villagers in Yegauk, people from Payit seem to be poorer in their eco-
nomic situation, because most of them were affected by the flood in 2016 more severely
than Yegauk villagers and they received less housing compensation when compared with
their previous housing condition.
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Figure 3. Resettlement site of Maewa Village (Source: Survey photo).

Figure 4. Resettlement site of Payit Village with green roof and Yegauk with blue roof.

4.1. Background Information of Respondents

The characteristics of 127 respondents were analyzed by gender, age, education and
current job condition level according to Table 3, which shows that among 127 respondents,

46% were male and 53.5% were female.

Their age was divided into three groups:

16-36 years, 37-56 years and 57-86 years. The study found that the age range between
16 and 36 was largely engaged in the survey, with 52 (41%) respondents; the second-largest
group was the age range of 37-56 years, with 48 (37.7%) respondents; and in the remaining
age range, between 57 and 86 years, there were only 27 (21.3%) respondents. Concerning
the education factor, 56.7% of respondents were illiterate. Moreover, 33.1% and 6.3% of
respondents used to go to primary and middle schools, respectively. Two (1.6%) respon-
dents each attended high school and university education, yet a graduated person has been
serving as an assistant primary teacher in Yegauk Village since before the displacement of

Yegauk Village.

Table 3. Demographic profile of respondents.

Description Frequency Percent (%)

Male 59 46.5
Gender Female 68 53.5
Total 127 100

16-36 52 41
Age (years) 37-56 48 37.7
57-86 27 21.3

Total 127 100
Tlliterate 72 56.7

Primary school level 42 33.1

) Middle school level 8 6.3
Education High school level 2 1.6
University level 2 1.6

Graduated 1 0.8

Total 127 100
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Figure 5 describes the current job conditions of the respondents in three villages: 26.0%
of respondents were casual workers and 31.5% relied on cutting bamboo trees for a living.
Few respondents were engaged in rice and vegetable farming, driving transport vehicles,
running small businesses, logging and serving in the government sector.

Current Job Condition

2.4% _ 2.4%

= No job

= Casual work

= Small business
Government employee

u Cutting bamboo tree

= Logging (Timber)

= Rice farming

= Vegetable farming

= Animal husbandry

= Driving transport vehicles

= Selling vegetable

Figure 5. Current jobs of the respondents.

Most villagers who were working odd jobs were illiterate, and a few were peasants.
Therefore, they were content with having enough food for daily consumption.

4.2. Social Impacts on Resettled People from Resettlement

Regarding the satisfaction responses of residents for the infrastructure condition, out
of 127 respondents, 68 (53.5%) respondents and 4 (3.1%) respondents, respectively, were
satisfied with their current resettlement area located beside the Taungup-Thandwe road,
which was close to the Shwe Hlay hospital and also good for children’s educational de-
velopment. However, 50 (39.4%) respondents were not satisfied with it because of the
lack of agricultural land, cultivation land, or pastureland for their farming adjacent to the
resettled area. Only five (3.9%) respondents were neither satisfied nor dissatisfied with
it due to the impossibility of living alone in the old village, so they had to move to the
resettled area. Concerning the housing provided, there was significant satisfaction for
94 (74%) and 3 (2.4%) respondents regarding receiving the housing compensation for build-
ing houses before relocating to the resettlement area. However, 30 (23.6%) respondents
made complaints more than six times about the inadequate compensation for housing
and for a difficult withdrawal compensation amount from the local bank. According to
122 respondents (96.1%), the roads were reliable; for 1 respondent (0.8%), the intercon-
nection roads were very reliable for all seasons; and few respondents (3.1%) needed to
transform the crushed-rock streets in front of their houses into reinforced concrete ones.
Then, 95 (74.8%) respondents were satisfied and 2 (1.6%) were very satisfied with electricity
conditions, but another 30 (23.6%) respondents from the villages of Payit and Yegauk were
not happy with this as the electricity meters in their homes were without internal wiring,
causing a lack of electricity access (even for domestic lighting), whereas all respondents
from Maewa Village were satisfied with their access to electricity. Next, for 41 (32.3%) and
58 (45.7%) respondents, the situation of fetching water for daily household use was better
than the previous conditions, while for another 28 (22.0%) respondents, it was not as good
as their previous conditions since they also used to acquire spring water round the clock.
However, they all complained about the difficulty of obtaining water during two months
only, such as March and April, before the raining season, due to the site being 300 feet above
sea level and there only being a little spring waterway in summer. On school facilities and
children’s educational development, 122 (96.1%) respondents and 4 (3.1%) respondents
were satisfied and very satisfied, respectively. Unlike the others, one respondent could not
afford to send her daughter to the high school of Shwe Hlay Town due to her daughter’s
academic tuition fee and the transportation charge per year. According to the field survey,
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some families from Payit Village took their children to the old village with them to earn
money from rice and vegetable farming, neglecting their children’s education development.
Regarding the healthcare situation, 120 (94.5%) respondents said that their resettled area
was close to the Shwe Hlay Hospital, and they could go to any clinic for their health
problems. However, according to six respondents, there had been no healthcare personnel
at the rural healthcare center in Maewa for seven years, as well as for nearly two years in
Payit and Yegauk. Additionally, they explained that they could not go to the hospital or
any clinic without any money due to the lack of job opportunities in resettled areas.

Regarding the investigation of their relationship with resettled communities, 18 (14.2%)
respondents reported their own problems between the 75 household groups and
233 household groups in Yegauk Village after the resettlement. That is, 75 household
groups first moved to a new resettled area in the last week of March 2021, while the
remaining 233 household groups demanded 10 million kyats of compensation for their
living in the long run. This was in vain, and they had to move late to the resettled area
in late April 2021, causing severe tension between the two groups, with the resignation
of the latter group from Yegauk Buddhist monastery. However, such an issue was not
found in Payit. Yet, for one of the village leaders from Payit Village, he was blamed by
the people, who thought he favored the project proponent. Thirteen (10.2%) respondents
and 95 (74.8%) respondents had a fairly good or good relationship with the same group.
Compared to the relationship with their previous neighbors, for 122 (96.1%) respondents
and 5 (3.9%) respondents, respectively, their neighborhood was friendly or very friendly
to them. In communication with the host villages, 126 (99.2%) respondents were found
to be comfortable, whereas the 1 respondent from Payit Village felt uncomfortable when
seeing host villagers due to the despair for her in Payit Village. According to 92 (72.4%)
and 2 (1.6%) respondents, they felt socially secure in their respective resettled village. Con-
trarily, 33 (26.9%) respondents, with the knowledge of theft cases, felt socially insecure in
comparison with the old village experience. Concerning people’s participation in religious
and cultural festivals, over 40% always went to religious festivals, but they sometimes went
to cultural festivals. Over 27% often participated in these festivals, while there was over
10% occasionally going to those festivals because of a lack of money.

Regarding people’s participation in the resettlement process, 98 (77.2%) respondents
were satisfied with it while 27 (21.3%) respondents were unhappy with the village leader’s
own decision in the site selection, without asking for their agreement, and 2 (1.6%) re-
spondents did not show their satisfaction or dissatisfaction about it. To the question of
compensation rate allocation, 102 (80.3%) and 2 (1.6%) respondents said that they had
received the highest cash compensation compared to the previous hydropower projects,
whereas 22 (17.3%) respondents were dissatisfied with it because the project proponent
supported only cash compensation for all they lost, such as houses and farmlands, and as
damage, provided one million in MMK for the households living on odd jobs. Such a cash
compensation was insufficient for new resettled households to earn a living in the long
term. One respondent (0.8%) said that she followed others because other people agreed,
and thus so did she.

Then, on satisfaction with their present working opportunities, 64 (50.4%) respon-
dents liked their current jobs for enabling farming or bamboo cutting and trading, while
62 (48.8%) respondents were fed up with it due to the high commuting cost (4500 kyats). In
addition, most women were dissatisfied with their unemployment situation once being
displaced to a new resettled location. This unsatisfied percentage (48.8%) was close to
the percentage of respondents satisfied with their current working condition. Moreover,
when finding out changes in their jobs or careers compared to their previous conditions,
there was a complete change for 46 (36.2%) respondents, while a slight change was found
for 52 (40.9%) respondents. Therefore, the findings pointed out that most of the villagers
had changed their jobs. Among them, most women were dependent on only their hus-
bands. When their husbands went to the old villages, they lived alone or with their
children at home.
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This study sought an in-depth understanding of the responses of resettled people
and of policy constraints in the process of resettlement for affected households. It also
attempted to identify the development gaps and opportunities in the resettlement program.
The findings on impacts from resettlement inform that on average, people were satisfied
with the resettlement area selection and housing, with consistently lower responses to them
compared to other indicators, according to Table 4. By comparing people’s satisfaction,
the study found the highest mean score on educational facilities provided, with children’s
educational development being 4.02, while the lowest mean score on present working
opportunities is 3.02. The results reveal that the respondents had more satisfaction in
electricity conditions, educational facilities and children’s educational development, health
conditions, public participation, and compensation rate allocation, and had more consistent
responses to them. Overall, the resettlement project was better than the moderate condition.
However, the study reveals that the project proponents need to create more relevant job
opportunities for resettled people in the long run, as a livelihood restoration plan.

Table 4. Satisfaction and agreement level on basic infrastructures, social protection, people’s partici-
pation, compensation rate allocation and working condition for resettled people.

. . Std.
Questionnaires Mean Deviation
Are you satisfied with the current resettled area selection? 3.2 1.011
Are you satisfied with housing provided? 3.55 0.879
Are you satisfied with the electricity condition at your home? 3.78 0.453
Are you satisfied with educational facilities provided and children’s
. 4.02 0.251
education development?
Do you agree that your health care condition is better, compared to 39 0433

previous condition?
Do you agree that you feel socially secure here? 3.5 0.899
Are you satisfied with people’s participation in the

3.56 0.823
resettlement process?
Are you satisfied with compensation rate allocation? 3.66 0.779
Are you satisfied with present working opportunities? 3.02 1.0

Source: Survey Data (2022).

All findings in this study are expected to contribute to practical contribution and policy
recommendation. The previous studies really support our findings. These findings based
on on-ground data are useful for further studies of resettlement in Myanmar’s hydropower
development projects.

5. Recommendation and Conclusions

While implementing the Tha Htay Hydropower construction project including a reset-
tlement plan and relying mainly on the union budget allocation, there has been an increase
in the focus of the domestic society of Myanmar on the environmental and social impacts
of hydropower project construction, resettlement, and employment. Consequently, not
only the project proponent but also financial institutions need to plan and implement an
appropriate resettlement process by providing both full cash and in-kind compensations to
the displaced people, who lost their land-based livelihoods. In fact, following the insuffi-
cient land acquisition and resettlement and rehabilitation policy in Myanmar, improper
resettlement and severe social impact has led to resettlement conflicts between the project
proponent and the displaced people. To solve these problems, this study has explored
various entities of emphasis on resettlement, with fewer social impact mechanisms and
policies with respect to hydropower projects. For project proponents, they should optimally
identify important features of a resettlement site considering the slope, elevation, soil [11],
water availability, and even agricultural resources adjacent to the resettled area, even if the
site is selected by the project proponent based on the willingness of the affected villagers.
A detailed appraisal of agricultural and cultivation land acquisition should be conducted
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prior to resettlement by coordinating with other regional agencies such as the regional state
authority, Forest Department, Agricultural Department and Department of Land Records.
It is recommended that “Land for land” policy should be the preferred compensation option
when livelihoods are totally land-based. In addition, other livelihood packages should be
considered for resettled households so that the resettled areas have sustainable economic
and social development. Without agricultural or cultivation lands and livelihood packages,
resettled households may face an unsustainable livelihood in the long run. Therefore, it
should be arranged to restore the socio-economic life of resettled people through livelihood
activities, job opportunities and any social support. After completing the resettlement
project in 2023, there should be post-resettlement monitoring and evaluation. Policymakers
ought to develop resettlement guidelines to meet international standards and ensure an
optimally suitable resettlement site selection prior to issuing resettlement project approval.
This is needed to issue specific policies, as well as technical specifications related to land
acquisition and the evaluation of social impacts and resettlement.

In this paper, based on the findings of the satisfaction or dissatisfaction of the affected
people, the case study presents some essential gaps in applying the current resettlement.
First, it is found that Myanmar’s resettlement policy allowed cash compensation for all
losses of the displaced people from three villages. Instead, an appropriate compensation
practice should be thoroughly considered by providing both a cash compensation and
in-kind compensation to the displaced people, to cover their previous baseline properties
when their livelihoods are land-based. However, the previous and current resettlement
projects have not supported the replacement of farmlands to the resettled people. In addi-
tion, other livelihood support should be offered to the resettled community’s sustainable
development because it was found that until the late implementation stage, there were no
livelihood activities. Second, the project proponent should participate in any resettlement
site selection to ensure it is optimal (considering the slope, its elevation, water resource,
available agricultural land adjacent, transportation, job opportunities, etc.). Third, the
impacted villages should not be relocated and resettled until the completion of the housing
infrastructures in the resettled site. Accordingly, all fundamental infrastructures and other
basic requirements need to be ready. Perennial crops should be planted in advance so that
they are ready to bear fruit prior to the resettlement project. When all those resettlement
issues are completed, their skilled careers may be started.

Considering all the findings and recommendations, the local authorities, the union
government, policymakers, technical experts, the displaced community and the local host
community need to coordinate to reach an agreement prior to a project, in order to note the
potential impacts and consequences of the displacement and resettlement and develop an
effective and comprehensive resettlement policy while implementing hydropower projects
successfully and sustainably.
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Abstract: In coastal and abiding zones, ground water continuously faces a very slight but alarmingly
increasing trend in salinity due to several reasons such as the excess loss or use of it, with the constant
dissolution of salts from the Earth’s surface and heat-trapping pollution from human activities,
rising sea levels and finally, high flooding. Many recent studies have indicated that even a slight
elevation in ground water salinity may affect freshwater inhabitants, highlighting the importance
of research on the effects of low salinity stress on coastal zone freshwater inhabitants. Along with
abiotic factors such as salinity, dissolved oxygen, pH, and alkalinity, anthropogenic factors also
cause a lot of stress on the inhabitants in coastal zones. Climatic factors also play an important role
in influencing the life of coastal water inhabitants. For example, statistics such as those obtained
by correlation and discriminant function analysis indicate that sublethal salinity acts as a strong
modulator in the physiology of inhabiting fish in fresh as well as coastal water. Parameters such
as increase in body weight, feed intake and irregularities in morphometry increase under higher
salinities, which are confirmed by a decline in the growth of fishes. Similarly, blood physiology
aspects, such as a significant loss in hemoglobin content, the RBC count and eosinophils, are coupled
with amelioration in neutrophil count at the higher salinities of 6 and 9 ppt in few freshwater
organisms. Normal histoarchitecture is also lost in most fish under high salinity conditions and
higher anthropogenic loads. The generation of tissue damage in terms of oxidative stress is prominent
under high fluctuations in abiotic factors including higher salinity or under high anthropogenic loads.
Hence, a loss in compromised normal physiology due to the toxic effects of low- or high-salinity
saline water or in fresh inhabitants including hardy fishes under changing climatic conditions are
evident. This raises concerns about maintaining water quality in coastal and allied zones globally in
the coming decades.

Keywords: coastal water; environmental effect; global climate change; water salinity; hardy fish;
multiple biological factors

1. Introduction

Water is an essential component of the ecosystem which anchors life on the Earth and
integrates people from varied cultural, societal and economic backgrounds. However, in
the context of a sustainable environment, the frequent anthropogenic activities that have
been remarkably burdening the ecosystem are emerging as a major concern worldwide [1].
These issues of global concern have currently received prior attention among researchers
worldwide as they affect the sustainability of the planet and its inhabitants. Anthropogenic
activities have put global water security at risk by negatively affecting the aquatic as well
as the terrestrial ecosystem in various ways [1].
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Climatic changes and human activities have induced shifts in salinity levels in marine
and coastal freshwater ecosystems and have immeasurably affected species diversity in the
respective ecotones. Anthropogenic factors have subsequently inundated the geomorphol-
ogy of coastal wetlands, estuaries, etc. The amount of dissolved salts in water can have
a significant impact on the survival of aquatic organisms in the context of varied salinity
preferences which are species-specific [2]. The major factor in the decline in species richness
in the areas is the oxidative stress caused due to the overproduction of reactive oxygen
species (ROS) in response to the shifts in the optimal salinity level [1,2].

The recurring anthropogenically induced climatic disturbances have caused havoc
in the biodiversity of the aquatic ecosystem in a specific manner by releasing toxic sub-
stances/xenobiotic compounds and further altering hydrological parameters [1]. The
source of anthropogenic activities largely includes the use of plastics ranging from nano-
to macro-sized plastics in day-to-day life, rapid urbanization and industrialization, resid-
ual wastes generated from waste water treatment plants, construction and works, wastes
generated from discarded electronic devices, transportation, biocides and fertilizer-based
agriculture, etc. The proliferation of injudicious human activities can lead to the deple-
tion of natural resources, habitat loss and a rippling effect throughout the ecosystem [2].
The optimal values of different hydrological parameters such as pH, alkalinity, dissolved
oxygen, salinity, turbidity, conductivity, total dissolved solids, biological oxygen demand
(BOD), chemical oxygen demand (COD), etc., help in sustaining life under water [3]. An-
thropogenic activities induce a paradigm shift in biotic and abiotic parameters and thus
lead to disturbances in the dynamics of aquatic biota. Among the abiotic factors, salinity
is one of the significant factors which help in maintaining a differential osmotic gradient
concentration for the survival of organisms belonging to different aquatic habitats which
include freshwater, groundwater and marine ecotones. A swift change in the salinity level
can affect the availability of nutrients and physiological processes. Altered salinity induces
transformations in biotopes and biocenosis, and causes cytotoxicity, abnormal growth,
osmotic imbalance, infertility and/or reproductive disorders, and neurodegenerative disor-
ders along with various morphological and cellular anomalies [4,5]. The increase/decrease
in salinity levels of a biota may induce immediate effects on the oxidative stress (OS)
physiology of its organisms or might exhibit the dysfunction of mitochondrial complex
enzymes upon prolonged exposure (Figure 1).

Further, salinity not only interrupts the osmotic balance but also leads to a disruption
of the organelle membranes of aquatic invertebrates as well as those of vertebrates [6,7].
This review aims to assemble and analyze the ecotoxicological impact of human activities
driving the rise in salinity and its effect on the oxidative regulation pathway. The assessment
of the information in the present review will be helpful for understanding and mitigating
the harmful effects of anthropogenic factors and climatic changes on aquatic life in a very
precise manner.
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Figure 1. The anthropogenic inputs have intensified the physicochemical parameters as well as
the disturbances in climatic changes. Climatic change- and anthropogenic factor-mediated salinity
fluctuations have threatened the oxidative health status of aquatic organisms in coastal areas.

2. Anthropogenic Activities, Levels of Salinity and Ecological Threat

The rapid development of industries to meet the daily demands of a rising population
has resulted in the production of more human-generated wastes which include CO, emis-
sions, undigested pharmaceutical compounds [8], nanoparticles from wastewater treatment
plants, return flow from irrigated fields [9], organic and inorganic biodegradable nutrients,
heavy metal accumulation, human pathogens [10], etc. Anthropogenic inputs have led to a
transformation in the dynamics of rivers, lakes, estuaries, coastal wetlands, etc., through the
deposition of sediments, a change in the velocity of water flow [4], a rise in sea levels due
to climatic changes, an increase in risks of flood, changes in tidal patterns [11,12], shifts in
physicochemical parameters of the aquatic ecosystem (e.g., pH, turbidity, salinity, etc.) [13],
an increase in the toxicity and salinity levels of groundwater sources [14], etc.

The accelerated increase in sea levels due to climatic factors is linked to anthropogenic
factors [12]. The rise in sea levels has threatened coastal estuaries, lagoons, wetlands
and groundwater resources in the respective areas. From the above-cited literature, it is
evident that, with the increase in the abundance of microplastics, heavy metals, xenobiotic
compounds and other toxic substances in the sediment, the risk of those compounds
entering the food chain is apparent [15]. The species richness, species diversity and habitat
spatial structure of aquatic inhabitants have become vulnerable due to salinization. In
addition, ocean acidification, heavy rainfall and fluctuations in temperature modulate the
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salinity levels of the aquatic community [16]. Thus, irrespective of the cause behind the
salinization of the aquatic community, which may be due to natural or anthropogenic
factors, the physiology of coastal water inhabitants is disturbed in general and oxidative
stress physiology is disturbed in particular (Figure 2).

Rise in
sea level

in

ibility to

Figure 2. Human activities have led to a rise in sea levels and the intrusion of seawater into freshwater
biota. The salinization of these ecotones has resulted in a loss of biodiversity and accessibility to
aquatic food, and instability in the supply of aquatic products. Thus, this has indirectly threatened
the sectors of food security and aquaculture.

Anthropogenic factors are also found to influence many other physiological events
in both fresh water and saline water species. An increase in salinity is found to have an
influence on the DNA and RNA content of cells [1]. A decrease in hemoglobin content,
and alleviated RBC and eosinophil counts are found to be associated with the elevated
count of neutrophils at higher salinities of 6 and 9 ppt in few freshwater organisms such
as Heteropneustes fossilis [1,5,7]. Changing salinity in water is also related to the altered
histoarchitecture in many aquatic organisms because the usual histoarchitecture in most
freshwater or marine fishes is lost under saline or fresh water intrusion into their habitat,
respectively. This fact is also found to be higher under the exposure of such organisms to
altered salinity and anthropogenic loads. Higher anthropogenic loads are always conducive
to the generation of tissue damage, which is due to the generation of higher reactive oxygen
species-accumulated OS in aquatic animals. The generation of tissue damage in terms
of OS is prominent under high fluctuations in abiotic factors including higher salinity or
under high anthropogenic loads [1,5,7]; see Figures 1 and 2.

3. Salinization Induced Oxidative Stress Physiology in Aquatic Inhabitants

Higher/lower levels of salinity and the associated mediations in physiological distur-
bances in the inhabitants of coastal water ecosystems are significant. Freshwater species
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face hypersalinity-mediated OS (whereas marine species are more frequently exposed to
hyposalinity-mediated OS (e.g., Paralichthys olivaceus). Osmoregulatory physiology plays a
major role in the adaptation of an organism to salinity changes in the aquatic community.
The energy incurred by the osmoconformers to adapt to salinity changes is lower than that
incurred by osmoregulators [17]. However, only a handful of investigations have reported
the regulation of OS in the aquatic biota of coastal water environments in response to
salinity. The OS incurred by those species and their respective study of antioxidant profiles
in invertebrates and vertebrates is precisely described.

3.1. Oxidative Stress Physiology in Aquatic Invertebrates

Salinity induction critically affects sperm quality in free spawning mussels, which
perform external fertilization. The sperm is exposed to various stressors like UV radiation
and salinity alterations once they are released into the aquatic environment. Studies
in Mytilus galloprovincialis have reported OS, impaired DNA, and limited mitochondrial
activity along with restricted sperm motility, causing a decline in the rate of fertilization [18].
An increase in salinity activates the oxidative stress physiology pathway by accelerating
the antioxidant activities of superoxide dismutase (SOD) and catalase (CAT) in monogonot
rotifer Brachionus plicatilis [19].

3.2. Oxidative Stress Physiology in Aquatic Vertebrates

Hyposalinity can cause oxidative damage and distress to the antioxidant profile of
organisms. A decline in the physiological performance of Paralichthys olivaceu in coping
with the hyposaline conditions has been revealed in the context of decreasing values
of hematocrit and hematological parameters [20]. Furthermore, levels of antioxidant
enzymes such as catalase increased in response to the oxidative damage caused in the liver
cells. With the further intensification of a stressor, apoptotic factors were also reported in
the species [21]. The maintenance of osmoregulatory physiology is also associated with
antioxidant capacity as well as the oxidative health of species (Xenopus laevis) during salinity
shifts. An accelerated amount of electron leakage during oxidative phosphorylation caused
by the physiological adaptation and osmoregulatory responses that occur to maintain
the survival of species often contributes to oxidative stress. Therefore, total antioxidant
capacity is inversely proportional to plasma osmolality in hypersaline conditions [22].

Various investigations have recognized the source of anthropogenic factors in estab-
lishing a transformed hydrological community in terms of physicochemical parameters,
species diversity indexes, etc. Conversely, very few investigations have reported the status
of the oxidative health of aquatic inhabitants in response to the anthropogenically mediated
salinization of water bodies in coastal areas.

4. Conclusions

The aim of this review was to accentuate the understanding of the oxidative stress
physiology of aquatic populations induced by the anthropogenically mediated salinization
of aquatic biota in the coastal regions. Anthropogenic factors have either led to an increase
or decrease in salinity in different aquatic communities. These slight fluctuations in the
optimal level of salinity affect the oxidative health of the inhabitants in these communities
by accelerating the production of ROS, and causing an insufficient amount of antioxidant
enzymes, limited mitochondrial respiration, etc. Moreover, OS also affects growth, devel-
opment, physiological adaptations, performance, reproduction, etc. The OS incurred by
the species is also associated with the apoptotic factors responsible for cell death. Thus, cli-
mate change, anthropogenic loads, abiotic factor stressors, alone or in combination, induce
(oxidative) stress in aquatic organisms; therefore, their economic value is influenced.
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Abstract: Drought is a natural phenomenon that is controlled by different factors such as natural
climate and catchment controls, and in many worldwide regions, it is now driven by human activities
(i.e., reservoirs, irrigation, groundwater abstractions). Reservoirs initially ensure water availability
and help cope with drought, especially in semi-arid regions; however, this human modification of the
environment may lead to both positive and negative effects on the hydrological cycle, which need to
be understood. This involves a better understanding of hydrological processes and incorporating
human interactions within coupled human-natural systems to improve drought management. We
focused on a strongly irrigated area located in the northeast of the Iberian Peninsula, the northern part
of the Canal of Aragon and Catalonia district supplied by the Barasona reservoir. We implemented a
simple water management model to simulate the reservoir operation (human-influenced scenario) and
examined the contribution of human activities, associated with irrigation, on the water budget and
drought propagation. For this purpose, we used simulations performed by the hydrometeorological
model SASER (SAFRAN-SURFEX-EauDyssée-RAPID), which provided a natural scenario (without
human influence) to contrast with the human-influenced scenario. The model performance was
evaluated through the Kling Gupta Efficiency (KGE) metric. The first results demonstrated satisfactory
performance to simulate reservoir storage and outflows against observed data, with KGE values of
0.4 and 0.82, respectively. Then we explored the linkages between agricultural drought, associated
with evapotranspiration, and hydrological drought. We applied standardized indices to identify
different kinds of drought, compared them, and assessed changes induced by human activities.
Human modifications modulate the hydrological response of the catchment, and alter the intensity of
hydrological drought, while human activities reduce the intensity of agricultural droughts.

Keywords: drought propagation; water management; anthropogenic drought

1. Introduction

Droughts are usually defined as prolonged periods of below-average precipitation
conditions [1,2]. Droughts can be classified into several categories, including meteorological,
agricultural, and hydrological [3]. Meteorological droughts are based on precipitation
deficits, agricultural droughts refer to soil moisture deficits, and hydrological droughts are
mainly based on streamflow. Each of them is characterized by different indices [3,4].

Recent studies have shown that in some regions of the world, such as southern Europe
and West Africa, droughts have become more intense and prolonged in recent decades [5,6].
This trend is likely due to a combination of factors, such as climate change and the growing
water demand from human activities, such as irrigation and urbanization, which can put
additional stress on water resource systems, exacerbating the impacts of droughts [7-9].
Therefore, it is important to consider human influences in the assessment and management
of droughts.
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Land surface models (LSMs) have been widely recognized as a powerful tool for un-
derstanding and simulating the hydrological cycle, including droughts [10-13]. Particularly
in Spain, LSMs have been used to evaluate and provide information on water availabil-
ity and potential drought hotspots [14,15]. Nevertheless, for more realistic modeling
of droughts, it is crucial to incorporate the representation of human factors in current-
generation LSMs [16].

