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Abstract: Rainfed agriculture is dependent on rainfall and runoff patterns, especially in lowland
areas that rely on pumping operation to remove excess water from the drainage network. Polder
areas are extremely vulnerable to saltwater intrusion and subsequent soil salinization driven by rising
sea levels and accelerated by climate change. The aim of this paper is to reconstruct the recharge
and discharge pattern in the Vidrice polder, a drainage canal network within the Neretva River
Delta agroecosystem used to collect the surface and subsurface runoff from the agricultural land and
saltwater infiltration through the aquifer. Water regime data are collected over an 18-month period
of real-time monitoring at 15 min intervals on three stations along the primary drainage canal and
one station at the secondary canal. Analysis of water level flashiness in the Vidrice polder using
the Richards-Baker flashiness index (R-Bindex) indicates that daily pumping of water infiltrated in
the canal network is sub-optimal: discharge fluctuates significantly more than recharge, by 46% on
average, resulting in unnecessary lowering of the water level in the drainage network. The results
show that the correlation between the intensive rainfall events (>10 mm/day) and the recharge rates
can be used to modify the daily pumping operation and maintain high freshwater levels in the canal
network to increase the resistance to infiltration and reduce saltwater intrusion into the polder.

Keywords: agroecosystem; Neretva River Delta; R-Bindex; real-time monitoring; salinization

1. Introduction

The flow zones in tidal confluences are in continuous transition and repetitive tidal
cycle, influencing hydrodynamics, sediment transport, morphological changes, and wa-
ter/soil salinity [1]. The advantages of intertidal zones, such as large variety of habitats,
high land productivity, and accessibility, attract diverse users who compete for the avail-
able resources, increasing environmental pressures [2]. These pressures are even more
emphasized when the intertidal zone overlaps with the river confluence, affecting the
associated riparian zones. Such riparian zones are suitable for agricultural production due
to high soil fertility and easy access to freshwater for irrigation [3]. On the other hand,
if the cultivated land is located in a polder, it is more vulnerable to rising sea level and
flooding, which shifts the focus to single crops and reduces productivity [4]. Potential
impacts of global climate change include changes in precipitation and runoff patterns,
streamflow and flooding, as well as sea water levels, making polders especially exposed
to extreme weather events [5]. In southern Croatia the significant increase in the mean
air temperature of 1 ◦C since 1961 was observed, accompanied by increased sea surface
salinity [6], with regional climate models predicting further temperature increase in the
range between 0.5 ◦C and 3.5 ◦C [7]. Agriculture requires steady and safe freshwater
resources to maintain an agricultural ecosystem, which is often challenged by extensive
water use or unsustainable abstraction. According to the Common Agricultural Policy,
sustainable water management is essential for sustainable agricultural systems in the EU
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through achieving social, environmental, and economic objectives (enabling safe, healthy,
and sustainable food production, at the same time protecting natural resources, enhancing
biodiversity, and reducing the impact of climate change and providing a source of stable
and fair income).

The water level regime of coastal aquifers is primarily influenced by tides and rain-
fall [8], especially for sandy aquifers [9]. Prajapati et al. [10] studied groundwater level
variation following extreme rainfall on a monthly timescale over 2 years using data from
18 gauging stations and found a strong positive correlation between rainfall and ground-
water levels. Reduced rainfall patterns influenced by climate change is the leading cause
of drought [11], which has become a major issue for rain-fed agricultural areas over the
last decades [12]. To achieve safe agricultural production that is resilient to climate change,
stakeholders balance between the agriculture yield and ecosystem functions, by using
hydraulic structures to control the water regime, most of which need to be maintained or
replaced to adapt to new conditions [13]. Aging infrastructure, combined with population
growth and climate change, poses significant risk to agriculture [14], as the structures are
often high energy consumers [15] and introduce additional environmental risks [16]. These
challenges can be addressed by improving the maintenance of water-related infrastructure,
including the addition of monitoring and remote-control functionality. Monitoring and
remote-control solutions development will be driven by new technologies based on sensors
that provide real-time data for continuous monitoring and automated decision making
supported by the Internet of Things (IoT) that connects various devices in a network. Al-
though relatively new, Industry 4.0 is already considered an integral part of agricultural
management, enabling significant improvements and increasing efficiency in both agri-
cultural practice and irrigation [17]. The use of IoT enables the integration of real-time
monitoring data from multiple sensors with a decision support system, for example, as-
sessment of crop performance [18], controlling water quality [19], warning notifications
about potentially unfavorable crop condition [20], track soil salinization [21], automated
operation of irrigation systems [22], etc., while reducing costs [23].