In this study, we investigate how human activities (irrigation and reservoir operation)
impact drought propagation in a coupled human-water system. The twofold objective
of this research is (i) implementing a prototype reservoir operation scheme that could be
integrated into the SASER (SAFRAN-SURFEX-Eaudyssée-RAPID) modeling chain and
which exploits the new SURFEX irrigation scheme [17] and (ii) quantifying the impact
of human activities on drought propagation. To address this objective, we evaluate the
ability of the new module that simulates reservoir operation and compare it against the
simulation performed by the SASER model, which provided a natural scenario (without
human influence) to contrast with the human-influenced scenario.

2. Data and Methods
2.1. Study Area and Data

We selected a strongly irrigated area located in the northeast of the Iberian Peninsula,
the northern part of the Canal of Aragon and Catalonia (CAyC), with a size of 54,000 ha,
which is supplied by the Barasona reservoir (Figure 1). This reservoir has a maximum
volume capacity of 84 Hm?.
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Figure 1. Location of the study area.

The main data used in this study, observed streamflow and reservoir volume, were
obtained from the Automatic Hydrologic Information System, SAIH in Spanish. Irrigation
demands were collected from the Ebro Hydrographic Confederation (CHE, in Spanish).

In addition, SURFEX-LSM [18], which simulates natural surfaces in the vertical soil
column, provided runoff and evapotranspiration (ET) data. Precipitation data were ob-
tained from the gridded meteorological dataset SAFRAN, as depicted in Figure 2a. The
version of SASER used in this study incorporates a conceptual reservoir to postprocess the
drainage with regionalized parameters, named SASER-reg [19]. In Figure 2a shows the
general framework with the main steps used.
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Figure 2. General framework used in our analysis (a), and (b) schematic representation of the
reservoir operation model.

2.2. Reservoir Model Scheme

We implemented a simple reservoir operation scheme as depicted in Figure 2b, based
on the Water Availability and Adaptation Policy Assessment (WAAPA) model [20]. This
model simulates reservoir operation considering the environmental flows and evaporation
losses. The model requires the following input: streamflow, demands, and environmental
flows. In this research, before connecting SASER outputs, we assessed the ability of the
module to reproduce the dam behavior. Therefore, we first used observed streamflow data
as input to the module and then compared the simulated volume and reservoir’s outflow
against observed data, as Figure 2a indicates.

To evaluate the model performance of the reservoir operation module, we used the
Kling-Gupta efficiency, KGE, [21]:

KGE=1-/(1-1) + (1 - o)+ (1-B); )
a:E—ZandB:g—: (2)

where r is the Pearson’s correlation coefficient, « represents the bias component, and
is the ratio of variance; u and o represent the mean and standard deviation, respectively.
Similarly, subscripts s and o represent simulated and observed variables, respectively.

To simulate the natural scenario (without human influence), we used a simulation per-
formed by the SASER model, Figure 2a, and we compared it against the human-influenced
scenario, which incorporates a new irrigation scheme developed within the SURFEX
model [17], allowing us to estimate a realistic amount of irrigation water, and therefore the
evapotranspiration associated with it.

To represent the different types of droughts, we used standardized indices. The
Standardized Precipitation Index (SPI) [22] was utilized to characterize meteorological
drought. To hydrological drought, we applied the Standardized Runoff Index (SRI) [23],
and the reservoir storage was also standardized. For agricultural drought, we used a
procedure similar to SPI and calculated the Standardized Evapotranspiration Index (SEI)
using the evapotranspiration data associated with irrigation.

3. Results and Discussion
3.1. Reservoir Operation

The results of the reservoir operation module shown here indicate a satisfactory per-
formance to simulate storage and outflows, with KGE values of 0.4 and 0.82, respectively
(Figure 3). Creating a complete water management simulation that optimizes water re-
sources by feeding the reservoir module with SASER results is the next step, which is
beyond the scope of this study.
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Figure 3. Observed (black line) and simulated (in blue) reservoir storage and outflow for the
Barasona reservoir.

It is worth highlighting that for the reservoir simulation, the same irrigation demand
was assumed for every year, which does not accurately reflect realistic conditions. Never-
theless, this approach has yielded reasonably good results.

The simulated volume storage follows the same dynamics as observed data (upper
panel in Figure 3), except for the events from 1995 to 1997, which correspond to other
factors and not to irrigation demands. The simulated and observed outflows show a very
good agreement, with a high value of KGE.

3.2. Drought Analysis

Standardized indices at a 12 m time scale were considered to evaluate how the me-
teorological drought signal propagates through other variables. To understand drought
processes, we calculated the frequency of drought events.

Meteorological drought is represented in Figure 4a, and anomalies in the reservoir
storage are depicted in Figure 4b. The hydrological drought depicted in Figure 4c shows a
similar pattern in both the natural and human scenarios, the solid blue line and red line,
respectively. However, the blue shaded area shows the opposite behavior of this index
under the human scenario, which is attributable to the reservoir operation.

Anomaly analysis also allows for quantification of the impact of human activities. The
frequency, total number of drought events (index < —1), is shown in the bottom right of
each panel in Figure 4. For meteorological drought, 10 events are reported. For hydrological
drought, in the observed situation, the number of events is higher than for the naturalized
scenario (blue and red lines in Figure 4c, respectively). The opposite occurs in the anomalies
associated with ET: the number of events is higher in the naturalized scenario than in the
scenario where irrigation is active (nine and eight events, respectively). This was expected,
as streamflow decreases while ET increases due to irrigation.

We also calculated the total number of months in drought (duration of drought),
and we found that in the human scenario, hydrological drought increased from 158 to
176 months, representing an increase of 10%, which suggests that reservoir operation
increases the duration of drought events. Whereas for drought associated with evapo-
transpiration, a similar total duration was obtained in both scenarios (167 months for the
human scenario and 163 for the natural scenario).

We observed changes in hydrological drought intensities; for instance, the event be-
tween 2005 and 2008 shows lower values in the natural scenario, which suggests that
reservoir operation mitigates the effect of drought. Conversely, in 2012, the lower val-
ues occurred in the human scenario, suggesting that the reservoir could be aggravating
the drought.
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Figure 4. Droughts indices, all to 12 months. (a) Standardized Precipitation Index, SPI; (b) Standard-
ized Reservoir Storage Index, SRSI; (c) Standardized Runoff Index, SRI; (d) Standardized Evapotran-
spiration Index, SEI. Number of drought events is reported in each corresponding panel.

In Figure 3, the gray shaded areas show differences in drought propagation and
correspond with the meteorological drought event of maximum duration (40 months). The
hydrological drought (a single long event) responds directly to meteorological drought;
this response is not reflected in agricultural drought (two short events are reported).

Additionally, we selected three severe droughts (2004-2005, 2008, and 2012, indicated
in the yellow shaded areas in Figure 4) to exhibit differences in drought propagation under
the human scenario. We found that drought directly propagates from meteorological
to hydrological, but not with agricultural (evapotranspiration associated with irrigation)
drought. If we focus on the linkage between SRI and SEI, a pattern was found, whereby
the first decreases and the other increases, and vice versa. These results show how human
interventions contribute to modulating the evapotranspiration and runoff due to extensive
irrigation practices.

4. Conclusions

We are currently developing a framework considering the evapotranspiration pro-
cesses associated with irrigation to evaluate the role of human activities on agricultural and
hydrological droughts in a Mediterranean catchment. Thus, we implemented a reservoir
simulation scheme as an external module, which allows for a flexible approach (rapid
iteration process). The reservoir model shows good performance, considering the model’s
simplifications. The KGE is good, especially for outflows. Through the SURFEX irrigation
scheme, dynamic irrigation demands can be used, which provides a more realistic analysis.

To investigate the impact of human activities on the water cycle and droughts, we
used different standardized indices. This allows for analyzing and characterizing drought
events (e.g., intensity, duration) and investigating the drought dynamic under a coupled
natural-human system. Finally, the impact of irrigation and reservoir operation on the
catchment modifies the hydrological response, leading to variations in the severity of
hydrological droughts, while at the same time, these human activities have the opposite
effect on the intensity of droughts associated with evapotranspiration.
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Abstract: The role of effective irrigation management for optimal food production is well recognized
and can be partially solved through the improvement of water use efficiency (WUE). To control
the quantity of the water applied to actual crops, net irrigation water requirements (NIWR) are
needed. The computation of NIWR is based on the estimation of crop water requirements (CWR) and
soil water balance, where crop evapotranspiration (ET) is the main component. Earth observation
(EO) using remote sensing (RS) has already become an important tool for the quantification and the
detection of spatial and temporal distributions and variability in several environmental variables at
different scales. Remotely sensed models are currently considered to be suitable for crop water use
estimation in the field and at regional scales.

Keywords: ET; crop water requirements; sentinel imagery; cotton

1. Introduction

Currently, the most prevailing group of EO methodologies for the estimation of ET. is
the Energy Balance (EB) algorithms, and more specifically, residual methods [1]. Remotely
sensed EB algorithms convert satellite-sensed radiances into land surface characteristics,
such as albedo, leaf area index, vegetation indices, surface roughness, surface emissivity
and surface temperature, to estimate ET as a “residual” of the land surface Energy Balance
equation [2,3]. The most recent EB models differ mainly in how Sensible Heat (H) is esti-
mated [1]. These models include the Two-Source Model (TSM), where the Energy Balances
of soil and vegetation are modeled separately, and then combined to estimate total LE, the
Surface Energy Balance Algorithm for Land (SEBAL) and the Mapping Evapotranspiration
with Internalized Calibration (METRIC), which use hot and cold pixels within the satellite
images to develop an empirical temperature difference equation, and the Surface Energy
Balance Index (SEBI) based on the contrast between wet and dry areas [4-6]. Other varia-
tions in SEBI include the Simplified Surface Energy Balance Index (S-SEBI) and the Surface
Energy Balance System (SEBS) [7].

In this paper, an actual daily evapotranspiration (ET,) computation methodology
is presented as a contribution to a European-funded research project named “HubIS”.
Obtaining useful spatial information and describing difficult physical processes through
remote sensing is important for developing better agricultural practices. The applied
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approach was first operated by the European Space Agency (ESA) using the Sen-ET plug-
in, and the proposed methodology is an improvement of ESA’s method. The proposed
methodology framework consists of seventeen separate steps, with the outcome being the
actual daily evapotranspiration flows estimation at a 20 x 20 m spatial resolution. The
proposed methodology is applied to cotton in Thessaly, Greece, for the 2021 growing season.
The results are very satisfactory and indicate the suitability of Sen-ET SNAP software to
estimate daily actual evapotranspiration, as well as spatial variability throughout the
crop. The methodology can be applied for effective irrigation management in data-scarce
rural regions.

2. Materials and Methods—Study Area

In this study, a combination of Sentinel-2 and Sentinel-3 images for daily crop evapo-
transpiration estimation is presented and applied to cotton fields in Thessaly, Greece, which
is considered to be a water-limited, Mediterranean, agricultural area. The simulation pro-
gram used is the Sen-ET SNAP software. The plug-in uses satellite images from Sentinel-2
and Sentinel-3 and meteorological data from the Weather Research and Forecast (WRF)
model. The purpose of the Sen-ET SNAP plug-in is to enable the estimation of daily actual
evapotranspiration rates (and other land-surface energy fluxes) at the field scale.

The initial version of Sen-ET used in SNAP, developed by ESA, uses the two-source
Energy Balance (TSEB) model [8] with Sentinel-2, Sentinel-3 and meteorological data from
ECMWEF (ESA, 2020) [9,10]. The adopted methodology in the present approach follows
the initial 17 steps based on the TSEB model (Table 1). However, a modification of the
initial Sen-ET SNAP used in the present study takes advantage of meteorological data
taken from the WRF model, instead of ECMWE. This approach stands as a modification
and improvement from the original plug-in. Real-time data produced by the WRF are
inserted into the proposed methodology, finally giving ET, values in mm/day with a
spatial resolution of 20 m x 20 m.

Table 1. The 17 steps created for the operation of Sen-ET.

Steps Procedures

1 Download Sentinel images

2 Preprocessing of Sentinel-2

3 Creation of a Digital Elevation Model (DEM)

4 Creation of a land use map of the study area

5 Leaf reflection and transmission assessment based on the chlorophyll
and water content of the plants

6 Estimation of fraction of green vegetation

7 Production of land use/land cover maps

8 Aerodynamic roughness assessment

9 Pre-processing and downscaling of Sentinel-3 data

10 From warp to template—Resampling into a standard image using
GDAL Warp

11 Sharpen land surface temperature

12 Download WRF meteorological data by 3D S.A partner

13 WRF meteorological data preparation based on the High-Resolution

Digital Elevation Model (DEM) of the study area
14 Long-wave irradiance estimation based on WRF meteorological data
Estimation of net shortwave radiation based on WRF meteorological

15 data and biophysical parameters
16 Estimation of energy fluxes of the land surface
17 Estimation of daily evapotranspiration

The study area is the region of Thessaly, which is the most cultivated region in Greece,
(Figure 1). The annual quantity of water consumption is about 1.422 hm?, with 92%, i.e.,
approximately 1305.5 hm?, being used to meet the irrigation needs. Almost 500,000 ha
are cultivated in Thessaly, while almost 250,000 are irrigated. Seventy-six (76) % of irri-
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gation amounts comes from groundwater systems through legal or illegal drilling, while
only twenty-four (24) % comes from surface water systems [9]. The physical condition
of groundwater systems in Thessaly is not satisfactory both in quantitative and quality
terms [9]. In the present study, seven experimental plots were used in the research program
“HubIS” and were analyzed and processed.

£ 2
] Region of Thessa
0 100 200 a0 M
———iKilometers

*  Settiements

Figure 1. Study area.

3. Results
Figure 2 shows the variations in actual daily ET, values for cotton during the irrigation
period when images from Sentinel-2 and Sentinel-3 were available.
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Figure 2. Variation of the actual daily ET, for cotton plots. Comparison between Hubis methodology

and the farmer practices.

Figure 3 shows the spatial distribution of the actual daily ET, values for the cultivation
of cotton in the growing season when images from Sentinel-2 and Sentinel-3 were available.
The plots are divided into “traditional” (farmer practices) and “experimental” (Hubis
practices) areas. No other explanations are needed for the current study because more
results between these plots are expected in future implementation of the program. The
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References

daily ET, values (farmer practices) range from 0 mm (recorded in February) to a maximum
of 10 mm (recorded in early August). Figure depicts only a part of the available image
dates due to width issues. Additionally, Figure 3 presents the spatial variation in the daily
ET, values for the cultivation of cotton (Hubis practices) for the entire period that satellite
images were available. The daily ET, values range from min 0 mm (recorded in February
2021) to a max of 9.5 mm at the beginning of August 2021.
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Figure 3. Spatial distribution examples of the actual daily ET; for the cultivation of cotton (Farmer
practices) and cotton (Hubis).

4. Summary

In this study, a methodology developed by the University of Thessaly, Greece, is used
for the calculation of actual evapotranspiration values using Sentinel imagery. This method-
ology suggests a modification and improvement of the initial ESA’s SEN-ET methodology.
The SEN_ET methodology is supported by SNAP software utilizing Sentinel-2 and Sentinel-
3 satellite imagery, as well as meteorological data from the Weather Forecast and Research
(WRF) model, to estimate daily ET, values. The results of the experiment showed that there
is a clear overestimation of ET, in some periods, especially during July and August. At the
next step of the method’s improvement, it is important to use in-situ measurements.
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Abstract: Presence of major environmental pollutants in water can cause a variety of harmful
effects on living organisms in ecosystems. Very often, apart from the ubiquitous arsenic (As),
organic compounds, iron, manganese, hydrogen sulfide, ammonia, and similar pollutants may reach
dramatically high levels in originally unpolluted waters due to various anthropogenic activities.
These elevated levels have major negative effects on the environment and require action. The aim of
this research was to propose a new approach to the development and production of cost-effective
water pollutant removal media based on natural minerals. The synthesis process is based on chemical
and subsequent thermal treatment of quartz sand with a magnesium carbonate water solution. The
MgO-coated sand in a 5 min. interaction in column operation with 250 mL of synthetic water with
200 ng’l of As(V), 0.51 1'ngL’1 of Fe(Ill), and 1.41 mgL’] of Mn(II) removed more than 90% of the
As(V). The final concentrations of arsenic, iron, and manganese in treated waters were very close
to zero after 10 min of contact with active materials. The removal process is based on redox and
sorption processes on the surface and inside the pores of the active material.

Keywords: arsenic; manganese; iron; removal; MgO-coated quartz sand

1. Introduction

Since water contamination caused by organic and inorganic pollutants has become
a serious worldwide environmental issue, in 2015, the United Nations announced a new
Agenda with 17 Sustainable Development Goals (SDG). SDG sixth call should ensure clean
and accessible water for present and future generations. Arsenic (As), a toxic metalloid
whose reservoir pool is in the earth’s crust, is one of the contaminants that have origi-
nally occurred in low quantities in unpolluted surface water, but may reach dramatically
increased levels due to anthropogenic activities [1]. Very often, apart from ubiquitous
As, organic compounds, iron, manganese, hydrogen sulfide, ammonia, and similar pollu-
tants may reach much higher concentrations than permissible levels, which causes water
quality deterioration. Ravenscroft et al. announced that around 140 million people in
50 countries have already been drinking waters containing arsenic at levels above the
World Health Organization provisional guideline value of 10 pug/L [2,3]. Despite the strong
global advocacy of prevention and control of high water contaminant exposure, especially
exposure to arsenic, this is still a large-scale problem that is recognized as a major public
health concern. It is crucial to develop viable and economical technologies for waste water
treatments in order to overcome the harmful impact of contaminated waters for human
and animal consumption. In the meantime, techniques based on adsorption processes
have attracted considerable attention in the attempts to remove pollutants from various
aqueous systems [1,4,5]. A number of adsorbents, including activated alumina, coated
sand, kaolinite-bentonite ceramics, zerovalent iron, metal oxides, and among them, highly
porous Mg(OH), /MgO, etc., have been used to remove targeted pollutants [1,4,6-8]. It has
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been shown that a well-designed and carefully operated sand filter can be very effective
in removing pollutants and especially arsenic from water [7]. In most cases, the efficiency
of adsorbent materials in the removal of pollutants from waters relies on the recyclability
of materials and reduction of waste volume by using solid adsorbents [1]. In this study, a
new approach to the development and production of water pollutant removal media was
adopted. As a result, an inexpensive and effective sorbent based on natural minerals, such
as quartz sand, has been synthesized for the treatment of contaminated waters. Moreover,
the fabricated active material exhibits a high sorption capacity towards, not only arsenic,
but also manganese and iron species’ removal from treated waters.

2. Materials and Methods

The mineral chosen in this work was a low cost and naturally abundant quartz sand
(98.50 wt.% of SiO,, grain average size 0.278 mm), with the assumption that there would
be no requirement for additional regeneration after polluted water treatment. In order
to remove impurities, the quartz sand was washed with deionized water and dried at
105 °C. A freshly prepared concentrated solution of Mg(CO3); Mg(OH), x 5H,O was
then added to the sand in the amount that ensures that Mg in the synthetized material
represents the desired mass percentage, for example, 2 wt.% of magnesium. Suspension
was than vigorously stirred until it was well homogenized and was dried in an oven
at 170 °C for 30 min. After drying, the material was heated at 800 °C for one hour, left
to cool down to room temperature, and was powdered in ahate mortar. In this study,
the experiments were performed at room temperature, by bringing into contact 5 g of
composite active material with 250 mL of a model water solution. For that purpose,
the model water solution was made as follows: appropriate amount of arsenic standard
solution (H3AsOy4 in HNOj3 0.5 mol /L 1000 mg/L As Certipur®, Sigma Aldrich, St. Louis,
MO, USA), MnCl, x 4H,0, and FeCl3 x 6HyO (Merck, p.a, Darmstadt, Germany) were
dissolved in deionized water in the following concentrations: 200 g As(V) L1, 1.41 mg
Mn(I) L=}, and 0.51 mg of Fe(Ill) L~!. The model water solution (250 mL) was placed
in a glass column and 5 g of composite materials was added. The contact time of the
solid and liquid phases were predetermined for each experiment and separation was
conducted by filtration. Concentrations of arsenic, manganese, iron, and other pollutant
cations were determined by Atomic Absorption Spectrometer (AAS, Varian spectra A-20,
Palo Alto, CA, USA). Scanning electron microscopy (SEM-JEOL JSM-5300, Tokyo, Japan),
in conjunction with Energy dispersive spectroscopy (EDS) capabilities (LINK QX-2000
Oxford Instruments-XR400, Abingdon, UK), was used to assess the resulting appearance
and perform compositional and semi-quantitative chemical analysis of the active material
in the composite before and after contact with model water solutions.

3. Results and Discussion

Figure 1 shows the image of the modified quartz sand surface and corresponding EDS
analysis. As observed, the quartz sand grains are completely covered with microcrystalline
and amorphous stoichiometric and non-stoichiometric oxides with an excess of magnesium
in our case. The grains are randomly grouped into more or less separate agglomerates,
which are manifested by a highly developed surface area. According to EDS analysis,
Figure 1b) apart from magnesium (42.67 at.%) and oxygen (55.96 at.%), a small quantity
of Ca (0.21 at.%) and almost no detectible Si were found at the surface of the composite.
After contact with the model water solution, the structure and the surface appearance of
the MgO-coated quartz sand changed greatly, as shown in Figure 2. It is evident from
SEM results Figure 2a) that the unique porous microstructure of the coated quartz sand
disappeared, while a more uniform and flatter surface was created. This indicated that,
when placed in contact with the model water solution, MgO from the composite dissolved.

This was confirmed by EDS and AAS analyses of the quartz sand and model water
solutions, respectively, taken after active contact. EDS analysis of the newly formed surface
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revealed the presence of Si in a substantial quantity, 23.41 at.%, suggesting that that amount
of active material (mainly MgO) on the surface of the coated sand was reduced.

Full scale = 5.42 k cps Cursor: 1.2475 keV

(b)

Figure 1. (a) SEM image (magnification 2.500% ); (b) EDS analysis of the modified quartz sand before
treatment with the model water solution.

Full scale = 6.37 k cps Cursor: 2.8875 keV

(b)

Figure 2. (a) SEM image (magnification 2.500x ); (b) EDS analysis of the modified quartz sand after
contact with the model water solution.

Removal of As(V), Fe(IlI), and Mn(II) by MgO-coated quartz sand as a function of
contact time is shown in Table 1. During contact, magnesium oxides from the surface
of the active material are dissolved in model water solutions, providing the electrons in
the solution that can participate in a number of reduction processes. The electrochemical
reduction processes of As(V), Mn(ll), and Fe(IIl) /Fe(II) are driven by the difference in the
electrochemical potential of Mg atoms and pollutants whose standard reduction potentials
in this solution are more positive than the standard potential of Mg. Such reduced species
are most likely adsorbed /deposited on the surface of the composite material. The reduction
process takes place until Mg?* ions continue to solvate themselves in the model water
solution. Most likely, part of Mg?* ions react with OH" ions to form Mg(OH),, resulting
in a rapidly increased pH value, immediately above 10 at the beginning of the process,
as seen in Table 1. On the other hand, it can be presumed that the total pH value of the
model water solution after treatment is a result of the manganese and iron hydroxide being
formed, also with hydroxyl ions present.

According to Wu et al., removal of As(V) could be the result of the As(V) reaction with
Mg(OH); and other magnesium arsenate formations [9]. This was also revealed in our
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study when the modified quartz sand after treatment with model water solution containing
a very high As(V) concentration (200 mg/L As(V)) was subjected to XRD analysis. Apart
from Mg(OH); and SiO;, the analysis showed the presence of MgzAs,. It is interesting
to note that the As(V) removal efficiency did not decrease with an increase in pH values,
as shown in Table 1, which is contrary to the observations made by others [10]. This may
be attributed to the precipitation of magnesium, manganese, and even Fe hydroxide on
the surface of the solid material, leading to a more effective process [7,11]. In addition, the
presence of sludge at the bottom of the column after a prolonged contact time of more than
30 min was observed. Finally, used composite material (coated quartz sand) does not have
to be recycled. Instead, it can be used as a component of the materials for road building or
similar construction applications, where the adsorbed contaminants can remain captured.

Table 1. Change of As(V), Fe(IlI), and Mn(II) concentration in model water solution after treatment
with MgO-coated quartz sand.

Species and Concentration Model Water Solution Contact Time (min)
5 10 15 20 25 30
Na (mg/L) 0.025 6.02 3.6 5.12 4.58 4.6 452
K (mg/L) <0.02 0.83 0.86 0.75 0.78 0.69 0.71
Ca (mg/L) <0.062 9.45 10.45 9.3 9.95 9.9 9.85
Fe (mg/L) 0.51 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Mn (mg/L) 1.41 <0.018 <0.018 <0.018 <0.018 <0.018 <0.018
Mg (mg/L) 0.027 9.9 8.1 9.2 8.7 12.75 12.35
As (ug/L) 200 9 77 2.6 1.75 1.35 <0.5
pH 4.27 10.49 10.60 10.55 10.59 10.61 10.64

4. Conclusions

Removal of contaminants As(V), Fe(Ill), and Mn(II) from water by MgO-coated
quartz sand was investigated. When placed in contact with model water solutions,
MgO from the composite material dissolves, providing electrons for the reduction of
present pollutant species. After 5 min of interaction of the MgO-coated quartz sand with
250 mL of model water solution with 200 ugL*1 of As(V), 0.51 mgL*l of Fe(IlI), and
1.41 mgL_1 of Mn(Il), nearly 95% of the As(V) was removed. Final concentrations
of arsenic, iron, and manganese in treated waters after 10 min of contact with active
materials were very close to zero. The MgO-coated sand exhibited a strong ability to
remove both ionic and colloidal forms of pollutants from treated waters. The removal
process is based on redox and sorption processes on the surface and inside the pores of
the active composite material.
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Abstract: This patent landscape report encapsulates the state by introducing what has been invented
concerning hydrogels for seawater desalination processes. As a result, 81 patent documents were
found, and 62% of all patent documents have been published during the last three years. According
to the findings, China was ranked as the first jurisdiction, and the most prolific patenting companies
are from China and the United States, while William Marsh Rice University (United States) and
Tianjin Polytechnic University (China) are the academic institutions leading the way. The patent
classifications indicate that most inventions are intended for the treatment of seawater (e.g., desali-
nation); processes specially adapted for manufacturing semi-permeable membranes for separation
processes; and the treatment of water using ion-exchange sorbent compositions, dialysis, osmosis,
or reverse osmosis. According to the knowledge clusters and expert driving factors in this patent
landscape analysis, research and development are centered on methods and apparatus for desali-
nation, which are the focus of the majority of patents, as well as macromolecular gels and synthetic
macromolecular substances.

Keywords: seawater; desalination; hydrogels; patent landscape; innovation

1. Introduction

For humans, animals, agriculture, and many different sectors, including agrifood and
pharmaceutics, pure water is a necessary raw material. Owing to climate change and the
increase in population, the demand and needs of people are also growing rapidly, which
has resulted in problems such as water availability. With the current shortage of such
material, other sources or alternatives to improve the current resources are needed [1].

As an alternative, seawater desalination could help to overcome this issue in water-
stressed countries. The process implies the use of membranes to remove salt compounds
and obtain fresh water, which is necessary for human health and the better functioning of
society [2]. In sea basins, for example, the continuous exposure of agriculture to saline water
causes soil salinity, which directly affects the morphology, physiology, and metabolism of
plants and/or fruits (i.e., poor or no yields, reduced root growth, reduced nutritional status,
and so on) [3].