One of the locations with ageing infrastructure and under significant water stress
due to soil salinization is the Neretva River Delta (NRD), a polder constructed in the late
19th century on the largest river confluence in Croatia (Figure 1). The NRD is suitable
for agriculture due to the mild Mediterranean climate, providing favorable conditions
for crop cultivation. Average monthly temperatures during winter are above freezing
temperatures, with an average temperature of 7.4 ◦C. Agricultural production in the
NRD faces challenges related to irrigation imposed by the Neretva River flow regime
characterized by the prolonged periods of low flows during summer [24] allowing saltwater
intrusion into the delta [25], including the polder area [26], resulting in soil salination and
reduction of agricultural yields. Surface water monitoring in the NRD has shown that both
surface- and groundwater are highly saline [27].

Over the past century, global mean sea level has risen 21 cm [28], with climate change
scenarios predicting an additional rise in the 21st century spanning from 28 cm to 1.02
m, depending on the emissions scenario [29], exposing coastal areas to additional risks
of flooding and salinization and requiring revision of the existing management plans.
The management plan for any complex environment, such as deltas, must be based on
a monitoring system, which usually combines an ecohydrological information system
with a decision support system [30]. Parts of the NRD have been monitored in the past
under various research projects, each focused on specific interests, e.g., water quality
monitoring [31], hydrogeology [32], soil salinization [12], groundwater salinization [33],
salt wedge intrusion into the Neretva River [34], etc. The concept of the project “Advanced
monitoring of soil salinization risk in the Neretva Delta agroecosystem” (DELTASAL) [35] is
to improve reliability of data acquired by monitoring through development of an advanced
system for monitoring, forecasting, and reporting of water and soil conditions in the
NRD agroecosystem, mainly used for agriculture. Data collected within the monitoring
are continuous real-time measurements of surface water and groundwater regimes, as
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well as water quality measurements, encompassing processes in the soil and water across
different scales.
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Figure 1. Overview map of the polders in the ameliorated area in the lower NRD (magenta—national
border, cyan—individual polders).

The reliability of any monitoring depends on the input data quality, mandating filtered,
accurate data upon which operation and management plans can be established to control
the water regime. Precipitation data, namely its intensity, duration, and frequency, is base
input for drainage or irrigation systems design and operation [36]. Precipitation surplus
or deficit, compared to water demand in a reference timeframe, must be either drained or
abstracted from adjacent freshwater sources to sustain agricultural production. The aim
of this paper is to reconstruct the recharge and discharge pattern in the drainage canal
network of the Vidrice polder from the measured surface water fluctuations. The drainage
canal network is used to collect surface and subsurface runoff from the agricultural land
and saltwater infiltration through the aquifer, and pumping it out of the system. Currently,
the water from the canal network is used for irrigation, which therefore means that the
system needs to be operating in optimal conditions to serve as a freshwater reservoir. The
input data for analysis are real-time surface water level and flow velocity data collected on
the multi-point grid of hydrostations distributed along the primary drainage canal, and
one placed on the secondary canal.

2. Materials and Methods
2.1. Study Area

The Neretva River is a trans-boundary river, with 90% of its 215 km long course
in Bosnia and Herzegovina and wide alluvial delta in the Adriatic Sea, mainly used for
agricultural production. The hydrological regime of the Neretva River can be generally
divided into two characteristic periods: a high flow season from October to April and a low
flow period from May to September. The flow rate varies between 40 m3/s and 1800 m3/s
with a long-term average of 355 m3/s. The flow regime is influenced by the hydro power
plants built upstream—they have reduced the natural flow variations, prolonged the low
flows duration and flow rate, and reduced the intensity of winter floods [9]. When the
Neretva River flow rate is less than 100 m3/s, water level in the NRD is under the influence
of tidal oscillations [37], creating favorable conditions for saltwater intrusion into the
groundwater and soil salinization. Research of Deković and Vranješ [37] analyzed the
response of deep and shallow piezometers to tidal oscillations and rainfall events. They
concluded that shallow piezometers respond instantly to the rainfall, as well as pumping.
Deep piezometers are also shown to respond to tidal oscillations, indicating high potential
for soil salinization. Average hydraulic conductivity of the rhizosphere sandy layer was
obtained experimentally as 1.84 × 10−4 m/s. At higher flow rates, up to 180 m3/s, the
water level is not affected by tides, but saltwater intrusion is present up to 20 km into the
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Neretva River. Saltwater intrusion does not occur at high flows > 500 m3/s [26]. Over
the years, several solutions have been presented to reduce saltwater intrusion, most of
them focused on the hydraulic structures that prevent inflow from the sea during low
flows [38,39].

The present climate of the NRD is Mediterranean with significant differences in
rainfall patterns throughout the year. The average annual rainfall is 1309 mm, of which 66%
occurred during the winter period and only 13% during summer, with minimum rainfall in
July (36 mm on average) [40]. Analyzing the short-term precipitation data recorded by the
Croatian Meteorological and Hydrological Service for the period from 2014 until 2022, a
constant reduction of rainfall is observed, ~20% in comparison to the long-term average.
The summer season (June–August) is the dry season, with total monthly precipitation not
exceeding 100 mm in the recent period. During the other three seasons, total monthly
precipitation exceeded 100 mm on more than 10 occasions during this period, while during
autumn and winter total monthly precipitation also exceeded 100 mm on 5 and 4 occasion,
respectively. When the period since the start of the DELTASAL project, in early 2020, to
the present is analyzed, it can be observed that rainfall during this period has significantly
reduced during summer and spring, with total monthly rainfall not exceeding 75 mm
and 90 mm, respectively. Rainfall is expected to reduce during summer in the future as
well, which will impose more water related stress on the saltwater regime in the NRD and
impede agricultural production in the area.

2.2. Drainage Canal Network

In the second part of the 20th century land reclamation works were initiated on
flood defense system (building of the embankment along the shoreline) and drainage
(construction of pumping stations to drain excess water) to facilitate agricultural production.
Today, the initial concept of the NRD amelioration system has been abandoned and the
drainage system is additionally used as a source of freshwater for irrigation. Saltwater
intrusion is present in the entire NRD, which is reflected in the irrigation water quality and
subsequently on the agricultural production of citruses that are salt-sensitive horticultural
crops. Under the UNFCCC Convention this area is one of the most vulnerable areas in
Croatia. The NRD amelioration system is divided into several smaller sub-systems, each
consisting of a drainage channel network ending at the pumping station, from where the
water is pumped to the Neretva River reach flowing to the sea. The system is further
divided into smaller sub-systems, one of which is the Vidrice polder, spanning 641.04 ha
(Figure 2). This pilot location is specific due to its biodiversity—water network within the
delta consists of a surface irrigation and drainage canal network, a karst aquifer dominated
by the tidal regime but also replenished by the freshwater from the upstream river flow,
and affected by brackish water from several small karst springs. The Vidrice polder is
drained by a canal network consisting of one primary drainage canal O-II (9.4 km long)
and 9 secondary canals (20.64 km in total). The primary canal is up to 5 m deep and up to
30 m wide, with straight layout ending at the pumping station that has 3 installed pumps
with an installed power of 420 kW and a total capacity of up to 7.5 m3/s, depending on
the water levels. The pumping station is used to drain the excess water and maintain
the water level below the rhizosphere. According to the Flood Risk Management Plan,
the pumping regime is defined as follows: maximum water level in the primary canal
is −1.2 m above sea level (masl), minimum water level is −3.5 masl, and corresponding
water levels in the intake basin of −1.5 masl and −3.0 masl. The pump outlet is designed
as a syphon and operable for water levels in the recipient between 1.7 masl and −0.3 masl.
The pumping station operates cyclically during the night, between 10 PM and 7 AM., with
exceptions on days with excessive rainfall. The entire area is a polder with an elevation
between −0.50 masl and +1.90 masl, which allows for seawater intrusion into the drainage
canal network.



Hydrology 2023, 10, 60 5 of 17

Hydrology 2023, 10, x FOR PEER REVIEW 5 of 18 
 

 

km long) and 9 secondary canals (20.64 km in total). The primary canal is up to 5 m deep 
and up to 30 m wide, with straight layout ending at the pumping station that has 3 in-
stalled pumps with an installed power of 420 kW and a total capacity of up to 7.5 m3/s, 
depending on the water levels. The pumping station is used to drain the excess water and 
maintain the water level below the rhizosphere. According to the Flood Risk Management 
Plan, the pumping regime is defined as follows: maximum water level in the primary ca-
nal is −1.2 m above sea level (masl), minimum water level is −3.5 masl, and corresponding 
water levels in the intake basin of −1.5 masl and −3.0 masl. The pump outlet is designed 
as a syphon and operable for water levels in the recipient between 1.7 masl and −0.3 masl. 
The pumping station operates cyclically during the night, between 10 PM and 7 AM., with 
exceptions on days with excessive rainfall. The entire area is a polder with an elevation 
between −0.50 masl and +1.90 masl, which allows for seawater intrusion into the drainage 
canal network. 

 
Figure 2. Layout of the drainage canal network in the Vidrice polder with names of individual 
canals. 

2.3. Surface Water Monitoring 
The surface water monitoring setup consists of 4 stations—three of them (PC1, PC2, 

and PC3) are located on the primary canal O-II, with their respective positions reflecting 
the main inflow points from the secondary canals, and one is located on the secondary 
canal (SC), a characteristic canal adjacent to the arable plots (Figure 3a). The monitoring 
stations are commercially available HydroStations manufactured by Geolux 
(https://www.geolux-radars.com/ (accessed on 7 February 2023)). The HydroStations are 
equipped with the LX-80 Radar Level Sensor (resolution 0.5 mm, accuracy +/−2 mm), the 
RSS-2-300 W surface velocity radar (range 0.02 m/s to 15 m/s, resolution 0.001 m/s, accu-
racy 1%), and the SmartObserver Datalogger for real-time data transmission, all powered 
by the solar panel (Figure 3b). All measurements are collected and synchronized at 15 min 
intervals and transmitted in real-time to the cloud-based interface for remote access. The 
monitoring system is part of the modular monitoring automated continuous water quality 
monitoring systems (ACMS)—i.e., it can be upgraded to enable both ground and surface 
water parameters to be monitored (water level, temperature, EC, etc.). HydroStations 
were installed in November 2020 and have been in continuous operation since. Data is 
stored in the normalized database that allows data transfer and retrieval using each in-
strument supplier’s protocol. The database can be accessed and data retrieved by stake-
holders publicly through an online portal [41]. 
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2.3. Surface Water Monitoring