Despite significant advances in desalination technology, seawater desalination con-
tinues to consume more energy than traditional fresh water treatment technologies [2]. A
novel approach for seawater desalination using hydrogels is currently being explored by
researchers around the world [4]. The fundamental benefit of the hydrogel-based process
is that it does not require a membrane because the hydrogel surface itself serves as the
interface, as well as the high water uptake that such materials can offer. In practical applica-
tions, a dry hydrogel is swollen in the seawater, and the hydrogel with absorbed seawater
is squeezed to obtain fresh water [5].

Hydrogels are polymer-based materials that can be created from a large number of syn-
thetic polymers, polysaccharides, proteins, or hybrid polymers [6]. The three-dimensional
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structure of these hydrogels remains in equilibrium in an aqueous medium owing to the bal-
ance between the elastic forces of the crosslinked macromolecular network and the osmotic
forces of the liquid [7]. Furthermore, the chemical composition and the crosslink density of
such materials determine the swelling and permeability properties of the structure [8].

Through the innovation and improvement of raw materials (such as polymers and
biopolymers), chemical synthesis, formulation, and chemical engineering related to the
desalination process, hydrogels for seawater desalination processes are developing quickly.
This is also supported by the rise in the number of patent applications submitted in this
field of study and development each year.

This study presents a patent landscape report on innovative and emerging seawater
desalination technologies based on hydrogels. A landscape report is a family of techniques
for studying the information present in and attached to patents in a specific area [9-12].
It is established as a tool for research planning in accordance with the criteria for patent
analysis [13-16]. The results are then examined by responding to specific queries, such as
who, what, and where queries regarding patenting patterns.

2. Methods

Patent data for this study were extracted from the Lens online database using different
keyword searches in patent titles, abstracts, and claims [17]. Title, abstract, and claim
keyword searches are common tools for patent extraction [9-12]. The search was then
filtered to include only patent documents (i.e., patent applications, granted patents, and
three limited patents) until 2022, and the information was extracted according to patent
document type, patent family, publication date, patent applicant, patent owner, patent
jurisdiction, legal status of patents, and patent classification [13-16].

3. Results and Discussion
3.1. Documents Type and Patent Families

A total of 81 patent documents were collected between 1985 and 2022 that concern
the use of hydrogels for seawater desalination processes. The selection includes 66 patent
applications, 12 granted patents, and 3 limited patents. With 57 simple families and
57 extended families, it was confirmed that 57 patent documents covering the same technical
subject were published at different times in the same country or in different countries
or regions.

3.2. Publication Date of Patent Documents

Based on the earliest priority date, it is possible to precisely assume that 1985 is
considered the starting year of patenting of hydrogels for seawater desalination [18]. Thirty-
one patent documents were published between 1985 and 2019; however, 62% of all patent
documents have been published during the last three years. Furthermore, 2022 was the
year with the maximum recorded number of patent documents and patent applications,
with 16 and 15, respectively, while 2011 was the year with the maximum number of granted
patents, with a total of five (Figure 1).

80



Environ. Sci. Proc. 2023, 25,11

30f6

m Patent documents = Patent applications = Granted patents = Limited patents m Total of patent documents

90

81
80

n 64
60
50

40

Publication date

30

L ...JJ.JJJJJL:JA JLJJ[

1985 1994 1995 1996 2002 2007 2010 2011 2012 2015 2016 2017 2018 2019 2020 2021 2022

Count

Figure 1. Publication dates of patent documents related to the use of hydrogels for seawater desalina-

tion processes.

3.3. Patent Applicants and Owners

The patent applicant is the person or organization that has filed a patent application.
On the other hand, the patent owner is the organization with rights to the property of the
granted patent [15].

The top 10 applicants for patent documents related to the use of hydrogels for seawater
desalination processes until 2022 are displayed in Figure 2. The list includes natural persons
and organizations (i.e., companies and academic institutions). The companies “Kraton
Polymers US LLC” (Houston, TX, United States) and “Baoshan Iron & Steel CO LTD”
(Shanghai, China) are the most prolific patenting companies, with nine and four patent
documents, respectively, while William Marsh Rice University (Houston, TX, United States)
and Tianjin Polytechnic University (Tianjin, China) are the academic institutions leading
the way, with four patent documents each. On the other hand, different natural people are
the lead applicants, with four or three patent documents.

ol
é \ u%% S

. e —E T - & Lo
£ DN,

Figure 2. Applicants (top 10) of patent documents related to the use of hydrogels for seawater
desalination processes.

Table 1 presents the owners of patent documents related to the use of hydrogels for
seawater desalination processes until 2022. The ownership of the rights to the property of
the patent concerns eight owners: four companies and four academic institutions. Three of
them are, at the same time, already applicants according to the top 10 applicants.
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Table 1. Owners of patent documents related to the use of hydrogels for seawater desalination
processes.

Owners Type (Headsquare) Count

Baoshan Iron & Steel CO LTD Company (Shanghai, China) 2
Kraton Polymers US LLC Company (Houston, TX, USA) 2

. . . Academic institution (Kowloon Tong,
City University of Hong Kong Hong Kong) 1
Lockheed Martin Corporation Company (Bethesda, MD, USA) 1
Saudi Basic Industries Corporation Company (Riyadh, Saudi Arabia) 1
South China University of Technology =~ Academic institution (Guangzhou, China) 1
William Marsh Rice University Academic institution (Houston, TX, USA) 1
Zhejiang University Academic institution (Hangzhou, China) 1

3.4. Jurisdictions and Legal Status of Patents

Patent jurisdictions correspond to the countries in which the patent is protected
through the appropriate patent office at which the patent application is filed. When a
patent application is filed, it is examined by the appropriate patent office (e.g., the China
National Intellectual Property Administration (CNIPA), the Moroccan Office of Indus-
trial and Commercial Property (OMPIC), the United States Patent and Trademark Office
(USPTO), and so on), and a decision is delivered according to the specific patentability cri-
teria that an invention must meet. Finally, a claimed invention through a patent application
becomes a granted patent in one or more designated countries if it is qualified for patent
protection [13].

For patent documents related to the use of hydrogels for seawater desalination pro-
cesses, the jurisdictions of patent documents until 2022 are presented in Figure 3. China,
through the CNIPA, encompasses 45 patent documents, with a patent contribution per
document total of 55.56%. The United States, through the USPTO, encompasses 23 patent
documents, with a patent contribution per document total of 28.4%. On the other hand, the
global system for filing patent applications, known as the Patent Cooperation Treaty (PCT)
and administered by the World Intellectual Property Organization (WIPO), encompasses
seven patent documents, with a patent contribution per document total of 8.64%.

Eurasia
1.23%

United Kingdom
1.23%

Figure 3. Jurisdictions of patent documents related to the use of hydrogels for seawater desalination
processes.

Moreover, these jurisdictions of patent documents related to the use of hydrogels for
seawater desalination processes ensure the following five legal statuses:
e 40 patent documents are in force (i.e., active status);
e 30 pending applications (i.e., pending status);
e 6 withdrawn or rejected applications (i.e., discontinued status);
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e 4 patents that have reached the term date and are no longer in force (i.e., expired
status);

e 1 PCT application that has been granted in one or more designated countries (i.e.,
patented status).

3.5. Patent Classifications

As a technology indicator in a specific area, the patent classifications help inventors
and researchers to categorize claimed inventions and retrieve different patent documents.
The International Patent Classification (IPC) is the most widely used hierarchical system in
the form of codes. It divides all technology areas into a range of sections, classes, subclasses,
groups, and subgroups [13].

For patent documents related to the use of hydrogels for seawater desalination pro-
cesses, the top 10 IPC codes until 2022 are presented in Table 2. The patent classifications
reveal that most IPC code corresponds to C02F103/08, with 29 patent documents. It con-
cerns the treatment of seawater using the desalination process. The IPC codes related to
hydrogels and presented into these top 10 correspond to B01J13/00 and C08J3/075, which
are categorized for colloid chemistry and macromolecular gels, respectively.

Table 2. IPC codes (top 10) of patent documents related to the use of hydrogels for seawater
desalination processes.

IPC Description Count
C02F103/08 Treatment of seawater (e.g., desalination) 29
CO02F1/14 Treatment of water by distillation or evaporation using solar energy 21

Processes specially adapted for manufacturing semi-permeable
membranes for separation processes or apparatus
CO02F1/44 Treatment of water by dialysis, osmosis, or reverse osmosis 12
Colloid chemistry (e.g., the production of colloidal materials or

B01D67/00 14

B01J13/00 their solutions) 10
C08J3/075 Treatment or compounding of macromolecular substances, such as 10
macromolecular gels
Organic material, such as synthetic macromolecular compounds to
B01J20/26 make solid sorbent compositions or filter aid compositions sorbents 9
for chromatography processes
CO02F1/04 Treatment of water by distillation or evaporation using solar energy 8
CO02F1/00 Treatment of water, waste water, or sewage 7
CO2F1/28 Treatment of water by sorption. gsing ion-exchange sorbent 6
compositions

4. Conclusions

The novel approach for seawater desalination using hydrogels was successfully ex-
plored by researchers around the world. Inventors proposed various claimed inventions
through this innovation. In this study, a patent landscape report was proposed regarding
patent document types, patent families, publication dates, patent applicants, patent own-
ers, patent jurisdictions, the legal status of patents, and patent classifications. Therefore,
this research reveals that China and the United States are leading the way in innovation,
and the most prolific patenting organizations are companies and universities. On the
other hand, most inventions are intended for the treatment of seawater using desalination
processes specially adapted for manufacturing semi-permeable membranes for separa-
tion processes, and the research and development are based on macromolecular gels and
synthetic macromolecular compounds.
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Abstract: Water governance in the EU is enshrined in the Water Framework Directive (WFD), with
the engagement of stakeholders being one of the governance cornerstones. The inclusion of the
interests of scientific and non-scientific groups in decision-making is crucial. Our objective is to
examine the contribution of the participatory approach to the effectiveness of local water resource
management. Within the Eye4water project, a participatory assessment was applied for the Lissos
river basin, through joint identification and evaluation of the main water-related issues. Firstly, we
identified the social system engaged to the basin through stakeholders” mapping. Secondly, based on
criteria selection, three stakeholders” groups were invited to a workshop. Our preliminary results
show that mutual learning should be encouraged at multiple levels. Well-recognized threats such as
water pollution, flood risk, and groundwater lowering are present, while biodiversity issues are quite
underrepresented.

Keywords: stakeholder analysis; participatory management; local knowledge; Lissos; interactive
workshop; basin management

1. Introduction

Water governance describes the legislation, policies, regulation, and institutional
frameworks related to the management of water resources, which affect human activities
and nature’s sustainability. Water governance is a complex process that requires the partici-
pation of not only technical experts and the scientific community, but also of the different
stakeholder groups in water decision-making [1]. More specifically, the development and
implementation of water policies are characterized by challenges which concern the integra-
tion of legal requirements, technical issues, scientific knowledge, socio-economic aspects,
and the competitive uses of the resource [2] in all stages of the process. For the minimiza-
tion of conflicts and the measures’ success assurance, all voices should be heard, making
intensive multi-stakeholder consultations be required for effective, equitable, and sustain-
able water governance [3]. Lately, the participation of stakeholders in water governance
is considered a key element for improving water resources management and is strongly
supported (suggested or mandatory) in the majority of water-related EU directives [1,4].
In particular, the Water Framework Directive (WFD) (2000/60/EC) establishes a legal
framework to protect and improve the status of aquatic ecosystems, including—among
other factors—public participation. It is now documented that stakeholder consultations
based on communication and group interaction depend on trust-building science-policy
collaborations [5,6]. Common understanding and interpretation of local water issues and
solutions, and collaborative production of scientific, local, and bureaucratic knowledge
are essential for legitimate decision-making processes and the effective co-creation and
implementation of measures [5-7]. The contribution of stakeholders to the design of a good
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governance scenario together with the gaps in data are considered the most important
dependencies in the management of Greek river basins [8]. Having the above in mind when
considering the peculiarities of the Lissos basin as concerns stakeholders” identity, this
paper aims to outline the participatory bottom-up approach for this basin’s management,
having the bridging between science and policy as its supreme goal.

2. Materials and Methods

A participatory workshop was conducted under the framework Eye4water, which aims
to strengthen the local water management practices in the Lissos river basin by developing
supporting technological tools as a result of systematic monitoring of the quality of natural
water bodies. To our knowledge, this is the first participatory assessment of a local river
basin being applied to the Lissos river basin. Our methodology was conducted in four
stages: (1) Process design; (2) Workshop process; (3) Results analysis; and (4) Follow-up.

2.1. Study Area

The Lissos river basin (Rhodope, Thrace, Greece) covers an area of 1486 km? and is
partly protected by Ramsar. It is a Heavily Modified Water Body (HMWB), which suffers
from several anthropogenic pressures such as landfill, Wastewater Treatment Plant, inten-
sive agricultural and industrial activities, livestock, sand extractions, and flow-intercepting
construction [9]. It is considered a lesser-researched river of primary importance for the
local community [9], of a higher trophic state, receiving important pollution loads in a
segmented hydrological network.

2.2. Process Design
2.2.1. Stakeholder Mapping

Firstly, we identified the social system engaged to the Lissos river basin through stake-
holders” mapping. We organized a list of stakeholders and we complemented it through
Internet searches (Google maps and business lists), on-site contacts, and the use of our own
network (NGOs, academic community, farmers, entrepreneurs, administrative authorities).
The identified stakeholders were categorized into three groups: (1) farmers, (2) practition-
ers, and (3) experts. Before the invitations, equal representation and gender equality among
the participants were taken into account. The invitations were sent via email, phone calls,
posted on the website, and on the social media accountes (Twitter, Facebook, Linkedin,
Instagram) of the Eye4water project. The workshop was also announced through a press
release (to about 140 media members). A reminder was also sent.

2.2.2. Questionnaires Development

Based on a SWOT-PEST analysis combined with monitoring results, a number of
questions were developed. The main aim of the questions was to gather local knowledge
and to further understand how the stakeholders value the resource, prioritize pressures,
and jointly identify solutions. For each group, a different set of 12 questions was developed,
considering each one’s relation to the water sector. The context of the questionnaires
covered the water uses, the river pressures, the water management and governance, and
the possible solutions. The set of questions included open-close, multiple selection, and
importance-grading questions where the participants had the liberty to answer as many
questions as they wanted from all groups’ questionnaires.

2.2.3. Workshop Process

The process was divided into two sessions. In the first session, a formal briefing of
the monitoring findings were communicated to the participants, and then the stakeholders
were encouraged to participate in two exercises in a free and open manner with the aid of
nine facilitators, where a different color of Post-it was attributed to each group. Exercise
1: In this exercise, the stakeholders were invited to answer the questions anonymously
by placing a Post-it somewhere on one of three big panels, allowing for the ability to
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further comment on each question, thereby promoting meaningful discussions. Exercise
2: A follow-up round after the first exercise took place. In this exercise, the stakeholders
were asked willingly to answer the questions of the other two groups. The objective was to
identify any conflicts and to evaluate their impact on water management.

2.2.4. Workshop Material Analysis

All produced material from the workshop was photo-documented, and processed as
follows: The Post-its from the panels were transferred to a database with the qualitative
details from the related discussion notes. A categorization followed, aiming to identify
thematic convergences and divergences.

3. Results Discussion

We consider the resulting representation marginally sufficient, since, from more than
100 invitations, at least six representatives from each group attended the workshop. The
representatives of each group were urged to reply to the questions posed to other groups.
Figure 1 is indicative of the participation and interaction among stakeholders. Using this
method, each question gathered about five replies. The exercises were complemented by a
continuous discussion and a short evaluation feedback of the entire process. The sub-aim
of developing simple and understandable queries for linking science to the tools used
by both stakeholders and practitioners and further encouraging action and innovation
among all stakeholders [10] was achieved, since none of the moderators noticed any
misinterpretations or conceptual errors.

Participants' percentage per group in experts' questionnaire

M Farmers Experts M Practicioners

Figure 1. Given answers per group for the experts’ questionnaire, indicative of participation and
interaction among stakeholder groups.

The results deriving from common queries dealing with the main water uses, pressures,
and main issues are presented in Figure 2. It can be clearly seen that irrigation is the major
need according to farmers, acknowledging at the same time that agriculture and livestock
are among the main activities posing pressure on the watershed. On the contrary, experts
and practitioners are more “afraid” of agriculture, livestock, and waste disposal effects, and
less of industrial effluents. Different opinions are expressed by the three groups regarding
water resource uses or, more simply, their beliefs regarding the needs for water resources
allocation, downgrading the importance of biodiversity, industry, and recreation. Despite
the large number of low-water crossings and the frequent announcements of flooded areas,
floodings were not one of the locals’ primary issues.
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Figure 2. Comparative results regarding common queries from the three stakeholder groups dealing
with pressures and uses.

An interesting finding is that experts propose agitation as a measure for land use/land
cover alteration in favor of the river system, along with the need for a better irrigation
system. Farmers are more anxious of the resource sufficiency, either surface or groundwater.
No group deems that there is a seasonal/warm period problem related with water quality.
It should be noted that we intentionally omitted queries using a rating scale as a type
of answer from the results. The last ones will be used to generate weights for more in-
depth analyses through advanced mathematics to suggest some optimal solutions for
management of the Lissos basin. It can be stated, though, as a general direction, that better
awareness on water issues from the part of higher administrative authorities” and targeted
small infrastructure interventions are major components of the solution.

This workshop aimed to bridge the gap between science and policy, and successfully
managed to take a “snapshot” of stakeholders’ perspective on the management of the
Lissos basin. The findings seem to be applicable to decision-making for strategic design
and measures implementation, incorporating information of great value that is also based
on local knowledge, which could not be gained otherwise. Similar to other research
findings [11], Lissos stakeholders seem to be able to implement some management measures
(i.e., pollution prevention, channel creation, methodological approach) without official
governmental support.

The participation was affected by stakeholders’ financial constraints (transport, agri-
cultural duties) while the COVID-19 pandemic situation prevailed in some remote villages.
Conflicts between stakeholder groups (farmers vs. practitioners) affected the participatory
process. The expressed perception of the different stakeholders’ groups did not coincide,
except for the activities posing pressure on the watershed. Some points supported by our
research and the literature (i.e., seasonal quality and quantity variation, touristic growth
potential, and biodiversity) were not supported by public opinion. A major finding can be
concluded that “primary production” should not be altered, but rather, should be eased as
a measure of water stewardship.
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Abstract: The goal of our investigation is the hydrological 2D modelling of Lithaios River’s (Central
Greece) streamflow, using GIS and geostatistics for studying water velocity and discharge, stage ele-
vation, and hydraulic features (streamflow depth, water flow area, wettable circumference, hydraulic
radius and depth, n Manning's coefficient, Chow’s composite n, Froude number, etc.). Moreover, com-
pilations and validations of rating curves (RC) were performed from a series of stage h(t)-discharge
Q(t) couples metrics, aiming to use these as a river toolkit to aid environmental and agriculture
surface water resources management and help environmental flows calculation, streamflow tracking,
and irrigation programming in the regional basin range. The statistical results showed that the Froude
number during the study period was Fr < 1 showing that Lithaios River’s streamflow is classified as
subcritical. The models’ validation outcomes by using various statistics and geostatistical alternative
methods, model simulations and statistics errors criterions, were correlated with the retrieved power
models’ streamflow data matching for the RC curves and 2D GIS modelling and mapping of river
velocity and discharge relationships and were highly satisfying since the stabilities of the deployed
relationships were solid. The outcomes of the study results are recommended to provide a hydrologi-
cal serving toolkit for environmental water resources administration and irrigation programming.
This toolkit could assist water supply principalities to rapidly and precisely calculate streamflow
volumes and features with a minimal cost rate and workload, and it could be engaged in water supply
and agricultural watering administration, the calculation of environmental flows, flood protection,

groundwater recharge, and other objectives.

Keywords: hydrological 2D streamflow modelling using GIS and geostatistics; flow velocity;
discharge rate; n Manning’s coefficient and Chow’s composite n; hydraulic properties; rating curve

1. Introduction

Streamflow velocity and discharge rate, water elevation, hydraulic deep, and flow
form are the main themes in hydrology and are closely linked to water supply, quality
and administration, flood protection, dewatering, irrigation, dam construction, and other
related themes [1-3]. The streamflow velocity and discharge rate have a significant effect on
water’s retention period and quality [2,4,5]. Thus, these variables are typically needed for
hydro-systems modelling. Unfortunately, the ongoing streamflow monitoring on a river’s
cross-section is commonly unfeasible or very costly [2—6]. Fast and accurate discharges
calculation is of high importance for a great number of environmental engineering projects
(real-time flood forecasting, water resources administration, etc.) [2,5-7]. The goal of our
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research is hydrological 2D streamflow modelling of Lithaios River (Central Greece), using
GIS, and geostatistics for studying water velocity and discharge, stage elevation, and
hydraulic features (streamflow depth, water flow area, wettable circumference, hydraulic
radius and depth, n Manning's coefficient, Chow’s composite n, Froude number, etc.).

2. Materials and Methods
2.1. Lithaios River Measurements, Instruments Used, and Specifications

The study was conducted in Lithaios River (top width = 15 m) at Trikala monitoring
station (M-S), in the region of Thessaly in Central Greece. A propeller current flow [7,8]
meter (OTT) was employed together with a modern electronic metering system includ-
ing a flow computer, data logger, and a real-time display monitor, all calibrated by the
manufacturer. River flow data were computed by averaging over a 60 + 60 s measured
couple. Vertical measurements of water depths and velocities were performed for temporal
monitoring of the cross-section’s velocity and discharge variation [8].

2.2. Hydrological Methodology

The river’s streamflow velocity and the depths and widths of the defined segments
were measured and engaged for the estimation of the cross-section’s mean discharge
of every segment [2-8]. The overall discharge [2-8] was estimated by the mid-section
methodology [5-8]. The features of the cross-section, the water flow velocity of the defined
segments and the overall mean flow velocity, were metered, computed, modeled, and
depicted in diagrams and GIS maps, respectively, building up a hydrological toolkit for
Lithaios River. Water stage elevation and flow measurements were taken monthly for a
period of 1 year (January to December). In addition, more measurable variables (streamflow
depth, the defined segments’ width, overall river width, and water stage elevation) were
measured, and more hydraulic features (streamflow depth, water flow area, wettable
circumference, hydraulic radius and depth, n Manning’s coefficient, Chow’s composite
n, Froude number, etc.) were computed and depicted in diagrams and saved in the
hydrological toolkit. Equation (1) was applied in order to calculate the river flow velocities.

VL) = a+ (beg X Neg) )

where V', = stream flow velocity (m s1), n is the number of cross-section segments,
a = the initial speed to overcome mechanical resistance, bgq = the system’s calibration
constant, and N, = the equipment’s rotations per second.

Equation (2) was used for the river’s cross-section total discharge.

n
Qr=Y v, Ar, @
g=1

where Qr = total discharge (m3 s71) of the river’s cross-section, g=1... nis the number
of cross-section segments, V/”; = the mean flow velocity of each cross-section segment
(ms~1), and A}‘:l = the wet flow area of each cross-section segment (m?).

Couples of stage water elevation h(t) and discharge Q(t) measurements were uti-
lized to develop mathematical relationships between them. Lithaios River rating curves
(h(t) — Q(t)) [2-8] and changes in the riverbed were computed on the basis of the measured
variables using various model equations for regression, ANOVA statistical analysis, and
the model’s fit F test by utilizing the IBM SPSS v.26 statistics software [2,3,9-25].

2.3. Statistical and Geostatistical Data Analysis, Flow Velocity and Discharge Modelling, and 2D
Mapping Methodology

The data were analyzed through the use of IBM SPSS v.26 [2,9,11,12] statistics software.
The results are the observations’ averages. ANOVA (analysis of variance) [2,3,9,11-25]
was used to assess velocity (V;’Zl), discharge (Qr), and hydraulic depth effects. In the
present study, we used geostatistics (the Kriging method with power model) [2,11-25] for
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modelling and GIS (geographical information system) hydrological 2D mapping of Lithaios
River’s water velocity and discharge. Furthermore, the validation of Qr and V/; involves
analysis of residual errors, which is the gap between predicted and observed data values
and the bias forecast between over- and underestimates. For this purpose, we applied the
statistical criteria described by other studies [2,11-16,18-20,22-28], such as the equations
for residual sum squares (RSS), standard error (SE), and root mean square error (RMSE).

3. Results and Discussion

The streamflow velocity 2D modelling [2,27] results of the Lithaios River cross-
section for the year’s maximum (March) and minimum (August) water discharges and
the univariate velocity model output statistics are depicted in Figure 1a—d. Lithaios River
mean water flow velocity (V}_,) of the cross-section segments for the year’s maximum
(March) and minimum (August) water discharge results show that V;” ;(max) ranged
0.199-0.329 (m s~!) and V/", (min) ranged 0.098-0.177 (m® s~ 1).

“Streamﬂow velocity 2D modelling & mapping for year’s maximum discharges (March)

E Lithaios River cross-section
= -0.10
S -0.50 - : ’ -
e 00 10 20 3.0 4.0 5. 60 7.0 80 9.0 10.0 11.0 12.0 13.0 14.0 15.0
River width [m]
Vm [ms] | Univariate Velocity Model (Vmax) output Statistics
s —— Mean: 02684318 | [Variance: 0.0060628
! (b)) [vedian: 02564810 | [Standard Deviation{ 0.0778527
010 005 020 0:25 0.0, 035 | ic Mean: | 0.2455442 | |Standard Error: | 0.0015302
[ | ] jation:| .
00 1.0 20 30 40 50m ICoel. of Variation:| 0.3017921 | [Root Mean Square: | 0.2699398
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Figure 1. (a) Streamflow velocity 2D modelling results on a digital 2D V* ; map of the Lithaios
River cross-section (Trikala M-S) for the year’s maximum discharge (March), (b) univariate velocity
model (Vmax) statistics, (c) streamflow velocity 2D modelling results on a digital 2D V/.; map of
the Lithaios River cross-section (Trikala M-S) for the year’s minimum discharges (August), and
(d) univariate velocity model (Vmin) statistics.

The flow velocity (V?:l) statistics [x (mean), median, geometric mean, coefficient of
variation (CV), s? (variance), and s (standard deviation)] for the year’s maximum discharges
(March) are presented in Figure 1b and the year’s minimum discharges (August) are
presented in Figure 1d. Velocity fluctuation of a river’s cross-section can be specified
by means of descriptive statistics [2,3,9,27-29], and of all the descriptive statistics, the
coefficient of variation (CV) is the most important measure. [2,9]. The results for both CVs’
of the cross-sections velocity variability for the year’s maximum (March) (CV = 0.302) and
minimum (August) (CV = 0.307) discharges were classified as moderate variability V2 ;.
The resulting spatial distribution of water flow velocities obtained using river cross-section
measurements was best fitted using the Kriging with power model, which resulted in
minimum residual sum squares (RSS = 0.0001694), and the RSS used as one of the criteria
to choose the greatest model. The other criteria used included the standard error (SE)
and root mean square error (RMSE), as in other studies. [2,27]. The best SE for March’s
velocity modelling was the one using the Kriging with power model (SE = 0.0002236) and
for August, it was also the same model (SE = 0.0008328). The RMSE using the Kriging with
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power model for March'’s velocity modelling was found to be the best, RMSE = 0.0406329,
and for August, it was found to be the best, RMSE = 0.1431426. These results are acceptable
since the SE and RMSE scores should be close to zero for accurate prediction and they
classified the Kriging with power model as the best model. The abovementioned outcomes,
prove the validity and accuracy of the generated 2D digital velocity maps (Figure 1a,c).
The relationships between the n Manning’s coefficient [2,3,5,7], the Chow’s composite n
coefficient [5], and the river’s water discharges modelling (power model) resulted in high
coefficients of determination (R?) [2,9,12,13,16] for the 12-month measurement study period
(Figure 2a,b). The diagrams of the discharges power model (which resulted in being the
best model), the Darcy—Weisbach f coefficient multinomial model, and the shear linear
model for year’s maximum (March) and minimum (August) water discharges are depicted
in Figure 2c¢,d. The R-squared gives a measure of how accurately the observable outputs
are reproduced by the model based on the percentage of the total variance that is explained
by the model [2,9].
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Figure 2. (a) Diagram of n Manning’s coefficient vs. discharge, (b) diagram of Chow’s composite n
coefficient vs. discharge, (c) diagram of the discharge power model, the Darcy-Weisbach f coefficient
multinomial model, and the shear linear model for year’s maximum Qr (March), and (d) the diagram
of discharge power model, the Darcy-Weisbach f coefficient multinomial model, and the shear linear
model for the year’s minimum Qr (August).