The surface water monitoring setup consists of 4 stations—three of them (PC1, PC2,
and PC3) are located on the primary canal O-II, with their respective positions reflecting
the main inflow points from the secondary canals, and one is located on the secondary
canal (SC), a characteristic canal adjacent to the arable plots (Figure 3a). The monitoring
stations are commercially available HydroStations manufactured by Geolux (https://www.
geolux-radars.com/ (accessed on 7 February 2023)). The HydroStations are equipped
with the LX-80 Radar Level Sensor (resolution 0.5 mm, accuracy +/−2 mm), the RSS-2-
300 W surface velocity radar (range 0.02 m/s to 15 m/s, resolution 0.001 m/s, accuracy
1%), and the SmartObserver Datalogger for real-time data transmission, all powered by
the solar panel (Figure 3b). All measurements are collected and synchronized at 15 min
intervals and transmitted in real-time to the cloud-based interface for remote access. The
monitoring system is part of the modular monitoring automated continuous water quality
monitoring systems (ACMS)—i.e., it can be upgraded to enable both ground and surface
water parameters to be monitored (water level, temperature, EC, etc.). HydroStations were
installed in November 2020 and have been in continuous operation since. Data is stored
in the normalized database that allows data transfer and retrieval using each instrument
supplier’s protocol. The database can be accessed and data retrieved by stakeholders
publicly through an online portal [41].

Water level data from four installed monitoring stations in the Vidrice polder were
collected during the period from 18 November 2020 to 10 June 2022, encompassing more
than one full hydrological year. The raw water level dataset varied between 54,056 and
54,503 values, depending on the observed station (Table 1), which included some erroneous
data—duplicate data entries, missing values, and outliers. In order to format the data
into the required 15 min intervals and complete the time-series, a preliminary analysis of
the data had to be performed. Firstly, the excess data were truncated based on duplicate
entries and multiple entries within the interval. Secondly, outlier data were filtered out
using the phase-threshold method [42] routinely used for high-frequency turbulence data.
Finally, missing and filtered data were substituted with polynomial interpolation method
to complete the time-series with 15 min intervals for the observed period, or closest value
in case it was reliable and collected within the tolerance of ±5 min from the reference
timestamp of the 15 min interval. As a result, a time-series of 54,672 water level data values
at the 15 min interval for the observed period was derived and used as input to the outlier
filtering method.

https://www.geolux-radars.com/
https://www.geolux-radars.com/
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Table 1. Summary of the data collected from the HydroStations.

Monitoring
Station

Number of
Missing Data

Number of Outliers
Removed by Filtering

Number of Data for
the Entire Time Span

PC1 928 2

54,672
PC2 807 5905
PC3 834 9588
SC 453 0

In addition to real-time water level data obtained from the monitoring stations, an
automatic Pinova Meteo agriculture weather station is installed at the location of SC
station that measures a number of weather-related parameters, such as precipitation, air
temperature and humidity, wind speed, and global radiation at 10 min intervals. The
location of the weather station was selected as the most appropriate, as it is located in the
study area. In order to maintain groundwater at an optimal level to support agricultural
production under the dynamics of saltwater–freshwater exchange, seasonal influences on
saltwater intrusion should be considered. Therefore, a preliminary analysis of water level
fluctuations at the four monitoring stations was conducted based on the four meteorological
seasons—summer, autumn, winter, and spring season. The summer season, according to
the observation data, extends from June through August and is predominantly described
as a consistently dry period without precipitation. The most important season for the
analysis due to the amount of significant rainfall events, also referred to as the rainy
season, is the spring and autumn period. The spring season covers the period that can be
described as a period of average precipitation and, according to the observation data, lasts
from March through May. The autumn season spans from September through November,
while the winter season spans from December through February. Since temperatures
in the area do not allow for long periods of snow cover, precipitation during winter
consists mostly of rainfall, making it similar to autumn. Rainy and spring seasons are
represented twice in the dataset, according to the available record that ends just at the start
of summer. The preliminary analysis of the observed data consists of determining the range
of water level data for each period at monitoring stations PC1, PC2, PC3, and SC. Further
seasonal analysis of water levels and discharges on a daily scale was performed for PC1,
identified as a representative station for further analysis since it is closest to the pumping
station, and therefore reflects the total discharge and water level fluctuation affecting the
pumping regime.
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2.4. Data Processing