The R squared output results for the n Manning’s coefficient vs. discharge showed
a high R? = 0.8576 and the Chow’s composite n coefficient vs. discharge also resulted in
a high R? = 0.8927. The n Manning’s coefficient and the Chow’s composite n coefficient
results show a high degree of correlation with the river’s water discharges, with the Chow’s
composite n coefficient found to have a higher correlation. These results indicate that
Chow’s composite n [5]—which is built on the hypothesis that the overall force resisting
the streamflow in the cross-section is equivalent to the summation of the resisting forces of
streamflow in each of the defined segment’s regions [2,5]—more accurately approximates
the force resisting water flow in Lithaios River. Finally, the statistical results showed that the
Froude number during the study period was Fr < 1, showing that the Lithaios streamflow
is classified as subcritical [2,3,5].

4. Conclusions

The RSS and the prediction error (SE and RMSE) results of spatial and geostatistical
2-dimensional modelling, mapping, and validation of Lithaios River water flows confirmed
the validity and accuracy of the generated 2D digital GIS velocity maps of the river’s
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cross-sections. These outcomes have proven that the Kriging with power model had good
performance and that it is regarded as very appropriate for 2-D streamflow modelling and
digital mapping, as well as being suitable for other hydraulic parameters (n Manning’s
coefficient, Chow’s composite n coefficient, Froude number, shear, Darcy—-Weisbach f co-
efficient, hydraulic radius, etc.). The outcomes of the study are recommended to provide
a hydrological toolkit for environmental water resources administration and irrigation
programming. This toolkit could assist water supply principalities to rapidly and precisely
calculate streamflow volumes and the river’s features with a minimal cost rate and work-
load, and it could be engaged in water supply and agricultural watering administration,
the calculation of environmental flows, flood protection, groundwater recharge, and other
objectives.
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Abstract: An analytical survey regarding irrigation practice for both crops and greenspaces at the
region of Western Greece and the region of Epirus in Northwest and West Greece, respectively, and
the region of Apulia in Southeast Italy was performed. On-site interviews (about 500 per region)
regarded irrigation systems design, installation and management. Good practices, problems and
challenges that concerned irrigation management are pointed out. The need for a frequent and
organised survey of irrigation practice coordinated by relevant organisations is underlined, as it
could constitute a valuable tool for planning relevant strategies and practical actions.

Keywords: irrigation practice; irrigation water management; agricultural crops; urban landscapes

1. Introduction

Water scarcity is one of the main challenges that both agricultural crops and landscape
works face in many countries in the world, particularly in semi-arid and arid regions [1,2].
With the given infrastructure, agricultural (in open field and /or under cover) and landscape
irrigation and drainage systems efficiency could be increased promptly if their design,
installation and maintenance received regular auditing and if more reasonable water
management was applied. Beyond generic statistical registration by international and
national organisations and survey authorities, detailed surveys for irrigation practice could
provide valuable information for planning relevant strategies and practical actions [3-5].
This study briefly presents the results of a survey regarding irrigation practice that concern
applied techniques, usage of new technologies on water irrigation management, etc., for the
region of Western Greece, the region of Epirus in Greece and the region of Apulia in Italy.

2. Methods

On-site interviews were performed using special questionnaires (see Supplementary
Material) and relevant reports were produced (see Data Availability Statement). The in-
terviews concerned four categories of irrigation system management setups: (a) regional
authorities that are responsible for irrigation water and municipalities that are respon-
sible for irrigation of public urban greenspaces (including athletic facilities), (b) public
organisations that manage participatory agricultural irrigation systems, (c) agricultural
farms and (d) private touristic or leisure greenspaces and gardens. In this framework, four
questionnaires were formed depending on the special features of the setups they were
addressing, but they all had a common structure and a number of common questions. The
questionnaires were divided in six sections as follows:

1. General information regarding organisation/institution/farmer/Land Reclamation
Consortium (name, age, address and gender);

2. Information about crops/green areas, irrigation systems and water sources (crops,
area and irrigation status);
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3. Irrigation management information—Acceptance level of reclaimed water (for irriga-

tion of several crops or for potable use);
4. Economic information—Effect of reclaimed water (plants, soil and productivity);

5. Environmental issues—Concerns regarding reclaimed water (fear factors, quality

and treatment);

6.  Other information—Pricing of reclaimed water (willingness to pay, price of water and
investment in agriculture).
The research was conducted during 2013 and 2014 all around the region of Western
Greece, the region of Epirus in Greece, the region of Apulia in Italy (Figure 1) for which

490, 500 and 449 interviews were per region were performed, respectively (Table 1).

. Lecce

A

Figure 1. Area of the survey region of Western Greece, the region of Epirus in Greece, the region of

Apulia in Italy.

Table 1. Number of interviews that were performed per category of irrigation system management

setups and region.
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Category of Irrigation Theme Total Number of Number of Interviews per Region
System Management Setups Interviews Apulia Western Greece Epirus
1. Public administration Greenspaces 46 30 8 8

2. Local Organisations for .

Land Reclamation Agriculture 61 19 24 17
3. Farm level Agriculture 1037 270 329 438
4. Private landscape/Leisure ¢ on o 296 130 129 37
irrigation system

Total 1440 449 490 500

3. Results and Discussion

Selected topics that concern irrigation management are presented in Table 2 (for
regional authorities that are responsible for irrigation water and municipalities that are
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responsible for irrigation of public urban greenspaces (including athletic facilities) and for
public organisations that manage participatory agricultural irrigation systems) and Table 3
(for agricultural farms and for private touristic or leisure greenspaces and gardens).

Table 2. Replies (percentage of total) from (a) regional authorities that are responsible for irrigation
water and municipalities that are responsible for irrigation of public urban greenspaces (including
athletic facilities) and (b) public organisations that manage participatory agricultural irrigation
systems, for selected topics that regard irrigation management (NA: no data available).

Organisation of Irrigation

Public Administration Water Management

Reply Apulia V(\;erse?cr: Epirus Apulia ‘giset:cr: Epirus

Awareness of the local water
management plan which is applied in 66% 90% 62% 100% 44% 20%
the framework of 2000/60/EC

A straightforward strategy regarding
irrigation management in the area has 40% 0% 50% NA 63% 75%
been formed

There is efficient irrigation

management at basin level 90% 94% 63% NA 74% 79%
Use. of spe@al IT tools and databases 39 0% 0% 259 0% 0%
for irrigation management

Interest to use sp'ecu.il IT tools and 759% 13% 99, NA 79, 59
databases for irrigation management

Droughtis the most significant 50% 46% 50% NA 57% 50%
problem regarding water in the area

Desertification is the most significant 20% 8% 50% NA 299% 3%

problem regarding water in the area

Salinisation of underground aquifers
is the most significant problem 23% 45% 0% NA 14% 4%
regarding water in the area

Climate change is the most significant

problem regarding water in the area 18% 21% 20% NA 22% 15%
Provided guidance and rules
regarding water distribution are 50% 550 50% NA 80% 65%

helping to mitigate water shortages in
the area

The main cause for water shortages in
the area is excessive consumption of 19% 21% 12% NA 38% 42%
water for irrigation

There is inefficient water management
at end user level

There is lack of training of end users 60% 58% 50% 16% 84% 76%

33% 22% 50% NA 58% 52%

The organisation provides end users
with advice regarding irrigation, 100% 53% 87% 50% 0% 53%
drainage, fertilisation management
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Table 3. Replies (percentage of total) from (c) agricultural farms and (d) private touristic or leisure

greenspaces and gardens for selected topics that regard irrigation management (NA: no data available).

Agricultural Farms

Private Greenspaces

Reply

Apulia

Western
Greece

Epirus

Apulia

Western
Greece

Epirus

Drought is the most significant
problem regarding water in the area

55%

50%

83%

40%

36%

94%

Desertification is the most significant
problem regarding water in the area

19%

26%

5%

38%

12%

3%

Salinisation of underground aquifers
is the most significant problem
regarding water in the area

26%

24%

1(70

12%

35%

30/0

Climate change is the most significant
problem regarding water in the area

35%

11%

15%

45%

9%

1%

The main cause for water shortages in
the area is lack of guidance and rules
regarding water distribution

28%

16%

14%

24%

00/0

22%

Provided guidance and rules
regarding water distribution are
helping to mitigate water shortages in
the area

70%

88%

95%

84%

100%

87%

There is efficient water management
at basin level

NA

77%

96%

81%

95%

93%

Support is provided from relevant
public authorities

86%

85%

81%

NA

NA

NA

Typically informed regarding
agricultural issues, including
irrigation by agronomic consultant

95%

85%

95%

NA

NA

NA

Need for training regarding irrigation
management / scheduling

32%

28%

6%

NA

NA

NA

Attended at least one
educational /training session
specialised in irrigation

1%

4%

2%

NA

NA

NA

Provided by the irrigation system’s
designer/contractor with irrigation
scheduling plan

NA

6 O/O

5%

37%

83%

84%

Asked for professional assistance
regarding the irrigation schedule

18%

60%

10%

NA

74%

84%

Uses special IT tools and databases for
water management

11%

9 0/0

17%

NA

5 0/0

30/0

Uses some kind of electronics or IT
technology for irrigation management
(controllers, sensors, etc.)

NA

7%

6%

49%

71%

57%

Using electronics or IT technologies
for irrigation management could lead
to water conservation

48%

19%

23%

NA

82%

70%

Willing to use an IT advice service
regarding irrigation scheduling

NA

70%

35%

NA

99%

78%

The main drawback when using
electronics or IT technologies for
irrigation management in complexity

28%

82%

65%

NA

92%

83%
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Most of the organisations that regard irrigation management are aware of local water
management plans, but they are not convinced that there is a straightforward strategy
regarding irrigation water management in the area, although irrigation water management
is performed efficiently (Table 2). Probable drought is reported as the most significant
concern regarding water availability in the area (Tables 2 and 3), while the setting of rules
and the provision of guidance regarding water distribution are regarded helpful as a means
to mitigate water shortages in the area (Tables 2 and 3). The organisations do not blame
excessive consumption of irrigation water as the main cause for water shortages in the area:
they generally do not think that there is adequate irrigation water management at the end
user level, although they agree that there is lack of training of end users. In general, they
provide end users with advice regarding irrigation, drainage and fertilisation management
(Table 2).

End users generally agree that there is efficient water management at the basin level,
that the provided rules and guidance regarding water distribution are helping to mitigate
water shortages in the area, and that support is provided from relevant public authorities
(Table 3). Farmers are typically informed regarding agricultural issues, including irrigation
by agronomic consultants, although they do not think that they need special training
regarding irrigation management or scheduling and consequently the majority have not
attended educational/training sessions specialised in irrigation (Table 3).

For greenspaces, the provision of the irrigation system’s designer/contractor with irri-
gation scheduling plan, and the request for professional assistance regarding the irrigation
schedule, is something common but for crops is very rare (Table 3). The use of special IT
tools for irrigation management is low to very low for organisations and farmers but high
for managers of greenspaces (Tables 2 and 3). While organisations showed low interest to
adapt to such tools (Table 2), both categories of end users were quite interested in doing
so (Table 3). A significant percentage of both categories of end users believe that using
electronics or IT technologies for irrigation management could lead to water conservation:
the main drawbacks are the complexity of those systems combined with the lack of training
and support (Table 3).

4. Conclusions

An analytical survey revealed good practices and problems regarding design, con-
struction, maintenance and management for the region of Western Greece, the region of
Epirus in Greece and the region of Apulia in Italy. The summarised results that concern
irrigation management for both agricultural and urban greenspaces irrigation systems were
presented. The supervisors of irrigation systems welcomed this initiative. Good practices,
problems and challenges were pointed out. The development of a practical surveying and
auditing guide, approved by the relevant stakeholders, could be a very useful tool for
planning relevant strategies and practical actions with an aim of continuous improvement
of irrigation systems efficiency. The role of international irrigation stakeholders such as the
European Irrigation Association could be crucial in this effort.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ECWS-7-14186/5s1.
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Abstract: In the rural and coastal Almyros basin in Magnesia, Greece, the objective of the current
study is the assessment of aquifer vulnerability to seawater intrusion using the GALDIT approach.
The Almyros aquifer system’s quality and quantity have declined as a result of unsustainable
groundwater abstraction for irrigation. The Analytical Hierarchy Process (AHP) of Multicriteria
Analysis has been used for the modification of the GALDIT index based on the statistics of experts’s
responses to questionnaires on the influence of hydrological, hydrogeological, and other parameters.
For all methodologies and time periods, the aquifer’s coastline section had high susceptibility levels,
whereas the northeast and southeast had lower values. The most vulnerable area of the aquifer
changes over the various time periods of analysis.

Keywords: groundwater; seawater intrusion; GALDIT; vulnerability index; analytical hierarchy
process; Almyros

1. Introduction

In the study area, no previous studies have been carried out to assess the vulnera-
bility of the aquifer to seawater intrusion. The over-pumping of water reserves to meet
irrigation needs has degraded the quality and quantity of water in the Almyros aquifer.
The assessment of vulnerability aims at better management of water resources in the area
and protection of the Almyros aquifer system from further degradation [1]. The Almyros
basin, which is located at the southernmost edge of the Thessalian plain, is a component
of the single Almyros-Pagasitikos basin. The study area’s aquifer covers 293 km? and
has an average elevation of around 108 m and slope of about 5.56%. The Almyros basin
experiences a semi-arid Mediterranean environment with 500 mm of annual rainfall on
average and an average yearly temperature of 16.5 °C [2]. Five categories have been used to
group the most significant geological components of the Almyros aquifer: clay (Neogene),
clay—-gravel-sand (Neogene), sand (Quaternary), clay—sand (Neogene), and limestone [3].
Following the shift in topographic elevation, the coastal region of the Almyros basin is
composed of sandy permeability materials and clay lenses towards the western half of the
aquifer. The aquifer’s hydrogeological zones are made up of semi-permeable Neogene
formations and permeable Quaternary formations [4]. With a geographical average value
of 2.3 m per day, hydraulic conductivity values range from 0.1 to 18.7 m per day. In this
work, the weights of the parameters are provided using the standard/typical GALDIT
method, and the weights are estimated using the Analytical Hierarchy Process (AHP) from
the responses of 15 experts, using the GALDIT-AHP method, over three time periods in the
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Almyros Basin aquifer. The results on seawater intrusion vulnerability are compared and
discussed.

2. Materials and Methods
2.1. Method GALDIT

The GALDIT vulnerability index approach, which was put forth by Lobo-Ferreira
and associates [4], determines how vulnerable coastal aquifers are to the salt wedge. The
following phrases are abbreviated as the GALDIT method: (a) groundwater occurrence,
(b) aquifer hydraulic conductivity, (c) depth to groundwater (level above the sea), (d) dis-
tance from the shore to the beach, (e) effects of present seawater intrusion, and (f) aquifer
thickness; these are the six factors that must be considered. The three components of
the procedure are the calibration of the parameters, the classes of the parameters, and
the weights of the parameters. The method was first applied to the Bardez aquifer, Goa
(India) [5]. The vulnerability assessment index is calculated from the mathematical type:

Yo {(Wi) Ri}
Z?:1 Wi
where W; = the weights of the parameters, R; = the rating of the parameters. The value

range of the index is 2.5-10. Indicators with higher values indicate greater exposure to
seawater incursion, whereas those with lower values indicate less exposure.

GALDIT = )

2.2. AHP Method

Saaty first developed the Analytical Hierarchy Process (AHP) in the 1970s. Since
then, it has proven to be a useful tool for creating and modeling scenarios with various,
frequently at odds, objectives. The method solves a problem in 6 stages [6] which are:
(1) segmentation of the problem, (2) prioritization of objectives, criteria and sub-criteria
and alternatives, (3) creation of the table of paired observations, (4) estimation of relevant
parameters, (5) estimation of consistency, and finally, (6) general comparison of the method.
The reliability of the method is based on the consistency ratio (CR). If CI/RI < 0.10, the
degree of consistency is satisfactory, so there is little subjectivity, but if CI/Rl is greater than
0.10, there may be major discrepancies and Analytic Hierarchy Method (AHP) conclusions
may not be significant. In the context of this work, for each vulnerability method, the
corresponding tables of pairwise tables were created and completed by 15 water resources
experts including university professors, researchers, and postdocs [1].

2.3. Spearman’s Rank Correlation

The Spearman correlation coefficient is named after Charles Spearman and is denoted
by the Greek letter g (rh0) or rs. It is a non-parametric method, which is applied when the
parametric conditions are not satisfied (i.e., normality and linearity, the range of observa-
tions and the existence of an iso-space scale). The magnitude of agreement is expressed by
the sign and magnitude of the Spearman correlation statistic. The equation for calculating
the Spearman correlation coefficient is as follows:

6y 6%

rho = m 2)
where v is the number of pairs, v must be > 4, and 4i is the difference in order between
the first and second measurements (pairs of measurements). The hypotheses tested when
applying the Spearman correlation index are HO: ¢ = 0 (lack of correlation between obser-
vations) and H1: ¢ # 0 (existence of correlation between observations). A frequently used
significance level is « = 0.05. That is, there is a 95% probability that each observed statistical
difference is real and not due to chance [7].
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3. Results and Discussion
3.1. Calculation of Vulnerability Index GALDIT and Modified GALDIT-AHP

The method was applied for all three study periods 1992-1997, 2004-2009, and
2010-2015. Therefore, parameters that do not remain constant per time period, such as the
hydraulic load above sea level, the existing salinity condition, and the aquifer thickness,
were calculated for each period using GIS tools. The type of aquifer, based on the geological
and hydraulic conditions prevailing in the study area, was considered alluvial/unconfined.
In the Almyros basin, as already mentioned, hydraulic conductivity information of the
unsaturated zone is provided by the European Soil Data Center (ESDAC) [8]. For the study
area, hydraulic conductivity varies between 0.05 and 18.701 m/day or 2.29 m/day on
average. For the period 1992-1997, the hydraulic head above sea level was an average of
65.44 m and a maximum value of 217.59 m, in the period 20042009 it was 66.85 m and a
maximum value of 218. In the period of 2010-2015, it was 66.40 m and a maximum value
of 217.39 m. The very low values are located NE-SE of the Almyros basin, near the basin’s
coastline region, while the high values of the hydraulic load increase towards the center of
the aquifer, moving in the direction of the Holorema stream. The highest concentrations of
chlorides measured at the measurement sites are shown on the SE side of the basin, in the
Xirorema and Platanorema sub-basins. The average thickness for the aquifer media is 29 m
but is not constant in all locations in the Almyros basin. The Almyros basin’s map and the
study area are depicted in Figure 1.
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Figure 1. Map of the Almyros basin including the aquifer and the sub-basins.

The weights of the parameters for the statistical indicators median, average, and
mode, as determined by the statistical analysis of the 15 experts’ responses, were taken
from the GALDIT-AHP method’s study of the data. The consistency ratio (CR) for each
statistical indicator is less than 10%. Specifically, the consistency ratios of the AHP Median,
AHP Average, and AHP Mode are 2%, 0.43%, and 8.8%, respectively. The weights of the
parameters for each statistical index are presented in Table 1.
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Table 1. The weights of each parameter for the GALDIT method and the modified GALDIT-AHP
method.

Parameters Typical AH.P AHP AHP

Median Average Mode

Groundwater occurrence 0.060 0.276 0.282 0.235
Aquifer hydraulic conductivity 0.200 0.263 0.246 0.235
Level above the sea 0.266 0.190 0.170 0.214
Distance from the shore 0.266 0.118 0.146 0.127
Impact of existing seawater intrusion 0.060 0.081 0.086 0.099
Thickness of the aquifer 0.133 0.072 0.070 0.090

The GALDIT method assigns the greatest weights to the parameters of distance from
the coast (D) and hydraulic load above the sea (L). The modified GALDIT-AHP assigns
the greatest weights to the parameters of the groundwater occurrence (G) and the aquifer
hydraulic conductivity (A). The resulting maps for all the methods for the evaluated time
periods are presented in Figure 2.
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Figure 2. Vulnerability maps of Almyros aquifer with the methods of GALDIT and modified GALDIT-
AHP for the periods 1992-1997, 2004-2009, and 2010-2015.

The areas in which a greater extent of high and medium vulnerability is observed are
in the Kazani, Lahanorema, and Xirorema sub-basins. In the period 1992-1997, the total
percentage of high vulnerability among the indexes covers 1.98% to 3.5% of the aquifer or an
area of 5.7 km? to 10 km?. The lowest overall percentage is estimated by the GALDIT-AHP
Average and Median indices. Average vulnerability across indices ranges from 7.2% to 8.7%
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or an area of 20.7 km? to 24.8 km?. The lowest percentage of average vulnerability was
estimated with the weights of the GALDIT index, while the highest percentage of average
vulnerability was estimated with the weights of the AHP Mode index. Low vulnerability
ranges from 89.17% to 89.92% or an area of 255 km? to 258 km?. In the period 2004-2009,
the total percentage of high vulnerability among the indices covers 1.94% to 3.6% of the
aquifer or an area of 5.6 km? to 10.3 km?. The lowest overall rate is estimated by the
GALDIT-AHP Average and Median indices. Average vulnerability across indices ranges
from 8.1% to 9.6% or an area of 23.3 km? to 27.6 km?. The lowest percentage of average
vulnerability was estimated with the weights of the GALDIT index, while the highest
percentage of average vulnerability was estimated with the weights of the AHP Mode
index. Low vulnerability ranges from 88.2% to 88.8% or an area of 253 km? to 255 km?. In
the period 2010-2015, the total percentage of high vulnerability among the indices covers
2% to 3.6% of the aquifer or an area of 5.9 km? to 10.2 km?. The lowest overall percentage
is estimated by the GALDIT-AHP Average and Median indices. Average vulnerability
across indices ranges from 9.1% to 10.4% or an area of 26.2 km? to 30 km?. The lowest
percentage of average vulnerability was estimated with the weights of the GALDIT index,
while the highest percentage of average vulnerability was estimated with the weights of
the AHP Mode index. Low vulnerability ranges from 87.3% to 87.7% or an area of 251 km?
to 252 km?. Summarized statistics of the evaluation period (1992-2015) are presented in
Table 2.

Table 2. Percentage (%) of the Almyros aquifer under various classes of vulnerability (%) with the
typical GALDIT and GALDIT-AHP methods for the period 1992-2015.

Vulnerability Classes Typical AHP Median AHP Average AHP Mode
High 3.54% 1.99% 1.99% 2.20%
Moderate 8.16% 9.23% 9.21% 9.57%
Low 88.27% 88.70% 88.80% 88.24%

3.2. Sperman Rank Correlation

To test the correlation between salinity concentrations (ppt) and GALDIT seawater
intrusion index values for all three time periods, the Spearman correlation coefficient was
used. Salinity values and the GALDIT vulnerability index were extracted from the sampling
sites using the Extract multi values to points tool. The Spearman correlation test was then
performed using the SPSS statistical software. Then, using the SPSS statistical package, the
Spearman correlation test followed. Summarized statistics of the evaluation period are
presented in Table 3.

Table 3. Spearman rank correlation between salinity concentrations and vulnerability indices GALDIT
and modified GALDIT-AHP.

Vulnerability Indices 1992-1997 2004-2009 2010-2015
GALDIT 0.44 0.45 0.45
AHP Median 0.43 0.44 0.44
AHP Average 0.44 0.44 0.43
AHP Mode 0.43 0.45 0.46

The significance (p) value of the correlations is less than 0.05, thus the statistical difference is real and not due to
chance. Correlation coefficients range from rho = 0.43 to 0.46 per study period.

4. Conclusions

In all the study periods (1992-1997, 2004-2009, and 2010-2015) a gradual increase
in high and medium vulnerability values (0.5-2%) was observed, a fact due to changing
parameters such as the hydraulic load above sea level, the existing salinity condition, and
the aquifer thickness, which change with time. For the GALDIT index, the standard/typical
weights and the weights of the AHP Median and AHP Average statistical indicators showed
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in all study periods a similar overall rate of high vulnerability with a difference of 0.5-1%.
Additionally, there are marginal differences in the correlation coefficients between the
GALDIT indices and the observed data, with the GALDIT index generated using standard
weights displaying the highest connection throughout all research periods. As a result,
when compared to the other indices, the standard weights of the GALDIT index slightly
better represent the vulnerability assessment both spatially and statistically. The GALDIT
method assigns the greatest weights to the parameter of distance from the coast (D) and to
the parameter of hydraulic load above the sea (L).
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Abstract: This work assessed the potable water savings potential for different scenarios in a flat in
Floriandpolis, Brazil. An uncertainty analysis was also performed to understand which parameters
most influenced the results. First, it was necessary to evaluate the water consumption and calculate
the water end-uses during a home-office period due to the coronavirus pandemic. The water end-uses
were obtained by monitoring the users’ consumptions for sixteen days and comparing them with the
water meter on a daily basis. The results were very close to those measured using the water meter,
with an average absolute error of 5.6%. The base consumption was, on average, 249.2 litres per capita
per day. With a home-office regime and an uninterrupted occupation, the coronavirus pandemic
could be postulated to justify the more intense consumption patterns. Regarding the percentage of
non-potable end-uses, an average of 25.8% was obtained. Potable water savings were simulated using
the computer program Netuno, version 4. Seventy scenarios were evaluated, including different
rainwater catchment areas and water and rainwater demands. The main results were that rainwater
harvesting through a reduced area, 17.5% of the roof, obtained significant results, compared to the
simulation with the whole roof, with a potable water savings potential of 16%.

Keywords: rainwater; water end-uses; potable water savings potential; simulation; rainwater
harvesting; coronavirus

1. Introduction

One of the simplest methods to optimise water consumption is to return to the ancient
knowledge of rainwater harvesting systems and use rainwater for non-potable purposes in
buildings. Rainwater harvesting is a technique that has been widely known and dissemi-
nated in society for thousands of years [1]. According to Gnadlinger [1], there is no single
reason why rainwater is no longer the focus of water harvesting techniques. However, the
author comments that some factors were climate change, with droughts generating local
inefficiency of systems, the desire for a centralised water management system, and the
focus on large water supply projects, such as dams and wells.

Studies on the potable water savings potential through the implementation of rainwa-
ter harvesting systems are abundant in the literature. Examples of residential buildings [2],
industries and agriculture [3,4], schools and universities [5,6], and offices [7] are found in
the literature. Local rainwater harvesting can decrease the number of distribution pipes
and reservoirs, thus decreasing leakage losses. Lower volumes of water are also withdrawn
from rivers and aquifers, which benefits the environment. Finally, using rainwater for
non-potable purposes decreases the amount of water treatment chemicals. Studies on life
cycle analysis (LCA) have also demonstrated the potential to decrease the environmental
impacts of water supply through rainwater harvesting systems [8].
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Recently, with the coronavirus pandemic, the discussion has focused on optimised
water systems and management. This necessity also includes the reports of the Intergovern-
mental Panel on Climate Change (IPCC) and the world’s focus on water safety projects [9].
Water is a crucial asset toward sustainable and resilient cities and vital toward health and
society equity. According to the sixth Sustainable Development Goal (SDG) of the United
Nations (UN), one of the global goals is to sustainably ensure water and sanitation.