Data processing was done in 4 steps: (1) explanatory data analysis for the entire
time-series, (2) identify daily pattern of the available dataset, (3) correlate characteristic
events with rainfall pattern, and (4) discuss potential optimization of the flow regime
based on the obtained results. Explanatory data analysis was conducted for the high and
low peaks of the water level time-series. The water levels are cyclical, with percolating
water recharging the canal system during the day and pumps discharging the system
during the night. This diurnal cycle has two peaks: high peak late in the day and low
peak just before dawn. The time-series was decomposed into daily patterns to obtain the
two peak values for each day, low peak in the morning (tlow,i) after pumping has stopped
and high peak in the afternoon (thigh,i) after recharge. Peak distribution was analyzed
using boxplots to obtain basic statistical values and calculate the distribution of the data
across different characteristic seasons. Based on the results of the explanatory data analysis,
difference in the water regime across seasons was estimated and confirmed based on the
existence of different patterns, depending on the rainfall. After the initial analysis defined
different seasonal patterns, the analysis was downscaled to daily data. For each season,
daily cycle was identified for each day, calculating main variables that supplement peak
data: time difference between the two peaks within the single day (∆t) and corresponding
recharging and discharging rate. Water level gradient during recharging/discharging and
corresponding flow rate are calculated as follows:

SR,i =
∆Hi
∆ti

=

∣∣∣Hhigh,i − Hlow,i

∣∣∣
thigh,i − tlow,i

× 100, (1)

SD,i =
∆Hi
∆ti

=

∣∣∣Hhigh,i − Hlow,i+1

∣∣∣
tlow,i+1 − thigh,i

× 100, (2)

QR,i =
∆Vi
∆ti

=

∣∣∣Vhigh,i −Vlow,i

∣∣∣
thigh,i − tlow,i

, (3)

QD,i =
∆Vi
∆ti

=

∣∣∣Vhigh,i −Vlow,i+1

∣∣∣
tlow,i+1 − thigh,i

, (4)

where: i = single day in the time series; SR,i = recharging water level gradient [cm/h];
SD,i = discharging water level gradient [cm/h]; QR,i = recharging flow rate [m3/s]; QD,i =
discharging flow rate [m3/s]; ∆Hi = absolute water level difference between high and low
peak [m]; Hhigh,i = water level corresponding to the high peak [masl]; Hlow,i = water level
corresponding to the low peak [masl]; Hlow,i+1 = water level corresponding to the low peak
of the following day [masl]; ∆ti = time elapsed between high and low peak occurrence [h]
or [s]; thigh,i = high peak time of the occurrence [h]; tlow,i = low peak time of the occurrence
[h]; tlow,i+1 = low peak time of the occurrence during the following day [h]; ∆Vi = volume of
the water in the canal network calculated from the hypsometric curve [m3]; Vhigh,i = volume
of the water in the canal network at the high peak [m3]; Vlow,i = volume of the water in the
canal network at the low peak [m3]; Vlow,i+1 = volume of the water in the canal network at
the low peak for the following day [m3].

These values were used to determine the base water regime during the dry summer
periods, i.e., baseflow recharge and detect changes in comparison to increased surface
and subsurface runoff induced by precipitation during the rainy season. Following the
determination of the baseflow water regime characteristics, the characteristic events were
correlated with all precipitation events across different seasons. Correlation was separately
conducted for different time lags following the rainfall, different averaging of recharge and
discharge, and divided across the rainy season. The variability of the flow between recharge
and discharge across all seasons was quantified using the Richards-Baker Flashiness Index
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(R-Bindex) [43], reflecting the rate of magnitude of oscillations in daily flows. The R-Bindex is
a dimensionless index calculated as follows:

R− Bindex =
∑n

i=1|Qi −Qi−1|
∑n

i=1 Qi
, (5)

where: R-Bindex = Richards-Baker Flashiness Index [/]; i = single day in the time series; Qi
= average daily flow rate [m3/s]; n = number of days in the series.

When flow rate does not change between consecutive days, i.e., flow is constant, the
R-Bindex value is zero, while R-Bindex values increase with severity of changes in the flow.

3. Results

The daily maximum and minimum water level data depending on the season were
analyzed at the monitoring stations (PC1, PC2, PC3, SC) in the Vidrice polder using a
boxplot (Figure 4). All analyzed stations show similar results in terms of seasonal behavior
of maximum and minimum water levels, which is to be expected since they are all part of
the enclosed drainage canal system with distributed groundwater recharge, and limited
potential of flood wave propagation along the primary canal. In that sense, it is observed
that variation of water levels for both high and low daily peaks have similar distribution of
quartiles for all stations. The median for low peaks ranges from −2.71 masl to −2.63 masl
for the primary canal, and −2.64 masl for the secondary canal. The interquartile range
of low peaks ranges from 0.30 m to 0.33 m for the primary canal, and 0.23 m for the
secondary canal. A similar trend is observed for high peaks: the median along the primary
canal ranges from −2.25 masl to −2.40 masl and −2.35 masl for the secondary canal. The
interquartile range of low peaks ranges from 0.26 m to 0.29 m for the primary canal, and
0.26 m for the secondary canal. The largest interquartile range, and overall variation, is
observed for the rainy season, while the smallest is observed for the summer season, as
expected. The interquartile difference of interquartile range between low and high peaks is
negligible for all seasons, while the total range is higher for low peaks that are controlled
by pumping, suggesting that the target minimum value is arbitrary and probably relies
on perceived volume needed to accumulate recharge expected by the forecasted rainfall.
From this analysis it can be concluded that in the canal network there is no significant
propagation of flood waves, and the water regime can be analyzed using the data from a
single station in the network, in this case PC1 which is located at the outlet of the system.

Based on the boxplot results and negligible differences between fluctuations of high
and low peaks across all stations, PC1 was selected as representative for further analysis
because of its location closest to the drainage system outlet, representing full flow in
the drainage canal system. In addition to analysis of high and low peaks and dynamics
throughout the observation period, the time-series observed at PC1 was divided into a
series of measurement data to represent daily water fluctuations (Figure 5a–d), which are
currently regulated by a pumping station that operates during the night in a cyclic regime.
The median daily results for the observation period show similarities for the spring and
summer season operations, which generally begin at 10 PM and end at 7 AM the following
day (Figure 5e). However, the results for spring and winter show a shift in the pumping
station operations by one hour earlier, starting from 9 PM, increasing the total pumping
time to alleviate additional recharge resulting from the excessive rainfall.

The Vidrice polder recharge rates were calculated using Equation (3) for daily intervals
to determine baseflow recharge during the dry period and correlate additional recharge
following the rainfall events. It can be seen that the span of the recharge is from 0.5 m3/s to
6.5 m3/s, corresponding to the pump station capacity (Table 2). Average daily recharge
rates for the Vidrice polder are highest during autumn, followed by winter, spring, and
summer in descending order. Results show that recharge is the highest when water level in
the canal network is kept at the lowest level (Figure 5e), when excess pumping increases the
hydraulic head between the sea water level and the water level in canal network. Results
are summarized in the table below.
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The average daily recharge rate is 1.2 m3/s, and does not differ significantly for
different season, as is the case for the minimum daily recharge rate. Significant differences
can be seen for maximum daily recharge rates, which are highest during autumn and winter
and lowest during spring and summer, influenced by the intensive rainfall events (Figure 6).
The average and maximum water level fluctuations (Table 2) do not correspond with the
recharge: maximum pump capacity is not used to achieve maximum water level reduction,
indicating that pumps are urgently started when water level rises abruptly, disrupting the
standard regime of operation. The following figure (Figure 6) shows time-series data for
recharge and corresponding discharge calculated using Equation (4).
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Table 2. Summary of the calculated daily water level fluctuation and corresponding recharge data.

Season
Water Level Fluctuation [cm] Recharge Fluctuation [m3/s]

∆Hmin ∆Havg ∆Hmax QR,min QR,avg QR,max

all 17.2 34.2 140.6 0.5 1.2 6.5
autumn 21.2 37.3 89.9 0.8 1.4 6.5
winter 21.2 42.7 140.6 0.8 1.3 4.2
spring 17.2 30.4 67.4 0.5 1.1 2.0

summer 24.0 29.8 57.1 0.8 1.1 2.1
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Figure 6. Time–series of daily recharge/discharge data.