All of this information, the workplace change, fewer commuting schemes, and less
intranational and international travel have caused modifications in many water flows. Not
only have the consumption patterns been changing, but the efficiencies of optimisation
systems, such as rainwater harvesting and water-saving appliances, have also changed.

Kalbusch et al. [10] evaluated the water consumption changes in Joinville, Brazil, with
the outbreak of the coronavirus pandemic. According to statistical tests, changes were
observed in the consumption patterns of commerce, industry, and public activities, with
significant modifications. An increase of 11% in residential water consumption was also
observed but without statistical relevance. Balacco et al. [11] also observed modifications
in water consumption in five different Italian cities during the pandemic outbreak. The
authors found that users changed to a late wake-up (10:00 a.m.) as a new habit during
COVID. This modification, alongside the modification in commuting schemes, influenced
the total water demand of the cities.

Thus, this study aims to evaluate one case study with the water end-uses and simulate
the potential of potable water savings of a rainwater harvesting system during the pandemic
in southern Brazil. An uncertainty analysis was also performed to understand which
parameters most influenced the results.

2. Method

The case study consisted of two parts. The first was the water consumption analysis,
which measured the use frequencies and flow rates of the appliances while monitoring the
water meter of one flat. The measurements were made during the pandemic period, with the
social isolation of the users. The second part consisted of simulating the potential for potable
water savings through the theoretical implementation of a rainwater harvesting system.

2.1. Object of Study and Water Monitoring

A flat in a multi-family residential building in Florianépolis, Brazil, was chosen to
be evaluated for the design of a rainwater harvesting system. The definition considered
estimating the water end-uses by monitoring the two residents for sixteen days. Figure 1
shows the location and floor plan of the flat. The green area shows the roof area owned
solely by the flat owners, and the red area shows the part of the roof shared with the
building and its residents. The flat is located at longitude 48°30'08" west and latitude
27°36'12" south.

The monitoring of water consumption was carried out through questionnaires on the
uses of the water appliances. Both residents filled out forms for sixteen days. The specific
questionnaires for each room presented items regarding the environment, water appliance,
frequency of use in the day, and the flow rate (litres/s, litres/cycle, litres/discharge, or
litres), which were counted between 00:00 and 23:59 each day.

The volume of water consumed in each water appliance was measured to calculate
the water flow. A pre-established volume was measured for showers, taps, and sinks, and
the filling time was recorded. For these appliances, an average of three measurements
was taken. Regarding bowl-and-tank toilets, the volume of water in each flushing was
measured for half and full flush.

For appliances with cycles, such as the washing machine and dishwasher, the consump-
tions indicated in the appliances’ manuals were used. For the drinking water consumption,
we used the consumptions indicated by the users at the end of the day, considering the
average number of glasses of water drunk and the glass volumes.
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Figure 1. Location of the study and floor plan of the flat [12,13].

2.2. Rainwater Harvesting System

The rainwater harvesting system was modelled based on similar works and using the
computer program Netuno, version 4. The program, created by Ghisi and Cordova [14],
was based on a deterministic water balance similar to the yield-before-spillage and yield-
after-spillage approaches. As for the simulation parameters, the program required local
pluviometry data, water consumption characteristics, technical definitions (such as first flush
volume and the runoff coefficient of the roof), and upper and lower tank volume definitions.

The goal was to analyse the potential for potable water savings under the consumption
found during the pandemic times. However, there is much variability within some of the
parameters. To include the uncertainty analysis in the simulation result, 70 different
scenarios were modelled based on the range of three parameters. Two values were used
for the harvesting area, combined with seven water demands and five rainwater demands.
Table 1 shows the data used in the simulations.

Table 1. Parameters used for rainwater harvesting simulation.

Parameter Value

Pluviometry data Obtained via INMET [15]
First flush disposal 2mm
Harvesting area 22 m? private roof (PR)/126 m? shared and private roof (SPR)
Total water demand —15%/—10%/ —5%/Water demand /+5%/+10%/+15%
Rainwater demand (% of the total water demand) 15%/20%/25%/30%/35% *
Roof runoff coefficient 0.80
Upper tank size Equal to the average daily rainwater consumption
Lower tank size Range between 1000 and 6000 litres (step of 250 litres)

* These results were found during the first part of the research and are presented in Section 3.1.

The two harvesting areas were modelled to represent the whole roof and the private
part of the roof, including the shared and individual parts. This division occurred because
one part was owned solely by the flat owners while the other was shared with other
building residents. To simplify the results, the private roof is stated as PR and was 22 m?.
Shared plus the private roof is stated as SPR and was 126 m?. Figure 1 shows the shared
part in red, while the external boundaries in green show the private area.
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3. Results and Discussion
3.1. Water Consumption and End-Uses

Water consumption was gathered and analysed in comparison to the water metering.
The results were similar, with an absolute mean error of 5.6%. This similarity meant
that, on average, daily estimates of water consumption varied by £5.6% compared to the
values registered on the water meter. Daily average water consumption via water meters
was 249 litres/capita/day, and the average non-potable water use was estimated to be
25.8%. We considered rainwater could be used only for the washing machine and toilets as
a non-potable source.

Table 2 shows the water flow for each of the water appliances. M (millilitres) and
T (seconds) stand for the measurement and timing, according to the method shown in
Section 2.1.

Table 2. Water flow for the water appliances.

Water Appliance Room M1 T1 M2 T2 M3 T3 A;r;:ge Unit
Kitchen tap 1225 713 1650 8.42 1700 10.27 0.178 litres/s
Dishwasher According to the manual 8 litres/cycle

Washing machine Kitchen According to the manual 9.4 litres/cycle

Drinking water According to the user’s measurements - litres/day
Washing tank 1500 5.88 1800 6.97 1600 6.28 0.256 litres /s
Bathroom 1 2200 11.33 2325 11.05 2340 10.89 0.206
Shower Bathroom 2 5000 24.68 2300 10.17 2400 10.84 0.217 litres/s
Bathroom for guests Average of other showers 0.212
Bathroom 1 470 431 450 4.26 430 3.43 0.113
Tap Bathroom 2 275 2.02 390 2.77 450 3.55 0.135 litres /s
Bathroom 3 400 3.55 450 3.84 500 3.63 0.123
Bathroom for guests 500 4.32 500 4.12 450 3.87 0.118
Bathroom 1 Length (34.5)/Width (13.3)/Depth (17.5) ! 8.030
Toilet—One flush Bathroom 2 Length (35.2)/Width (14.0)/Depth (19.2) ! 9.462
Bathroom for guests Average of other one-flush devices 8.746 litres/use
Bathroom 1 Length (34.5)/Width (13.3)/Depth (10.0) ! 4.589
Toilet—Half flush Bathroom 2 Length (35.2)/Width (14.0)/Depth (16.2) ! 7.983
Bathroom for guests Average of other half-flush devices 6.286

! Dimensions of the bowl-and-tank water volume used in each type of flush in cm.

For the different scenarios of potable water demand (range between —15 and +15%),
the minimum and maximum daily water consumption ranged between 250 and
750 litres/day. This range showed how much variability was found within the measure-
ments of daily water demand. Additionally, the daily average water consumption obtained
was higher than in previous literature, which states an average figure of
150 litres/capita/day as the Brazilian pattern.

The distributions of the water consumption within rooms and water devices are shown
in Figure 2a,b. Figure 2c shows the measured versus metered water consumption. One
can see that most of the water consumption occurred in bathroom 1, bathroom 2, and the
kitchen, with little demand in the other rooms. Regarding water appliances, consumption
was higher for showers, kitchen taps, and toilets.

112



Environ. Sci. Proc. 2023, 25, 16

50f7

(@)

©

‘Water consumption (litres/day)

2.46%
1.11%

0.32%

300.00
700.00
600.00

(b)
" Shower Bathroom 2
= Kitchen tap Kitchen
*= Toilet 33.1% Bathroom 1
= Washing tank 46% Bathroom for guests
= Washing machine Bathroom 3

Tap
= Dish-washer
* Drinking water
20.3%

ll’lﬂl%
0.572%

mEstimated ¥ Metered 1

500.00
400.00
300.00
200.00
100.00
0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Day of measurement

Figure 2. Results of the water monitoring. (a) water distribution in water appliances; (b) water
distribution in rooms; (c) measured versus metered water consumption.

Comparing the results to those of Freitas and Ghisi [16], one can see that this case
study flat had a higher water consumption per capita than other studies in the same
region. Additionally, they obtained a non-potable water consumption of 42.2% of the daily
water demand.

3.2. Rainwater Harvesting System

The comparison between the PR and the SPR was the first assessment, resulting in
a difference of approximately 8% in potable water savings. This assessment was performed
with the baseline consumption and the 25% non-potable water end-uses, presented in
Section 3.1. By harvesting rainwater with the 126 m? roof, 24% of potable water savings
were obtained, while with the 22 m? alternative, 16% savings were obtained. Both re-
sults were obtained with a lower tank of 3000 litres, which was indicated as the optimal
technical solution.

The second assessment was the uncertainty analysis within the results obtained in the
water metering. In order to do so, the water demand was ranged, according to Table 1. The
results were then checked for PR and SPR. The main conclusion was that the PR, a smaller
roof area for harvesting, presented more sensitivity to the total water demand. In this
scenario, rainwater was scarcer, and the potable water savings potential dropped when
higher water demand was included. For the SPR, almost all demands were met by the
rainwater harvesting systems.

The third assessment was the range of the parameter “rainwater demand”, which
ranged around the figure of 25%. The main result was the opposite of the second assessment,
with less impact on PR and more on SPR. Such a result can be explained by the analysis
that SPR provided more rainwater. In this scenario, when non-potable water was needed,
rainwater would be available in response to a larger harvesting area. The PR area, on the
contrary, did not present extra rainwater for the system, being less affected by the parameter.
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Both assessments were engaging, showing that PR harvesting proved to be a good
alternative. However, if more non-potable (more than 25%) water is needed, the SPR
alternative would become more attractive, requiring the approval of the remaining building
users. Nevertheless, by dividing the potable water savings potential of the PR by the SPR
results, a referential percentage of 65% was obtained. This result means that even with
only 17.5% of the total roof area, the users might benefit from more than half of the potable
water savings potential. It is easier to install and start a sustainable water practice within
the flat. Comparing the results to Freitas and Ghisi’s [16], one can see that this study had
a much lower potable water savings potential, mainly due to the lower non-potable water
demand. One can obtain higher figures in houses with gardens and patio cleanings.

4. Conclusions

The potable water savings potential ranged from 15.80% to 24.43% when considering
both roof area possibilities. The results were higher than those obtained in the literature for
multi-family buildings and lower than those found for single-family buildings. Addition-
ally, it was found that even the smaller roof area proved to be an exciting approach for the
users, starting a sustainable water practice in the flat.

The flat presented higher consumption than the region’s average water consumption,
and one can postulate that the continuous stay of users due to pandemic isolation might
have influenced the results. The non-potable water demand percentage for the flat was
similar to previous literature. Further studies can better understand the effects of different
user patterns, helping to improve rainwater harvesting dynamics.
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Abstract: Flood occurrence consequences are inextricably linked to the loss of human life and mate-
rial damage. The latter has a direct economic impact and requires financial resources for repair or
reconstruction in order to continue to provide protection. In the study area of the Strymon River
in northern Greece, the implemented flood protection and hydraulic structural works combined
with failure repeatability, their initial construction costs, and damage/repair costs were thoroughly
assessed and correlated. This methodology provides a roadmap to support decision-making proce-
dures to formulate flood protection action plans based on the valuation of current flooding results in
established infrastructure.

Keywords: flood protection; management; structural works; economic loss; planning

1. Introduction

Flood risk management and protection infrastructure does not comprise an exclusively
technical subject. The implementation of flood risk management strategies and their
societal integration and acceptance necessitate flood governance. The catchment area of
the project, the Strymon River basin in northern Greece, has suffered numerous flood
events of varying importance in the past decades with consequences on the natural and
socioeconomic sectors. At the European Union (EU) scale, the gradual employment of
the Water Framework Directive (WFD) (EC 2000) since the early 2000s and the Directive
on the Assessment and Management of Flood Risks (EC 2007), commonly known as the
Floods Directive (FD), have provided a critical legislative framework that has led to the
development of operational tools, such as the Flood Risk Management Plans (FRMPs) [1].

The FRMPs are the first step in compliance with the European Legislation in the
hierarchical pyramid of flood management and protection. Their objectives set for flood
risk management focus on reducing the potentially negative consequences that floods have
on human health, the environment, cultural heritage, and economic activity, as well as on
initiatives to reduce flood occurrence [2]. Although they offer a fundamental plan, their
macroscopic perspective in terms of scale does not always give precise results when dealing
with large-scale areas.

In order to assess the necessity of flood protection infrastructure on a local scale, further
technical and operational data should be coupled together with those derived by the FD.
These data include specific information on infrastructure with the site-specific location,
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structural characteristics, the initial cost of construction, performance, the response to flood
events, and the cost of maintenance and reconstruction.

In cases in which structural flood protection measures fail to serve flooding inhibition,
the results may affect different sectors, depending on the intensity and extent of the flood
event [3]. Material damage is the most common consequence of infrastructure failure,
and it has a direct economic impact in that it requires financial resources to be repaired
or reconstructed in order to continue to provide the required amount of protection in
the future.

The aim of the research is to demonstrate the importance of evaluating the operability
of existing flood protection structures in future anti-flood planning at regional and local
scale. The operability is evaluated as a synthesis of flood occurrences, cost of structures
and cost of structures” maintenance.

2. Materials and Methods

The tools for assessing the financial cost of repairing damage or failure of techni-
cal/structural works constructed for flood protection are critical assets in flood project
management by the governmental authorities and public organizations engaged. These
tools can provide spatial data linked to construction and repair costs for identifying prob-
lematic spots and areas that repeatedly show a structural inability to prevent flooding.
Particularly, the identification of linkages among spatial data, costs of flood protection
works and flood event occurrences could highlight the regions or locations that the cur-
rent flood protection infrastructures are not effective since flood events continue to occur
The outcome of such a process may lead to a flood risk assessment tool that can record
information that supports decision-making procedures in order to formulate action and
management plans related to flood planning [4].

This study was part of the project “Evaluation of the performance and interoperability
of flood protection intervention measures in the area of the Strymon river basin”, which
was implemented under the INTERREG V-A European Territorial Cooperation Program
“Greece-Bulgaria 20142020 “Flood Protection—Cross Border Planning and Infrastructure
Measures for Flood Protection”; this program aimed to combine the FRMPs with a thorough
and detailed record and evaluation of the existing situation in terms of flood protection
infrastructure to assess the majority of civil works and previously applied measures in
order to evince the areas prone to flooding and provide an Action Plan, in which specific
located measures were proposed according to a hierarchical evaluation.

2.1. Study Area

The study was implemented in the catchment area of the Strymon river, with an
emphasis on places that show higher flood risk. Strymon is a river of the Balkan Peninsula
with a length of 360 km, of which 242 km are in Bulgarian and 118 km are in Greek territory.
The total hydrological basin has an area of 16,550 km?, with only 6344 km? located in
Greece [5].

The area has suffered numerous flood events, with an increasing intensity of occur-
rence in the last decade. A results-based approach offers a tool for priority-based planning
in which the initial cost of investment in the construction of flood protection work is related
to the potential economic failure consequences and the repeated costs of maintenance.
Numerous flood events, with an increasing tense of occurrence in the last decade [6] is
presented in the case study area, with Figure 1 presenting all the flood events during the
period 2012-2018 where official data are available [7].
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Figure 1. Study area and flood events during 2012-2018.

2.2. Methodology

The methodological approach constituted of the elaboration of the following actions
and activities:

1.  Development of a geospatial system containing baseline information on all the neces-
sary data [8] (backgrounds, networks, structures, flood events, flood zones, etc.);

2. Recording of the existing legal and institutional framework and its integration into
the geospatial system [8] (protected areas, land uses, special zones, special infrastruc-
ture, etc.);

3. Introduction of the areas/zones potentially at a high risk of flooding according to
the FRMPs;

4. Determination of the TWI (Topographic Wetness Index);

5. Recording of existing measures from the regional and local action and flood protection
management plans;

6.  Recording of historical flooding phenomena and their damage assessment data;

7. Recording of the results of existing measures, interventions, and infrastructure, de-
pending on their efficiency in flood events;

8. Determination of positive and negative effects of measures on the anthropogenic,
natural, and economic environment;

9.  Future projection of the operational capacity of the protection and intervention
measures;

10.  Cost estimation of protection/intervention measures and prioritization.

All data were introduced into a web GIS (Geographic Information System) for visual-
ization and analysis.

3. Results and Discussion

In cases in which past construction data are needed, the main obstacle is the scattered
records among the responsible public authorities and the lack of service files. Despite the
difficulty of the venture, 652 structural flood protection measures and civil works were
recorded in total through field surveys and file searches, constituting the first effort of such
a scale in the Greek territory.

These structures were further divided into 21 subcategories according to the type
of structure and the frequency at which they occur in the river basin. The occurrence
frequency is indicative of the structural type preferred and most constructed in the area.
Figure 2 illustrates all categories of structural measures as well as their types and occurrence
frequencies in the study area.
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Figure 2. Protection infrastructure according to structure type and occurrence frequency.

All aforementioned data were mapped in QGIS while the geodatabase was populated
with information relative to each structure, such as the construction date, cost, mainte-
nance frequency, failure, damage, repair cost, and interoperability with other structures.
Figure 3a—c show the mapping outcome of the structure data and their reclassification
into six main categories—(i) restoration work, (ii) urgent projects, (iii) dredging work,
(iv) cleaning work and work on technical islets (in rivers), and (v) alluvial removal work—
according to the type of maintenance necessary over a period of 5 years. Maintenance work
included any kind of intervention needed once, while the repeatability of maintenance in a
specific structure/location was also recorded, thus providing an index of vulnerability and
poor resilience of each structure to flooding events (Table 1).
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Figure 3. Infrastructure mapping (a) and maintenance (green mark) /intervention (red mark) repeata-
bility (b) in the Strymon river basin.

In total, all 652 recorded flood protection structures showed a repetitive need for
intervention actions to be taken due to possible failure or unsuccessful operation at an
approximate rate of 1:3, while in most cases, maintenance work needed to be repeated with
the reverse rate of 3:1. Two categories proved to show more vulnerability and less of an
ability to perform well in potential flooding: (a) restoration work in critical flood protection
infrastructure and (b) bridges and stream crossings.
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Table 1. Flood protection infrastructure and maintenance interventions.

Maintenance Maintenance (Including
Type of Structure/Work Structure Work Work Repeatability)
Stream bottom slope
alteration/depth z 4 10
Restoration work 10 16 17
Islets 4 19 19
Excavations 8 21 44
Removal of alluvium 1 27 75
Technical projects
(inlets/culverts) 330 28 %
Bridges 272 138 431
TOTAL 652 253 692

The above were introduced into the GIS model in order to determine the spatial

distribution of the data and have a visual outcome that yielded critical locations subject
to further study; these locations showed an increased vulnerability to flooding events, as
demonstrated by the data.

Figure 3 presents the mapping outcome of infrastructure data visualization (a) and
reclassification, with the repeatability of maintenance marked for each structural work
(b) related to the number of interventions.

In addition, important information on the initial cost of infrastructure and the main-
tenance cost was collected. While the initial cost was not always available due to the
construction in past years, the maintenance costs for the past decade were easier to obtain.
The analysis of the outputs is depicted in Figure 4.
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Figure 4. Task repeatability ranking by approximate labor cost (EUR).

The first time a flood protection task is implemented, the restoration work showed a
significantly higher cost of EUR 431,000.00, while the repetition of the work/intervention
measures placed the interventions in bridges and culvers in the first place with a significant
difference. The work on islets showed the lowest cost, implying that it has not yet been
necessary to modify them (based on repeatability). The total approximate cost for the
maintenance of flood work only rose to EUR 42,711,000 in a 5-year period.

The significance of the structural work and the prioritization of needs in new flood
protection infrastructure was also correlated with the FRMPs; all data were overlayed with
the food risk zones to spatially determine the most vulnerable infrastructure [9] so as to
hierarchize potential interventions.

4. Conclusions

Flood events (major and minor) are inevitable, regardless of the amount of existing
protection. Flood protection is critical, yet the financial cost of maintaining high levels
of protection can prove rather excessive. In major flood events, failures occur, often at
different locations each time depending on the spatial distribution and evolution of the
phenomenon. However, it is possible to take into account the parameters that highlight the
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weaknesses and the problematic or insufficient flood protection design so that rational and
reliable alternative proposals and solutions emerge.

From the correlations and analyses of the data in this study, it was derived that an
important element for the spatial determination of the new measures is the infrastructure
already developed for flood protection. The study showed that, despite the existence of
multiple structural measures/work, many of them show poor efficiency, as shown by the
high rate of repeated maintenance and its cost.

The methodology followed in this study was based on the results of the performance
of existing flood protection measures, their characteristics, and their spatial correlation.
The evaluation of structural measures by assessing their vulnerability via their yearly main-
tenance implemented the economic loss and financial impact that flooding events might
have on infrastructure. The new measures should be related to the cost of construction and
maintenance each time, applying the rule of cost-benefit [10] and life cycle analysis, and
infrastructure that costs more to maintain should be replaced.
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Abstract: The emergence of Machine learning (ML) algorithms has shown competency in a variety of
fields and are growing in popularity in their application to geospatial science issues. Most recently,
and notably, ML algorithms have been applied to flood susceptibility (FS) mapping. Leveraging
high-power computing systems and existing ML algorithms with national datasets of Canada, this
project has explored methods to create a national FS layer across a geographically large and diverse
country with limited training data. First, approaches were considered on how to generate a map of
FS for Canada at two different levels, (i) national, which combined all training data into one model,
and (ii) regional, where multiple models were created, based on regional similarities, and the results
were mosaicked to generate a FS map. The second experiment explored the predictive capability
of several ML algorithms across the geographically large and diverse landscape. Results indicate
that the national approach provides a better prediction of FS, with 95.7% of the test points, 91.5%
of the pixels in the training sites, and 89.6% of the pixels across the country correctly predicted as
flooded, compared to 65.5%, 80.6% and 75.6%, respectively, in the regional approach. ML models
applied across the country found that support vector machine (svmRadial) and Neural Network
(nnet) performed poorly in areas away from the training sites, while random forest (parRF) and
Multivariate Adaptive Regression Spline (earth) performed better. A national ensemble model was
ultimately selected as this blend of models compensated for the biases found in the individual models
in geographic areas far removed from training sites.

Keywords: flood susceptibility; Canada; machine learning; flood priority setting

1. Introduction

Flooding may occur any time of the year in Canada; however, the risk is generally
higher in the spring due to heavy rainfall coupled with a rapidly melting snowpack or
ice jamming [1]. The development of flood hazard maps is a provincial responsibility.
Thus, to date, the areas selected for mapping are determined provincially, based on their
selection criteria [2]. Hazard maps generally cover a geographically small region using
high-resolution datasets, which provides high-quality maps for these targeted areas. The
limitation to this approach is that only those selected areas have flood maps generated,
leaving many communities and large geographic areas without flood maps or indicators of
their flood risk.

The emergence of Machine learning (ML) algorithms has shown competency in a
variety of fields and are growing in popularity in their application to geospatial science
issues. Most recently, and notably, they have been applied to FS mapping [3—6]. There are
hundreds of ML algorithms available, which can be generally categorized into groups of
classification or regression and may belong to different families, such as neural networks,
boosting, random forests, generalized linear models, etc. [7]. These models come from
different backgrounds, e.g., statistics (generalized linear models), artificial intelligence
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and data mining (decision trees), and clustering (K-means), while others represent a con-
nectionist approach (neural networks) [7]. Tools, such as Classification And Regression
(caret) library in R, provide an easy mechanism to execute and compare results from a large
number of classifiers [8]. The pre-eminence of Random Forest (RF) in solving problems,
such as FS, are well supported [3,7,9-12].

In the literature, there is not a consensus on whether a single model or an ensemble
model is more appropriate, and different disciplines report varying outcomes. Ensemble
learning and hybrid ML methods have been shown to significantly improve performance,
especially in cases of high dimensional data [13-15]. Both ensembles and hybrid approaches
employ a type of information fusion through differing approaches [14].

Most of the existing literature which has explored ML as applied to the FS problem
have covered relatively small geographic regions, and often, single watersheds. Few have
explored how these models perform over vast geographic and meteorologically diverse
environments. In this research, two questions are explored to create a national FS map for
Canada: (i) can a single ML model outperform a collection of regional models across a
geographically large and diverse region, and (ii) how model performance is affected with
increasing distance from the training sites.

2. Materials and Methods

Following common practices in ML workflows, datasets that may contribute to flood-
ing were first identified, and historic flood events were used as labeled data and split into
two classes: flooded/not flooded. The data was pre-processed to scale and centre or set
as factors for the nominal datasets. It was split into training and test sets (70/30) using
the Classification And Regression Training (caret) create data partition function to create
a balanced split [11]. Next, Variable Selection using Random Forest (VSURF) was run to
identify the relevant (important) datasets (factors) by finding the model and associated
datasets with the smallest out-of-bag (OOB) error. This sub-set of factors was then refined
by testing for multicollinearity among the independent variables by assessing the Variance
Inflation Factor (VIF) and Pearson correlation coefficient to come up with a final list of
important factors. Then, the selected factors were run through a variety of ML models to
determine performance. Selection of models include those commonly cited in the litera-
ture, found to perform well in FS problems, and aligned with findings from [8] in their
comprehensive study. K-fold cross-validation of the training points (K = 3) was repeated
for five resampling iterations and the average score was recorded. All ML models were
accessed from the caret library in R. The train function in caret was used, which sets up a
grid of tuning parameters for a large number of classification and regression algorithms [7].
These control parameters prescribe the computational nuances of the train function. The
test data was then run through the trained model and the classification and FS prediction
were saved. These results were then analyzed in a confusion matrix, summary statistics
were calculated, and the results compared to a historic event database, Figure 1.

2.1. Single Model vs. Multi-Model

As Canada spans a geographically large area and contains a diverse set of climate
characteristics, a regional approach was first considered. This approach would see several
models developed. National datasets in Canada have been developed based on a variety
of frameworks, such as regional, physiological, and ecozone approaches. Commonly
accepted in Canada is adopting the National Ecological Framework of Canada, which
provides standard ecological units [16]. This classification system “incorporates all major
components of ecosystems: air, water, land, and biota” [16]. A second framework considers
physiographic regions and is comprised of the shield and borderlands, each sub-divided
into additional groupings [17]. As undertaken by [3], in their US work of flood risk,
drainage areas were considered as natural region boundaries. In Canada, there are 11 major
drainage areas.
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In the national approach, all training data were processed together to generate a single
model, which was then applied across the whole of the Country.
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Figure 1. Methodology and tests run to create a flood susceptibility dataset in Canada.

2.2. Single Model vs. Ensemble over Large Distance

Most of the existing literature applying ML to the FS problem have tested and applied
the results over a relatively small geographic areas, which are not dissimilar from the data
found in the training/test set. Given the vast region of interest and the variety in land use,
geography, climate, etc., several single ML models, which encompass a variety of classification
and regression algorithms, were tested to evaluate their performance, Table 1. In addition, an
ensemble model was developed and evaluated. Qualitative and quantitative analysis were

performed to evaluate how the different ML models perform over Canada as a whole.

Table 1. Machine learning algorithms tested, C = classification, R = Regression).

Category Algorithm Acronym Type
Decision Trees (DT) C5.0 C5.0 C
Random Forest RF C, R
Parallel Random Forest parRF C,R
Random Forest (RF)
Regularized Random Forest RRF C,R
Random Forest ranger CR
Boosting (B) eXtreme Gradient Boosting xgbDART CR
eXtreme Gradient Boosting xgbTree C, R
Support Vector Machmle(se ;:rlletlh Radial Basis Function svmRadial CR
Support Vector Machines (SVM) Support Vector Machines with Polynomial Kernel svmPoly C,R
Support Vector Machmle<se ;/;rlletlh Radial Basis Function symRadialCost CR
Model Averaged Neural Network avNNet C,R
Neural Networks with Feature Extraction pcaNNet C,R
Neural Networks (NN)
Neural Network nnet C R
Multi-Layer Perceptron mlp C, R
Multivariate gsliﬁzge Regression Multivariate Adaptive Regression Spline (MARS) earth CR
Ensemble Ensemble of Random Forest, Support Vector Machine, parRF, nnet, svmPoly, xgbTree, CR
Boosting, and Neural Networks pcaNNet .
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2.3. ML Models Tested

The single model approach focused on Random Forest, due to its superior performance
as found in the literature, [3,7,9-12]. Additional models were considered for the ensemble
method and synthesized via a generalized linear model (GLM).

2.4. Validation

Analysis of the results are per confusion matrix, including several measures: Accuracy,
Kappa, Sensitivity, Specificity, and F1 score.

Accuracy Acc = TP LI\JI?: ]1;11\)]+ N )
Sensitivity Sn = TPZ—iPFN 2
Specificity Sp = TNTifFP @)

Flscore F = 2 x lljj-gz 4
Precision (P) = % ®)

where TP is a true positive prediction, TN is true negative, FP is a false positive, and TN
is true negative prediction. The receiver operating characteristics (ROC) area under the
curve (AUC), which offers an overall assessment of the model at all classification levels,
was also evaluated.

2.5. Data and Study Area

Data used in this project are from nationally available datasets available from a variety
of federal government organizations. All data used in this project is publicly accessible and
can be found at open.canada.ca (accessed on 10 September 2021) or climate.weather.gc.ca/
(accessed on 20 August 2021). Five sites were selected across Canada, all with a history of
flooding and which experienced flooding in the past ten years. The sites include southern
British Columbia (BC), which experienced flooding due to atmospheric river in 2021, and
flooding south of Lake Athabasca in northern Alberta (AB) due to heavy rainfall. Southern
Manitoba (MB), Ontario (ON), and New Brunswick (NB) all have flood events due to the
spring freshet along the Red River, Ottawa River, and Saint John River, respectively.

3. Results

In this section, results are presented for (i) single and multi-region model approaches,
(ii) single model results and ensemble model across Canada, and (iii) comparison of FS
prediction to historic flood events database.

3.1. Single and Multi-Region Model

Results from parallel Random Forest model (parRF) are shown in Table 2 for the
multi-region and national approaches using local, regionally important variables and a
compiled national set of important variables. For most of the measures in each of the study
areas, the results are nearly identical between the local, self-selected factors and the national
list of factors. The ON region is the exception, where an increase in model performance was
found in all measures using the national list of important factors. Notably, in ON, there was
an increase in accuracy from 0.89 to 0.92 in overall accuracy and increase by 0.07 in kappa
and specificity when the national list of factors was used. In BC, there is an increase of 0.01
in specificity and decrease of 0.02 in both sensitivity and F1 score between the national and
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local list of factors. The average of the regional models found a slight increase in accuracy,
kappa, and specificity when the national factor list was used.

Table 2. Metrics of the individual models and national model, parallel random forest results shown.

Regional Models (parRF) Local Variables/National Variables Single Model

BC AB MB ON NB Average National Model
Accuracy 0.96/0.96 0.94/0.94 0.82/0.82 0.89/0.92 0.99/0.99 0.91/0.93 0.92
Kappa 0.93/0.93 0.88/0.88 0.64/0.64 0.77/0.84 0.97/0.98 0.84/0.85 0.83
Sensitivity 0.95/0.93 0.91/0.91 0.79/0.79 0.91/0.92 0.98/0.98 0.91/0.91 091
Specificity 0.98/0.99 0.97/0.97 0.85/0.85 0.85/0.92 0.99/1.0 0.93/0.95 0.9
Precision 0.98/0.98 0.98/0.97 0.81/0.81 0.89/0.92 0.99/1.0 0.91/0.90 0.9
F1 0.95/0.93 0.91/0.91 0.79/0.79 0.91/0.92 0.98/0.98 0.91/0.91 091
AUC-ROC  0.97/0.97 0.96/0.96 0.86/0.86 0.92/0.93 0.99/0.99 0.94/0.94 0.97

3.2. Single Model vs. Ensemble over Large Distance

The National model approach was run on all the models listed in Table 1. The four
RF models all perform well, with accuracy of 0.91 or 0.92, and ROC-AUC of 0.96-0.97,
respectively. Similar results are found with the two boosting models, xgbDART and xgbTree,
and the C5.0 decision tree model. The poorest results come from the mlp model, with
an accuracy of 0.76, kappa of 0.52, and ROC-AUC 0.85. The MARS earth model has an
accuracy of 0.82 and kappa of 0.64, putting it at the lower end of the performance scale.
The results of the models produce results in the range of 0 to 1, where 0 is no flooding
and 1 is flooding/wet pixels, and are multiplied by 100 to avoid storing float values in the
final dataset.

To compare how the different ML models performed across the country, in areas
distinct from the training sites, the national approach was applied to several ML models
to evaluate the resultant map, Figure 2. As a reference, the extent of historic flooding for
which there is a digital record, is shown in Figure 2a. The RF and earth models present, at a
national scale, are somewhat similar susceptibility maps, though the earth model has higher
predictions, especially in Nunavut (NU), Northwest Territories (NT), into Saskatchewan
(SK) and Manitoba (MB). The earth model computes very high susceptibility values along
the western shore of Hudson Bay. This is not found in the other models, nor is it present
in the historic record. The RF model, in northern NU, and NT computes a relatively
stable prediction without much variation between the islands nor along the shorelines in
NU. There are a few spots in western Yukon (YT), which have higher predictions, and
this corresponds to the location of meteorological stations. All models capture higher
susceptibility to flooding along the southern borders of SK and MB, which aligns with the
historic record. The nnet model appears to do well with predictions where the training data
exists and provides relatively low susceptibility values in training-sparse regions: northern
Quebec (QC), NU, and around the Canadian Rockies have very low susceptibility values.
The svmRadial model shows peculiar ‘rings” with higher predictions at the outer edges,
covering most of NU and eastern NT. These areas may be more diverse from the labelled
data than any others, and it is clear the symRadial model had challenges.
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Figure 2. (a) Historic flooding in Canada (from EGS Flood Archive and national flood hazard data
layer), and results of different single ML models using national approach, (b—f) ensemble result.

4. Conclusions

Developing a FS map across a nation as geographically large and diverse as Canada,
presents several challenges. In this work, ML algorithms and publicly available national
datasets were included to map FS and identify regions more prone to flooding. Testing if a
single national model outperformed a regional multi-region model mosaic found that the
single national model produced better predictions. However, when a single ML model was
extrapolated across the whole of Canada, there were limitations found in several models,
including SVM, NN, MLP, and RF. An ensemble approach ultimately produced the best FS
map, in comparison to historic flood maps, even though the statistics from the confusion
matrix found the ensemble was not the best performer with accuracy and ROC-AUC of
0.89 and kappa 0.78. The resultant dataset provides the first continuous, national picture of
flood susceptibility in Canada, with the intended use to support identification and priority
setting of flood hazard mapping project and for flood awareness communication.
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Abstract: Membranes are used in desalination or water treatment to separate pollutants from water
based on characteristics such as size or charge. Nanofiltration (NF), ultrafiltration (UF), microfil-
tration (MF), and reverse osmosis (RO) are typical membrane techniques. However, traditional
membranes have a number of disadvantages, including fouling both on surfaces and in internal
structures, uncontrollable pore size, and membrane features. Smart membranes, also known as
stimuli-responsive membranes, have recently attracted attention due to their selectivity, tunable
permeability, and tunable and/or reversible attributes. This new generation of smart membranes
is created by integrating various stimuli-responsive materials into membrane substrates. These
multi-functional smart membranes can self-adjust their physical and chemical features in response to
environmental signals such as temperature, pH, light, and other stimuli. Thermo-responsive mem-
branes, pH-responsive membranes, ion-responsive membranes, molecule-responsive membranes,
UV-light-responsive membranes, glucose-responsive membranes, magnetic-responsive membranes,
and redox-responsive membranes are the current kinds of smart membranes. Because of their smart
structures, they have the potential to improve performance by providing high selectivity without
reducing permeability, high mechanical stability, and high resistance against fouling, and can meet
requirements such as molecular weight cut-off (MWCO), removal efficiencies, and wastewater quality.
Smart membranes can show tunable features based on the condition of the stimulus or stimuli
present internally or externally, resulting in improved and desirable controllability over the process of
pollutant removal from water. Because of their physicochemical stability, repeatability, and long life,
stimuli-responsive smart materials (mainly adsorbents and filtration membranes) have the potential
to be key materials for membrane production, particularly in the field of water treatment. Smart
membranes have a bright future, and it is important to investigate and encourage their use and
advancement. This review provides a comprehensive overview of smart membranes.

Keywords: membranes; smart materials; smart membranes; stimuli-responsive membranes; water
treatment

1. Introduction

Membranes are used in desalination or water treatment to separate pollutants from
water based on characteristics such as size or charge. Since the late 1950s, reverse osmosis,
nanofiltration, ultrafiltration, and microfiltration techniques have been used in water and
wastewater treatment and in different application areas. Rapid developments in membrane
technologies in the last 50 years have made these technologies the preferred technologies
in water and wastewater treatment. However, traditional membranes have a number of
disadvantages, including fouling both on surfaces and in internal structures, uncontrollable
pore size, and membrane features.
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Developments in membrane production technology have also increased the use of
membrane processes in many industries, such as chemistry, petrochemistry, mineral pro-
cessing, food biotechnology, pharmacy, electronics, paper, etc. Although membrane filters
are used as an alternative water recovery process in many areas, clogging is still one of the
biggest problems. Clogging in membranes limits the membrane’s permeability [1]. In other
words, it causes a decrease in the flux passing through the membrane per unit membrane
pressure and, therefore, in the production of treated clean water per unit membrane area.
In membranes designed for particulate matter or microbial removal, clogging occurs as a
result of the accumulation of materials on the membrane surface or in the membrane pores.

Smart membranes, also known as stimuli-responsive membranes, have recently at-
tracted attention due to their selectivity, tunable permeability, and tunable and/or reversible
attributes [2]. This new generation of smart membranes is created by integrating various
stimuli-responsive materials into membrane substrates. These multi-functional smart mem-
branes can self-adjust their physical and chemical features in response to environmental
signals such as temperature, pH, light, and other stimuli [3].

Because of their smart structures, they have the potential to improve performance by
providing high selectivity without reducing the permeability, high mechanical stability,
and high resistance against fouling, and can meet requirements such as molecular weight
cut-off (MWCO), removal efficiencies, and wastewater quality.

This review of smart membranes is briefly summarized.

2. Kinds of Smart Membranes

Positively and negatively responsive smart membranes can self-adjust their physical
and chemical properties in response to environmental signals such as temperature, pH,
light, and other stimuli.

The responsive gating function is divided into two models: positively and negatively
responsive smart membranes [4].

Figure 1 represents positively responsive smart membranes.
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Figure 1. Positively responsive smart membranes (A). The permeability of the membrane increases
in response to the presence or increase of a stimulus. (B) Temperature-responsive, (C) pH-responsive,
(D) specific ion-responsive, (E) molecule-responsive, (F) UV light-responsive, (G) glucose-responsive,
and (H) magnetic-responsive [4].
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Figure 2 represents negatively responsive smart membranes.

SERS
~ 1‘ ~
5 4 nd
ft
Y
siak

Permeability

T, pH, C, or other stimuli

Figure 2. Negatively responsive smart membranes. (A) The permeability of the membrane decreases
in response to the presence or increase of a stimulus. (B) Thermo-responsive, (C) pH-responsive, (D)
ion-responsive, (E) molecule-responsive, (F) UV light-responsive, (G) ion strength-responsive, and
(H) redox-responsive [4].

3. Conclusions

Membranes play significant roles in sustainable development, especially Goal 6: clean
water and sanitation. It is necessary to consider the developments in membrane technolo-
gies in terms of new generation membrane production, module development, and related
application areas of technology. Smart membranes can show tunable features based on the
condition of the stimulus or stimuli present internally or externally, resulting in improved
and desirable controllability over the process of pollutant removal from water. Because of
their physicochemical stability, repeatability, and long life, stimuli-responsive smart materi-
als (mainly adsorbents and filtration membranes) have the potential to be key materials for
membrane production, particularly in the field of water treatment. Although they have
advantages, current smart membranes suffer from complicated and difficult-to-scale-up
production processes, low flux, and weak mechanical properties. Smart membranes have
a bright future, and it is important to investigate and encourage their development, use,
and advancement.
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Abstract: To meet the demand for increasing global food production while using limited water
resources, crop water stress must be improved in agriculture. Remote-sensing-based plant stress
indicators have the benefits of high spatial resolutions, a cheap cost, and short turnaround times.
This study discusses the current advancements in agricultural water stress monitoring and irrigation
scheduling, some of the challenges that have been met, and the upcoming research needs. Remote
sensing systems are prepared to handle the intricate and technical evaluations of agricultural produc-
tivity, security, and crop water stress quickly and effectively. We explore the use of remote-sensing
systems in the evaluation of crop water stress by looking at the existing research, technologies, and
data. This study examines the connection between relative water content (RWC), equivalent water
thickness (EWT), and agricultural water stress. Using remote sensing, evapotranspiration, and sun-
induced chlorophyll content are examined in connection to crop drought. Spectral indices, remote
sensing satellites, and multi-spectral sensing systems, as well as systems that measure land surface
temperature, are examined. This critical study focuses on cutting-edge techniques for assessing crop
water stress.

Keywords: crop water stress; spectral indices; multi-spectral; remote sensing satellites; thermometric sensing

1. Introduction

Arid regions have discovered creative solutions to meet their crop needs, based on
their growth phases, kinds, and environmental circumstances, which has led to appreciable
yield improvements. A deficiency of irrigation water will cause agricultural water stress
at various times throughout the crop cycle, under various environmental conditions. Its
primary impact is felt in the rate of photosynthesis, which further causes a disturbance in
the rates of transpiration [1,2].

Remote sensing collects information from crops, soil, and ambient elements without
direct physical contact [3]. Through the quick identification of crop growth changes that are
frequently missed by conventional approaches, it has improved and optimized agricultural
production [4]. A highly accurate determination of the crop temperature is made possible by
remote sensing systems, which also provide particular information that is important in the
study of irrigation scheduling, quantity, and duration [5]. Remote sensing systems can be
divided into sensor-based and platform-based systems. In total, two types of sensors may
record the reflectivity inside the electromagnetic (EM) spectrum: active sensors and passive
sensors. The sensor is mounted onto a variety of remote sensing platforms, including
ground vehicles, aircraft, satellites, and handheld devices [6].

Precision irrigation scheduling requires an assessment of crop water stress, which is
one of the elements that characterize how a crop interacts with its environment [7]. The
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CWS came to be recognized as a common indicator for evaluating this stress on the leaf
and canopy scales. This was a more accurate technique to examine the water stress at the
plot, regional, and global stages, as well as evapotranspiration. Implementing effective irri-
gation scheduling techniques is crucial to increase water savings and improve agricultural
sustainability [8]. Remote sensing data can reveal information on the geographical and
temporal variations of crops [9,10]. Precision agriculture uses spectral reflectance indices
from high-resolution hyperspectral sensors on small, unmanned aircraft systems to monitor
the crop water status and plan irrigation [11].

An assessment of the crop water deficit using remote sensing devices is the subject
of this review. The paper supplies an overview of the many remote sensing systems that
can be used to find crop water stress. Optical, thermometric, land-surface temperature,
multispectral (spaceborne and airborne), hyperspectral, and LiDAR sensing systems are
examined. A consensus about the use of vegetation indices (VIs) as pre-visual indicators of
water stress has not yet been reached, due to several confounding factors that affect these
VIs on the canopy and landscape scales. This research discusses the current developments
in crop water stress monitoring that may be applied to enhance vegetable crop irrigation
scheduling and seeks to figure out the most promising method for widespread implemen-
tation. To forecast the production conditions and schedule irrigation, the crop water stress
needs to be detected during the various growing seasons. Distinguishing this agricultural
water stress has been researched using several methodologies. These techniques rely on
remote sensing, measurements of the soil water content, and plant responses. The study
also considers the fact that different approaches are effectively used for different crops.

2. Comparison of Crop Water Stress Detection Methods

Table 1 provides an overview of various methods used for soil moisture measurement,
including the gravimetric method, time domain reflectometer (TDR), neutron probe method,
tensiometer method, vegetation indices method by remote sensing (VIs), water indices
by remote sensing, water balance indices, remote sensing-based ET estimation by energy
balance, CWSI by the infrared thermometer, and LST based CWSI. The table includes
a brief description of each method, its advantages, disadvantages, and references. The
methods vary in their precision, ease of use, cost, and sensitivity to different soil types and
environmental conditions. Some methods require direct contact with soil, while others
utilize remote sensing techniques. The choice of method depends on the specific research
or application requirements.

Table 1. Comparison of crop water stress detection methods.

Methods Description Advantages Disadvantages References
A straightforward technique
that involves weighing a wet Highly precise and reliable
sample, drying it in an oven, technique with hardly any Time-consuming, dependent
Gravimetric Method reweighing it, and then room for instrumental error, on mass measurements, [12,13]
estimating the amount of not affected by salinity or destructive, and labor-intensive
water loss as a percentage of soil type
the dry soil quantity
An electromagnetic method Less time-consuming and Environmentally sensitive,
Time domain reflectometer Eﬁzegtl?lgrﬂr:faltgfé ltimstu‘g}?taesr damaging than gravimetric expensive equipment, and [12,13]
(TDR) soil, have different Ielc)hmques, reduced ca!;bratlon dependent on
dielectric constants abor expenses soil texture
. High accuracy, permits Time-consuming monitoring
Evaluates the soil’s . y . . .
Neutron Probe method volumetric water content observations at various énd expensive equipment [14]
depths, rather simple licensing are required.
Cheap, affordable, easy to . . .
Tensiometer method Soil-water-potential-based install, accurate, and for Requires contact with soil [14]
e s and destructive
irrigation scheduling
Indicators of vegetation are The high temporal and Precision decreases from leaf
ion indices . le t le and
Vegetation indices method by used to illustrate spectral resolution, scale to canopy scale an [15,16]

remote sensing (VIs)

its properties

non-destructive

image analysis is a
difficult task
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Table 1. Cont.

Methods Description Advantages Disadvantages References
Determines the reflectance in
;1:\ Sevvﬁ?&digia;e_éﬁfémd Leaf water content may be
Water Indices by in d?c a’te the water content of measured without causing The difficulty of ascending to 17
remote sensing the canopy. Typical indices d.amage Excellent direct the canopy level
include WI, SRWI, NDWI, signs of water stress
and MSI
Monitors change in the It is necessary to use an
chlorophyll fluorescence and o expensive single-spectrum
water content of the leaves Exhibited excellent instrument. The penetrabilit
Water balance indices using the green and SWIR performance at the leaf and of the SWII'Q bang through Y [17]
spectral bands. The canopy levels heavy atmospheric la e§s s
calculated indices are WABI, )l;l y
WABI-1, and WABI-2 aproblem
The surface energy balance A single thermal band with It's challenging to determine
o equation LE = Rn-G-H Latent  the excellent resolution is whether E]g is %Jossible. As ET
RS-based ET estimation by Energy includes ET as a sufficient and needed cannot be directly measured, [18]
Energy balance residual (LE), Rn = Net Sky METRIC and SEBAL have high-resolution tsl']\ermal !
Radiation, G = Ground to Air, good consistency and ugh-Teso il
H = Heat to Air accuracy imaging is crucial.
The canopy temperature and Different baselines must be
CWSI by infrared its decrease with the ambient Depends on the direct calculated for various crops;
N " . this takes time. To evaluate [19]
thermometer air temperature are used to technique and VPD CWSI, many factors must
calculate CWSI be cor;sideer
Utilizing LST and the Using only remote sensing gelf elr;‘ f:%s(%n{g}; method to
LST based CWSI hot-and-cold pixels approach  methods Work and time are s Omu utation is laborious [20]
to calculate CWST non-intensive and }X)/aries ©
3. Satellite-Based Crop Water Stress Detection
Table 2 provides information on various satellite applications and their advantages and
limitations. It includes information on the type of satellite, its applications, the advantages
of using it, and any limitations associated with it. Some examples of the satellites included in
the table are AMSR-E, AMSR-2, NISAR, Tandem-L, Sentinel-1, and SMAP. The applications
of these satellites range from analyzing soil moisture to vegetation status and dynamics
observation. The advantages of using these satellites include high precision, excellent
resolution, and data collection in all weather conditions, among others. However, some
of the limitations include limited frequency ranges, high cost, and limited precision in
field determination.
Table 2. Satellite-based crop water stress detection.
Satellite Applications Advantages Limitations References
High-efficiency passive Data collection for daily soil Just two files every day, one
AMSR-E microwave soil moisture moisture measurement with a for the day and one for [21]
analysis with drought 12.5 km precision the night
Analysis of soil-water-related ~ More than 99% correct in Only functions in certain
parameters and global capturing data b~0th during fre: ienc ran‘ es, incl‘udin
AMSR-2 observation of soil moisture the day and at night/good 6.925, 7 3}’10 63 18.7, 23.8 s [22]
(from the soil surface to a few  resolution and accuracy of 365, and 89.0 GHz
centimeters depth) data collecting " ’
. . Acquires soil moisture data in
Global soil moisture maps q i :
. N X all weather conditions and Product assessment in
NISAR X\gg&a Shme horizon of 6 to with a precise resolution of 12-24h 23]
a 3-10m
Provides extremely accurate
measured data with omifi :
Tandem-L Worldwide soil moisture millimeter-level accuracy and A mgmﬁ_cant premium over [24]
N conventional satellite systems
excellent resolution between
20 m and 4 km
With a precision resolution of ﬁz};}g‘éﬁfﬂfg ;‘:r‘ggry stemms,
Sentinel-1 Dynamics observation 5 to 20 m, field determination structures and application [25]
is less precise development models
. . High likelihood of mission . .
SMAP Analyzes the vegetation failure with a 9 km SSM is captured by passive 1261

status and soil surface

precise resolution

sensors for roughly 36 km
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4. Crop Water Stress Detection Using Spectral Indices

Table 3 below lists several reflectance indices used to indicate plant stress and their
respective formulas. Reflectance indices are measures of the amount of light reflected from
vegetation at specific wavelengths and can be used to estimate plant health and stress. The
plant stress indicators listed in the table are associated with different physiological processes
related to plant water statuses, such as stomatal conductance, chlorophyll fluorescence, leaf
water potential, and water content. The references listed provide additional information on
the use and interpretation of each index.

Table 3. Crop water stress detection using spectral indices.

Reflectance Indices Formula Plant Stress Indicators References
Photochemical Reflectance Index (PRI) % Stomatal conductance and chlorophyll fluorescence [27]
570 +R531
g:ﬁg?;ﬁsedlgggiofﬁf;?ﬁ; al Pi Rﬁlzuﬂ Stomatal conductance and chlorophyll fluorescence [28]
RDI+
Re70
E‘:g:?%\l}zsgl? ifference Vegetation % Leaf water potential and stomatal conductance [29]
0 0
\Ijgg&gﬂggzli%gf(%g{}ﬁ % Leaf water potential and stomatal conductance [30]
800 Re70
3[(R700 — R —0.2(Ryp0 — R
2]::5:;3:re\?ncl§\el(f)lz}t):r¥é Index (TCARI) [(Raoo o) Rygg (] 700 550) Leaf water potential and stomatal conductance [31]
Rez0.
\C])el:g;?;lﬁzsg ISI? élexA?équ/:eVC}) W Leaf water potential and stomatal conductance [31]
Normalized Difference Water Index (NDWI) Wa Leaf water potential [32]
860+ R1240
Simple Ratio Water Index (SRWI) ,5860 Leaf water potential [33]
1240
Water Index (WT) 15860 Leaf water potential [33]
1240

5. Crop Water Stress Detection Using Multispectral Sensing Systems

Table 4 provides information on different multispectral sensing systems, their descrip-
tions, advantages, and references. The first system listed is a UAV remote multispectral
sensing system called AIRPHEN Multispectral Camera, which has a high-resolution camera
and precise CWS (crop water stress) detection. It is also low-cost, cheap, effective, and
available with RGB color bands. The second system listed is a spaceborne multispectral
sensing system that includes Landsat, Orb view, World view, IKONOS, and Quick bird.
These systems are used to figure out agricultural water stress by collecting multispectral
high-resolution data, which provides entire crop water stress temporal features.

Table 4. Crop water stress detection using multispectral sensing systems.

Multispectral Sensing Systems

Description Advantages References

UAV remote MS sensing system

AIRPHEN Multispectral Camera witha ~ Ligf-resolution camera, precise

lens of 8 mm focal length, 1280 x 960~ CVo detection, low cost, cheap, [34,35]
. . effective, and available with RGB
pixels, and spectral resolution 10 nm
color bands

Spaceborne MS sensing system

To figure out agricultural water
stress, multispectral
high-resolution data should be
collected. This will give us entire
crop water stress

temporal features

Landsat, Orb view, World view,
IKONOS, Quick bird
SPOT-5

[36,37]

6. Future Directions

The target water stress can be located using remote sensing technology. For applica-
tions including agricultural growth assessment and irrigation, as well as leaf and canopy
phenotypic categorizations that detect crop losses, digital imaging technologies are used.
Using information from digital photography, the water stress can be measured. The most
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recent methods for crop water stress assessment that used digital pictures from remote
sensing have shown notable results. Most of the studies showed three degrees of agricul-
tural water stress: minimal stress (optimum moisture), medium stress (mild drought stress),
and severe stress (drought stress). With an accuracy that ranged from 83 to 99%, these
methods produced encouraging findings for the estimation of agricultural water stress.
Machine learning is crucial to raising the calibers and effectiveness of these systems. For
an accurate evaluation of the crop water stress, a microcontroller-based signal processor
(MSP430) integrated soil and ambient sensors. A dependable resource for examining these
crop water levels, and soil water stress factors is an independent wireless sensor system
that is made up of a gateway plus a wireless sensory node.

7. Conclusions

Traditional methods, such as measuring the soil moisture, have drawbacks in terms
of their sensor costs and installations, and difficulty in obtaining estimates. Plant-based
estimates are more dependable and accurate. There are significant relationships between
the PRI and NDVI, and attributes such as the LWP, stomatal conductance, crop efficiency,
and stem water potential. A crop water stress evaluation is a technical and intricate
process in and of itself. Our study suggests new techniques that bring together farmers,
researchers, and tech developers. Narrow-band optical indices could be used to plan
the irrigation for high-value vegetable crops in water-stressed countries. Conventional
irrigation scheduling methods use measurements of the soil moisture and weather, and
physiological assessments of the plant response. These methods are ineffective because
it is difficult to obtain these measurements, especially for varied soil and crop canopies.
This assessment makes recommendations for remote sensing systems and sets the path
for creating new facilities that assess a system’s effectiveness in diverse environmental
scenarios, such as multispectral /hyperspectral and thermal sensing systems that are based
on remote sensing features.
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Abstract: Adequate, safe, and accessible water constitutes an essential resource for life and is an
indispensable factor for the survival of humanity. In order to ensure uncontaminated water for water
supplies, industry and agriculture, water quality is defined by microbiological, biological, chemical,
and physical indicators. Water monitoring is regulated with the aim to protect human health from
the adverse effects of polluted water by monitoring indicator parameters. For the purpose of proving
drinking water safety, water sampling was performed at ten different locations, which are part of the
water supply network of the town of Virovitica, in Croatia, and its surroundings. The results showed
that all the analyzed parameters were in accordance with the ordinance, i.e., that the quality of water
for human consumption was satisfactory.