4. Discussion

When daily recharge and discharge data are presented as a scatterplot (Figure 7),
no visible pattern explaining the pumping regime depending on the recharge can be ob-
served. Correlation was calculated using the least squares method and evaluated at the
95% confidence level. The overall correlation between recharge and discharge is moderate
(R2 = 0.44), indicating that correlation exists between the inflow and pumping regime, but
there is no apparent trend that the pumping operation is synchronized with the inflow in
the system. If regression lines are calculated for recharge/discharge data pairs divided
according to the seasons (Figure 7), a similar pattern can be observed—strongest highest
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correlation for the autumn (R2 = 0.57), and weakest for the summer season (R2 = 0.10).
Correlation results for all seasons are significant at the 95% confidence level, with p-values
of 3.4 × 10−20, 3.1 × 10−23, 4.3 × 10−14, and 1.3 × 10−3, for autumn, winter, spring, and
summer season, respectively. Spring season exhibits lower correlation (R2 = 0.27) than
the autumn and winter season (R2 = 0.43). Lack of correlation between the anticipated
recharge and corresponding discharge can be confirmed by isolating only dry period data
(precipitation < 1 mm/day), where correlation is weak (R2 = 0.26), indicating that during
the dry period constant inflow pumping operation is arbitrary, focusing on the water level
lowering without taking into account the potential recharge. The same is observed during
summer when precipitation is extremely low and recharge/discharge correlation has a dif-
ferent trend than for the rainy season (Figure 7), resulting from predefined cyclic operation
adapted only to groundwater inflow. If data is further divided based on the precipitation
intensity to light precipitation (<10 mm/day) and heavy precipitation (>10 mm/day), it
is observed that pumps have the capacity to adapt to intensive rainfall events to prevent
flooding once the operator notices the increased trend of recharge—correlation is increasing
precipitation intensity (R2 = 0.50 for light and R2 = 0.63 for heavy precipitation). A similar
observation was made by Yu et al. [44], demonstrating fast exchange of solutes between
groundwater and surface water in polders, driven by the infiltration in dry periods when
excess water is pumped out of the polder.
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Since the cost of pump operation and maintenance is the largest expense in the
drainage network [45], the cost-effectiveness of day to day operation is key for reducing
costs. Many studies have focused on reducing cost by utilizing the time-scheduling oper-
ating strategies during low-cost energy tariff [46,47]. In order to sustain time-scheduled
operation, an initial investment in the water level and meteorological stations is required, as
well es establishment of prognostic models and decision-making procedures. Model predic-
tive control (MPC) has shown applicable for control of different water-related systems due
to its capability for dealing with model-based predictions, such as precipitation forecasts
or tidal motion. Aydin et al. [48] used a nonlinear MPC to maintain the water level in the
polder within ±5 cm of the set threshold for salinity control. Aydin et al. [49] also deployed
MPC to control the salinity in polders in real-time by means of flushing operations and
saline groundwater exfiltration. Horváth et al. [50] used MPC to keep water levels in the
Dutch polder within the safety limits with a bandwidth of 20 cm, while saving 80% of the
electricity costs. Although the model-based predictions have shown applicable, there is
still room for their improvement, since the modelling of the groundwater component in the
polder is shown to have discrepancies in comparison with measured data [51].
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Analysis of the water level flashiness using the R-Bindex also demonstrates that pump
operation can be optimized because the R-Bindex is constantly higher for discharge than
for recharge for all seasons (Table 3). While the R-Bindex is relatively low for both recharge
and discharge, reflecting the cyclic water regime behavior, it is higher for discharge up to
105% for spring in comparison to the corresponding recharge. The R-Bindex for recharge
is calculated as 0.08, 0.17, 0.23, 0.24, and 0.21 for summer, spring, winter, autumn, and
overall, respectively. The R-Bindex for discharge is calculated as 0.10, 0.32, 0.34, 0.35, and
0.31 for summer, winter, autumn, spring, and overall, respectively. Similarly, standard
deviation of discharge is significantly higher for discharge than for recharge, up to 256%
for spring. Higher R-Bindex and standard deviation values indicate that the discharging
trend is fluctuating significantly more than recharging, reducing its efficiency.

Table 3. Statistical parameters of the seasonal recharge/discharge and rainfall data.

Autumn Winter Spring Summer

P
[mm]

QR
[m3/s]

QD
[m3/s]

P
[mm]

QR
[m3/s]

QD
[m3/s]

P
[mm]

QR
[m3/s]

QD
[m3/s]

P
[mm]

QR
[m3/s]

QD
[m3/s]

Total 360 / / 176 / / 425 / / / /
Minimum / 0.8 −2.1 / 0.8 −1.5 / 0.5 −1.5 / 0.8 −2.5
Average / 1.4 −3.4 / 1.3 −4.0 / 1.1 −3.0 / 1.1 −3.1

Maximum 6.5 −8.0 4.2 −8.7 2.0 −5.5 2.1 −4.9
St. dev / 0.94 1.41 / 0.49 1.34 / 0.25 0.89 / 0.17 0.36

R-Bindex / 0.24 0.34 / 0.23 0.32 / 0.17 0.35 / 0.08 0.10

Further analysis is conducted on the dependence of flow rate fluctuations during
the recharge phase, and the rainfall is used to investigate if rainfall events could have
significant influence on the water level dynamics in the Vidrice polder. Since the runoff
area is small and the time of concentration is short, topographic conditions allow for fast
surface runoff. When the dependence of recharge to intensive rainfall (p > 10 mm/day) is
analyzed, it is observed that weak to moderate correlation exist between the two variables
(Figure 8). Calculated R2 values are 0.25, 0.36, and 0.45 for autumn, spring, and winter
season, respectively. The calculated correlation is lower than the one between discharge and
recharge (Figure 7), which is expected since the amount of available precipitation data is low
in comparison to daily flow data. Additionally, neither of the correlation results showed
to be significant at the 95% confidence level, with p-values of 0.104, 0.146, and 0.0675 for
autumn, winter, and spring season. Since the analysis is done for the relatively short
time-period, the low amount of data is affecting the statistical analysis and emphasizes the
importance of long-term data acquisition in order to obtain relevant and reliable dataset.
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Nevertheless, the moderate correlation between rainfall and recharge provides the
basis to implement a proactive approach to pumping, forecasting the potential recharge and
adjusting the pumping capacity accordingly as an alternative to a reactive approach focus-
ing on pumping the excess water once it has already reached the canal network. A proactive
approach would allow evacuation of minimal water volumes to sustain higher base wa-
ter levels in the system, reducing saltwater intrusion and at the same time accumulating
freshwater resources suitable for irrigation.