Keywords: water quality; microbiological; biological; chemical and physical indicators; water supply
network of the city of Virovitica

1. Introduction

The problem of water supply affects millions of people worldwide and more than
one hundred million people in Europe. Approximately 80% of fresh water in Europe (for
drinking and other needs) originates from underground water and rivers, which is why
these sources are particularly threatened by climate change, pollution, and overexploitation
of water resources [1]. According to the report on water resources in the world, which
was issued by United Nations Educational, Scientific and Cultural Organization, UNESCO
(Paris, France) in 2003, among 188 countries, Croatia ranked highly, 5th in Europe and 42nd
in the world. Croatia is one of the few countries that mostly provides healthy water through
the public water supply system, to which 80% of the population is connected. The data show
that in the last ten years, less than 10% of the tested samples were unhealthy in Croatia [2].
Water for human consumption must meet the parameters of conformity for water for human
consumption as prescribed by the “Regulation on parameters of conformity, methods of
analysis, monitoring and safety plans of water for human consumption and the way of
keeping a register of legal entities that perform the activity of public water supply”. Healthy
water for human consumption is water that does not contain microorganisms, parasites
and their developmental forms in numbers that represent a potential danger to human
health; water that does not contain harmful substances in concentrations that themselves
or together with other substances represent a potential danger to human health and water
in which the health parameters do not exceed the values prescribed by the ordinance
(Official Gazette 125/17) [2]. Water sampling was conducted in the city of Virovitica
and surrounding settlements (Podgorje, Durad, Lozan and Spigi¢ Bukovica) at different
locations over a period of 2 days. The aim of this work was to examine the drinking water
quality of the Virovitica water supply system, that is, to determine certain indicators of
water quality and to determine whether they meet the standards prescribed by law.
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2. Materials and Methods
2.1. Location

The town of Virovitica is located in a lowland area, surrounded by Bilogora, wide
open to the north and the Drava valley and is the center of the Virovitica Podravina County.
The city area consists of two relief units: the Bilogora part in the south with a pronounced
step-type relief where the altitude reaches up to 250 m and the plain part in the north
which is no higher than 115 m above sea level and represents a typical plain region. The
drainage system of Virovitica was built as a mixed sewage system into which rainwater and
wastewater are discharged. In the county, 70% of inhabitants are supplied from organized
water supply systems, while the average supply in the Republic of Croatia is around 65% [3].
On the water supply network of the city of Virovitica and its surroundings, sampling of
drinking water was carried out at 10 different locations (1 public water supply and 9 local
water supply systems).

2.2. Methods

Determination of the water temperature was carried out with the thermometry method
in accordance with the SM 2550 B standard [4]. The temperature of water for human con-
sumption was measured during the sampling with an immersion thermometer or with
a Hach HQ40d oximeter. To determine water turbidity, a turbidity-testing method in
accordance with the HRN EN ISO 70271:2016 standard [5] was used, using a Hach 2100P
turbidimeter. Potentiometry is a method used to determine the pH value, in accordance
with the HRN ISO 10523:2009 standard [6]. It is based on the measurement of the potential
difference of the electrochemical cell using a Mettler Toledo MP220 pH meter. To determine
the concentration of iron in water samples, a spectrophotometric method with phenan-
throline in accordance with the HRN ISO 6332:2001 standard was used with a HACH
DR5000 spectrophotometer [7]. Ammonia concentration in water samples was determined
spectrophotometrically with salicylate in accordance with HRN ISO 71501:1998 [8]. The
method with 1 N HCI acid was used to determine the nitrate concentration in the samples
in accordance with the standard SM 4500NO3B [9]. The nitrite concentration in the samples
was determined with sulfanilic acid, in accordance with norm M 221/E [9]. The spectropho-
tometric method with 1-(2-pyridylazo)2-naphthol was used to determine the concentration
of manganese in water samples. Chloride concentration in water samples was determined
spectrometrically by the ferrocyanide method, in accordance with the SM 4500CL E stan-
dard [9]. Determination of potassium permanganate consumption was carried out using
the permanganate index in accordance with the HRN EN ISO 8467:2001 standard [10].
To determine the electrical conductivity in water, a conductometric method was used, in
accordance with the HRN EN 27888:2008 standard, using a Mettler Toledo MC226 con-
ductometer [11]. Measurement of free (residual) chlorine was performed directly at the
point of consumption in the water sample using the Pocket Colorimeter II colorimeter [2].
The total number of coliform bacteria and Escherichia coli in drinking water samples was
determined by membrane filtration methods for water with low background bacterial flora
according to HRN EN ISO 93081:2014 [12]. Determination of the number of enterococci in
drinking water samples was conducted using a method of membrane filtration according
to HRN EN ISO 78992:2000 [12]. The number of Pseudomonas aeruginosa in drinking
water samples was determined by the method of membrane filtration according to HRN
EN ISO 16 266:2008 [12].

3. Results and Discussion

According to the ordinance [12], the health parameters of water for human consump-
tion (microbiological, chemical), indicators (chemical, microbiological) and parameters of
radioactive substances are precisely prescribed. The ordinance specifies the parameters
of groups A and B in the monitoring of water for human consumption. The purpose of
monitoring water for human consumption on parameters of group A is to obtain basic data
on the physical, chemical, and microbiological parameters of conformity of water for hu-
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man consumption and data on the efficiency of processing water for human consumption,
especially disinfection. In contrast to the monitoring of water for human consumption on
the parameters of group A, the purpose of this is to obtain all the data on the parameters of
the conformity check of water for human consumption, additionally with the parameters
of radioactive substances. In the case of a deviation of the indicator parameter from the
maximum-allowed concentration, it is necessary for an assessment of the impact of the
parameter on human health to be carried out by a competent institute for public health and
to take all necessary measures. In Tables 1 and 2, the physical and chemical indicators of
the water samples are presented.

Table 1. Physical indicators of samples.

Samples Temf:)eé;xture pH Value Tl(llr\]t:;%i)ty Free Chlorine (mg Cl,/L) Conductivity (1uS/cm)
VT-1 9.60 7.61 0.59 0.06 544
VT-2 11.30 7.65 0.36 0.01 518
VT-3 12.20 7.69 0.53 0.04 525
VT-4 9.10 7.74 0.53 0.06 513
VT-5 11.10 7.62 0.31 0.18 506
VT-6 7.90 7.54 0.52 0.09 519
VTI-7 8.00 7.52 0.52 0.01 497
VT-8 9.60 7.44 0.76 0.08 503
VT-9 13.60 7.40 0.50 0.02 490

VT-10 9.40 7.55 0.36 0.11 514
Table 2. Chemical indicators of samples.

s i g mgnOy jp  Nirates (mgNOs /1)
VT-1 0.01 20.0 5.98 14.04 0.0 1.64
VT-2 0.01 1.0 8.64 14.35 0.0 1.73
VT-3 0.01 19.0 8.28 14.95 0.0 1.64
VT-4 0.01 9.0 9.37 14.86 0.0 1.73
VT-5 0.01 8.0 6.49 14.05 0.0 1.68
VT-6 0.01 14.0 5.17 13.19 0.0 1.64
VT-7 0.01 76.0 11.63 14.14 0.0 1.73
VT-8 0.01 38.0 9.06 14.86 0.0 1.64
VT-9 0.01 0.0 4.68 14.21 0.0 1.59
VT-10 0.01 6.0 6.27 16.01 0.0 1.51

The pH values of the studied samples were in the interval from 7.40 to 7.74. It can be
concluded that all the pH values of the analyzed samples are within the limits prescribed by
the ordinance, i.e., within the interval of pH values from 6.5 to 9.5 [12]. Water temperature
is closely related to the temperature of the environment and depends on the temperature of
the soil that surrounds it, the inflow of hot and cold underground water, and the season.
The limit value for the drinking water temperature prescribed by the ordinance is 25 °C,
while the most optimal is 15 °C. As can be seen from the results, the temperature values of
all analyzed samples were below the limited value of 25 °C. If the temperatures are higher,
some microorganisms may develop, while low temperatures slow down the flocculation
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and coagulation processes. Furthermore, water with lower temperature values contains
little dissolved gas and has a bad taste. Free residual chlorine is excess chlorine after
disinfection, and the free chlorine concentration was measured at the sampling site. The
limit value for free chlorine concentration in drinking water is prescribed by the ordinance
and is 0.5 mg CI2/L. As can be seen from Table 1, all values were below the limit value.
Turbidity can be determined in all water that does not contain large particles and coarse
sediment that settles quickly. The highest turbidity value was obtained in sample VT-8
(0.76 NTU), while the lowest value was in sample VI-5 (0.31 NTU). Meteorological condi-
tions can affect water turbidity, i.e., turbidity increases with the amount of precipitation [13].
Electrical conductivity is an indicator of the conduction of an electric current in a liquid,
and it depends on the temperature of the water, the concentration of ions, the type of
ions presents in the water, and the mobility of the ions. It is evident from the results that
the values were in accordance with the ordinance, i.e., they were below the limit value
(2500 uS/cm) [2]. In Table 2, the results of the chemical indicators of water quality are
presented. Ammonia is an indicator of the possible presence of microorganisms, animal,
and fecal waste, has a characteristic smell and is corrosive to certain materials. Characteri-
zation of the studied groundwater samples was carried out in the reductive conditions of
the aquifer, where the concentration of free natural ammonia is relatively high [13]. The
results of ammonia concentrations in the samples were below the value of the calibration
curve, i.e., a negative value, and it can be concluded that the concentration of ammonia in
the samples was negligible or that ammonia was not present in the samples at all.
Characterization of the studied samples was carried out to find any elevated contents
of dissolved iron, manganese, fossil ammonia and accompanying constituents [13]. An
increase in the concentration of iron in water can occur when the pH value and water
temperature increase causing changes in the color and smell of the water [14]. The values
of iron concentration in the analyzed samples were below the limit value determined by
the ordinance (200 pg/L) [2]. Manganese (Mn) is an essential element for the human body
in small quantities, and its deficiency manifests itself in slowed growth and development
and shortens life span because it participates in the reproductive processes. Comparing
the results of the Mn concentration with the limit value of 50 ug/L, it was evident that all
values were in accordance with the ordinance [2]. An increased concentration of Mn, as
well as iron, occurs due to an increase in the temperature and pH value of the water [15].
Natural water contains a certain concentration of chlorides, and the most common forms
are NaCl, CaCl, and MgCl,. Most drinking water contains 10 to 30 mg of chloride per
liter of water, while water with more than 250 mg/L of chlorine in the form of chloride
has a salty taste and is not recommended for drinking. High concentrations of chloride in
water can occur due to changes in the pH value of water and can affect the development
of corrosion in distribution systems [16]. From the results shown in Table 2, it is evident
that all the values of the analyzed samples were below the limit value (250 mg/L). Nitrites
occur naturally as part of the nitrogen cycle, and in water can be evidence of fresh fecal
pollution. They can be found in wastewater, storm sewers of cities and agricultural areas.
Table 2 shows that the measured nitrite concentrations in the analyzed samples were
0.0 mg NO, /L, that is, nitrites were not present in the samples. Increased concentrations
of nitrates in water can occur in places where fertilizers are used, during the rotting of
plant and animal remains, in industrial waste and wastewater from sludge landfills. The
measured values of nitrate concentrations in the analyzed samples are shown in Table 2.
The highest values were obtained in samples VT-2, VT-4 and VI-7 (1.73 mg NO3 _ /L), while
the lowest value was obtained in sample VT-10 (1.51 mg NOs_ /L), but all values were
below the limit value which is 50 mg NO3_ /L. The most important representatives of fecal
coliform bacteria are Escherichia coli and fecal streptococci (enterococci). The key factors
for the growth and reproduction of Escherichia coli in water are the water temperature
and the increased amount of nutrients and organic substances in the water [17]. In all
studied samples, Escherichia coli as well as Enterococcus were not present, that is, all values
were 0 cfu/100 mL. Enterococci are the most suitable group of bacteria for assessing the
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hygienic quality of water because their numbers correlate with the presence of numerous
pathogenic bacteria, total coliform bacteria, and enteroviruses. The presence of enterococci
is an indicator of fecal contamination. Increased water temperature and nutrients and
organic substances promote the development and reproduction of enterococci in water. The
presence of Pseudomonas aeruginosa is related to openings in the water supply system (e.g.,
taps). Increased water temperature, changes in pH value, nutrients and organic substances
in the water and a failure to maintain the distribution system encourage the development
and reproduction of Pseudomonas aeruginosa. If the analysis results are in the range of
110 cfu/100 mL, it is necessary to assess the risk of using such water. Pseudomonas
aeruginosa was not detected in the analyzed samples.

4. Conclusions

Water quality indicators are determined by different methods, and the determination of
indicators is of significant importance for the prevention of water pollution that is used for
water supply, agriculture, industrial processes, and leisure. The analyzed samples of water
for human consumption of the water supply system of Virovitica and its surroundings,
based on microbiological, physical and chemical indicators of the quality of drinking water,
comply with the ordinance on conformity parameters, methods of analysis, monitoring
and safety plans for water for human consumption and the way of keeping a register of
legal entities that perform the activity of public water supply. According to estimates by the
World Health Organization, approximately 1.2 billion people fall ill due to contaminated
water. Today, according to estimates by the international organization of the United Nations,
1.5 billion people do not have safe drinking water, and in the next 25 years that number
will grow to about 4.5 billion. Water is not a commercial product, but a heritage; therefore,
it is necessary to make individuals aware of controlled waste disposal, rational water
consumption, wastewater treatment, controlled application of agrotechnical substances
(pesticides), monitoring the transport of dangerous substances and, ultimately, water
conservation and protection.
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Abstract: Throughout history, discussions on IWRM have established the idea that the recipient
stakeholders’ poor participation is obstructing sustainable decision making in urban flood man-
agement. However, we found that no in-depth study has been carried out to explore the status of
stakeholder integrations in such modelling. The present work explored the stakeholder integrations
in the modelling through critical literature analysis and expert discussions. We found there are five
main components in the modelling, and the recipient stakeholder requirements are satisfactorily inte-
grated with the modelling approach. Nevertheless, we found that integrations of scientific modelling
perspectives remain unsatisfactory. This paper urges water resource decision makers to prioritise
scientific modellers’ perspectives when developing flood management models.

Keywords: IWRM; flood stakeholders; urban flood management; hydrological modelling; GIS
modelling; Hydro-GIS modelling

1. Introduction

The ultimate aim of the United Nations Sustainable Development Goals (SDG) is
the sustainable development of humans in harmony with the environment [1]. Therefore,
one of the key undertakings in water resource management is to maintain a satisfactory
relationship between natural water cycle needs and social /economical needs. Scientists
and water governors have already been working independently to achieve these goals
for decades. Nevertheless, with different influences on research, such as the need to
incorporate the general public’s opinion in decision making [2], as well as stakeholder
theory [3], researchers are used to integrating the two agendas. In the meantime, the 1997
UN water conference and 1992 “Dublin Principles” established an international norm for
water governance, namely Integrated Water Resource Management (IWRM) [4].

Since IWRM is based on water governance for achieving sustainable goals, it is always
better to maintain a close relationship between decision makers and key stakeholders while
developing management tools to optimise the requirements [5]. In parallel, various other
initiatives, such as Green Infrastructure (GI), Low Impact Development (LID), and the
water framework of Economic Co-operation and Development (OECD) [6,7], are also in
practice; however, an analysis of the available data found that the effects of flood damage
on national economies is increasing [8].

The common excuses for this situation are the recipient stakeholders” poor participa-
tion, that governance discourses are limited to stakeholders, and that decisions are mainly
theoretical [9,10]. Apart from those, there are dozens of negative reasons for the practical
incorporation of recipients’ perspectives in administrative decision-making modelling or
processes. Furthermore, we found that no study had been carried out to inductively explore
the integrations of the requirements of the total stakeholder profile of the process in the
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current setting. Therefore, our initial work was carried out to evaluate the integration of
stakeholder requirements for a specific area of urban flood management [11]. As such,
the aim of the present work is to analyse and discuss the results for practical stakeholder
integrations in INRM.

2. Methods
2.1. Evaluation of Levels of Stakeholder Requirements Integration

As there is no established method to carry out this type of transdisciplinary research,
which needs to evaluate different components in integrated water management decision
making, we required an acceptable research methodology. As such, an in-depth study,
including a literature review and expert discussion, was carried out to develop a research
methodology for gap identification [12-14].

Then, accordingly, we carried out abductive research using a sequential multi-phase
approach of the mixed method. We employed modified constructivist grounded theory,
documentary research, and survey strategies to find and verify the main components
and their integration depths in the scientific and management model of urban flood man-
agement. For the component identification, we studied the GIS2MUSCLE urban flood
management tool, 4 hydro-GIS integration models, and 247 works of research; further-
more, for calibration, we utilised 21 experts. The average integration depths among the
components were calculated using 32 studies employing Multi-Attribute Utility Theory
(MAUT) and Weighted Average Programming (WAP). Finally, we evaluated the results
with 70 experts and analysed the result by employing thematic analysis and Multi-Criteria
Group Decision Making (MCGDM) methods.

2.2. Data

Through the above steps, we identified five components (main stakeholder categories)
as shown in Figure 1. However, in practice, the hydro specialists and GIS specialists were
also integrated into the HydroGIS model.

Hydro-GIS Model

Hydrology o
Specialists GIS Specialists
8
HydroGIS
. Modellers
Decision Makers Recipient

Figure 1. Main components (stakeholder categories) of flood management model. (The lines between
components indicating existing integrations. The numbers in the circles indicate how many research
works have considered such integration. Source: Author.

Then, rationale was developed to weigh the depth of scientific investigation carried
out by the researchers on each integration shown in Figure 1. Furthermore, we analysed
the depth of investigation level (scale of Very low to Very high) on each integration carried
out by each study by utilising the modified MAUT. However, we observed that studies
analysed the integrations in either Very high, High, Medium, or Low depths only (Figure 2).
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Hydro Specialists

and GIS Specialists

Hydro/GIS
Decision maker and Specialists and

recipients HydroGIS
modellers
HydroGIS modelle fydroGIS rljl(?dcllcr

7 o and Decision

and Recipients
makers
e \/ ey high @ High Medium Low

Figure 2. Distribution of investigation depth classes among the integration types. Source: Author.

By generalizing the individual study’s investigation depths to develop a final deci-
sion, we developed a rationale for weighting the scientific value of the publication [15].
Thereafter, the depth of investigation for each integration was calculated using WAP, and
the values are on a 1-5 scale, where 5 is Very high and 1 is Very low. The comparative
level of the investigation depths among the integrations was also calculated. Another
understanding made during the step is that there are two groups in which the components
can be accumulated considering the main undertaking of the flood management model.
The present work called them “scientific components” and “management components”
(Figure 3).

w

-

H 2.00

g GIS (26.45%) ~Hydrology
S Modelers x Modelers

L

5 0.94

b (12.40%)

- A HydroGIS Modelers

] 1.75 1.44
g (23.28%) ——————— (19.01%)
£

8 X
E S Recipients

E, Makers 1.44 A

g < (19.01%) »

~

2

Figure 3. The present investigation depth status of the integration of main components in flood
management modelling. The average depth of investigation in each integration is shown as a fraction.
The comparative level of the investigation depths is shown as percentages (computed%) (Adapted
from Ref. [11]).

Then, we reclassified the investigation depths according to a 1-5 scale and computed
the deviation from the mean comparative value of 20% (if equal attention is being paid to all
5 integrations, the 20% is the mean value) using Equation (1). The positive values exhibited
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exaggerations of attention, while negatives showed an understatement of attention (Table 1).
Deviation from mean comparative value = ((computed% - 20) — 1) x 100 (€8

Table 1. Computation results.

Integration I derlltiﬁed Depth of Deviation from the Mean
Investigation through the Study Comparative Value
Computed Classified Computed % (Equation (1) Result)
Hydro Specialists and GIS Specialists 2.00 Low 26.45% 32% (+ve)
Hydro and GIS Specialists and o o (
HydroGIS Modellers 0.94 Very low 12.40% 38%(—ve)
HydroGIS Modellers and o o
Decision Makers 1.75 Low 23.14% 16% (+ve)
HydroGIS Modellers and Recipients 1.44 Very low 19.01% 5%(—ve)
Decision Makers and Recipients 1.44 Very low 19.01% 5%(—ve)

3. Results and Discussion

The resulting flood model development framework, which demonstrates all the roles
involved in the flood management modelling with the levels of present attention on
integrations, is shown in Figure 4. This work found two definitions for the present level of
researchers’ interest distributions: (1) The individual interest: the investigation depth of
each integration, which is independent of other integrations; (2) the comparative interest:
the comparative level of investigation, which demonstrates how the total attention of the
researchers is distributed over all possible integrations.

As per the scale of investigation depth defined in the present work, all assessment
values that were received were less than 2. This means the present interest in all the
integrations is below the “Low” level. Furthermore, we observed that the researchers’
attention levels regarding incorporating the perspectives of scientific component modellers
with management modellers (hydro/GIS specialists and HydroGIS modellers), HydroGIS
modellers with recipients, and recipients with decision makers are in the “Very low” level.
Therefore, our findings prove the importance of one of the concepts behind IWRM, namely
integrating the recipients into water decision making.

According to the analysis, we found that the researchers understate 37% of the opti-
mum when integrating the scientific modellers” (hydro and GIS modellers) concerns into
the management model via the HydroGIS modellers. However, we found that the most
challenging requirements being discussed in public at the present include integrating the
general public’s (recipient) perspective into flood management, which must be satisfactorily
attended to, as it received a 5% understatement value. In the meantime, the results show
that there is a level of 32% exaggerated attention paid to integrating the hydro modellers’
and GIS modellers’ perspectives.
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Figure 4. Descriptive view of flood management model development framework. Source: Author.

4. Conclusions

IWRM governs flood management and it requires an understanding to identify all the
major components (stakeholder categories) for sustainable flood management modelling.

This study found that there are five main stakeholder categories which need explicit
integrations or sustainable flood management modelling. They are hydro modellers, GIS
modellers, HydroGIS modellers, decision makers, and recipients.

These five stakeholder categories were grouped into two components: (1) scientific
components and (2) management components. The integration of these groups is being
carried out by the HydroGIS modeller who develops the flood management model.

The present study shows that perspectives of the components in the scientific model
are well integrated with model development, while components within the management
model are also satisfactorily integrated. The most discussed recipient stakeholders are also
in the management group; hence, we can argue that, at present, recipients’ perspectives are
satisfactorily incorporated into the flood management initiatives.

Nevertheless, the poorest attention (38% less than optimum) is being paid to integrat-
ing the scientific model perspectives into the management model. Therefore, this work
concludes by stating that, at the present, there is a need for better attention to all five inter-
actions and therefore, IWRM initiatives should focus more attention to integrating scientific
modellers’ perspectives thereby fully satisfying the recipient stakeholders” requirements.
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Abstract: This study estimates the effect of climate change on water resource efficiency and crop /agron-
omic productivity at the Almyros basin in Greece. Groundwater resources are intensively used for
irrigation, whereas their quantity and quality are highly downgraded. Climate change impacts
have been assessed using Med-CORDEX bias-corrected climatic projections for RCP4.5 and RCP8.5
scenarios. Simulation of coastal water resources was carried out with an Integrated Modelling System
(IMS) consisting of the modules of surface hydrology (UTHBAL), reservoir operation (UTHRL),
groundwater hydrology (MODFLOW), nitrate leaching/crop growth (REPIC), nitrate pollution
(MT3DMS), and salt wedge/salinization (SEAWAT). The indices of Standardized Chloride Hazard
(SCHI), Crop Water (CWP) and Economic Water Productivity (EWP), Nitrogen Use Efficiency (NUE)
have been employed to analyze water resource management and agronomic scenarios. The findings
indicate the water resources’ capacity for adaptability and agronomic effectiveness under the influence
of salinization and climate change.

Keywords: groundwater; seawater intrusion; coastal agricultural basin; climate change

1. Introduction

Coastal aquifer systems nowadays present an ever-declining quantity and quality
degradation as they are intensively used for irrigation purposes. This is especially the case
for the aquifer systems located in arid and semi-areas like the Mediterranean basin, where
fertile soils and favorable climatic conditions host the productivity of the agricultural and
food sectors. It has been predicted that climate change will have a greater impact on the
water resources of the Mediterranean areas, and it will alter the water cycle’s temporal and
geographical distribution. Water scarcity will be advanced in intensity and magnitude while
crop yields are expected to decline [1]. Whenever seawater intrusion is an area of concern
for water resources in irrigated agriculture as well, it is quite crucial to examine the potential
effects of climatic change in coastal arable watersheds [2]. In coastal watersheds where
agriculture is the main economic activity, the management of water resource hazards stem
from the absence of water storage works, the large amounts of groundwater abstractions
that also provoke seawater intrusion, and the large amounts of fertilizers to maximize
yields. Irrigation with salinized water causes physiological drought to crops, with effects
similar to climatic drought events with regard to crop productivity [3,4]. In general,
estimating water resource productivity at the watershed /basin scale is not an extensively
studied task either under climate change and/or salinity effects on productivity. The aim
of this work is to examine the climate change impacts on water resources efficiency and
crop productivity under agronomic and irrigation scenarios, as well as the adaptation
potential under water resource development projects at the Mediterranean Almyros basin,
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a coastal region in Thessaly, Greece, considering, also, the salinity effects on crop yields. The
water resources have been simulated based on two climatic Representative Concentration
Pathways (RCPs), namely, RCP4.5 and RCP8.5, using an Integrated Modeling System (IMS)
formed by Lyra and colleagues for implementation on coastal agricultural watersheds [2,5].
The indices of Standardized Chloride Hazard (SCHI), Crop Water (CWP) and Economic
Water Productivity (EWP), and Nitrogen Use Efficiency (NUE) have been employed to
analyze water resource adaptation and agronomic alternatives. The findings indicate the
water resources’ potential for adaptation as well as their agronomic productivity under
climate change.

2. Materials and Methods
2.1. Study Area

Almyros basin is located in central Greece, and it is an agricultural coastal basin where
wheat, alfalfa, cereals are the main cultivars, while cotton, olives trees, maize, vegetables,
orchards, and vineyards are also cultivated. Given the absence of existing freshwater
reserves, groundwater has been solely used for irrigation. The hydrology of the region
is described by streams with intermittent flows and semiarid climatic conditions [2]. The
groundwater in the study basin has been seriously affected and polluted by contaminants
from nitrogen leachates and chloride ions from saltwater intrusion. Recently, an urban
water supply reservoir, the Mavromati reservoir, has been built, and an irrigation water
supply reservoir, the Xirias reservoir, is under construction (Figure 1). Furthermore, a
greater irrigation water reservoir has been studied, the Klinovos reservoir (Figure 1).

Legend
Reservoir Irrigation Areas
@
Agricultural Land
/
Almyros Aquifer
]
Stream
Reservoir

.
Elevation (m)

1700
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Figure 1. Elevation of the Almyros basin, principal streams, Almyros aquifer system, reservoir
locations, and irrigated regions.

2.2. Climate Change and Integrated Modelling System

The simulation is performed for climatic model ensembles based on Med—CORDEX
models. Precipitation and temperature ensemble timeseries for the RCPs 4.5 and 8.5 have
been bias-corrected using Quantile Mapping. Bias—correction calibration took place during
the period 1971-2000, and validation during 2001-2018, counting on observed precipitation
and temperature for the studied area, as in a recent earlier study [2]. The simulation of water
resources of the study basin was performed using the calibrated and high efficiency Inte-
grated Modelling System consisting of interlinked /coupled models for surface hydrology
(UTHBAL), reservoir operation (UTHRL), agronomic schedules/crop growth/nitrate leach-
ing processes (REPIC), groundwater flow (MODFLOW), nitrate transport (MT3DMS), and
salt wedge/seawater intrusion (SEAWAT) composed by Lyra and associates [5]. Ground-
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water simulations for the water table and the nitrate and chloride concentrations started
from 1991 because of the availability of historical hydrogeological data.

2.3. Water Resources and Agronomic/Crop Scenarios and Strategies

Strategy A, in which only groundwater is used for irrigation/urban water supply
(baseline historical strategy), and Strategy B, in which surface water reservoirs have been
developed and used along with groundwater abstractions for irrigation/urban water
supply, have been developed. Several agronomic and irrigation scenarios have been
developed and simulated with the Strategies A and B, namely historical irrigation and
nutrient practices (A0/B0), deficit irrigation and historical nutrient practices (A1/B1),
rainfed agriculture and historical nutrient practices (A2/B2), deficit irrigation and reduced
nutrient practices (A3/B3), and deficit irrigation and rainfed agriculture and reduced
fertilization (A4/B4).

2.4. Salinity, Chlorides Concentration, and Crop Yield

The crop yield is steady within a given range of soil salinity, but, after reaching a
maximum tolerance level, the crop output decreases in an idealized, simple linear trend.
The electrical conductivity of the water (ECy) can be approached with a concentration
coefficient (X) that depends on the leaching physiology of the cultivated crops, and under-
lying soil, and the conductivity of soil extract (ECe) [4]. In order to take into account, the
saline implications of the seawater intrusion on agricultural output, the crop yields are
adjusted using a relative percentage of yield performance [3]. Electrical conductivity and
chloride concentration observations performed by various public and private organizations
and former studies, as described in [5], span from 1991 to 2015. Chlorides range from 4 to
1432 mg/L, and EC,, ranges from 0 to 5 dS/m.

2.5. Agronomic Indices and Standardized Chloride Hazard Index (SCHI)

The Standardized Chloride Hazard Index (SCHI) has been used for detecting and
characterizing the adaptation of using coastal groundwater for irrigation and the possible
impacts of its use on the crop yield, as follows:

SCHI = (czi - 6) Joa )

where CI; is the chloride concentrations as simulated by SEAWAT in a monthly timestep,
Cl is the monthly average, and o¢; is the standard deviation of the chloride concentrations.
The agronomic indices are based on the simulated crop yields by the REPIC model regarding
the various alternatives. The index (CWP) quantifies the yield produced for every cubic
meter of water applied. The Economical Water Productivity (EWP) indicator determines the
performance at each cubic meter of water supplied, and, based on published commodity
producer prices for agriculture by OECD-FAO until the 2030s [6], the index scores for
the future periods have been projected and estimated. The Nitrogen Use Efficiency index
(NUE) quantifies the yield produced for every kg of nitrogen applied.

3. Results-Discussion
3.1. Salinity Impacts on Crop Yield

Based on relevant measurements, it was possible to configure useful information
for the relationship of chloride concentrations and electrical conductivity in the Almyros
aquifer system. The linear regression equations that connect the two variables are:

EC,(dS/m) = 0.0032 x Cl, (mg/L)+0.6212 (R*=09) @)

Cly (mg/L) = 272.32 x ECyp(dS/m) —159.17  (R* = 0.9) ®3)
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Additionally, the weighted mean leaching fraction and concentration coefficient of
the Almyros aquifer are 0.1 and 2.1, respectively. Table 1 presents the rating of seawater
intrusion and salinity hazards primarily for the Almyros groundwater body based on the
classifications by [3]. According to the simulated chloride concentrations by the SEAWAT
model and the crop yields by the REPIC model, Table 2 shows the mean Relative Yield
changes caused by salinity for the two RCPs (4.5 and 8.5). Crop production would be
reduced under historical irrigation practices regardless of the development of surface water
reserves by —0.3% in RCPs 4.5 and 8.5 in 2019-2050 due irrigation groundwater salinity. The
implementation of deficit and rainfed agriculture has a stronger positive influence on the
decrease of salinization, and, thus, the contribution of the alteration of agronomic practices
is evident with a 0.3% gain in productivity in 2019-2050. However, rainfed agriculture is
more efficient to maintain and increase the crop production in 2051-2100 since it is not
affected by the operation of reservoirs and the cessation of groundwater abstractions and
groundwater salinity.

Table 1. Classification of the electrical conductivity of saturated extract (ECe), the pumped ground-
water for irrigation (ECy), the chloride concentrations (Clyy) of water, and the Standardized Chloride
Hazard Index (SCHI) with regard to the salinity hazards.

ECy (dS/m)

EC. (dS/m) (CE=2.1) Cly (mg/L) SCHy Index Hazard
0-2 0-0.95 0-100 <-12 Low with normal yields
2-4 0.95-1.90 100-360 —1.2:—0.9 Low-moderate with yield decrease of sensitive crops
4-8 1.90-3.81 360-878 —0.9:-0.1 Moderate with yield decrease of crops
8-12 3.81-5.71 878-1397 —0.1:0.7 High with yield for tolerant crops
>16 >7.62 >1916 >1.5 Extremely high with yield for tolerant crops
Table 2. Relative Yield changes of the future periods from the historical period for the water resources
and agronomic scenarios for both RCPs (4.5 and 8.5).
Time A-0 A-1/A-3 A-2/A—4 B-0 B-1/B-3 B-2/B—4
2019-2050 —0.3% 0.3% 0.3% —0.3% 0.3% 0.3%
2051-2100 —14.8% —0.4% 0.4% —10.9% —0.7% 0.4%

3.2. Agronomic Efficiency Indices and Water Resource Adaptation for Seawater Intrusion

The agronomic efficiency indices and the water resources adaptation index for sea-
water intrusion have been estimated and summarized for the time periods of 1991-2018,
2019-2050, and 2051-2100. The SCHI index has been calculated based on the results of the
Integrated Modelling System (IMS) and especially the SEAWAT model. SCHI index scores
range for all scenarios and time periods from low salinity hazard, —1.14 in the historical
period, to almost extremely high salinity hazard, 1.42 in the future period, proving the
downgrading of the groundwater from non-saline to very saline. In 2019-2050 under histor-
ical and deficit irrigation practices, groundwater use for irrigation will pose low-moderate
salinity hazards, whereas rainfed agriculture/deficit irrigation will pose moderate rates in
both Strategies A and B and in both RCPs. However, in 2051-2100, the situation will be
reversed. Low-moderate salinity hazards will appear during rainfed agriculture/deficit
irrigation and moderate salinity hazards for the remaining scenarios for both RCPs.

The agronomic indices have been calculated based on simulations by the Integrated
Modelling System (IMS). Crop yields are calculated by the REPIC model and the ground-
water abstractions and quality by the MODFLOW and SEAWAT models. Crop yields are
multiplied to their relative change, due to salinity impacts of the groundwater as irrigation
water, to obtain the simulated production considering the salinity effects. Commodity
prices, for use in the EWP index of the crop pattern, were estimated on a weighted spatial
average of 0.33 €/kg crop yield in 1991-2018, 0.49 €/kg in 2019-2050, and 0.65 €/kg in
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2051-2100. Figure 2 depicts the Crop Water Productivity (CWP), Nitrogen Use Efficiency
(NUE), and Economical Water Productivity (EWP) indices” values. CWP and EWP index
scores thrive in Strategy B than in A, proving the benefits of surface water reserves on
water efficiency. CWP weighted averaged values range from 6.4 tn/m3 to 19.4 tn/m3 in
RCP8.5, and from 6.5 tn/m® to 17.1 tn/m? in RCP4.5. CWP variations are approximately
3 to 4 tn/m? between deficit irrigation and rainfed agriculture/deficit irrigation practices.

SCHI [1] -RCP4.5 SCHI [1] -RCP8.5

A0

15

B2/B4 Al/A3 B2/B4
(| ~o—1991-2018
—e—2019-2050
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Figure 2. Standardized Chloride Hazard Index (SCHI), Crop Water Productivity (tn/m3), Eco-
nomic Water Productivity (€/ m?), and Nitrogen Use Efficiency for the Strategies A (groundwater
resources—right) and B (for groundwater resources and reservoirs storage water—left); for the agro-
nomic/irrigation scenarios 0: historical practices of irrigation and fertilization; 1: deficit irrigation
and historical fertilization; 2: deficit/rainfed irrigation and historical fertilization; 3: deficit irrigation
and reduced fertilization; and 4: deficit/rainfed irrigation and reduced fertilization. Climate change
is shown for the average values of the periods 1991-2018, 2019-2050, and 2051-2100 in (a,c-e) for the
RCP4.5; (b,f-h) for the RCP8.5.

The groundwater abstractions and salinity effects cause the productivity of water
to decline mostly during 2019-2050. EWP scores follow the distribution of CWP. EWP
ranges from 1.2 €/m3 t0 10.5 €/m3 in RCP8.5 and to 12.2 €/m? in RCP4.5 for Strategy A.
For Strategy B, EWP ranges from 5.4 €/m? to 22.9 €/m3 in RCP8.5 and from 6.1 €/m3 to
21.8 €/m? in RCP4.5. EWP will be increased after 2050, but this would occur possibly
due to the increase of future commodity prices. NUE index scores show a declining trend
in ongoing fertilizer practices until 2100 in both Strategies and RCPs. NUE values in
deficit irrigation and rainfed agriculture/deficit irrigation form a V-shaped evolution with
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the lowest points to show in 2019-2050 in both Strategies and RCPs. NUE maximizes
under the alternative practice of reduced fertilization in both strategies and RCPs. In
reduced fertilization, NUE gets scores higher than 100 kg of crop yield per kg of nitrogen
applied, while in other alternatives the values range from 71.2 kg yield /kg nitrogen to
93.2 kg yield/kg nitrogen.

4. Conclusions

Water resources adaptation and agronomic efficiency scenarios have been applied
under two ensemble RCPs (4.5 and 8.5) in the Almyros basin in Thessaly, Greece, using
an Integrated Modeling System (IMS). The results according to SCHI, indicate that the
groundwater used for irrigation will pose moderate salinity hazards in 2019-2050 in all
strategies. Crop yields are expected to decline for most of the cultivars due to irrigation
with salinized water, except for the rainfed agriculture/deficit irrigation alternative. CWP
could be improved in the future in Strategy B, and EWP scores might be, also, greatly
increased. NUE ratings are equivalent to crop yields, which are affected by the salinity
status of groundwater used for irrigation. Hence, the future course of seawater intrusion
in the Almyros aquifer is a crucial problem that should be addressed in the near future
with drastic measures of water resources adaptation to climatic changes and water needs in
order to ensure the success of adaptation measures to climate change and the sustainability
of local agriculture.
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Abstract: Highly managed Mediterranean river basins are facing considerable environmental man-
agement challenges. Water resource managers are increasingly concerned about the allocation of
limited water resources, environmental quality concerns, and planning under present and future
climatic change and uncertainty. We implemented a watershed-scale eco-hydrological model on
the Cervaro river basin (southern Italy) using the Soil and Water Assessment Tool (SWAT+) model
at daily timesteps from 1990 to 2019. A high-precision land use map derived from the Integrated
Administration and Control System (IACS)/Land Parcel Identification System (LPIS) was used to
grasp detailed information regarding landscape patterns. This research is a preliminary approach
for implementing and running the model with these highly detailed datasets. Future efforts should
be oriented to fine-tune the baseline scenario considering agricultural management practices and to
evaluate model performances for calibration and validation by assessing the goodness-of-fit objective
function values.

Keywords: agriculture; watershed modelling; nutrients; simulation; land use/cover; LPIS

1. Introduction

Actual agricultural systems are based on intensive farming techniques that require
deep plowing, and large usage of nitrogen (N), phosphorus (P), herbicides, pesticides,
energy inputs, and land [1]. Leaching losses of sediments, nutrients, and chemicals from
agricultural fields can lead to eutrophication of water and soil, deterioration of agroeco-
logical systems, and loss of ecosystem services. Agricultural production potential and the
capacity to provide other ecosystem services in the future are both reduced as a result of
pressures on agricultural systems and natural resources [2], endangering the main soil
functions (such as filtering and serving as biological habitats) and their preservation [3].
Agricultural systems face several pressing challenges in resolving the apparent conflict
between human needs and resource sustainability [4].

The management of the environment is a significant problem in highly managed
Mediterranean river basins. Many solutions have been put out for addressing manage-
ment issues and local environmental effects on agroecological systems. The use of eco-
hydrological modelling for ex-ante quantification of nonpoint source pollution and soil
erosion in agroecosystems is a useful approach for implementing sustainable agricultural
systems [5]. Many studies have found that eco-hydrological models are effective in simu-
lating the intricate interactions of water, nutrients (N and P), contaminants, and vegetation
systems in both natural and agricultural ecosystems.

These models can help researchers and practitioners to better understand and manage
these ecosystems, leading to improved crop yields and reduced environmental impact.

Environ. Sci. Proc. 2023, 25, 24. https:/ /doi.org/10.3390/ECWS-7-14179
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Additionally, eco-hydrological models can be used to predict the effects of climate change
and other disturbances on agricultural ecosystems, allowing for more effective planning
and adaptation. One of the most frequently utilized models is the Soil Water Assessment
Tool (SWAT) [6]. Examples include streamflow and nutrient loadings [7], modelling of soil
erosion [8], best management practices for reducing fertilizer application [9], and climate
change studies [10].

This paper focuses on the application of the SWAT+ model in a Mediterranean river
basin to evaluate the influence of anthropogenic management on water balance compo-
nents, nutrients, and sediment loads. The model employs a high-precision land use map
produced from the administrative geodata of the Italian Integrated Administration and
Control System (IACS)/Land Parcel Identification System (LPIS) used for monitoring the
Common Agricultural Policy (CAP) subsidies. High-resolution land use data provide
precise information on landscape patterns and allow us to better represent the hydrological
cycle. The model performances were assessed by comparing simulated and observed
streamflow data and calculating a goodness-of-fit objective function. The preliminary
findings show that the model reproduced the water balance in the watershed well. Future
work will be oriented to analyze the effects of alternative management practices on water
quality, sediment loads, and soil erosion.

2. Materials and Methods
2.1. Study Area

This study was carried out in the Cervaro river basin, which is located in the Apulia
Region (southern Italy) between 41°07'-41°32" N latitude and 15°06'-15°54' W longitude
(Figure 1). The Cervaro basin has an area of 841 km? and ranges in elevation from 0 to
1100 m on the southern side of the Daunia Mountains. The river system consists of the
main river course and various major and secondary-order tributaries. The climatic regime
is Mediterranean with a bimodal pattern of precipitation distribution with rainy winters
and hot summers.
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Figure 1. Location of the study area.
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2.2. SWAT+ Model Setup

SWAT is a semi-distributed eco-hydrological model that segments a watershed and
its sub-watersheds into homogenous geographical units known as Hydrologic Response
Units (HRUs), each of which have a distinct combination of land use, soil, and slope [6].
The HRUs are used to determine the soil-water balance. HRUs represent the minimum
computational unit within which the soil-water balance is determined. In this study, we
used the new restructured SWAT+ model that is more efficient and flexible in terms of
model construction and configuration.

2.3. Dataset and Model Setup

The SWAT+ model requires the following geospatial data for implementation (Table 1):
land use/cover data, soil data, Digital Elevation Model (DEM), streamflow data, and
climate data. In the first step, the DEM was used to delineate the basin and create sub-basin
boundaries, while in the second step HRUs were created in conjunction with land use and
soil data. In the third step, climate data for the period 1990-2019 were used to set up and
run the model as the baseline scenario.

For land use data, we specifically developed a detailed land use map for the study
area with 57 thematic classes from the IACS/Land Parcel Identification System (LPIS)
conflation [11,12]. More than 70% of the area is devoted to agricultural uses. The SWAT+
model (rev. 60.5.4 — SWAT+ Editor 2.1) was implemented using a QGIS interface and run at
daily timesteps from 1 January 1990 to 31 December 2019 considering a 4-year warm-up.
The study area was discretized into 7345 HRUs. The Penman-Monteith method was used
to calculate potential evapotranspiration.

Table 1. Data sources used to implement the SWAT+ model.

Data Resolution—Scale Description Source
Land use 10m 57 land use types [12]
Soil data 10 m 16 soil units [13]
DEM 10m elevation data [13]
Streamflow Daily (m3 /s); 1990-2012 runoff at gauge stations [13]
Climate data Daily; 1990-2019 temperature, rainfall [13]
3. Results

The average annual values of the water balance for the whole simulation period are
depicted in Figure 2, while monthly water balance components are reported in Table 2. In-
terannual variability showed that precipitations were concentrated in winter months, while
in summer months the average precipitation remained quite stable due to the influence of
the gauge stations in the Daunia mountains which have a maximum altitude of 1000 m.

Table 2. Water balance average monthly values '.

Month Precipitation Runoff Lateral Flow  Water Yield ET PET
January 74.1 9.5 9.3 9.5 8.9 9.3
February 59.3 7 254 7.0 23.7 25.4

March 67.4 72 62.9 7.3 58.3 62.9
April 63.9 2.8 104.6 2.8 95.3 104.6
May 51.7 1.6 151.2 1.6 118.2 151.2
June 43.8 1.5 172.9 1.5 92.7 172.9
July 35.9 1.1 185.2 1.2 58.8 185.2
August 34.3 0.9 158.5 1.0 38.8 158.5
September 58.0 17 102.7 1.8 49.0 102.7
October 66.5 2.4 56.0 2.4 36.2 56.0
November 75.5 2.7 17.8 2.8 15.6 17.8
December 71.8 4.5 5.2 4.6 5.1 52

T All values in mm.
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Figure 2. Schematic representation of average annual values of water balance. All units in mm.

The results showed that evapotranspiration was the predominant water balance
component, with 598.39 mm year~!, accounting for approximately 85.5% of the annual
precipitation (699.5 mm), followed by surface runoff (42.97 mm year~!, representing
about 6.1% of the annual precipitation) and water yield (water discharged in the channels,
43.4 mm year~!). The potential evapotranspiration component was equal to 1047.33 mm
year~!, while the average precipitation was equal to 699.5 mm year~!. The average annual
outflow for the whole simulation period was 0.44 m® s7, in line with the values registered
for conterminous river basins in the Apulia region [14], confirming the overall reliability of
the model.

4. Conclusions

This study presented a preliminary quantitative assessment of the eco-hydrological
processes using the SWAT+ model in a highly managed Mediterranean watershed. The
results of the preliminary model set-up of a baseline scenario in the Cervaro river basin
(southern Italy) can be summarized as follows:

e  The river basin has a vast and heterogeneous agricultural plan with 57 land use types
that can strongly influence the water balance with management practices such as
planting, irrigation, and fertilization;

e Overall, the SWAT+ model performed well and was able to adequately and reasonably
represent the main elements of the hydrological budget; future work should be ori-
ented toward calibrating and validating the model to adjust model parameters toward
more realistic model results;

e  The use of detailed land use/cover maps as was used in this study can improve the
representation of hydrological models in complex agricultural systems, enabling the
implementation of best management practices in the future.
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Abstract: The accelerated climate crisis has exacerbated the existing water and soil management chal-
lenges in the Mediterranean region, which are usually attributed to the combination of both irrational
irrigation and unsustainable farming practices. The current conditions and future projections indicate
that water-related risks are expected to intensify during the coming decades. Moreover, farmers
often do not possess high environmental awareness; they adopt non-sustainable farming practices
such as the extensive use of herbicides instead of mowing/mulching for the weeds, thus affecting
soil hydraulic characteristics and fertility. To investigate the effects of different weed-management
practices on soil organic carbon and thus on soil water holding capacity and infiltrability, an ex-
tensive soil-sampling campaign was performed in the semi-arid Mediterranean agricultural pilot
basin of Agia—Greece. The pilot is located in the Pinios river basin, which constitutes the most
highly productive agricultural plain in the country. The Agia basin was selected since it presents the
uneven spatiotemporal distribution of groundwater resources and the wide application of herbicides,
while an urgent need exists to sustain and improve agricultural production, with the main crops
being apples and cherries. Moreover, the Agia basin constitutes a highly instrumented area where
the Pinios Hydrologic Observatory belonging to the International Long Term Ecological Research
network has been developed, and thus additional field measurements could contribute to the overall
data-collection framework. Soil sampling was conducted in apple orchards in April 2022, just before
the beginning of the growing season. Ninety six soil samples in total were collected from eight
different fields; half of them applied systematic herbicides treatment, and others mulching. For the
upper soil profile (0-10 cm depth), the results indicate that soil organic carbon in the fields applying
mowing was found to be higher by more than 30% compared to the fields applying herbicides. The
corresponding difference for soil depth of 10-30 cm was 7%, thus demonstrating the effectiveness of
mulching in increasing soil organic carbon. The results of the current study could be upscaled at a
larger scale in the context of adapting agricultural water-stressed regions to climate change, whilst
contributing significantly to the production cost and the preservation of the ecosystemic values of the
regional nexus.

Keywords: pinios basin; Mediterranean area; nature-based solutions; soil organic carbon; soil
sampling; mulching; sustainable agriculture; environmental protection; soil protection; vegetation

1. Introduction

Soil is considered the largest carbon pool, accounting for about 2500 Gt, followed by the
atmospheric (760 Gt) and biotic (560 Gt) pools [1]. Soil organic carbon (SOC) includes plants,
roots, fungi, and microbial residues and accounts for more than 60% of global total soil
carbon [1]. The understanding of weed-removal practices, including herbicides application
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and mulching, which affect soil carbon balance dynamics, is crucial for yield-potential
preservation, terrestrial ecosystem conservation, and food security [2,3]. Sustainable weed
management constitutes a challenge for ensuring agricultural productivity since in the
case of improper management, infestations of grass and broadleaf weeds could reduce
crops yield and quality. The level of weed and crop competition depends on soil and
environmental conditions, weed density, and agricultural practices, including crop row
spacing, planting density, and the presence of competitive cultivars [4].

Herbicides constitute the primary tactic to address weed control and are widely used,
mainly because they are easily applied and improve the cost/benefit ratio of the agro-
nomic business. However, their repeated use may evolve weed resistance to multiple
mechanisms of herbicide action [5] and result in herbicide-resistant weed growth in the
case of some cultivations [6]. Moreover, their systematic use may adversely affect soil
hydraulic properties. Nowadays, attempts are being made to eliminate the use of herbi-
cides in favor of environmental protection and the appearance of herbicide-resistant weed
population avoidance.

Mulching is widely recognized as one of the most efficient weed and soil management
techniques in terms of soil structure improvement, soil moisture evapotranspiration reduc-
tion, soil water holding, and soil erosion mitigation, all of which support plant growth [7,8].
The effectiveness of mulching depends on the selected technique, the soil characteristics,
and the type of crops residue, while the benefits are usually developing slowly and ob-
served after a long period, which may exceed six or more growing seasons [9]. Mowing
and mulching techniques seem to increase SOC content and carbon (C) storage, thus reduc-
ing greenhouse gas emissions [10], although relevant studies regarding mulching effects
on SOC concentration present contradictory results [8,11,12]. This uncertainty relies on
complex and labile soil carbon fractions, including light organic carbon, dissolved organic
carbon, particulate organic carbon, and easily oxidizable organic carbon, which present a
high spatiotemporal distribution based on local climate, soil texture, and soil-management
conditions, as well as a large effect on soil biochemical processes, nutrients, and carbon
cycling [7].

The purpose of this study is to evaluate the effects of herbicides and mulching tech-
nique application on soil organic carbon in low sloping apple orchard fields.

2. Materials and Methods
2.1. Study Area and Soil Analysis

The Agia basin in central Greece, where the Pinios Hydrologic Observatory was
established in 2015, covers an area of 52.5 km? [13]. Based on the Digital Elevation Model
produced by the Hellenic Cadastre S.A. at 5 m resolution, the Agia basin spans altitudes
varying from 94 to 1520 m a.s.l. (Figure 1). Land use includes forested, agricultural, and
urbanized areas. Agriculture, which is characterized by land fragmentation leading to small
land parcels in the order of 1-1.5 ha on average, is the dominant socio-economic activity.
Apple and cherries orchards form the key cultivations, the irrigation needs of which are
covered by groundwater. Considerable spatio-temporal differentiation of groundwater
distribution results in seasonal availability deficiency at specific high productivity zones.
During such periods, groundwater abstraction depths are considerable, which, along with
the increased energy costs, make irrigation management and water saving essential.

2.2. Field Experiment

Soil texture in the study area is classified as loam (68.38%), sandy loam (24.86%), silt
loam (5.00%), silty clay loam (1.15%), sandy clay loam (0.42%), and clay loam (0.18%). Soil
also presents a pH of 6.94, 7.05, and 7.06; 42.66%, 42.97%, and 41.09% sand; 38.42%, 38.14%,
and 37.16% silt; and 18.88%, 18.85%, and 21.70% clay, at 0-5 cm, 5-15 cm, and 15-30 cm
depth, respectively, based on field measurements conducted in July 2020 along with data
derived from the SoilGrids system [14].
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Field studies were conducted at the beginning of the previous growing season, i.e.,
April 2022 in the Agia water basin. In particular, soil samples were collected at 12 points in
8 different orchard parcels; half of them by applying herbicides and the rest by implement-
ing the mulching technique (Figure 1). The area of parcels ranges from 1.8 to 19.1 ha with
an average value of 7.2 ha. Samples were collected at 2 different depths, i.e., 0-10 cm and
10-30 cm, and thus 96 soil samples in total were collected and analyzed.

Organic carbon content was determined using a wet combustion technique, according
to the Wakley-Black method [15]. Soil samples were air-dried, and the fraction of fine earth
(<2 mm) was used for the analysis. In total, 1 g of soil was transferred into a 500-mL wide-
mouth Erlenmeyer flask; 10 mL of 1 N K,Cr,O7 and 20 mL of concentrated H,SO,4 were
added, and the flask was swirled until soil and reagents were mixed. After 30’ standing,
200 mL of deionized water was added to the flask, while 3—4 drops of diphenylamine were
used as an indicator for the titration with 0.5 N FeSOy.
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Figure 1. Study area and location of field parcels under study.

3. Results and Discussion

Figure 2 presents high in-field variability of soil organic carbon in terms of both
weed removal practice and soil depth. The difference between the mean SOC in fields
applying herbicides and mulching was also found to be statistically significant, as indicated
using the student’s t-test method. SOC was found to be 31% and 7% higher for the
fields applying mulching compared to those applying herbicides for depths 0-10 cm and
10-30 cm, respectively. The results confirm the importance of mulching application in SOC
fractions, particularly in the upper soil layers [7,16].
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Figure 2. Soil organic carbon (%) for the two different weed removal practices at two different soil depths.

Increased SOC documented in the fields where mulching was applied provides multi-
ple assets to the farmers that have adopted it. Soil fertility significantly improves, especially
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when SOC increase relates to crop residue retention [17]. Soil water holding capacity is also
positively affected, despite the fact that the latest literature suggests that actual improve-
ment is rather limited [18]. Precision agriculture and environmentally friendly pest and
weed management are adopted techniques in the framework of the Green Deal and the
Farm to Fork policies that call for a 50% reduction in agrochemicals used in the European
Union Member States by the year 2030. Hence, compliance with these regulations and
the environmental targets set to call for the systematic adoption of techniques such as
mulching is necessary. Additionally, the progressive increase in agrochemicals as a result
of the energy crisis and the declining number of licensed drastic compounds for use in the
member states is a strong incentive to convert to nature-based solutions such as mulching.

4. Conclusions

This research provides a scientific basis and confirms the value of mulching as a
sustainable although time-consuming agricultural method to improve soil organic carbon
sequestration. Long-term effects of mulching have to be tracked to identify whether SOC
improvement reaches a steady state related to the saturation of SOC pools. Future studies
are also needed to quantify associated economic benefits and agricultural sustainability
related to carbon-transformation processes.
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