To demonstrate discrepancy in pump operation, several rainfall events of the same
intensities have been singled out that have occurred for different conditions of water
level lowering in canals (Figure 9). The rainfall events are independent of each other, as
well as from other rainfall events, p > 10 mm, in order to be comparable and exclude the
effect of soil saturation following previous rainfall. Five events have been selected for
25 mm < p < 50 mm. It can be seen that rainfall of this intensity is not the primary generator
of recharge since the recharge rate is inversely related to rainfall (R2 = 0.99), and positively
to lowering of the water levels. For this limited subset it can be seen that groundwater
recharge contributes more than surface runoff, and therefore imposes a high risk of surface
water salinization. To reduce salinization, freshwater inflow must be retained in the canals,
which can only be done through optimization of the pumping operation, by reducing the
water level only to remove excess infiltration and accommodate immediate rainfall.
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Groundwater infiltration and salinization of the surface water can be reduced by
keeping high water levels in canals. Since the area is small, surface runoff is rapid and
systems should be emptied only prior to extreme rainfall events that pose a flooding hazard.
In all other scenarios, the water level should be kept at a high level that reduces pumping
requirements since groundwater infiltration is reduced, and the pumping head is lower, in
turn reducing both required discharge and net pump head. This would reduce both the
cost of operation and water salinization of the polder, having positive effects on overall
agricultural production. Based on the continuous water level and rainfall monitoring
within the catchment, the direct runoff can be calculated and used to support optimization
of the pumping regime in pump-controlled polders. Yan et al. [52] used the WALRUS
simulator to successfully prove that water levels in canals can be retained higher than
groundwater during the rainy season and completely eliminate groundwater infiltration.
They showed that one of the effects of such regulation is decreased phosphorus export to
watercourses downstream [53]. Benefits of water retention in the drainage canal network
can also be in reducing water salinity, which is especially important if water is used for
irrigation, as well as reduced flooding downstream.

The current pumping regime cannot be considered optimal, as it follows pre-defined
dynamics without taking into account seasonal influences on saltwater intrusion. Since the
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water level in the drainage canal network is lower than the groundwater level, it could be
stipulated that pumping drains freshwater from the soil replenished occasionally by the
rainfall, and thus allowing the daily tides to penetrate further into the polder. The time
of concentration, or system response to rainfall, is important to consider in forecasting
the recharge. R2 values for correlation of rainfall events occurring on the same day with
recharge and water level fluctuations are 0.24 and 0.29, respectively. If a shift of one day
is introduced into the same correlation, the R2 values for recharge remain the same (0.23),
while R2 values for water level fluctuation decreases to 0.15. This discrepancy in correlation
strength when a day-shift is introduced can be explained as over-pumping following the
rainfall event, which in turn reduces the water level in the canal network, allowing for
larger fluctuations: water level recharge fluctuation during periods without precipitation
is 32 cm, on average, while it increases to 44 cm for no precipitation days that follow
the days with rainfall > 10 mm/day. Results of the water regime analyses presented in
this paper show that surface water monitoring must be established to provide data for
water management within the polder to keep the groundwater at optimal levels to support
agricultural production under the dynamics of saltwater–freshwater exchange.

5. Conclusions

This paper analyzed the current surface water regime in the pump-controlled Vidrice
polder, where the pumping regime is predefined and severe salinization is present. Analysis
of the hydrological regime of the Vidrice polder shows that required daily pumping of
the water infiltrated in the canal network is sub-optimal, affecting the groundwater level
needed to support agricultural production under the threat of saltwater intrusion. During
the dry season, base inflow in the canal network does not fluctuate significantly, and
recharge depends only on the available hydraulic head between the polder and the Adriatic
Sea. High and rapid inflows into the canal network result from intensive rainfall events
(p > 10 mm/day), which have a short time of concentration, and can be used to correlate
total precipitation with average recharge. Although such correlation is relatively weak,
it indicates that daily pumping operation can be modified to anticipate high recharges
and manage the water regime in the network to accommodate the required volume of
rainfall. Currently, excess water is pumped from the network following the rainfall event, in
turn reducing the resistance to groundwater infiltration of the seawater, which contributes
to soil salinization in the area. The correlation between rainfall and recharge provides
the basis to implement a proactive approach to pumping, by forecasting the potential
recharge and adjusting the pumping capacity accordingly. Based on the outcomes of the
DELTASAL project, the pumping operation can be optimized to maintain high freshwater
levels in the canal network and reduce the water levels according to expected inflow after
rainfall to increase the resistance to infiltration, reduce saltwater intrusion, and sustain
agricultural production.
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